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In Respectful Memory of  
Professor Ninoslav Stojadinović

Ninoslav Stojadinović, a friend of many, 
passed away on December 25, 2020, after 
one month of fight with Covid-19. Ninoslav, 
for friends Nino, was a chairman of many 
conferences, editor of many scientific journals, 
well-known and famous professor, a highly 
respected mentor to his students, and a role 
model for colleagues. 

He was Chairman of IEEE International 
Conference on Microelectronics (MIEL).

in-Chief of this journal. From 1993-1996 he was Regional 
Editor for Europe of Microelectronics Reliability (Elsevier), 
and Editor-in-Chief of this journal in period 1996-2017. 
From 2013-2020 he was Editor-in-Chief of the journal 
Facta Universitatis, Series: Electronics and Energetics 
(University of Niš). Also, he was member of the Scientific 
and/or Programme Committee of more than 50 international 
and numerous national scientific meetings. 

Since 1986 he was a member of the International 
Institute of Electrical and Electronics Engineers (IEEE). In 
the period 2002-2005 he was Chair of Serbia & Montenegro 
IEEE Section, from 1994-2020 he was Chair of its IEEE 
ED/SSC Chapter. In 1998 he became IEEE Senior member, 
in 2003 IEEE Fellow, and in 2019 Life Fellow. Since 1996 
he was IEEE EDS Distinguished Lecturer for the field of 
microelectronics. He was Chair of Society for ETRAN in 
the period 2001-2006. He was Editor-in-Chief of journal 
IEEE EDS Newsletters in the period 1998-2001, and IEEE 
EDS AdCom member in the period 2002-2007. In the period 
1984-1991 he was member of expert teams for creation of 
development strategy of microelectronics and electronics 
in Serbia and Yugoslavia. From 1990-1995 he was Chair of 
Committee for Electrotechnics, and from 1995-1998 he was 
member of Committee for Information Technology at the 
Ministry of Science and Technology of Republic of Serbia. 

In 1988 he founded the Department of Microelectronics 
at the Faculty of Electronic Engineering in Niš, and course 
in microelectronics. In the period 1988-1991 within the 
Department of Microelectronics at the Faculty of Electronic 
Engineering in Niš, he founded three scientific research 
laboratories where several scientific research projects were 

Ninoslav D. Stojadinović was born in Niš on 20 
September 1950 (father Dobrivoje Stojadinović and mother 
Nadežda Đorđević). He was married to Anđelka with whom 
he had a son Dragan. He spent most of his student and working 
life at the Faculty of Electronic Engineering, University of 
Niš, Serbia. At the University of Niš he obtained all his 
degrees, B.S. (1974), M.S. (1977), and Ph.D. (1980), all 
in Electrical Engineering. He started first professional job 
in “Ei-Semiconductors” in Niš in 1974, joined the Faculty 
of Electronic Engineering in 1976, where he became Full 
Professor in 1991. He was Head of the Department of 
Microelectronics (1984-2005), Vice-Dean (1986-1989), 
and Dean of the Faculty of Electronic Engineering in Niš 
(1989-1994). He was Vice-Director of Serbian Academy of 
Sciences and Arts (SASA) Research Center at the University 
of Niš from 1991-1996. Based on his versatile scientific and 
teaching work, as well as the achieved results, he became an 
Academician at the Department of Technical Sciences of the 
SASA (corresponding member from October 30, 2003; full 
member from November 1, 2012). He was President of the 
SASA branch in Niš from 2016-2020. 

Ninoslav Stojadinović was a member of commissions 
for promotion of teaching staff at Griffith University 
(Australia), Brown University (USA), National Technical 
University of Athens (Greece), Technical University of 
Sofia (Bulgaria), and Banaras Hindu University (India). In 
1997 he was a visiting professor at the Technical University 
of Wien. Under his supervision 48 Dipl. Ing. theses, 13 
M.Sc. theses, and 17 Ph.D. theses were realised. Since 1990 
he was a member of the Editorial Board of Microelectronics 
Journal (Elsevier), while from 1993-1995 he was Editor-
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realised. Since 2001 he was a member of International 
Scientific Advisory Boards at Center for Nanotechnologies, 
Clemson University (USA) and Center of Excellence: Micro 
and Nanotechnology Applied Research, Warsaw Technical 
University (Poland). Since 2005 he was member of the 
European Expert Commission for the Seventh Research 
Framework Program EC FP7, while since 2008 he was 
consultant of the National Science Foundation of Taiwan 
Government (NSFTG). 

Ninoslav Stojadinović published 97 papers (9 invited/
review) in the reputable international journals of SCI list and 
185 papers (23 invited) in the proceedings of international 
and national scientific conferences. He was author/coauthor 
of four chapters in international monographs: Computer 
Engineering Handbook and Digital Design and Fabrication 
(CRC Press, USA), Micro Electronic and Mechanical 
Systems (IN-TECH Press, Boca Raton) and Bias Temperature 
Instability for Devices and Circuits (Springer Science). 
According to data from SCOPUS, his papers are cited more 
than 560 times. He realised a number of technological 
solutions, six of which are applied in microelectronics 
industry all over the world. 

Ninoslav Stojadinović had significant political and 
diplomatic experience. He was a member of the Assembly of 
the Republic of Serbia in the period 1997-2000, member of 
the Assembly of the State Union of Serbia and Montenegro, 
and its representative to the Parliamentary Assembly of 
the Council of Europe, in the period 2004-2006, Deputy 
Speaker of Assembly of the Republic of Serbia in the period 
2014-2016. Also, he was Ambassador of the Republic of 
Serbia to the Kingdom of Sweden (2005-2011) and Bosnia 
and Herzegovina (2011-2013).

Nino was always available to support students and 
colleagues in their first steps in many important professional 
tasks. We will never forget his significant contribution in all 
fields. We will miss him for a long time but his contribution 
will stay engraved in the marble of the history of many 
universities, institutions, journals and conferences. 

We express our deepest condolences to all scientists 
around the world who followed his works, known him, or 
met him.

This issue of MIEL conference is dedicated to Nino! 
Thanks to all who supported MIEL 2021 and contributed to 
preserving the bright memories of our Great!

MIEL Committee



Mini-Colloquium  
“Nanoelectronics and Nanodevices”





3

Past and Future of Micro-/Nano-electronics 
 

H. Iwai 
 
 

Abstract - Electronics started at the beginning of the last 
century and evolved to micro-/nano-electronics. Miniaturization 
of the electron devices dramatically improved the performance, 
reliability, cost, energy consumption, volume, and weight with the 
order of billions to trillions times. Without the micro-/nano-
electronics, today’s intelligent society with internet and artificial 
intelligence cannot not exist. However, the miniaturization is now 
facing its limit. In this paper, the past and future of micro-/nano-
electronics are described. 
 

I. INTRODUCTION 
 

Electronics stared at the beginning of last century with 
the invention of vacuum tubes as shown in Fig.1 
Electronics was the biggest technological revolution in the 
20th century, providing us modern society. Now, almost 
every human society activity cannot be conducted without 
the help of the electronics. 

 

 
 
Fig. 1. Trend of electronics development. 

 
Then, the electronics evolved to microelectronics with 

LSIs (large Scale Integrated circuits) at the beginning of 
1970. In the 2,000’s, the microelectronics was upgraded to 
nanoelectronics by nano-CMOS VLSI technologies. 
Miniaturization of electron devices, dramatically improved 
the equipment performance, reliability, cost, energy 
consumption, volume, and weight with the order of billions 
to trillions times, providing us recent intelligent society 
with smart phone, AI, big data, 5G etc. The progress of 
micro-/nano electronics has been driven by the component 
miniaturization. However, the miniaturization is now 
facing its limit. In this paper, the past and future of micro-
/nano-electronics are described. 

II. PAST 
 

A. Prehistory of microelectronics 
 

The first electron device -- triode vacuum tube – was 
invented by Lee de Forest in 1906 [1]. This is a three 
terminal device and the electrons emitted from the heated 
cathode to the anode is controlled by the grid bias. The grid 
bias can modulate or amplify small signals on the electron 
current and also switch on/off of the current. 

Then, the ideas of the two types of the first solid-state 
three terminal devices -- which are kinds of field effect 
transistors -- were proposed as patents. One was a 
MESFET (MEtal-Semiconductor Field Effect Transistor: 
Shottkey gate FET) like device [2] in 1925, and the other 
was a MOSFET (Metal Oxide Semiconductor Field Effect 
Transistor) like device [3] in 1928. 

 

 
 
Fig. 2. Idea of MOSFET like device proposed by J. E. Lilienfeld. 
 

 
 
Fig. 3. Today’s MOSFET operation mechanism. 
 

Figure 2 shows the MOSFET like device proposed by 
J. E. Lilienfeld. This is a three terminal device with 
capacitor structure. There is a wedge at the Cu2S substrate, 
and positive bias is applied to the source. When negative 
bias is applied to the gate, electrons in the substrate are 
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located at the bottom of the substrate and most of the 
electrons cannot cross over the wedge. Thus, the current is 
controlled depending on the magnitude of the gate bias and 
it is switched off by the large negative bias. When the 
positive bias is applied to the gate, the electrons are located 
at the surface of the substrate and electron current flows 
easily. This is ‘on’ state. He was aiming small signal 
amplification by the current modulation effect caused by 
the vertical electric field. As shown in Fig. 3, today’s 
MOSFET uses the ‘potential barrier’ controlled by the gate 
bias, but without the wedge, for the modulation of the 
current. 

 

 
 

Fig. 4. World first MOSFET [4]. 
 

The successful operation of the MOSFET was 
experimentally confirmed in 1960, when D. Kahng and M. 
M. Attala of Bell Labs., fabricated Si-MOSFETs, using Si 
as a semiconductor [4, 5]. The surface conduction the 
minority carriers in Si at Si/SiO2 interface was 
exceptionally good, and this is the reason for their success. 
The drawn channel length was already as small as 25 μm 
(typical effective channel length was about 20 μm), gate 
SiO2 thickness was 100 ~ 200 nm, and source/drain 
junction depth was changed from 12 to 25 μm. The 
threshold voltage was -3 ~ -6 V [6]. 

Although MOSFETs were suitable for high density & 
low cost integration due to their planar structure, they were 
not the mainstream IC’s in the 1960’s because of the 
threshold voltage instability [7] caused by mobile ions and 
lower current drivability than that of BJTs (bipolar junction 
transistors). 

 
B. History of micro-/nano-electronics 

 
At the end of 1960’s the threshold voltage instability 

problem was solved and the higher density integration of 
MOS ICs (Integrated Circuits) started. At the beginning of 
1970’s, the minimum line size used for the ICs had reached 
10 ~ 8 μm, and the number of the MOSFETs in a Si chip 
had exceeded 1,000. This is the beginning of the LSI 
(Large Scale Integrated circuits) era and the 
microelectronics. 1k bit DRAMs and 4 ~ 12 bit 
microprocessors were produced by more than several 
companies. Since then, downsizing of MOSFETs started 
every 2 or 3 years with the scaling factor 0.7 as shown in 
Fig. 5. The ideal scaling scheme was proposed by R. 

Dennard in 1974 [8] and the constant increase of the 
integration (later called as ‘Moore’s Law’) was predicted 
by G. E. Moore in 1965 [9], although the name of Moore’s 
was not was not popular until the 1980’s. 
 

 
 

Fig. 5. Downsizing trend of MOS LSI technology. 
 

TABLE I 
TECHNOLOGY TREND OF INTEL MICRO PROCESSORS 

 

 
 

A.1 PMOS LSI technology 
Table I shows the technology trends of Intel 
microprocessors. LSIs [10] started with PMOS technology. 
Because of some structural defects of atomic bonds in the 
SiO2 near the Si interface, there are positive fixed charges 
at Si/SiO2 interface. This positive fixed charges induced 
electrons at the Si surface, resulting in the conduction of 
electrons, and thus, it was difficult to suppress the off-
leakage of n-MOSFETs as well as the leakage for field 
isolations. Most of the companies started LSI development 
with PMOS technologies. 
 
A.2 NMOS LSI technology 

However, the performance of PMOS LSIs was a half 
of NMOS, because the mobility of holes -- which is the 
carrier of p-MOSFET -- is a half of electrons. Thus, 
companies started to develop NMOS technologies with 8 ~ 
6 μm design rule in early 1970’s. The key technology was 
ion implantation, which can dope the Si surface with B 
with high accuracy setting the threshold voltage (Vth) of 
MOSFETs precisely to a positive value. The B doping 
increases the threshold voltage of n-MOSFETs and can 
suppress the subthreshold off leakage current. Another key 
was LOCOS (Local oxidation of Si) isolation, proposed by 
E. Cooi of Philips [11]. In order to suppress the leakage at 
the field SiO2 isolation, higher B concentration than that of 
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A.1 PMOS LSI technology 
Table I shows the technology trends of Intel 
microprocessors. LSIs [10] started with PMOS technology. 
Because of some structural defects of atomic bonds in the 
SiO2 near the Si interface, there are positive fixed charges 
at Si/SiO2 interface. This positive fixed charges induced 
electrons at the Si surface, resulting in the conduction of 
electrons, and thus, it was difficult to suppress the off-
leakage of n-MOSFETs as well as the leakage for field 
isolations. Most of the companies started LSI development 
with PMOS technologies. 
 
A.2 NMOS LSI technology 

However, the performance of PMOS LSIs was a half 
of NMOS, because the mobility of holes -- which is the 
carrier of p-MOSFET -- is a half of electrons. Thus, 
companies started to develop NMOS technologies with 8 ~ 
6 μm design rule in early 1970’s. The key technology was 
ion implantation, which can dope the Si surface with B 
with high accuracy setting the threshold voltage (Vth) of 
MOSFETs precisely to a positive value. The B doping 
increases the threshold voltage of n-MOSFETs and can 
suppress the subthreshold off leakage current. Another key 
was LOCOS (Local oxidation of Si) isolation, proposed by 
E. Cooi of Philips [11]. In order to suppress the leakage at 
the field SiO2 isolation, higher B concentration than that of 

the MOSFET channel region is necessary, because there is 
no gate electrode plate above the field oxide -- which can 
shield Si from the electric field. LOCOS is a technique 
which can dope the high concentration B at the field region 
with self-alignment to the region. 
 
A.3 CMOS LSI technology 

CMOS (Complimentary MOS) circuits was invented 
by F. M. Wanlass of Fairchild, in 1963 [12]. In the 1970’s 
CMOS IC’s/LSI’s were popular for portable devices such 
as watches and calculators because of its superiority for 
low power consumption. However, CMOS had not become 
the mainstream technology for high density memories and 
high performance microprocessors because of the higher 
cost due to longer process steps and larger area due to the 
necessity to provide n-well region for installing p-
MOSFETs. 

 
TABLE II 

LIST OF 1M BIT DRAM PUBLICATIONS AT IEEE ISSCC 
(INTERNATIONAL SOLID-STATE CIRCUITS CONFERENCE) FROM 1984 

~ 86 (IBM CURRENTS WERE CALCULATED FROM POWER 
CONSUMPTION DATA) 

 

 
 

Table II shows the list of 1M bit DRAMs presented at 
IEEE ISSCC (International Solid-State Circuits 
Conference) from 1984 ~ 86. Out of the 15 1M bit 
DRAMs,  7 were produced by NMOS technologies and 8 
were by CMOS ones. The operation and standby currents 
of the CMOS DRAMs were typically 45 ~ 30 mA, and 1 ~ 
0.05 mA, respectively, while those of NMOS DRAMs 
were 70 ~ 50 mA, and 3 ~ 2 mA, respectively, 
demonstrating the superiority of CMOS DRAMs for low 
power consumption with no penalty in performance and 
chip size. Indeed, CMOS circuit configuration can be 
simpler than that of the NMOS, and thus, CMOS DRAMs 
could even save the chip area. CMOS became the 
mainstream device technology for memories and 
microprocessors (Table I), from 1.2 ~ 1 μm generation in 
the middle of 1980’s. 

 
A4. BiCMOS technology 

BiCMOS is the technology to integrate npn-BJTs  and 
CMOS FETs in the same substrate monolithically, and its 
idea and experimental results were published at the end of 
1960’s [13]. Because the disadvantages of the area, the 
process steps, and hence the cost, were even worse than 

those of CMOS, BiCMOS technology had not been popular 
until the middle of 1980s. After the some trials of BiCMOS 
in the early 1980’s, BiCMOS technologies were eventually 
established with full-fledged npn BJT as the higher 
performance device technology than that of the advanced 
CMOS. Its high drivability was demonstrated in the middle 
of 1980’s [14, 15], and the BiCMOS was started to be 
popularly used for high performance logic and memory 
devices. Indeed Intel’s Pentium microprocessors in the 
middle of 1990’s were fabricated by BiCMOS technologies 
as shown in Table I. 

 
A.5 Nano CMOS LSI technology 

BiCMOS was replaced by CMOS again at the end of 
1990’s because the current drivability of MOSFETs 
exceeded that of BJT with decreasing the gate length which 
became comparable with the BJT base width. Now, the 
most advanced technologies at production are so called ‘10 
~ 5 nm CMOS technologies’, although the values of 10 or 
5 nm in the commercial technology name have nothing 
related with the real minimum line width. The real physical 
minimum line width are 2 or 3 times larger than those the 
commercial name. This had been a bad custom of the logic 
LSI industry from the late 2000’s, as shown in Table III.  
Even 10 years ago, the shrink rate for the physical width of 
the lines -- such as half-pitch of the lines (HP) or gate 
length – became much larger than 0.7, while that of 
commercial name kept 0.7. Thus, the difference between 
the commercial name and real line width became large. 

 
TABLE III 

SHRINK RATE ACCORDING TO ITRS 2013 [16] 
 

 
 

III. FUTURE 
 

A. Limit of the downsizing 
 

What is the limit of miniaturization? There are 3 
stages of the limit.  

 
A.1. Ultimate limit 

The first one is the 'ultimate limit', which is defined by 
the distance of atoms in the material, which is about 0.3 nm 
in the Si substrate case. Changing the material does not 
make a big difference. No one can make the device 
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structures less than the atomic distance. So, it should be 
noted that there is no 'pico-electronics' in size anymore next 
to the nano-electronics.  

 
A.2. Fundamental limit 

Before reaching the ultimate limit, there is another 
limit, named 'fundamental limit', which is defined by the 
direct-tunneling distance that is about 3 nm. When the 
distance between the structures becomes 3 nm, the 
wavefunction of the electrons penetrates the potential 
barrier between the structures, and huge direct-tunneling 
current starts to flow when voltage is applied. So, there is 
no electrical insulation or switching-off of the devices. 
Thus, 3 nm is the limit for the device operation.  

 
A.3. Practical limit 

The third limit is the 'practical limit' defined by the 
demerit of downsizing, which is about 10 ~ 20 nm. When 
the demerit of the downsizing becomes larger than the 
merit, then the downsizing will stop. The demerit may be 
the degradations in off-leakage current, production cost, 
reliability, and variability of the device characteristics, and 
so on. Then, what would be the limit of the downsizing? 
Off-leakage current or subthreshold leakage current 
between the source and drain of the MOSFET is regarded 
as one of the main causes of the limit for the downsizing, 
because we cannot suppress the diffusion of electrons from 
the source to the channel (which is defined by Boltzmann 
statistics) unless changing the device operation temperature 
to extremely low such as 77K. However, 77K operation is 
difficult for the majority of the market. So, it is the 
consensus that the channel length is difficult to reach sub-
10 nm for the major market devices. 

 
B. Future Technology Development in Next 10 Years 

 
Although we are very close to the limit of the 

miniaturization, we have to continue to develop the new 
technologies towards its limit, because nano-electronics is 
the key for today's smart society and the demand for high 
performance and low power consumption from the market 
is so strong. The customers seek the higher performance, 
lower power consumption, and lower price as much as 
possible, and that is the driving force to continue the 
downsizing and Moore’s law even the gain is becoming 
small.  

So, what will be the future for the next several to 10 
years. The effort to minimize the device dimension will 
continue until the demerit of cost, performance and 
reliability will stop the downsizing. Also, the effort to 
increase the integration by the 3D direction will continue. 
Development of application-specific device technology 
such as smart memory integrated devices for AI will 
become an important field. The introduction of VLSI 
technology to other fields such as RF, power and sensor 
devices will become also important. Finally, effort and 

development of the technology to reduce the production 
cost will be conducted. 
 
B.1 Effort towards the end of the downsizing 

Recent introduction of EUV (Extreme UltraViolet) 
lithography dramatically increased the resolution of the 
lithography. Before introducing EUV (optical wavelength 
λ = 13.5 nm), we used ArF (λ = 193 nm) excimer laser 
lithography and resolved the patterns of λ/10 (= 20 nm) 
using the combination of various resolution enhancement 
techniques, such as phase shift masks, off-axis 
illumination, optical proximity correction, immersion, and 
double patterning.  Thus, we expect that EUV could 
resolve about a few nm in principle with the combination 
of such enhancement techniques, although the time for the 
development and cost would become the issue. Thus, 
fabrication of the patterns until a few nm range -- that is 
about the ‘fundamental limit’ -- could be possible if we do 
not mind the cost. 

However, the gate length of the MOSFETs will be 
limited by the increase of the subthreshold off-leakage 
current, the gate oxide thickness will be limited by the 
reliability degradation, and metal line width will be limited 
by the resistance increase and reliability degradation. 
Prevention of the subthreshold leakage and gate oxide 
reliability degradation is not easy. In the meanwhile, the 
technologies to suppress the resistance increase and 
reliability degradation of the fine metal lines are being 
developed by introducing new materials such as Co, Ru, 
and Ta, and even nano-sheet for a coverage. Thus, the 
minimum interconnects line width could become smaller 
than the gate length. 

 
B.2 Limit of the downsizing 

Let us see the limit of the downsizing predicted by 
IRDS (International Roadmap for Devices and Systems) 
2020 [17] 

 
TABLE IV 

GATE LENGTH AND SUPPLY VOLTAGE ROADMAP FROM IRDS 2020 
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The gate length will keep decreasing but will reach the 
limit at 12 nm in 2028 as shown in Table IV.  The supply 
voltage will reach almost its limit around 0.6 V. After 
reaching the limit, there will be no improvement in the 
performance of the MOFETs such as effective mobility and 
CV/I. Even the Ion and clock frequency trend would 
degrade by the downsizing. Ion reduction would be due to 
the supply voltage reduction and clock frequency 
degradation would be due to the huge heat generation by 
the vertical integration of the devices as will be shown 
later. 

 
TABLE V 

METAL LINE PITCH ROADMAP [17]: M0: THE LOWEST METAL 
INTERCONNECTS LAYER, MX: INTERCONNECTS LAYERS ABOVE M0 

 

 
 

Metal interconnects pitch will reach its limit at 16 nm 
as shown in Table V. This means the limit of the metal line 
width will be about 8 nm. 

 
TABLE VI 

3D INTEGRATION OF THE CHANNEL OF NANO-SHEETS AND INCREASE 
OF THE INTEGRATION DENSITY 

 

 
 

 
 

So far, the gate length and metal line pitch will reach 
the limit by 2031, and there will be little increase of the 
integration horizontally. The solution is to increase the 
integration vertically as shown in Table VI. The MOSFET 
structure for the future is supposed to be the nano-sheet one, 
and the number of layers of the nano-sheets will increase to 

2 and 4. By the 3 dimensional integration to the vertical 
direction, the density of the 2 NAND logic gate and cache 
SRAM cell will keep increase at least until 2034. By the 
way, already good operation of 7 layer nano sheet 
MOSFETs was published in at a conference [18]. 
According to the increase of the integration density, the 
power density keep increase. Although the number of the 
interconnect layer will not increase, the number of the 
lithographical mask are supposed to increase significantly. 
The increase in power density and mask count will become 
a big problem in the future. 

3D integration is not limited to the stacked channel 
layers but has been also realized already for the NAND 
flash memory cells as shown in Table VII [19] and stacked 
chips and wafers as shown in Fig. 6 [20]. 

 
TABLE VII 

3D NAND FLASH MEMORY SCHEDULE 
 

 
 

 
 

Fig. 6. 3D chip integration in a package. 
 

Extension of the integration to the vertical direction 
will proceed more in future, but the increase of the cost and 
generated heat will limit the further extension of the 3D 
integration in some near future. 

 
C. Direction for far future 

 
What should we do after reaching the limit of 

downsizing and 3D integration?  From the semiconductor 
industry point of view, the market demands for the 
integrated semiconductor device will keep increasing in the 
future smart society and there will not be a big concern as 
the market, although the competition among the countries 
may become severe. 

From the technology development point of view, we 
have to think of introducing bio system. Even though 
human champions cannot win AI at the games of go, shogi, 
and chess games, each AI is limited to effective for only 
that game, and still consumes huge power. Human brain 
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treats multi task very efficiently with much lower power 
consumption. Thus, brain is supposed to be much more 
efficient than the AI constructed on the semiconductor 
microprocessors.  

Neurons in the brain use the propagation of electric 
pulses and the exchange of chemicals for the information 
processing. The pulse height is less than 100 mV and its 
frequency is less than kHz, and thus, the power 
consumption of the neuron is extremely small. Decreasing 
the power supply less than 500 mV is almost impossible for 
the MOSFET case because of the increase in the 
subthreshold leakage current. In the meanwhile, there is no 
subthreshold leakage for the neurons. Neurons have more 
than 1,000 connections per neuron each other, while I/O of 
MOSFET is limited to a few to several because of huge 
parasitic capacitance and resistance.  

So, basically the brain has physically better performance 
than that of the semiconductor microprocessors. The reason 
why the brain cannot win the AI is that the brain is not 
designed to keep concentration for long hours only for one 
thing. The brain will lose interest and become sleepy. The 
merit of the AI is to keep the operation for one thing 
continuously without any rest. 

It may be a good idea to apply the algorithm of the 
brain into the semiconductor microprocessors, but it could 
be a better decision to use the brain itself rather than 
installing the brain algorism into the semiconductor 
microprocess. For example, insects and birds could work 
better than drones for the inspection of the bridge from air 
for the maintenance, and fishes could work better than 
submarine robots from the water. Helicopters cannot win 
the dragonflies for the real time 3D light control. In order 
to improve the controllability of the brains of birds or 
insects, the technologies to have better and secure 
communication to those brains and better training methods 
will be developed in the future, and the cooperation 
between the brain and semiconductor devices will proceed 
in a long term. In the human history, we have made use of 
the animals for our food and labors for a long time. 
However, the consensus of the human society about the 
new type use of the animals and insects should be made 
considering the ethical point of view. 
 

IV. CONCLUSION 
 

Huge resources have been invested for the 
development of electronics and micro-/nano-electronics 
because of its impact to/demands from our modern society, 
and unbelievably huge progress in engineering and science 
has been achieved. The dedication of so many people 
during the past 100 years has opened up a new smart 
society in the 21st century with AI, big data, internet and so 
on. Past 100 years have been really an exciting period. The 
next 100 years will be a more exciting period with a great 
leap on the base of the micro/nano-electronics. 
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On the CMOS Device Downsizing, More Moore, More 
than Moore, and More-than-Moore for More Moore 

 
H. Wong 

 
 

Abstract – The progress of CMOS devices downsizing, either 
by shortening the gate-length/half-pitch spacing or by folding the 
channel width, will be ended in a couple of generations. However, 
Moore’s Law will continue to grow for at least another decade by 
adopting some emerging technologies such as 3D stacking in IC 
manufacturing or time scaling for device operation. Meanwhile, the 
significant advancement in the More-than-Moore, in the aspects of 
applications, system architecture, computing strategy, and 
networking technology domains, would empower an ordinary 
digital device to have much high-speed or even supercomputing 
capability. In effect, an ordinary digital device would virtually own 
lots more processors than it physically has. That is, “More Moore” 
will no longer rely on the smaller size of transistors or higher 
density of individual chips, it will be powered by More-than-
Moore.  
 
This article is dedicated to the late Prof. Dr. Ninoslav 
Stojadinovic, the General Chair of International 
Conference on Microelectronics (MIEL) in 32 series, lost 
the fight with Covid-19 on 25 December 2020, to the 
significant scientific achievements in the area of 
microelectronics he had accomplished, to the high promise 
of professional services he had provided, to the tremendous 
effort and excellency he had devoted in establishing and 
enriching the MIEL community.  
 
 

I. MOORE’S LAW AND SCALING FOR MORE 
MOORE 

 
In 1965, one of the co-founders of Fairchild 

Semiconductor, Gordon Moore posited that the number of 
components in an integrated circuit will be doubled every 18 
months for at least a decade [1]. The prediction held since 
1975 and it has been considered as a “law” and so call 
“Moore’s Law”. Since then, Moore’s law has been 
considered as a goal for next-generation CMOS technology 
development by the leading IC manufacturers up to now. It 
has been served as an important driving force for R&D and 
technology development [2]. To achieve this goal, the tactic 
is to make the device size 50% smaller or to downscale the 
channel length and channel width together by 0.7x. Figure 1 
illustrated this concept and gives the major device 
parameters of MOS transistors and the possibilities of 
scaling for more Moore (to increase the chip density) and 
better device performance. Before the 45nm node, the 

process node numbers more or less referred to the gate 
length (Lg), which is also considered as the minimum 
“feature size” of the MOS transistor produced by the 
technology. In the last six decades, the advancement of MOS 
technology predominately relies on geometrical Lg scaling. 
The result is magical. Because of the shorter Lg, we have 
smaller transistors, such that the chip size is also smaller. As 
a result, the RC delay is smaller. The scaling accomplishes 
the accommodation of more transistors in the same chip 
area. We can produce more processors with the same chip 
area. Together with the shorter transit time between source 
and drain, these factors make our computers much faster and 
cheaper for every generation.   

It was anticipated the minimum gate length of the MOS 
transistor should be around 4 nm according to some physics 
[3]. In addition, the mobility of the silicon channel will be 
significantly degraded for a width less than 4 nm [4]. First 
principle calculation showed that the short-channel effect 
will be resulted in Gate-All-Around (GAA) transistor if the 
length-to-width ratio is less than 5 [5]. Thus, the 
manufacturable or cost-effective technology should have a 
gate length somewhat larger than 4 nm [3]. In fact, 4 nm 
seems to be the smallest dimension we can manage to 
achieve so far. The technology node value given by the 
foundry actually referring to density instead of the gate 
length. There are some other measures that can increase the 
density with longer gate length and that treat the longer gate 
length technology to an equivalent smaller node value in 
recent nodes.  The rest of this section has the details. 

 

 
 

Fig. 1. Top: Geometry scaling for more Moore (doubling the chip 
density by shrinking the transistor size by 50%. Bottom: Classical 
MOS transistor current-voltage model equation showing the key 
parameters and the possibilities for scaling for better performance 
and more Moore. 
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Fig. 2. Early tactic for technology development for achieving 
Moore’s Law. The feature size or gate length is reduced to 0.7x so 
that the size of the transistor is half and the chip density is doubled 
for each generation.  

 

 
 
Fig. 3. Evolution of miniature technology tactics and the 
virtualization of the “length value” in technology node.   

 
TABLE I: GATE LENGTH SCALING AND GATE WIDTH FOLDING 

IN THE RECENT TECHNOLOGY NODES. 

 
Data taken from various sources. 
 

A. Length Scaling 
 

From the 1970s and up to the mid-1990s, the 
technology node number was referred to the channel length 
or the gate length. During this period, the size of the 
transistor was predominately governed by the gate length. 
More aggressive gate length scaling (i.e. shorter than the 
node number) was not uncommon in this period. At the 45 
nm process, Intel reached a gate length of 38 nm on a 
traditional planar transistor. The gate length scaling 
effectively stalled; any further scaling to the gate length 
would produce less desirable results on the transistor size. 
One began to look at the options for reducing the 
source/drain region or to reduce the actual spacing between 
the source metal and drain metal which is known pitch (see 
the second device cross-sectional view in Fig.3). The pitch 
is more precise to reflect the actual size of the transistors. 
Hence the pitch reduction contributes more to the width 
reduction in later technology scaling. Noting that a “half-
pitch” value is close to the gate length in the early 
technology nodes. “Half-pitch” or HP was used as the length 
value for the technology node. In fact, for the next 32 nm 
process node, the gate length was actually increased. The 
size reduction was achieved by shrinking the other region. 
In recent technology nodes, the node number is completely 
decoupled with gate length or half pitch. As listed in Table 
I, the real gate length in the so-called “5nm” technology was 
10 nm. Some may argue that the node number new has no 
physical context and it is just the marketing strategy of a 
particular foundry. Different foundries could have different 
node numbers for technology with a similar gate length. The 
naming of the technology node number still sounds 
reasonable from the chip-density or Moore’s Law point of 
view. The further decoupling of node number with gate 
length is mainly due to the introduction of the FinFET device 
structure [6] which can make the layout size of a transistor 
smaller by folding the width. 

 
B. Width Folding 
 

FinFET structure was introduced for the “22 nm” 
technology node. In the FinFET device structure (see the 
third device schematic in Fig.3), the current conduction is 
not only via the top surface, it also conducts through the two 
vertical sidewalls of the fin. There are some other 
advantages such as better control of the short-channel 
effects. For the geometric or scaling point of view, it allows 
a large effective channel width W =2Hfin+Wfin to be folded 
to a much smaller layout area/width (Wfin). A folding factor 
can be defined as 
 

Fold Ratio = Wfin

Weff
 = Wfin

Wfin + 2Hfin
             (1) 

 
That is, with the FinFET structure, the transistor size 
reduction does not only rely on the Lg or HP reduction. It can 
also be achieved with width folding. It is noted that for Intel 
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B. Width Folding 
 

FinFET structure was introduced for the “22 nm” 
technology node. In the FinFET device structure (see the 
third device schematic in Fig.3), the current conduction is 
not only via the top surface, it also conducts through the two 
vertical sidewalls of the fin. There are some other 
advantages such as better control of the short-channel 
effects. For the geometric or scaling point of view, it allows 
a large effective channel width W =2Hfin+Wfin to be folded 
to a much smaller layout area/width (Wfin). A folding factor 
can be defined as 
 

Fold Ratio = Wfin

Weff
 = Wfin

Wfin + 2Hfin
             (1) 

 
That is, with the FinFET structure, the transistor size 
reduction does not only rely on the Lg or HP reduction. It can 
also be achieved with width folding. It is noted that for Intel 

“22 nm” technology, the actual gate length is around 25 nm. 
Additional scaling toward the “22 nm” specification was 
contributed by the width folding. Looking at the recent 
technology nodes (after “22 nm”), the gate length reduction 
rate was slowed down to about 0.88 to 0.9 (see Table 1). 
Additional size reduction was achieved with the larger 
folding ratio which can be done by increasing the fin height 
(Hfin). The recently announced nanosheet or gate-all-around 
[7-10] can still be considered with the folding ratio as given 
in Fig.3. The high-density (Moore’s Law) is achieved with a 
high fin. The smaller “node number” refers to higher density 
achieved as compared with the previous node. The 
technology node value is further decoupled with the gate 
length. According to this technology node definition and 
scaling concept, we should be able to have “3 nm”, and “2 
nm” technology by scaling both the fin width and gate length 
to 4 to 6 nm and increasing the fin height to about 70 nm in 
the coming years. These values properly the technological 
limits in mass production as proposed over a decade ago [3].  

Figure 4 plots the physical gate length, chip density 
(taking Apple mobile CPU as an example), the 
corresponding fold ratio for recent technological nodes. The 
pace of downsizing should be slowing down for a while. 
Four possible scenarios for the coming few technological 
nodes are proposed: (1) 6 nm Lg will be used (round marker) 
or Lg may be stalled at 8 nm (square marker); (2) If not 4 nm 
(round marker), 6 nm Lg (square marker) should be 
achievable at 2026; (3) If Lg = 6 nm is to be used, 
downsizing trend can be maintained with Hfin= 65 nm, Wfin = 
6 nm. Otherwise, taller Hfin (88 nm) will be required which 
may not be technically viable; (4) If Lg comes to the ultimate 
4 nm, downsizing trend can be maintained with Hfin= 65 nm, 
Wfin = 5 nm up to that technology node. Otherwise, the 
downsizing trend will be slow down due to the technical 
difficulty for a taller fin. Fin width and gate length shorter 
than 4 nm should not be possible because of both physical 
and technological difficulties. Noting that in terms of speed, 
the circuit performance by W folding is poorer than that by 
length scaling for the same technology node or same area. 
Figure 5 compares the aspect leading to higher speed 
resulting from length scaling and W folding. 
 

 
 
Fig. 4. Scaling trends in recent technology nodes and the four 
possible scenarios for the coming technology nodes. 

C. Virtual Scaling and Vertical Stacking 
 

By the end of Lg scaling and with folding, we shall still 
have “more Moore” in terms of the number of transistors per 
area for several generations with the virtual scaling concept 
and by stacking the device vertically. These techniques have 
already been used in state-of-the-art flash memory or solid-
state disk production. The form factor of a micro SD card is 
of less than 1cmx1cmx0.1cm and its memory capacity has 
reached 1 TBytes or 8 Tbits. It may be considered as the chip 
holding 8 trillion transistors with each transistor in the size 
of about 1.2 nm if the memory is realized by one transistor 
per bit and the transistors are distributed in two dimensions. 
The technology used for typical high-density flash memory 
manufacturing is the 14 or 10 nm technology. The high 
density was achieved by adopting two techniques: (i) virtual 
scaling, and (ii) vertical stacking. This high-density flash 
memory was based on the quad-level cell (QLC) technology, 
i.e. the number of charge storage states in one memory 
transistor is partitioned into 16 levels so that a single 
transistor can store four bits data. It is possible that in some 
cases we may also use multi-bit cache memory, multi-level 
logic, or may multi-tasking some of the modules in the logic 
circuits so that the effective number of the transistors can be 
increased accordingly. We call this technique as “virtual 
scaling”. The more predominant measure for high-density 
flash memory is the use of the vertical stacking technique 
[11]. The latest 3D NAND flash has reached 144 layers. It is 
noted that further increase dozens of layers will only have a 
marginal increase in the chip density. But for the logic or 
CPU chips, it has not started yet. It would be possible to 
partially stack some of the large size and low-power 
dissipation modules such as memory via either the IC 
fabrication process or SoC technique in near future. 
Eventually, the introduction of the highly heat-conductive 
2D materials in the CMOS technology may help in solving 
the heat dissipation issue being encountered and that makes 
the CPU stacking possible. With this technology, it is 
possible to re-gain the historical rate of Moore’s Law (see 
the brown dashed line in Fig.6). 

 

 
 
Fig. 5. Comparison of the performance improvement based on gate 
length scaling and gate width folding.    
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Fig. 6. Possible timeline for the incorporating of different scaling 
options for “more Moore” (Hyper scaling concept to be elaborated 
in Sec. II-C).  Historical data from various sources. 
 
 

 
 
Fig. 7. Extending of ITRS “More than Moore” (x-y plane) to an 
additional domain (z-axis) to reflect the impacts of software, 
system architecture, and applications in system performance. 
Taken from Ref. [3]. 
 
D. Time Scaling 
 

Mobility basically had not been scaled over the last 60 
years though we did introduce the slightly large mobility 
material such strained Si [12-13] in recent technological 
nodes. For the geometry scaling approaching the limit, 
higher mobility materials have currently been actively 
considered [14-15]. Meanwhile, it has long aspired that 
when the transistor is shorter than a certain dimension, 
ballistic mode of charge transport can occur [7] though we 

still do not have a MOS transistor being operated in the 
ballistic mode for the real ICs. It is possible that new 
materials and new structure. For charge transport in ballistic 
mode, it is almost independent of the geometry. The speed 
of the device can be increased by thousand times, thus even 
we do not have a CPU with an even higher density, the 
performance of a single-core CPU may be comparable with 
a multi-core CPU. This is, in equivalent, scaling the speed 
or the transit time. In that case, the Moore’s Law may be 
reset/restarted from a lower chip density which may have the 
same processing power as the conventional CMOS 
technology (see the pink dashed line in Fig.6). We may not 
have the same technological maturity as compared with the 
current CMOS process for the first introduction of high-
speed material or device structure. This time domain scaling 
could be the way to extend the Moore’s Law for better 
performance when the less mature technology to be brought 
into mass production., cheaper product but not the higher 
density. 
 
II. MORE THAN MOORE AND MORE-THAN-MOORE 

FOR MORE MOORE 
 
A. ITRS’s More-than-Moore 
 

There is a general consensus that the CMOS device 
downsizing will be ended very soon [3, 14-18]. Without 
smaller size devices, it is hard to further doubling the chip 
density. People started to address “The end of Moore’s Law” 
in the early 21st century when the CMOS technology had 
encountered lots of issues from device physics, to materials, 
and fabrication processes [18-20]. However, it had been 
realized that the digital CMOS should still be the solid base 
and be the main framework for future electronics as well as 
other technological advancements. The CMOS technology 
at that time had already started to penetrate into other non-
traditional areas such analog, RF CMOS, power, sensors, 
photonics, etc [3]. The SIA became aware of this trend and 
termed the CMOS technology developments other than 
digital functionalities as “More Than Moore”. It had been 
comprehensively addressed in the white paper published by 
International Technology Roadmap for Semiconductor 
(ITRS) in 2010 [21]. At that time, it is predicted that the 
baseline CMOS technology for digital circuits such as CPU 
and memories may advance few generations. That is what 
we can do a little bit more Moore. After that, we need to find 
alternative technologies when the downsizing of CMOS 
technology come to the end. But CMOS technology should 
still be the mainstream technology for decades. We can 
enhance the technology and applications and integration to 
make our digital system more powerful. This concept is 
called “More than Moore”.  

The More-than-Moore concept sketches the possible 
technologies or functional units for enriching the 
mainstream digital CMOS technology so that the CMOS 
technology will improve the human-environment and 
human-machine interfaces. In the ITRS white paper, the 
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Fig. 6. Possible timeline for the incorporating of different scaling 
options for “more Moore” (Hyper scaling concept to be elaborated 
in Sec. II-C).  Historical data from various sources. 
 
 

 
 
Fig. 7. Extending of ITRS “More than Moore” (x-y plane) to an 
additional domain (z-axis) to reflect the impacts of software, 
system architecture, and applications in system performance. 
Taken from Ref. [3]. 
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realized that the digital CMOS should still be the solid base 
and be the main framework for future electronics as well as 
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at that time had already started to penetrate into other non-
traditional areas such analog, RF CMOS, power, sensors, 
photonics, etc [3]. The SIA became aware of this trend and 
termed the CMOS technology developments other than 
digital functionalities as “More Than Moore”. It had been 
comprehensively addressed in the white paper published by 
International Technology Roadmap for Semiconductor 
(ITRS) in 2010 [21]. At that time, it is predicted that the 
baseline CMOS technology for digital circuits such as CPU 
and memories may advance few generations. That is what 
we can do a little bit more Moore. After that, we need to find 
alternative technologies when the downsizing of CMOS 
technology come to the end. But CMOS technology should 
still be the mainstream technology for decades. We can 
enhance the technology and applications and integration to 
make our digital system more powerful. This concept is 
called “More than Moore”.  

The More-than-Moore concept sketches the possible 
technologies or functional units for enriching the 
mainstream digital CMOS technology so that the CMOS 
technology will improve the human-environment and 
human-machine interfaces. In the ITRS white paper, the 

domains being identified are (a) RF and analog applications 
of CMOS, (b) passive devices, (c) high voltage (HV) and 
power devices, (d) transducers and sensors for physical and 
electrical signals such as electromagnetic, mechanical, 
chemical, and biological sensors, and (e) biochips (see the 
x-y plane of Fig.7)[22]. The developments and the 
advancements of these devices are most likely not to be 
characterized with the size or density as used in Moore’s 
law. These devices may be built with the existing CMOS 
technology such as RF CMOS and power MOS devices and 
circuits or maybe with other completely different 
technologies but will be integrated with CMOS circuits via 
system-on-chip (SoC) or system-in-package (SiP) 
technology [21]. The mobile phone is a good example to 
demonstrate the concept of More than Moore, and it took 
place much earlier. The mobile phone with digital 
microprocessor and memory integrated with RF circuits 
(starting from 2G) and then incorporation of some additional 
such as user interfaces such as camera (3G), touch screen 
(3G and beyond).  

  
B. Wong’s More-than-Moore 
 

If we look at the smartphone and computer we have 
today, one may realize that the ITRS More-than-Moore 
diagram misses one important thing, it is the applications. It 
is the applications that make our phones so great today. Soon 
after the ITRS More-than-Moore proposal. The author 
proposed a “3D” version of More-than-Moore in 2011 [16]. 
In addition to the ITRS’ More-than-Moore domain, We 
added the third dimension which is attributed to “software, 
application and architecture” (See Fig.7). With the 3D More-
than-Moore version. The advancement of our computer can 
be described with the x-z plane. With the advancement of 
MOS technology according to the Moore’s Law, we have a 
more powerful CPU, large memory size (the x-axis). 
Meanwhile, we have more powerful operating systems, 
software and applications, internet, cloud computing, and 
now artificial intelligence, etc. (z-axis), the hardware and 
software together result in a more powerful computing 
system (see the arrow showing “More than Moore 
(computing)”. The earlier mobile can be described by the 
arrow in the x-y plane. It is the integration of different 
hardware components or building blocks. It makes the 
hardware more powerful and performs more functions.  

The innovation of the iPhone 4s can be best described 
with the 3D version of More-than-Moore. The SoC A5 CPU 
and the integration of various sensors such as gyro, camera, 
and touch screen can be described by the x-y plane. Software 
and apps such as Siri for speech recognition and iCloud 
make the phone more powerful. All the hardware and 
software together make the user have a much better user 
experience. The overall improvement is better described 
with the arrow indicating: More than Moore (system level). 
There is still much room for further development in 
particular in the z-coordinate for smartphone and computing 
devices. Hence even there may not have a higher density 

chip in the future, we can still have a much more powerful 
system by exploring new applications, improving system 
architecture, and developing more efficient algorithms. The 
revolution is on the way already. Better man-machine 
interfacing can be done with software/applications also. We 
can use QR code, voice, iris, or face recognition to replace 
the feature of near-field communications (NFC), bluetooth 
fingerprint systems. That is, we can use applications to 
replace hardware for better performances and user 
experience.  

 
C. More-than-Moore for More Moore 
 

The end of downsizing would limit the capability for 
further chip density enhancement. Even for the 3D stack 
technology, the benefit will be marginal for some additional 
stacks if the number of stacks is large not to mention the 
technical difficulties for too many stacks. Hence, our 
computer and mobile phone will lose their momentum in 
processing speed growth. However, more powerful 
computing can still be produced by using better computer 
architecture, network structure, or more efficient algorithms. 

Some emerging soft technologies such as cloud 
computing, edge computing, AI, etc, are already on the 
horizon. Decades ago, our computer is not that good but 
once it is connected to the internet, we quickly found that it 
is much powerful than that without network support. The 
network speed was low but we can be accelerated the video 
file download through peer-to-peer sharing [22]. With the 
availability of a 5G network the seamless or zero latency 
network connection [23], two technology options, yet in 
completely different ways: (i) distributed computing and (ii) 
centralized computing, are possible for three-dimensional 
More-than-Moore. We may have a new operating system or 
some software that can enable distributed computing or 
peer-to-peer computing. Through this system, if heavy 
computing of a particular client is need, one can have its job 
be partially done on some idle neighboring phones in the 
same network by compensating the peer with credit payment 
or data bandwidth in some ways (see Fig.8).  

 

 
 
Fig. 8. The computing power of a smartphone can be multiplied by 
peer-to-peer distributed computing via the 5G/6G high-speed 
network. 
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Fig. 9. The performance of an ordinary computer or a smartphone 
can be greatly enhanced with the new digital infrastructure 
constituting by supercomputers, super datacenter, and ultrafast 
network.   

 

 
 
Fig. 10. Proposed pathway showing opportunity “More Moore” 
and “More than Moore”. Gate length scaling and channel width 
folding will reach the limit very soon. Stacking may be ready for 
boosting the chip in the next few generations. Meanwhile “time 
scaling” may be possible with high-speed materials or with the 
ballistic transport mechanism. The hyperspace scaling via the high-
speed network interconnection and the new computation 
architecture could be the most viable way to boost the computing 
power of ordinary digital terminals to a new level. 

 
Alternatively, a centralized digital infrastructure is 

illustrated in Fig.9. In the future, we may have some national 
computing centers or some service providers equipped with 
supercomputers and a super data center [24]. Users can 
access the service and data seamlessly with a mobile phone, 
a computer, or other smart terminals through the 5 G or 6 G 
network. Our mobile phone or computer may just process 
some simple operations or generate some simple 
instructions, heavy computing such as AI, objects 
recognition, traffic planning, self-driving can be done with 
the supercomputer with data available in a sputter data 
center. The results send back instantly to the client after the 
computing. The architecture has many advantages such as 

energy efficiency for mobile terminals, our mobile phones 
do not involve heavy computing so that our mobile phone 
can last much longer without frequent recharging. We don’t 
need everyone to have a very powerful terminal and it 
reduces the owner cost. And more importantly, sometimes it 
is not that easy to have some information or computing 
power because of IP issues, some security data such as some 
personal data, deep webs such as Facebook and WeChat, 
data are not available for general browsing outside the apps. 
The super data center should be able to solve this issue by 
adopting some pre-agreed centralized protocols for data 
retrieving and sharing.  Hence, in the 5G era and beyond, 
perhaps we do not need to have a more powerful computing 
device. A mobile phone or any digital equipment can do 
supercomputing with the new centralized digital 
infrastructure. 

Both peer-to-peer computing and centralized 
computing via the 5 G network make a low-performance 
digital terminal to boost the computing power in significant 
orders of magnitude. That is the computing power of a 
mobile phone or a computer will be equivalent to the 
performance of several, hundreds, or even thousands, 
depending on the data rate and service. In the equivalent, the 
chip density of the terminal is virtually increased by serval 
to thousand times (see green line in Fig.6. That is we have 
“more Moore” in the hyperspace based on the proposed 
third-dimensional More-than-Moore.   
 

III. CONCLUSION 
    

 From the chip density point of view or in the sense of 
an equivalent number of transistors in a circuit or a system, 
the Moore’s Law should be able to further advance for at 
least another decade. Although we have experienced lower 
speed at the end of length scaling and width folding right 
now, technology evolution will continue. There are still 
some efficient technological options or ways such as virtual 
scaling, 3D stacking, and time scaling, as highlighted in Fig. 
10, to breathe new life into the Moore’s Law for decades. 
Meanwhile, with the significant advancement in the More-
than-Moore to be expected (including the evolution of 
computing, and networking technologies), the computing 
power can be greatly enhanced without the need for a 
smaller size transistor or a higher density of individual chips. 
It would empower an ordinary digital terminal to have high-
speed or even supercomputing capability. An ordinary 
digital device would virtually own lots more processors and 
memory than it physically has. In effect, the “more Moore” 
will be developed into the hyperspace.  
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Nearly Free Sustainable Electric Power for All: 
Electrify Almost Everything 

 
R. Singh and P. Paniyil 

 
 

Abstract – The global power industry is at the brink of a 
revolutionary change. For the survival of humanity, it is essential 
to tackle the grave issue of climate change. The power industry 
needs to shift to the utilization of clean energy to sustain the 
increasing energy demands without affecting the environment. 
Therefore, it is important to establish a power network which is 
sustainable, free fuel-based, ultra-low-cost, and reliable power 
network.  This paper discusses solar and wind power as a 
sustainable energy source for such a power network. In addition 
to energy sources, the storage system to support the power 
infrastructure is discussed. The role of power electronics in 
reducing the cost of electrical power is also discussed. Finally, 
the paper is concluded along with a brief discussion.  

 
I. INTRODUCTION 

 
Other than coronavirus disease (COVID-19) 

pandemic, humanity is facing serious climate related 
challenges all over the world [1]. In a recent study around 
13,000 researchers have called for urgent action to slow 
down the climate emergency as extreme weather patterns 
shock the world [2]. Greenhouse gas emission data by 
sector shows that 73.2% of emission is due to energy 
(electricity, heat, and transport) [3]. The world must 
incorporate major changes in energy sources that are 
responsible for contributing to climate change. With the 
invention of transistor in 1948 leading to the development 
of information technology (IT) industry, demonstration of 
the first practical silicon solar cell in 1954, and the 
introduction of world's first commercial rechargeable 
lithium-ion battery by Sony in 1991, we are in a position 
to address the climate emergency. As shown in Figure 1, 
21st century will witness the electrification and autonomy 
of almost everything. The focus of this paper is to discuss 
current technologies and the important research directions 
that will lead to the goal of electrifying almost everything. 
Based on ultra-low cost we will show in section II that 
solar and wind energies are the only sustainable sources of 
electrical power. Storing electrical power is discussed in 
section III. In section IV we have covered the important 
role of power electronics. In section V we have discussed 
important issues of energy and financial policies. Finally, 
the paper is concluded in section VI.  

 

II. SOLAR AND WIND AS SUSTAINABLE SOURCE 
OF ELECTRICAL POWER 

 

 
 
Fig. 1. Expected major transformation in 21st century due to 
electrification and autonomy of almost everything. 

Nature’s inexhaustible free sources of energy, 
namely, solar, wind, and tides, are the only sustainable 
sources of energy to address climate related challenges. 
Currently, electric power generation by tides is not 
commercially viable. With global incident solar power of 
23,000 TWy/y and intensity of 4–6 kWh/day in most of 
the places, abundant solar power is the ideal source of 
energy [4]. In places where we have lower incident solar 
intensity, there is an abundance of wind energy for 
electric power generation and solar energy can be a 
complimentary source [4]. In a recent publication [5], we 
have shown that Photovoltaics (PV) and battery-based 
direct current (DC) network can provide sustainable 
electric power at ultra-low cost for almost all over the 
world except for few places where solar intensity is less 
than about 3-4 kWh/m2 per day. In those places, wind 
turbines can be employed, and PV can play a 
complimentary role [5]. 

As shown in Figure 2 [6], photovoltaics (PV) 
followed by onshore wind has provided the lowest cost of 
electrical power generation. The lowest cost of PV 
generated electrical power is $0.0104 $/kWh [7].  Solar 
followed by wind are the safest and clean sources of 
energy for electric power generation [8]. Global impact of 
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electrical power generation by PV and wind energy on 
water consumption is negligible [9]. It is worth 
mentioning here that as compared to PV, concentration 
solar power (CSP) is not cost-effective. This is evident 
from Figure 3 [10].  Globally, solar and wind energy 
account for 90% of newer power generation capacity 
added by the end of the year 2020 [11]. In the first quarter 
of 2021, 99.7% of the new power capacity in the United 
States was provided by PV and wind turbines [12]. 
 

 
 
Fig. 2. Electric power generation cost by various technologies 
[6]. 

 
One of us predicted in 1980 that silicon is the best 

material for manufacturing photovoltaic material [13]. 
This has indeed been the case as is shown in Figure 4 
[14]. Silicon wafer-based technology accounted for 95% 
of the market in 2020 [14]. This trend will continue in the 
future and the thin film market may even reduce further. 
There is a fundamental reason for this fact and the 
interested reader is refereed to reference [15]. The main 
reason is the choice of process control that is used in the 
operation of thin film processing equipment. To keep the 
cost low, thin film solar cell manufacturers employ 
statistical process control (SPC) which provides higher 

process variability than that can be achieved in bulk 
silicon solar cells. In principle one can use advanced 
process control (APC) and reduce process variability, but 
the manufacturing cost of thin film solar cell will be too 
high. 
 

 
 
Fig. 3. Cost comparison of electric power generation buy CSP 
and PV in the last decade [10].  
 

 
 
Fig. 4. Global production of photovoltaics by bulk silicon and 
thin film technologies [14]. 
 

Globally, there is lot of hype about perovskite solar 
cells (PSC). In an article published in 2015 [16], we have 
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electrical power generation by PV and wind energy on 
water consumption is negligible [9]. It is worth 
mentioning here that as compared to PV, concentration 
solar power (CSP) is not cost-effective. This is evident 
from Figure 3 [10].  Globally, solar and wind energy 
account for 90% of newer power generation capacity 
added by the end of the year 2020 [11]. In the first quarter 
of 2021, 99.7% of the new power capacity in the United 
States was provided by PV and wind turbines [12]. 
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Globally, there is lot of hype about perovskite solar 
cells (PSC). In an article published in 2015 [16], we have 
stated that based on technical and economic consideration 
there is no future for PSCs.  Other than the process 
variability issues associated with thin film solar cells, 
reliability is the additional barrier for manufacturing 
PSCs. According to Sunpower, 99% of Silicon modules 
after 40 years will have 70% efficiency [17]. Thus, we do 

not see any foreseeable future for large scale manufacturing 
of PSCs and replacing and/or complementing silicon or 
other thin film solar cells. 

The silicon PV industry has many directions to 
further reduce the cost of manufacturing silicon PV 
modules. Other than using 12-inch size wafer (currently 
highest wafer size is 8-inch), and thickness reduction of 
the wafer, co-location of glass manufacturing plant will 
further reduce the cost of silicon PV modules. To increase 
the efficiency of silicon solar cells beyond current value 
of about 26%, one must use two junction four terminal 
structure shown in Figure 5 [15]. There is no known 
material that can be used as the top material for the 
structure shown in Figure 5 [15]. This is a great 
opportunity for material science and engineering 
community to invent a new material that meets all 
manufacturing design rules we have presented in 
reference [15].  Our analysis shows that by the end of this 
decade we may see silicon PV module manufacturing cost 
to reach 0.1$/Wp. 
 

 
 
Fig. 5. Two Junctions and four terminal structures for fabricating 
high efficiency silicon solar cells beyond current generation 
[15]. 
 

III. STORAGE OF ELECTRICAL POWER 
 

Due to the non-availability of solar and wind power 
all over the day, storage of electrical power is of utmost 
importance. Power industry has used pumped hydro 
storage for storing electrical power. Due to a number of 
disadvantages such as limited plant locations, susceptible 
to droughts, flood risks, and lower energy efficiency etc., 
a number of other electric power storage techniques have 
been investigated. In principle mechanical energy, chemical 
energy, electrochemical energy, superconducting magnetic 

energy, and cryogenic energy can be used to store 
electrical energy. Batteries and supercapacitors based on 
electrochemical energy have been commercialized.  
Hydrogen as part of the chemical energy storage has been 
investigated very heavily in the last decade and is being 
pursued again in recent years. Cost is the major barrier in 
green hydrogen that is formed by splitting water in a solar 
or wind powered electrolyzer (the system used to split 
water into hydrogen and oxygen). At present green 
hydrogen costs many times more than so-called gray 
(made from fossil fuels), and even blue, which is gray 
with its emissions captured [18]. Green hydrogen is 
expensive because of the cost of the electricity needed to 
make it, as well as the cost of the electrolyzer. Hydrogen 
vehicles are projected to be only 1 percent of electric 
vehicles (EVs) by 2050 [19]. Based on a number of future 
projections we do not see any significant role of hydrogen 
in addressing climate emergency [20].  

Driven by advancements in technology (particularly 
higher energy density), volume manufacturing, and the 
growth of battery EVs, the cost of lithium-ion batteries 
(LIBs) is following the cost reduction trend of 
photovoltaic modules [21].  As shown in Figure 6 [22], 
the cost of lithium-ion batteries has almost fallen 
exponentially in the last three decades. Falling prices of 
LIBs are going to disrupt many industries, specifically 
power and transportation [23]. Currently power industry is 
using LIBs only for 4-6 hours. Today utility scale LIB 
storage of electric power cost 0.8 -1.4 cents/kWh and is 
projected to fall to 0.4-0.9 cents/kWh by 2022 [24]. The 
lowest cost of PV generation of $.0104 /kWh [7] 
combined with LIB storage cost of 0.4-0.9 cents per/kWh 
is in line with our 2014 publication [4], where we 
predicted that by 2022-2024, the PV and storage cost will 
be 2 cents/kWh.  In a recent publication [25], we have 
shown that the use of LIBs for storing electric power for 
longer hours further reduces the cost (Figure 7) and 
without using the concept of base load, PV and LIBs 
provide ultra-low-cost electric power. 
 

 
 

Fig. 6. Cost reduction of lithium-ion batteries in the last three 
decades [22]. 
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IV. IMPORTANT ROLE OF POWER ELECTRONICS 
IN FURTHER COST REDUCTION OF ELECTRICAL 

POWER 
 
Globally, the power networks are based on 

alternating current (AC). This is due to the fact that at the 
end of 19th century, Thomas Edison, the inventor of DC 
power generators, lost battle to AC power [28]. However, 
the situation is completely different today. There was no 
power electronics at the time of the Current war. Except 
few inductive loads, all our loads require DC power as 
input power.  PV generates DC power. Wind turbines 
generates erratic AC power and is converted to DC power 
before converting to AC power for transmission and 
distribution. Batteries and fuel cells store DC power. We 
are wasting more than 30% power and capital in these 
DC-AC and AC-DC conversions even when the power is 
generated by PV or wind is stored in batteries [29]. Figure 
8 [30] shows the block diagram of a current DC fast 
charger. The   components shown in blue color will not be 
required if the input power is DC power. 

 

 
Fig. 7. LIBs cost reduction for longer time of energy storage 
[25]. 
 

 
 
Fig. 8. Block diagram of current DC fast charger [30]. 

The set of data of references [11-12] indicate that 
combined with storage it is possible to create the future 
infrastructure based only on solar and wind [25]. We have 
basically two types of current and future loads. In one 
case the loads already exist and are served by existing AC 
infrastructure. In other case new loads are emerging that 
will provide very high growth of electrical power in the 
US and rest of the world. Typical examples of second type 
of loads are electrical vehicle charging infrastructure, 
desalination plants, mining, and aviation etc.  

High Voltage DC (HVDC) transmission is superior 
in all respects to high voltage AC (HVAC) transmission. 
Even for PV and wind as source of power generation, 
currently HVDC involves converting DC power of PV or 
Wind to AC power at generation site and converting to 
DC at the transmission site and finally back to AC power 
at the distribution site. In future for the first type of load, 
we do not need to convert PV and or wind generated DC 
power to AC power. For the second type of loads we can 
have end-to-end DC power. Further examination of this 
scenario shows that currently we do not have the 
convertors that can serve the most cost-effective 
transmission for using 100 % PV, wind and storage. Thus, 
there is urgent need to develop HVDC Boost converters 
and DC to DC Buck converters.  

Due to low thermal conductivity and high switching 
losses of silicon, large amount of power is dissipated 
during conversion steps from AC to DC and DC to AC. 
Power electronics based on silicon carbide (SiC) devices 
has several compelling advantages like higher breakdown 
voltage, higher operating temperature, higher switching 
frequency, and low losses. Due to these advantages, the 
sizing requirement of other magnetizing parts like 
transformers, chokes, and inductors etc. are also 
eliminated or reduced. The external cooling components 
like heat sinks are reduced as well, enabling system-level 
simplification and less usage requirement of 
components/subsystems. Silicon carbide-based power 
electronics will save cost due to the saving of the 
dissipated electrical power as well as by increasing system 
life expectancy due to less thermal exposure. Overall, 
SiC-based power electronics will be cost effective as 
compared to existing Si-based power electronics. SiC-
based components are already being used by many 
battery-electrical vehicle manufacturers in electric power 
train. Silicon Carbide-based extremely fast chargers 
(XFCs) show superior performance as compared to Si-
based XFCs [30]. The use of SiC-based power electronics 
in power and mobility sectors will lead to other markets 
such as high frequency, and ultra-high-power electronics 
for harsh environments. Since both silicon and carbon are 
abundant elements, we do not expect any supply-chain 
challenges. Thus, the cost reduction of SiC-based power 
electronics can follow the path of Si power electronics. 
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High Voltage DC (HVDC) transmission is superior 
in all respects to high voltage AC (HVAC) transmission. 
Even for PV and wind as source of power generation, 
currently HVDC involves converting DC power of PV or 
Wind to AC power at generation site and converting to 
DC at the transmission site and finally back to AC power 
at the distribution site. In future for the first type of load, 
we do not need to convert PV and or wind generated DC 
power to AC power. For the second type of loads we can 
have end-to-end DC power. Further examination of this 
scenario shows that currently we do not have the 
convertors that can serve the most cost-effective 
transmission for using 100 % PV, wind and storage. Thus, 
there is urgent need to develop HVDC Boost converters 
and DC to DC Buck converters.  

Due to low thermal conductivity and high switching 
losses of silicon, large amount of power is dissipated 
during conversion steps from AC to DC and DC to AC. 
Power electronics based on silicon carbide (SiC) devices 
has several compelling advantages like higher breakdown 
voltage, higher operating temperature, higher switching 
frequency, and low losses. Due to these advantages, the 
sizing requirement of other magnetizing parts like 
transformers, chokes, and inductors etc. are also 
eliminated or reduced. The external cooling components 
like heat sinks are reduced as well, enabling system-level 
simplification and less usage requirement of 
components/subsystems. Silicon carbide-based power 
electronics will save cost due to the saving of the 
dissipated electrical power as well as by increasing system 
life expectancy due to less thermal exposure. Overall, 
SiC-based power electronics will be cost effective as 
compared to existing Si-based power electronics. SiC-
based components are already being used by many 
battery-electrical vehicle manufacturers in electric power 
train. Silicon Carbide-based extremely fast chargers 
(XFCs) show superior performance as compared to Si-
based XFCs [30]. The use of SiC-based power electronics 
in power and mobility sectors will lead to other markets 
such as high frequency, and ultra-high-power electronics 
for harsh environments. Since both silicon and carbon are 
abundant elements, we do not expect any supply-chain 
challenges. Thus, the cost reduction of SiC-based power 
electronics can follow the path of Si power electronics. 

 
 
 
 

V. DISCUSSION 
 

Based on the cost, performance, and reliability data 
we presented in this paper, it is obvious that we have the 
technology of providing low-cost green electric power 
that can meet power needs of all sectors that requires 
either electrical or thermal electric power. Manufacturing 
industries such as cement, steel, fertilizer, etc. also will 
benefit tremendously in cost and emission reduction.  
Globally, the policy makers at international, national, and 
local level and public research funding agencies have to 
understand the importance of PV, wind, and battery 
storage-based DC network for electric power generation. 
Investors of fossil fuel industry will make every possible 
effort to delay the switch to green electric power. As an 
example, oil companies are trying to delay the 
electrification of transportation [31]. Similarly, the ban of 
natural gas for cooking and heating is facing challenges 
[32]. Thus, policies in the best interest of public at large 
are as important as the technical and economic work 
presented in this paper.  
 

VI. CONCLUSION 
 

In this paper we have shown that green electric 
power network based on photovoltaics, wind turbines, and 
lithium-ion batteries can tackle the climate emergency that 
we are facing today. The introduction of DC power 
network in place of AC network can accelerate this 
process, since more power can be generated, transmitted, 
and distributed at the same price we are paying for AC 
infrastructure. For high voltage DC transmission there is 
urgent need to develop HVDC Boost converters and DC-
to-DC Buck converters based on silicon carbide power 
electronics. The availability such HVDC power will 
provide ultra-low cost extremely fast DC charging, which 
will lead to higher growth of battery EVs. Public policy 
makers at all levels have to understand the important role 
of green electric power to meet energy needs virtually in 
all sectors.  
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Graphene-based Chemiresistive Gas Sensors 
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Abstract - Gas sensors are an indispensable ingredient of the 
modern society, finding their use across a range of industries that 
include manufacturing, environmental protection and control, 
automotive and others. Novel applications have been arising, 
requiring new materials. Here we outline the principles of gas 
sensing with a focus on chemiresistive-type devices. We follow up 
with a summary of the advantages and use of graphene as a gas 
sensing material, discussing the properties of different graphene 
production methods. Finally, we showcase some recent results that 
point to novel applications of graphene-based gas sensors, including 
respiration monitoring and finger proximity detection. 
 

I. INTRODUCTION 
 

Gas sensors are devices that are ubiquitous in many 
industries, including manufacturing, automotive, building 
safety and others. Emerging applications such as widely 
available air quality sensors and wearable devices are 
exerting a pull on the development of devices from novel 
materials, that are often thin and flexible. Nanomaterials play 
an important role in fabricating thin, flexible sensors, due to 
their ease of manufacturing, scaling and application to a 
substrate, versatility, and favorable electronic properties such 
as efficient charge transport. 

 

 
 
Fig. 1. Experimental setup for measuring response of gas sensors. 

 
To characterize and calibrate the operation of a gas 

sensor, the sensor must be placed in a controlled environment 

where key parameters are regulated. An example of an 
experimental setup for testing gas sensors is depicted in Fig. 
1. The gas sensor (device under test, DUT) is placed in an 
environmental chamber. Often, such chambers are custom 
made by the sensor developer to satisfy requirements of the 
particular geometry and measurement parameter space. For 
example, if the sensor is cross-sensitive to temperature or 
humidity, these parameters must be controlled or at least 
monitored in the chamber [1]. 

 

 
 
Fig. 2. Typical response of gas sensor to injection of known 
concentration of analyte. The red dashed line indicates injected 
gas concentration. The solid black line indicates resistance 
measured across two sensor terminals. 

 
The DUT is contacted with wires that feed through the 

walls of the chamber and are connected to a measurement 
instrument, such as a digital programmable multimeter 
(DMM). The electrical characteristics of the DUT are 
measured as the environment is varied in a controlled 
manner. A constant flow of gas is introduced to the 
chamber via a gas inlet that is connected to mass flow 
controllers (MFC) or other gas flow control devices. For 
sensors boasting high sensitivity and accuracy of detection 
in the ppm or ppb range, the flow will consist mostly of an 
inert carrier gas, and a small percentage of the target 
analyte gas. The two gases are most often mixed in a 
simple T-shaped mixer prior to entering the detection 
chamber. MFC and DMM operation can be controlled and 
synchronized from a computer. 

Fig. 2. depicts a common measurement protocol and 
sensor response of a chemiresistive gas sensor. The change 
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highest. The sensor responds with an increase in resistance 
at burst onset, followed by a slow decrease when analyte 
flow is switched off and only carrier gas is flown over the 
sample. In the case of 2D material-based sensors, there is 
often a residue background drift of the measured response, 
which can be filtered out by signal differentiation [2]. 

 

 
 
Fig. 3. Graphene-based chemiresistive gas sensing device. 
Graphene is laid on a substrate with metal contacts and exposed to 
a gas atmosphere. 

 
Graphene is increasingly being investigated as an 

active material for gas sensing. Several physicochemical 
principles are commonly utilized to make gas sensors, 
including calorimetric sensors, optical sensors, 
electrochemical sensors, and chemiresistive sensors. Of 
these types, chemiresistive are the most versatile, and are 
easily integrated in a planar configuration. Chemiresistive 
sensors consist of a minimum of two electrical terminals 
connected to the active sensing layer. Fig. 3. depicts a 
graphene-based chemiresistive gas sensor. The graphene 
sits atop a substrate and is contacted with two planar metal 
contacts. Gas molecules in the vicinity of graphene can 
interact with the sensor, which is reflected in a changing 
electrical resistance between the two contacts with 
changing gas concentration or type. 

In the following sections, we discuss the properties of 
several graphene fabrication techniques as they relate to 
use in gas sensing. We sketch the role that defects play in 
the interaction of graphene with gases. Finally, we 
demonstrate the application of chemiresistive graphene gas 
sensors to novel sensing technologies. 

  
II. GRAPHENE-BASED GAS SENSORS 

 
The chief properties required from a gas sensing 

material are efficient charge transport to a substrate or high 
carrier mobility, a large surface area, and an abundancy of 
active reaction sites. Various forms of graphene fulfill 
these requirements to different extents. In Fig. 4. we show 
the most common forms of graphene available in research 
laboratories and on the market. Micromechanical 
exfoliation is the oldest method of making graphene, which 
was utilized by Geim and Novoselov in their seminal paper 
[3] that sparked the graphene revolution. The method is 
based on mechanical cleavage of graphite flakes and 

separation of layers with adhesive tape. Thinned down 
graphite layers remain on the tape. The process is repeated 
several times, until visual inspection indicates the presence 
of very thin graphite layers on the tape. The tape is 
subsequently applied to a rigid substrate, such as Si/SiO2. 
After tape removal from the substrate, careful optical 
microscopy may reveal flakes of few-layer graphene, 
including single layers. One such flake is depicted in the 
optical micrograph of Fig. 4a. Typical lateral flake sizes are 
on the order of several tens of micrometers, whereas flakes 
are few and far apart on the substrate. This method yields 
graphene of the highest quality, with very few defects in 
the basal plane. 

The main principle of interaction of micromechanically 
exfoliated graphene with gas species is through gas 
adsorption and desorption processes on the basal plane, i.e. 
physisorption. The adsorbed molecules change the local 
carrier concentration in graphene, which exerts changes in 
resistance. With extreme fabrication and noise control, 
mechanically exfoliated graphene has been used to achieve 
single-molecule sensitivity [4]. 
 

 
 
Fig. 4. Different types of graphene. a) depicts an optical 
micrograph of micromechanically exfoliated graphene; b) depicts 
a scanning electron micrograph (SEM) of CVD graphene (image 
courtesy of Graphenea); c) depicts a SEM of liquid phase 
exfoliated graphene. 
 

The structure of micromechanically exfoliated 
graphene is similar to that of graphene grown by chemical 
vapor deposition (CVD). A scanning electron micrograph 
of CVD graphene is depicted in Fig. 4b. CVD graphene is 
grown on a catalyst substrate, such as a smooth copper foil, 
by placing the substrate in a chamber where temperature 
and growth precursors are controlled. Growth starts from 
seeds on the substrate and continues until the process is 
stopped or a continuous film is formed across the substrate. 
Growth from multiple seeds results in numerous grain 
boundaries. Because the growth takes place at highly 
elevated temperatures (>1,000oC), the substrate and the 
graphene undergo a shrinking and expanding process, 
respectively, during cooling of the chamber. Due to a 
mismatch of thermal expansion coefficients of graphene 
and the substrate, wrinkles inevitably form on the graphene 
surface [5]. Hence, CVD growth results in graphene that is 
continuous over a large area, with some structural defects 
such as wrinkles and grain boundaries. Compared to 
micromechanically exfoliated graphene, CVD graphene 
may contain additional binding sites at these defects, which 
provide a channel for chemisorption in addition to 
physisorption that takes place on the surface of the basal 
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plane. It was found that polymer residue on graphene that 
remains after lithographic processes enhances the response 
of graphene gas sensors, with a surprisingly weak intrinsic 
response [6]. 

Graphene that is obtained from reduction of graphene 
oxide or from liquid phase exfoliation has the morphology 
of nanoplatelets – thin flakes of graphite or graphene. 
These flakes can have thicknesses ranging from a single 
layer of graphene up to tens of layers, and lateral sizes 
between several tens of nanometers and tens of 
micrometers. Such graphene is usually obtained in solution, 
which contains a range of nanoplatelet sizes. There exist 
several different methods for drawing nanoplatelets from 
solution into a film, such as spray coating, drop casting, 
spin coating, inkjet printing, and Langmuir-Blodgett 
assembly [7]. A film assembled from such nanoplatelets 
may look like that depicted in Fig. 4c.  
 

 
 
Fig. 5. A sketch of graphene structure and some commonly found 
defects. 
 

Although films that are made from nanoplatelets 
typically show poor electrical conductivity compared to 
films made of CVD graphene, their response to gas 
exposure is different and may be stronger than the response 
of CVD graphene. A strong change of electrical properties 
upon exposure to an analyte in these materials can be 
attributed to the presence of reactive defect sites. As an 
example, nitrogen atoms can bind to graphene at various 
positions in the crystal lattice, as shown in Fig. 5. When a 
nitrogen atom simply substitutes a carbon atom in the basal 
plane, the substitution is termed graphitic nitrogen. When 
the nitrogen replaces carbon at a crystal defect site, one 
obtains pyrrolic nitrogen. Finally, when nitrogen replaces 
carbon at the edge of graphene, it is termed pyridinic 
nitrogen. Each of these species results in different 
electronic behavior, also affecting chemical reactivity of 
the graphene. It was observed that certain species such as 
water vapor will predominantly bind to edges, with a more 
pronounced effect in thicker platelets, whereas dry oxygen 
preferably reacts with the basal plane. Even in the case of 
micromechanically exfoliated graphene that is relatively 
free of edges, the reaction to water vapor is much stronger 
than to dry oxygen, which indicates high edge reactivity 
[8]. Similarly, it was observed that edges are the dominant 

defect type in liquid-phase exfoliated films and that oxygen 
predominantly binds to these edges upon exposure to an 
oxygen plasma [9]. Researchers have also created edges by 
damaging graphene on purpose, to increase its reactivity to 
gases [10]. 

As a result of an abundancy of edges, films that are 
formed as a continuous sheet of interconnected 
nanoplatelets tend to react more strongly to the presence of 
gases than films that are constituted of continuous sheets 
with very few edge defects. At least one work has shown 
that films made from liquid-phase exfoliated graphene 
experience a significant drop in sheet resistance upon short 
exposure to an oxygen environment [9], as in Fig. 6. The 
value after 5 minutes of exposure can be less than 50% of 
the starting value, which is not the case for CVD graphene. 
The hypothesis presented in the referenced work is that 
oxygen binding to the edges of nanoplatelets dopes the 
graphene, causing a decrease in measured resistance. In 
contrast, CVD graphene reacts to treatment by a slight 
increase in sheet resistance, which is due to graphene 
lattice damage caused by oxygen ejecting carbon atoms. 
After 10 minutes of treatment, the damage becomes 
visually perceptible, whereas in the case of LPE graphene 
no damage will occur until all edges are saturated. 

 

 
 
Fig. 6. Typical response of two types of graphene to a chemical 
treatment. The line with the red circles indicates response of CVD 
graphene. The line with the black squares indicates response of 
LPE graphene. 
 

The strong sensitivity of LPE graphene to 
environmental gases can be exploited to produce gas 
sensors. In particular, such graphene has been used to 
detect NO2 [11], [12] with ppm sensitivity, while theory 
predicts that graphene containing an abundancy of defect 
sites would react strongly to CO, NO, and NO2[13].    

Recently, it was found that LPE graphene is highly 
sensitive to changes in relative humidity of the ambient 
[14]. Changes in relative humidity can exert a change in 
measured resistance of chemiresistive graphene gas sensors 
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by up to 10%. It was also found that the response to 
humidity is much stronger than the response to other 
constituents of air, which makes this sensor ideal for open-
air use as a humidity detector. Surprisingly, and in contrast 
to what has been observed in the case of NO2 detection with 
LPE graphene [12], the response to humidity changes is 
extremely fast, on the order of 30 ms. Such extremely fast 
response opens avenues towards the use of these sensors in 
situations in which humidity changes more rapidly than can be 
detected with conventional humidity sensors, that are often 
based on the principle of humidity-induced swelling of a 
material and measuring a corresponding capacitance change. 
Indeed, it has been demonstrated that the ultrafast LPE 
graphene-based sensor can be used to monitor human 
respiration in real time (Fig. 7). The sensor was made by 
depositing LPE graphene, using Langmuir-Blodgett self-
assembly, onto a pair of interdigitated metal contacts premade 
on a ceramic substrate. Breathing on the sensor resulted in 
real-time variation of the measured two-terminal resistance. 
Another novel application demonstrated in the same 
publication is real-time sensing of finger proximity detection. 
The application relies on the principle of detecting the cloud of 
moisture that exists in the vicinity of human skin. Real-time 
detection of finger proximity could be used to make novel 
devices, such as touchless control panels. 

 

 
 
Fig. 7. The use of a chemiresistive graphene-based sensor as a 
respiration monitor. Resistance between two terminals changes in 
response to a person breathing on the sensor. 

 
 

III. CONCLUSION 
 

To conclude, liquid-phase exfoliated graphene 
presents an excellent opportunity to create practical gas 
sensors. Although theory predicts strong sensitivity to CO, 
NO, and NO2, experiments have also shown a very strong 
response to changes in relative humidity, pointing to the 
potential for detection of other gases. Furthermore, the 
utlrafast response to humidity can be utilized to create 

novel devices, which may prove useful in particular for 
wearable biometric sensing. 
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Gas Sensing with Two-Dimensional Materials
Beyond Graphene
L. Filipovic and S. Selberherr

Abstract— The semiconductor industry is intensely
working towards the functional integration of devices be-
yond digital logic, such as sensors and RF circuits, on the
same chip. For gas sensors, this requires that future de-
vices can be fabricated with the same technologies as fu-
ture digital logic transistors, likely using mature comple-
mentary metal oxide semiconductor (CMOS) fabrication
techniques, due to the inherent low costs and scalability
they offer. While chemoresistive semiconductor metal
oxide (SMO) sensors have garnered significant attention
in the last decades, resulting in their commercialization,
they require high temperatures to initiate the surface
chemical reactions for sensing, meaning that a complex
integration of a microheater on a MEMS structure is
required. This is not ideal and room temperature so-
lutions are readily sought after. Two-dimensional (2D)
materials appear to offer precisely that: Potential for in-
tegration with CMOS technology, while also being highly
sensitive to many relevant gases at room temperature.
This manuscript explores several types of 2D materials
which have the potential to be used as channel materials
in digital logic transistors and sensing films, due to the
presence of a relatively wide band gap. Therefore, this
excludes graphene from our discussion and we look into
recent gas sensing trends with reduced graphene oxide,
transition metal dichalcogenides (TMDs), and phospho-
rene and arsenene.

I. Introduction

The way in which we perceive the environment
around us is heavily influenced by the molecular make-
up of the air we breathe, or the presence of various gas
molecules in our vicinity. Our noses are quite efficient
in the detection of many different smells resulting from
the presence of certain gases, but they fail entirely in
sensing the precise gas concentration and in the detec-
tion of poisonous gases which do not give off a specific
odor, such as carbon monoxide (CO). The Environmen-
tal Protection Agency (EPA) classifies six pollutants as
the main sources of air pollution, mainly ground-level
ozone (O3), particulate matter (PM2.5 and PM10), car-
bon monoxide (CO), lead (Pb), sulfur dioxide (SO2),
and nitrogen dioxide (NO2) [1]. Most hazardous gases
are only harmful above a certain concentration, which
is why many governments and organizations place reg-
ulations and limits on the amount of these pollutants
with the aim of reducing the inherent risks to humans
and the environment [2].
Having the ability to detect these and other harmful

and toxic gases in the atmosphere is of extreme impor-

L. Filipovic and S. Selberherr are with the Institute for Micro-
electronics, Technische Universität Wien, 1040 Vienna, Austria,
E-mail: {filipovic|selberherr}@iue.tuwien.ac.at

tance for a diverse range of applications and industries.
Among them, the most important are environmental
monitoring [3], [4], [5], health and safety [6], automo-
tive and transport [7], chemical warfare detection [8],
and many more [9]. The European gas sensor market
share by end-use is shown in Fig. 1, where we note that
the applications are quite evenly spread across several
industries and no single application is fully driving the
development [10]. It is evident that industry requires
sensors to detect a broad range of pollutants at vary-
ing concentrations. Gas detection has been a topic of
interest for many decades and, prior to the application
of gas sensors, animals were used for sensing of certain
gases: A common example is the use of a canary for
gas detection in mines, as it stops singing once exposed
to methane, carbon monoxide, or carbon dioxide. The
current gas sensor market is estimated to be worth be-
tween one and two billion Euro with an annual growth
rate of about 5%-10% in the next decade [10], [11].

Fig. 1. Europe gas sensor market share by end-use in 2020
(source: https://www.grandviewresearch.com).

The predicted gas sensor market expansion comes
from the increased need for gas sensor integration with
vital communication technologies to enable the aggres-
sive advancement of Internet of Things (IoT), Internet
of Everything (IoE), cloud computing, etc. IoT is a
multi-layer technology which connects diverse hardware
– smart appliances, smart gadgets, wearables, and mo-
bile consumer devices, all of which are equipped with
sensors – together with the Cloud of Things (CoT) [12].
The most significant hurdle to a widespread integration
of gas sensors is their price, so the increased applica-
tion of these devices will only be enabled by unit cost
reduction which is achievable through sensor miniatur-
ization and integration with signal drive and process-
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ing circuitry [13]. This most often means the use of
solid state and semiconductor-based gas sensors with
integration with a low-cost and mature manufacturing
technology, such as complementary metal oxide semi-
conductor (CMOS) fabrication [9], [14].
In this manuscript, we summarize some key features

of available gas sensor technologies, while concentrating
on semiconductor-based sensors with the highest poten-
tial for miniaturization and CMOS integration. This
ultimately leads towards the conclusion of the highly-
likely introduction of two-dimensional (2D) materials in
sensing devices in the near future.

II. Gas Sensor Technologies

The requirements for today’s sensors for IoT are quite
ambitious and must exhibit several excellent features
and properties, such as [13]:
1. Low cost of fabrication and operation
2. Low power consumption
3. High reliability and repeatability
4. Real-time communication capability
5. High data security
A broad selection of different types of gas sensors

are currently being investigated at different levels of
research and development. Some mature gas sensing
technologies, already implemented in industry, includes
semiconductor-based, catalytic pellistors (CP), piezo-
electric (PE), electrochemical (EC), thermal pellistor
(TP), photo-ionization (PI), and infrared (IR) adsorp-
tion [9], [15], [16], [17]. These sensors are commonly
more broadly classified into two groups, those whose
transduction is based on a change in a film’s electrical
properties (e.g., conductivity) and those whose sensing
is based on changes in other properties (e.g., optical,
thermal) [18].
From these options, the semiconductor-based semi-

conductor metal oxide (SMO) sensor presents a solution
with the lowest power, cost, and footprint, by virtue
of its integration with CMOS fabrication technology.
These properties are essential in order to provide sens-
ing solution for portable application and IoT integra-
tion, while CMOS integration also provides a means
for excellent reproducibility [19]. For mass production
of commercial devices, it is critically important that the
variations in the structure are minimal and that there
is a high confidence that predictable device properties
will be fabricated, with well controlled tolerances. We
note that the catalytic pellistor also operates with a
low power consumption and can be fabricated at low
cost with a relatively small footprint. However, the
selectivity of this device is very poor, its sensitivity
is weaker, and the response time is longer than that
of an SMO sensor. A high sensitivity is provided by
the piezo-electric, photo-ionization, and infrared sen-
sors, but they all have some concerns, when it comes to
their power consumption as a limitation to portability

and IoT integration. The electrochemical sensor seems
to be a reasonable all-round solution and it is the sen-
sor which enjoys the largest market share in the United
States (US), as shown in Fig. 2. However, this type of
sensor is not easily transferred to portable technologies.
It has a limited shelf life of about six months to a year,
while low humidity and high temperatures can cause
its electrolyte to dry out [20], [21]. Therefore, alternate
solutions are readily investigated.
The SMO sensor provides the most advantages over

alternatives. Especially with respect to sensitivity,
response time, and potential for miniaturization and
portability, the SMO sensor has shown a lot of promise,
resulting in its commercialization. However, the high
sensitivity of SMO sensors is enabled by an increased
operating temperature which can complicate the reli-
ability and lifetime of the devices. The SMO sensor
has become the go-to technology, when it comes to
a semiconductor-based and CMOS-integrated gas sen-
sor solution. However, a semiconductor-based solution
which works at room temperature and can be integrated
with mature CMOS fabrication technologies is readily
sought after. In this regard, several sensors and po-
tential sensing materials are currently under investiga-
tion, including 2D semiconductors such as graphene and
transition metal dichalcogenides (TMDs) [22]. The fab-
rication and synthesis of these films is not trivial, but
recent research in obtaining high quality films for sens-
ing applications has made significant headway [23], [24].

Fig. 2. United States gas sensors market share by technology in
2019 (source: https://www.gminsights.com).

As alluded to earlier, in order to provide enough en-
ergy and to enable the oxidation-reduction reactions
on the SMO surface, the SMO sensor needs to op-
erate at elevated temperatures, in the range between
200�C and 550�C [9]. This elevated temperature means
that the sensor must be integrated with a microelec-
tromechanical systems (MEMS) microheater element,
which should also be thermally isolated from digital,
analog, and radio-frequency (RF) components [25], [26].
The increased complexity in the sensor’s geometry is
another potential concern with the long-term thermo-
mechanical stability of the device, as it relies on a sus-
pended membrane which hosts the microheater and the
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As alluded to earlier, in order to provide enough en-
ergy and to enable the oxidation-reduction reactions
on the SMO surface, the SMO sensor needs to op-
erate at elevated temperatures, in the range between
200�C and 550�C [9]. This elevated temperature means
that the sensor must be integrated with a microelec-
tromechanical systems (MEMS) microheater element,
which should also be thermally isolated from digital,
analog, and radio-frequency (RF) components [25], [26].
The increased complexity in the sensor’s geometry is
another potential concern with the long-term thermo-
mechanical stability of the device, as it relies on a sus-
pended membrane which hosts the microheater and the

sensing film [27]. The constant heating and cooling of
the device can lead to a build-up of thermally induced
mechanical strain, ultimately resulting in cracking, de-
lamination, and the complete mechanical failure of the
sensor. Therefore, researchers are actively investigat-
ing the potential of providing a semiconductor-based
CMOS-integrated conductometric gas sensor solution
which can operate at room temperature and improve
the selectivity and specificity towards gases of inter-
est [22], [28], [29], [30]. Two-dimensional (2D) mate-
rials, such as graphene and TMDs have shown some
promise for room temperature gas sensing, primarily
due to their inherently high surface-to-volume ratios [6],
which enables a very high surface exposure and thereby
a high sensitivity and response to changing ambient
conditions.

III. 2D Semiconductor Gas Sensors

Research into different semiconductor films for gas
sensing applications has been very intense for several
decades. While the initial interest arose from bulk SMO
films, discussed in the previous section, more recently,
due to their need for operation at elevated tempera-
tures and poor selectivity, research has moved into SMO
nanostructures [31], conducting polymers [32], carbon
nanotubes [33], and most recently 2D materials [5], [34].
An overview of the different semiconductors films stud-
ied for applications in gas detection is presented in
Fig. 3 [13]. Other than metal oxides (SMOs), the ma-
terials depicted are still in the research phase and no
commercialization has, as of yet, taken place.

Fig. 3. Semiconductor materials which have shown a propensity
for application in gas sensing. (Source: Nikolić et al. [13])

The application of conducting polymers in industry
is hindered by the complex and time-consuming fab-
rication requirements [35], while, due to oxidation, the
lifetime of gas sensors based on these films is signif-
icantly shorter than SMO-based sensors [13]. Carbon
nanotubes (CNTs) are cylinders which are formed by

wrapping graphene sheets along the axial direction [36].
These films have a good chemical and mechanical sta-
bility, suitable electronic properties, and a high surface
to volume ratio [37]. However, their future applicabil-
ity may be hindered by a costly synthesis, as it is very
difficult to grow continuous defect-free nanotubes, and
their fabrication is not compatible with CMOS technol-
ogy [38], [39]. Another concern is a lack of selectivity
and specificity, since the CNTs readily interact with
oxygen and water molecules, which influences the sen-
sor response. The ideal gas sensing solution of the fu-
ture should be compatible with future CMOS transistor
technologies. This would allow for easy integration of
the sensing element with digital and analog electronics,
while also making the fabrication of the sensing devices
compatible to mass-fabricated low-cost digital transis-
tors which drive the microelectronic industry. With
this in mind, 2D materials appear to have the most
optimistic outlook for application in real devices and
commercialization in the near future.
In this manuscript, we also exclude graphene from

our discussion. Studies which demonstrate the poten-
tial of graphene and other 2D films to be used as gas
sensors by showing a change in the resistance of the film
under exposure to one or several gases are plentiful.
The Nobel laureates for fabrication and characteriza-
tion of graphene (Geim and Novoselov [40]) reported on
graphene’s high sensitivity to the presence of NO2 and
NH3 [41]. However, research into graphene has strug-
gled to provide a working field effect transistor (FET)
due to its lack of a band gap, so other potential 2D ma-
terials have risen in prominence, which display a band
gap and have significant potential for simultaneous FET
and sensor applications. In this section we examine
these materials, including graphene oxide, TMDs such
as MoS2 and WS2, phosphorene, and arsenene for gas
sensing applications.

A. Graphene Oxide and Reduced Graphene Oxide

As previously mentioned, graphene has attracted
considerable attention for applications in sensing and
FETs, likely due to being the first fabricated and in-
vestigated monolayer film. However, its quasi-zero
band gap presents a hurdle in its broad applicability
in transistors and sensing devices. Therefore, many re-
searchers started to investigate functionalized or deco-
rated graphene using graphene oxide (GO) [42]. GO can
be fabricated by treating graphite with strong oxidizers
which causes the separation of graphite from GO flakes.
By exfoliating the graphite, single layer GO flakes re-
main [43]. Hummers’ method has been extensively used
to obtain less defective and wider GO flakes in order to
increase the yield of production [44].
Graphene oxide (GO) flakes have been readily ap-

plied in the detection of relative humidity (RH) with
an impedance sensor [45]. In these studies the real
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and imaginary parts of the dielectric constant of the
GO flakes serve as the sensing signal [46]. As the di-
electric constant changes due to adsorption, the fre-
quency response is varied and a shift in the resonant
frequency can be observed. This was recently applied
in a piezoelectric micromachined ultrasonic transducer
with a GO sensing layer for fast and precise RH detec-
tion, shown in Fig. 4 from [47].

(a) (b)

Fig. 4. Response of a piezoelectric micromachined ultrasonic
transducer with GO sensing layer for the detection of ambi-
ent humidity. (a) Frequency response as the RH is increased
from 10% to 90%. (b) Fitting curve for the frequency re-
sponse to the increasing ambient humidity. (Source: Sun et
al. [47])

Conductometric gas sensing devices using GO flakes
as a transducer show very little change with increasing
humidity [43], [48]. This is a very positive development
in terms of the application of gas sensors for disease de-
tection. The dependence of humidity on the sensitivity
is the biggest challenge for sensor integration into real-
world medical diagnostics, especially for breath anal-
ysis, which contains at least 80% humidity [49]. For
example, conductometric GO sensors have shown a se-
lective detection towards NO2 in a humid ambient [50],
giving hope for the application of these devices in future
medical applications. The relative response was shown
to not vary at all when increasing the RH from 50%
to 75%, values, highly relevant for breath detection.
The ability of GO to detect NO2 is primarily related to
the oxygen functional groups on the GO surface, as it
was shown that graphene and reduced graphene oxide
(rGO) do not show high responses to NO2 [51].
To increase the sensing performance and selectiv-

ity/specificity towards a particular gas, researchers have
studied modifying the GO surfaces by functionalizing
or micromachining [43]. Surface functionalization has
already been applied to SMO sensors and is a common
means to slightly vary the chemiresistive gas sensing
performance of semiconductor films. For example, tai-
lored GO flakes have been fabricated for increased de-
tection of SO2 [52] and NH3 [53] at room temperature.

The resistivity of GO films is quite high, so to par-
tially restore some of the high conductivity of graphene,
the GO films are commonly reduced, obtaining rGO
flakes [42]. These flakes have been heavily investigated
for application in gas sensing due to their high con-

ductivity and the presence of residual hydroxyl groups
on their surface, which promote adsorption [43]. The
degree of reduction can also be controlled and tuned in
order to tailor the film towards a particular application.
These films have been shown to detect many relevant
gases and chemicals at room temperature. Some exam-
ples include the detection of chemical warfare agents at
the ppb level [54], NH3 at concentrations from 5ppb
to 100 ppm [55], NO2 at ppb levels [56], [57], or hy-
drogen at ppm levels [58], [59]. Recently, Wang et
al. [60] have studied a hybrid rGO-graphene sensor for
highly-selective ammonia detection, with results shown
in Fig. 5. The four sensors studied are based on rGO
and graphene hybrids, where the reduction times of the
rGO layer are 0, 10, 20, and 40 minutes for sensors
3-1, 3-2, 3-3, and 3-4, respectively [60]. The results
show a strong selectivity towards NH3 for all reduc-
tion times, while the highest sensitivity is shown for
the case with the smallest non-zero exposure time of
10 minutes. Coupling the sensing performance of rGO
films together with SMO nanostructures has also shown
promise in the synthesis of highly sensitive and specific
gas sensors, albeit with a significant increase in the fab-
rication complexity [61], [62].

(a) (b)

Fig. 5. (a) Profile of four rGO-graphene hybrid gas sensors under
three different concentrations of ammonia; (b) selectivity re-
sponse when exposed to ethanol, formaldehyde, isopropanol,
and ammonia at 10 ppm. (Source: Wang et al. [60])

B. Transition metal dichalcogenides

Interest in 2D TMDs has increased dramatically in
recent years and several academic groups have success-
fully fabricated transistors using these thin layers [63],
[64]. Among TMDs, molybdenum disulfide (MoS2) [64]
and tungsten sulfide (WS2) [65] are of particular in-
terest for devices, because they are naturally occur-
ring layered crystals with a wide band gap, are robust,
and relatively abundant. While research is ongoing to
find the most appropriate insulator for top-gated and
back-gated 2D FETs in order to minimize interface de-
fects [66], the back-gated design is desired for sensing
applications, as it allows to control the electrostatics in
the conductive TMD channel, while its surface is fully
exposed to the ambient, depicted in Fig. 6 [67].
MoS2 andWS2, in their bulk forms, are constituted of
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Fig. 6. Fabrication of CVD-grown monolayer MoS2 FETs. (a)
Optical image of the monolayer MoS2 FETs with (b) show-
ing a zoomed-in monolayer MoS2 flake with gold contacts
on top. (c) Raman spectrum of the monolayer MoS2 flake.
(d) Schematic of the back-gated monolayer MoS2 FET on a
heavily doped p-type silicon substrate with a 285 nm-thick
SiO2 layer for back-gate operation. (Source: Ahn et al. [67])

several S-Mo-S or S-W-S planes, respectively, bounded
to each other by weak van der Waals forces. These films
can be exfoliated down to a monolayer or they can be
synthesized by chemical vapor deposition (CVD) [68].
The bulk MoS2 and WS2 films are indirect semicon-
ductors with band gaps of 1.2eV and 1eV, respectively.
The monolayer versions of these films are direct semi-
conductors with band gaps of 1.8eV and 2eV, respec-
tively [69].

MoS2 transistors have shown to respond to a broad
range of gases at room temperature such as, H2 [70],
O2 [71], NO [72], NO2 [73], NH3 [74], and many more.
Humidity and oxygen are specifically very prone to
reactions with MoS2 and can be hindrances to the
broad applicability of MoS2 in future electronic devices
due to their high concentrations in air and in exhaled
breath [49]. Furthermore, polycristalline MoS2 films are
especially burdened by high defect concentrations on
edges and grain boundaries, where gas molecules can
frequently adsorb [75], [76].

Many recent studies have confirmed the potential for
room temperature chemical sensing using TMDs, es-
pecially MoS2 and WS2 [77]. Monolayer MoS2 on a
SiO2/Si substrate has been used to sense triethylamine
(TEA) down to few ppb selectively against many other
analytes [78], c.f. Fig. 7. Further research has shown an
excellent response for the monolayer MoS2 detection of
NO2 selectively in an ambient which includes H2, H2S,
and NH3 [79] or C2H5OH [80]. Several studies also con-
firm the ability of many TMDs to detect relevant gases,
including humidity, NO, NO2, NH3, H2, CO, and many

more [43], [77]. It is important to note that for non-
polar gas molecules (e.g., CO2 and CH4) the pristine
MoS2 surface does not offer strong adsorption and thus
does not support gas sensor applications. However, in
the presence of defects, and most commonly the sulfur
vacancy, the interaction between the gas molecules and
vacancy sites promotes the adsorption and induces a
resistive change in the film [81].

(a) (b)

Fig. 7. (a) Schematic and image of a monolayer MoS2 FET sup-
ported on an SiO2/Si substrate and contacted with Au con-
tact pads. (b) Histogram of MoS2 and CNT sensor responses
to various analytes, including triethylamine (TEA), tetrahy-
drofuran (THF), acetone, methanol, nitrotoluene (NT), 1,5-
dichloropentane (DCP), and 1,4-dichlorobenzene (DCB).
(Source: Perkins et al. [60])

C. Phosphorene and Arsenene

Phosphorene is the monolayer of black phosphorus,
which has a honeycomb structure, a high carrier mo-
bility and a band gap which ranges between 0.3eV and
1.9eV with a p-type conductivity [82], [83]. Similar to
TMDs, black phosphorene has already been used to
fabricate and test FETs [84] and it has been applied
towards gas sensing applications [85]. Using ab-initio
density functional theory (DFT) calculations, it has
been shown that, when adsorbed on the phosphorene
surface, CO, H2, H2O, and NH3 molecules act as elec-
tron donors, while NO, NO2, and O2 act as electron
acceptors [86]. NO2 has the strongest interaction with
the phosphorene surface, suggesting its potential in fu-
ture gas sensing devices [43]. Experimental observations
in [85] indicate that a black phosphorus based FET is
able to detect down to 5 ppm NO2 in an argon atmo-
sphere, while the response time of the device was very
slow, on the order of a few minutes. The recovery time
was even longer, about 30 minutes.
Cho et al. in [87] recently reported on the differ-

ence in response to NO2 for various 2D films, includ-
ing MoS2, rGO, and phosphorene at room temperature.
They found that the phosphorene sensor had a signif-
icantly higher sensitivity response, when compared to
rGO, and a slightly higher response than that of the
MoS2 film. What made the phosphorene stand out,
when compared to MoS2, was that its selectivity to-
wards NO2 surpassed that of the MoS2 film, depicted
in Fig. 8. More recently, there has been an interest in
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blue phosphorene, a new allotrope of black phospho-
rus, formed by a single layer of more flatly arranged
phosphorus atoms [88]. Blue phosphorene has a carrier
mobility of over 1000 cm2V-1s-1 [89] (in comparison, the
mobility of MoS2 is about 200 cm2V-1s-1). Blue phos-
phorene also has a fundamental wide band gap of about
2 eV, which can be modified to a direct band gap by
doping [90].

Fig. 8. The maximum resistance change in different 2D films,
when exposed to various analytes, showing a selectivity to-
wards NO2. (Source: Cho et al. [87])

Another 2D material of interest to sensing is arsenene
which is a honeycomb monolayer of arsenic [91]. The
monolayer of arsenene has an indirect wide band gap
of about 1.62 eV [92], which can be transformed to a di-
rect band gap by applying biaxial strain [93]. Research
on this material is still in its infancy and little to no
experimental observations are available, but theoretical
results using ab-initio DFT suggest that this material
has a promising application in NO sensing due to its
strong sensitivity and selective response to the presence
of NO molecules [94]. Arsenene was also shown to be
highly sensitive to the presence of nitrogen-containing
gas molecules such as NO and NO2 using theoretical
first-principles studies [95]

IV. Conclusion

In this manuscript, we look at the progress and cur-
rent state of research into semiconductor-based gas sen-
sors, specifically concentrating on technologies which
have a high potential for CMOS integration such as
those based on 2D materials. The current semiconduc-
tor gas sensor workhorse is the SMO film, but it requires
high temperatures to initiate the sensing mechanism,
meaning it suffers from complex fabrication and is prone
to high mechanical instability. Room temperature al-
ternatives are sought after, where 2D films appear to
be most promising. Their extremely high surface-to-
volume ratio ensures that their sensitivity is very high
even at room temperature. Nevertheless, some persist-

ing problems still must be addressed prior to their broad
application and commercialization.
The lack of band gap in graphene has resulted in

research being shifted towards other 2D films which
include graphene-based films such as GO and rGO,
TMDs, and other materials such as phosphorene and
arsenene. GO and rGO appear to be the closest to pro-
duction, but some effort is still required before devices
based on these films can be efficiently mass produced
with a predictable device behavior. Reduced graphene
oxide especially requires the oxidation of graphene fol-
lowed by the removal of some oxygen atoms, which can
be very imprecise. TMDs are currently thought to be
the future of digital transistors and sensing and signif-
icant progress has been made in recent years towards
the predictable and repeatable synthesis of these mate-
rials using CVD. A major problem with these films is
that pristine films have a relatively low carrier mobility
which is increased by introducing defects. However, the
introduction of defects comes with a host of other prob-
lems, such as modifications of the film’s behavior due
to undesired interactions with the ambient. It is also
still not fully clear, how defects affect the conductiv-
ity, so further studies are still needed. Research studies
into phosphorene and arsenene are still in their infancy
and are mostly based on first principles calculations.
Nevertheless, these films are promising for the selective
sensing of nitrogen-containing gas molecules. There are
ample benefits of 2D films over bulk materials for gas
sensing and more research and collaboration between
experimental and theoretical groups are needed to truly
tap their full potential.
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blue phosphorene, a new allotrope of black phospho-
rus, formed by a single layer of more flatly arranged
phosphorus atoms [88]. Blue phosphorene has a carrier
mobility of over 1000 cm2V-1s-1 [89] (in comparison, the
mobility of MoS2 is about 200 cm2V-1s-1). Blue phos-
phorene also has a fundamental wide band gap of about
2 eV, which can be modified to a direct band gap by
doping [90].

Fig. 8. The maximum resistance change in different 2D films,
when exposed to various analytes, showing a selectivity to-
wards NO2. (Source: Cho et al. [87])

Another 2D material of interest to sensing is arsenene
which is a honeycomb monolayer of arsenic [91]. The
monolayer of arsenene has an indirect wide band gap
of about 1.62 eV [92], which can be transformed to a di-
rect band gap by applying biaxial strain [93]. Research
on this material is still in its infancy and little to no
experimental observations are available, but theoretical
results using ab-initio DFT suggest that this material
has a promising application in NO sensing due to its
strong sensitivity and selective response to the presence
of NO molecules [94]. Arsenene was also shown to be
highly sensitive to the presence of nitrogen-containing
gas molecules such as NO and NO2 using theoretical
first-principles studies [95]

IV. Conclusion

In this manuscript, we look at the progress and cur-
rent state of research into semiconductor-based gas sen-
sors, specifically concentrating on technologies which
have a high potential for CMOS integration such as
those based on 2D materials. The current semiconduc-
tor gas sensor workhorse is the SMO film, but it requires
high temperatures to initiate the sensing mechanism,
meaning it suffers from complex fabrication and is prone
to high mechanical instability. Room temperature al-
ternatives are sought after, where 2D films appear to
be most promising. Their extremely high surface-to-
volume ratio ensures that their sensitivity is very high
even at room temperature. Nevertheless, some persist-

ing problems still must be addressed prior to their broad
application and commercialization.
The lack of band gap in graphene has resulted in

research being shifted towards other 2D films which
include graphene-based films such as GO and rGO,
TMDs, and other materials such as phosphorene and
arsenene. GO and rGO appear to be the closest to pro-
duction, but some effort is still required before devices
based on these films can be efficiently mass produced
with a predictable device behavior. Reduced graphene
oxide especially requires the oxidation of graphene fol-
lowed by the removal of some oxygen atoms, which can
be very imprecise. TMDs are currently thought to be
the future of digital transistors and sensing and signif-
icant progress has been made in recent years towards
the predictable and repeatable synthesis of these mate-
rials using CVD. A major problem with these films is
that pristine films have a relatively low carrier mobility
which is increased by introducing defects. However, the
introduction of defects comes with a host of other prob-
lems, such as modifications of the film’s behavior due
to undesired interactions with the ambient. It is also
still not fully clear, how defects affect the conductiv-
ity, so further studies are still needed. Research studies
into phosphorene and arsenene are still in their infancy
and are mostly based on first principles calculations.
Nevertheless, these films are promising for the selective
sensing of nitrogen-containing gas molecules. There are
ample benefits of 2D films over bulk materials for gas
sensing and more research and collaboration between
experimental and theoretical groups are needed to truly
tap their full potential.
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Cross-Layer Digital Design Flow for Space 
Applications 
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A. Simevski 
 
 

Abstract - Reliability and fault tolerance needs in space 
applications pose additional requirements to the chip design flow. 
In order to successfully cope with space related issues, cross-layer 
measures need to be taken at different levels of design abstraction. 
In the first place, Single Event Effects (SEEs) need to be well 
understood and modelled at gate and circuit level. Such evaluation 
needs to be considered in the process of corresponding rad-hard 
library design. At cell/gate and RTL levels different methods of 
redundancy can be applied to accommodate the increased 
reliability requirements. Since redundancy approaches are very 
expensive in terms of area, power and performance overhead, 
effort needs to be spent in optimization. Such optimization could 
be accomplished through the selective hardening of the most 
sensitive gates. For example, at gate level the most sensitive 
combinational cells can be hardened, while at RTL level only 
critical registers are made fault tolerant. Finally, the design flow 
could address the highest (system) level of complex digital 
systems. In this case resilient mechanisms could be implemented, 
enabling the use of system level redundancy in an adaptive, self-
aware and optimal way. In this paper we will propose a rad-hard 
design flow which supports the evaluation of fault tolerance 
methods at different abstraction layers.  
 

I. INTRODUCTION 
 

The design flow for space applications requires 
additional measures and steps compared to the traditional 
digital design flow. In addition to the increased temperature 
range, and frequently requested longer lifetime of the 
system, one of the main additional requirements is related 
to soft errors which result from the Single Event Effects 
(SEEs) induced by high energy particles [1]. The most 
critical SEEs for CMOS technology are temporary glitches 
in logic gates (known as Single Event Transients - SETs) 
and flipping of the register value (known as Single Event 
Upsets – SEUs). In order to address the SETs/SEUs, 
various measures need to be applied at different abstraction 
layers of the design process.  

In principle, the rad-hard design involves two phases: 
(i) characterization and modeling of SEEs and (iii) 
application of rad-hard measures. Both phases can be 
applied from the device level up to the system level. It is 

well known that the individual logic gates in any digital 
design have different contribution to the overall soft error 
rate (SER). Therefore, the aim of the rad-hard design 
process is to selectively harden only the most sensitive 
gates in order to achieve the minimum performance 
penalties in terms of area, delay and power overhead. In 
addition, due to the varying operating conditions (e.g. 
radiation intensity in space varies significantly), the cost-
effective radiation hardening can be achieved by 
combining the static and dynamic hardening measures [2]. 

A number of rad-hard design flows have been reported 
in literature [3 – 5]. The available data does not confirm 
that any of the reported rad-hard design flows is optimized 
for a cross-layer SEE analysis and a SEE hardening with 
both static and dynamic measures. In that regard, in this 
paper we would like to provide an overview of the SEE 
analysis and hardening measures, starting from the 
modelling of the effects at the transistor/cell library level 
through to the design of rad-hard cells and selective 
hardening of critical components at Register-Transfer-
Level (RTL) up to adaptive methods at the system level. 

The rest of the paper is organized as follows. Section 
II presents the rad-hard design flow. In Section III, the 
characterization and modeling of SEEs is elaborated. 
Section IV reviews the cell-/gate-level hardening strategies. 
In Section V the selective hardening approach on the 
register-transfer level (RTL) is presented. Finally, in 
Section VI, the system-level hardening methodology is 
discussed. 
 

II. RAD-HARD DESIGN FLOW 
 

As already mentioned, there is a need for significant 
changes in the standard design flow when it comes to space 
applications. In Figure 1, the proposed design flow for rad-
hard digital systems is illustrated.  

The presented flow is a process where the SEE 
analysis and SEE mitigation procedures are conducted for a 
given design in an iterative manner, until the desired SER 
is achieved without violating the predefined design 
constraints (area, power and delay). The main elements of 
the flow are: 

Standard library hardening: The standard cell library 
needs to be enhanced with additional components that 
could increase the tolerance against soft errors. This may 
include rad-hard flip-flops, for example the triple modular 
redundancy (TMR) flip-flops and SET filters.  
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Standard library characterization: The standard cells 
are characterized to obtain a database of the SEE sensitivity 
of each cell in terms of design, operating, irradiation and 
technology parameters. The characterization results are 
stored in look-up tables (LUTs). For each standard cell, 
multiple LUTs are created to capture the impact of various 
parameters of the SEE response. To ease the application of 
the SEE database in the subsequent SEE analysis, 
analytical models for SEE generation and propagation are 
extracted from simulation results. 

SEE analysis (SER calculation): Using the SEE 
database and the SEE models, the contribution of each 
element to the total SER of the target system can be 
determined. For accurate calculation of SER, the analysis 
should consider electrical, logical and temporal masking 
effects as well as the impact of the layout.  

Cross-layer error hardening: Based on the required 
SER, multiple hardening techniques have to be 
synergistically implemented at different abstraction levels 
in order to reduce the system SER. For efficient SEE 
hardening, it is often required to combine static measures at 
the gate and circuit levels with dynamic measures at the 
system level. As a result, the trade-off between the 
radiation hardness and the area, power and delay overhead 
can be achieved. 

Constraints checking: The applied hardening 
measures are effective as long as they do not violate the 
predefined design constraints. Hence, after applying the 
hardening measures, the area, delay and power are 
recalculated. In case of constraints violation, the hardening, 
SEE analysis and constraints checking are performed 
iteratively until the best trade-off between the optimum 
SER and the design constraints is met.  
 

 
 
Fig. 1. A unified SEE characterization and mitigation flow. 

III. CHARACTERIZATION AND MODELING OF SEES 
 

The main prerequisite in the design of rad-hard 
systems is a good understanding of the impact of SEEs on 
the target technology and circuit/system. Considering that 
the digital designs are implemented with standard library 
cells which are not rad-hard, it is important to characterize 
the SET/SEU response of every cell. The characterization 
is done with simulations and a limited number of 
irradiation experiments to validate the simulation results. 
The aim is to establish a database and respective models of 
the SET/SEU sensitivity of standard cells, which can then 
be applied to determine the Soft Error Rate (SER) of a 
target design. This allows to reduce the simulations 
performed on the target design by conducting most of the 
analysis analytically.  

For comprehensive characterization of SETs and 
SEUs, the dependence of generation and propagation 
effects on a wide range of design, operating, technology 
and irradiation parameters must be considered. The 
generation effects are defined in terms of two metrics: 
critical charge and the initial SET pulse width. The 
threshold Linear Energy Transfer (LETTH) is often used as 
alternative to the critical charge. The propagation effects 
are defined in terms of electrical, logical and temporal 
masking factors.  

 
A. SET/SEU Characterization Approach 
 

A variety of methodologies for characterization of 
SET and SEU effects in standard cells have been proposed 
[6 – 12]. The common approach is based on current 
injection in SPICE simulations. Most methodologies use 
the double-exponential [13] or the single-exponential 
current source [14]. While these models may be 
appropriate for analysis of critical charge, they are not 
accurate for the SET pulse width analysis. To resolve this 
issue, it is necessary to use the bias-dependent current 
model such as the one proposed in [15]. We adopt the 
standard current injection approach but instead of using 
only one current model, our methodology is based on two 
current models [16]. The double-exponential model is used 
for critical charge analysis and the bias-dependent model 
from [15] for SET pulse width analysis.  

The characterization setup is illustrated in Figure 2. 
For characterization of SET/SEU generation, the current 
pulse is injected in every node of the target gate, and the 
critical charge and initial SET pulse width are analyzed in 
terms of the size of target and load gates, supply voltage, 
temperature, input logic levels and wire capacitance. For 
characterization of SET propagation, a voltage pulse is 
propagated through the gate, and a relation between the 
SET pulse at the input and output of the gate is analyzed 
similarly as for the SET generation. The parameters of the 
voltage pulse (amplitude, width and rise/fall times) are 
varied over the predefined range. This approach is 
sufficient for comparative analysis of SET/SEU effects in 
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Standard library characterization: The standard cells 
are characterized to obtain a database of the SEE sensitivity 
of each cell in terms of design, operating, irradiation and 
technology parameters. The characterization results are 
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parameters of the SEE response. To ease the application of 
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extracted from simulation results. 

SEE analysis (SER calculation): Using the SEE 
database and the SEE models, the contribution of each 
element to the total SER of the target system can be 
determined. For accurate calculation of SER, the analysis 
should consider electrical, logical and temporal masking 
effects as well as the impact of the layout.  

Cross-layer error hardening: Based on the required 
SER, multiple hardening techniques have to be 
synergistically implemented at different abstraction levels 
in order to reduce the system SER. For efficient SEE 
hardening, it is often required to combine static measures at 
the gate and circuit levels with dynamic measures at the 
system level. As a result, the trade-off between the 
radiation hardness and the area, power and delay overhead 
can be achieved. 

Constraints checking: The applied hardening 
measures are effective as long as they do not violate the 
predefined design constraints. Hence, after applying the 
hardening measures, the area, delay and power are 
recalculated. In case of constraints violation, the hardening, 
SEE analysis and constraints checking are performed 
iteratively until the best trade-off between the optimum 
SER and the design constraints is met.  
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The main prerequisite in the design of rad-hard 
systems is a good understanding of the impact of SEEs on 
the target technology and circuit/system. Considering that 
the digital designs are implemented with standard library 
cells which are not rad-hard, it is important to characterize 
the SET/SEU response of every cell. The characterization 
is done with simulations and a limited number of 
irradiation experiments to validate the simulation results. 
The aim is to establish a database and respective models of 
the SET/SEU sensitivity of standard cells, which can then 
be applied to determine the Soft Error Rate (SER) of a 
target design. This allows to reduce the simulations 
performed on the target design by conducting most of the 
analysis analytically.  

For comprehensive characterization of SETs and 
SEUs, the dependence of generation and propagation 
effects on a wide range of design, operating, technology 
and irradiation parameters must be considered. The 
generation effects are defined in terms of two metrics: 
critical charge and the initial SET pulse width. The 
threshold Linear Energy Transfer (LETTH) is often used as 
alternative to the critical charge. The propagation effects 
are defined in terms of electrical, logical and temporal 
masking factors.  

 
A. SET/SEU Characterization Approach 
 

A variety of methodologies for characterization of 
SET and SEU effects in standard cells have been proposed 
[6 – 12]. The common approach is based on current 
injection in SPICE simulations. Most methodologies use 
the double-exponential [13] or the single-exponential 
current source [14]. While these models may be 
appropriate for analysis of critical charge, they are not 
accurate for the SET pulse width analysis. To resolve this 
issue, it is necessary to use the bias-dependent current 
model such as the one proposed in [15]. We adopt the 
standard current injection approach but instead of using 
only one current model, our methodology is based on two 
current models [16]. The double-exponential model is used 
for critical charge analysis and the bias-dependent model 
from [15] for SET pulse width analysis.  

The characterization setup is illustrated in Figure 2. 
For characterization of SET/SEU generation, the current 
pulse is injected in every node of the target gate, and the 
critical charge and initial SET pulse width are analyzed in 
terms of the size of target and load gates, supply voltage, 
temperature, input logic levels and wire capacitance. For 
characterization of SET propagation, a voltage pulse is 
propagated through the gate, and a relation between the 
SET pulse at the input and output of the gate is analyzed 
similarly as for the SET generation. The parameters of the 
voltage pulse (amplitude, width and rise/fall times) are 
varied over the predefined range. This approach is 
sufficient for comparative analysis of SET/SEU effects in 

different logic cells. A more accurate approach is to extract 
the current pulses from TCAD simulations and then inject 
them in SPICE. However, that would be very timing 
consuming. Thus, we apply TCAD simulations only for 
one inverter to analyze how the current pulse varies with 
strike location and angle of incidence.  
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Fig. 2. A setup for SEE characterization in standard cells. 
 
Extensive SPICE simulations are conducted for each 

cell to cover all possible combinations of design, operating, 
technology and irradiation parameters. This is still very 
time-consuming even though it has to be done only once 
for a given library, because digital libraries may contain 
hundreds or even thousands of standard cells. For that 
reason, it is essential to optimize the characterization 
process by reducing the number of required simulations. 
An approach is based on replacing the standard logic gates 
with equivalent inverters [17], but that may not be 
sufficiently accurate for complex gates. Our approach is to 
exploit the inherent similarities in the SEE response of 
different cells. For example, many standard cells, have 
similar critical charge values for different input levels [18]. 
This implies that it is sufficient to perform the simulations 
only for input levels which provide a different response. 
Similarly, it has been shown in [19] that a mathematical 
relation can be established between the SET pulse width 
and the size factor of the target cell. Therefore, it is 
sufficient to perform the simulations only for gates with the 
lowest size factors.  

 
B. SET/SEU Characterization Database and Models 
 

The simulation results for all gates are stored in 
respective 2D generation and propagation LUTs. Each 
generation LUT represents the variation of critical charge 
and initial SET pulse width in terms of one parameter, 
while all other parameters are kept constant. The 
propagation LUTs specify the variation of SET pulse width 
as it propagates through the gate. Although the LUTs with 
raw simulation data can be used in subsequent SET 
analysis, the large amount of data stored in LUTs can result 
in very computationally extensive subsequent SEE 
analysis. 

To reduce the amount of characterization data and 
thus speed-up the SET/SEU analysis of a given circuit, the 
analytical models for the SET/SEU metrics can be 

established from the simulation data. Although certain 
parameters like load size and temperature have low impact 
on SET/SEU response, it is important to consider all 
relevant parameters in order not to compromise the 
accuracy of the models [20]. Once the SET/SEU models 
have been established, the model parameters are stored in 
LUTs which replace the LUTs with the raw simulation data 
[16]. In that way, the amount of characterization data can 
be significantly reduced. This approach can allow for 
reducing the runtime of the SET/SEU analysis for a 
complex circuit. 
 
C. SER Estimation 
 

The characterization database and SET/SEU models 
are applied to estimate the SER contribution of each gate in 
a given design. Generally, the SER of a sensitive (off-state) 
node (transistor) can be defined as [21], 

 

 (1) 
 

where k is the technology-independent constant, Flux is 
particle’s flux, Area is the total sensitive area of the target 
gate, QCRIT is critical charge and QS is the charge collection 
efficiency. 

In order to obtain the SER of a single node 
considering the masking effects, the following relation is 
applied,  

 

 (2) 
 
where PDER represents the derating probability. For 
combinational gates, PDER is the product of electrical, 
logical and temporal derating probabilities. For sequential 
gates, it is the product of logical and temporal derating 
probabilities. The electrical and temporal masking factors 
depend on the width and amplitude of the initial SET pulse 
as well as the electrical characteristic of logic gates, while 
the logical masking factor depends on the type of gates in 
the circuit and their input levels. 

 
IV. CELL- AND GATE-LEVEL HARDENING 

 
Two typical approaches for radiation hardening of 

individual combinational and sequential gates/cells are 
transistor-level and gate-level hardening. 

The transistor-level hardening is performed by 
modifying the internal structure of the gate/cell. This can 
be done by increasing the size of all transistors in a 
gate/cell. Larger transistors have higher node capacitance 
and higher driving strength, and thus higher critical charge. 
However, this approach usually leads to large 
area/power/performance overheads. Since only some 
transistors within a gate are sensitive, it is possible to 
upsize only those transistors. However, this may affect the 
gate delay and thus its overall performance. Alternative 
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approach is to insert redundant transistors in the gate for 
improving the robustness without affecting the gate’s 
primary function. Some of the common transistor-level 
hardening approaches are [22 – 25]. However, all 
transistor-level hardening approaches are frequently quite 
expensive because it would be required to redesign all cells 
and then characterize them. In addition, the hardening of 
every gate is not necessary because in any digital design 
only a subset of logic gates contributes dominantly to the 
total SER. 

A common alternative to the transistor-level approach 
is the gate-level hardening, by connecting additional logic 
for radiation hardening to the external pins of the gate, 
without changing the gate’s structure or function. This 
approach is very cost-effective for existing digital libraries 
which are intended to be used in the rad-hard design.  

 
A. Hardening of Combinational Cells 

 
Numerous gate-level hardening techniques for 

combinational logic have been proposed. The most 
common are: gate upsizing [26], gate duplication (cloning) 
[27, 28], insertion of cross-coupled inverters at the gate’s 
output [29], insertion of decoupling cells at the gate’s 
output [30], upsizing of load gates [31], gate input level 
reconfiguration [32], replacement of two-input gates with 
three- or four-input gates [33], insertion of charge sharing 
dummy logic at the gate’s output [34], replacement of a 
sensitive gate with a guarded dual modular redundant gate 
[35], insertion of filtering elements at the output of 
sensitive gates or at the end of logic paths [36, 37]. 

The most common gate-level hardening approach for 
combinational logic is gate upsizing. Similarly to 
transistor-level hardening, it is based on increasing the size 
of transistors. However, instead of adopting new transistor 
sizes, at gate level the upsizing is done by simply replacing 
a smaller gate with a larger one. This leads to the increase 
of the gate’s critical charge but reduces the ability of the 
gate to filter the incoming SETs. A popular alternative to 
gate upsizing is the gate duplication. Both gate upsizing 
and gate duplication are supported by the standard design 
tools since both of these techniques are used by the design 
algorithms for optimizing the area, delay and power. The 
alternative aforementioned techniques [29-37] have been 
introduced to address the limitations of the gate upsizing 
and duplication approaches. However, applying only one 
technique will not provide sufficient results. A solution is 
in the combined use of multiple techniques to reduce both 
SET generation/ propagation probability.  

 
B. Hardening of Sequential Cells 

 
In general, the most critical gates in designs for space 

are sequential gates. They are holding the information, and 
SEUs in sequential components could lead in the worst 
case even to system failures. When sequential cells are 
considered, the most critical are flip-flops. There are 

special flip-flop architectures, such as the dual-interlocked 
cell (DICE) architecture preventing that single particle 
leads to SEUs in flip flop [38]. This is achieved at the 
architectural level, and upset on the single memory cell 
node will not lead to upset. However, due to the layout 
related issues, in the worst case even multiple nodes of the 
standard DICE flip-flop could be affected by single particle 
hit, leading to SEU. Hence, improved DICE configurations 
such as T-DICE [39] and F-DICE [40] have been proposed. 
In addition, an improved version of DICE employing 
layout-level hardening, named LEAP-DICE, has been 
proposed in [41]. 

Alternatively, gate-level hardening of flip-flops relies 
on some form of logic redundancy and can be implemented 
either on standard cell or on netlist level, resulting in two 
different design flows. In the following we illustrate both 
flows by example of TMR. The baseline concept of TMR 
was already introduced by J. Von Neumann in [42], in 
which sensitive logic elements are triplicated and 
connected with majority voters, as illustrated in Figure 3 
(a).  
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Fig. 3. Structure of a baseline TMR flip-flop (a), and a TMR flip-
flop, with local delay filters on the datapath (b). 
 

The individual flip-flops need to be spatially separated 
to avoid a single particle affecting more than one at the 
same time. Also, the baseline TMR solution depicted in 
Figure 3 (a) is still sensitive to transient pulses (SETs) on 
the data path. If a higher energy particle hits the 
combinatorial logic, a transient pulse might be induced. If 
the generated pulse reaches the data input of the sequential 
elements during the sensitive timing window, all three flip-
flops of one TMR module will capture the same faulty 
data. 

As a consequence, additional design techniques are 
required in order to tolerate SETs on the datapaths by 
filtering transient pulses. A possible solution for SET 
mitigation is the usage of local delay filters on the datapath 
inside a TMR module as also shown in Figure 3 (b). When 
realizing this on netlist level, it requires additional effort 
and high attention during the place and route process to 
ensure the spatial separation and to ensure that the delay is 
not modified during optimization. The same approach can 
also be implemented within a rad-hard standard cell 
composed out of non-rad-hard library elements, as shown 
in Figure 4, achieving very effective protection against 
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approach is to insert redundant transistors in the gate for 
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hardening approaches are [22 – 25]. However, all 
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Fig. 3. Structure of a baseline TMR flip-flop (a), and a TMR flip-
flop, with local delay filters on the datapath (b). 
 

The individual flip-flops need to be spatially separated 
to avoid a single particle affecting more than one at the 
same time. Also, the baseline TMR solution depicted in 
Figure 3 (a) is still sensitive to transient pulses (SETs) on 
the data path. If a higher energy particle hits the 
combinatorial logic, a transient pulse might be induced. If 
the generated pulse reaches the data input of the sequential 
elements during the sensitive timing window, all three flip-
flops of one TMR module will capture the same faulty 
data. 

As a consequence, additional design techniques are 
required in order to tolerate SETs on the datapaths by 
filtering transient pulses. A possible solution for SET 
mitigation is the usage of local delay filters on the datapath 
inside a TMR module as also shown in Figure 3 (b). When 
realizing this on netlist level, it requires additional effort 
and high attention during the place and route process to 
ensure the spatial separation and to ensure that the delay is 
not modified during optimization. The same approach can 
also be implemented within a rad-hard standard cell 
composed out of non-rad-hard library elements, as shown 
in Figure 4, achieving very effective protection against 

SET/SEUs, measured in the heavy ion tests [43]. The 
spatial separation and SET mitigation on the datapath is 
addressed within the standard cell. However, to maintain 
the robustness with respect to SEEs on the clock path, a 
clock tree must be synthesized with rad-hard, i.e. high-
drive-strength, clock buffers only.  

 

 
 

Fig. 4. Composition of rad-hard standard cells from non-rad-hard 
components. 

 
An alternative approach is the separate clock tree 

imple-mentation for each flip-flop group of the TMR 
modules [44]. This solution requires more design effort for 
the clock tree synthesis and the filter size relies on the 
clock skew between the individual clock trees. 

In addition to the aforementioned flip-flop hardening 
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of this techniques is 3% lower than traditional TMR 
depicted in Figure 3 (a), however with the area penalty 
compared to the traditional TMR. This configuration can 
be easily extended with SET filters as in Figure 3 (b). 

 

 
 

Fig. 5. A TMR flip-flop immune to double upsets. 
 

C. Timing Modeling  
 

Synthesis tools and place and route engines rely on 
accurate power and timing information of used cells in a 
design and their present logical equivalent variants. These 
characteristic attributes are available in LUTs and taken 
into account for delay/power calculations and timing check 
during Static Timing Analysis (STA) step of a design. An 
additional and independent standard cell characterization 
generates vectors out of different PVT conditions, input 
transitions, load capacitances, and transistor models. 
However, a modified characterization setup is required for 
TMR flip-flops due to the mask effect of the voter and the 
additional delay filter on the datapath [48]. In more detail, 
internal flip-flop output nodes are required for probing the 
responsive logical value for setup and hold timing 
characterization before the voter corrects and masks a 
potential timing violation of an internal flip-flop. As a 
consequence, for the architecture of Fig. 3(b), the setup and 
hold time can be defined as:  
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Contrary, a setup and hold timing check characterization 
measured directly at the output port Q would lead to a  
miscalculated timing window. EDA tools are unable to see 
these internal violations, if the TMR cell is modeled as a 
common baseline flip-flop. As can be seen in Figure 6, the 
data D arrives too late for the third flip-flop and violates its 
setup time, whereas a valid output value is corrected by the 
voter.  
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Fig. 6. Analog simulation of a TMR flip-flop as depicted in 
Figure 3(b), in which the third flop is in meta-stable state.  

 
Thus, an internal permanently existing timing 

violation in one of these flops together with a particle strike 
on another flop might lead to an upset of the TMR flip-flop 
output. 

As a consequence, an individual setup related to the 
inner SET-filter architecture of the TMR flip-flop is 
required proper timing- check characterization. 
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V. RTL SELECTIVE HARDENING 
 

The implementation of fault tolerance in digital 
circuits can cause a significant overhead in terms of delay, 
area and power. Protecting only the elements in which 
faults have an intolerable impact, i.e. the elements with 
highest SER, can significantly reduce the overhead without 
violating the functional requirements. The challenge is the 
efficient and effective identification of those elements. 

Extensive fault simulation for every gate in the circuit 
and every input logic vector is very time consuming for 
large designs. Other methods are based on analytical 
probability calculations [49 – 51], which offer high 
accuracy at reduced computational effort. However, these 
methods don’t scale well with circuit complexity. In 
addition, most of the reliability-based methods neglect the 
electrical parameters of the SEEs. The analysis can be 
further simplified by relying only on structural properties 
of the gate-level netlist 0. This approach can be applied for 
selective hardening of both combinational and sequential 
logic. A real challenge is to achieve a reliable estimate of 
the SER with a simplified structural analysis. 

 
A. Selective Hardening of Combinational Logic 

 
Three important aspects have to be considered in 

analysis of SETs in a combinational circuit: (i) in order to 
cause a soft error, an SET pulse must have amplitude above 
the half of supply voltage and width larger than the 
propagation delay of subsequent gates and the setup and 
hold time of the respective flip-flop, (ii) an SET will more 
likely be masked electrically or logically on a long path, 
(iii) gates with small size and high fan-in/fan-out will 
contribute more to soft errors. 

Using the created SET/SEU database, the SER 
generation probability for each gate in the circuit can be 
obtained without simulations, by analysis of the circuit 
netlist to determine all gate types, their driving strength and 
loads. The next step is to estimate the masking effects. A 
structural analysis based on counting the gate inputs and 
outputs in the output cones of a combinational circuit has 
been proposed in [53]. This approach identifies the most 
vulnerable outputs in terms of the number of nodes within 
the respective output cones, and then the SET filters can be 
inserted at these outputs. However, in addition is necessary 
to harden the individual gates within the circuit which have 
highest contribution to the SER. For example, in the simple 
circuit shown in Figure 7, gates G11 and G16 are 
particularly vulnerable because an SET in any of them can 
propagate to both outputs. However, as the sensitivity of 
each gate largely depends on the input levels, taking into 
account the impact of input levels in the structural analysis 
of masking effects is still a very challenging task, and our 
research is also focused in that direction. 

 
 
 

 
 

Fig. 7. ISCAS benchmark circuit C17. 
 

B. Selective Hardening of Sequential Logic 
 
To identify critical sequential elements, two possible 

effects are considered. One is that an upset in the respective 
sequential element has a high probability to become 
observable by propagating to the primary outputs. The 
other is that the error has a high probability to cause a long-
term effect. The error is likely to be preserved in the 
system, if the flip-flop is located on a logical cycle with a 
low probability of logical masking. Logical masking occurs 
if the output of a combinational element is correct, 
although one of its inputs is not. This is possible if the 
combinational element has a controlling value - an input 
value which determines the output independent of the value 
of the other inputs. An example is shown in Figure 8. The 
masking probabilities can be estimated by counting gates 
with controlling value [54]. The higher the number of gates 
with controlling value on a path, the higher is the masking 
probability on this path. 

 

 
 

Fig. 8. An example of logic gates with and without controlling 
value. The error cannot be masked by the XOR gate, it has no 
controlling value. The error is masked by the AND gate with the 
controlling value ’0’. 

 
For each flip-flop two properties are extracted from 

the netlist. One is the number of gates with controlling 
value on the shortest path from the flip-flop to the primary 
outputs. For flip-flops located on a feedback cycle, the 
number of gates with controlling value on the cycle is used 
as a second property (Figure 9). If a flip-flop has a low 
number of gates with controlling value on its path to the 
primary outputs, an error in this flip-flop has a high 
probability to propagate to these. If a flip-flop is located on 
a feedback cycle with a low number of gates with 
controlling value, an error in this flip-flop is likely to be 
preserved in the system and therefore more likely manifest 
at the outputs. 
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Fig. 9. A schematic to illustrate the two analyzed flip-flop 
properties. The red flip-flop is on a cycle with four gates with 
controlling value and has an output path with one gate with 
controlling value. 

 
For the implementation of selective fault tolerance, the 

flip-flops according to these two properties up to a certain 
threshold could be selected. For instance, all flip-flops 
could be protected which have less than seven gates with 
controlling value on their path to the primary outputs or 
which are located on a feedback cycle with less than two 
gates with controlling value. If the Verilog gate-level 
netlist is parsed the directed graph could be created, for 
example by using the NetworkX package 0. Then, the 
properties can be determined by basic searches within the 
graph. The evaluation of the approach shows on an 
example design that hardening of 75% of all flip-flops 
could provide protection against 95% of the identified 
errors.  

 
VI. SYSTEM SELF-AWARENESS AND RESILIENCE 

 
Complex processing systems are one of the key 

elements in space applications. On-board computing has 
tough requirements on the processing performance and 
power consumption, but also very high reliability needs. 
Moreover, the application requirements are constantly 
changing as well as the environmental influences. As a 
result, static protection methods would lead to suboptimal 
trade-off between achieved reliability level and 
power/performance features. What we need is, on one 
hand, self-awareness, i.e. system needs to be aware of the 
reliability threats coming from environment and intrinsic 
reliability status of the system. On the other hand, we need 
to be able to resiliently react, based on such self-awareness 
features, and provide system reconfiguration, in order to 
achieve the needed reliability level of the system and at the 
same time optimize power/performance properties.  

At the system level, there are many reliability 
mechanisms that may be employed. They are mostly based 
on using redundant modules or redundant program 
execution [56]. Furthermore, in multiprocessing systems, 
the processor cores may be viewed as redundant modules 
when they are idle, which opens the door to adaptive use of 
the processor cores or other modules according to the 

application requirements or the environmental conditions. 
For example, the mixed-mode architecture in [57] couples 
the cores in Dual Modular Redundant (DMR) groups if the 
application requires fault-tolerant execution. On the other 
hand, if high-performance is required, the cores are left 
ungrouped. In [58, 59] we further set the basis not only for 
DMR groups but generally for forming N-Modular 
Redundant (NMR) groups of cores.  

On top of that, the system need to be dynamically-
reconfigurable. The cores can be arranged in NMR groups, 
or left single for the purposes of increasing performance by 
simultaneously executing different program tasks. In other 
words, the multiprocessor can be dynamically tailored 
according to the current application requirements and to the 
environmental conditions. In this context, many different 
reconfiguration modes could be defined (for example: high 
performance mode, with standard multi-processing; fault 
tolerant modes, using processors in lock-step fashion; low-
power modes, where some processors are powered-off), 
providing the possibility for trade-off between performance, 
power consumption and system reliability level. 

In order to achieve the self-aware operation of the 
computing system, special hardware components need to 
be embedded. We inquire the environmental conditions and 
intrinsic issues by using special monitors and sensors. The 
most important sensors in the proposed resilience approach 
are fault monitors, implemented by the voters. In addition, 
the aging monitors [60] together with temperature sensors 
could be used, to monitor the stress of each core by 
examining the delay on the critical paths of the cores, as 
well as the core temperature. Additionally, the Single Event 
Upset (SEU) monitors [61] in the SRAM memory blocks 
could observe the upset rate caused by charged particles in 
the operating environment. The SEU monitors are based on 
the well-established Single-Error Correction – Double-
Error Detection (SEC-DED) codes and the memory 
scrubbing mechanisms. Transparently to the normal 
operation of these mechanisms, the SEU monitor collects 
the data about the detected errors in each scrubbing cycle. 
In addition, we have proposed the use of custom-sized 
inverters chains as particle monitors [62], which effectively 
complements the SRAM-based monitors by detecting the 
SETs and using this information to estimate the LET 
variations. Based on this information the SER can be 
calculated in real-time and operation mode set. The 
information obtained by SEU monitors could be used for 
the detection and anticipation of Solar Particle Events 
(SPEs). Solar particle events are one of the major sources 
of the dynamic changes of the space environment with 
respect to radiation particle flux. During one SPE the 
particle flux could be increased for several order of 
magnitudes compared to the background radiation. Based 
on the historical data of the prior SPEs, it is possible to 
correlate their appearance to the expected SEU rate in the 
certain technology. Based on this correlation, it is possible 
to use machine learning methodology, and train the system 
such to anticipate SPEs one hour in advance, with very 
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correlation coefficient R2 scores between the actual event 
and predicted value [63]. Corresponding hardware 
accelerator could be implemented, with very low hardware 
complexity and power overhead, since the computation is 
based on simple linear regression model and it is performed 
only once per hour [64]. Based on such self-awareness 
features, it is possible to manage the reconfigurability 
features of multi-processor system. As an example, we 
have demonstrated in simulation, that with the use of aging 
monitors and corresponding processor scheduling 
methodology, it is possible to extend the system lifetime by 
31% [65]. 

It is worth noting that in processing systems the 
memory components are the most sensitive parts, and the 
greatest source of soft errors due to irradiation effects [66]. 
Therefore, they require a special rad-hard design and 
protection. In this direction, we have proposed a scalable 
and configurable multi-chip SRAM architecture in a single 
package for use in radiation environments [67]. The RHBD 
approach is used at the cell level and a SEC-DED Hsiao 
code is used for protection and correction of single-bit 
errors at the higher architectural level.  

 
VII. SILICON VERIFICATION 

 
The resilient cross-layer design flow has been tested 

also in the practical silicon demonstrator in corresponding 
ASIC technology. PISA multi-processor IC, has been 
implemented in 130 nm CMOS process from IHP, and 
includes 4-core system based on LEON2 processor core 
[67]. This system includes rad-hard methodology at the 
different abstraction levels. At the cell level, the specific 
rad-hard standard cell have been integrated, and the 
measures for hardening of SRAMs and clock tree have 
been applied. At the RTL level, the selective hardening has 
been applied, with the focus on control path. At the system 
level, the dynamic utilization of the processing core have 
been enabled, with support for fault tolerant, low-power, 
and high performance modes. The mode change have been 
supported with aging, temperature and fault sensors. This 
chip includes support for adaptive voltage scaling, and each 
processing core and memory module is also individual 
power domain, with dedicated voltage controller. This chip 
has been fabricated, and successfully tested, confirming 
correct functionality in the various processing modes. 

 
VIII. CONCLUSIONS 

 
In this paper we have proposed the basic principle of a 

novel cross-layer rad-hard design flow for digital systems. 
The flow is based on careful modelling of space effects, 
calculation of the SER rate and cross-layer hardening 
methods. The initial results are quite promising and further 
optimizations are ongoing. The concept has been also 
functionally verified on the silicon in PISA multi-processor 
system. 
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Abstract – This paper studies negative bias temperature 

instabilities in commercial IRF9520 p-channel power 
VDMOSFETs. Effects of these instabilities were extensively 
investigated under static and pulsed stressing conditions for 
various temperatures and voltages. It was noted that pulsed 
voltage stressing induces lower shifts as compared to static 
stressing under same conditions, because of partial recovery.  In 
order to design appropriate modeling circuit for the threshold 
voltage shift, both degradation and recovery need to be examined 
and modeled. Based on these experimental results, several 
modeling circuits are proposed and analyzed. Purpose of all of the 
elements of the modeling circuits is explained in detail, as well as 
the development steps in circuit design. Concrete values of 
elements of modeling circuits are calculated. Results of modeling 
using different circuits are presented, and compared to the 
previously obtained results.  
 

I. INTRODUCTION 
 

It is well known that the invention of MOSFET (Metal 
Oxide Semiconductor Field Effect Transistor) in the early 
1960s significantly intensified the development of 
semiconductor components, enabling the realization of new 
families of analog and digital integrated circuits. The main 
feature of this development is the trend towards constant 
miniaturization of MOS transistors, followed by a 
significant increase in the complexity of integrated circuits 
and the development of new component structures, with the 
basic motive to reduce unit price and logical function price, 
to increase speed, reduce power dissipation and improve 
circuit performances. At the same time, increasing the chip 
area and reducing the dimensions (lateral and vertical) of 
the components while reducing the supply voltage and 
increasing the level of doping are the basic steps in the 

process of implementing integrated circuits of high 
complexity. However, due to compatibility with other 
circuit families and maintaining optimal circuit 
performance, during miniaturization the supply voltages 
were reduced significantly less than the component 
dimensions, which led to an increase in electric fields 
within the transistor structure during normal operation. On 
the other hand, it is known that strong electric fields can 
lead to an increase in the gate oxide charge density and 
interface traps density at the interface of the oxide 
semiconductor, which may lead to instability or even 
failure of these circuits [1]. In addition, in order to enable 
the required reduction of dimensions, it is necessary to use 
modern technological processes in production, which also 
increase the possibility of failure. All this indicates that, in 
addition to a number of benefits offered by increasing the 
complexity of integrated circuits, it also causes certain 
problems, especially in terms of reliability. On the other 
hand, there is a demand for increased reliability due to the 
difficult servicing of modern electronic systems, rising 
costs of repair and maintenance, the constant expansion of 
integrated circuits, as well as growing problems related to 
fault detection. That is the reason why reliability is 
becoming an increasingly important parameter of the 
quality of modern integrated circuits. 

Also, progress in the development of integrated 
circuits has been reflected in the intensive development of 
discrete components, among which power MOS 
components occupy a special place [2]. Namely, the great 
advantages that MOS transistors provide in terms of 
miniaturization, their high input resistance and therefore 
the small power required to control large currents (because 
they are voltage-controlled components), the negative 
temperature coefficient of drain current that provides 
thermal stability and parallel transistor coupling, as well as 
a wide range of safe operation, have enabled the 
development of entire families of power MOS transistors 
(both for high voltages and high currents), which are 
increasingly replacing powerful bipolar components. The 
absence of minority carriers from the process of conducting 
current in MOS transistors results in the high speed of 
operation of these components and their increasing 
application in high-reliability switching electronic circuits. 
In addition to switching power supplies, MOS power 
transistors have a very important application in audio 
amplifiers, as well as in various electronic devices in the 
automotive industry [3]. It should be noted that p-channel 
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power MOS transistors play a dominant role in the 
automotive industry. It is known that the usage of modern 
automotive electronics has significantly improved the 
performance and functionality, as well as the safety of the 
car. Power components, developed for the needs of the 
automotive industry, are used not only in devices that are 
accessories, but also in devices and systems that have the 
status of primary equipment in the car. The development of 
electronics, to achieve high quality cars, inevitably requires 
the use of power MOS components, which must meet strict 
criteria in terms of quality and reliability. This can only be 
achieved if very detailed and concrete knowledge of how 
these components work, as well as the dominant failure 
mechanisms, are still available during their design and 
construction. 

Power VDMOS (Vertical Double Diffused MOS) 
transistors [2], due to their small size and superior 
switching characteristics, have become very attractive 
components for use in switching power supplies in home 
appliances and automotive, industrial, medical, military 
electronics and telecommunications satellites. For these 
applications, in addition to high reliability, VDMOS 
transistors are also required to have high resistance to the 
effects of ionizing radiation. This was the main reason for 
the intensive long-term study of instabilities in VDMOS 
transistors that occur under the influence of radiation [4]. 
However, the fact that gate oxide and interface traps 
formed during irradiation have very similar effects on the 
electrical parameters of VDMOS transistors as those 
formed during electrical stress further deepened the interest 
in studying the instability of these components [5]. The 
common goal of these research was to gain a detailed 
insight into the mechanisms that lead to the formation of 
charge in the gate oxide and interface traps during radiation 
or stress of VDMOS transistors, which are responsible for 
the observed changes in electrical parameters. Moreover, 
extensive work on VDMOSFETs reliability has also been 
investigated under the influence of other types of stress, 
such as hot carrier injection, unclamped inductive 
switching, low magnetic field and so on [6-8]. Such an 
analysis of the degradation mechanisms of VDMOS 
transistors is of great importance because it can provide 
useful conclusions regarding possible corrections of oxide 
fabrication technology. 

Given discussion suggests that examinations of 
instabilities of power MOS transistors under conditions 
similar to those during the usage are very important [9-11]. 
Thereby, of special significance are instabilities caused by 
combined bias and temperature stressing, specifically 
negative bias temperature instabilities (NBTI) in p-channel 
power MOS transistors. It is well known that NBTI occurs 
with gate stressing of p-channel MOS transistors 
corresponding to oxide fields of 2-6 MV/cm, and in 
elevated temperatures’ range of 100-250oC [12-16]. First 
examination on instabilities caused by negative bias 
temperature stressing were reported by Miura and 
Matakura in 1966 [17]. They stated that extensive NBT 

stressing can lead to the buildup of oxide trapped charge 
and interface traps, and that their concentrations depend on 
the applied voltage and temperature. 

Research concerning negative bias temperature 
instabilities has been going on for more than 50 years and 
there has recently been an explosion of publications, on 
NBTI [18]. Increased electric fields and elevated chip 
temperatures are frequently approached during the routine 
operation of power devices [3] so the investigations of 
NBTI in power MOSFETs are of importance as well, and 
many research groups considered it [6-8,19-25]. However, 
in spite of very extensive studies in recent years, 
microscopic mechanisms are still not fully understood, and 
technology optimization to minimize NBTI is difficult task. 
On the other hand, it is well known that NBTI is 
manifested as the increase in device threshold voltage (VT), 
which is the most critical and most interesting parameter 
for studying, especially for lifetime estimation [19]. As an 
illustration, Fig. 1 shows transfer I-V characteristics of 
IRF520 VDMOSFETs measured after 24 hours of static 
NBT stressing (Eox=5 MV/cm, T=175oC), as well as 
corresponding threshold voltage shifts (internal graphic) 
[23-25]. 
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Fig. 1. Measured I-V characteristics and corresponding threshold 
voltage shifts (inner graphic) during 24 hours of static NBT 
stressing (Eox=5 MV/cm, T=175oC, t=24 hours) of p-channel 
power VDMOSFETs IRF9520. 
 

In the last decade, many research groups are 
addressing NBTI effects with accent on modelling of 
threshold voltage shifts and developing equivalent 
electrical circuit models. Still, an appropriate electrical 
circuit model to describe NBTI instabilities corresponding 
to different NBT stressing conditions is lacking. 
 

II. EXPERIMENTAL DETAILS 
 

A. Experimental Devices 
 

In the previous twenty years, dozens of different 
experiments with p-channel power VDMOSFETs IRF9520 
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power MOS transistors play a dominant role in the 
automotive industry. It is known that the usage of modern 
automotive electronics has significantly improved the 
performance and functionality, as well as the safety of the 
car. Power components, developed for the needs of the 
automotive industry, are used not only in devices that are 
accessories, but also in devices and systems that have the 
status of primary equipment in the car. The development of 
electronics, to achieve high quality cars, inevitably requires 
the use of power MOS components, which must meet strict 
criteria in terms of quality and reliability. This can only be 
achieved if very detailed and concrete knowledge of how 
these components work, as well as the dominant failure 
mechanisms, are still available during their design and 
construction. 

Power VDMOS (Vertical Double Diffused MOS) 
transistors [2], due to their small size and superior 
switching characteristics, have become very attractive 
components for use in switching power supplies in home 
appliances and automotive, industrial, medical, military 
electronics and telecommunications satellites. For these 
applications, in addition to high reliability, VDMOS 
transistors are also required to have high resistance to the 
effects of ionizing radiation. This was the main reason for 
the intensive long-term study of instabilities in VDMOS 
transistors that occur under the influence of radiation [4]. 
However, the fact that gate oxide and interface traps 
formed during irradiation have very similar effects on the 
electrical parameters of VDMOS transistors as those 
formed during electrical stress further deepened the interest 
in studying the instability of these components [5]. The 
common goal of these research was to gain a detailed 
insight into the mechanisms that lead to the formation of 
charge in the gate oxide and interface traps during radiation 
or stress of VDMOS transistors, which are responsible for 
the observed changes in electrical parameters. Moreover, 
extensive work on VDMOSFETs reliability has also been 
investigated under the influence of other types of stress, 
such as hot carrier injection, unclamped inductive 
switching, low magnetic field and so on [6-8]. Such an 
analysis of the degradation mechanisms of VDMOS 
transistors is of great importance because it can provide 
useful conclusions regarding possible corrections of oxide 
fabrication technology. 

Given discussion suggests that examinations of 
instabilities of power MOS transistors under conditions 
similar to those during the usage are very important [9-11]. 
Thereby, of special significance are instabilities caused by 
combined bias and temperature stressing, specifically 
negative bias temperature instabilities (NBTI) in p-channel 
power MOS transistors. It is well known that NBTI occurs 
with gate stressing of p-channel MOS transistors 
corresponding to oxide fields of 2-6 MV/cm, and in 
elevated temperatures’ range of 100-250oC [12-16]. First 
examination on instabilities caused by negative bias 
temperature stressing were reported by Miura and 
Matakura in 1966 [17]. They stated that extensive NBT 

stressing can lead to the buildup of oxide trapped charge 
and interface traps, and that their concentrations depend on 
the applied voltage and temperature. 

Research concerning negative bias temperature 
instabilities has been going on for more than 50 years and 
there has recently been an explosion of publications, on 
NBTI [18]. Increased electric fields and elevated chip 
temperatures are frequently approached during the routine 
operation of power devices [3] so the investigations of 
NBTI in power MOSFETs are of importance as well, and 
many research groups considered it [6-8,19-25]. However, 
in spite of very extensive studies in recent years, 
microscopic mechanisms are still not fully understood, and 
technology optimization to minimize NBTI is difficult task. 
On the other hand, it is well known that NBTI is 
manifested as the increase in device threshold voltage (VT), 
which is the most critical and most interesting parameter 
for studying, especially for lifetime estimation [19]. As an 
illustration, Fig. 1 shows transfer I-V characteristics of 
IRF520 VDMOSFETs measured after 24 hours of static 
NBT stressing (Eox=5 MV/cm, T=175oC), as well as 
corresponding threshold voltage shifts (internal graphic) 
[23-25]. 
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Fig. 1. Measured I-V characteristics and corresponding threshold 
voltage shifts (inner graphic) during 24 hours of static NBT 
stressing (Eox=5 MV/cm, T=175oC, t=24 hours) of p-channel 
power VDMOSFETs IRF9520. 
 

In the last decade, many research groups are 
addressing NBTI effects with accent on modelling of 
threshold voltage shifts and developing equivalent 
electrical circuit models. Still, an appropriate electrical 
circuit model to describe NBTI instabilities corresponding 
to different NBT stressing conditions is lacking. 
 

II. EXPERIMENTAL DETAILS 
 

A. Experimental Devices 
 

In the previous twenty years, dozens of different 
experiments with p-channel power VDMOSFETs IRF9520 

samples have been performed [4, 19-25]. Nominal value of 
initial threshold voltage of these devices is VTO = -3.6 V 
and nominal gate oxide thickness is around 100 nm (cross-
sectional view is shown in Fig. 2, and details are available 
in [4, 19-25]). 

 

 
 

Fig. 2. Cross-sectional view of p-channel power VDMOSFETs 
IRF9520. 

 
B. Experimental Conditions 
 

Having in mind the oxide thickness of these 
transistors, as well as the value of the electric field that 
caused NBTI (2-6 MV/cm), we performed a large number 
of experiments with gate voltages in the range of -30 V to -
50 V. Three different temperatures were used in the 
experiments (125oC, 150oC and 175oC) and the duration of 
the experiments varied, from 1 h to as much as 2000 h, as 
illustrated in Fig. 3. Knowing the fact that the duration of 
15 experiments (single combination of negative gate 
voltage and temperature) is around 2000 hours, it is clear 
that there were many years of research in this area. 

 

 
 
Fig. 3. Graphical illustration of static NBT stress conditions in 
previous investigations. 
 

In order to shorten experiment duration, a lot of 
researches tend to model the threshold voltage shift 
according to the available experimental data. This reduces 
experiment duration time significantly, but also gives a 
dose of uncertainty in the acquired results. To do a 
complete threshold voltage shift modeling, a large number 
of parameters (operation conditions and device dimensions) 
should be taken into consideration [26]:  
 

∆VT = F1(t) ∙ F2(T) ∙ F3(VGS) ∙ F4(VBS) ∙ F5(dox) ∙ 
 F6(f) ∙ F7(DTC) ∙ F8(tmeasure) ∙ F9(W/L),   (1) 

 
where t is stressing time, T is temperature, VGS gate voltage, 
VBS voltage between the bulk and the source, dox gate oxide 
thickness, f frequency, DTC duty cycle, tmeasure measuring 
time and W/L channel width/length ratio. Seeing functions 
F1 to F9, it is clear that a comprehensive analysis is hard to 
be done, so none of the researchers investigating NBTI 
have not conducted it. Namely, examination of some of 
these functions requires manufacturers’ aid in redefining 
certain steps in technological processes during device 
manufacturing. Since we investigated commercial 
transistors IRF9520, this paper analyses only some of the 
given functions. Still, it is worth mentioning that a 
complete research is not done for all of the functions even 
in the places where it is technically possible. So, certain 
researches concentrate on investigating time dependences 
during NBT stressing, other frequency dependencies or 
time needed for the devices’ characterization et cetera. 
Taking in mind all of the available researches in the field of 
bias and temperature stressing of MOS devices produces in 
different technologies and by different manufacturers, it 
can be concluded that the greatest emphasis is given to the 
functions F1 to F3 (see Fig. 3) and F6 to F8 (explained in 
the text below). Therefore, these functions will be the main 
part of this paper as well. In order to minimize the 
measurement time (F8) we have developed own 
measurement method based on cost-effective switching 
circuit, which was shown to provide proper compromise 
between NBT stress and measurement requirements in 
investigated devices [27]. 

In recent years, there have been many researches with 
the goal to explore the differences between static and 
pulsed (VGS changes alternately between Vstress and 0 V) 
NBT stress. It was shown that large portions of oxide-
trapped charge and/or interface traps generated during the 
“on-state” of transistors (VGS = Vstress) are partially 
neutralized and/or annealed during the “off-state” of 
transistors (VGS = 0 V). As a result, the pulsed NBT 
stressing caused generally lower shifts of threshold voltage 
as compared to static stressing performed at the same stress 
conditions (T, VGS). In order to verify these facts in the case 
of p-channel power VDMOSFETs, we performed a large 
number of experiments with frequencies in the range of 
1 kHz to 200 kHz and DTC in the range of 3.03% to 
96.97% for typical combination of stress voltage and stress 
temperature (-45 V, 175oC), as shown in Fig. 4.  
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Fig. 4. Graphical illustration of pulsed NBT stress conditions 
(VGS=-45 V, T=175oC – this combination is indicated in Fig. 3). 

 
C. Duty cycle and frequency dependencies 
 

Modeling of pulsed stress degradation remains 
challenging task, especially heaving in mind that the 
quantitative differences between static and pulsed NBT 
stress depend on both DTC and f. The differences between 
static and pulsed NBT stress become more significant as 
the frequency increases and/or the duty cycle decreases (as 
shown in Fig. 5) [28]. Fig. 5 describes well known S-Curve 
dependence on the frequency and duty cycle. It is 
undeniable that pulsed NBT stress causes generally lower 
shifts of threshold voltage as compared to static stressing 
independently on stress frequency and duty cycle.  

 

 
 

Fig. 5. Pulsed NBTI degradation normalized to static stress versus 
frequency and DTC.  

 
Using experimental data for pulsed and static NBT 

stress we have noticed a very important fact that in the case 
of p-channel power VDMOSFETs there is a characteristic 
time constant that helps us to separate recoverable and 
permanent components of degradation [28]. Namely, it 
appears that 25 μs of the “off-state” was sufficient to 

remove the recoverable component of degradation, as 
graphically illustrated in Fig. 6 [28]. 

 

 
 

Fig. 6. Graphical illustration of the waveforms of stress voltages 
during the pulsed and static NBT stress as well as the shapes of 
corresponding threshold voltage shifts. 
 

III. MODELING APPROACH 
 

Models for static NBT stressing on the PMOS devices 
have been researched throughout the years [29, and 
references therein]. The dominant approach that was used 
in these studies consisted of model built to follow ∆VT 
during the NBT stress time (to reproduce the specific 
measured data and to predict VT changes for NBT stress 
combinations for which no measurements have been 
made). It is well known that NBT stress induced ∆VT 
follow the power law (tn) [30-34] and as a result a capacitor 
C charged through resistor R is chosen for the central 
element of the modeling circuit. Namely, voltage on 
capacitor changes over time according to an exponential 
law, which for several decades in time is very similar to 
power law. However, modeling of pulsed NBT stress 
induced degradation remians challenging task, as we have 
already mentioned, because degradation effetcs depend on 
both duty cycle and/or frequency of the NBT stress signal 
(results shown in Fig. 5). The situation is even more 
complicated in the case of p-channel power VDMOSFETs 
due to the existence of a characteristic time constant (see 
Fig. 6 and results published in [28]). Namely, evolution of 
threshold voltage shift during each single pulse should be 
considered through three parts (degradation part – charging 
of the capacitor, recovery part – discharging of the 
capacitor and constant part). In order to obtain RC values 
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Fig. 4. Graphical illustration of pulsed NBT stress conditions 
(VGS=-45 V, T=175oC – this combination is indicated in Fig. 3). 
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have been researched throughout the years [29, and 
references therein]. The dominant approach that was used 
in these studies consisted of model built to follow ∆VT 
during the NBT stress time (to reproduce the specific 
measured data and to predict VT changes for NBT stress 
combinations for which no measurements have been 
made). It is well known that NBT stress induced ∆VT 
follow the power law (tn) [30-34] and as a result a capacitor 
C charged through resistor R is chosen for the central 
element of the modeling circuit. Namely, voltage on 
capacitor changes over time according to an exponential 
law, which for several decades in time is very similar to 
power law. However, modeling of pulsed NBT stress 
induced degradation remians challenging task, as we have 
already mentioned, because degradation effetcs depend on 
both duty cycle and/or frequency of the NBT stress signal 
(results shown in Fig. 5). The situation is even more 
complicated in the case of p-channel power VDMOSFETs 
due to the existence of a characteristic time constant (see 
Fig. 6 and results published in [28]). Namely, evolution of 
threshold voltage shift during each single pulse should be 
considered through three parts (degradation part – charging 
of the capacitor, recovery part – discharging of the 
capacitor and constant part). In order to obtain RC values 

for these parts it is very important to calculate increment of 
∆VT in each single pulse [21-25]. The average value of 
increment in single pulse could be obtained: 
 

PULSESOFNUMBER

TIMESTRESSOVERALLT
INCREMENTAVERAGET

V
V


= _

  (2) 

 
It is important to note that the approach based on the 
average value of increment was used at the beginning of 
our investigation [21, 22]. After that, we tried to adjust the 
value of the increment to the real measured values (the 
largest at the beginning, then decreasing) [23-25]. 

As alredy mentioned C is charging during “on-state” 
of transistor (through RC resistor) and discharging during 
the “off-state” of transistor (through RD resistor), and 
∆VT_INCREMENT describes difference between charging and 
discharging. Using equations for charging and discharging 
of capacitor C and experimental value for ∆VT_INCREMENT we 
can calculate the values of resistor RC and RD for each 
specific stress condition, as shown in [21-25,35]  

This analysis clearly indicates that the NBT models 
differ for static and pulsed NBT stress, as well as there are 
specifics in the case of pulsed stress. 

 
A. The evolution of the model developed for VDMOS 
transistors 

 
At first, idea to design an equivalent modeling circuit 

is given in [21]. Circuit consisted of multiple resistors and 
one capacitor. Main goal of the circuit was that capacitor 
voltage should be equal to the threshold voltage shift 
induced by NBT stressing of the p-channel power VDMOS 

transistor. Designed modeling circuit should be able to 
deliver appropriate results for both static and pulsed NBT 
stressing. Because of that, circuit can be divided into two 
parts. Part for modeling of degradation, and part for 
modeling of the recovery. In the idea for the modeling 
circuit, degradation part should be presented as the 
charging of capacitor C. During the degradation phase, 
threshold voltage shift rises exponentially. Since the 
threshold voltage shift should be presented as the capacitor 
voltage, rise of ∆VT should correspond to the rise of the 
capacitor voltage during the charging. On the other hand, 
during recovery phase, ∆VT declines. Therefore, decline of 
∆VT should correspond to the decline of the capacitor 
voltage. This part is modeled as the discharging of the 
capacitor. 

As can be seen in Fig. 7a, capacitor is being charged 
through resistor network and discharged through another 
resistor network. Since the increment of the ∆VT is not 
constant through time, resistance through which the 
capacitor is charged and discharged should not be constant 
through time as well. Because of that, the first idea of the 
modeling circuit consisted of infinite amount of the 
charging and discharging resistors with different values 
where some are turned on or off using switches, as shown 
in Fig. 7a. Using different resistors and parallel connection 
between them, a variety of different resistances can be 
achieved. Of course, this idea was not applicable and was 
not intending to give specific values or constants, but rather 
to serve as a concept, and as a ground for future 
improvements. 

 
 

 

 
                              a)            b)                 c)            d) 
 

Fig. 7. The evolution RC circuit for ∆VT modeling in NBT stressed channel power VDMOSFETs.  
 

First modeling circuit that introduced mathematically 
calculated values of specific combinations of VG and T is 
given in [22,23], and presented in Fig. 7b. Circuit consists 
of two diodes (connected in opposite directions), one 
charging resistor and one discharging resistor, capacitor 
and a switch. Value of ∆VT is again modeled as the 
capacitor voltage. It is well known that value of ∆VT will 
saturate after extended stressing and VS represents the 
saturation value, as shown in our previous investigation 
[19-25]. In this modeling circuit, two diodes are 
introduced. Diode D1 should be an ideal diode that enables 

that voltage VS charges capacitor C1 through resistor RC. 
Still, more important role of the diode D1 is to ensure that 
none of the capacitor voltage discharges through resistor 
RC. Diode D2 was first put in for the clarification of 
concept, but was later omitted in [35]. Switch S1 is related 
to the duty cycle of the stress voltage. Switch is open 
during “on-time” of the stress voltage, and in closed during 
“off-time” of the stress voltage. If the static stress is 
delivered to the modeling circuit, it is assumed that “off-
time” is 0, so that switch is open all the time. According to 
the experimental data, exact values of resistors RC and RD 
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are calculated, for each of the combination of VG and T, so 
that capacitor voltage matches threshold voltage shift for 
that combination. Drawback of this modeling circuit is that 
very specific control for the switch should be implemented.  

Modeling circuit in Fig. 7c improves some of the 
drawbacks of the pulsed stress modeling of the previous 
modeling circuit [25]. Part of the circuit that deals with 
capacitor charging (degradation process) remains same as 
in previous circuit, and main difference is given in the 
discharging capacitor (recovery process), where a JFET is 
used. JFET is very useful in this application, because it is 
used both as a switch and as variable resistance resistor. 
During “on-time” of stressing pulse, JFET acts as a closed 
switch, so the capacitor is being charged. During “off-time” 
of the stressing pulse (when the recovery occurs), JFET 
acts as a resistor (connected to the resistor RD in series), but 
a resistor whose resistance is variable according to the 
magnitude of VJ. Therefore, it is possible to adjust 
amplitude of the VJ to determine resistance of the JFET, 
and to enable precise discharging of the capacitor C. 
Because of that, there is no need to change the value of the 
resistor RD for every different combination of the VG and T, 
but only to adapt VJ.  

The latter additions improved the possibilities for the 
discharging part of the circuit used to model pulsed stress. 
To further reduce modeling errors and to develop modeling 
circuit, next step was to deal with the degradation phase 
(capacitor charging) more precisely. Namely, as already 
mentioned parameter n in the tn power law is fundamental 
signature of NBTI as well as that n changes during 
different NBT stress phases (as illustrated in inner graphics 
in Fig. 8) [23,28]. 
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Fig. 8. Threshold voltage shifts during the NBT stressing and 
corresponding values of parameter n (inner graphic) in p-channel 
power VDMOSFETs.  
 

For that reason, a modeling circuit given in the Fig. 7d 
was developed [24]. Evolution of ∆VT is again to be 
modelled as a capacitor voltage of the capacitor C. 
Capacitor is being charged through a resistor network with 

three resistors connected in parallel and two switches. Main 
goal of these additions was to link the number of resistors 
(the number of different charging rates) with the phases of 
degradation in NBT stressing explained in [19,20]. For the 
early phase of degradation, where the rise of the ∆VT is the 
most emphasized, capacitor C is charged through all of 
three resistors (the resistors are connected in parallel, 
switches S1 and S2 are closed). When the early phase 
finishes, the second phase of the degradation rate starts. In 
this phase, the increment of ∆VT is smaller than in the early 
phase. Switch S1 opens, so the capacitor is being charged 
through the parallel connection of the R2 and R3. In this 
case equivalent resistance is greater than the resistance of 
all three resistors connected in parallel, so the capacitor is 
charging with the slower rate than during the early phase, 
which is in line with the experimental results. Finally, in 
the third phase, switch S2 opens as well, so the capacitor is 
charged through resistor R3 only (the highest value of 
resistance in the model). Capacitor then charges with the 
slowest rate of the three and appropriately models the 
threshold voltage shift. It is important to note that this 
model is developed for static NBT stress only and future 
steps of our investigation will include improving the model 
with adapting it to the modeling of pulsed stress as well. 
The simplest way is to combine it with the models shown 
in the Fig. 7b and 7c. 

 
B. Results of modeling 

 
In our previous manuscripts simulations with different 

combinations of static and pulsed NBT stress conditions 
were performed in order to test the proposed electric 
circuits for NBTI modeling. As an example in Fig. 9 we 
can see threshold voltage shifts vs. NBT stress data 
obtained experimentally and by modeling, as well as 
corresponding deviation of data obtained by measurement 
and modeling. No matter how good a particular model is, 
there will always be some disagreement between the 
measured and modeled results, which is the main reason to 
show absolute errors. In our case disagreement is mainly 
due to a change in the parameter n and non-smoothness of 
the experimental data also has little impact. Disagreement 
in the case of static NBT stress (modeling with electric 
circuit Fig. 7d) is particularly pronounced at the very 
beginning of the stress which is expected having in mind 
the value of the parameter n. The solution would be to 
increase the number of resistors, but from the aspect of 
practical application, it is not of great importance bearing 
in mind that it lasts only a few initial hours. On the other 
hand, pulsed stress is much more important for practical 
application and in that case the modeling results (with 
electric circuit Fig. 7b) are much better. 

It is important to note that a universal model which 
completely explains time dependence of VT does not seem 
to have been established yet. It is good practice to always 
start the process of modeling with the simplest model 
possible and grow in complexity from there. The closer we 
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are calculated, for each of the combination of VG and T, so 
that capacitor voltage matches threshold voltage shift for 
that combination. Drawback of this modeling circuit is that 
very specific control for the switch should be implemented.  

Modeling circuit in Fig. 7c improves some of the 
drawbacks of the pulsed stress modeling of the previous 
modeling circuit [25]. Part of the circuit that deals with 
capacitor charging (degradation process) remains same as 
in previous circuit, and main difference is given in the 
discharging capacitor (recovery process), where a JFET is 
used. JFET is very useful in this application, because it is 
used both as a switch and as variable resistance resistor. 
During “on-time” of stressing pulse, JFET acts as a closed 
switch, so the capacitor is being charged. During “off-time” 
of the stressing pulse (when the recovery occurs), JFET 
acts as a resistor (connected to the resistor RD in series), but 
a resistor whose resistance is variable according to the 
magnitude of VJ. Therefore, it is possible to adjust 
amplitude of the VJ to determine resistance of the JFET, 
and to enable precise discharging of the capacitor C. 
Because of that, there is no need to change the value of the 
resistor RD for every different combination of the VG and T, 
but only to adapt VJ.  

The latter additions improved the possibilities for the 
discharging part of the circuit used to model pulsed stress. 
To further reduce modeling errors and to develop modeling 
circuit, next step was to deal with the degradation phase 
(capacitor charging) more precisely. Namely, as already 
mentioned parameter n in the tn power law is fundamental 
signature of NBTI as well as that n changes during 
different NBT stress phases (as illustrated in inner graphics 
in Fig. 8) [23,28]. 
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Fig. 8. Threshold voltage shifts during the NBT stressing and 
corresponding values of parameter n (inner graphic) in p-channel 
power VDMOSFETs.  
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switches S1 and S2 are closed). When the early phase 
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this phase, the increment of ∆VT is smaller than in the early 
phase. Switch S1 opens, so the capacitor is being charged 
through the parallel connection of the R2 and R3. In this 
case equivalent resistance is greater than the resistance of 
all three resistors connected in parallel, so the capacitor is 
charging with the slower rate than during the early phase, 
which is in line with the experimental results. Finally, in 
the third phase, switch S2 opens as well, so the capacitor is 
charged through resistor R3 only (the highest value of 
resistance in the model). Capacitor then charges with the 
slowest rate of the three and appropriately models the 
threshold voltage shift. It is important to note that this 
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The simplest way is to combine it with the models shown 
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B. Results of modeling 

 
In our previous manuscripts simulations with different 

combinations of static and pulsed NBT stress conditions 
were performed in order to test the proposed electric 
circuits for NBTI modeling. As an example in Fig. 9 we 
can see threshold voltage shifts vs. NBT stress data 
obtained experimentally and by modeling, as well as 
corresponding deviation of data obtained by measurement 
and modeling. No matter how good a particular model is, 
there will always be some disagreement between the 
measured and modeled results, which is the main reason to 
show absolute errors. In our case disagreement is mainly 
due to a change in the parameter n and non-smoothness of 
the experimental data also has little impact. Disagreement 
in the case of static NBT stress (modeling with electric 
circuit Fig. 7d) is particularly pronounced at the very 
beginning of the stress which is expected having in mind 
the value of the parameter n. The solution would be to 
increase the number of resistors, but from the aspect of 
practical application, it is not of great importance bearing 
in mind that it lasts only a few initial hours. On the other 
hand, pulsed stress is much more important for practical 
application and in that case the modeling results (with 
electric circuit Fig. 7b) are much better. 

It is important to note that a universal model which 
completely explains time dependence of VT does not seem 
to have been established yet. It is good practice to always 
start the process of modeling with the simplest model 
possible and grow in complexity from there. The closer we 

would like the predictions of a circuit model to be to the 
actual measured performance, the more complex the model 
may have to be. Future work on NBTI modeling will be 
based on combining the models shown in Fig. 7. Namely, 
these models have the same theoretical basis and the same 
working principle, and they are distinguished by specifics 
with the aim of obtaining a model that gives a satisfactory 
match of experimental and modeled results. 
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Fig. 9. a) Values of threshold voltage shift obtained by measuring 
and modeling (using model 7d for static and 7b for pulsed stress), 
b) difference in absolute errors of proposed modeling. 

 
IV. CONCLUSION 

 
Modeling circuits for the modeling of the threshold 

voltage shifts as well as the effects found in p-channel 
power VDMOSFETs IRF9520 under the NBT stress 
conditions were presented. Given modeling circuits are 
able to reproduce the specific waveform of the degradation 
and to deliver matching with the experimental results. 
Future steps for the improvement of the modeling circuits 
is to determine sets and groups for the values of the circuit 
elements that are able to cover full ranges of the stressing 

conditions, or at least ranges that are in interest in the 
practical application of power VDMOSFET.  
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Self-heating Effects Measured in Fully Packaged 
FinFET Devices 

 
E. Bender and J. B. Bernstein 

 
 

Abstract - A unique, resource efficient method for finding 
the impact of Self-heating Effects (SHE) in packaged FinFET 
devices is presented in this work.  Device level concerns seen in 
reliability degradation and system level issues with power 
dissipation are inspected using separate measuring techniques.  
We show that a frequency effect observed in reliability is 
attributed to self-heating of the Fins during device transition.  The 
increase in temperature due to current induced self-heating was 
measured up to 1 GHz and extrapolated to 3 GHz.  Temperature 
rise of the total chip caused by dynamic power dissipation is 
evaluated.  The self-heating contribution is assessed by finding 
the relative thermal offset from increased frequency compared to 
that of added logic. A significant correlation is revealed from 
evaluating the device and system level studies. The method can be 
easily performed on smaller dimension nodes where the effects of 
SHE are more acute.   
 

I. INTRODUCTION 
 

The With the introduction of three-dimensional (3D) 
gate FET devices, self-heating effects became a notable 
concern.  Self-heating is more severe in all variations of 3D 
gate FETs compared to planar FETs primarily due to the 
shape of the Fins. In planar devices, heat is dissipated 
directly through the bulk and contacts.  In FinFETs, the 
heat accumulates at the top of the Fins, dissipating slowly 
through the bottom of the Fins and out to the substrate and 
contacts.  Additional problems surface in designs such as 
the ultra-thin body silicon on insulator (UTB SOl) devices.  
In SOI FinFETs the oxide insulator’s thermal conductivity 
is much lower than that of bulk FinFETs [1].  As 
technology advances with scaling, the Fins continue to 
become taller and thinner, escalating the heat dissipation 
problem.   Likewise, with increased use of GAAFETs and 
nanotubes, where more thermal isolation from the substrate 
leading to more damage as SHE increases [2, 3, 4]. 

Self-heating damage is gauged in two different 
resolutions: reliability concerns at the device level and 
thermal management at the system level. 

SHE in device reliability remains a topic of diverse 
discussion.  Some papers portray the effect as a 
compliment to current initiated failure mechanisms such as 
hot carrier injection (HCI) [5, 6] or electromigration (EM).  
SHE, also current stimulated, will act as an augmenter of 
HCI or EM.  This claim is difficult to defend.  Finding the 
relative weight of SHE compared to the other mechanism is 

not trivial.  Additionally, many studies show that bias 
temperature instability (BTI) dominates in FinFETs 
compared to HCI and EM [7].  Our findings reveal BTI as 
the dominant mechanism.  SHE is also clearly observed.  
We separated SHE from BTI and highlight its relative 
weight in the device degradation. 

From a system level perspective, the thermal 
management hazard of the chip is assessed.  This 
investigation is especially crucial for large chips containing 
dense arrays of transistors.  End user applications can only 
be intelligently designed with clear guidelines how to avoid 
overheating [8].  Intuitively, SHE adds to the heat buildup 
of the complete chip.  Our method shows what percentage 
of chip internal temperature displacement is associated 
with self-heating.  The contribution of SHE is found by 
taking the offset of temperature change caused by increase 
of frequency, hence increased current, compared to the 
increase in logic.  

Although numerous studies exist showing SHE 
characteristic in FinFETs and other 3D gate devices, most 
are in early stages of the IC design presenting simulation 
models of technologies.  Other studies, inspections of 
special test configurations, will not be seen in the field as 
finished products.  A notable absence in most recent studies 
is the ability to assess the relative impact of mechanisms in 
a marketable device.  Some recent studies claim that SHE 
would be difficult to measure without simulations [9].  In 
our study, the testing was carried out on a packaged 
product, the Xilinx 16nm FPGA [10].  Our method, non-
complex and cost efficient, characterizes SHE in both the 
device and system levels on packaged products. 
 

II. SHE MEASUREMENT IN DEVICE RELIABILITY 
 

At the device level, the long-term effects of SHE were 
examined by studying the frequency degradation of ring 
oscillators (RO) in week-long (~175 hrs.) temperature and 
voltage stress tests.  The Multi-Temperature Operational 
Life (MTOL) testing method [11] was used to isolate the 
impact of SHE relative to other origins of degradation [12]. 
Fig. 1 displays the results of the frequency degradation of a 
set of multi-sized concurrently oscillating rings combined 
into a time-to-fail (TTF) versus frequency plot. A wide 
span of frequencies (about two orders of magnitude) was 
produced to identify changes in degradation trends with 
frequency. Frequency effects are clear evidence of current 
caused mechanisms like HCI or EM.  E. Bender and J. B. Bernstein are with the Department of 
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Fig. 1. Plot showing the calculated TTF of variable sized rings to 
frequency.  The high frequencies (around 1 GHz) have a TTF, on 
average, of about 75% of compared to the TTF values of the low 
frequencies.  The core stress conditions of the test are 1.06 volts 
and 117 ºC. 

 
It is well known that at any given core voltage, the 

transition time (dV/dt) is approximately constant, as is the 
input capacitance (C) of each successive gate.  Hence, the 
total current through the output inverter will be 
proportional to: 

 

 
(1) 

 
where “f” is the transition frequency. Rings with low 
frequencies will have few transitions and therefore, almost 
no current flow.  The current stress increases with the 
increase in frequency. 

Mechanisms, such as BTI, that are caused by voltage 
and temperature stress, will not change significantly with 
frequency.  Our study showed that there is a linear 
reduction of TTF with the increase of frequency.  The 
results shown in Figure 1, with a stress voltage of 1.06 V 
and a temperature of 117 °C, display the effect.  The 
procedure was conducted over a large span of temperatures 
and voltages.  Inspection of the frequency effect shows 
consistency in all the tests with a decrease in TTF to about 
75% at a frequency of 1 GHz (fig. 2).  Based on the above, 
one can conclude that the degradation is not caused by a 
current driven mechanism.  If so, the gradient of the 
frequency effect should change proportionately to the stress 
conditions (i.e. frequency, voltage, and temperature). 

 

 
 

Fig. 2. Five TTF to frequency plots averaged over the frequency. 
The decrease in TTF is similar in all the tests showing a decrease 
in TTF to about 75% at 1 GHz to that of no frequency. 

The fact that the results lack deflection points suggests 
that the degradation in all stress conditions is caused by a 
single dominant failure mechanism.  Ignoring the 
frequency effect, the output shown in fig. 2 is characteristic 
of BTI.  This leads to the following conclusion: the 
degradation is, in fact, BTI.  The frequency effect observed 
is the product of additional heating in the higher frequency 
rings, which is characteristic of the self-heating effect.  The 
data is plotted to the Eyring model detailed in equation 2. 

 

 
(2) 

 
γ is the voltage factor and V is the voltage.  EA is the 

activation energy; k is Boltzmann’s constant.  T is the core 
temperature in degrees Kelvin. ΔTSHE is the frequency 
dependent temperature addition caused by SHE.  The value 
of this parameter is found by comparing the TTF of low 
frequencies to high frequencies. It is represented using the 
following relationship: 

 

 (3) 
 

We assume here that the heat increase is due to the 
additional power dissipation in the fin as function of 
frequency and core voltage (squared as expected with 
power dissipation). The value of “CLRth” is calculated 
together from the MTOL data. It equals: 3.85*10-9 [F*Ω]. 
 

 
 

 
 
Fig. 3.  a) TTF trends are displayed revealing an activation energy 
of 0.49 (in average).  The 10-30 MHz and 1 GHz slopes are 
generated from FPGA data and the 3 GHz slope is extrapolated.  
V’ is e–Vγ . T’ is T+ΔTSHE. b) Plot of the TTF data showing the 
voltage constant γ. 
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rings, which is characteristic of the self-heating effect.  The 
data is plotted to the Eyring model detailed in equation 2. 

 

 
(2) 

 
γ is the voltage factor and V is the voltage.  EA is the 

activation energy; k is Boltzmann’s constant.  T is the core 
temperature in degrees Kelvin. ΔTSHE is the frequency 
dependent temperature addition caused by SHE.  The value 
of this parameter is found by comparing the TTF of low 
frequencies to high frequencies. It is represented using the 
following relationship: 

 

 (3) 
 

We assume here that the heat increase is due to the 
additional power dissipation in the fin as function of 
frequency and core voltage (squared as expected with 
power dissipation). The value of “CLRth” is calculated 
together from the MTOL data. It equals: 3.85*10-9 [F*Ω]. 
 

 
 

 
 
Fig. 3.  a) TTF trends are displayed revealing an activation energy 
of 0.49 (in average).  The 10-30 MHz and 1 GHz slopes are 
generated from FPGA data and the 3 GHz slope is extrapolated.  
V’ is e–Vγ . T’ is T+ΔTSHE. b) Plot of the TTF data showing the 
voltage constant γ. 

The MTOL test results are summarized in figure 3 
above. Figure 3a displays the slope of the activation energy 
generated from temperatures from -30 °C to 120 °C and 
voltages from 0.85V to l.27V.  There are three sets of data 
points for three frequency regimes, all having an activation 
energy of 0.49 eV, a value well within the BTI range.  TTF 
values decrease with the increase of frequency.  Since the 
EA slope is constant with increased frequency, the decrease 
in TTF is caused by increased temperature i.e. enhanced 
BTI.  The enlarged box in 3a shows the relationship 
between ΔTSHE and the frequency of the tests.  The 
direction of the arrows implies that the downward shift in 
TTF from tens of megahertz to one gigahertz is the increase 
in temperature in the higher frequency tests.  Since the x-
axis is 1/kT, increase of temperature will shift the values to 
the left.  When current flows through the channel due to 
device operation, phonons develop inversely corresponding 
to the thermal conductivity [13, 14].   

Therefore, temperature changes in the devices are 
proportional to operation frequency [15].  The temperature 
difference between 10MHz to 1GHz is 4.4 °C causing the 
TTF to decrease to a third of its value in 10MHz.  The third 
set of points is an extrapolation to 3GHz.  The temperature 
shift of the devices at 3GHz is 12.1 °C and the TTF 
decreases by a 30th of its value in 10MHz.  Raising the 
frequency causes a temperature change which exacerbates 
the effects of BTI on the devices.  The voltage constant γ, 
shown in 3b, is 11.7. This voltage relationship is fitting for 
BTI. 

When comparing the above results with 28nm 
technology, in which we found that BTI is also the 
dominant mechanism.  In contrast, degradation recorded is 
“flat” along the range of frequencies (10 – 700 MHz) [16].  
This shows a clear transition in the data between planer and 
3D gate FET devices. 

 
III. SELF-HEATING CONTRIBUTION TO POWER 

DISSIPATION 
 

The system level concerns of SHE were assessed 
based on a standard power dissipation model.  Core 
temperature change directly corresponds to the dynamic 
power dissipation caused by the logical activity as shown 
in equation 4: 

 

 (4) 
 

where N is the total number of logic elements.  f is 
frequency. CL is the load capacitance, and Rth is the thermal 
resistance.  The testing was carried out by tracking the 
temperature changes of different FPGA programs created 
using a variable sum of ring oscillators.  The temperature 
was gauged with the Xilinx Ultrascale built-in Sysmon 
internal temperature sensor [17].  The board was powered 
using a Regal DP832 power supply [18] to track the current 
consumed and, therefore, the total board power 
consumption. Plotting the power versus temperature 

reveals the thermal resistance which is 14.45 Ω.  The board 
is retained at an ambient temperature of 25 °C with a 
thermal chamber.  

Firstly, ROs with a fix amount of stages, 3 inverters 
running at about 1GHz, were used.  Figure 4a shows the 
core temperature increase for 3 different voltages with 
different amounts of 3-stage inverter chains programmed 
into the FPGA. 
 

 
 

 
 
Fig. 4. a) Plot showing the increase of core temperature due to 
dynamic power dissipation with an ambient temperature of 25 C. 
b) Temperature gradient increasing with voltage squared. 
c) Temperature offset with frequency with an increase of 37.5% 
from 100MHz to 1GHz.   
 

The static chip operation temperature, found by 
extrapolating to zero rings, increases the core temperature 
to 41.8 °C.  The voltage squared trend is shown clearly in 
fig. 4b. The data presented reveals a load capacitance of 
about 1.49 pF per cell. 

Since the frequency of ring oscillators inversely 
corresponds to the number of stages in the ring, we were 
able to compare the temperature increase for added logic to 
that of increased frequency.  Tests were carried out using a 
constant voltage of 1V with changes in the number of 
inverters in the rings. 3-stage rings were compared to 33-
stage rings to create a difference of one order of magnitude 
(1GHz and 100MHz respectively).   There is a 37.5% 
temperature offset from increasing the frequency by one 
order of magnitude as shown in fig. 4c.  Eq. 4 can be 
enhanced to consider two separate load capacitances: one 
for simple power dissipation and the second for dissipation 
due to self-heating. 

 

 
(5) 

c
) 
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Taking the total load capacitance mentioned above, 
the standard power dissipation load capacitance: CL,PD = 
930fF and the load capacitance caused by self-heating: 
CL,SHE = 558fF.  Temperature changes from 33-stage to 
333-stage rings retained to same ratio showing a linear 
increase with frequency.  Supposedly, frequency and 
logical elements should produce an analogous result as 
seen in 28nm technology.  The nature of SHE, heating the 
logical elements during transition times, is fitting to explain 
this offset.  As mentioned in the previous section 
concerning device reliability, we calculated 3.85*10-9 
[F*Ω] for load capacitance and thermal resistance.  If we 
estimate that the value of the load capacitance alone is the 
same as that found in the power dissipation study, we 
receive a thermal resistance for the FinFET devices of 
about 7kΩ. Considering the extreme contrast in 
dimensioning between the base area of the channel of a 
device and the area of the chip, the contrast in the thermal 
resistance is easily explained.  

Since these results are received using a relatively 
small number of cells at speeds up to 1GHz, complex, high 
speed applications should be designed with caution. 

The outcome of the study has far-reaching 
implications. Since metrics due to frequency, logic, and 
voltage changes are obtained, an intelligent power and 
reliability management system naturally ascends.  The 
metrics are formulated into a neural network optimizing the 
frequency, logic, and voltage levels to sustain a stable state 
in the device. This effort is developing in a different study.  
 

IV. CONCLUSION 
 

We have demonstrated how SHE effects the reliability 
of packaged 16nm FinFET devices as well as limits the 
maximum power used by the logical layout.  The method is 
a clear and easy way to measure the impact of SHE in a 
packaged device both at the system level and device level.  
The self-heating contribution to device reliability is 
revealed.  In terms of power dissipation, the percentage of 
heating of the chip caused by self-heating is measured.  
This knowledge is a vital asset for vendors to design 
appropriate applications within the limitations of the board.  
With the reduction of dimensions in upcoming 3D gate 
designs, using this method to test packaged devices will be 
vital for assessing the impact of SHE. 
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Taking the total load capacitance mentioned above, 
the standard power dissipation load capacitance: CL,PD = 
930fF and the load capacitance caused by self-heating: 
CL,SHE = 558fF.  Temperature changes from 33-stage to 
333-stage rings retained to same ratio showing a linear 
increase with frequency.  Supposedly, frequency and 
logical elements should produce an analogous result as 
seen in 28nm technology.  The nature of SHE, heating the 
logical elements during transition times, is fitting to explain 
this offset.  As mentioned in the previous section 
concerning device reliability, we calculated 3.85*10-9 
[F*Ω] for load capacitance and thermal resistance.  If we 
estimate that the value of the load capacitance alone is the 
same as that found in the power dissipation study, we 
receive a thermal resistance for the FinFET devices of 
about 7kΩ. Considering the extreme contrast in 
dimensioning between the base area of the channel of a 
device and the area of the chip, the contrast in the thermal 
resistance is easily explained.  

Since these results are received using a relatively 
small number of cells at speeds up to 1GHz, complex, high 
speed applications should be designed with caution. 

The outcome of the study has far-reaching 
implications. Since metrics due to frequency, logic, and 
voltage changes are obtained, an intelligent power and 
reliability management system naturally ascends.  The 
metrics are formulated into a neural network optimizing the 
frequency, logic, and voltage levels to sustain a stable state 
in the device. This effort is developing in a different study.  
 

IV. CONCLUSION 
 

We have demonstrated how SHE effects the reliability 
of packaged 16nm FinFET devices as well as limits the 
maximum power used by the logical layout.  The method is 
a clear and easy way to measure the impact of SHE in a 
packaged device both at the system level and device level.  
The self-heating contribution to device reliability is 
revealed.  In terms of power dissipation, the percentage of 
heating of the chip caused by self-heating is measured.  
This knowledge is a vital asset for vendors to design 
appropriate applications within the limitations of the board.  
With the reduction of dimensions in upcoming 3D gate 
designs, using this method to test packaged devices will be 
vital for assessing the impact of SHE. 
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Experimental-Simulation Matching Parameters for 
Pentacene Organic Thin Film Transistor 
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Abstract - The paper presents a procedure of simulation for a 
transistor with Pentacene to calibrate the simulated static 
characteristics among the experimental I-V points. The main 
parameters that change the simulated profile are: semiconductor 
band gap, carriers mobility, density of acceptor and Poole-Frenkel 
model parameters for mobility.  The paper offers the methodology 
to extract the simulation parameters for an optimal matching 
simulation-measurement. By this general approach, the procedure 
can be easily applied for other new organic semiconductors. 
 

I. INTRODUCTION 
 

Nowadays organic thin film transistors (OTFT) use 
organic compounds of small-molecule, like pentacene [1], 
tetracene, [2], or nano-core with organic external shell like 
para-aminobenzoic acid [3]. Unfortunately, when the 
intrinsic semiconductor is a nano-core nano-structure [4], 
the conduction properties are still poor [5]. Therefore, the 
pentacene is an excellent candidate for OTFT for drive 
currents and technological facilities. It is insoluble in 
organic solvents, which is an advantage for subsequent 
layers processing.  

Some authors fabricated dual-gate OTFT, working 
with Top Gate (TG) as primary gate and with substrate as 
Back Gate (BG). The thickness of TG dielectric was 300 
nm, BG dielectric was 150 nm and Pentacene film 
thickness was 200 nm [6]. Using these experimental 
parameters, besides to the indicated simulation parameters, 
some consistent differences still exist between ID-VDS 
measured and simulated curves. Other research groups used 
extremely thin gate insulator Al2O3 of 5.7 nm thickness, 
but there are still differences ID-VGS with experimental 
points [7]. A complete list of experimental parameters for a 
Pentacene OTFT transistor is provided in [8] that will be 
our experimental reference. 

OTFT simulation is a relative new domain. For 
instance, in Silvaco, there are a lot of TFT examples, or 
OLED examples, but not even one for Organic transistors, 
[9]. One of the main tasks of a simulator is to check if the 
simulations match with experimental curves. Therefore, 
this paper approaches an algorithm able to extract the 
fitting parameters that ensure an optimal overlap between 
simulation and measurements for an OTFT.  

 
II. SIMULATION SET-UP 

 
For actual OTFT simulation we use Atlas from 

Silvaco software. Specific models of the organic devices 
are used to activate the Poole-Frenkel mobility model and 
the Langevin recombination models [9]. The source/drain 
contacts are made from gold with well aligned work 
function of 4.9 eV to the highest occupied molecular orbital 
level of Pentacene 4.8 eV. The default properties of 
Pentacene are provided by the Silvaco library [9]. 
ODEFECTS function is activated to capture the 
Acceptor/Donor-like trap density, HA, HD. 

The simulated OTFT gets similar features as a 
fabricated Pentacene-OTFT, Top-Contacts Bottom Gate 
(TCBG) configuration [8]: Pentacene 90 nm thickness, p-
type doped to 31015 cm-3, channel length of 4 m, 
polyimide as bottom dielectric of 400 nm, fig. 1. 

 

 
(a)                        

 
 (b)  

 
Fig. 1. OTFT structure: (a) simulated; (b) fabricated [8].  
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The simulations start with an OTFT structure with the 
set of parameters denoted as Set-1: 
-The width of the band gap in the pentacene at T = 300 K is 
EG300 = |HOMO| - |LUMO| = 2.1 eV;  
- The relative permittivity of pentacene is r = 4; 
- The density of acceptor and donor traps is HA = HD = 
41017 cm-3; 
- The initial carriers mobility is µp = 0.1 cm2/Vs for holes 
and µn = 110-5 cm2/Vs for electrons; 
- The density of energy states in the conduction and 
valence band is Nc = Nv = 2.81020 cm-3; 
- The Poole-Frenkel model parameters for mobility are 
beta.pfmob = 7.710-5 (V/cm)1/2, deltae.pfmob = 0.018 eV, 
and gamma.pfmob = 0. 

The reason behind the modification of these 
parameters comes from the device physics and 
characterization of an OTFT mentioned in reference [10, 
11] and also with given values for pentacene in references 
[7, 8]. These parameters must be coupled to the available 
parameters as input variable from Atlas [9].  

 
III. FIRST SIMULATION RESULTS 

 
A first task is to check the transistor functionality by 

simulations. Being a p-channel transistor, the applied 
voltages can have the following values: VDS = -40 V, 
VGS = -35 V. Under these voltages, we expect to find a 
minor current through the neutral channel, in the bulk of 
pentacene and a maximum current near the interface with 
polyimide.  

Figure 2 proves the vector currents in the simulated 
Pentacene OTFT biased at VDS = -40 V, VGS = -35 V. 

 

 
 

Fig. 2. Simulated OTFT at VS = 0 V, VD = -40 V, VG = -35 V: 
potential distribution is encoded in color contours, while the total 
current density is encoded in vectors. 

 
The maximum current vectors occur at the bottom of 

the pentacene film, demonstrating the accumulation p-
channel onset, by VGS < 0.  

Another important parameter that is monitored for any 
OTFT is the hole mobility inside pentacene film. This task 
is suitable for the device simulation, in the saturation 
regime for OTFT, Fig. 3. 

Figure 3 reveals a mobility increasing over the input 
value of 0.1 cm2/Vs. Maximum value reaches 0.48 cm2/Vs. 
But this superior mobility occurs only inside a narrow 
space, near drain. 

 

 
 
Fig. 3. The mobility of holes in the organic semiconductor film, at 
VS = 0 V, VD = -40 V, VG = -35 V, as an usual bias point. 

 
The explanation is provided in Fig. 4, where the 

electric field is included, too. The interface among three 
materials - air, drain metal and pentacene - produces inside 
the semiconductor film a narrow zone where the electric 
field lines are concentrated. Not the same mobility 
increasing occur near the source contact. This is because 
the drain potential is -40 V and the source potential is 0 V. 
The spaces with a maximum electric field gradient are the 
zone with increased mobility.   

 

 
 
Fig. 4. The electric field encoded in colored lines and holes 
mobility encoded in colored contours, at VS = 0 V, VD = -40 V, 
VG = -35 V. 

 
Starting from these simulation validations, the static 

characteristics of the OTFT have to be simulated in next 
section. 

 
IV. EXPERIMENT-SIMULATIONS MATCHING  

 
Firstly, we start to calibrate ID-VGS simulations with a 

set of experimentally measured points from reference [8], 
Fig. 5. The simulations start to use Set-1 of parameters, 
presented in Section II.  
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The simulations start with an OTFT structure with the 
set of parameters denoted as Set-1: 
-The width of the band gap in the pentacene at T = 300 K is 
EG300 = |HOMO| - |LUMO| = 2.1 eV;  
- The relative permittivity of pentacene is r = 4; 
- The density of acceptor and donor traps is HA = HD = 
41017 cm-3; 
- The initial carriers mobility is µp = 0.1 cm2/Vs for holes 
and µn = 110-5 cm2/Vs for electrons; 
- The density of energy states in the conduction and 
valence band is Nc = Nv = 2.81020 cm-3; 
- The Poole-Frenkel model parameters for mobility are 
beta.pfmob = 7.710-5 (V/cm)1/2, deltae.pfmob = 0.018 eV, 
and gamma.pfmob = 0. 

The reason behind the modification of these 
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But this superior mobility occurs only inside a narrow 
space, near drain. 

 

 
 
Fig. 3. The mobility of holes in the organic semiconductor film, at 
VS = 0 V, VD = -40 V, VG = -35 V, as an usual bias point. 

 
The explanation is provided in Fig. 4, where the 

electric field is included, too. The interface among three 
materials - air, drain metal and pentacene - produces inside 
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Fig. 4. The electric field encoded in colored lines and holes 
mobility encoded in colored contours, at VS = 0 V, VD = -40 V, 
VG = -35 V. 

 
Starting from these simulation validations, the static 

characteristics of the OTFT have to be simulated in next 
section. 

 
IV. EXPERIMENT-SIMULATIONS MATCHING  

 
Firstly, we start to calibrate ID-VGS simulations with a 

set of experimentally measured points from reference [8], 
Fig. 5. The simulations start to use Set-1 of parameters, 
presented in Section II.  

In order to perform ID-VGS simulations, the transistor 
is biased to VS = 0 V, VGS  [0; - 40] V and VDS = - 40 V. 
The first results of the simulation are available in Fig. 5.  

In experiments, at VSG = 40 V results 
ID = 110 mA/m = 1.1  10-7 A/m, still far away from the 
simulated value ID = 1.65  10-7 A/m, Fig. 5. 

The next algorithm keeps all parameters from Set-1 
constants, except one. Then, the following set of 
parameters, Set-i will be applied in simulations. 

 

 
 
Fig. 5. Initial mismatched transfer characteristics of simulated 
OTFT and experimental OTFT for Set-1. 

 
Set-i keeps the same Set-1 parameters, except 

parameters from group "i", i > 1. In Set-2 the modified 
parameters are density of energy states in the conduction 
and valence band: Nc = Nv = from 2.81020 cm-3 to 
2.81017 cm-3 to fit transfer characteristics. The simulation-
experimental optimal matching curves occur for 
Nc = Nv = 810 17cm-3, Fig. 6. 
 

 
 

Fig. 6. Matching between simulated transfer characteristics and 
experimental points for OTFT, for Set-2 and VDS = -40 V 

 
Secondly, the output characteristics have to be 

matched among the experimental points. In order to 
perform ID-VDS simulations, the transistor is biased to VS = 
0 V, VDS  [0; - 40] V and VGS = - 40 V, similar to 
measurements [8].  

In Set-3 the modified parameters are betap.pfmob to 
fit the output characteristics. The simulation-experimental 

optimal matching curves occur for 
betap.pfmob = 11105(V/cm)1/2  Fig. 7. 

 

 
 

Fig. 7. Matching between output characteristics of simulated and 
experimental OTFT for Set-3 and VSG = 40 V. 
 

In Set-4 the modified parameter is µp from 0.1 cm2/Vs 
for holes, up to 0.6 cm2/Vs to fit transfer characteristics. 
The simulation-experimental optimal matching curves 
occur for µp from 0.2 cm2/Vs, Fig. 8. 
 

 
 
Fig. 8. Matching between output characteristics of simulated and 
experimental OTFT for Set-3 and VSG = 40 V. 
 

 
 

Fig. 9 Optimal matching simulation-experimental curves for 
studied Pentacene OTFT  
 

After optimization, a family of output characteristics 
(ID-VDS), is simulated with fitting parameters – Set-4, 
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Fig. 9. Matching is perfect at VSG = 40 V, but becomes as 
poorer as VSG decreases.  

Table I presents all the fitting parameter values for the 
analyzed Pentacene-OTFT. Notations were presented at the 
end of Section II.  
 

TABLE I 
OPTIMAL FITTING PARAMETERS FOR PENTACENE-OTFT 

 
Parameters notation Values 
r 4 
EG300 2.1 eV 
Nc = Nv  810 17 cm-3 
HA = HD   41017 cm-3 
µp 0.2 cm2/Vs   
µn 10-5 cm2/Vs   
betap.pfmob 1110-5 

(V/cm)1/2 
deltae.pfmob 0.018 eV 
gamma.pfmob 0  

 
V. CONCLUSION 

 
A Pentacene-Organic Thin Film Transistor - OTFT - 

was simulated. The set of parameters for the optimal fit 
simulation-experimental for statics characteristics are: 
EG = 2.1 eV, affinity = 2.9, permittivity = 4, 
µp = 0.2 cm2/Vs and µn = 110-5 cm2/Vs, 
HA = HD = 41017 cm-3, Nc = Nv = 81017 cm-3, 
deltaen.pfmob = deltaep.pfmob= 0.018 (V/cm)1/2, 
betan.pfmob = betap.pfmob = 1110-5 (V/cm)1/2, 
gamma.pfmob = 0, as Set-4. These are the main parameters 
that can be adjusted to match the experimental-simulation 
I-V curves of OTFT with organic semiconductors. 
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Abstract – In this work, we assess the impact that changes in 
the parameters of the quasi-static memdiode model (QMM) for 
RRAM devices will have on the simulated conduction 
characteristics. Sensitivity analysis is recognized as the most 
important technique for identifying which parameters are key 
drivers of the model’s results. The model’s reference parameters 
are extracted first from a typical (median) experimental I-V curve 
of an electroformed HfO2-based metal-insulator-metal (MIM) 
structure. Then one parameter is changed at a time (so-called 
univariate or one-way analysis) in the LTSpice script and the 
variation of some selected observables recorded. Special attention 
is paid to the voltage span-induced sensitivity effect. 
 

I. INTRODUCTION 
 

Memristors or resistive RAMs (RRAMs) are two 
terminal devices with a non-volatile switching resistance 
property. The devices can switch from a high-resistance 
state (HRS) to a low-resistance state (LRS) in a process 
called the set event. The opposite process (transition from 
LRS to HRS) is called the reset event [1]. This kind of 
devices are currently considered as good candidates for a 
plethora of applications including memory arrays, 
neuromorphic computing, logic gates, cryptography, etc. 
[2-3]. For this reason, the development of appropriate 
compact simulation tools is urgently needed. As there is 
still no definite model for these devices and the number of 
approaches relentlessly grow year after year, the different 
proposals must be thoroughly evaluated before considering 
them reliable. In this work, we have focused the attention 
on a particular feature of the quasi-static memdiode model 
(QMM). This is also valid for any other model. This 
feature is the sensitivity of the model, that is, how 
uncertainty in the simulation output can be apportioned to 
different sources of uncertainty in the model input [4]. In 
our case, we must consider as inputs not only the model 
parameters but also the voltage span considered. This is a 
relevant issue because of the hysteretic nature of the 
memristor conduction curve: the current that flows through 
the device depends on the applied voltage as well as on its 

previous history. This work is also motivated by the need 
to ensure consistency with a previous work concerning 
cycle-to-cycle (C2C) variability in RRAM devices 
simulation [5]. In [5], a method for achieving uncorrelated 
C2C variability by extracting some parameter distributions 
from the experimental data and their incorporation into the 
QMM’s parameters for Monte Carlo simulations was 
proposed. The obtained results showed that simulations can 
reasonably reproduce the main features exhibited by the 
experimental curves. In this work, a one-way sensitivity 
analysis, which consists in the change of one parameter at 
a time and the evaluation of its impact on the model output, 
is carried out [6]. The method was applied to the QMM for 
four significant observables related to the I-V 
characteristic. They are: i) the high (IHRS) and ii) low (ILRS) 
resistance state currents extracted at V=0.3V, iii) the set 
voltage (VS) corresponding to the current jump in the 
positive bias region, and iv) the reset voltage (VR) 
corresponding to the maximum current reached at negative 
bias. These four observables, the two extreme conducting 
states and the set and reset transitions, are selected so as to 
cover the different regions of a typical RRAM I-V curve. 
 

II. THE QUASI-STATIC MEMDIODE MODEL 
 

As mentioned in the Introduction, the one-way 
sensitivity analysis was applied to the QMM model [7]. 
This model describes the conduction characteristics of 
bipolar resistive switching devices. The switching is 
originated by the formation of a conducting filament (CF) 
inside the dielectric caused by the application of an 
external field. This filament is related to the accumulation 
of metal ions or oxygen vacancies (depending on the 
device type). The CF can be ruptured by the application of 
a field with the opposite sign. 

The QMM comprises two equations, one for the 
electron transport, consisting in a double-diode circuit with 
series resistance (1), and a second equation for the internal 
memory state of the device based on the logistic hysteron 
(2). According to this model, the I-V characteristic of a 
RRAM device reads: 
 

 (1) 

 
where I0 (λ) = Imin + (Imax – Imin)λ is the diode current 
amplitude, RS and Ri series resistances, α a fitting 
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parameter and Imin and Imax, minimum and maximum 
current amplitude values, respectively. Both RS and α can 
change in a similar fashion. From (1), as I0 increases the I-
V curve modifies its dependence from an exponential 
function to a linear one. This is a consequence of the series 
resistance effect. The memory state λ, which is a control 
parameter that runs from 0 (HRS) to 1 (LRS), is related to 
the voltage across the filament’s constriction VC = V – RiI 
through the recursive operator:  
 

 (2) 

 
where λ(VC) is the memory value a timestep before and ΓS 
and Γr are the so-called ridge functions. These functions 
are expressed as: 
 

 
(3) 

 
which represent the sequential creation (s) and dissolution 
(r) of the conductive filament. ηs/r are the set (s) and reset 
(r) transition rates and Vs/r are the threshold voltages for set 
(s) and reset (r). The model uses other parameters for the 
fine-tuning of the simulated curves (see the script in 
Table I) and it is implemented in LTSpice using an 
equivalent circuit with behavioral current sources. H is the 
output node corresponding to the memory state. The model 
includes the snapback (isb) and snapforward (gam) effects. 
 

TABLE I 
LTSPICE QMM SCRIPT. THE LISTED PARAMETERS ARE SET TO FIT 

THE MEDIAN CURVE OF THE EXPERIMENTAL DATA. MODEL 
PARAMETERS ARE NOT DIRECTLY LINKED TO THE CORRESPONDING 

OBSERVABLE. 
 
subckt memdiode + - H 
.params 
+ H0=8E-3 ri=190 vt=0.45 isb=43E-6 
+ etas=200 vs=2 etar=10 vr=-0.63 CH0=1E-3 
+ imax=4.8E-3 amax=2 rsmax=15 gam=0.12 
+ imin=1E-5 amin=2 rsmin=15 RPP=1E10 
*Memory equation 
BH 0 H I=min(R(V(C,-)),max(S(V(C,-)),V(H))) Rpar=1 
CH H 0 {CH0} ic={H0} 
*I-V 
RE + C {ri} 
RS C B R=RS(V(H)) 
BD B - I=I0(V(H))*sinh(A(V(H))*V(B,-)) 
RB + - {RPP} 
*Auxiliary functions 
.func I0(x)=imin+(imax-imin)*x 
.func A(x)=amin+(amax-amin)*x 
.func RS(x)=rsmin+(rsmax-rsmin)*x 
.func S(x)=1/(1+exp(-etas*(x- if(I(BD)>isb,vt,vs)))) 
.func R(x)=1/(1+exp(-etar*pow(V(H),gam)*(x-vr))) 
.ends 
 

III. EXPERIMENTAL RESULTS AND ANALYSIS 
 

The devices investigated in this work are HfO2-based 
MIM structures with oxide thickness of 10nm and area of 
5x5m2. The electrodes are Ti and W. The device structure 
can be seen in Fig. 1.a. Further details about the devices, 
fabrication, and measurements can be found in [8]. The 
model parameters are chosen so as to reproduce the median 
curve of the experimental data obtained from 450 
consecutive voltage sweeping cycles. Fig. 1.b shows the 
comparison between the simulated curve and the median 
curve obtained from the experimental data. The four 
observables that will be analyzed are indicated in the 
figure. Notice that the current magnitude in HRS and LRS 
is independent of the bias sign. The complete set of 
measurements is presented in Fig. 1.c in log-lin scale. 

 

 
 

Fig. 1. a) Device structure, b) simulation results compared to the 
experimental median I-V curve extracted from c) experimental 
450 voltage sweeps with current in logscale. 



75

parameter and Imin and Imax, minimum and maximum 
current amplitude values, respectively. Both RS and α can 
change in a similar fashion. From (1), as I0 increases the I-
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function to a linear one. This is a consequence of the series 
resistance effect. The memory state λ, which is a control 
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curve of the experimental data obtained from 450 
consecutive voltage sweeping cycles. Fig. 1.b shows the 
comparison between the simulated curve and the median 
curve obtained from the experimental data. The four 
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measurements is presented in Fig. 1.c in log-lin scale. 

 

 
 

Fig. 1. a) Device structure, b) simulation results compared to the 
experimental median I-V curve extracted from c) experimental 
450 voltage sweeps with current in logscale. 

The one-way analysis was carried out considering a 
bias voltage high enough to achieve the full set and reset 
states. Hence, Fig. 2 illustrates the effect of the maximum 
applied voltage (Vapp) on the simulations. The figure also 
indicates the trends for the four different observables as the 
applied voltage is increased. Notice that for a maximum 
applied voltage of 1.5V (red curve), the simulation does 
not achieve a full reset state so this voltage affects the 
sensitivity studies performed on the rest of observables. 
This is an important point to consider. 

 

 
 

Fig. 2. Simulated I-V curves for different applied voltages. The 
change in the observables is indicated. 
 

In what follows, we will only consider only full set 
and reset states. This can be achieved with a maximum 
applied voltage of 2.5V (see Fig. 2). The parameters were 
swept one at a time (50 steps each) in a reasonable range 
and the obtained I-V curves analyzed. Fig. 3 shows the 
relative variation of the observables as a function of the 
relative variation of selected model parameters: a) ηr (reset 
transition rate), b) α (I-V slope parameter), c) Imax, and d) 
Imin (maximum and minimun currents). Table II 
summarizes the magnitude and trend associated with the 
variation of the four observables in terms of all the 
modified model parameters (a change of ±30% from its 
reference value was considered for the analysis). The 
reference parameters are those obtained from the fitting of 
the median curve (see Fig. 1.b).  

Notice that there are colors and signs in Table II. Red 
means almost no dependence between the observable and 
the model parameter; orange indicates that for a 10% 
model parameter variation, less than 10% variation is 
detected in the observable. Finally, green corresponds to a 
variation larger than 10%. (+) or (-) indicate direct or 
inverse dependence, respectively. Reading the first column 
of Table II, we can see the impact of all the inputs over the 
observable IHRS, it has a strong and positive dependence on 
alpha, Imin and gam. It also exhibits strong and inverse 
dependence on Vapp and etar. Weak and positive effect 
from Vr and Imax and scarcely affected by Ri, etas, Rs and 
Isb. 

 
 

Fig. 3. One-way sensitivity plots for the relative change of the 
observables a) IHRS, b) ILRS, c) VS and d) VR against the relative 
change of the model parameters: etar, alpha, Imax and Imin.  
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Notice that this kind of analysis is a necessary step for 
the incorporation of C2C variability in the model script. 
Modelers can test a wide range of scenarios and need to 
know how this variability in the model inputs can modify 
their simulations. 
 

TABLE II 
INTENSITY AND SIGN (DIRECT OR OPPOSITE) OF FOUR OBSERVABLES 

AGAINST ALL THE ANALYZED PARAMETERS. + AND – SIGNS FOR 
DIRECT AND INVERSE DEPENDENCE, RESPECTIVELY. GREEN: >10%, 

ORANGE: <10% AND RED 0%. 
 
 

 

 

 

 

 

 

 

 
 

IV. CONCLUSION 
 

A one-way sensitivity analysis was performed on the 
quasi-static memdiode model. The impact that variations in 
the model inputs will have in the model outputs was 
investigated. The work was motivated by the need to 
extend the analysis carried out in a previous work [5] 
where a first attempt to include C2C variability in RRAM 
simulations, particularly in the QMM for LTSpice, was 
reported. Here, the role played by the different model 
parameters was assessed. The results were graphically 
represented in a table summarizing the intensity and relation 
between the model inputs and outputs (direct or inverse).  
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Notice that this kind of analysis is a necessary step for 
the incorporation of C2C variability in the model script. 
Modelers can test a wide range of scenarios and need to 
know how this variability in the model inputs can modify 
their simulations. 
 

TABLE II 
INTENSITY AND SIGN (DIRECT OR OPPOSITE) OF FOUR OBSERVABLES 

AGAINST ALL THE ANALYZED PARAMETERS. + AND – SIGNS FOR 
DIRECT AND INVERSE DEPENDENCE, RESPECTIVELY. GREEN: >10%, 

ORANGE: <10% AND RED 0%. 
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quasi-static memdiode model. The impact that variations in 
the model inputs will have in the model outputs was 
investigated. The work was motivated by the need to 
extend the analysis carried out in a previous work [5] 
where a first attempt to include C2C variability in RRAM 
simulations, particularly in the QMM for LTSpice, was 
reported. Here, the role played by the different model 
parameters was assessed. The results were graphically 
represented in a table summarizing the intensity and relation 
between the model inputs and outputs (direct or inverse).  
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Plasmonic Crystals with Conical Perforations as 
Multipurpose Optical Elements 

 
M. Obradov, Z. Jakšić, I. Mladenović, D. Tanasković, and D. Vasiljević Radović  

 
 

Abstract - Plasmonic crystals exhibit excellent waveguiding 
and extreme light localizing properties. However, if additionally 
perforated, their structure assumes vastly enhanced functionality 
and becomes the basis for e.g. double negative refractive index 
metamaterials and superabsorbers. In this work we consider 1D 
plasmonic crystal consisting of alternating metallic and dielectric 
layers perforated by an array of conical holes tapering off as they 
penetrate the multilayer. We utilized the finite element method 
(Comsol multiphysics®) to calculate the response of our proposed 
structures – electromagnetic field intensity and frequency 
dispersion of scattering parameters. Utilizing at the same time a 
multilayer and perforations with a varying cross section 
simultaneously broadens the useful spectrum and allows for 
additional plasmonic modes. In addition to an enhanced 
absorption associated with the plasmonic modes, the functionality 
of the structure is further increased by allowing spectral selection 
of dielectric layers with strong light localization. The proposed 
structure can be used for a multitude of practical applications. 
They include (but are not limited to) an alternative approach to 
superabsorber design, the enhancement of the performance of 
multianalyte biochemical sensors, photodetectors, solar cells and 
photocatalysts, as well as optical switching. 
 

I. INTRODUCTION 
 

Plasmonics is a rapidly expanding field of 
electromagnetic optics dealing with evanescent fields in 
metal-dielectric nanocomposites. Optical devices utilizing 
plasmonic structures ensure novel functionalities and 
unprecedented levels of control over optical fields [1].  
Unsurprisingly, this results in numerous fields of practical 
use including ultrasensitive biochemical sensors, 
superconcentrators, superabsorbers, optical modulators, 
enhancement of photovoltaic and photocatalytic processes 
and many more [2-5]. Furthermore, due to their 
characteristic dimensions (subwavelength in the optical 
range) plasmonic devices are the only optical devices that 
can be integrated with the same density as electronic 
devices. Ideally this not only makes them a bridge between 
optics and electronics but also imparts them the best 
properties of both worlds [6].   

One of the most interesting traits of plasmonic 
structures is that due to their inherent contraction of optical 
space they are not subject to the conventional diffractive 

limit. This leads to overcoming the limitations of the 
conventional optical elements and to many new and even 
counter-intuitive properties and behaviors. One such 
example is that of 1D plasmonic crystal. Even the simplest 
one, having only 3 layers in a metal-insulator-metal (MIM) 
configuration, exhibits excellent waveguiding and extreme 
light localizing properties, readily surpassing any 
competing non-plasmonic structures. However, if 
additionally perforated, an MIM structure assumes vastly 
enhanced functionalities and becomes the basis for e.g. 
double negative refractive index metamaterials and 
superabsorbers [7, 8].  

In this work we consider 1D plasmonic crystal 
consisting of alternating metallic and dielectric layers 
perforated by an array of conical holes tapering off as they 
penetrate the multilayer, as shown in Fig.1. 

 

 
 
Fig. 1. General geometry of the 1D plasmonic crystal perforated 
with conical openings 
 

II. THEORY 
 

We examine a multilayer structure with alternating 
metal and dielectric strata. The strata are fully described by 
their complex relative dielectric permittivity and 
geometrical properties. Relative dielectric permittivity of 
metal is well described by the lossy extended Drude 
model[9]: 
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where p is the plasma frequency of the electron plasma,  
∞ is the asymptotic dielectric permittivity and =1/ is the 
characteristic frequency related to the damping due to the 
relaxation of free carrier plasma, where  is the relaxation 
time. 

The interfaces between dielectric and metal support 
surface plasmon polaritons (SPP). Dispersion relation of 
SPPs is given as [9]: 
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where  is SPP propagation constant, and d and m are the 
values of the complex dielectric permittivity of dielectric 
and metal, respectively, spp is the surface plasmon 
polariton frequency and p is the plasma frequency of the 
metal.  

In the case of multiple alternating layers the SPPs on 
individual interfaces interact with each other, leading to 
splitting of states. Thus the number of modes supported by 
the multilayer is proportional to the number of the layers. 
For plasmonic crystals with a large number of layers these 
split states form bands, similarly to the behavior of 
electrons propagating in the periodic potential of a crystal 
lattice [10].  

Additional embedding of diffractive gratings in 1D 
plasmonic crystals enables direct coupling of plasmonic 
modes to propagating waves and allows for further 
tailoring of plasmonic crystal optical properties [7]. Direct 
coupling between an SPP and an incident propagating 
wave is readily described by the wave vectors of the 
diffracted mode kd, the propagating wave kp and the surface 
mode  The diffracted mode wave vector kd is determined 
by the diffractive grating constant A as 
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where m is an integer. Coupling of the propagating wave to 
the SPP occurs when following condition is met 
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where  is the angular frequency, c is the speed of light in 
the medium above the plasmonic surface and   is the 
incident angle. 

III. RESULTS AND DISCUSSION 
 

We utilized the finite element method (Comsol 
multiphysics®) to calculate the response of our proposed 
structures – electromagnetic field intensity and frequency 
dispersion of scattering parameters. The structure is 
illuminated from the top with normal incidence. 

We are considering structures with 3 and 4 metallic 
layers, where the top and the bottom layer are always 
metallic (a generalized MIM case). Optical parameters of 
metal (gold) are modeled using Drude model [11] and 
dielectric is assumed to be lossless with a constant 
refractive index of 1.2. A single layer thickness is 20 nm 
for both metal and dielectric. The maximum cone radius is 
100 nm and it tapers down to 10 nm. The cones fully 
penetrate all the layers except the last metallic layer. The 
distance between adjacent holes at the maximum diameter 
of the cones is 100 nm. 

The dispersive properties of our structures are shown 
in Fig. 2. The dips in reflection signify coupling of the 
incident light with the plasmonic modes of the structure. 
Since there is practically no transmission through the 
structure (5% or less), the structure effectively behaves as a 
superabsorber. Utilizing at the same time a multilayer and 
perforations with a varying cross section simultaneously 
broadens the useful spectrum i.e. allows for additional 
plasmonic modes. As a design philosophy, the structures 
with a large number of infinitesimally thin layers would 
offer a virtual continuum of plasmonic states as well as 
practically continuous change in diffractive grating 
constant for incident light coupling.   

The field intensity distributions are shown in Fig. 3. 
As expected, when coupled to plasmonic modes the optical 
field is localized within the dielectric layers on an 
extremely subwavelength level. The field intensities are 
enhanced by orders of magnitude due to extreme 
localization. For 4 layer structure Fig. 3.b and Fig. 3.c 
show the high spectral selectivity between central and outer 
dielectric layers for light localization. 
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Fig. 2. Spectral properties of 1D plasmonic crystal with conical 
perforations depending on the number of metallic layers 
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where p is the plasma frequency of the electron plasma,  
∞ is the asymptotic dielectric permittivity and =1/ is the 
characteristic frequency related to the damping due to the 
relaxation of free carrier plasma, where  is the relaxation 
time. 

The interfaces between dielectric and metal support 
surface plasmon polaritons (SPP). Dispersion relation of 
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We utilized the finite element method (Comsol 
multiphysics®) to calculate the response of our proposed 
structures – electromagnetic field intensity and frequency 
dispersion of scattering parameters. The structure is 
illuminated from the top with normal incidence. 

We are considering structures with 3 and 4 metallic 
layers, where the top and the bottom layer are always 
metallic (a generalized MIM case). Optical parameters of 
metal (gold) are modeled using Drude model [11] and 
dielectric is assumed to be lossless with a constant 
refractive index of 1.2. A single layer thickness is 20 nm 
for both metal and dielectric. The maximum cone radius is 
100 nm and it tapers down to 10 nm. The cones fully 
penetrate all the layers except the last metallic layer. The 
distance between adjacent holes at the maximum diameter 
of the cones is 100 nm. 

The dispersive properties of our structures are shown 
in Fig. 2. The dips in reflection signify coupling of the 
incident light with the plasmonic modes of the structure. 
Since there is practically no transmission through the 
structure (5% or less), the structure effectively behaves as a 
superabsorber. Utilizing at the same time a multilayer and 
perforations with a varying cross section simultaneously 
broadens the useful spectrum i.e. allows for additional 
plasmonic modes. As a design philosophy, the structures 
with a large number of infinitesimally thin layers would 
offer a virtual continuum of plasmonic states as well as 
practically continuous change in diffractive grating 
constant for incident light coupling.   

The field intensity distributions are shown in Fig. 3. 
As expected, when coupled to plasmonic modes the optical 
field is localized within the dielectric layers on an 
extremely subwavelength level. The field intensities are 
enhanced by orders of magnitude due to extreme 
localization. For 4 layer structure Fig. 3.b and Fig. 3.c 
show the high spectral selectivity between central and outer 
dielectric layers for light localization. 
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Fig. 2. Spectral properties of 1D plasmonic crystal with conical 
perforations depending on the number of metallic layers 

a)  
 

b)  
 

c)  
 

Fig. 3. Field intensity distribution in a single unit cell (single 
conical hole cross section): a) 3 metallic layers structure at 720nm 
wavelength; b) 4 metallic layers structure at 570 nm wavelength; 
c) 4 metallic layers structure at 640 nm wavelength (logarithmic 
scale). 

IV. CONCLUSION 
 

The proposed structures offer excellent field 
localization, extended enhanced absorption spectra and 
spectral control over spatial field distributions. As such, 
our structures can be used as a basis for a multitude of 
practical applications. They include (but are not limited to) 
an alternative approach to superabsorber design, the 
enhancement of the performance of multianalyte 
biochemical sensors, photodetectors, solar cells and 
photocatalysts, as well as optical switching. 
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Numerical Simulations of Trapping Efficiency in  
One-dimensional Lattice with a Coupling Defect  

as a Function of Lattice  
 

M. Stojanović-Krasić, S. Jovanović, and S. Djorić-Veljković 
 

 
Abstract – The numerical calculations related to the light 

localization in uniform one-dimensional photonic lattice at the 
local coupling defect position, are performed. It is numerically 
found the trapping dependence on lattice’s parameters. The 
width of the defect is the main parameter for light localization, 
but other parameters, such as width of the neighboring 
waveguides and separations between waveguides, can affect 
light propagations as well, which is shown here in the paper. 
 

I.  INTRODUCTION 
 

Since Yablanovitch and John have published the 
paper in which they have explained light propagation 
through two- and three-dimensional photonic crystals by 
using classical electrodynamic and solid-state physics, in 
1987, the photonic lattices has been started to be 
intensively investigated. Photonic lattices are, in fact, 
optical analogion of crystal lattices, where atoms and 
molecules are replaced by materials with different 
dialectic constants [1]-[5]. In addition, instead periodic 
Coulomb potential of atoms and molecules, the periodic 
dielectric constant occurs and leads to the periodic index 
of refraction. If the dialectic constants vary and if the 
absorption of the light is small enough, then the light 
reflection and transmission inside the lattice cause the 
same phenomena for photons as the atomic potential for 
electrons. These phenomena are consequences of zonal 
structure [6] e. g. presence of allowed and forbidden 
zones in energy spectrum of the lattice, which occurs 
because of periodic structure of the lattice. In the case of 
one-dimensional lattice, the light propagates through the 
array of waveguides and the zonal structure, caused by 
lattice’s periodicity, enables propagation of the wave 
components with exact values of propagation constants, 
while other components are disabled to propagate.  

Depending on the lattice’s structure it can be one-
dimensional, two-dimensional and three-dimensional. The 
higher dimension of the lattice allows the better 

possibilities for the light manipulations. Generally 
speaking, periodic structure enables existence of Bloch 
oscillations and discrete diffraction, while the nonlinearity 
and/or defect inserted into the lattice, can cause the 
existence of various types of localized modes [7]-[9].  

We have numerically analyzed how one-dimensional 
lattice parameters affect light localization at the local 
defect position. Defects are often present in photonic 
lattices [10], [11], and they can represent local change in 
periodical structure, or dislocations which occur by 
removing or changing elements of the structure in certain 
direction, or they can be located at the crystal surface. The 
defects, analyzed here, originate from a local change in 
the periodic structure.  

 
II. THE MODEL 

 
The analyzed system consists of one-dimensional 

uniform linear photonic lattice with an inserted local defect, 
which is in detail explained in [12], while here is 
schematically displayed in Fig. 1. The width of the 
waveguide is labeled as wg, while the separation between 
them as sg. The position of the defect is red colored, and 
the light propagation is toward the z axis.  

 

 
 
Fig. 1. Schematic display of one-dimensional photonic lattice 
with an inserted local defect.  

 
An undoped lithium-niobate (LiNbO3) is assumed to 

be a substrate in lattice’s fabrication. While nonlinearity, 
in lattices based on LiNbO3 as a substrate, can be 
achieved by selective doping with Cu or Fe or by fs laser 
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inscription. Lithium niobate is a photorefractive material 
and shows saturable nonlinearity. The same nonlinearity 
type can be found in a lattice made of other 
photorefractive materials such as: SBN, LiTaO3, BaTiO3 
and Bi12SiO20. LiNbO3 is a mechanically and chemically 
stable material and thus one of the main optical materials 
in integrated optics. It is also used in optics 
communications because of high value of electrooptic 
coefficient. High Curie temperature enables LiNbO3 to be 
convenient material for waveguide fabrication owing to 
its small loss.  

The paraxial time-independent Helmholtz equation 
can be used for modeling light propagation through the 
one-dimensional lattice: 

 

 
(1) 

where n0 is the substrate’s refractive index. The system 
analyzed by Eq. (1) is continual and periodic. The E is the 
light electric field directed toward z axis (propagation 
direction), in the lattice which is arranged along the x axis 
(periodic structure direction). The wave number is 
k0 = 2  and the light wavelength   is set to be 
514.5 nm. The potential n(x) is stationery and transverse 
and consists of periodic term and nonlinear part which is 
locally inserted: 
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The lattice potential depth is marked as Δn, in Eq. (2). 

Coefficient r is tensor r33 i.e., the electrooptic coefficient. 
The light-induced photovoltaic field is depicted with Epv , 
while Id represents the dark irradiance, whose definition is, 
Id = G / s, where the rate of dark generation is G and the 
photoionization cross section is s. ∏ is the step-like 
function, which is used to model nonlinear part of Eq. (2). 
It is zero except at the central waveguide. The periodic set 
of Gaussians is labeled with G(x) whose mathematical 
form is: 
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where xn is the center position of the nth Gaussian 
component, while the wg is the width of the waveguide 
defined as the full width at the half maximum (FWHM).  

In order to implement numerical simulations, Eq. (1) 
needs to be in a dimensionless form. Thus, the variables 
ξ = k0 x, η = k0 z and E =  ψ are introduced and applied 
on Eq. (1): 
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where nnl = γ |ψ (ξ, η) |2 / (1 + |ψ (ξ, η) |2) is the nonlinear 
term of the refractive index, which depends of the defect 
type (linear or nonlinear). In the case of the linear defect 
type the term is included, otherwise it is excluded. 
Parameter γ is nonlinearity and it is included in relative 
nonlinearity term Γ = γ/γ0, with γ0 = 0.0001 ≈ n0

3Epv r/2. 
The value of electrooptic tensor in the LiNbO3 case is 
r33 = 30 pm/V, the value of refractive index is 2.242. The 
input light beam intensity is kept at a fixed value. 

 
III. NUMERICAL EXPERIMENT AND DISCUSSION 

 
The numerical simulations of the light propagation 

through the one-dimensional lattice are performed by 
split-step Fourier method. It includes the analysis of Eq. 
(4) in operator form. The three operators exist in Eq (4): 
dispersion term which describes diffraction is the linear 
operator, the saturable nonlinearity response is analyzed 
as a nonlinear operator, while the transversal profile of the 
refractive index is marked as the third operator. It is 
assumed that, during the propagation direction, and over a 
short distance, there are influences of the three operators 
independently. The procedure consists of three steps. The 
first step includes influence of only nonlinear operator at 
the small length h. Then, under obtained result in the first 
step, the linear operator is performed for the same length 
h. During this step, there is no nonlinearity, so the fast 
Fourier transform algorithm can be used. This algorithm 
enables solving partial differential equations with 
utilization of the split-step method and can be found 
implemented in most programming packages. At the end, 
the result obtained at the second step is used and the third 
operator is performed under it for the same small length, 
like it was for previous two operators. The small length 
used in simulations is Δz ≈ 10-5 mm, while in simulations 
it is dimensionless step h = 10-4. The lattice is 20 mm long. 
The variable parameters in the simulations are the width 
of the waveguides and the width of the separation 
between them.  

The analysis of light reflection, transmission and 
capturing in nonlinear defect is performed and discussed 
in detail in [12]. Interaction between nonlinear defect and 
interface is also performed [3]. The different widths linear 
and nonlinear defects which can also be symmetrical or 
asymmetrical is presented in [5]. Here, it is shown the 
difference between the heights of amplitudes depending 
on the waveguides widths and also depending on the 
separations between waveguides, as can be seen in Fig. 2 
and Fig. 3. In Fig. 2 can be noticed slightly difference in 
amplitude profiles of wide (6 m) linear symmetric defect 
for three different widths of the surrounding waveguides.  
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inscription. Lithium niobate is a photorefractive material 
and shows saturable nonlinearity. The same nonlinearity 
type can be found in a lattice made of other 
photorefractive materials such as: SBN, LiTaO3, BaTiO3 
and Bi12SiO20. LiNbO3 is a mechanically and chemically 
stable material and thus one of the main optical materials 
in integrated optics. It is also used in optics 
communications because of high value of electrooptic 
coefficient. High Curie temperature enables LiNbO3 to be 
convenient material for waveguide fabrication owing to 
its small loss.  

The paraxial time-independent Helmholtz equation 
can be used for modeling light propagation through the 
one-dimensional lattice: 
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where n0 is the substrate’s refractive index. The system 
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(periodic structure direction). The wave number is 
k0 = 2  and the light wavelength   is set to be 
514.5 nm. The potential n(x) is stationery and transverse 
and consists of periodic term and nonlinear part which is 
locally inserted: 
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The lattice potential depth is marked as Δn, in Eq. (2). 
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Fig. 2. Profiles of the output light beam amplitude. The light is 
launched at the 6 µm wide linear symmetrical defect (LD). The 
width of the waveguides is the varying parameter. The output 
amplitude profile for 4 µm wide waveguides is blue coloured, 
for 4.5 µm, red, while for 3.5 µm, it is green coloured.  

 

 
 
Fig. 3. Profiles of the output light beam amplitude. The light is 
launched at the 6 µm wide linear symmetrical defect (LD). The 
separation between waveguides is the varying parameter. The 
separation of 4 µm enables existence of output amplitude profile 
red coloured, of 3.5 µm blue coloured, while for 4.5 µm, the 
output amplitude is green coloured. 
 

In Fig. 2 are presented the output amplitude profile 
for 3.5 µm, 4 µm, and 4.5 µm wide waveguides, while the 
difference in amplitude profiles for narrow one (2 m) is 
not obvious. Also, the nonlinearity of the defect does play 
the significant role so the result is similar to the one in 
presented linear case. 

In Fig. 3 the separation between the neighbouring 
waveguides and defect is varied parameter (3.5 µm, 4 µm, 
and 4.5 µm wide). It can be noticed that if the separations 
are longest, there is the better light capturing at the defect 
position. The observed defect mode is found to be stable 
in evolution simulations. 

 

 
 
Fig. 4. Profiles of the output light beam amplitude. The profiles 
are obtained for two input light beam wavelengths launched into 
the wider symmetric linear defect. 
 

 

 
Fig. 5. Profiles of the output light beam amplitude. The 
presented profiles are obtained for three input light beam 
FWHM inserted into the wider symmetric linear defect.  
 

Additionally, the input light wavelength  can 
also slightly affect the defect’s light capturing. In Fig. 4 is 
presented the output light beam amplitude profiles formed 
at wide defect’s position for two different input light 
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beam wavelengths (450 nm and 550 nm). As well as 
wavelengths, the FWHM of light also affect light trapping 
on the defect position, as can be seen in Fig. 5. The 
smallest value of FWHM, produces the smallest height of 
output light amplitude profile at the wider defect position. 

The effects presented in Figs. 4 and 5 are less 
obvious in the case of narrow symmetric defect (2 m 
wide), and so the presented results are for the wider 
symmetric defect (6 m wide). The asymmetric 
defects [5] show quite similar behaviour like the 
symmetric one under the same conditions and parameters. 
Obtained results can contribute to the better insight into 
the light propagation through the photonic lattices and 
light trapping at the linear defect position.  
 

IV. CONCLUSION 
 

In the paper is analyzed how the waveguide width 
and separation between the waveguides affect light 
trapping at the linear defect position in the photonic 
lattices. The ratio of these two variables can lead to 
change in light trapping, as well as the wider separation 
between the defect and nearest waveguides can lead to 
better light capturing. Also, the input light wavelength 
and the FWHM can slightly affect the light capturing of 
defect. The investigation of photonic lattices enables new 
possibilities for light control in terms of switching, 
filtering and routing. 
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Magnetoplasma Terahertz Solitons and Collapsing 
Pulses in Narrow-Gap Semiconductors 

 
V. Grimalsky, S. Koshevaya, Yu. Rapoport, and J. Escobedo-Alatorre 

 
 

Abstract – It is investigated theoretically a possibility of 
propagation of terahertz envelope solitons and collapsing pulses 
in narrow-gap semiconductors along a bias magnetic field. The 
quasi-relativistic electron nonlinearity is considered. The 
equivalence of the semi-classical kinetic approach and the 
hydrodynamic one is demonstrated. For low frequency helicon 
waves strict limitations for the realization of envelope solitons 
and collapsing pulses are pointed out. At higher frequencies the 
frequency intervals for envelope temporal and spatial soliton 
propagation and the wave collapse are determined. The bias 
magnetic field controls the nonlinear wave dynamics there. 
 

I. INTRODUCTION 
 

As the nonlinear media in terahertz (THz) range, the 
narrow-gap volume semiconductors like n-InSb, n-InAs are 
of great interest, because there is a possibility to create both 
active and passive optical and electronic devices. In THz 
range under the temperatures T  50 K the dominating 
cubic nonlinearity of n-InSb is due to the nonparabolicity 
of the electron dispersion law (p), so-called the quasi- 
relativistic Kane dispersion law [1, 2]:  
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Here vc  1.5·108 cm/s, g   0.23 eV is the bandgap, m*   
0.014me  10-32 kg is the electron effective mass in InSb. It 
is important for applications that in n-InSb this nonlinearity 
in THz range possesses the reactive, or non-dissipative, 
character [1]. The electron collision frequency is quite 
small there  = 1011 – 1012 s-1. 

Without a bias magnetic field it is possible to observe 
the nonlinear focusing of THz envelope electromagnetic 
(EM) pulses both in longitudinal and in the transverse 
directions and to realize both envelope solitons and the 
collapsing envelope pulses and wave bullets [3]. The bias 
magnetic field affects the motion of the electron gas and 
changes the dispersion properties of EM plasma waves. 

Moreover, new low frequency branches of EM waves 
appear like helicon one [4]. 

The report is devoted to the nonlinear envelope THz 
EM wave propagation in narrow-gap semiconductors along 
the bias magnetic field B0. The nonlinearity of electric 
current due to the quasi- relativistic electron dispersion law 
has been calculated both from the nonlinear kinetic theory 
and from the simplified hydrodynamic approach. It has 
been demonstrated that the kinetics and hydrodynamics 
yield the same results. For THz EM waves propagating 
along the bias magnetic field the nonlinear dispersion 
equation and the nonlinear equation for the wave envelope 
are derived. The cases of nonlinear waves both at relatively 
low frequencies, i.e. helicon waves, and ones at higher 
frequencies are considered. There are strict limitations to 
excite helicon solitons with respect to their carrier 
frequencies and parameters of n-InSb. For nonlinear EM 
waves at higher frequencies the bias magnetic field controls 
frequency intervals where the excitation of both envelope 
solitons and collapsing pulses is possible.        
 

II. BASIC EQUATIONS 
 

In the report the nonlinear dynamics of the electron 
gas is investigated within the framework of the quasi-
relativistic hydrodynamic equation. Using Eq. (1), for the 
average electron velocity this equation takes the form [3]: 
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To justify the using of the nonlinear hydrodynamics, a 

comparison of the nonlinear current in THz range derived 
from the hydrodynamics and the quasi-classical Boltzmann 
kinetics is done. The simplest results of the comparison are 
given below in the absence of the magnetic field.    

The kinetic Boltzmann equation in the collisionless 
approximation is [1]:  
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Here p is the electron quasi-momentum. This equation is 
valid in THz range, where the inequality takes place: 
 << , where  ~ 1013 s-1 is the frequency of EM field, 
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 = 1011 – 1012 s-1 is the electron collision frequency. In 
THz range it is possible to neglect by interband electron 
transitions. To compute the density of current, the case of 
the linear polarization of the electric field is considered 
along OX axis: E = Ex.  

The solution of Eq. (3) is:  
 

.))(exp(1)(

;,);()(

1

0

0

−












+=




=−=

T

AA

ppf

t
AEAepppfpf





      (4) 

 
Here –A is the vector-potential, f0(p) is the distribution of 
Fermi, )( p  is the electron energy, Eq. (1), ET ≡ kBT , T is 
temperature in Kelvins. Here our goal is to obtain the 
dependence of the density of current on the electric field, 
and the electric field is expressed through the vector-
potential. 

The x-component of the electron velocity for the 
quasi-classical motion is obtained as:  
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The density of the electric current is calculated from the 
kinetic approach:  
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The position of the Fermi level EF is determined by the 

equilibrium electron concentration n0. The equation for EF 
is: 
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In Fig. 1 there are the nonlinear dependencies of the 
density of the electric current on THz electric field. In 
curves 1, 2 the results of the kinetic simulations are given 
at different temperatures whereas in the curve 3 there are 
the hydrodynamic simulations. It is seen that there is the 
coincidence of the nonlinear current – field dependencies 
for the kinetic approach and hydrodynamic one.  

Also more complicated simulations have been realized 
for the dependencies of the components of the tensor of the 
linear conductivity of the electron gas in the bias magnetic 
field. The complete coincidence has been obtained there 
between the kinetics and the hydrodynamics there. It is 
possible to conclude that the hydrodynamic approach is 
adequate when the electron gas in the narrow-gap 
semiconductors is not degenerated. 

As the basic equations for nonlinear THz EM wave 
propagation, the hydrodynamic Eq. (2) is used jointly with 
the Maxwell equations (SI units): 
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a)                                                   b) 
 

Fig. 1. The nonlinear dependencies of the density of electric 
current in n-InSb on the THz electric field in the absence of the 
bias magnetic field B0 = 0. The frequency is  = 1.5·1013 s-1. Part 
a) is for the electron concentration n0 = 1015 cm-3, b) is for 
n0 = 1016 cm-3. Curves 1, 2 are from the kinetics at the 
temperatures T = 50 K and 150 K. Curve 3 is from the 
hydrodynamics. 
 

The main attention is paid to the dispersion, 
diffraction, and nonlinear properties of nonlinear envelope 
waves of different branches of THz EM waves that 
propagate along the bias magnetic field, OZ||B0. These 
waves possess the circular polarization.  

The linear permittivity tensor is 
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Here l  17 is the lattice permittivity of InSb, p ~ 31013 s-1 
is the plasma frequency, h ~ 1013 s-1 is the cyclotron one. 
The bias magnetic field is B0 ~ 1 - 3 T. The electron 
concentration is n0 ~ 1015 – 1016 cm-3. 

The nonlinear dispersion equation for THz EM waves 
has been obtained from Eqs. (2), (8) with using the 
dependence )exp(~,, xikziktivHE xz ++− 
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 = 1011 – 1012 s-1 is the electron collision frequency. In 
THz range it is possible to neglect by interband electron 
transitions. To compute the density of current, the case of 
the linear polarization of the electric field is considered 
along OX axis: E = Ex.  

The solution of Eq. (3) is:  
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Here –A is the vector-potential, f0(p) is the distribution of 
Fermi, )( p  is the electron energy, Eq. (1), ET ≡ kBT , T is 
temperature in Kelvins. Here our goal is to obtain the 
dependence of the density of current on the electric field, 
and the electric field is expressed through the vector-
potential. 

The x-component of the electron velocity for the 
quasi-classical motion is obtained as:  
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The density of the electric current is calculated from the 
kinetic approach:  
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The position of the Fermi level EF is determined by the 

equilibrium electron concentration n0. The equation for EF 
is: 
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In Fig. 1 there are the nonlinear dependencies of the 
density of the electric current on THz electric field. In 
curves 1, 2 the results of the kinetic simulations are given 
at different temperatures whereas in the curve 3 there are 
the hydrodynamic simulations. It is seen that there is the 
coincidence of the nonlinear current – field dependencies 
for the kinetic approach and hydrodynamic one.  

Also more complicated simulations have been realized 
for the dependencies of the components of the tensor of the 
linear conductivity of the electron gas in the bias magnetic 
field. The complete coincidence has been obtained there 
between the kinetics and the hydrodynamics there. It is 
possible to conclude that the hydrodynamic approach is 
adequate when the electron gas in the narrow-gap 
semiconductors is not degenerated. 

As the basic equations for nonlinear THz EM wave 
propagation, the hydrodynamic Eq. (2) is used jointly with 
the Maxwell equations (SI units): 
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a)                                                   b) 
 

Fig. 1. The nonlinear dependencies of the density of electric 
current in n-InSb on the THz electric field in the absence of the 
bias magnetic field B0 = 0. The frequency is  = 1.5·1013 s-1. Part 
a) is for the electron concentration n0 = 1015 cm-3, b) is for 
n0 = 1016 cm-3. Curves 1, 2 are from the kinetics at the 
temperatures T = 50 K and 150 K. Curve 3 is from the 
hydrodynamics. 
 

The main attention is paid to the dispersion, 
diffraction, and nonlinear properties of nonlinear envelope 
waves of different branches of THz EM waves that 
propagate along the bias magnetic field, OZ||B0. These 
waves possess the circular polarization.  

The linear permittivity tensor is 
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Here l  17 is the lattice permittivity of InSb, p ~ 31013 s-1 
is the plasma frequency, h ~ 1013 s-1 is the cyclotron one. 
The bias magnetic field is B0 ~ 1 - 3 T. The electron 
concentration is n0 ~ 1015 – 1016 cm-3. 

The nonlinear dispersion equation for THz EM waves 
has been obtained from Eqs. (2), (8) with using the 
dependence )exp(~,, xikziktivHE xz ++− 

: 
 

.0)||,,,( 2 =AkkD xz                       (10) 
 

Here A is the amplitude of the nonlinear wave. The linear 
dispersion equation for the plane EM wave that moves in z-
direction is D(ω0, kz0, 0, 0) = 0. Then the nonlinear 
equation for the slowly varying amplitude, or the envelope, 
of the EM wave has been derived by means of the standard 
procedure [5]. The expansion of the nonlinear dispersion 
equation Eq. (10) near the values of the frequency and the 
wave number of the linear wave is: 
 

,, 00 zzz kkk +=+=               (11) 

...||
||

||
||

)(
)(

2
1

2
2

2
2

2

2
2

2
2

2

+



+




+

+



+




+




=

Ak
Ak

A
A

k
k

k
k

k
k

z
z

x
x

z
z

z
z





 (12) 

 
Then the symbolic relations are used [5]: 
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As a result, the equation for the envelope A(z,x,t) of 

the nonlinear wave is derived: 
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Here vg is the group velocity, G11, G12 are the dispersion 
coefficients, G21, G22 are the diffraction ones; N1 is the 
nonlinearity coefficient, N2 is the dispersion of 
nonlinearity;  is the wave dissipation. The nonlinearity is 
due to the dependence of the effective mass on the 
amplitude, i.e. the effective mass increases with the 
increase of the amplitude, as seen from Eq. (1). So the 
nonlinearity results in the decrease of the plasma and 
cyclotron frequencies p, h.  

The dynamics of the nonlinear wave depends 
essentially on the signs of the dispersion G11, diffraction 
G21, and the nonlinearity coefficient N1 [5]. The wave 
dissipation  should be small to observe the nonlinear 
wave dynamics.    
 

III. RESULTS OF SIMULATIONS 
 

The lower frequency branch is the helicon wave [4]. 
The linear dispersion relation for the helicon at kx = 0;  
<< h, p, p

2/(hl), is: 
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The simulated dependencies of the coefficients G11, 

G21, N1, and  on the carrier frequency f  /2 for the 
helicon wave are presented in Fig. 2. The time is 
normalized to tn = 6/, the distances are normalized to ln = 
vg·tn. The amplitude A for the electron velocity is 
normalized to vc. The bias magnetic field is B0 = 2 T. In the 
part a) the electron concentration n0 = 1016 cm-3, the 
collision frequency is  = 5·1011 s-1 at the temperature T  
80 K. At the frequencies  < h/4 there is G11N1 > 0, so it 
is possible to observe the propagation of the temporal 
envelope solitons there. But the values of the dispersion 
coefficient are small there, |G11| < . Therefore it is rather 
better to use smaller electron concentrations to decrease the 
collision frequencies. In Fig. 2, b) the electron 
concentration is n0 = 1015 cm-3, the collision frequency is 
 = 2·1011 s-1. Both the temporal envelope solitons (G11N1 
> 0) and the spatial ones (G21N1 > 0) are possible. But the 
frequency interval where these inequalities are satisfied 
simultaneously is quite narrow to produce the nonlinear 
wave collapse, or wave bullets. 

          

a)

b) 
 

Fig. 2. The dependencies of dispersion G11, curves 1, diffraction 
G21, 2, nonlinearity N1, 3, and dissipation , curves 4, coefficients 
on the frequency for the helicon wave. The bias magnetic field is 
B0 = 2 T. Part a) is for n0 = 1016 cm-3, b) is for n0 = 1015 cm-3.  
 

At higher frequencies there are two propagating 
branches of the magnetoplasma waves near kx = 0. The 
linear dispersion equation is:  
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The first branch with + sign in Eq. (16) possesses the 
clarification due to the bias magnetic field. 

The dependencies of the coefficients G11, G21, N1, and 
 on the carrier frequency f for the higher frequency 
nonlinear THz waves are given in Fig. 3, parts a, b. Part a) 
is for the wave branch with + sign in Eq. (16), b) is for the 
branch with the sign -. The bias magnetic field is B0 = 2 T, 
the electron concentration is n0 = 1016 cm-3, the collision 
frequency is  = 5·1011 s-1. For a comparison the 
coefficients are also given for the nonlinear THz EM wave 
without the bias field, Fig.3, part c).  
 

a) 

b) 

c) 
 

Fig. 3. The dependencies of dispersion G11, curves 1, diffraction 
G21, 2, nonlinearity N1, 3, and dissipation , curves 4, coefficients 
on the frequency for the higher frequency THz waves. Part a) is 
for the wave branch with the sign + in Eq. (16), part b) is for the 
wave with -. The bias magnetic field is B0 = 2 T. Part c) is 
without the bias magnetic field.  

 

The proper signs of the dispersion, diffraction, and the 
nonlinear coefficients can be realized for the soliton and 
the wave collapse realization for both high frequency 
branches, G11N1 > 0, G21N1 > 0. The bias magnetic field 
makes possible to observe nonlinear phenomena at lower 
frequencies, Fig. 3, a, when compared with the absence of 
the bias field B0. The dispersion, diffraction, and 
nonlinearity coefficients depend essentially on the bias 
magnetic field. For the branch with the sign – in Eq. (16) 
the envelope solitons and the wave collapse can be realized 
at higher frequencies, Fig 3, b, compared with the absence 
of the bias field B0, Fig. 3, c. 

The direct simulations of Eq. (14) with the calculated 
here coefficients confirm a possibility of excitation of 
envelope solitons and collapsing pulses of about 1 ps 
durations and 100 m sizes. 

 
IV. CONCLUSIONS 

 
The nonlinear wave phenomena in terahertz range in 

narrow-gap semiconductors n-InSb, n-InAs placed in a bias 
magnetic field can be investigated with using the 
hydrodynamic equations for the electron fluid. The bias 
magnetic field determines the values of dispersion, 
diffraction, nonlinear coefficients, and the wave 
dissipation. For the helicon waves at lower frequencies 
there are strict limitations to excite envelope solitons with 
respect to their carrier frequencies and parameters of n-
InSb. For the waves at higher THz frequencies the 
envelope temporal solitons, spatial ones, and the wave 
collapse can be realized. 
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Resonant Generation of Higher Harmonics of Terahertz 
Pulses in the Layered Structures Dielectric – Graphene 

 
V. Grimalsky, S. Koshevaya, J. Escobedo-Alatorre, and M. Tecpoyotl-Torres 

 
 

Abstract – Nonlinear propagation of short terahertz pulses in 
the layered structures dielectric – graphene – dielectric … is 
investigated theoretically on the base of direct simulations of the 
Maxwell equations and the hydrodynamic equations for electrons 
in graphene layers. The using of the nonlinear hydrodynamics is 
justified from a comparison of quasi-classical kinetics, quantum 
kinetics, and the hydrodynamics. The effective electron mass has 
been determined for the hydrodynamics. The numerical FDTD 
scheme is proposed to consider the boundary conditions at 
graphene sheets. The resonant generation of odd harmonics of 
THz radiation has been investigated.  
 

I. INTRODUCTION 
 

As the nonlinear media in terahertz (THz) range, low 
dimensional structures like graphene sheets can be used [1-
4]. In THz range the dominating nonlinearity of graphene is 
due to the quasi-relativistic dispersion law [1-3]:  

 

FF vmpv *p,)p( 0g
1/22

g
2 += .  (1) 

 
Here vF  106 m/s is the Fermi velocity. For the sake of 
generality, the small initial effective mass m0

*  0.01me is 
introduced here.   

It is important for applications that in graphene the 
nonlinearity in THz range possesses the reactive, or non-
dissipative, character, and the collision frequency is quite 
small  = 3·1011 – 3·1012 s-1 at moderately low 
temperatures T ~ 80 K.  The following inequality is valid: 
 << , where  ~ 1013 s-1 is the circular frequency of 
electromagnetic (EM) fields in THz range.  

In this report the nonlinear properties of 2D electron 
gas in graphene are investigated in THz range. Different 
models of the electron nonlinearity of 2D electron gas are 
compared. It is shown that the semi-classical kinetics based 
on the Boltzmann equation, the purely quantum approach, 
and the hydrodynamic one yield practically the same 
results at the temperatures T  150 K. The nonlinear 
interaction of short THz envelope pulses in the layered 
structure dielectric – graphene – dielectric –… is 
investigated by the direct explicit finite differences in time 
domain (FDTD) method [5]. The jumps of the tangential 

magnetic field at the graphene sheets are taken into account 
directly. The nonlinear interaction of THz pulses possesses 
the resonant character. The resonant excitation of higher 
odd harmonics of THz radiation is demonstrated.  
 

II. BASIC EQUATIONS 
 

The geometry of the problem is presented in Fig. 1. 
The structure dielectric – graphene – dielectric… includes 
several dielectric layers and 2D graphene sheets. The THz 
pulse is excited by the input antenna. At the periphery there 
are the absorbing layers with gradually increasing 
conductivity.  
 

 
 

Fig. 1. Geometry of the problem. The THZ pulse is excited by the 
antenna within the structure with the surface density of the current 
iext. Here are N+2 dielectric layers and N graphene sheets. 

 
The nonlinear dynamics of 2D electron gas in 

graphene layers should be considered generally by the 
quantum kinetics. But this approach is too complicated, and 
some simpler methods were proposed like the semi-
classical kinetics based on the Boltzmann equation and the 
nonlinear hydrodynamics [1,2,4,6]. Below it is shown that 
all these methods yield practically same results. The finite 
temperature of the electron gas is taken into account. 
Generally, the nonlinearity is not moderate and the general 
expressions for the 2D current density have been derived.  

The basis of the quasi-classical kinetic consideration 
is the Boltzmann equation in the collisionless 
approximation [1,2,6]:  
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Here p is the electron 2D quasi-momentum. This equation 
is valid in THz range, where the inequality takes place: 
 << . Here  ~ 1013 s-1 is the circular frequency of EM 
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field in THz range,  = 1011 – 2·1012 s-1 is the electron 
collision frequency. In THz range it is possible to neglect 
by the interband electron transitions when 2D electron 
concentrations are n20  51010 cm-2.  

The solution of Eq. (2) is:  
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From the dispersion relation (1) the electron velocity 

of 2D electron gas is:  
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The graphene sheet is in the plane XOY. The electric field 
is polarized here along OX axis: E = Ex = A/t.  

The expression for the surface density of electric 
current is:  
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The equation for the Fermi energy F, or for the Fermi 

momentum pF  F /vF, is:  
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The results of the kinetic approach are compared both 

with the exact formula obtained by the quantum method [3] 
at T = 0 and with the simpler formula obtained from the 
quantum theory [3]; the last one is: 
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Here E  Ex is the electric field, F, pF are the Fermi energy 
and momentum in the equilibrium case.  

The results of simulations of dependencies of the 
density of surface electric current in graphene on THz 
electric field are given in Fig. 2. There is an agreement of 
the nonlinear kinetics with this simple formula. Moreover, 
this formula can be also derived from the hydrodynamic 
description of 2D electron gas with the quasi-particles of 
some nonzero effective mass m*  pF/vF > m0

* that depends 
on 2D equilibrium electron concentration n20. The value of 
this effective mass does not depend on the initial effective 
mass m0

* when m0
*  0.005me at 2D concentrations 

n20  1015 m-2  1011 cm-2. The Fermi velocity vF is an 
analog of the velocity of light in the relativistic motion.   

The dependencies of the ‘kinetic effective mass’ m* on 
2D electron concentration n20 are presented in Fig. 3. It is 
seen that for the realistic values of 2D electron 
concentrations this mass is of about (0.005 – 0.02)me.      

 

a) 

b) 
 

Fig. 2. The dependencies of the surface density of electric current 
in graphene on the electric field under different densities of 2D 
electron concentration n20. The frequency is  = 1.5·1013 s-1. Part 
a) is for n20 = 1015 m-2, b) is for n20 = 1016 m-2. Curves 1, 2, 3 are 
simulated from the kinetic Boltzmann approach at the 
temperatures T= 50 K, 77 K, 100 K. Curve 4 is from the simple 
hydrodynamic simulations, 5 is from the direct quantum approach 
at T = 0. 
 

 
 

Fig. 3. The dependence of the effective electron mass in graphene 
used in the hydrodynamic approach on 2D electron concentration. 

 
The using of the hydrodynamic approach for 2D 

electron fluid in graphene was also confirmed by the 
consideration of THz conduction in layered structures with 
graphene sheets in bias magnetic fields [7]. 

The basic equations in 1D case are the Maxwell 
equations and quasi-hydrodynamic one for Ex  E, Hy  H, 
v x  v (SI units): 
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by the interband electron transitions when 2D electron 
concentrations are n20  51010 cm-2.  

The solution of Eq. (2) is:  
 

.))(exp(1)(;

,);()(
1

0

0
−












+=



=

−=

T

AA

ppf
t
AE

Aepppfpf






          (3) 

 
From the dispersion relation (1) the electron velocity 

of 2D electron gas is:  
 

222
2/122 ,

)(
yx

g

xF

x
x ppp

pp
pv

p
v +

+
=




 .     (4) 

 
The graphene sheet is in the plane XOY. The electric field 
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Fig. 2. The dependencies of the surface density of electric current 
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The using of the hydrodynamic approach for 2D 

electron fluid in graphene was also confirmed by the 
consideration of THz conduction in layered structures with 
graphene sheets in bias magnetic fields [7]. 
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Here v is the electron velocity in the graphene sheets, Ij are 
surface currents there, 0P is the lattice polarization of 
dielectrics. The frequency dispersion in dielectrics is taken 
into account.  

The excitation current at the antenna is 
 

). ))/tt-exp(-((t ))·t-(t (cos()/( 4
0111010  = BI ext   (9) 

 
The electromagnetic THz pulses have been excited by the 
external current at the antenna at the end of the 0th layer, 
see Fig. 1, in the point z = z0. At the ends of the structure 
there are absorbers.  

The explicit FDTD method has been applied. The 
main problem is to take into account the graphene sheets 
correctly in the boundary conditions for the magnetic field. 
The spatial steps should be of about 0.01 of the EM 
wavelengths, they are of about 1 m. The suitable variant 
of FDTD scheme is given in Fig. 4. Here the tangential 
magnetic field possesses jumps at the graphene sheets, and 
these jumps should be taken into account directly under the 
simulations. The equation for H/t in Eqs. (8) has been 
approximated near the integer node j: 
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Fig.4. The nodes of the tangential components of E and H in 
FDTD simulations. 
 

III. THE RESULTS OF SIMULATIONS 
 

The simplest optimization has been done to get the 
maximum generation of the third harmonic of THz 
radiation at the output z = 0. Namely the thicknesses of the 
layers 1, 2, …N, N+1 are assumed the same: l1 = l2 =…= 
lN+1, but for the 0th layer (0 < z < l0) it is l0  l1, see Fig. 1. 

The simulations have demonstrated a possibility to excite 
the higher harmonics (3f1, 5f1, …) of the input THz 
radiation at the frequencies f ~ 0.25 –5 THz in the resonant 
regime. 

In the simulations presented below in Figs. 5, 6 the 
parameters are n20 = 1012 cm-2, there are N = 3 graphene 
sheets and 5 dielectric layers with (0) = 4, () = 2, T = 
4·1013 s-1,  = 2·1011 s-1, like SiO2. The parameters of the 
exciting current are t1 = 400 ps, t0 = 200 ps, see Eq. (9). 
The spectra of the electric field are presented at the output 
of the system at z = 0, at the boundary of the 0th dielectric 
layer.    

In Fig. 5 the lengths of the dielectric layers are l0 = 
0.01 cm, l1,2,3,4 = 0.021 cm, the central frequency in Eq. (9) 
is f1  1/2= 0.5 THz. It is seen that 3f1 = 1.5 THz is 
resonant there. The intensity of the third harmonic at the 
output is of about 1% of the first one. The fifth harmonic is 
also seen there. To get higher intensities of harmonics it is 
better to use the graphene sheets with smaller electron 
collision frequencies, as seen from Fig. 5, c. 
 

a) 
 

b) 
 

c) 
 

Fig. 5. The spectrum of THz at the output of the structure at z = 0. 
The central frequency of input THz pulse is f1 = 0.5 THz. Part a) 
is for the input amplitude B10 = 0.01 T, b) is for B10 = 0.015 T, 
the collision frequency is  = 2·1012 s-1.  Part c) is for 
B10 = 0.01 T, the collision frequency is  = 1·1012 s-1.  
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In Fig. 6 the lengths of the dielectric layers are l0 = 
0.01 cm, l1,2,3,4 = 0.0195 cm, the central frequency in Eq. 
(9) is f1  1/2= 1 THz. It is seen that 3 f1 = 3 THz is 
resonant there. 

This algorithm also makes possible to simulate 2D 
and 3D problems. The jumps of the tangential components 
Hx, Hy and the normal component Ez should be considered 
directly as in Eq. (10). Also the continuity equation for 2D 
electron concentration should be added to Eqs. (8). 
 

a) 
 

b) 
 

c) 
 

Fig. 6. The spectrum of THz at the output of the structure at z = 0. 
The central frequency of input THz pulse is f1 = 1 THz. Part a) is 
for the input amplitude B10 = 0.01 T, b) is for B10 = 0.015 T, part 
c) is for B10 = 0.02 T, the collision frequency is  = 2·1012 s-1. 
 
 
 
 
 
 
 

IV. CONCLUSIONS 
 

The essential nonlinearity in graphene can be used for 
generation of higher THz harmonics of odd numbers 3, 5 
… with an influence of the self-action. For the effective 
generation the resonant structure dielectric – graphene – 
dielectric… should be used, see Fig. 1. The parameters of 
the structure, like thicknesses of dielectric layers, their 
permittivities etc. should be optimized for the effective 
generation of higher harmonics. 
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COMSOL Model of a Three-Gate Junctionless 
Transistor 

 
R. Rusev, G. Angelov, I. Ruskova, E. Gieva, D. Nikolov, M. Spasova, M. Hristov, and 

R. Radonov  
 
 

Abstract – A 3D model of silicon three gate nanowire 
junctionless transistor is developed in COMSOL Multiphysics. It 
is based on Gummel approach with Green's functions. The model 
describes output I-V characteristics. Modeling results are verified 
against reference experimental data with average accuracy of 
11%. Simulation of gate materials with different work functions 
that are used in practice is performed. The charge distribution 
along the nanowire depending on gate length is also studied. 
 

I. INTRODUCTION 
 

Transistor downscaling to nanometer dimensions is 
related to both technology difficulties and unwanted 
performance effects. A prospective nanoscale alternative to 
conventional transistors for sensor applications is the 
junctionless transistor (JLT) proposed by J.-P. Colinge et. 
al. [1]. The JLT is a highly doped nanowire fabricated by 
planar technology over a Si bulk. The nanowire serves as a 
channel, over which is formed gate layer to control channel 
current; that is why the JLT could be considered as a gated 
resistor. The device operates in accumulation mode, so it is 
normally on; to cut it off, voltage need to be applied to the 
gated in order to deplete the channel. Depletion occurs due 
to work function difference between the gate material and 
the doped silicon. The channel is highly doped to enable 
enough current flow when transistor is on. And conversely, 
the channel should be with nanometer cross-section to 
allow depletion when transistor is off [2]. Doping 
concentration varies between 1016 to 1020 cm–3.  

JLTs do not have pn-junctions, which require complex 
technology steps. In result, the fabrication process is 
simplified and, taking into account the benefits in current 
control at nanometer channel dimensions, makes them 
prospective candidate for sensor applications. 

The position of the gate determines the type of the 
transistor. There are single‑gate [2], double gate [3], trigate 
[4], gate-all-around [5], and sensor-gate (the sensing 
surface is deposited on the gate) junctionless transistors [6]. 

The development of sensor applications based on 
JLTs follow the well-established flow starting from design, 

through prototyping to verification and final release. The 
design step includes two phases: TCAD design and 
modeling and ECAD design and modeling. At TCAD 
phase, the structure regions and dimensions are specified. 
The basic operation is modeled and analyzed. Next, 
additional effects and their influence on device behavior 
are accounted for. For the case of JLT, such effects are 
depletion region width [7], dopant atom influence on 
transistor characteristics [8], type of gate oxide insulator 
[9], etc. 

For instance, in [7] the accuracy of the standard 
analytical model for depletion region width (DRW) of JLTs 
is investigated in COMSOL. The comparison of the 
numerical results and the results of the approximated 
analytical model of DRW, the authors ascertained the fact 
that the analytical model establishes a maximum RMS 
error ~ 90% of the donor concentration in the substrate. 
The maximal error is accomplished when the gate voltage 
moves toward the threshold voltage or when it moves 
toward the flatband voltage of the JLT. Although this is a 
direct method for estimating the DRW, this method could 
be used for accurate determination of the flatband voltage 
and threshold voltage. The authors suggest a formula 
describing the concentration of electrons at the depletion 
region boundary which gives error under 1% compared to 
numerical set. 

In [8] are investigated the influence of random dopant 
fluctuations on the electrical characteristics of n-channel 
JLT. The average distribution of dopants with different 
densities of 2×1019, 6×1019 and 1×1020 cm−3 in JLTs with 
different gate lengths: 5, 10 and 15 nm. The authors show 
that with proper setting of the doping density of JLT, it 
could be achieved excellent characteristics that enable the 
path to further scaling of Si CMOS technology. 

In [9] the electrical characteristics of Silicon and 
A3B5 compounds (InP, GaAs and GaN) NW-GAA-FET 
are compared to different gate oxides (SiO2, HfO2 and 
Si3N4). The simulations are done in COMSOL 
Multiphysics and are validated by experimental results. It is 
concluded that A3B5 transistors have better electrical 
characteristics than their silicon counterparts. 

In our previous paper [10] we created a simplified 3D 
model of Si-nanowire to study the influence of channel 
length on the charge distribution in the channel. In this 
paper we extend the investigations with 3D model of a 
three gate junctionless transistor to analyze the impact of 
work functions and channel length over the I-V 

R. Rusev, G. Angelov, I. Ruskova, E. Gieva, D. Nikolov, M. 
Spasova and M. Hristov are with Samrtcom Bulgaria AD and 
Technical University of Sofia, FTK, Dept. of Technology and 
Management of Communication Systems. E-mail: rusev@ecad.tu-
sofia.bg, angelov@ecad.tu-sofia.bg 

R. Radonov is with Technical University of Sofia, FETT, Dept. 
of Microelectronics. E-mail: rossen.radonov@ecad.tu-sofia.bg 

978-1-6654-4528-3/21/$31.00 ©2021 IEEE

PROC. 2021 IEEE 32nd INTERNATIONAL CONFERENCE ON MICROELECTRONICS (MIEL), NIŠ, SERBIA, SEPTEMBER, 12-14, 2021



94

characteristics. The model is implemented in COMSOL 
Multiphysics [11]. 
 

II. 3D MODEL 
 

Our model relies on the methods of A. R. Brown [12]: 
a modified Gummel approach is used for finding a solution 
of the density gradient drift-diffusion approximation using 
non-equilibrium Green's functions (NEGF). In this 
approach the equations of Poisson and density gradient for 
each electron Fermi-level distribution are solved for the 
electrostatic potential and the quantum-corrected electron 
density. 
 

 
 
Fig. 1. Three gate nanowire junctionless transistor. 
 

The use of NEGF relies on Neumann boundary 
conditions (NBC) in the source and drain as the potential 
adjusts the electron injection to preserve charge neutrality. 
We have additionally executed such NBC in the density 
gradient simulator, instead of implementing the standard 
Dirichlet boundary conditions for the ohmic source and 
drain contacts utilized in 2D simulations. The NBC are 
better related to the density gradient because they don't 
confine the potential and electron concentration in the 
source and drain from obeying the distribution forced by 
quantum mechanics. The Si/SiO2 boundary conditions for 
the quantum potential in the density gradient approach 
require cautious thought. 

This strategy fixes the gradient of the electron 
concentration vertical to the Si/SiO2 interface depending on 
the relative effective masses in the silicon and the SiO2, 
representing infiltration of the electron wave function in the 
gate oxide. 

In COMSOL Multiphysics we studied the 3D three 
gate nanowire transistor shown in Fig. 1. 

The transistor in Fig. 1 has the following structure and 
dimensions: length of silicon-nanowire – 250 nm, doping 
of nanowire – 1019 cm–3 (highly doped), cross-section of 
nanowire – 15 nm  15 nm. SiO2 layer is placed from all 
side of the nanowire with thickness of 5 nm. The gate 
electrode is made of polysilicon with length of 20 nm and 
thickness of 5 nm, the poly-Si work function is 4.7 eV.  
 

III. RESULTS 
 

In simulations of output characteristics, we varied 
both VD and VG. The results of the simulated output 
characteristics are shown in Figs. 2-4. 
 

 
 
Fig. 2. ID & VD of 3G JLT with work function of 4.7 eV. 
 
 

 
 
Fig. 3. ID & VD of 3G JLT with work function of 4.2 eV. 
 

 
 
Fig. 4. ID & VD of 3G JLT with work function of 5.3 eV. 
 

For calculating the family of transistor output 
characteristics, we used the following drain and gate 
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Fig. 4. ID & VD of 3G JLT with work function of 5.3 eV. 
 

For calculating the family of transistor output 
characteristics, we used the following drain and gate 

voltages in respective ranges: 0 < VD < 0.8 V , 0.1 < VG < 
0.9 V with step of 0.2 V. 

When comparing to experimental results we observed 
that the simulated I-V characteristics are more sloped and 
the saturation region is less pronounced [13]. At VD = 0.6 V 
and VG = 0.9 V the saturation is not well pronounced both 
in the model simulation and in experimental measurements. 
At lower values of VG (VG – VTh = 0.5 V) the saturation in 
both cases (experiment and simulation) coincides at VD = 
0.2 V.  

The same trend is observed when comparing ID at 
various VG. At VG – VTh = 0.9 V the drain current ID is 
overestimated with 21% for VD = 0.8 V; for lower values of 
VD, VD = 0.6 V, the error between experimental and 
modeled ID drops to 2% and for VD = 04 V – the error is 
0.5%. The average error of the top curve (VG – VTh = 0.9 V) 
is approximately 7%.  

When analyzing the I-V characteristics at VG – VTh = 
0.5 V we see underestimation of the modeled current 
compared to the experiment. The average error (VG – VTh = 
0.5 V) is approximately –12%. The best modeling results 
are obtained at VG – VTh = 0.7 V where the error is around –
5%.  

The overall average error for the output characteristics 
is about -11% (hence, we are underestimating the values).  

The reason for the simulation results is that the height 
(altitude) of the experimental nanowire is 20 nm and the 
modeled nanowire is 15 nm. The experimental nanowire 
has trapezoid cross-section – the bottom parallel side 
(15 nm) is bigger than the top parallel side (5 nm), and the 
altitude is 20 nm; this due to corner effects in etching 
processes. That is why we have implemented in the model 
a nanowire with cross-section 15  15 nm. The effective 
cross-section of experimental nanowire is slightly bigger 
than the modeled one, and the carrier distribution in the 
experiment and in the model is different; therefore, the 
measured ID current is higher that the simulated current. In 
[13] is shown that in the experimental nanowire the current 
degrades in time, ID decreases with –7% which is close to 
the error of our model (–11%). 

After verification of our model we analyzed the 
impact of changing of work function on the I-V 
characteristics. We chose two work functions that 
correspond to two frequently used metals for fabrication of 
gate electrodes – aluminum with work function of 4.2 eV 
and platinum with work function of 5.3 eV. The results for 
I-V at different VG – VTh for Al and Pt are shown in Fig. 3 
and 4. The model do not show proportional distribution of 
I-V at equal VG, i.e. modeling of metals with high work 
functions is difficult with our model. When comparing the 
I-V characteristics for different work functions in the three 
figures we confirm that ID decreases with the increase of 
the work function, hence the channel pinches-off. 
 

 
 
Fig. 5. Electron concentration at LG=20 nm. 
 

 
 
Fig. 6. Charge distribution in the nanowire with LG=20 nm. 
 

Next, we analyzed the charge distribution along the 
channel. We modeled n-doped (1019 cm–3) nanowire with 
the same cross-section of 15  15 nm and length of 
1000 nm (1 m). From all sides the nanowire is surrounded 
with SiO2 layer with 5 nm thickness. The gate electrode has 
work function of 4.7 eV. We did simulations by varying the 
gate length between 20, 70, 100 and 150 nm. The results 
showed that at LG=20 nm the charge is homogeneously 
distributed in contrast to LG=100 nm. The results are given 
in Fig. 5 and 6.  

At LG=70 nm there are slight inhomogeneities in 
charge distribution which are even more pronounced in 
case of LG=100 nm (Fig. 7). The same fact of 
inhomogeneities is ascertained in other simulation for a 
simpler nanowire structure [10]. 
 

 
 
Fig. 7. Electron concentration at LG=100 nm. 
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IV. CONCLUSION 
 

The developed 3D model, based on Gummel approach 
and using non-equilibrium Green's functions with 
Neumann boundary conditions, well describes the 
experimental measurements of silicon nanowire, which is 
the core of the junctionless transistor.  

The simulation of gate materials with different work 
functions (other than the materials of the reference 
experiment) showed good prediction for Al and Si, and not 
so good prediction for Pt; that is, we have better prediction 
for materials with lower work function (Al, Si) and poorer 
prediction for materials with higher work function (Pt). The 
model well predicts the charge distribution depending on 
the gate length. 

We confirmed that the inhomogeneities increase with 
the increase of channel length.  
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IV. CONCLUSION 
 

The developed 3D model, based on Gummel approach 
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Neumann boundary conditions, well describes the 
experimental measurements of silicon nanowire, which is 
the core of the junctionless transistor.  
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functions (other than the materials of the reference 
experiment) showed good prediction for Al and Si, and not 
so good prediction for Pt; that is, we have better prediction 
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prediction for materials with higher work function (Pt). The 
model well predicts the charge distribution depending on 
the gate length. 

We confirmed that the inhomogeneities increase with 
the increase of channel length.  
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An Accurate Analytical Modeling of Contact 
Resistances in MOSFETs 

 
G. D. Bokitko, D. S. Malich, V. O. Turin, and G. I. Zebrev 

 
 

Abstract - We have presented an analytical physics-based 
model, which can continually describe the MOSFET I-V curves in 
all operation modes taking into account the finite source-drain 
resistances. 
 

I. INTRODUCTION  
 

As the MOSFET channel lengths decrease, the 
influence of parasitic source-drain resistance on the current 
characteristics becomes more and more important. The 
contact resistance is becoming a growing impediment to 
transistor power and performance scaling. This is a common 
challenge for SOI FETs [1], FinFETs [2] and GAAFETs [3] 
and any other type of transistor. Most of modern compact 
models that are used in circuits simulations are too much 
technically oriented. Such methods used are based on 
specific approaches and have some drawbacks [4, 5]. We 
find it important to construct an analytical approach that 
could be serve as a basis for compact modeling. This 
approach is based on analytical solution Kirchhoff’s 
equations and on the diffusion-drift field effect transistor 
model, originally proposed in [6, 7]. 
 

II. MODEL FORMULATION 
 
A. I-V Model 
 

The abovementioned model relies on an explicit and 
exact solution of the channel current continuity equation, 
and on an intrinsic model of long-channel FET I-V 
characteristics without series resistances that has a following 
form [8] 
 

1 exp 2 D
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where IDSAT is the saturation current, VD is the drain-source 
bias. For long-channel FETs with electrostatic current 
blocking the drain saturation voltage VDSAT is an explicit 
function of the mobile charge density 
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where q is the electron charge, nS0 is the channel carrier 
density near the source, φT = kBT / q is the thermal potential, 
m is non-ideality factor, CD is depletion layer capacitance. 

The MOSFET electrostatic saturation current  IDSAT can 
be written as follows 
 

0
1
2DSAT DSATI G V= ,        (3) 

 
where G0 is the channel conductance (i.e., total inverse 
channel resistance at low drain bias) in a low drain bias 
regime  
 

0 0 0S
WG q n
L

= ,        (4) 

 
where W and L are the channel’s width and length, μ0 is the 
channel carrier mobility. The explicit dependence nS0 (VG) 
can be simulated using any of the existing approaches (e.g., 
BSIM [4]). 
 
B. Kirchhoff’s equations 
 

An equivalent circuit of MOSFETs with a total series 
resistance (RSD = RS + RD) is shown in Fig.1. The intrinsic 
and extrinsic voltages are obeyed generally by the following 
Kirchhoff’s equations: int

D D D SDV V I R= −  and 
int

G G D SV V I R= − , where int
DV and int

GV  are the intrinsic 
drain-source and gate-source biases. The same equations 
can be rewritten explicitly as follows 
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where: 
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( ) ( )int int
0 0G GG V G V= ,        (6) 

( ) ( )int int
DSAT G DSAT GV V V V= . 

 
This means that these quantities are calculated at intrinsic 
gate voltage int

GV . 
It is obvious from (6) that int

G GV V  and therefore 
int
0 0G G , int

DSAT DSATV V , and the equality sign holds for RS 
= 0. The latter case allows an exact analytical solution of 
(5a) taken with int

0 0G G= , int
DSAT DSATV V=   
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where W (x) is the Lambert function defined as a solution of 
the equation W (xex) = x [9]. The extrinsic conductance can 
be derived straightforwardly  
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Fig. 1. Equivalent MOSFET circuit with series resistance. 
 

Using the Lambert function property W(x)  x at low x, 
it can be seen that at low VD we have a voltage divider 
regime 
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which is obvious also directly from (5). For the saturation 
 mode (high VD) we have int

D D DSAT DV V I R − , D DSATI I  
corresponding to the current source mode. The effective 
saturation voltage is increased in this case due to voltage 
drop on series resistance 
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Fig. 2. Output MOSFET I-V curves for different RD (at RS=0). 
 

Fig. 2 shows MOSFET output I-V curves with zero RS 
for different drain resistances which have different 
conductance and saturation voltages but the same saturation 
current. It can be seen in Fig. 2 that apparent saturation drain 
voltage increases with RD. 
 
С. General case of non-zero RS 
 

In general case the implicit functional equation  
 

( ) ( ), ,D G D D G D S D D SDI V V I V I R V I R= − −    (11) 
 
binds the “ideal” functional form (1) with the required 
dependence valid for nonzero RS and RSD. Using an exact 
solution (7) at RS = 0, we have 
 

( ) ( )0, ,D G D D G D S DI V V I V I R V= −      (12) 
 
This exact functional equation has no analytical solution but 
on condition VG >> IDRS we have a traditional 
approximation 
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where gm0 = (∂ID0 / ∂VG)VD is a bulky but an explicit function 
of extrinsic biases that allows us to consider (13) as a 
compact model. 

Fig. 3 and Fig. 4 show calculated I-V curves and 
transconductance dependencies. 
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of extrinsic biases that allows us to consider (13) as a 
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Fig. 3. MOSFET’s output characteristics calculated at different RD 
(0, 100, 200, 300 Ohm) and RS = 0 (dotted lines) and at different 
RS = RD with the same nominal values (solid lines). 
 

 
 
Fig. 4. Transfer I-V characteristics (solid lines) calculated for 
RDS = 0 (upper solid line), RDS = 2.5 kOhm (lower solid line) and 
corresponding transconductance curves (dashed lines). 
 

It is well known in modern nanoscale FinFETs the 
transconductance from which the field-effect mobility is 
deduced is strongly degraded by source-drain series 
resistances.  
 

 
 
Fig. 5. Transconductance calculated with a compact model at 
different VD = 0.05, 0.2, 0.5, 1.0 V for the FET with RS=RD=500 
Ohm-µm, L= 25 nm, EOT=1.3 nm, µ0 = 250 cm2/V×s, VT = 0.3V 

 
Fig. 5 shows the transconductance degradation 

calculated for a realistic set of parameters. 
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Abstract— Thin-film solar cells are cheap and easy to
manufacture but require improvements as their efficien-
cies are low compared to that of the commercially dom-
inant crystalline-silicon solar cells. A coupled optoelec-
tronic model was formulated and implemented along
with the differential evolution algorithm to assess the
efficacy of grading the bandgap of the absorber layer
in three thin-film solar cells. Optimal grading was pre-
dicted to yield efficiency of 27.7% with a 2200-nm- thick
CIGS absorber layer for the CIGS solar cell, 21.74% with
a 870-nm-thick CZTSSe layer for the CZTSSe solar cell,
and 34.5% with a 2000-nm-thick AlGaAs layer for the
AlGaAs solar cell. For a solar cell with two bandgap-
graded absorber layers, an efficiency of 34.45% was pre-
dicted with a 300-nm-thick CIGS layer and a 870-nm-
thick CZTSSe layer. For colored solar cells, efficiency
loss was predicted from 10% to 20%, depending upon
the percentage of incoming solar photons rejected.

I. Introduction

As the worldwide demand for eco-responsible sources
of cheap energy continues to increase for the better-
ment of an ever-increasing fraction of the human pop-
ulation, the cost of traditional crystalline-silicon (c-Si)
solar cells continues to drop. While this is a laudable
development, small-scale photovoltaic generation of en-
ergy must become ubiquitous for human progress to
become truly unconstrained by energy economics [1].
Also, concerns regarding global warming grow more se-
vere with every passing day. As the global meteoro-
logical patterns change, the annually averaged global
temperature continues to rise, indicating a grave threat
to life on our planet. Hence, cutting the consumption of
carbonaceous fossil fuels is the prime need of the time.

Thin-film solar cells are a viable option in addition
to c-Si solar cells due to low cost and ease of manufac-
turing. Other benefits of thin-film solar cells include:
less material use in absorbing layers made of materials
with higher optical absorption compared to c-Si, flexi-
bility of some thin-film solar cells, and control over the
composition of a material.
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Akhlesh Lakhtakia is with the Department of Engineering Sci-

ence and Mechanics, The Pennsylvania State University, Univer-
sity Park, PA 16802, USA, E-mail: akhlesh@psu.edu.
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Currently, thin-film solar cells containing absorber
layers made of either CIGS or CdTe are commercially
dominant. However, there are serious concerns about
the planetwide availability of indium and tellurium,
both needed for CIGS and CdTe solar cells. Further-
more, both indium and cadmium are toxic, leading to
environmental concerns about their impact following
disposal after use. Thin-film solar cells must be made
from materials that are abundant on our planet; more-
over, the materials of choice must be those that can
be extracted, processed, and discarded with low envi-
ronmental impact. Another primary concern regarding
potential Earth-abundant and non-toxic thin-film solar
cells is regarding their low power-conversion efficiencies
compared to CIGS and CdTe, e.g., the 12.6% efficiency
of CZTSSe solar cells is considerably lower than the
∼22% efficiency of CIGS and CdTe solar cells.

To tackle the problem of material scarcity, thinning of
the absorber layer is desirable, all the more so because
it will reduce material usage and enhance manufactur-
ing throughput concomitantly. However, a thinner ab-
sorber layer will reduce the absorption of incident solar
photons. Back-end modifications such as back-surface
passivation and periodic corrugation of the backreflec-
tor are commonly researched techniques to overcome
these problems. Another method to increase efficiency
is spatial grading of the bandgap of the absorber layer
by controlling the compositional ratio to allow pho-
ton absorption over a wider frequency range. How-
ever, suboptimal bandgap grading cannot guarantee im-
proved power-conversion efficiency. Optimal strategies
are required to find the best-performing thin-film de-
signs based on bandgap grading, absorber-layer thin-
ning, and back-end modifications.

II. Investigations and Results

A series of theoretical investigations were performed
to tackle the problem of material scarcity as well as
to enhance power-conversion efficiency of thin-film so-
lar cells by thinning the absorber layer, grading the
bandgap in the absorber layer, and modifying the back
end. Three different types of thin-film solar cells were
considered: CIGS [2], CZTSSe [3], and AlGaAs [4]. The
bandgap of the absorber layer was graded either sinu-
soidally or linearly. The thickness of the absorber layer
was allowed to vary from 100 nm to 2200 nm. Back-end
modifications incorporating a periodically corrugated
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backreflector and a back-surface passivation layer were
considered as well. An anti-reflection coating and a top
passivation layer were also incorporated in the design,
as shown schematically in Fig. 1.

Fig. 1. Schematic of a thin-film solar cell.

A coupled optoelectronic model [5] was used along
with the differential evolution algorithm [6] to maximize
the efficiency in relation to geometric and bandgap-
grading parameters. Furthermore, as colored solar cells
can promote large-scale adoption of rooftop solar cells,
efficiency loss due to color-rejection filters was esti-
mated [7].
The coupled optoelectronic optimization predicted

that tailored bandgap grading could significantly im-
prove efficiency for all three considered thin-film so-
lar cells. For CIGS solar cells with a 2200 nm-thick
absorber layer, an efficiency of 27.7% was predicted
with a sinusoidally graded bandgap absorber layer along
with back-end modifications in comparison to 22% ef-
ficiency achieved experimentally with a homogeneous
CIGS absorber layer [2]. An efficiency of 21.7% was
predicted with sinusoidal grading of a 870-nm-thick ab-
sorber CZTSSe layer in comparison to 12.6% efficiency
achieved experimentally with a 2200-nm-thick homo-
geneous CZTSSe layer [3]. Similarly, an efficiency of
34.5% was predicted through optoelectronic optimiza-
tion of AlGaAs solar cells with a sinusoidally graded
bandgap absorber layer along with back-end modifica-
tions in comparison to 27.6% efficiency achieved exper-
imentally with a homogeneous AlGaAs absorber layer
[4].
A thin-film solar cell with two absorber layers (in-

stead of only one), with bandgap energy graded in
both, can capture solar photons in a wider spectral
range. With a 300-nm-thick CIGS absorber layer and
an 870-nm-thick CZTSSe absorber layer, an efficiency
of 34.45% was predicted by the coupled optoelectronic
model, provided that bandgap grading is optimal in
both absorber layers [8].
The efficiency enhancements can be further increased

by concentrating the illuminating sunlight, according to
ongoing investigations. Details will be reported in due
course of time.

For colored thin-film solar cells, calculations show
that on average, the efficiency of a typical solar cell
will be reduced by about 9% if 50% red photons are re-
flected or by about 13% if 50% blue-green photons are
reflected. The efficiency reduction increases to about
18% if all red photons are reflected or about 26% if all
blue-green photons are reflected. Thus, optoelectronic
optimization by bandgap grading and back-end mod-
ifications is more than enough to overcome efficiency
reduction by the rejection of a certain percentage of
incoming solar photons [7].

III. Conclusion

Thus, the proposed design strategies provide a way to
realize more efficient thin-film solar cells for the ubiq-
uitous harnessing of solar energy at low-wattage levels,
thereby promoting widespread adoption of thin-film so-
lar cells as local energy sources [1]. Also, cheap, small-
scale off-grid generation of electricity will provide access
to energy for populations living without electricity far
from central grids in less-developed and developing re-
gions of our planet, thus equalizing opportunity and
decreasing income and gender gaps.
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A coupled optoelectronic model [5] was used along
with the differential evolution algorithm [6] to maximize
the efficiency in relation to geometric and bandgap-
grading parameters. Furthermore, as colored solar cells
can promote large-scale adoption of rooftop solar cells,
efficiency loss due to color-rejection filters was esti-
mated [7].
The coupled optoelectronic optimization predicted

that tailored bandgap grading could significantly im-
prove efficiency for all three considered thin-film so-
lar cells. For CIGS solar cells with a 2200 nm-thick
absorber layer, an efficiency of 27.7% was predicted
with a sinusoidally graded bandgap absorber layer along
with back-end modifications in comparison to 22% ef-
ficiency achieved experimentally with a homogeneous
CIGS absorber layer [2]. An efficiency of 21.7% was
predicted with sinusoidal grading of a 870-nm-thick ab-
sorber CZTSSe layer in comparison to 12.6% efficiency
achieved experimentally with a 2200-nm-thick homo-
geneous CZTSSe layer [3]. Similarly, an efficiency of
34.5% was predicted through optoelectronic optimiza-
tion of AlGaAs solar cells with a sinusoidally graded
bandgap absorber layer along with back-end modifica-
tions in comparison to 27.6% efficiency achieved exper-
imentally with a homogeneous AlGaAs absorber layer
[4].
A thin-film solar cell with two absorber layers (in-

stead of only one), with bandgap energy graded in
both, can capture solar photons in a wider spectral
range. With a 300-nm-thick CIGS absorber layer and
an 870-nm-thick CZTSSe absorber layer, an efficiency
of 34.45% was predicted by the coupled optoelectronic
model, provided that bandgap grading is optimal in
both absorber layers [8].
The efficiency enhancements can be further increased

by concentrating the illuminating sunlight, according to
ongoing investigations. Details will be reported in due
course of time.

For colored thin-film solar cells, calculations show
that on average, the efficiency of a typical solar cell
will be reduced by about 9% if 50% red photons are re-
flected or by about 13% if 50% blue-green photons are
reflected. The efficiency reduction increases to about
18% if all red photons are reflected or about 26% if all
blue-green photons are reflected. Thus, optoelectronic
optimization by bandgap grading and back-end mod-
ifications is more than enough to overcome efficiency
reduction by the rejection of a certain percentage of
incoming solar photons [7].

III. Conclusion

Thus, the proposed design strategies provide a way to
realize more efficient thin-film solar cells for the ubiq-
uitous harnessing of solar energy at low-wattage levels,
thereby promoting widespread adoption of thin-film so-
lar cells as local energy sources [1]. Also, cheap, small-
scale off-grid generation of electricity will provide access
to energy for populations living without electricity far
from central grids in less-developed and developing re-
gions of our planet, thus equalizing opportunity and
decreasing income and gender gaps.
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A SPICE Compatible Spatial Equivalent Circuit Model 
of the Heatsink 
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Abstract - The procedure for creation of the SPICE 
compatible spatial equivalent circuit model of the heatsink is 
presented in this paper. The model is based on the electro-thermal 
analogy and finite volume partitioning approach. It is validated by 
comparing the simulation results with the experimentally obtained 
data and the finite-element-modeling simulations. Simulations of 
complex, coupled thermo-electrical systems in electrical circuit 
simulators are enabled using the model. 
 

I. INTRODUCTION 
 

Removal of the excess thermal energy produced by 
the electrical conduction and switching losses is essential 
for keeping the internal temperature of the electronic 
devices below their maximum rated values [1]. Also, in 
thermal energy harvesting systems based on the 
thermoelectric modules, it is necessary to maintain the 
temperature difference on their opposite sides for proper 
operation. For these purposes, the various heatsinks are 
often employed. The heatsink as a mechanical part of 
versatile systems can be modeled with high accuracy using 
software based on the finite-element-method (FEM) if its 
geometry and material properties are known [2]. Although 
the simulations can be performed in the multiphysics 
(mechanical-thermal-electrical) domain, this type of 
software is poorly compatible with simulators used in 
electrical circuit design. Thus, there is a need to develop 
spatial equivalent circuit models for non-electrical parts of 
electronic systems, such as heatsinks. The circuit model of 
the heatsink is based on an electro-thermal analogy 
(Table I), utilizing either Cauer or Foster network topology 
[3]. The software for electrical circuit simulation - LTspice 
has a built-in model of the heatsink developed considering 
the Cauer grounded network topology [4]. 
 

TABLE I 
ANALOGY BETWEEN ELECTRICAL AND THERMAL DOMAINS 

 
Electrical domain Thermal domain 
Voltage V (V) Temperature T (K) 
Current I (A) Heat rate Q (W) 
Resistance R (Ω) Thermal resistance Rth (KW−1) 
Capacitance C (F) Thermal capacitance Cth (JK−1) 

Spatial (3D) equivalent models have been successfully 
applied to model various electronic components. These are 
interconnections in an integrated circuit [5], on-chip 
thermoelectric module [6], hybrid excitation synchronous 
machines [7], and solar cells [8]. In this paper, the spatial 
equivalent circuit heatsink model is realized, and the 
simulation results are compared with the results obtained 
experimentally and by FEM simulations. The model could 
be employed for simulations of thermoelectric energy 
harvesting nodes where continuous coupling between 
thermal and electrical phenomena occurs [9]. 
 

II. SPATIAL SPICE COMPATIBLE MODEL 
 

The spatial equivalent circuit model of any component 
consists of a large number of elementary volumes, 
designated as the building cells with dimensions x, y, z. The 
building cell connects two domains - thermal and electrical. 
The equivalent thermal part of the building cell model is 
shown in Fig. 1. Each cell is characterized by the absolute 
temperature at the central point - T and temperatures at its 
faces Tij (i=x,y,z; j=1,2). The total cell thermal capacitance 
- Cth is connected between the central point of the cell and the 
thermal ground (0 K). The value of thermal capacitance is: 
 

cellpth VdcC = ,  (1) 
 

where cp is the specific heat capacity of a material, d is the 
density of the material, and Vcell=x·y·z is the volume of the 
building cell. The total cell thermal resistance is distributed 
along the coordinate axes from the central point toward 
each cell face. These partial thermal resistances are: 
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where λ is the temperature-dependent thermal conductivity, 
with the value λ0 at the reference temperature T0 = 298 K 
and the temperature coefficient aλ. Therefore, the thermal 
resistances are modeled by parametrically dependent 
resistors following the relation: 
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0
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=



.  (3) 

The current source – Q represents the total heat flux 
generated within the cell. The heat flow from the cell face 
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toward the center - Qij follows the Fourier law of heat 
conduction: 
 

ijthiij QRTT =− .  (4) 
 

The temperature in the central point of the building cell is 
set as an initial condition and usually equals the ambient 
temperature. The thermal load of the cell is modeled by the 
voltage source as the temperature or by the current source 
as the thermal power (heat rate) boundary condition. 
 

 
 
Fig. 1. The SPICE compatible spatial equivalent model of the 
building cell - thermal part. 
 

The electrical part of the spatial equivalent model 
describes the Ohm law and, if present, electrothermal 
effects. The heatsink as a part of thermoelectrical system is 
a passive, electrically insulated component. There are no 
applied voltages and electrical currents. Therefore, the 
electrical part of the equivalent model can be omitted. 
 

III. EXPERIMENTAL SETUP 
 

The experimental setup for measuring the temperature 
response of the heatsink is schematically shown in Fig. 2. 
The heatsink is fixed to the surface of the heater (hot 
chuck) with a thermally conductive tape, and the system is 
surrounded by the shield that provides natural cooling 
conditions. The heater generates instant heat excitation 
(Thot), while thermocouples measure the temperature on the 
surface of the heatsink (Theatsink) and the ambient 
temperature (Tamb). All temperature values are monitored 
using computer-controlled digital multimeters (DMM). 
 

IV. RESULTS AND DISCUSSION 
 

An aluminum heatsink (HS1), with overall dimensions 
(14.5×14×6) mm, was chosen to validate the model. 
Table II lists the parameters of the heatsink material. First, 
a sub-circuit representing the building cell of the heatsink 
was constructed in LTspice, and afterward, a simulation 
schematic was formed as presented in Fig. 3. The whole 
heatsink was divided into 8 building cells, 1 for the 
heatsink base (x=14.5 mm, y=14 mm, z=1.8 mm) and 7 for 
the fins of the heatsink (x=0.92 mm, y=14 mm, z=4.2 mm). 
The overall thermal resistance of the heatsink includes the 
thermal resistance determined by the dimensions (RS) and 
the thermal resistance between the heatsink and the 
ambient (RSA). The elements of RS are defined by the spatial 
model, while the resistance RSA is given in the heatsink 
datasheet. Two voltage generators were used to define the 
temperature value at the hot side of the heatsink - Thot and 
the ambient temperature - Tamb. Also, the thermal resistance 
of the air (Rair ≈ 1·106 KW-1) was added. 
 

 
 
Fig. 2. Schematic of the experimental setup. 
 

 
 
Fig. 3. Simulation schematic for the aluminum heatsink. 
 

The values of the heatsink temperature obtained by 
the transient SPICE simulations using the constructed 
spatial model and standard Cauer RC model [3], as well as, 
determined experimentally are given in Fig. 4. The ambient 
temperature was Tamb=25 °C, while the instantaneously 
applied temperature load - Thot was set to 33.7 °C. The 
simulation results follow the results of the experimental 
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Fig. 3. Simulation schematic for the aluminum heatsink. 
 

The values of the heatsink temperature obtained by 
the transient SPICE simulations using the constructed 
spatial model and standard Cauer RC model [3], as well as, 
determined experimentally are given in Fig. 4. The ambient 
temperature was Tamb=25 °C, while the instantaneously 
applied temperature load - Thot was set to 33.7 °C. The 
simulation results follow the results of the experimental 

measurements very well. The maximum relative deviation 
between the experimental and simulation results is 5%. The 
simulation results for both models almost unambiguously 
match. A transient analysis shows that the heatsink reaches 
the steady-state after 60 s. The obtained results are 
expected, considering the good thermal conductivity of the 
heatsink material and small values of the thermal 
capacitance of the heatsink base and fins. 
 

 
 
Fig. 4. Time variation of the HS1 temperature obtained by the 
SPICE simulations and experimentally. 
 

Another validation of the HS1 spatial SPICE model 
was performed by FEM steady-state thermal simulation 
using the Ansys 2020 R2 software [10]. 3D geometry of 
the HS1 was constructed, the material parameters given in 
Table II were defined, and the value of h=20 Wm-2K-1 for 
the convective heat coefficient under natural convection 
was set. The thermal power of 0.2 W (corresponding to 
Thot=33.7 °C) was given as the thermal load. The results of 
the simulation are shown in Fig. 5. The temperature 
distribution in the heatsink structure is within the 0.03 °C 
range, which can be considered uniform distribution. The 
steady-state temperature equals the applied Thot that 
confirms the results obtained by the spatial heatsink model. 

The proposed model was used to characterize 
additional three low-profile heatsinks made of alumina 
(HS2), copper foam (HS3), and microporous ceramics 
(HS4). The parameters of the selected heatsinks are listed 
in Table II. Heatsinks have similar overall dimensions, but 
different geometries. The simulated transient temperature 
responses are shown in Fig 6. All simulations were 
performed for Tamb = 25°C and Thot = 35°C. Within 2 
minutes, only the HS2 does not reach temperature of 35°C, 
which indicates its best efficiency. It has the largest volume 
and heats up the slowest. On the other hand, due to the 
smallest volume, the HS1 heats up the fastest. Its fins 
improve the cooling efficiency in the presence of the 

ambient fluid flow. HS3 and HS4 have the same 
dimensions, while the porosity of the ceramic heatsink is 
twice smaller than the one of copper foam heatsink. These 
two heatsinks exhibit almost equal transient thermal 
performances. Comparing the efficiency of the heatsinks at 
the time instance 30 s from the heating start, HS2 has 11%, 
while HS3 and HS4 have about 7% better performances 
than the HS1. In autonomous microsystems, such as 
wireless sensor network nodes, where cold start is an 
important parameter, an alumina heatsink would be a better 
choice compared to the other considered heatsinks. 
 

 
 
Fig. 5. Steady-state FEM simulation results of HS1. 
 

 
 
Fig. 6. Values of heatsinks temperatures as a function of time. 
 

The same results are obtained by applying the 
standard Cauer RC equivalent circuit, which is much 
simpler than the proposed model, but requires the 
extraction of the thermal capacitance from the experimental 
data. On the other hand, the proposed spatial model 
calculates the thermal capacitance based on the known 
dimensions and parameters of the heatsink material. With 
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the proposed SPICE spatial model, it is not possible to 
obtain high-resolution results as in FEM simulations. 

However, the simulation execution time and hardware 
requirements are less in the case of SPICE simulations. 
 

 
TABLE II 

PROPERTIES OF THE HEATSINKS USED IN THE SIMULATION 
 

Heatsink HS1 [11] 

 

HS2 [12] 

 

HS3 [13] 

 

HS4 [14] 

 
Material Aluminum Alumina Copper foam Microporous 

ceramics 
Geometry Plate fin – 7 fins Pin fin – 25 fins Flat Plate fin – 7 fins 
Dimensions: L×W×H (mm) 14.5×14×6 20×20×6 25×25×5 25×25×5 
Heatsink to ambient thermal resistance 
– RSA (KW-1) 

12 40 35.8 10.21 

Density – d (kgm-3) 2700  3660 3320 1800 
Specific heat capacity – cp (Jkg-1K-1) 910  880 385 670 
Thermal conductivity – λ (Wm-1K-1) 200  25 45 125 
Temperature coefficient of λ – aλ (K-1) 4·10-3  -2.7·10-3 -1·10-4 0 
 

V. CONCLUSION 
 

This paper presents guidelines for creating a spatial 
model of a heatsink that can be used in electrical circuit 
simulators. The validity of the model was confirmed 
experimentally and by comparison with other models. 
Using the model, complex systems, such as wireless sensor 
network nodes, can be simulated simultaneously in the 
electrical and thermal domains. The model is applicable in 
both steady-state and time-dependent simulations. The 
model parameters are available from the heatsink datasheet, 
which is an advantage of the model in addition to being 
compatible with SPICE-like simulators. The disadvantage 
of this model is that simulation results of high resolution 
cannot be achieved as with FEM simulations. 
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Sensitivity Analysis of Possible THz Virus Detection 
Using Quad-Band Metamaterial Sensor 

 
A. Kovačević, M. Potrebić, and D. Tošić 

 
 

Abstract – This paper proposes the method for detailed 
sensitivity analysis which is then demonstrated on the chosen 
quad-band metamaterial sensor used to detect the presence and 
the concentration of three different strains of Influenza A virus: 
H1N1, H5N2 and H9N2. The results show that metamaterial 
structure can be successfully used for detecting extremely low 
virus concentrations with relatively high sensitivity for all four 
resonant frequencies and, therefore, give significant contribution 
to the medical diagnostics. Presented approach can potentially 
ease the practical use of sensors and assure their best utilization in 
medical and other applications. 
 

I. INTRODUCTION 
 

Many viruses have potential to lead to the pandemics, 
especially types with RNA genome as they have higher 
mutation rates than DNA viruses [1]. One of them, SARS-
CoV-2, has caused the recent global outbreak of COVID-
19 pandemic. In order to prevent future possible 
pandemics, stop the spread of pathogens and provide 
adequate medical treatment to the infected patients, it is 
crucial to develop accurate and rapid diagnostic tests that 
can detect extremely low concentrations of virus particles. 
Conventional methods for virus detection such as RT-PCR 
have certain limitations. They are often very time-
consuming, some of them require sophisticated laboratory 
equipment and many of them have poor sensitivity [2]. 
Therefore, there is a need for more effective label-free 
alternative method with nearly instantaneous virus 
detection. Possible solution to overcome the deficiencies of 
conventional methods can be found in THz spectroscopy. 
Since the size of virus particles is much smaller than the 
THz wavelengths, researchers have proposed THz 
metamaterial structures to maximize interaction of viruses 
with the THz waves [3]. Many different combinations of 
geometries and materials for detecting various samples 
were investigated through computer simulations and/or 
laboratory measurements [4]-[6]. In order to showcase the 
capabilities of the observed sensor, provide the adequate 
comparison of multiple sensors and facilitate its use for the 
specific sensing applications, for example detecting certain 
strains of viruses, we propose the combined graphical and 
numerical approach for sensitivity analysis given in this 
paper. 
 

II. SENSOR DESIGN 
 

For the purpose of demonstration, we have chosen the 
quad-band metamaterial unit cell presented in [4], as it 
requires more complex sensitivity analysis than single-band 
sensors. The structure was modeled in WIPL-D software 
(Fig.1), using exact dimensions and materials as stated in 
[4], but the dependence of conductivity of gold on 
frequency was taken into account through Drude model [5], 
as opposed to taking fixed value of 40.9 MS/m in the 
original paper 
 

2
0 p / ( j ) =    −    (1) 

 
where ωp = 2πfp and fp = 2184 THz is the plasma 
frequency, γ = 40.5 x 1012 s-1. 

The complete sensor structure is obtained through 
periodically repeating unit cell along the x and y axes using 
Periodic Boundary Condition option in WIPL-D software. 
A plane electromagnetic wave is used as the light source 
which is vertically irradiated to the sensor. The sensing 
performance of the metamaterial structure can be 
characterized by the absorption response (Fig. 2). 
Absorption (A) is a function of the corresponding scattering 
parameters 
 

 2 2
11 121A s s= − − . (2) 

 
Aside of gold, graphene can also be used in similar 

sensor structures. An example of comparison of gold- and 
graphene-based metamaterial structures is given in [5]. 
 

III. VIRUS SENSING 
 

Three different subtypes of Influenza A virus (IAV) 
have been chosen for the metamaterial sensitivity analysis. 
IAVs are zoonotic pathogens with RNA genome and a 
serious possibility of causing human epidemics or 
pandemics [7]. All three strains of virus are modeled as a 
continuous dielectric layer completely covering the top of 
the sensor structure. The virus sample concentration is 
modeled by varying the layer thickness. The optical 
properties of virus samples, retrieved by using THz 
spectroscopy, are given in Table I [6]. The dispersive 
refractive index (ñ = n + j k) is obtained by 
 

2 2 2 2
p 01.5 / ( j )n =  = −  − +   (3) 
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where ε is the complex permittivity given by Drude-
Lorentz model, ωp = 4 THz is the plasma frequency, 
ω0 = 2.8π THz is the resonant frequency and γ = 4 THz is 
the damping coefficient [6]. 
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Fig. 1. THz metamaterial unit cell model in WIPL-D software 
(left) and dimensions (right). 
 

Then, it has been modified for each of the virus strain 
with coefficients A and B according to data given in Table I 
and the complex permittivity required by WIPL-D software 
was calculated by squaring the corresponding complex 
refractive index for each frequency used in simulation. 
 

 
 

Fig. 2. Absorption response of the sensor without virus. 
 

TABLE I 
OPTICAL PROPERTIES OF THREE DIFFERENT STRAINS OF 
INFLUENZA A FOR SPECIFIC PROTEIN CONCENTRATION 

 

Strain 
name 

Protein concentration 
[mg/ml] 

Refractive index: 
A n + B j k 

A B 
H1N1 0.54 1 1.4 
H5N2 0.2 1 1 
H9N2 0.28 1.2 1.4 

 
The example of absorption response for the first peak 

for three different thicknesses (d) of H9N2 is given in 
Fig. 3. It can be noted that the resonant frequency decreases 
as the thickness of the virus layer increases. Therefore, the 
frequency shift of the peak can be used to detect the virus 
and quantify the virus concentration. Beside the change of 
resonant frequency, the amplitude of the peak also varies 
when the properties of sample are modified (its thickness 
or/and its complex permittivity). Although it represents one 

of the bases of sensing principle, the peak amplitude isn’t 
often used as the main parameter in sample analysis due to 
its impracticalities, but it can be used to differentiate two 
samples that induce the same frequency shift as it will be 
mentioned in the next section. 
 

 
 

Fig. 3. Absorption response for the first peak of the sensor 
without virus (0 μm) and different virus layer thicknesses d (1, 5 
and 8 μm) of H9N2. 
 

IV. SENSITIVITY ANALYSIS 
 

Graphical part of the proposed sensitivity analysis 
method consists of graphical representation of peak 
frequency shift in terms of the virus layer thickness. As the 
presented sensor is quad-band (Fig. 2), the analysis can be 
conducted for all four peaks in order to determine the 
sensor behavior around all four resonant frequencies and 
enable the best use of the sensor for the specific 
application. The peak with the lowest frequency is 
analyzed first for all three virus strains and the obtained 
nonlinear curve is presented in Fig. 4. Let us define the 
following quantities: Δfres is the resolution of measuring 
system (the used value for Fig. 4 is 1 GHz); Δfsat is the 
saturation frequency shift; dmin and dmax are the lower and 
the upper bound of detection for each virus subtype, 
obtained through the next equations 
 

min max( ( ),0.1 m)resd d f=     (4) 
 
where d(Δfres) is the virus layer thickness for minimal 
frequency shift that can be detected that is in fact the 
frequency resolution and 0.1 μm is the average size of IAV 
particle according to [8] and 
 

max ( )sat resd d f f=  −   (5) 
 
where d(Δfsat – Δfres) is the virus layer thickness that 
corresponds to frequency that is Δfres below Δfsat, chosen as 
the highest frequency shift that can be measured to get 
unambiguous result for the thickness of the sample. 

As the values of observed parameters for H1N1 and 
H5N2 are almost equal, they are presented together in 
Fig. 4 and more precise values are given in Table II. 

Numerically, general sensitivity of the sensor can be 
obtained by 
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where ε is the complex permittivity given by Drude-
Lorentz model, ωp = 4 THz is the plasma frequency, 
ω0 = 2.8π THz is the resonant frequency and γ = 4 THz is 
the damping coefficient [6]. 
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(left) and dimensions (right). 
 

Then, it has been modified for each of the virus strain 
with coefficients A and B according to data given in Table I 
and the complex permittivity required by WIPL-D software 
was calculated by squaring the corresponding complex 
refractive index for each frequency used in simulation. 
 

 
 

Fig. 2. Absorption response of the sensor without virus. 
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The example of absorption response for the first peak 

for three different thicknesses (d) of H9N2 is given in 
Fig. 3. It can be noted that the resonant frequency decreases 
as the thickness of the virus layer increases. Therefore, the 
frequency shift of the peak can be used to detect the virus 
and quantify the virus concentration. Beside the change of 
resonant frequency, the amplitude of the peak also varies 
when the properties of sample are modified (its thickness 
or/and its complex permittivity). Although it represents one 

of the bases of sensing principle, the peak amplitude isn’t 
often used as the main parameter in sample analysis due to 
its impracticalities, but it can be used to differentiate two 
samples that induce the same frequency shift as it will be 
mentioned in the next section. 
 

 
 

Fig. 3. Absorption response for the first peak of the sensor 
without virus (0 μm) and different virus layer thicknesses d (1, 5 
and 8 μm) of H9N2. 
 

IV. SENSITIVITY ANALYSIS 
 

Graphical part of the proposed sensitivity analysis 
method consists of graphical representation of peak 
frequency shift in terms of the virus layer thickness. As the 
presented sensor is quad-band (Fig. 2), the analysis can be 
conducted for all four peaks in order to determine the 
sensor behavior around all four resonant frequencies and 
enable the best use of the sensor for the specific 
application. The peak with the lowest frequency is 
analyzed first for all three virus strains and the obtained 
nonlinear curve is presented in Fig. 4. Let us define the 
following quantities: Δfres is the resolution of measuring 
system (the used value for Fig. 4 is 1 GHz); Δfsat is the 
saturation frequency shift; dmin and dmax are the lower and 
the upper bound of detection for each virus subtype, 
obtained through the next equations 
 

min max( ( ),0.1 m)resd d f=     (4) 
 
where d(Δfres) is the virus layer thickness for minimal 
frequency shift that can be detected that is in fact the 
frequency resolution and 0.1 μm is the average size of IAV 
particle according to [8] and 
 

max ( )sat resd d f f=  −   (5) 
 
where d(Δfsat – Δfres) is the virus layer thickness that 
corresponds to frequency that is Δfres below Δfsat, chosen as 
the highest frequency shift that can be measured to get 
unambiguous result for the thickness of the sample. 

As the values of observed parameters for H1N1 and 
H5N2 are almost equal, they are presented together in 
Fig. 4 and more precise values are given in Table II. 

Numerically, general sensitivity of the sensor can be 
obtained by 

 tot max minGen.Sensitivity / ( )f d d=  − . (6) 
 

Here, Δftot is the difference between the frequency 
shifts that correspond to dmax and dmin.  
 

 
(a) 

 
(b) 

 
Fig. 4. (a) Dependence of the frequency shift Δf (d) for wide 
range of d for the first peak, (b) Determining dmin. 
 

TABLE II 
ESTIMATED SENSITIVITY PARAMETERS AROUND THE FIRST PEAK 

 

 Resolution 
1 GHz 10 GHz 

H
9N

2 

dmin 
[μm] 

0.1 0.2 
dmax 39.26 30 

dmax – dmin 39.16 29.8 

Sensitivity 
[GHz/nm] 

General 4.2583x10-3 5.034x10-3 
d ≤ 1 μm 0.0376 0.032 
d ≥ 30 μm 4.4276x10-4 0 

H
1N

1 

dmin 
[μm] 

0.1 1 
dmax 34.75 20 

dmax – dmin 34.65 19 

Sensitivity 
[GHz/nm] 

General 3.0185x10-3 4.2105x10-3 
d ≤ 1 μm 0.014 0 
d ≥ 30 μm 4.2105x10-4 0 

H
5N

2 

dmin 
[μm] 

0.1 1 
dmax 33.36 20 

dmax – dmin 33.26 19 

Sensitivity 
[GHz/nm] 

General 3.11485x10-3 4.2105x10-3 
d ≤ 1 μm 0.014 0 
d ≥ 30 μm 3.0675x10-4 0 

 
Graphically, general sensitivity can be represented as 

the slope of the characteristic linearized between dmin and 
dmax. It should be stated that this parameter doesn’t give a 

real view of sensitivity for specific thicknesses, as the 
original curve significantly deviates from the linearized 
characteristic, but it is practical for comparing multiple 
sensors, multiple peaks in the absorption response or the 
sensor behavior with different samples.  

Fig. 4 shows that sensitivity of the sensor decreases 
with the increase of thickness of virus substrate. Therefore, 
in order to provide the better view on sensor capabilities of 
detecting different virus concentrations in samples, 
sensitivity for thin (d ≤ 1 μm) and extremely thick layers 
(d ≥ 30 μm) are observed separately in the similar way as 
the general sensitivity. In addition, the linearization gives 
more reliable results when applied in narrower bands, as 
opposed to the whole sensor bandwidth. The results are 
numerically presented in Table II. 

Beside determining the concentration of virus particles 
in the sample, the capabilities of sensor to differentiate 
different virus types should also be investigated. Let us 
define Δfqual as the qualitative sensitivity for each layer 
thickness (given for d = 20 μm in Fig. 4). Two samples of 
two different strains of virus that have same concentration 
of virus particles can be clearly differentiated if 
Δfqual ≥ Δfres. According to Fig. 4, we can clearly 
differentiate H9N2 from H1N1/H5N2 for all of the 
observed virus thicknesses, but we cannot do the same for 
H1N1 and H5N2 as the corresponding curves overlap 
completely for thicknesses below 40 μm. In order to 
investigate if the curves for H1N1 and H5N2 separate on 
higher frequencies, the same sensitivity analysis for those 
two strains has been repeated for the remaining three peaks 
of the absorption response (Fig. 5). The sensitivity 
parameters have been calculated in the same way as for the 
first peak and presented in Table III.  
 

V. DISCUSSION 
 

Table II shows that the proposed sensor has greater 
sensitivity for detecting H9N2 compared to H1N1/H5N2 
for which the sensitivities are approximately equal. 

From Fig. 5 and Table III, it can be seen that the 
properties of the sensor are different around each observed 
peak, especially the sensing bandwidth as Fig. 5 clearly 
illustrates. The chosen sensor structure has greater 
sensitivity around the second peak than around the first 
one, but it also has significantly narrower bandwidth. The 
analysis around the third and the fourth peak shows even 
higher values for sensitivity but with certain limits as there 
is an overlapping between the resonant frequencies of 
thinner layers around the third peak and thicker layers 
around the fourth peak. The solution for the problem of 
unambiguity can be found in repeating analysis around the 
first or the second peak in order to determine the 
approximate sample concentration and then returning to the 
analysis around higher peaks to achieve better thickness 
resolution. Alternatively, the difference between the peak 
amplitudes can be used to differentiate the results. 

As all of the observed parameters can greatly vary if 
resolution is changed, estimated sensitivity parameters for 
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two different resolutions are given in Table II. It can be 
seen that as the resolution increases from 1 to 10 GHz, the 
sensor bandwidth as well as its sensitivity for both thin and 
thick layers decrease. Observing Table II, one can come to 
the conclusion that the sensor is generally more sensitive 
for Δfres = 10 GHz, but it should be taken into consideration 
that the values for different resolutions shouldn’t be 
compared as the curves show different level of deviation 
from the linearized characteristic. 

 

 
 

Fig. 5. Dependence of the frequency shift Δf (d) for wide range of 
d for multiple peaks. 

 
Fig. 5 shows that around peaks with higher 

frequencies, curves for H1N1 and H5N2 still overlap for 
thinner virus layers, but they separate significantly for 
thicker layers especially around the third and the fourth 
peak. However, there are two alternative methods that can 
help in qualitative differentiating, the first one is to repeat 
the analysis for lower Δfres if possible and the second one is 
to observe the difference in peak amplitudes. 
 

VI. CONCLUSION 
 

We have thoroughly investigated the sensing 
performance of the chosen quad-band metamaterial sensor 
using proposed method, showing its advantages such as 
multiple resonant modes, high sensitivity for detecting 
extremely low concentrations of virus and possibility of 
qualitative differentiating. We have also showcased its 
limits which are reflected in limited range of virus sample 
concentrations that can be detected and inability of 
differentiating samples with very similar optical properties 
easily. The given analysis suggests that the proposed 
method of sensing can be successfully included into 
medical diagnostics. The combined graphical and 
numerical approach presented in this paper can 
significantly ease the use of sensors in many different 
applications including medical ones. The results of 
practical analysis can in many cases be directly seen from 
the graphical part of the approach by reading the 
concentration and virus subtype for the value of measured 
frequency shift which can be achieved if the curves don’t 
overlap. In addition, the numerical part of the approach 
helps in finding the best possible way to completely exploit 
all the benefits of the used sensor structure. Therefore, this 
method can be potentially used in the specification sheets 
of future fabricated sensor devices. 

TABLE III 
ESTIMATED SENSITIVITY PARAMETERS FOR H1N1 AND H5N2 

 

 Peak 
2. 3. 4. 

H
1N

1 

dmin 
[μm] 

0.1 0.1 0.1 
dmax 15 42.41 110 

dmax – dmin 14.9 42.31 109.9 

Sensitivity 
[GHz/nm] 

General 4.658x10-3 0.0122 8.04x10-3 

d ≤ 1 μm 0.036 0.056 0.0375 
d ≥ 30 μm 0 4.19x10-3 2.85x10-3 

H
5N

2 

dmin 
[μm] 

0.1 0.1 0.1 
dmax 13 49.44 131.8 

dmax – dmin 12.9 49.34 131.7 

Sensitivity 
[GHz/nm] 

General 5.225x10-3 0.0109 6.82x10-3 
d ≤ 1 μm 0.036 0.056 0.0375 

d ≥ 30 μm 0 3.7x10-3 2.39x10-3 
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two different resolutions are given in Table II. It can be 
seen that as the resolution increases from 1 to 10 GHz, the 
sensor bandwidth as well as its sensitivity for both thin and 
thick layers decrease. Observing Table II, one can come to 
the conclusion that the sensor is generally more sensitive 
for Δfres = 10 GHz, but it should be taken into consideration 
that the values for different resolutions shouldn’t be 
compared as the curves show different level of deviation 
from the linearized characteristic. 

 

 
 

Fig. 5. Dependence of the frequency shift Δf (d) for wide range of 
d for multiple peaks. 

 
Fig. 5 shows that around peaks with higher 

frequencies, curves for H1N1 and H5N2 still overlap for 
thinner virus layers, but they separate significantly for 
thicker layers especially around the third and the fourth 
peak. However, there are two alternative methods that can 
help in qualitative differentiating, the first one is to repeat 
the analysis for lower Δfres if possible and the second one is 
to observe the difference in peak amplitudes. 
 

VI. CONCLUSION 
 

We have thoroughly investigated the sensing 
performance of the chosen quad-band metamaterial sensor 
using proposed method, showing its advantages such as 
multiple resonant modes, high sensitivity for detecting 
extremely low concentrations of virus and possibility of 
qualitative differentiating. We have also showcased its 
limits which are reflected in limited range of virus sample 
concentrations that can be detected and inability of 
differentiating samples with very similar optical properties 
easily. The given analysis suggests that the proposed 
method of sensing can be successfully included into 
medical diagnostics. The combined graphical and 
numerical approach presented in this paper can 
significantly ease the use of sensors in many different 
applications including medical ones. The results of 
practical analysis can in many cases be directly seen from 
the graphical part of the approach by reading the 
concentration and virus subtype for the value of measured 
frequency shift which can be achieved if the curves don’t 
overlap. In addition, the numerical part of the approach 
helps in finding the best possible way to completely exploit 
all the benefits of the used sensor structure. Therefore, this 
method can be potentially used in the specification sheets 
of future fabricated sensor devices. 

TABLE III 
ESTIMATED SENSITIVITY PARAMETERS FOR H1N1 AND H5N2 

 

 Peak 
2. 3. 4. 

H
1N

1 

dmin 
[μm] 

0.1 0.1 0.1 
dmax 15 42.41 110 
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Sensitivity 
[GHz/nm] 
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d ≥ 30 μm 0 4.19x10-3 2.85x10-3 

H
5N

2 

dmin 
[μm] 

0.1 0.1 0.1 
dmax 13 49.44 131.8 

dmax – dmin 12.9 49.34 131.7 

Sensitivity 
[GHz/nm] 

General 5.225x10-3 0.0109 6.82x10-3 
d ≤ 1 μm 0.036 0.056 0.0375 

d ≥ 30 μm 0 3.7x10-3 2.39x10-3 
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Gas-filled Surge Arrester 
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Abstract – Gas-filled surge arresters’ experimental data mean 
values of breakdown voltage have been estimated for voltage 
increase rates from 1 V/s to 10 V/s. The work of gas-filled surge 
arresters (GFSA) is based on processes that lead to electrical 
breakdown and discharge. The breakdown voltage has a statistical 
nature, and that tell us it is a subject to a certain distribution. 
Experimental data was studied and cumulative distribution 
function (CDF) was presented together with applied sigmoidal 
Weibull distribution. The coefficient of correlation has shown the 
strength of the relationship between the experimental distribution 
functions and the Weibull distribution fits. The goal was 
determining whether Weibull distribution is a good distribution 
for breakdown voltage values fitting of the CITEL GFSA, in 
order of determining the component failure after a certain period 
of time. 
 

I. INTRODUCTION 
 

Gas-filled surge arresters are one of the most 
commonly used surge protection elements. This paper 
contains the results of a statistical analysis of the 
breakdown voltage of one gas-filled surge arrester. Some 
of the main advantages of using a GFSA are high durability 
(maximum allowed current goes up to 60 kA), large range 
of protection levels (from 70 V to 1200 V), low intrinsic 
capacity (lower than 1 pF) and low resistance in conducting 
regime (around 0.1 Ω). The protection of electrical 
equipment is important and GFSA is mainly used for that 
since the equipment can be destroyed by lightning or 
switching events. The voltage at which an electrical gas 
breakdown occurs is called the breakdown voltage. 
Depending on the applied voltage, the electrical gas 
breakdown can be static or dynamic, where the dynamic is 
the one where the voltage change rate is equal to or greater 
than the rate of change of elementary processes in the gas, 
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Fig. 1. CITEL gas-filled surge arrester. 
 

The discretized dynamic method was used for 
estimating the static breakdown voltage of used gas sample 
CITEL GFSA. This method is based on voltage increase in 
steps, with strictly defined duration voltage step, until the 
breakdown. Voltage increase rate  is used for increasing 
the voltage in steps, with a defined starting voltage value 
that is certainly lower than the expected breakdown 
voltage. The starting voltage could also be 0 V, but it 
would take more time to reach the breakdown point. The 
voltage step has a strictly defined duration until it reaches 
breakdown. The voltage increase rate k has values from 
1 V/s to 10 V/s, and it’s defined by the formula (1): 
 

               (1) 
 
where  represents the mean value of the measured 
dynamic breakdown voltages and tb is the electrical 
breakdown delay time of the CITEL commercial GFSA 
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used in this paper. Additionally, this paper contains 
statistical analysis of the obtained experimental data and a 
fitting procedure of these results. 

The measurement results for all used voltage increase 
rates are shown in Table I. It shows the mean values and 
standard deviation for each voltage increase rate which 
goes from 1 V/s up to 10 V/s. As it can be observed, the 
measured values have similar behavior, depending on the 
value of k. The standard deviation has low value, so the 
measurement values of Ub tend to be close to the expected 
mean value, showing a very close linear fit [7,8]. 
 

TABLE I 
CITEL GAS-FILLED SURGE ARRESTER’S MEAN VALUE AND 

STANDARD DEVIATION OF BREAKDOWN VOLTAGE 
 

k (V/s)  (V) 𝛔𝛔𝛔𝛔 (V) 
1 227.5 0.4 
2 227.5 0.5 
3 227.6 0.5 
4 227.7 0.5 
5 227.8 0.5 
6 227.9 0.6 
7 227.9 0.6 
8 228.0 0.6 
9 228.2 0.6 
10 228.3 0.6 

 
As already mentioned, the breakdown voltage has a 

statistical nature, which tells us that it is not a strictly 
predefined value; it is already subject to a certain 
distribution. By knowing this, the static breakdown voltage 
is then determined using a linear fit as shown in Fig. 2. The 
figure shows the mean values of breakdown voltage from 
Table I as a function of voltage increase rate for CITEL 
GFSA used in this paper. The formula (2) used to define 
the static breakdown voltage is:  
 

           (2) 
 

As it can be noticed, the mean value of breakdown 
voltage gets closer to the static breakdown voltage as the 
voltage increase rate gets lower [8]. By doing the linear fit 
of the experimental results, we can notice that it gives a 
very good agreement with these results. The estimated 
value of the static breakdown voltage is 227.3 V. It is 
possible to compare the obtained results with earlier results 
[9] and notice a similar behavior. 

Other details of the measurement results are presented 
in Fig. 3, and they are together showing the standard 
deviation, mean value, median, maximum, minimum value 
and 99 percentiles. This figure shows that the measured 
values have a similar behavior, with a little variation with 
the mean that is larger than the median for all voltage 
increase rates. In addition, in the last four voltage increase 
rates, the median is not visible because it matches the value 
of either maximum or minimum, as there are fewer 

different values given that the voltage increase rate is 
higher [10,11]. 

 
 

Fig. 2. Mean value of breakdown voltage as a function of voltage 
increase rate for CITEL gas-filled surge arrester. 
 

 
 

Fig. 3. Measurement results (standard deviation, mean value, 
median, maximum, minimum, 99 percentiles). 
 

III. RESULTS AND DISCUSSION 
 

Later on, a cumulative distribution function was 
performed. The cumulative distribution function (CDF) 
shown in Fig. 4 represents the probability that the variable 
takes a value less than or equal to a specific value. The 
linear plot of this data is shown. This plot has been 
analyzed with a non-linear curve fit, the sigmoidal Weibull 
function. Sigmoidal functions are mathematical functions 
that have a characteristic “S”-shaped curve, also known as 
a sigmoid curve. The results for first four values of voltage 
increase rates are shown in the Fig. 4. The figure is 
showing the cumulative distribution functions for voltage 
increase rates k = 1 V/s to 4 V/s. Solid lines in the figure 
represent experimental distribution functions while the 
dashed lines represent the Weibull distribution fits. The 
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Later on, a cumulative distribution function was 
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shown in Fig. 4 represents the probability that the variable 
takes a value less than or equal to a specific value. The 
linear plot of this data is shown. This plot has been 
analyzed with a non-linear curve fit, the sigmoidal Weibull 
function. Sigmoidal functions are mathematical functions 
that have a characteristic “S”-shaped curve, also known as 
a sigmoid curve. The results for first four values of voltage 
increase rates are shown in the Fig. 4. The figure is 
showing the cumulative distribution functions for voltage 
increase rates k = 1 V/s to 4 V/s. Solid lines in the figure 
represent experimental distribution functions while the 
dashed lines represent the Weibull distribution fits. The 

aim of this study was to examine the measured dynamic 
breakdown voltages and their matching with the Weibull 
function. By doing this, there is an opportunity to 

determine whether the component will work reliably and to 
determine the probability of component failure after a 
certain period of use [12]. 

 

     
 

 
 
Fig. 4. Cumulative distribution functions for voltage increase rates k = 1 to 4 V/s. Solid lines represent experimental distribution 
functions and dashed lines represent the Weibull distribution fits. 

 
The formula used for distribution of experimental data 

of the dynamic breakdown voltage of CITEL GFSA is 
given bellow. It is used to check the possibility of applying 
Weibull distribution [13,14]. The function (3) used in this 
paper is: 
 

,          (3) 
 
where B represents the scale parameter, or characteristic 
life,  is the location parameter (or failure free life) and d 
is the shape parameter (slope). The function  is 
referred to as the unreliability of the component. Thus, the 
reliabilty function for the 3-parameter Weibull distribution 
(4) would simply be defined as: 
 

        (4) 
 

Weibull distribution is often used for performing life 
data analysis, also known as the result of lifetime 
estimation. In the case of GFSA of this paper, it is an 

effective method of determining the reliability 
characteristics with relatively small sample size. Table II is 
showing the parameters obtained using a Weibull 
distribution with cumulative frequency data of the 
breakdown voltage of CITEL GFSA for voltage increase 
rates from 1 V/s up to 4 V/s. 

 
TABLE II 

CUMULATIVE FREQUENCY PARAMETERS OF CITEL GAS-
FILLED SURGE ARRESTER 

 

k (V/s)  B Ua (V) d  

1 0.8 226.4 2.5 

2 0.8 226.4 2.2 

3 0.7 226.3 2.2 

4 0.7 226.2 2.6 
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Weibull slope d from Table II is the most important 
parameter for estimating the behavior of the breakdown 
voltage. The Weibull slope shows the response of the gas 
to the applied voltage, as it is in proportion with the 
sensitivity of the GFSA. It can be noticed from Table II and 
also Fig. 4 that for all four voltage increase rates the slope 
d is not significantly different, and that the value varies 
between values 2 and 3. 

The coefficient of correlation (R2) shown in Fig. 4 
shows the strength of the relationship between the 
experimental distribution functions and the Weibull 
distribution fits. By knowing the observed outcome data, R2 
provides a measure of how well they’re replicated by the 
model, based on the proportion of all variation outcomes. It 
can be noticed that for all graphs that this value is 
R2 > 0.99, so its value is very close to 1, which means that 
this model fits the data very well. Furthermore, it shows 
that Weibull distribution is a good distribution function for 
breakdown voltage values fitting of the CITEL GFSA. 
 

IV. CONCLUSION 
 

Based on the processed values and measurements 
mentioned above, the following can be concluded. The 
component used in this paper is a CITEL gas-filled surge 
arrester with two electrodes and gas insulation. Its DC 
sparkover voltage goes from 184 V up to 276 V. The 
statistical analysis of the electrical breakdown voltage was 
performed, with the voltage increase rate from 
1 V/s to 10 V/s. The linear increase of the working voltage 
was performed. It has confirmed the stochastic nature of 
the breakdown voltage. Stochastic (random) process is 
defined as a family of random variables. The paper also 
shows statistical analysis of the obtained experimental data 
and a fitting procedure of these results. The Weibull 
distribution has confirmed that it is a good distribution for 
breakdown voltage of the CITEL GFSA. The further 
research will be based on using more different non-
parametric tests for establishing the confirmation of 
validity of the Weibull distribution among gas-filled surge 
arresters of other manufacturers (Epcos, Littelfuse, 
Siemens). Furthermore, the analysis will be based on 
estimating how reliable the devices will be after a certain 
period of time (e.g. 1-2 years).  
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Electronic Components Authentication Methods Based 
on Visual and Chemical Package Analysis 

 
A. O. Shirin, L. N. Kessarinskiy, K. A. Koval, F. F. Taiibov, A. S. Kameneva, and 

A. P. Durakovskiy 
 
 

Abstract - The work is devoted to counterfeiting electronic 
components. The results of the use of visual analysis of the 
surface and marking are presented. Only the use of a set of 
methods allows you to give a reliable result. The optimal set of 
methods is determined by the qualifications of the researcher. 
 

I. INTRODUCTION 
 

As technology developed, obsolete but still working 
electronics are accumulating over the world. Often, instead 
of full utilization, they are simply thrown into the trash. 
Then the devices are sorted from ordinary waste, 
disassembled, and the electronic components fall back to 
the market. Often these components are sold as new - 
“counterfeit”. Various methods are used to disguise defects 
of use, including replacing the top surface of the package 
(fake “blacktop”), applying fake markings [1], [2]. 

The counterfeiting defects of the top surface are 
revealed by visual analysis and chemical solvents. At the 
same time, the set of methods for providing research and 
the criteria for making a decision are selected by engineer 
based on his experience and it is a kind of mini-research. 
 

II. DEFECTS AND COUNTERFEIT 
 

A fake additional blacktop layer on a plastic case with 
non-original markings is most often detected by the 
following defects: altered or mismatched texture, poor-
quality markings, poor-quality non-uniform surface, traces 
of mechanical grinding, traces of an asphalt-like viscous 
mass. All these signs indicate non-factory surface treatment 
of the case and hence – counterfeit [3]-[5]. 

 
III. AVAILABLE DETECTION METHODS 

 
Methods for detecting the listed signs of counterfeit 

can be divided into visual, chemical, optical-mechanical. 
The task of the researcher is to choose the most effective 
methods in each case from the available laboratory. The 

choice is made on the basis of the study of literature data, 
scientific articles, knowledge of materials science, previous 
experience. In the SAE recommendations, the reliability of 
each method for detecting signs of counterfeiting is 
determined by a sufficiently large interval (for example: 
50-75%). It is the qualifications and erudition of the 
researcher that determine which value more accurately 
reflects the reliability of the work results 50% or 75%. 

 
IV. RESULTS 

 
For different years, samples of MAX81x (for reasons 

of confidentiality, the full mark is closed) microcircuits of 
several lots have tested. The results of visual inspection, 
including with the use of a microscope, are given below.  

The photos of DUTs of Thailand lots are presented in 
fig. 1: (a) and (b) are the view of top, (c) and (d) are the 
view of bottom surface. 

 

 
a) 

 
b) 

 
c) 

 
d) 

 
Fig. 1. The photos of the Thailand lots samples: (a) and (b) are the 
view of top, (c) and (d) are the view of bottom surface. (for 
reasons of confidentiality, the full mark is closed). 

A. O. Shirin, F. F. Taiibov, A. S. Kameneva, are with 
Specialized Electronic Systems (SPELS), Moscow Russia, E-mail: 
Aoshir@spels.ru 

L. N. Kessarinskiy, K. A. Koval, A. P. Durakovskiy are with 
National Research Nuclear University MEPhI (Moscow 
Engineering Physics Institute), Moscow, Russia and SPELS, 
Moscow Russia, E-mail: LNKessarinskiy@mephi.ru 

978-1-6654-4528-3/21/$31.00 ©2021 IEEE

PROC. 2021 IEEE 32nd INTERNATIONAL CONFERENCE ON MICROELECTRONICS (MIEL), NIŠ, SERBIA, SEPTEMBER, 12-14, 2021



116

The top surface of the samples of both Thailand lots 
have a similar style of marking, mark font, package 
surface, and the presence of mold indent. But at the same 
time, the format on the back surface is different: there is no 
data code on the sample of the second lot. While there is a 
difference, samples of both lots were approved for 
electrical and functional testing. After positive results are 
recognized as authentic [6]-[8]. 

The Philippines lots samples have less degrees of 
protection against counterfeiting, therefore, they raised 
more questions. Firstly, they lack a mold indent on both 
sides of the body, which makes authentication difficult. On 
the top, the font is the same for all lots, although the 
"grain" of the laser engraving is slightly different. The 
package surfaces are uniform. The photo of the samples of 
4 lots are shown in Fig. 2 (taking into account the slight 
difference due to photographic equipment of different 
years) [9], [10]. 

 

 
a) 

 
b) 

 
c) 

 
d) 

 
Fig. 2. The photo of the samples of 4 various lots. (for reasons of 
confidentiality, the full mark is closed). 

 
The most inconsistent results are obtained when 

comparing back surfaces and markings. Firstly, different 
labeling styles are immediately visible: somewhere the data 
code is indicated, and where not. Secondly, you can see a 
different font for applying the name of the country: 
different thickness of the letters "PP", different style of the 
letter "I" (with and without a tail) [11], [12]. 

 

 
a) 

 
b) 

 
c) 

 
d) 

Fig. 3. The photo of the samples of 4 various lots. 
 

In such cases, it is difficult to make a final decision 
based on the results of only one method for counterfeit 
detection. The lots, samples of which are presented in 
Figures b) and d) were signed as suspicious but submitted 
for further electrical and functional testing, and then for 
decapsulation and crystal comparison [13], [14]. 

Electrical testing has shown that the samples are 
functional. A comparison of the crystal labels confirmed 
the identity of the labels [15]. 

 
V. CONCLUSION 

 
The results of detecting signs of counterfeiting using 

surface and marking visual analysis have been shown. 
Each method separately for counterfeit detecting in 

the case of commercial and industrial ICs cannot give a 
clear answer to the question of an authentic or not (except 
for frankly forged ones). Only the use of a set of methods 
allows you to give a reliable result. After the 
implementation of SAE standards at the laboratory, it was 
possible to systematize and significantly increase the 
reliability of the results. The main factors affecting the 
quality of the research carried out are a) the use of a set of 
methods to identify signs of counterfeit, b) a systematic 
approach to assessing the reliability, c) the qualifications of 
researchers [16]-[19]. 
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difference, samples of both lots were approved for 
electrical and functional testing. After positive results are 
recognized as authentic [6]-[8]. 

The Philippines lots samples have less degrees of 
protection against counterfeiting, therefore, they raised 
more questions. Firstly, they lack a mold indent on both 
sides of the body, which makes authentication difficult. On 
the top, the font is the same for all lots, although the 
"grain" of the laser engraving is slightly different. The 
package surfaces are uniform. The photo of the samples of 
4 lots are shown in Fig. 2 (taking into account the slight 
difference due to photographic equipment of different 
years) [9], [10]. 

 

 
a) 

 
b) 

 
c) 

 
d) 

 
Fig. 2. The photo of the samples of 4 various lots. (for reasons of 
confidentiality, the full mark is closed). 

 
The most inconsistent results are obtained when 

comparing back surfaces and markings. Firstly, different 
labeling styles are immediately visible: somewhere the data 
code is indicated, and where not. Secondly, you can see a 
different font for applying the name of the country: 
different thickness of the letters "PP", different style of the 
letter "I" (with and without a tail) [11], [12]. 

 

 
a) 

 
b) 

 
c) 

 
d) 

Fig. 3. The photo of the samples of 4 various lots. 
 

In such cases, it is difficult to make a final decision 
based on the results of only one method for counterfeit 
detection. The lots, samples of which are presented in 
Figures b) and d) were signed as suspicious but submitted 
for further electrical and functional testing, and then for 
decapsulation and crystal comparison [13], [14]. 

Electrical testing has shown that the samples are 
functional. A comparison of the crystal labels confirmed 
the identity of the labels [15]. 

 
V. CONCLUSION 

 
The results of detecting signs of counterfeiting using 

surface and marking visual analysis have been shown. 
Each method separately for counterfeit detecting in 

the case of commercial and industrial ICs cannot give a 
clear answer to the question of an authentic or not (except 
for frankly forged ones). Only the use of a set of methods 
allows you to give a reliable result. After the 
implementation of SAE standards at the laboratory, it was 
possible to systematize and significantly increase the 
reliability of the results. The main factors affecting the 
quality of the research carried out are a) the use of a set of 
methods to identify signs of counterfeit, b) a systematic 
approach to assessing the reliability, c) the qualifications of 
researchers [16]-[19]. 
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Abstract - The problem of counterfeit products, electronic 
and electromechanical products is presented. One of the most 
effective non-destructive electronics analyses is x-ray checking, 
that is presented in this paper. 
 

I. INTRODUCTION 
 

Counterfeit electronic products cause serious 
problems in the electronics and devices industry. Primarily, 
these problems affect production, costs and safety in the 
most critical sectors for society, such as: aerospace, 
military, medical and IT [1] - [3]. Thus, the problem of 
counterfeit electronic products can be regarded as an 
important threat to national security for any state. 

Taking into account the severity of the problem of 
counterfeit electronic components for any country where 
instrumentation and industry are developed, a number of 
standards were adopted to counteract and detection 
counterfeit electronic components: 

• AS5553C [4]. This standard defines a counterfeit 
electrical, electronic and electromechanical product control 
plan that documents the processes used to identify, 
mitigate, detect, prevent, remove, and report suspicious 
counterfeit or counterfeit products and / or assemblies 
containing such products; 

• IDEA-STD-1010-B [5]. This standard was 
developed to provide verification processes and criteria that 
can be incorporated into a quality management system and 
helps organizations implement and maintain anti-
counterfeiting programs; 

• CTI-CCAP-101B [6]. This standard establishes 
procedures for the authentication of electronic components, 
integrated circuits, hybrid microcircuits, semiconductors, 
transistors, diodes, capacitors and resistors, thereby 
reducing the risk of counterfeiting in the customer's supply 
chain; 

• AS6171A [7]. This standard defines procedures for 
the inspection and testing of electrical, electronic and 
electromechanical products, quality criteria for their 
manufacture, as well as the minimum requirements for 
training and certification of specialists to detect suspicious 

or counterfeit products; 
• and others [8], [9]. 
According to the above list, the practical component 

of detecting counterfeit electronic components is 
determined by the AS6171A standard. The combination of 
methods defined by this standard for conducting 
certification tests allows detecting a significant portion of 
counterfeits. New approaches to identifying counterfeit 
products are also being developed [10] – [18]. 

Based on types of tests carried out, they can be 
classified as non-destructive and destructive. The most 
attractive testing methods for the customer are non-
destructive tests due to the preservation of the normal 
operation of the product while observing its boundary 
operating conditions described in the specification. The 
100% components of lot can be analyzed by the non-
destructive methods, that increase total result authenticity.  

As an example of detecting counterfeit products, let us 
consider in more detail one of the non-destructive types of 
testing - the method of Radiological (X-ray) Inspection 
[19], as well as its practical application. 
 

II. X-RAY ELECTRONICS ANALYSIS 
 

The purpose of the x-ray method is to check the 
internal and external characteristics of the product in order 
to detect its intentional distortion or damage, which may 
indicate counterfeit products. Carrying out such tests in 
more detail allows you to identify and localize defects in 
printed circuit boards of semiconductor devices, electronic 
parts and modules, to accurately determine the geometric 
dimensions and orientation of crystals in semiconductor 
devices and integrated circuits, as well as to control the 
uniformity of a lots of similar marked products. 

Additionally, the advantage of this method is the 
subsequent use of the test results: 

• for delid/decapsulation physical analysis of 
integrated circuits in plastic cases; 

• for dosimetric support of radiation researches; 
• to determine the exposure characteristics. 
Specialists use automated systems to analyze 

semiconductor devices and integrated circuits by X-ray 
method. For the tests that we conducted, we used an 
automated system based on the X-ray source “Pardus” and 
the system “Krystal-X Easy” manufactured by Owandy 
Radiology. 
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This automated system allows us to obtain images of 
semiconductor devices and integrated circuits in the X-ray 
radiation range and determine the size and location of 
crystals. 

The appearance of the system is shown in Figure 1. 
 

 
 
Fig. 1. Automated X-ray inspection system. 

 
The main component of the Pardus X-ray source is an 

air-cooled X-ray tube “BS-6” with additional magnetic 
focusing. 

Photographing the test object and subsequent 
transmission of the image to the control PC is carried out 
using the system “Krystal-X Easy” via the USB 2.0 
interface. The main parameters of the automated system are 
shown in Table 1. 
 

TABLE I 
MAIN SYSTEM PARAMETERS 

 
Parameter Value 

Maximum power at the anode of  
the X-ray tube 3 W 

Voltage range on the X-ray tube 30 – 100 kV 

Resolution capacity 20 µm 

Dimensions of the sensitive area of 
the detector 20 mm х 30 mm 

Radiation level in the work area Background 
 

To comply with the requirements of operational safety 
and health protection of specialists conducting tests, the 
sensor and the X-ray source emitter are mounted in a 
protective box. 

 

III. THE X-RAY ANALYSIS RESULTS 
 

As examples of counterfeit products detected using 
the x-ray method, two types of electronic components are 
presented: 74ACT logic chip and MT5C1008 asynchronous 
SRAM (for reasons of confidentiality, the full mark is 
closed). The results are presented in Figures 2 and 3 
respectively. 

Two kinds of samples of same lot are presented in fig. 
2: the same package marks, but different lead frame and 
chips location. 

 

 
(a) 

 
(b) 

 
Fig. 2. X-ray photo of samples from the same lot of 74ACT logic 
chip: (a) all samples of lot except (b) one.  
 

Two kinds of component chip of the same lot are 
presented in fig. 3. 
 

 
(a) 

 
(b) 

Fig. 3 Two kinds of chip of the same lot: (a) the majority of lot 
with 5.0 mm x 4.8 mm and (b) one exception sample with 3.6 mm 
x 3.6 mm. 
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Fig. 3 Two kinds of chip of the same lot: (a) the majority of lot 
with 5.0 mm x 4.8 mm and (b) one exception sample with 3.6 mm 
x 3.6 mm. 

So the tested lots were marked as non-homogeneous 
and submitted for testing as different sub-lots. 

According to the test results of the samples, one of the 
three was found to have a discrepancy - different sizes of 
crystals. The studies carried out to identify counterfeit 
products by fluoroscopy show the existence of counterfeit 
components of microcircuits, and also prove the 
effectiveness of the x-ray method. 

 
IV. CONCLUSION 

 
This article presents the problem of counterfeit 

products, electronic and electromechanical products. On 
the example of the non-destructive method of counterfeit 
products - the method of x-ray photo, practical results are 
shown that confirm the effectiveness of measures. 
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Abstract - The article is devoted to the problem of 
identifying counterfeit electronic components. The article presents 
the results of complex test methods such as weighing and X-ray 
structural analysis. It is shown that the same counterfeit defects 
can be detected in different ways. But the best performance and 
reliability of the results are provided by a set of methods. 
 

I. INTRODUCTION 
 

In the real world, microcircuits are found everywhere 
and are an integral part of any equipment. Electronic 
components are responsible for important resources in 
automotive and airplanes, the energy system and medicine, 
goverment infrastructure and mining, etc. [1] The 
electronic component failure can lead to irreversible 
consequences [2]. The reasons for the failure of a 
microelectronic component can be associated with ordinary 
degradation (low reliability), external influences 
(temperature changes, vibration, etc.), counterfeit origin 
(very poor quality). 

In fact, counterfeit origin can lead to failures in all the 
mechanisms described above, depending on the type of 
fake: remarking of used microcircuits, defective factory 
components issued as 100% good, cloned and produced on 
an unstable semiconductor process line, the presence of 
latent defects that appear after a few months work in 
system. That is why it is so important to test components to 
identify all possible types of counterfeit using a variety of 
methods, find all non-homogenous lots of components, 
investigate and applying new smart complex or simple 
types of checks [3-14]. 

This article will focus on a combination of simple and 
productive precision weighing and more sophisticated X-
ray analysis. The methods presented in the article are non-
destructive. This means that the research was carried out 
during the normal operation of the product and in 
compliance with the operating conditions recommended by 
the manufacturer. 

II. ANALYSIS FACILITIES AND METHODS 
 

Precision weighing and X-ray analysis are two ways 
to compare the density of a microcircuit or transistor 
package material. Indeed, if at the same volume the mass of 
a component in a lot differs with the same looking of all 
samples, then the transparency for X-ray radiation of the 
packages will be different. Thus, it is possible to use a 
relatively inexpensive and productive method for pre-
screening non-uniform lot samples. 

For this research we used an automated system based 
on the system “Krystal-X Easy” manufactured by Owandy 
Radiology and high precision electronic scales FA2004 
manufactured by Xing Yun. The appearance of the 
installations is presented in Fig. 1. 

 

  
(a) (b) 

 
Fig. 1. Appearance of the system “Krystal-X Easy” (a) and 
high precision electronic scales (b). 

 
The automated system “Krystal-X Easy” allows us to 

obtain images of semiconductor devices and integrated 
circuits in the X-ray radiation range and determine the size 
and location of crystals. The parameters of the automated 
system are presented in Table 1. 
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TABLE I 
SYSTEM PARAMETERS 

 
Parameter Value 

Maximum power at the anode of  
the X-ray tube 3 W 

Voltage range on the X-ray tube 30 – 100 kV 

Resolution capacity 20 µm 

Dimensions of the sensitive area of 
the detector 

20 mm х 30 
mm 

Radiation level in the work area Background 

 
The main parameters of the high precision electronic 

scales are presented in Table 2. 
 

TABLE II 
MAIN PARAMETERS 

 
Parameter Value 

Max weighing 200 g 

Min weighing 0,0004 g 

Stable time 3 S 

Operation temperature 5-25 Co 

Pan size 80 mm 

 
III. RESULTS 

 
Experience shows that the most counterfeit 

components are those that cost the most, i.e. digital 
processors, microcontrollers, FPGA, RAM. This article 
presents the suspected samples of FPGA Xilinx. The top 
and the bottom view are presented in Fig. 2. 

 

  
(a) (b) 

 
Fig. 2. The (a) top and (b) bottom view of FPGA Xilinx XC4003_ 
(for reasons of confidentiality, the full mark is closed). 

 
Upon visual inspection, all the samples of the batch 

looked the same and had the same marking. After visual 
inspection, the samples were weighed on a scale and an X-

ray photo was taken. X-ray photo of samples FPGA Xilinx 
XC4003_ are presented in Fig. 3. 
 

 
 
Fig. 3. X-ray photo of samples FPGA Xilinx XC4003 (for reasons 
of confidentiality, the full mark is closed). 

 
The weighing results are presented in Fig. 4. The 

weighing results show that one sample differs from the rest 
in weight. 

 

 
 

Fig. 4. The weight (gram) of samples FPGA Xilinx XC4003_ (for 
reasons of confidentiality, the full mark is closed). 
 

Another example of non-uniformity of FPGA Xilinx 
lot is presented in Fig. 5 and 6. The weight of samples 
XC17_ is presented in Fig. 5. 

 

 
 

Fig. 5 The weight (gram) of samples FPGA Xilinx XC17 (for 
reasons of confidentiality, the full mark is closed). 
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As we can be seen from Figures 4 and 5, the 
characteristics of some samples differ greatly from the 
general batch. 

 

 
(a) 

 
(b) 

 
Fig. 6. X-ray photo of samples FPGA Xilinx XC17___ with the 
same facility characteristics (kV-voltage) (for reasons of 
confidentiality, the full mark is closed). 
 

Using the X-ray method, we were convinced of the 
difference in the samples and determined the cause of the 
deviations in weight and received visual proof of 
counterfeit. 
 

IV. CONCLUSION 
 
The complex test methods results such as weighing 

and x-ray analysis are presented in the article. It is shown 
that same counterfeit defects can be detected by different 
ways. But the best performance and reliability of the results 
are provided by a set of methods. 
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Electronic Components Authentication Methods Based 
on Decapsulation and Chip Photo Analysis 

 
I. B. Leukhin, A. O. Shirin, L. N. Kessarinskiy, F. F. Taiibov, A. S. Kameneva, and 

A. P. Durakovskiy 
 
 

Abstract - The shortage of microelectronic components 
increases the risks for electronics manufacturers to face 
counterfeit products. The article examines a method for chip 
marks analyzing in order to identify counterfeit microcircuits. 
 

I. INTRODUCTION 
 

Since mid-2020, the global electronics market has 
been shaken by cataclysms. The crisis in microelectronics 
is a consequence of the shortage of the most demanded 
electronic components in consumer electronics, 
automotive, mining, etc. 

The COVID-19 pandemic has made a significant 
contribution to the formation of the current situation [1]. 

In the current environment, industries that are 
reluctant to implement new standards have become 
hostages of the situation. Such manufacturers face a choice: 

- invest in the development of new generation devices 
or revision of old ones on the appropriate element base 

- to purchase components at inflated prices and the 
risk of facing counterfeit. 

It is more expedient for large manufacturers to choose 
the first option; the production volumes allow to cover the 
costs of additional investments in product 
development/refinement. And the costs for a downtime of 
the conveyor due to the undersupply of scarce components 
will be comparable to or more than the above investments. 

Small-scale ones are more likely to choose the second 
option. Critical equipment manufacturers rarely produce 
large series, so they are most at risk of counterfeiting. 
Therefore, there is a need for additional research on the 
component base for counterfeiting, because the 
manufacturers of such products always quickly adapt and 
find new methods [2], [3]. 

The article presents the results of research on the 
identification of counterfeit components by the method of 
crystal marking control. The most interesting cases of 
falsification detected by such tags are described. 
 

II. COUNTERFEIT DEFECTS 
 

Remarking and recycling are the most common types 
of counterfeiting [4] – [8]. During the remarking process, 
components are removed from non-functional devices, new 
package surface text marked, and this component sold as 
new. This counterfeiting type can be detected by visual 
inspection of the IC. 

The component recycling process consists of acid 
decapsulating the plastic package (unlike remarking), 
removing the wire connections, heating the case, and 
sanding the surface. Then the chips are packaged in new 
cases. It is almost impossible to distinguish such 
components from the original by just visual inspection. All 
signs of counterfeit are located under the microcircuit case 
and require specialized detection methods. 

 
III. ANTI-COUNTERFEITING METHODS 

 
The counterfeit defects (signs) classification involves 

a large number of checking (test) methods for their 
detection [9] - [14]. In some cases, visual control is 
sufficient, and very often this method will be the most 
effective.  

Displaced areas of marking of microcircuit cases, 
traces of repainting and old marking, holes from burning 
are vivid examples of defects that are detected by this way. 
The rest of the methods involve the use of analytical 
equipment that allows you to look inside the microcircuit, 
measure the mass-dimensional parameters, provide 
material analysis, use chemical reagents to detect hidden 
traces of counterfeit, as well as functional and electric 
parametric control. 

In each case, the investigator decides for himself 
which test methods to use based on his own experience and 
best practices [15] – [22]. 

 
IV. THE CHIP PHOTO ANALYSIS METHOD 
 

In world practice, the factory production of industrial 
microelectronic components does not prohibit the use of 
different chips in the same lot. However, manufacturers of 
critical electronics have to provide the same functionality 
for each device using industrial-type chips. The easiest way 
to do this is to become sure in authentic chip microcircuits 
by the initial testing (before using). 
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One of the main signs of the counterfeit chip of 
microcircuits is the difference in the chip marks. The main 
techniques to do this is (a) to provide decapsulation, (b) 
delete passivation layer, (c) careful comparison of all 
marks, metal layout, geometry of functional blocks by 
microscope. 

 
A. Decapsulation Methods 

 
There are several types of decapsulation methods: 
- Laser decapsulation 
Removal of the housing by exposing it to a focused 

laser beam. Under the influence of the laser beam, the 
material evaporates and is blown out of the impact zone. 

- Chemical decapsulation 
The chip body is removed by dissolving it with hot 

highly concentrated acids (or mixtures of acids). Using this 
method, you can delete the enclosures completely or 
locally in the area of interest. 

- Mechanical decapsulation 
The body is removed by mechanical processing, in 

which the cutting tool (milling cutter) performs a rotational 
movement, and the processed sample is translational. 

- Plasma chemical decapsulation 
During plasma chemical decapsulation, the removal of 

the housing occurs due to the reaction of fluorinated 
radicals with the housing material in the focused plasma 
stream and the formation of gaseous reaction products that 
are removed by a vacuum pump. 

The choice of the method of decapsulation of the chip 
package depends on the type of package, what material it is 
made of. 

 
B. How to Choose Right Method 

 
- Metal packages 
A safer way to remove the metal cover from the case 

is using a laser decapsulator. The body is removed by 
removing part of the body material around the perimeter of 
the cover. For these purposes, it is preferable to use a more 
powerful green laser, although it is possible to remove 
covers with a small thickness using an IR laser of 7.5 
Watts. Since metal removal occurs mainly at high powers, 
during the passage of the laser beam along the perimeter of 
the housing, the sample will be heated. To reduce the 
temperature factor, it is necessary to use a special cooling 
table on which the sample is fixed. 

- Ceramic packages 
Due to the resistance of ceramics to chemistry, it is 

possible to use mechanical methods and laser decapsulation 
for the decapsulation of ceramic housings. 

Mechanical removal of the ceramic body is a very 
long process and is not always effective – since ceramics 
are poorly processed. The consumption of mechanical tools 
and materials increases, and the process can be very long. 

For CERDIP-type cases, a special tool has been 
created for cutting the upper cover of the case using 
customizable blades. 

A faster method is laser decapsulation, which reduces 
the removal process to an hour or two, and also introduces 
less mechanical stress. However, due to the high heating of 
the material removal area, a temperature gradient is created 
in the housing, so during laser decapsulation, ceramic 
housings must be cooled. 

- Plastic packages 
The most numerous in terms of variety are plastic 

cases, all four methods of decapsulation are applicable for 
them. The simplest method is chemical decapsulation, the 
shells are dissolved with concentrated sulfuric or fuming 
nitric acids, in some cases a mixture of acids is used. To 
preserve the working capacity of the sample, the most 
optimal combination of methods is probably a combination 
of methods – pre-cavitation is performed mechanically or 
with the help of a laser (creating a “window”), with a 
residual thickness of the compound from 20 to 200 
microns, the final opening of the crystal can be performed 
using liquid chemistry or plasma chemistry. 

The chemical method is more economical, fast enough 
and allows you to work with a large residual thickness of 
100-200 microns (which simplifies pre-cavitation), but 
with copper, silver or aluminum boiling, the risk of damage 
increases. When using plasma chemistry, these risks are 
absent, but to obtain an acceptable speed, a residual 
thickness of 20-50 microns is necessary. 

 
V. THE CHIP PHOTO ANALYSIS RESULTS 
 

Analyzed microcircuits of the firm Analog Devices, 
selected from one delivery at random. 

The results of examining the markings under a 
microscope after decapsulation are shown in fig. 1-4. 
 

 
 

Fig. 1. Chip photos of AD component, external marked as the 
same lot. 

 

 
 

Fig. 2. Chip marks photos of AD component, external marked as 
the same lot, but with different chips. 

 
Both chips in Fig. 1 are look identical, however, after 

marks analyzing, it is revealed that they could be belong to 
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long process and is not always effective – since ceramics 
are poorly processed. The consumption of mechanical tools 
and materials increases, and the process can be very long. 
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customizable blades. 

A faster method is laser decapsulation, which reduces 
the removal process to an hour or two, and also introduces 
less mechanical stress. However, due to the high heating of 
the material removal area, a temperature gradient is created 
in the housing, so during laser decapsulation, ceramic 
housings must be cooled. 

- Plastic packages 
The most numerous in terms of variety are plastic 

cases, all four methods of decapsulation are applicable for 
them. The simplest method is chemical decapsulation, the 
shells are dissolved with concentrated sulfuric or fuming 
nitric acids, in some cases a mixture of acids is used. To 
preserve the working capacity of the sample, the most 
optimal combination of methods is probably a combination 
of methods – pre-cavitation is performed mechanically or 
with the help of a laser (creating a “window”), with a 
residual thickness of the compound from 20 to 200 
microns, the final opening of the crystal can be performed 
using liquid chemistry or plasma chemistry. 

The chemical method is more economical, fast enough 
and allows you to work with a large residual thickness of 
100-200 microns (which simplifies pre-cavitation), but 
with copper, silver or aluminum boiling, the risk of damage 
increases. When using plasma chemistry, these risks are 
absent, but to obtain an acceptable speed, a residual 
thickness of 20-50 microns is necessary. 

 
V. THE CHIP PHOTO ANALYSIS RESULTS 
 

Analyzed microcircuits of the firm Analog Devices, 
selected from one delivery at random. 

The results of examining the markings under a 
microscope after decapsulation are shown in fig. 1-4. 
 

 
 

Fig. 1. Chip photos of AD component, external marked as the 
same lot. 

 

 
 

Fig. 2. Chip marks photos of AD component, external marked as 
the same lot, but with different chips. 

 
Both chips in Fig. 1 are look identical, however, after 

marks analyzing, it is revealed that they could be belong to 

different lots, produced at different AD factories. This 
becomes most clearly when the marks comparing of the 
samples Fig. 2. 

A similar situation was observed in other AD chips 
from the "one" lot Fig. 3 and Fig. 4. 

 

 
 

Fig. 3. Chip photos of AD components, external marked as the 
same lot. 

 

 
 

Fig. 4. AD chips marks. 
 

A similar situation was found for Maxlinear 
components from the same lot. As a result of 
decapsulation, complete similarity of the topology of two 
microcircuits from the same lot was revealed, but the labels 
turned out to be different Fig. 5 and Fig. 6. 

 

 
 

Fig. 5. Maxlinear sample no. 1  
 

 
 

Fig. 6 Maxlinear sample no. 2. 
 

The examples of chips with different crystal markings 
given earlier could be identical. To confirm this, additional 
parametric and functional control is required. 

In the next study, a sample of five samples was 
presented, whose batch and production date are the same. 

 

 
 

Fig. 7. The appearance of the samples (Homogeneous, Korea) on 
the left and (Heterogeneous, Philippines) on the right. 

 
However, the production is different. Four samples 

were produced in Korea, and one in the Philippines. In 
appearance, the samples are no different Fig. 7.  

Nevertheless, on X-rays, the Philippine sample 
differed very much from the 4 Korean ones Fig. 8. 

It was found that the Philippine sample differs from 
four identical Korean samples in terms of the type of 
substrate, internal structure and crystal size. 
 

 
 

Fig. 8. The crystal size in the Korean samples was (2.7 x 2.9) mm.  
In the Philippine sample, it was (7.0 x 7.0) mm. 
 

Such serious differences and their number forced us to 
delve into the study of the differences between these 
samples, which led to the following results: 

When opening the samples and identifying the crystals 
contained in them, it turned out that a crystal was not 
present in the Korean samples from the specified 
manufacturer "Xilinx". The manufacturer of the crystal 
turned out to be "STMicroelectronics". But in the sample, 
which was different from all the others, the crystal 
corresponded to the manufacturer "Xilinx". 

This difference was determined by comparing the 
markings of the crystals Fig. 9 and Fig. 10. 

 

 
 

Fig. 9. Marking of crystals contained in samples of Korean 
production (STMicroelectronics). 
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Fig. 10 Marking of a crystal contained in a sample of Philippine 
production (Xilinx). 
 

Based on the results of the study, it can be concluded 
that there is counterfeit in the party. 

 
VI. CONCLUSION 

 
Usually, a chip mark analysis is used as an auxiliary 

method after passing a visual or X-ray inspection. It is used 
when there is a suspicion of counterfeit, but the previous 
methods did not give an unambiguous answer. 
Investigation of the chip marks of microcircuits is a more 
expensive method and requires not only the presence of 
auxiliary measuring and technological equipment, but also 
the use of complex techniques for decapsulation of 
samples. However, it allows to reveal with high reliability 
the differences between the crystals of the studied samples. 
If a discrepancy in the markings of samples from the same 
lot is detected, parametric and functional control of 
microcircuits is carried out to confirm the identity. 
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Abstract - Counterfeiting electronics is a cause of labour 
exploitation, environmental harms and potentially dangerous 
products. It is a form of fraud and represents a critical reliability 
concern. In manufacturing, the use of undetected counterfeits can 
lead to increased scrap rates, early field failures, and increased 
rework rates causing a dramatic reduction of the reliability of 
systems. 
 

I. INTRODUCTION 
 

Counterfeit electronic components are fraudulent parts 
that have been confirmed to be a copy, imitation, or 
substitute that have been represented, identified, or marked 
as genuine, and/or altered by a source without legal right 
with intent to mislead, deceive, or defraud [1]. 

The most significant risks of using fakes parts are 
personal injury, mission failure and dramatic reduction of 
the reliability of a system and apparatus. Counterfeiting is 
of concern to consumers because of the significant health 
and safety risks that substandard electronics pose to those 
who use the items.  

An exemplary analysis of the counterfeit problem, the 
screening/detection methods and the gray market's 
reliability concerns are proposed in [2]-[9]. Lack of caution 
on buyers, obsolescence, lower prices, costly inspection 
procedures, and absence of origin verification tools 
contribute to the widespread of fake electronics [10]- [12]. 
With the global emergency of COVID-19 last year, the 
global production of electronics suffered from slowing 
downs and stops. A year after, the consequences of this 
troublesome situation are causing a vital shortage of 
semiconductor devices. The shortage is due to substantial 
fluctuation in demand because of the pandemic and the 
increased use of semiconductors in advanced vehicles. 
COVID-19 has resulted in some impact on the sales of 
some consumer electronic products as well as the supply 
chain that supports consumer electronics manufacturing 
[14]-[17]. Foundries are currently unable to produce 
electronics fast enough to cope with the surge in demand. 
Counterfeiters have been encouraged from the lack of 
availability of the original product. The market of 
electronic parts will be overrun by counterfeit components, 
as a high demand corresponds to a small availability and 
increased lead time. Nowadays, some official distributors 
are informing their customers the lead time of some of their 
devices will be extended up to 54 weeks. The global 

semiconductor shortage may likely extend through 2022. 
The global chip shortage is creating the perfect 

environment for fake electronics to enter the market. This 
is likely to become a big risk even for critical sectors such 
as defence, aerospace, medical and automotive. The present 
work aims at adding a piece of information in this context 
supporting evidence regarding the capillary penetration of 
counterfeit devices. Two case studies are proposed to 
contribute, highlighting the problems associated with the 
growing global traffic in counterfeit electronics parts. 
Finally, the aim is to show to the reader that, in case an 
analysis from a certified laboratory is not affordable, a 
reduced set of procedures can be used to reduce the 
incremented risk for counterfeiting. It could give more 
confidence regarding the quality of the devices. 
 

II. IDENTIFYING FAKE DEVICES 
 

Identifying counterfeit devices can be a difficult task 
because not everything that seems suspect is necessarily a 
fake. The most common practices that have been used to 
identify fakes are proposed in [3], [4], [8]-[13]: 

marking and packaging inspection,  
- x-rays analysis, 
- electrical measurements,  
- material characterization, 
- decapsulation physical analysis. 

Moreover, Standards such as AS5553, AS6171 provide 
specific workflow of procedures that can have potentially 
higher costs but the highest chance of minimizing the risk.  
 

III. CASE I 
 

A set of commercial low voltage audio power 
amplifiers bought from a third-party seller on a popular 
electronics consumer website (A) failed in a consumer 
application. One of them was replaced by another device 
purchased from a local retailer (B1). The former showed 
the same kind of problem. Another set of devices was 
bought from a second local retailer (B2), showing low gain 
performances than expected. It worked but indeed, not as it 
should have done. Finally, the same amplifier was bought 
from an online authorized retail sales company (C) that 
gained the AS6496 accreditation for anti-counterfeit 
measures. The device was replaced, and the problem was 
fixed. The analysis was carried out to understand if # A, 
B1, B2 are counterfeit devices. The investigation 
concluded that A and B1 are the same fake amplifier, and 
even B2 should be considered fake [10]. 
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Some further evaluations are proposed to enlarge the 
knowledge of approaches that could help minimise the risk, 
mainly if an in-house test facility is not available. 

 The devices passed the permanency marking test. The 
complete procedure is defined in Mil-STD-883G Method 
2015.13. Using a Leica CLS 150x, a low magnification 
optical comparison is proposed in fig. 1.  

 

 
 
Fig. 1. Optical comparison between #B1 and C. The marking of 
the original has been intentionally covered. 
 

Differences in the marking and the manufacturer logo 
are observed. In addition, the pin 1 indentation is missing 
in A and B1 and not aligned in B2. (fig.2).  
 

 
 
Fig. 2. The pin 1 indentation indicated in the datasheet is missing 
in #A and B1, not aligned in #B2. 
 

Consequently, the quiescent current versus voltage 
measurements was acquired through an Agilent B1500A. It 
was done in comparison with the original device C, 
showing that #A, B1 and B2 are, at different levels, out of 
electrical specification parameters (fig 3). 

A further non-destructive test was conducted using a 
Nordson DAGE Quadra7 for the x-rays analysis performed 
at 120KV and 12W. The investigation revealed differences 
in the die paddles and die orientations (fig.4). 

A manual wet chemical decapping was performed 
using hot nitric acid. It enabled the inspection of the layout 
using an Olympus BX43. #A and B1 showed the same 
layout. It differs from both #B2 and #C (fig.5). Moreover, a 
marking consistency inspection revealed the final part of 
the marking code of A and B1 is unknown to the original 
manufacturer. Compared with C, they showed differences 
in shipping packages, price, package marking, information 
encoded in the mark, weight, die paddle and die 
orientation, electrical characteristics, plastic package, and 
layout. The previous conclusion is confirmed. A and B1 
appear as fraudulent copycats of the original. Otherwise, 
the product marking code of B2 is compatible with the 
original C. B2 appears much more similar to C. Differences 
were detected in price, package marking, die paddle, 
electrical characteristics, plastic package, and layout. As 

revised designs are not available, B2 could be a more 
accurate copy- cat or a scrapped/ harmful storage part. 
 

 
 
Fig. 3. Electrical comparison between #A, B1, B2, C. 
 

 
 
Fig. 4. X-rays comparison between #A, B1, B2, C 
 

 
 
Fig. 5. Optical comparison between #A, B1, B2, C after the 
chemical removal of the plastic packages. 
 

IV. CASE II 
 
After a decade of intense operation, a high-speed 

JFET input dual operational amplifier failed in an old 
electronic system. From the original manufacturer, the 
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Fig. 5. Optical comparison between #A, B1, B2, C after the 
chemical removal of the plastic packages. 
 

IV. CASE II 
 
After a decade of intense operation, a high-speed 

JFET input dual operational amplifier failed in an old 
electronic system. From the original manufacturer, the 

DIP8 package resulted obsolete. A set of amplifiers was 
purchased from a broker to replace it. Before mounting it, 
permanency marking test was carried on to examine the 
resistance of part markings to solvents. A laser-marked 
package was expected, but in some devices (#D), the 
solvent was able to remove the marking (fig.6). No ghost 
marking was detected. At the same time, to conduct an 
analysis, a set of SO-8 packaged of the same device (#E) 
was purchased from an authorized seller. 

 

 
 
Fig. 6. #D after permanency marking test (intermediate step). 
 

Genuines (#E) and suspected fakes (#D) were 
electrically characterised using an Agilent 22330 and a 
Digilent Analog Discovery 2. 

In particular, the first test measured the current drawn 
from the power supply by the devices, with no load and no 
sources connected. All the devices draw current from 
2.7mA to 3.2mA, which is in the range indicated by the 
manufacturer. The second test was oriented to check the 
slew rate (SR) of the devices. Firstly, by setting the input to 
Vi=10V, the SR was measured. The SR of all the devices 
stayed within the range stated in the datasheet, from 
12V/μs to about 16V/μs. 

Moreover, abnormal behaviour was observed in the 
suspected ones (#D). As reported in fig.7 in the negative 
half-waves, the dampening appeared to be absent, leading 
to an oscillation of the output until it reached the positive 
half-wave again.  

In addition, by setting the input to Vi=20mV, the rise 
time and the overshoot were measured. The rise time stated 
in the datasheet is typically 100ns. The devices went from 
30ns to 70ns, so all were within the range. As reported in 
fig. 8, the suspected devices showed a higher peak 
overshoot and undershoot (almost absent in the original 
ones) and subsequent oscillations, leading to a higher 
settling time after the overshoot. 

This result suggests that device #D may be prone to 
oscillation when inserted into a complete circuit. 

The chemical removal of the plastic packages of #D 
and E enabled the analysis of the dies. #D resulted 
correctly marked (even if the logo in #D is in a different 
position in the die) and without macroscopic differences in 
the layouts (fig. 9). The devices #D are not copy-cat/ 
reproduction of the original. #D appears out of 
specification/defective represented as conforming, 
probably scraped and remarked or overproduced devices. 
They can be reasonably suspected of being fakes, as even 
the easy removal of the marking point to this interpretation. 

 
 
Fig. 7. Original on the bottom, suspected on the top. Slew rate 
measurements. An oscillation of the output appears only in D. 
 

 
 

Fig. 8. The rise time and the overshoot measurement. Higher over 
peak and settling time appear only in D. 
 

Further studies in terms of HAST/ MIL-STD 883 
Burn-in could help to support this hypothesis. 
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Fig. 9. Suspected fake #D after decapping. The genuine is 
intentionally not reported. 
 

V. CONCLUSION 
 

Counterfeit electronics is a reliability problem. 
Uncontrolled storing, counterfeiting manipulation, and 
inaccurate handling can frequently create the potential for 
product malfunction and significantly increase the risks of 
introducing reliability criticalities in terms of sudden or 
latent failures in electronics systems.  

The COVID-19 pandemic has impacted the 
technology with a huge request and a consequent critical 
shortage of microelectronics. This fact is going to increase 
the proliferation of counterfeit electronic parts. While it 
may be impossible to completely prevent the distribution of 
counterfeit parts into the supply chain, more than ever, it is 
mandatory to have extreme vigilance when purchasing 
semiconductors. The best practice is not sourcing from 
unlicensed distributors or “brokers”. However, design, 
obsolescence, or the actual market conditions may force to 
pursue gray market sourcing.  

If the devices are no longer available from the official 
market, unauthorized distributors in the gray market will 
fill the gap, and an increase in purchases is expected. 

Customers are quite often unaware of the risks 
associated with using unreliable electronics. 

In case of purchase from unofficial sellers, it must be 
requested that reputable sources have supplied parts.  

Furthermore, the examples show that even in cheap 
devices, the risk of counterfeiting is high, and the potential 
danger is not negligible. On the other hand, the 
identification of a counterfeit is not easy and 
straightforward. It requests several steps of investigation.  

Mitigation methods should be in the knowledge of 
final customers to reduce the potential for acquiring fake 
parts.  

The complete sequence proposed by the international 
standards and performed by accredited labs will provide the 
highest chance of minimizing the risk of fakes entering the 
production line. If not affordable, a risk reduction strategy 
using a flexible set of tests could be applied for detecting 
clues for possible counterfeiting. 
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Application of Confocal Microscopy Methods for 
Research and Non-destructive Examination of 

Semiconductor Structures and Integrated Circuits 
 

A. A. Baluev, D. S. Ukolov, A. A. Pechenkin, and R. K. Mozhaev 
 
 

Abstract – The paper discusses the features and the 
possibilities of the under-development scanning confocal 
microscope in tasks of non-destructive examination of 
semiconductor electronics using the method of confocal 
microscopy with an emphasis on the possibility of studying the 
material and internal structure. The described technique allows 
studying integrated circuits from the substrate side of integrated 
circuits. This work is part of a global task and is devoted to 
mathematical modeling of the scanning process. 
 

I. INTRODUCTION 
 

Only those electronic components that have passed full 
functional and parametric control are allowed to complete 
the specialized equipment. A significant problem is the 
impossibility of revealing a small amount of hidden internal 
defects of specific components during functional and 
parametric control. The lack of detailed information about 
the test subject, such as the absence of a topological scheme 
or a "heightmap", does not allow to fully determine the 
reason for function and parametric failure. 

Nowadays, the technological node of electronic devices 
and integrated circuits (IC) has significantly decreased, and 
the number of metalized layers has risen. For non-
destructive examination of the primary electronic 
components, there are various methods, such as atomic force 
microscopy [1] or X-ray methods [2], which provide a high-
resolution image acquisition. However, such methods either 
do not allow one to study the internal structure [1] or are 
costly [2] and difficult to access, such as facilities based on 
synchrotron units.

To overcome such difficulties scanning confocal 
microscope (SCM) was developed. It implies the confocal 
microscopy methods which are proposed in [3, 4]. The 
microscope allows to search and examine surface defects 
and reasons for catastrophic failures but also to investigate 
defects, voids, or inclusions of foreign materials of the 

internal structure. Special preparation such as vacuum 
pumping is not required. 

In addition to studying the internal structure of 
components material, this microscope can be applied in 
counterfeit products and hardware tabs [5] detection and 
investigation. 
 

II. APPLICATION OF CONFOCAL SCANNING IR 
MICROSCOPY 

 
Infrared (IR) microscopy is extensively used in the 

analysis and research of integrated circuits. In particular, it 
is applied in modeling tests of heavy charged particles 
passage through semiconductor elements, which are 
proceeding at National Research Nuclear University MEPhI 
(Moscow Engineering Physics Institute) and Specialized 
Electronic Systems (SPELS) [6]. The correct combination 
of parameters, registration systems, illumination systems, 
and selective filters of the setup makes it possible to obtain 
images when irradiated from the substrate side of the IC due 
to the high reflectivity of the front metalized side. However, 
traditional IR microscopy has several disadvantages. This 
method has low resolution due to the diffraction limit, which 
means that you cannot get a focused spot smaller than the 
radiation wavelength. Also, due to the diffraction limit, a 
limitation is imposed on the ability to distinguish of two 
adjacent points, which entails a low image contrast. In 
addition, the method of traditional IR microscopy does not 
provide an opportunity to obtain information about the axial 
position of two luminous points and information about the 
semiconductor layers. 

Confocal microscopy is an optical microscopy method 
that eliminates these disadvantages [3, 4]. In infrared 
microscopy, out-of-focus beams reduce the contrast of an 
image. If the optical scheme of the microscope includes a 
special diaphragm in the plane of the intermediate image, 
then it is possible to obtain only those rays that come from 
the investigated area of the object. In other words, the 
confocal diaphragm acts as a spatial filter. The size 
examination area depends on the diaphragm diameter, i.e., 
as the diameter decreases, the area under study decreases. 
The sequential single IR measurements are made at certain 
distances on the sample, followed by confocal filtration of 
the recorded radiation to obtain an image. The depth 
scanning gives the value of the intensity of the elementary 
luminous volume inside the object. By examining the 
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investigated structures in XYZ space and combining such 
data, it is possible to obtain images with a spatial resolution 
of physical properties in 2D and 3D. 

To investigate ICs with high metallization degrees the 
tests are carried out from the side of the silicon substrate. It 
is required to select the range of illumination wavelengths in 
which the analysis will be conducted. In this case, the near 
IR range of 0.8-1.2 μm is suitable. Moving to longer 
wavelengths makes it possible to explore a greater depth. 
This effect follows from the optical properties of 
semiconducting solids, namely the plasma frequency of 
solids. For example, at a wavelength of about 1.1 μm, the 
radiation frequency and the plasma frequency of silicon 
become equal. For example, at a wavelength of about 
1.1 μm, the radiation frequency and the plasma frequency of 
silicon become equal. If the wavelength increases and 
therefore the frequency decreases, then the silicon becomes 
transparent to infrared radiation. In this regard, the silicon 
absorption constant is inversely proportional to the 
wavelength. 

On the other hand, with the diffraction limit, the 
diameter of the focusing spot will significantly increase. 
That will affect the resolution of the resulting image. 
Moving towards lower wavelengths gives better resolution 
of the obtained images, but strong radiation absorption by 
the device's material will prevail. The 0.8-1.2 μm range 
makes it possible to estimate about 800 microns depth of the 
semiconductor material. Such limits are premised on the 
absorption properties of semiconductor materials [7]. 
 

III. MATHEMATICAL DESCRIPTION AND DATA 
ANALYSIS 

 
The passage of light through matter is accompanied by 

a loss of energy. The basic law of absorption of light in a 
homogeneous material can be derived without going into the 
details of the light interaction mechanism with a matter. The 
Bouguer-Lambert-Beer law is based only on energy 
considerations and states that absorption of radiation in 
matter occurs exponentially [8]. 

In the case of scanning a target of research, this process 
is described non-trivially due to the following features and 
simplifications. First, the radiation detection system will 
receive reflected rays from the surface and inner layers. It's 
necessary to take into account the re-absorption of energy 
and the focusing depth of the beam during reflection. 
Second, the material of the research object is not 
homogeneous. The laser beam can be focused either into a 
dielectric or onto their interface, not to mention the 
metalized layers. Thirdly, it's necessary to take into account 
the dependence of the reflected rays on the laser 
wavelengths used. Fourth, the scanned point is considered a 
point source of radiation. Therefore, there is a correction for 
the solid angle scattering. 

Figure 1 illustrates the process of focusing the laser 
beam inside the sample under study. Simplified calculations 
without corrections for Fresnel scattering and total internal 

reflection inside the layers give the following equation (1) 
for the recorded light flux in a solid angle (which is the 
acceptance angle of the objective): 

 

Φ(λ) = I0 ∫ ∫ ∫ exp(-k(λ)z'(θ))
θ'

0

φ

0
sinθ dθ dφ dλ

λ2

λ1

.  (1) 

 
The I0 is the initial beam intensity, z' is the distance 

traveled by the ray getting angle θ (the path is doubled in the 
reflection from the scanned point 1), the exponential 
function follows because the Bouguer-Lambert-Beer law. 
The distance traveled can be calculated by the following 
equation: 

 

z'(θ) = 2z

cos (arcsin (n1
n2

sinθ))
.

 (2) 

 
The limits λ1 – λ2 are the spectrum used, а 0 − φ is the 
azimuth direction angle of the beam. 
 

 
 

Fig. 1. Focusing the laser beam into the layers of research subject. 
 
Let us assume that internal optical effects 

insignificantly affect the output intensity depending on the 
distance traveled within the solid angle. Since the function 
z'(θ) is continuous in the range from 0 to θ', and k(λ) is a 
constant, the exponential function can be displaced out of 
the integral. In this case, the value of the function z'(θ) will 
be an average value. By expressing the absorption 
constant k(λ) from equation (1), there is the ability to 
analyze the matter substance of the scanned target of 
research: 

 

k(λ)=
1

z'(θ)
ln

2πI0 ∫ sinθdθθ'

0
Φ(λ) .  (3) 

 
This will make it possible not only to determine the material, 
but to estimate the doping density of semiconductor 
structures. 

Equation (3) makes it possible to analyze the 
dependence of the absorption constant on the focusing depth 
and wavelength. Let us assume that the beam focus falls on 
point 2 and the scanning depth is equal to the value z + Δz . 
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investigated structures in XYZ space and combining such 
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Let us assume that internal optical effects 

insignificantly affect the output intensity depending on the 
distance traveled within the solid angle. Since the function 
z'(θ) is continuous in the range from 0 to θ', and k(λ) is a 
constant, the exponential function can be displaced out of 
the integral. In this case, the value of the function z'(θ) will 
be an average value. By expressing the absorption 
constant k(λ) from equation (1), there is the ability to 
analyze the matter substance of the scanned target of 
research: 

 

k(λ)=
1

z'(θ)
ln

2πI0 ∫ sinθdθθ'

0
Φ(λ) .  (3) 

 
This will make it possible not only to determine the material, 
but to estimate the doping density of semiconductor 
structures. 

Equation (3) makes it possible to analyze the 
dependence of the absorption constant on the focusing depth 
and wavelength. Let us assume that the beam focus falls on 
point 2 and the scanning depth is equal to the value z + Δz . 

If the focusing falls on a layer at point 2 that differs from the 
layer at point 1 in physical properties, then the absorption 
constant k(λ) will be changed. Otherwise, the constant will 
remain the same and the differences will be observed only 
in the signal amplitude in proportion to the layer passed Δz. 

Let's consider the ideal scan case. When light passes 
from one layer to another at the interface between the media, 
we will observe a change in the absorption constant, which 
is shown in Figure 2. Let the optical densities of the media 
be distributed n3 > n1 > n2. Then the increment dk

dz(λ) will be 
less than zero when light passes from a denser medium n1 to 
a less dense medium n2 at the interface n12 and greater than 
zero when passes from a less dense medium n2 into a denser 
medium n3 at the interface n23. If there was no transition of 
media during focusing, then the increment will be equal to 
zero. 

 

 
 

Fig. 2. The increment of absorption constant k(λ) in the interface 
region (the optical media properties were chosen just for this 
example). 

 
In real-life conditions, signal loss and resulting effects 

will introduce measurement inaccuracy and deviations. 
Referring again to Figure 1. If focus points 1 and 2 are in 
layer 1 and 2 are in the layer n1 then we get next expression: 

 
k1(λ) – k2(λ) = δ,  (4) 

 
there δ is the absolute accuracy of the microscope. If 
points 1 and 2 are in layers n1 and n2 respectively, then the 
difference in the coefficients will be expressed by the 
following equation: 
 

k1(λ) - k2(λ) = K + δ,  (5) 
 
there K is the difference between the absorption coefficients 
of layers 1 and 2. 

Suppose the investigation of IC, which is represented 
as a layered semiconductor structure with different doping 
levels. The research will be performed from the active layer 
side. Table 1 shows the thickness of the layers and their 
doping level. The scanning process consists of a gradual 
deepening of the focused probing light into the depth subject 
of the research, followed by reflected radiation registration. 

 
 

TABLE I 
IC LAYERS ALONG THE Z -AXIS 

 
Layer № Layer Z, μm 

1 Air / immersion liquid 20 
2 Si (P) 50 
3 Si (N+) 10 
4 Si (N) 7 
5 Si (P) 3 
6 Si (N+) 3 
7 Metal 10 

 
During scanning along the Z-axis, the focal spot passes 

through a set of layers with different thicknesses and doping 
levels and interacts with light in different ways. Figure 3 
shows the effect of the doping level [9] on the optical 
properties of semiconductors and an increase in the 
absorption coefficient in silicon with decreasing 
wavelength. Thus, for wavelengths greater than 1000 nm, 
the scanning process becomes unreasonable. 

 

 
 

Fig. 3. Wavelength dependence of the absorption coefficient for Si 
at different doping levels. 

 
Using the equation (3), we can build the dependency 

graph of the relative change in the recorded radiation 
intensity related to the focusing depth in the semiconductor 
structure (Figure 4). It is noteworthy that this dependence 
does not consider the losses in the air/silicon interface and 
back-reflection losses. According to the dependence, the 
implementation of a wide light radiation spectrum and a 
monochromator-spectrograph type detector makes it's 
possible to measure the spectral profile of a luminous point 
inside the structure. Scanning with a focused beam along the 
Z-axis composes the spectral dependence. By comparing the 
obtained spectra, the structure of the investigated object, the 
thickness of the layers, the degree of doping, and other 
properties can be determined. 

To form a complete three-dimensional structure the 
scan the entire volume of the sample is required. The essence 
of the method is to obtain an array of scanned points data, 
which have: the intensity of the reflected signal, its spectral 
composition, and coordinates. Once done, this data array is 
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processed with the subsequent construction of the structure. 
Methods of obtained data sets processing and subsequent 
analysis deserve separate consideration are not considered in 
this work. 

 

 
 

Fig. 4. Relative change in intensity for different wavelengths 
versus focusing depth. 

 
IV. SCM OPTICAL SCHEME 

 
The optical scheme of the developed SCM is illustrated 

in Figure 5. A system of lasers (1) with wavelengths of 
980 nm, 1030 nm, 1064 nm and 1310 nm is connected by an 
optical fiber to an adapter (2). The lasers are alternately 
focused on the elementary volume of the sample under 
study. As a result of which four values of the absorption 
constant k(λ) will be obtained. The illuminator (3) and the 
laser beam pass through a cube beam splitter (4), a 
polarizer (5), and another cube beam splitter (6), pass 
through the focusing system (7) and hit the object under 
study (8), which is on a positioning system with three 
degrees of freedom XYZ. The beam focused inside the 
object creates the luminous point, the radiation from which 
is collected by the focusing system (7) and falls on the cube 
beam splitter (6). Then, passing the cube beam splitter (9), 
part of the beam hits the IR camera (10), and the other passes 
through the lens (11) and is filtered through the confocal 
diaphragm (12). The radiation amplitude is measured using 
a photodetector (13). 

Single-mode optical fiber is chosen as the confocal 
diaphragm. The reason for this is the availability of the fiber, 
and the core with a diameter of 9 μm will theoretically fit the 
size of the Airy disk [3], which arises as a result of laser 
beam interference when focusing into an elementary volume 
of the sample under research 

 
 

Fig. 5. Scanning confocal microscope optical scheme. 
 

V. CONCLUSION 
 
This work is part of the global SCM design challenge. 

In this publication, the theoretical foundations of solving the 
problem of non-destructive examination of semiconductor 
structures and ICs as well as mathematical modeling of the 
scanning process are presented. At the current stage, the 
installation and software are being developed. Further on we 
plan to demonstrate the hardware scanning solutions, the 
scanning algorithm, and the scanning results through the 
first version of SCM. Another important result will be the 
relevance of using optical fiber as spatial image filtering. 
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Hot Carrier Degradation in Triple-RESURF LDMOS 
with Trenched-Gate 

 
A. Houadef and B. Djezzar 

 
 

Abstract – This work investigates by TCAD simulation the 
impact of hot carrier degradation (HCD) in an nLDMOS that uses 
many topological features. The trenched gate and the triple-
RESURF used to optimally reduce the device on-resistance (RON), 
triggers DC shifts that easily surpass 10%. We show that using such 
topologies implicates a narrower safe operating area (SOA). 
 

I. INTRODUCTION 
 

LDMOS transistors are extensively used in HV, RF 
applications, such as power amplifiers, switches, and 
drivers. The performance of the LDMOS is quantified using 
Baliga’s Figure of Merit (FoM), which relies on the on-state 
resistance and off-state breakdown voltage (BV). Various 
process techniques are used to optimize the FoM, such as the 
RESURF principle, Shallow trench Isolation (STI) as field 
oxide (FOX), and trenched-gates [1,2]. 

The LDMOS at hand uses all mentioned techniques to 
reduce the channel and drift region resistances while 
maintaining a high BV. The specific RON (RON,SP) is 
94mΩmm2, and BV is 71 V. The FoM is 53.6 V2/ mΩmm2, 
a value close to devices using similar process nodes, but only 
one of the optimization techniques [3,4]. However, the 
device under test (DUT) provides a higher transconductance 
(gm) at high VGS, which results in higher maximum 
oscillation, and cut-off frequencies (fMAX and fT), where the 
extracted values are 76 GHz and 43 GHz, respectively. 

Due to the high operating voltages, device sizing, and 
technology node, the LDMOS degrade often under hot 
carrier stress. This reliability aspect is extensively studied 
for various LDMOS topologies and operating conditions [1], 
except when combining many techniques at once, and that is 
the purpose of this paper. 

TCAD simulations on HCD impact on STI-based 
LDMOS devices have been extensively studied [5,6]. Older 
simulation schemes rely on the evaluation of the carrier 
energy distribution function (DF) using the full-band 
Boltzmann transport equation (BTE). While the latter has 
the advantage of being aware of the device topology [7,8], it 

is computationally heavy, and it has been replaced by faster 
analytical models integrated into TCAD software [9,6]. 
Since our device has a 20 nm thick gate oxide, the adopted 
process node is 180 nm, and the device is a HV transistor, 
we used the trap degradation model available in Sentaures, 
which is based on [9]. 

To get a high-quality Si/SiO2 interface, the superficial 
Si dangling bonds are passivated using Hydrogen, where the 
density of these bonds is ~1012cm-2. However, due to the 
applied electrothermal stress over time, those bonds tend to 
passivate and depassivate when the electron energy is 3.7 eV 
or more [10]. Thus, creating interface charged traps called 
Pb centers [11]. The creation of acceptor-type interface traps 
leads to mobility degradation especially at high gate voltages 
[12], which alters many electrical parameters that influence 
the LDMOS SOA. 

In this work, a physics-based TCAD simulation is 
conducted to evaluate the impact of HCD on the main 
electrical parameters after DC stress. This will locate the 
regions susceptible to such degradation, and identify the safe 
operating area to minimize the shifts. 
 

II. SIMULATION SETUP 
 

The DUT, shown in Fig. 1, was obtained from process 
simulation using Sentaurus Sprocess tool [13]. It is based on 
a modified 180 nm CMOS flow with SOI and uses a 20 nm 
gate oxide (double gate) in a trenched design. Also, the triple 
RESURF technique is used in the drift region. The tracing 
of thermal residual effects, stress rebalancing after etching 
and deposition steps, and structure stress evaluation during 
temperature ramping are taken into account for precise 
dopant distribution under various annealing steps. 

 

 
 
Fig. 1. DUT final doping with annotated cuts for Fig. 2. 
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For the device simulation, using Sentaurus Sdevice 
[14], we defined as global models: Fermi statistics for highly 
doped regions and the hydrodynamic transport model to 
solve the coupled carrier temperatures and lattice 
temperature equations. For silicon, we used the density 
quantization model for electrons (since we have an n-type 
transistor) for quantum corrections, mobility degradation 
modeling using the “Inversion-Accumulation layer mobility 
model” and high field saturation using the “hydrodynamic 
driving force” (CarrierTempDrive). Doping and 
temperature-dependent Shockley Read- Hall (SRH), Auger, 
and avalanche (UniBo) to model recombination. Finally, to 
model the interface traps and their evolution, we used the 
trap degradation model, where the parameters are 
recapitulated in [2], except for the initial Nit, which is set to 
1010cm-2. 

 
III. RESULTS & DISCUSSIONS 

 
First, we evaluated the evolution of Nit over time in the 
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Fig. 4. Extracted maximum electric field and impact-ionization. 
 

In practice, the LDMOS is usually placed next to an 
important heat source, thus, it operates at relatively high 
temperatures. Fig shows the impact of the lattice 
temperature. ∆VTH is the parameter that degrades the most, 
followed by ∆ID,sat, and there were practically no further 
shifts in RON. This indicates that the electrothermal stress 
does more damage in the channel region, which is due to the 
self-heating that triggers the onset of the Kirk effect. The 
latter is a byproduct of parasitic BJTs. 

Finally, we analyzed the impact of the shifts in previous 
figures, under the same DC stress, on fMAX, and fT, since the 
device is modeled around these parameters. The effect of 
∆VTH, which increased the subthreshold-swing (SS), delays 
the frequency response in terms of the gate bias. We also 
found an increase in the maximum values of fMAX and fT, 
which correlates with the decrease of the capacitance 
overshoot. No noticeable shifts in the Rollett stability factor. 

 
IV. CONCLUSION 

 
This work demonstrates the amount of the main DC 

shifts due to hot carrier stress in an nLDMOS. The DUT uses 
a trenched gate and triple-RESURF to reduce RON. However, 
such an improvement in the FoM triggers noticeable 
degradations in both channel and drift regions. Therefore, 
the SOA gets smaller compared to devices with fewer or 
simpler topologies. Hence, improving the FoM using 
silicon-based process flows makes the device less reliable. 
Future work includes investigating other reliability concerns 
such as bias temperature instability, total-ionizing dose and 
robustness.  

 
 

Fig. 5. Lattice temperature effect on the DC parameters shifts. 
 

 
 
Fig. 6. HCI stress impact on fMAX and fT. at T = 300 K. 
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Hafnium Oxide on Black Silicon Surface 
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Abstract - This paper reports the investigation on the 
passivation properties of the hafnium dioxide (HfO2) film 
deposited on n-type black silicon (b-Si) surface via atomic layer 
deposition (ALD) method. It is shown that in addition to efficient 
passivation, HfO2 film reduces the reflectance of the b-Si surface 
in the wide spectral range. As a result, the efficiency of b-Si solar 
cells with ALD HfO2 passivation films has been significantly 
improved. 
 

I. INTRODUCTION 
 

Black silicon (b-Si) is a needle-like surface 
nanostructure [1]. These needles increase the amount of 
light that is captured rather than reflected back from the 
surface. The combination of low reflectivity and the semi-
conductive properties of Si found in b-Si make it a prime 
candidate for application in solar cells as an antireflection 
surface. 

The large surface area of b-Si leads to a high surface 
recombination velocity and, therefore, efficient surface 
passivation is of utmost importance in employing b-Si in 
solar cells. Atomic Layer Deposition (ALD) is the method 
of choice in the deposition of conformal coatings, and 
using ALD to coat b-Si surfaces with aluminum oxide 
(Al2O3) has already been demonstrated to provide efficient 
surface passivation of solar cells [2, 3].  

However, the negative fixed charge present in Al2O3 
films should provide good passivation for p- and p+-type Si 
surface (boron-doped emitter of the solar cells). ALD 
hafnium dioxide (HfO2) could provide an alternative for n- 
and n+-Si surface (phosphorus-doped emitter) passivation, 
since we have demonstrated that ALD HfO2 film stores 
positive fixed charge [4]. Besides, HfO2 was chosen for 
investigation due to its higher dielectric constant (~25) than 
that of the Al2O3 film (~9), a large energy band gap (~5.68 
eV) and thermodynamic stability in contact with Si surface 
[4, 5]. In addition, Al2O3 does not provide proper 
antireflection due to its low refractive index whereas HfO2 
shows more promise on that regard. HfO2 has a high 
refractive index of ~2.1 and hence it could be used 

simultaneously for surface passivation and antireflection in 
b-Si solar cells. 

This paper demonstrates the use of ALD HfO2 films 
as a novel candidate for n-type b-Si surface passivation of 
solar cells.  
 

II. OPTICAL SIMULATION 
 

Fig. 1 shows the schematic diagram of the simulated 
structure. The structure consists of a Si wafer on which 
identical cones are periodically repeated along X- and Y- 
directions. The cones are uniform covered by thin film. The 
Si wafer was assumed as infinitely thick, and the 
reflections from the polished rear side were not considered.  

As a main numerical tool, the Finite-Difference Time 
Domain (FDTD) method was used [6]. This method 
implements direct numerical solution of Maxwell’s 
equations, so it is valid for all moth-eye structures and 
wavelength ratios, including long and short wavelength 
limits. Periodic boundary conditions were adopted in the 
X- and Y-directions and applied perfectly matched layer 
boundary conditions in the Z- direction. 
 

 
Fig. 1. Schematic diagram of the simulated structures film/b-Si. 

 
The thickness of the Si wafer was H=200 µm, height, 

base diameter and in-plane periodicity of the cones were 
respectively h=950, d=100 and t=150 nm. The structure 
film/b-Si is illuminated in a direction normal to the wafer. 

Fig. 2 shows the FDTD simulated reflectance spectra 
of the b-Si surfaces without and with HfO2 films at a 
thickness of 20, 40 and 60 nm. It can be seen that, an 
increase in thickness results in an even greater decrease in 
the calculated reflection coefficient of model structures 
and, consequently, to an improvement in the antireflection 
properties in the visible range. 

 
III. EXPERIMENTAL INVESTIGATION 

 
The b-Si on the front surfaces of n-type Si wafers was 

fabricated by reactive ion etching (RIE) method in a gas 
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mixture of sulfur hexafluoride (SF6) and O2. The process 
pressure was 55mTorr and gas flow rates were 75 cm3/min 
and 40 cm3/min for SF6 and O2, respectively. Samples were 
placed on the water-cooled bottom electrode that was 
powered by a 13.56 MHz RF generator. The etch durations 
were kept constant at 10 min. 

 

 
Fig. 2. The simulated reflectance spectra of the b-Si surfaces with 
and without HfO2 films. 
 

The HfO2 films were deposited on b-Si in a hot-wall 
Picosun Oy Sunale R-200 ALD reactor at an evacuation to 
about 1 mbar. Pure N2 was used as a carrier gas and for 
purging the reactor after each reagent pulse. The well-
known TEMAH + H2O precursor system was used [4]. 

The cross-section and top-view morphology of the b-
Si was observed by a scanning electron microscope (SEM). 
The optical reflectance of the b-Si surfaces was detected 
using a spectrophotometer T70 UV-VIS with an integrating 
sphere. The charge carrier lifetime was characterized using 
the photoconductance method in the transient mode (WTC-
120 Sinton Instruments). 

Cross-section and top-view SEM images of the b-Si 
surfaces with and without ALD HfO2 films are shown in 
Fig. 3.  

 

  
a) b) 

  
c) d) 

Fig. 3. Top-view (a, b) and cross-section (c, d) SEM images of the 
b-Si surfaces without (a, c) and with (b, d) ALD HfO2 films (a 
lighter, narrow layer on top of the needles). 

The ALD HfO2 films precisely reproduce the 
morphology of the b-Si surface without any voids or 
inclusions. Thus, these films can be concluded to be rather 
conformal which is essential for efficient surface 
passivation.  

Fig. 4 shows the minority carrier lifetimes as a 
function of injection level in planar Si wafer and b-Si 
surface coated by ALD HfO2 films. The lifetime difference 
between the planar Si wafer and b-Si surface coated by 
ALD HfO2 films is not significant and the measured 
lifetimes are in the 10-3-10-4 s range. Therefore, despite the 
high surface area of b-Si and the potential surface damage 
induced by the RIE process, the passivation quality of HfO2 
film on the b-Si surface is comparable to its passivation 
quality on the planar Si wafer [5].  

 

 
Fig. 4. Minority carrier lifetimes as a function of injection level in 
the planar Si wafer and the b-Si surface coated by ALD HfO2 
films. 

 
Fig. 5 shows the experimental reflectance spectra of 

the b-Si surfaces without and with HfO2 films at a 
thickness of 20, 40 and 60 nm. There is a good agreement 
with the simulation results. Thus, in addition to the surface 
passivation, the ALD HfO2 film further reduces the 
reflectance on the whole spectral range relevant for the 
solar cell operation. 
 

 
Fig. 5. The experimental reflectance spectra of the b-Si surfaces 
with and without HfO2 films. 
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IV. SOLAR CELL RESULTS 
 

The results of the previous experiments were used for 
the fabrication of b-Si solar cells with phosphorus-doped 
emitter. Fig. 6 shows the fabrication sequence to create 
solar cells, according to which, the b-Si with preferable 
height of needles is formed after the formation of the 
phosphorus-doped emitter. 

 

 
Fig. 6. Fabrication sequence to create b-Si solar cells: a) planar Si 
wafer; b) emitter formation; c) b-Si surface formation; d) 
passivation; e) formation of metal back contact; f) preparation of 
front contact grid. 

 
We have prepared and tested the solar cells with 

conventional (Al2O3) and new (HfO2) passivation films. In 
addition, reference solar cells without passivation films 
were studied. The main technological operations of all 
samples were carried out together. The starting substrates 
were p-type Si wafers with a resistivity of 1-3 Ω cm.  

The emitter of all solar cells was formed by diffusion 
of phosphorus from a spin-on dopant through the front 
surfaces. The diffusion was performed in an atmosphere of 
25% O2 and 75% N2 in a closed quartz tube mounted in an 
oven at 910°C for 20 min. The diffusion resulted in the 
formation of n-type regions (junction depth ranges from 0.8 
to 0.85 µm) below the front surfaces. This leads to the 
growth of a thin layer of phosphorus pentoxide (P2O5) 
glass, which was removed from all samples by etching in 
concentrated HF.  

Black Si surface was fabricated by RIE method using 
SF6/O2 plasma. Etching of 10 min leads to a random 
nanostructure with an average needle height of 1.0 μm and 
width of 110 nm. The conventional and new samples were 
then passivated by 60 nm of Al2O3 and HfO2 films using 
ALD method [4]. The rear surface metallization was done 
with vacuum evaporated Al. The contact was annealed at 
440°C for 25 min in N2 to activate the passivation films. 
The front surface contact grid was defined by 
photolithography and the contacts were formed by 
evaporated Ti/Ag thickened with electroplated Ag. 

The performance parameters of b-Si solar cells with 
an aperture area of 4 cm2 were tested using illuminated 
current-voltage under one sun global spectrum of AM1.5. 
The Table below compares the performance parameters 

(such as open circuit voltage Voc, short-circuit current Jsc, 
the fill factor FF and the conversion efficiency η) for the 
three solar cells.  

 
TABLE I 

PARAMETERS OF SOLAR CELLS 
 

Fabrication 
procedure 

Jsc, 
mA/cm2 

Voc, 
mV FF η, 

% 
Reference  624 34.9 0.766 16.7 
Conventional  625 35.8 0.769 17.2 
New  627 36.4 0.772 17.6 

 
As shown in the Table, the reference b-Si solar cells 

without passivation films have the lowest values in the 
performance parameters. The efficiency of the solar cell 
samples with passivation films has been significantly 
improved. All performance parameters of the new solar 
cells with ALD HfO2 passivation films are higher than 
those of the conventional solar cells with ALD Al2O3 
passivation films. 

 
V. CONCLUSION 

 
The excellent surface passivation and low reflectance 

results prove the potential of using the combination of the 
b-Si surface and the ALD HfO2 film for solar cells 
applications. We note one more advantage of passivation 
with HfO2 films, namely, the possibility of their use for 
passivation of the n-type b-Si surface. 
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 Optimization of HfO2/Al2O3 Dielectric Stacks  

for Charge Trapping Memories  
 

D. Spassov and A. Paskaleva 
 
 

Abstract - In this work, a summary of our recent studies on the 
potential of HfO2/Al2O3 nanolaminated stacks to be implemented as 
charge storage layers in CTMs is presented. The stacks are prepared 
by atomic layer deposition (ALD) and fabrication process is 
optimized in terms of the stack composition (HfO2 and Al2O3 layer 
numbers and thicknesses) and the post-deposition annealing (PDA) 
ambient (O2, N2) in order to enhance electrical and charge trapping 
properties of the stacks. The influence of blocking and tunnel oxide 
layers is considered. Radiation hardness of some samples is also 
studied. The charge trapping efficiency of the structures has been 
evaluated and different processes giving rise to hysteresis effects: 
trapping of electrons and holes and generation of positive charge 
under high electric field stress  have been considered to explain the 
observed memory windows. 
 

I. INTRODUCTION 
 

The majority of the existing non-volatile semiconductor 
memories (flash memories) are based on the floating gate 
cell technology being in production since the early 1980s. 
The future scaling of this technology, however, becomes 
problematic as it faces several significant challenges [1]. 
Charge trapping memories (CTM) have received a lot of 
attention as a viable candidate to replace conventional 
floating gate flash memories because of localized charge 
storage and the full compatibility with the floating gate 
technological process [2]. In CTM the charges are located at 
spatially discrete traps distributed in the bandgap of the 
charge trapping layer, unlike the conventional floating gate 
memories where charges are stored in the conduction band 
of the floating gate. The high-k dielectrics, which were 
intensively studied in the last two decades as a replacement 
of conventional SiO2 in a number of nanoelectronic 
applications, turned out to be also a promising alternative as 
charge-trapping layers because they are inherently trap-rich 
materials. Accordingly, the charge trapping is of vital 
importance, hence the dielectric layers should be carefully 
engineered in order to obtain high charge trapping 
efficiency, long retention times, and improved endurance 
and programming efficiency. Among high-k dielectrics 
HfO2 attracted significant interest as it was demonstrated to 
have a better charge storage ability than Si3N4 usually used 
in CTM [3]. It was also found that Al incorporation into 
HfO2 could improve the trapping efficiency and memory 

performance however, its amount and the way of 
incorporation should be carefully engineered [4-6]. In a 
number of works [7-10] we have demonstrated that the oxide 
and interface charges, leakage currents and conduction 
mechanisms depend strongly on the layer thicknesses, Al 
content in the stacks and annealing steps. In this work, we 
take a more general look at our investigations and 
demonstrate the optimization of HfO2/Al2O3 nanolaminated 
CTM structures with respect to their charge trapping and 
charge storage ability. The influence of blocking and tunnel 
oxides is also considered. 

 
II. EXPERIMENTAL PROCEDURE 

 
Multilayered HfO2/Al2O3 charge trapping stacks were 

deposited on p-type (100) Si wafers with resistivity 6–8 
Ωcm. Prior to the deposition the substrates received 
standard RCA chemical cleaning. The dielectric stacks 
were prepared by atomic layer deposition (ALD) in at a 
temperature of 135 °C. The precursors were 
tetrakis(dimethylamido)hafnium (TDMAH) for HfO2 
sublayers and trimethylaluminum (TMA) for Al2O3 ones. 
H2O was used as oxidant in both cases. The deposition rate 
was ~0.14 nm and 0.1 nm per cycle in case of HfO2 and 
Al2O3, respectively. The stacks consist of HfO2(X 
cy)/Al2O3(Y cy) supercycle repeаted n times, where X and 
Y are deposition cycles of HfO2 and Al2O3, respectively. 
These were assigned as n×(X:Y) throughout the text. X, Y 
and n were varied in order to obtain stacks with different 
thickness and composition. After the deposition the stacks 
were rapid thermally annealed (RTA) for 1 min in O2 or N2 
at 800 ℃. Structures comprising tunnel (TO) as well as 
blocking (BO) oxide were also prepared. Two types of TO 
were used: i) 3.5 nm SiO2 film grown by thermal oxidation 
of Si; and ii) 3 nm thick Al2O3 layer deposited at the same 
ALD conditions as mentioned above. After deposition of 
trapping HfO2/Al2O3 stacks, the blocking 20 nm Al2O3 
layer was deposited. The general view of cross section of 
nanolaminated stacks with TO and BO is schematically 
depicted in Fig. 1a. MIS capacitors fabrication was 
accomplished by Al metallization through evaporation to 
create gate (top) and backside electrodes. The gate 
electrodes were patterned by photolithography. 

The charge-trapping in the stacks was evaluated by 
applying square negative and positive voltage pulses with 
different amplitudes Vp and duration of 1 s to the top metal 
electrode (back Al electrode is grounded). Each pulse 
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Fig.1. (a) A schematic representation of the capacitor structures 
consisting of ALD HfO2 (X deposition cycles)/Al2O3 (Y 
deposition cycles) stack repeated n times. (b) Measurement 
procedure. 
 
was followed by a measurement of C-V curve and its flat-
band voltage, Vfb shift with respect to the initial C-V curve 
was determined (Fig. 1b). The memory windows were 
defined as difference between voltage shifts corresponding 
to negative and positive pulses. 
 

III. RESULTS AND DISCUSSIONS 
 

As mentioned Vfb shift was used to evaluate the charge 
trapping ability of stacks. The observed shift could be a 
result of several processes: 1) Under positive(negative) 
voltage pulse electrons(holes) are injected from Si substrate 
in the stack and are trapped in the existent traps. They are 
stored there until an electric pulse with opposite polarity is 
applied. In fact, this is the reversible program/erase cycle, 
which defines the main principle of operation of CTMs. 2). 
As the injection of charge carriers is performed at high 
electric fields it is possible that charge is generated as a 
result of stressing. This results in a permanent damage and 
degradation of electrical characteristics of device and 
ultimately to breakdown. Our investigations revealed that 
the charge trapping, hence memory window, is strongly 
affected by: annealing ambient, total thickness and Al2O3 
content in the films as well as on the presence and the type of 
TO and BO. Next, we are summarizing the results obtained.  

 
A. Dependence on annealing 

 
Fig. 2 demonstrates the impact of annealing process 

on the trapping behavior of 5×(20:10) sample (similar 
behavior was observed for the samples with different X, Y 
and n). In the as-deposited sample trapping of electrons is 
observed only at low Vp. A turn around of ΔVfb vs. Vp curve 
is observed at a certain Vp, which implies that most likely 
two competing processes occur in the stacks, namely - 
electron trapping at existent traps and stress generation of 
positive charge. At higher Vp even a net positive charge 
build-up is observed. Under hole injection the positive 
charge trapping increases progressively with Vp. These 
results reveal that a part of the trapped positive charge 
could be related to stress-induced defects, which constitute 
an irreversible damage. 

 
Fig. 2. Effect of annealing on flat band voltage shifts in respect to 
the initial flat band voltage Vfb(0) as a function of Vp for 
HfO2/Al2O3 stack with 5×(20:10) structure. Solid symbols - shifts 
after +Vp; hollow ones after –Vp. 

 
A stable electron trapping which increases with 

increasing Vp has been observed in O2 annealed stacks. 
Unlike the as-grown sample, the positive charge trapping in 
this case tends to saturation. This implies that it is not 
related to a stress-generated positive charge, rather a result 
of hole trapping in existent traps. The increased electron 
and hole trapping in O2 annealed samples give rise to the 
large memory window. The samples annealed in N2 reveal 
negligible trapping, i.e. RTA in N2 is not efficient in 
improving the charge storage ability of the structures. The 
finding that O2 annealing actually increases the stored 
charge strongly suggests that trapping sites are not oxygen 
vacancies, but are rather intrinsic in origin [13]. Moreover, 
the annealing in non-oxidizing ambient at temperatures up 
to 1000 C seems to reduce the density of these traps [13]. 

 
B. Dependence on Hf and Al content 

 
In Fig. 3a the trapping behavior of three samples with 

different total HfO2 deposition cycles and equal net Al2O3 
deposition cycles is presented. The samples with the 
thickest HfO2 (5×30 cy and 10×20 cy HfO2) demonstrate 
the largest hole trapping. On the contrary, hole trapping is 
nearly unaffected by Al2O3 amount - samples with 5×20 cy 
HfO2 and different Al2O3 cycles show similar hole trapping 
(Fig.3b). Electron trapping, however, is stronger in samples 
with more Al2O3 cycles. So, the electron traps are also 
related with the presence Al atoms in HfO2, although their 
nature is not known yet. These results imply that most 
likely HfO2-related traps give rise to hole trapping, 
suggesting that hole trapping in amorphous HfO2 is more 
favorable than in Al2O3 in accordance with [14]. 

 
C. Dependence on TO and BO 

 
The insertion of blocking and tunnel oxide strongly 

affects the charge trapping characteristics (Fig.4). As is  
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Fig.1. (a) A schematic representation of the capacitor structures 
consisting of ALD HfO2 (X deposition cycles)/Al2O3 (Y 
deposition cycles) stack repeated n times. (b) Measurement 
procedure. 
 
was followed by a measurement of C-V curve and its flat-
band voltage, Vfb shift with respect to the initial C-V curve 
was determined (Fig. 1b). The memory windows were 
defined as difference between voltage shifts corresponding 
to negative and positive pulses. 
 

III. RESULTS AND DISCUSSIONS 
 

As mentioned Vfb shift was used to evaluate the charge 
trapping ability of stacks. The observed shift could be a 
result of several processes: 1) Under positive(negative) 
voltage pulse electrons(holes) are injected from Si substrate 
in the stack and are trapped in the existent traps. They are 
stored there until an electric pulse with opposite polarity is 
applied. In fact, this is the reversible program/erase cycle, 
which defines the main principle of operation of CTMs. 2). 
As the injection of charge carriers is performed at high 
electric fields it is possible that charge is generated as a 
result of stressing. This results in a permanent damage and 
degradation of electrical characteristics of device and 
ultimately to breakdown. Our investigations revealed that 
the charge trapping, hence memory window, is strongly 
affected by: annealing ambient, total thickness and Al2O3 
content in the films as well as on the presence and the type of 
TO and BO. Next, we are summarizing the results obtained.  
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Fig. 2 demonstrates the impact of annealing process 

on the trapping behavior of 5×(20:10) sample (similar 
behavior was observed for the samples with different X, Y 
and n). In the as-deposited sample trapping of electrons is 
observed only at low Vp. A turn around of ΔVfb vs. Vp curve 
is observed at a certain Vp, which implies that most likely 
two competing processes occur in the stacks, namely - 
electron trapping at existent traps and stress generation of 
positive charge. At higher Vp even a net positive charge 
build-up is observed. Under hole injection the positive 
charge trapping increases progressively with Vp. These 
results reveal that a part of the trapped positive charge 
could be related to stress-induced defects, which constitute 
an irreversible damage. 

 
Fig. 2. Effect of annealing on flat band voltage shifts in respect to 
the initial flat band voltage Vfb(0) as a function of Vp for 
HfO2/Al2O3 stack with 5×(20:10) structure. Solid symbols - shifts 
after +Vp; hollow ones after –Vp. 

 
A stable electron trapping which increases with 

increasing Vp has been observed in O2 annealed stacks. 
Unlike the as-grown sample, the positive charge trapping in 
this case tends to saturation. This implies that it is not 
related to a stress-generated positive charge, rather a result 
of hole trapping in existent traps. The increased electron 
and hole trapping in O2 annealed samples give rise to the 
large memory window. The samples annealed in N2 reveal 
negligible trapping, i.e. RTA in N2 is not efficient in 
improving the charge storage ability of the structures. The 
finding that O2 annealing actually increases the stored 
charge strongly suggests that trapping sites are not oxygen 
vacancies, but are rather intrinsic in origin [13]. Moreover, 
the annealing in non-oxidizing ambient at temperatures up 
to 1000 C seems to reduce the density of these traps [13]. 

 
B. Dependence on Hf and Al content 

 
In Fig. 3a the trapping behavior of three samples with 

different total HfO2 deposition cycles and equal net Al2O3 
deposition cycles is presented. The samples with the 
thickest HfO2 (5×30 cy and 10×20 cy HfO2) demonstrate 
the largest hole trapping. On the contrary, hole trapping is 
nearly unaffected by Al2O3 amount - samples with 5×20 cy 
HfO2 and different Al2O3 cycles show similar hole trapping 
(Fig.3b). Electron trapping, however, is stronger in samples 
with more Al2O3 cycles. So, the electron traps are also 
related with the presence Al atoms in HfO2, although their 
nature is not known yet. These results imply that most 
likely HfO2-related traps give rise to hole trapping, 
suggesting that hole trapping in amorphous HfO2 is more 
favorable than in Al2O3 in accordance with [14]. 

 
C. Dependence on TO and BO 

 
The insertion of blocking and tunnel oxide strongly 

affects the charge trapping characteristics (Fig.4). As is  
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Fig. 3 Vfb shifts due to the charge trapping, depending on the HfO2 
sublayers thickness (a) and Al2O3 content (b). 
 
seen (Fig.4a) in the case of as-grown stacks with 3.5 nm 
SiO2 TO trapping of electrons and holes is observed at Vp > 
±20 V at the respective polarities of Vp. and a large 
memory window is formed. For the capacitors with Al2O3 
tunnel oxide, a very weak electron trapping is observed, 
while the hole trapping generally is the same as for the 
capacitors with SiO2 TO. Similar to the structures without 
TO and BO a linear increase of ΔVfb with −Vp is observed 
and the positive charge build-up is stronger than the electron 
trapping, which as discussed above is related to stress-
induces positive charge generation. RTA in O2 results in 
significant improvement of trapping characteristics for 
structures with SiO2 as TO (Fig.4b) – the memory window is 
substantially increased; the electron and hole trapping 
branches of ΔVfb are symmetric and tend to saturation that 
implies a trapping in existent traps rather than a generation 
of stress-induced oxide charge. For structures with Al2O3 
TO, O2 annealing leads to some increase of electron trapping 
but generally it is smaller than in the sample without any TO 
and BO. Therefore, it can be concluded that Al2O3 tunnel 
oxide does not provide reliable barrier against electron 
discharge. 

 
D. Influence of γ-irradiation  

 
The impact of γ-radiation (dose 100kGy) on the 

memory windows of the 5×(30:10) HfO2/Al2O3 stacks is 

  
Fig. 4 Evolution of flat-band voltage Vfb versus the voltage pulse 
magnitude for: (a) as-grown, and b) annealed in O2 5×(20:5) 
HfO2/Al2O3 stacks with and without BO and TO. 
 
presented in Fig.5. The positive charge trapping changes 
only slightly after irradiation for both the as-grown and O2 
RTA samples, which implies that no new hole traps and/or 
positive charge are generated. On the contrary, significant 
increase of electron trapping in both kinds of stacks is 
observed after γ-irradiation, which results in improved 
memory windows. It should be noted that the difference 
between the memory windows of the as-deposited and O2 
annealed stacks decreases after irradiation, which could be 
interpreted that the traps created by radiation and by O2 
annealing have the same origin. However, our studies [11] 
revealed that the detrapping rate of irradiated as-grown 
films is much higher than that of the O2 annealed ones, 
which implies that radiation-induced traps and traps 
generated by the O2 annealing have different nature and the 
former ones are not efficient for reliable storage. 

 
E. Retention characteristics 

 
Retention characteristics of 5×(30:10) HfO2/Al2O3 O2 

treated stacks were presented in Fig.6. The retention is 
defined as the ratio ΔVfb(t)/ΔVfb,initial where ΔVfb(t) is Vfb 
shift at time (t) and ΔVfb,initial is this shift immediately after 
the charging operation. The charge decay with time (t) 
is fitted very well with a ln2(t) dependence which suggests  
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Fig. 5 Vfb shifts before and after γ irradiation with 100 kGy for as-
grown and O2 annealed 5×(30:10) HfO2/Al2O3 stack. 
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Fig.6 Retention characteristics of 5×(30:10) HfO2/Al2O3 stacks 
annealed in O2 before and after irradiation [11].  
 
that discharge currents are dominated by Poole-Frenkel 
emission [12]. The experimental data show that the positive 
charge decay is stronger than the negative one - at 106 s, 
about 20% of the negative charge and 40% of the positive 
charge are detrapped. The extrapolation to 10 years shows 
that the memory window will be reduced by 57%. Fig.6 
clearly reveals that γ-radiation does not deteriorate the 
charge retention in O2 annealed stacks, i.e. these samples 
are radiation tolerant. 

 
IV. CONCLUSION 

 
The results reveal that the trapping phenomena and 

charge storage ability of the HfO2/Al2O3 nanolaminates 
could be tailored by optimization of stack parameters 
(thicknesses and number of HfO2 and Al2O3 sub-layers) as 
well as the annealing processes. PDA in O2 enhances 
substantially the charge storage ability of stacks, which is 
due to an increased electron trapping. Oxygen annealed 
stacks are more resistant to high electric field degradation 
and have high radiation tolerance to γ-rays up to very high 
doses of 100 kGy, hence can be successfully used in CTM 
devices working in radiation-intensive environment. 

ACKNOWLEDGEMENT 
 

This research was funded by the Bulgarian National 
Scientific Fund, Project KP-06-H37/32. 

 
REFERENCES 

 
[1] C. Zhao, C. Z. Zhao, S. Taylor, and P.R. Chalker, “Review on 

non-volatile memory with high-k dielectrics: Flash for 
generation beyond 32 nm”, Materials, 2014, vol. 7, pp. 5117-
45. 

[2] G. H. Park and W. J. Cho, “Reliability of modified tunneling 
barriers for high performance nonvolatile charge trap flash 
memory application”, Appl. Phys. Lett., 2010, vol. 96, 043503. 

[3] H. W. You and W. J. Cho, “Charge trapping properties of the 
HfO2 layer with various thicknesses for charge trap flash 
memory applications”,Appl. Phys. Lett., 2010, vol. 96, 093506. 

[4] C. Zhu, Z. Huo, Z. Xu, M. Zhang, Q. Wang, J. Liu, S. Long, 
and M. Liu, “Performance enhancement of multilevel cell 
nonvolatile memory by using a bandgap engineered high-κ 
trapping layer”, Appl. Phys. Lett., 2010, vol. 97, 253503. 

[5] X. Lan, X. Ou, Y. Cao, S. Tang, C. Gong, B. Xu, Y. Xia, J. 
Yin, A. Li, F. Yan and Z. Liu, “The effect of thermal treatment 
induced interdiffusion at the interfaces on the charge trapping 
performance of HfO2/Al2O3 nanolaminate-based memory 
devices”, J. Appl. Phys., 2013, vol. 114, 044104. 

[6] G. Yoon, T. Kim , K. Agrawal, J. Kim, J. Park, H.H. Kim, 
E.C. Cho, and J. Yi,  “Optimization of MIS type Non -volatile 
Memory Device with Al-doped HfO2 as Charge Trapping 
Layer”, ECS J. Solid State Sci. Techn., 2020, vol. 9, 075004 

[7] A. Paskaleva, M. Rommel, A. Hutzler, D. Spassov and A.J. 
Bauer, “Tailoring the electrical properties of HfO2 MOS 
devices by aluminum doping”, ACS Appl. Mater. Interfaces, 
2015, vol. 7, pp. 17032–43. 

[8] D. Spassov, A. Paskaleva, T. A. Krajewski, E. Guziewicz, G. 
Luka and T. Ivanov, “Al2О3/HfO2 multilayer high-k dielectric 
stacks for charge trapping flash memories”, phys. status solidi 
a, 2018, vol. 215, 170854. 

[9] D. Spassov, A. Paskaleva, T. A. Krajewski, E. Guziewicz, and 
G. Luka, “Hole and electron trapping in HfO2/Al2O3 
nanolaminated stacks for emerging nonvolatile flash 
memories”, Nanotechnology, 2018, vol. 29, 505206 

[10] D. Spassov, A. Paskaleva, T. A. Krajewski, E. Guziewicz, 
and Tz. Ivanov, “Leakage currents in Al2О3/HfO2 multilayer 
high-k stacks and their modification by post-deposition 
annealing steps”, J. Physics: Conf. Series, 2019, vol. 1186, 012025. 

[11] D. Spassov, A. Paskaleva, E. Guziewicz, V. Davidović,  S. 
Stanković, S. Djorić-Veljković, Tz. Ivanov, T. Stanchev, and 
N. Stojadinović, “Radiation Tolerance and Charge Trapping 
Enhancement of ALD HfO2/Al2O3 Nanolaminated 
Dielectrics”, Materials, 2021, vol. 14, pp. 849-865. 

[12] K. Lehovec, and A. Fedotowsky, “Charge retention of 
MNOS devices limited by Frenkel-Poole detrapping”, Appl. 
Phys. Lett., 1978, vol. 32, pp. 335–338. 

[13] F. Cerbu, O. Madia, D.V. Andreev, S. Fadida, M. Eizenberg, 
L. Breuil, G. Lisoni, J.A. Kittl, J. Strand, A.L. Shluger, V.V. 
Afanas'ev, M. Houssa and A. Stesmans, “Intrinsic electron 
traps in atomic-layer deposited HfO2 insulators”, Appl. Phys. 
Lett., 2016, vol. 108, 222901 

[14] J. Stranda, O.A. Dicks, M. Kaviani and A.L. Shluger, “Hole 
trapping in amorphous HfO2 and Al2O3 as a source of positive 
charging”, Microelectron. Eng., 2017, vol. 178 pp. 235–239. 



153

0 2 4 6 8 10 12 14 16 18 20 22

-8

-6

-4

-2

0

2

4

6

V
fb

(V
p)

 - 
V

fb
(0

V
) (

V
)

|Vp| (V)

           as-grown: 
unirradiated   
100kGy  
            RTA in O2:
unirradiated  
100kGy  

 
 

Fig. 5 Vfb shifts before and after γ irradiation with 100 kGy for as-
grown and O2 annealed 5×(30:10) HfO2/Al2O3 stack. 

 

100 101 102 103 104 105 106 107 108 109

–1.0
–0.8
–0.6
–0.4
–0.2

0
0.2
0.4
0.6
0.8

1

10
 y

ea
rs  unirradiated

  10 kGy
  100 kGy

DDV
fb

(t)
/DD

V
fb

 in
iti

al

Time (s)

RTA in O2

Vp= +/-12 V

 
 

Fig.6 Retention characteristics of 5×(30:10) HfO2/Al2O3 stacks 
annealed in O2 before and after irradiation [11].  
 
that discharge currents are dominated by Poole-Frenkel 
emission [12]. The experimental data show that the positive 
charge decay is stronger than the negative one - at 106 s, 
about 20% of the negative charge and 40% of the positive 
charge are detrapped. The extrapolation to 10 years shows 
that the memory window will be reduced by 57%. Fig.6 
clearly reveals that γ-radiation does not deteriorate the 
charge retention in O2 annealed stacks, i.e. these samples 
are radiation tolerant. 

 
IV. CONCLUSION 

 
The results reveal that the trapping phenomena and 

charge storage ability of the HfO2/Al2O3 nanolaminates 
could be tailored by optimization of stack parameters 
(thicknesses and number of HfO2 and Al2O3 sub-layers) as 
well as the annealing processes. PDA in O2 enhances 
substantially the charge storage ability of stacks, which is 
due to an increased electron trapping. Oxygen annealed 
stacks are more resistant to high electric field degradation 
and have high radiation tolerance to γ-rays up to very high 
doses of 100 kGy, hence can be successfully used in CTM 
devices working in radiation-intensive environment. 
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Reduction of Interface States Stress Generation by 
Oxygen Annealing of ALD Nanolaminated HfO2/Al2O3 

Dielectric Stacks for Charge Trapping Devices 
 

A. Skeparovski, N. Novkovski, A. Paskaleva, and D. Spassov 
 
 

Abstract – In this work we analyze the effects of rapid thermal 
annealing (RTA) in O2 on the interface state density in MIS 
structures containing charge trapping HfO2/Al2O3 nanolaminated 
dielectric stacks obtained by atomic layer deposition.  The density 
of interface states increases after annealing in O2, but generation of 
new interface states as a result of electrical stress is strongly 
reduced. RTA in O2 affects also the bulk properties of the stacks, by 
suppressing the formation of stress-induced positive charge. The 
correlation between these two effects is discussed.  
 

I. INTRODUCTION 
 

 Charge trapping memory (CTM) devices, a type of 
non-volatile memories, are considered as a promising 
technological solution for overcoming the scaling 
limitations of currently dominated floating gate technology. 
The operating principle of CTM devices is based on 
injection and storage of charges in discrete traps within a 
dielectric layer. This principle was firstly implemented in 
SONOS devices, in which a Si3N4 layer serves as a charge 
trapping media.  However, the small dielectric constant of 
Si3N4 appears to be a limiting factor for the continual 
down-scaling of device size, because the charge trapping 
efficiency and the retention properties of Si3N4 layer, 
deteriorate with the reduction of its thickness. As a solution 
of this issue, the replacement of Si3N4 with high-k 
dielectrics has been proposed and has attracted significant 
research interest. One of the inherent properties of these 
materials which makes them particularly suitable for 
application in CTM is the high concentration of bulk traps 
on which injected charges can sit. A great number of high-
k metal oxides such as TiO2, ZrO2, HfO2, Ta2O5, Y2O3, 
La2O3 etc [1-5] have been investigated, confirming their 
potential for implemetation as charge trapping layers. 
Further improvement of the memory capabilities, endurance 
and retention properties was achieved by combining 
different high-k dielectrics in the form of multilayer stacks 
like HfO2/Al2O3/HfO2 or ZrO2/Al2O3/ZrO2 [6,7] as well as 
by using different thermal treatments [8-10] .   

 The devices under study in this work are MIS 
capacitors containing multilayer HfO2/Al2O3 stacks 
obtained by atomic layer deposition (ALD) as charge 
trapping media. Their charge trapping characteristics and 
how they depend on the thickness of individual layers and 
on the post-deposition treatment in different ambient have 
been recently reported [10]. Here we report on the stress 
induced generation of interface states in these structures 
and the influence of thermal treatment in oxygen on these 
processes. 

 
II. EXPERIMENTAL PROCEDURE 

 
Nanolaminated HfO2/Al2O3 charge trapping stacks 

were deposited on p-type Si (100) wafers with resistivity 6 
Ω·cm. Prior to deposition, the substrates were subjected to 
standard RCA chemical cleaning. The deposition of CT 
stacks was performed by atomic layer deposition in 
Savannah-100 ALD system at a temperature of 135 °C with 
tetrakis(dimethylamido)hafnium (TDMAH) as a precursor 
for HfO2 and trimethylaluminum (TMA) for Al2O3. The 
stacks are a sequence of equivalent bilayer blocks, each of 
them containing HfO2 and Al2O3 sublayers. The growing 
process started with deposition of Al2O3 sublayer on Si 
wafer, followed by consecutive deposition of HfO2 
sublayer. The procedure was repeated 5 times. Thickness of 
each individual sublayer was controlled by the number of 
ALD cycles – 20 cycles for HfO2 and 5 for Al2O3 sublayer. 
As determined by ellipsometry, one ALD cycle for HfO2 
results in deposition of 0.14 nm thick monolayer, while for 
Al2O3 this value is 0.1 nm. Accordingly, the estimated 
thicknesses of HfO2 and Al2O3 sublayers were 2.8 nm and 
0.5 nm, respectively, while the total stack thickness was 
16.5 nm. After deposition some stacks received rapid 
thermal annealing for 1 min in O2 at 800°C. MIS capacitors 
with top (gate) and backside contacts of Al deposited by 
evaporation were fabricated for electrical measurements. 
Square gates with an active area of 10-4 cm2 were defined 
by photolithography. The only, intentionally grown, 
insulating layer in the MIS capacitors was the HfO2/Al2O3 
stack – no blocking layer or intentionally grown tunneling 
oxide were deposited. The capacitance-voltage (C-V) 
characteristics were measured at 100 kHz, in serial mode, 
with HP 4284A LCR meter. They were used for evaluating 
the flat band voltage shift (ΔVfb), as well as, for extraction 
of the interface state density, Dit. For calculation of Dit we 
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employed the modified Terman method proposed in [11]. 
The constant voltage stress (CVS) was done by using HP 
4140B pA meter with built-in voltage source. The 
measurement sequence started with recording of C-V 
characteristics of unstressed capacitors, followed by 
subjecting the capacitors to a series of CVS at  
Vstress = + 4 V with an increasing duration. After each 
stress, a new C-V characteristic was measured and ΔVfb 
was determined. In all measurements the voltage was 
applied to the top electrode, while the back one was kept 
grounded.  

  
III. RESULTS AND DISCUSSION  

 
The C-V characteristics recorded after multiple 

constant voltage stresses, for as-grown and annealed 
samples, are shown in Fig 1.  
 

 
Fig. 1. C-V characteristics of capacitors recorded after each stress 
for a) as-grown and b) annealed samples. 
 

The shape and the position of the curves with respect 
to the voltage axis is different for the two groups of 
samples, reflecting the changes introduced by post-
deposition annealing (PDA) in O2. A comprehensive 
analysis on this subject can be found in [10]. The shift of 
the curves, which can be used to assess their memory 
properties, might be a result of two different processes: i) 
charge trapped on existing traps in the stacks (in this 
particular case, electrons injected from the substrate) and 
ii) stress-generation of charged defects. The former one is a 
non-destructive, reversible process (charges can be trapped 

and detrapped), and indeed it is the basic physical 
mechanism on which the writing and erasing operations in 
CTM devices are based. The latter process is one of the 
wear-out mechanisms which cause irreversible damage in 
the stacks.  In order to obtain better insight on the evolution 
of C-V curve position, a flatband voltage shift, ΔVfb = Vfb – 
Vfb,0, (Vfb,0 and Vfb being the flatband voltages of unstressed 
and stressed capacitor, respectively) was calculated for 
each curve and its dependence as a function of total stress 
time is presented in Fig. 2.   

 

 
Fig. 2. Flatband voltage shift with respect to its initial value (non-
stressed capacitor) versus stress time for a) as-grown and b) 
annealed samples. 
 

For the as-grown samples (Fig. 2a) a rapid increase in 
the beginning followed by a sublinear growth and a 
tendency to saturation is observed, indicating a presence of 
several charging mechanisms. The tendency to saturation 
might denote that all available traps in the dielectric are 
filled with electrons. Another possibility is that the stress 
generates positively charged defects which compensate the 
effect of trapped electrons. The second conjecture seems 
more plausible since it is in accordance with the existence 
of different charging mechanisms in these samples inferred 
from the curve in Fig. 2a. For annealed samples, the growth 
can be described by a single sublinear dependence 
(ΔVfb  t 0.55) which points out a presence of one dominant 
charging mechanism. In combination with no observed 
tendency to saturation of ΔVfb, this implies that the stress 
either do not generate new defects or this effect is very 
weak in annealed samples.  
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effect of trapped electrons. The second conjecture seems 
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of different charging mechanisms in these samples inferred 
from the curve in Fig. 2a. For annealed samples, the growth 
can be described by a single sublinear dependence 
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charging mechanism. In combination with no observed 
tendency to saturation of ΔVfb, this implies that the stress 
either do not generate new defects or this effect is very 
weak in annealed samples.  

In the case of nanosized dielectrics, standard methods 
of determination of interface state densities fail to give 
reliable results. As described in [11], modified Terman 
method is an efficient tool for determining precisely Dit 
distributions over the forbidden energy gap of Si. This 
modified method is based on determination of the 
contribution of quantum charge in the gate voltage of real 
MIS structures, determined from the C-V characteristics. 
After subtracting this contribution from stretch-out (ΔVg) of 
the real C–V curve from the theoretical standard curve, 
corrected value of the stretch-out (δΔVg) as a function of 
the surface potential (Vs, determined with standard 
methods) is obtained. It is used to determine the 
distribution of interface states by 
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where p0 is the majority carrier density and ni is the 
intrinsic carrier density in silicon. 

Fig. 3a displays the distributions of interface state 
densities Dit in the silicon bandgap, for as-grown samples, 
before and after the stress (for stressed samples, Dit refers 
to the condition of the interface after stressing with the 
longest stress time, ts = 639 s for as-grown and ts = 689 s for 
annealed samples). Only the part up to 0.35 eV above the 
valence band edge is shown since no visible difference 
between the pairs of curves is observed in the remaining 
part of the bandgap.   

The same, but for annealed samples is shown in Fig. 
3b. By comparing the results for as-grown and annealed – 
non-stressed samples, we can see that PDA in O2 leads to 
significant increase of the interface state density (the peak 
in annealed samples is about three times higher). This 
might be a result of some kind of interaction between the 
stack and Si caused by the PDA treatment in oxygen 
ambient. More accurate explanation of this effect requires 
detailed analysis which is out of the scope of this study. 
Regarding the effect of electrical stress on Dit the situation 
is as follows: the stress substantially increases the interface 
state densities of as-grown samples, rising the value of the 
peak from  4.0·1012 eV-1cm-1 to  7.2·1012 eV-1cm-1 
(increase of  80 %). For annealed samples the effect is 
much weaker, leading to increase of Dit at the peak position 
from  1.2·1013 eV-1cm-1 to  1.5·1013 eV-1cm-1 (increase of 
 20 %). 
 

 

 
 
Fig. 3. Distributions of interface state density over silicon 
bandgap for a) as-grown and b) annealed samples. In both figures 
energy is measured from the top of the valence band.  
 

Interface state generation during program/erase 
cycling in memory devices is a mechanism that allows 
vertical transport of trapped charges from dielectric stack to 
the Si substrate and deteriorates its retention properties 
[12]. Hence, the reduction of stress induced interface states 
after annealing in O2 means reduction of the retention loss, 
too.  On the other hand, the generation of interface states at 
the Si/SiO2 contact in classical MOS structures was used as 
an indicator of the overall oxide degradation which 
eventually ended up with oxide breakdown. There is a 
correlation between generation of bulk defects in the oxide 
and formation of new interface states [13]. Although, such 
correlation is not strictly confirmed for MIS structures with 
high-k dielectrics, it might be expected. During their 
deposition, a thin interfacial SiO2 (or SiOx) layer is 
inevitably formed between the high-k dielectric and the Si 
substrate. Even in these structures, with no intentionally 
grown SiO2, the interface at the vicinity of the substrate is 
SiO2/Si. Additionally, the pronounced stress generation of 
interface states in as-grown samples correlates with the 
observed tendency in these samples to stress generation of 
positively charged bulk defects. 
 
 

(a) 

(b) 
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IV. CONCLUSION 
 

The presented results reveal that RTA in O2 affects the 
interface between the HfO2/Al2O3 dielectric stacks and Si 
substrate. This treatment increases the interface state 
density in as-grown (virgin) devices, which might has a 
detrimental influence on the retention properties of the 
stacks, since the defects at the interface can serve as a 
pathway for redistribution or even losing of trapped charges. 
On the other hand, RTA in O2 stabilizes the interface in the 
sense that it becomes more resistant to electrical stress and 
generation of additional interface states. Further investigations 
are needed to clarify the mechanisms by which this type of 
thermal treatment increases the interface state density in non-
stressed devices and to trace directions for optimization of 
the annealing process parameters in order to enhance its 
beneficial effects. 
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Abstract - The effects of Nb/Mn and La/Mn on the electrical 
properties of doped BaTiO3 ceramics were investigated in this 
paper. A series of Nb/Mn and La/Mn-doped BaTiO3 samples, 
with dopant concentrations, ranged from 0.1 up to 2 at% of La 
and Nb, were prepared. The Mn concentration of 0.01at% was the 
same in all samples. The samples have been sintered at 1300°C 
for two hours.  

SEM analysis indicated a fine-grained microstructure with 
grain size less than 2m in La/Mn-BaTiO3. For the same 
concentration of additives, the bimodal microstructure was 
observed in Nb/Mn-BaTiO3. 

Samples with a low concentration of additives (0.1 and 
0.5at%) show a higher dielectric constant value. A stable 
dielectric permittivity with a flat dielectric response in the 
transition zone is observed in high doped ceramics. Higher 
dielectric constant values were measured for samples doped with 
Nb and ranged from 1790 to 4027 at room temperature. The shift 
of Curie temperature towards lower temperature has been noticed 
in all samples. The Curie-Weiss law was used to analyze the 
permittivity behavior in the paraelectric region. 
  

I. INTRODUCTION 
 

Oxide elements, such as Nb2O5 and La2O3, are very 
important additives used for doping barium titanate 
ceramics suitable for the production of multilayer ceramic 
capacitors, PTC thermistors, piezoelectric sensors, and 
other electroceramic components [1,2]. The electrical 
properties of polycrystalline BaTiO3, depend on the type, 
content, and distribution of dopants, as well as on the 
obtained microstructure.  

For the application of doped BaTiO3 ceramics as a 
capacitor material, it is necessary to achieve good ceramic 
density, high dielectric constant, and low dielectric losses. 

The trivalent cation La occupies the A position in the 
perovskite structure ABO3 as BaTiO3 has. At low 
concentrations of La, Ba2+ ions are substituted, and solid 
solutions are formed.  Substitution of La3+ in place of Ba2+ 
ions requires the formation of negatively charged defects to 
maintain electroneutrality. There are three basic 
compensation mechanisms: the creation of barium 
vacancies (VBa"), titanium vacancies (VTi""), and electrons 
(e'). For samples sintered in an air atmosphere, the 
compensation mechanism is an ionic mechanism. 

Partial replacement of Ba2+ ions with La3+ ions enables 
uniformity of microstructure, prevents abnormal grain 
growth, and increases the temperature range in which the 
tetragonal phase is stable [3-5].  

 Unlike La3+ ions, Nb5+, due to its small ionic radius, 
easily replaces Ti4+ and acts as a donor dopant [6-8]. Nb, 
which is incorporated at the Ti site, leads to inhibition of 
grain growth (at a content > 0.5at%) and lowers the Curie 
temperature. Niobium at a concentration <0.5at% leads to a 
decrease in the electrical resistivity of the modified 
BaTiO3. 

Controlled incorporation of donor additives such as 
Nb5+ and La3+ in combination with Mn2+ acceptors leads to 
the production of ceramics with a uniform microstructure 
and increased dielectric constant at both room and phase 
transformation temperature compared to pure BaTiO3 
ceramics. The properties of codoped ceramics depend on 
the acceptor/donor ratio and on the type and concentration 
of defects at the grain boundary. Codoped ceramics show 
lower values of dielectric losses. In addition to the fact that 
additives control electrical properties, their influence on 
microstructural characteristics is enormous. 

In this paper, the influence of Nb2O5 and La2O3 as 
additives on the electrical properties, dielectric constant, 
and dielectric losses of BaTiO3 ceramics, sintered at 
1300°C, was investigated. 
 

II. EXPERIMENTAL WORK 
 

In this paper, samples of modified BaTiO3 ceramics, 
doped with 0.1, 0.5, 1.0, and 2.0 at% La2O3 and Nb2O5, and 
0.01at% Mn, were used. Samples were obtained by the 
sintering process starting from pure oxide powders. The 
powders were mixed in isopropyl alcohol, dried, and 
pressed into pellets at a pressure of 110 MPa. After 
pressing the powders, the samples were sintered in an air 
atmosphere at a temperature of 1300°C for two hours. The 
microstructure and composition of the ceramics were 
analyzed using a JEOL scanning electron microscope, 
SEM-5300. The dielectric characteristics of the samples 
were calculated based on the capacitance measurements on 
the Agilent 4284A LCR meter. Before measuring the 
electrical properties, a silver paste was applied to the 
samples in order to establish electrical contacts. The 
change in dielectric constant and dielectric losses with 
temperature was measured in the temperature range from 
20C to 180C. 
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III. RESULTS AND DISCUSSION 
 

A. Microstructure characteristics 
 

The relative density of doped ceramics ranged from 
85-90% TD for samples doped with La and 87-93% TD for 
samples doped with Nb. The density of the samples 
decreased with the increasing concentration of added 
additives. 

Homogeneous and fine-grained microstructure with a 
grain size of 1-3μm, with a relatively uniform particle 
distribution, without indications of abnormal grain growth, 
is the main characteristic of 0.1 and 0.5 at% La/Mn-doped 
BaTiO3 sintered at 1300C (Fig. 1). With increasing La 
concentration, in samples doped with 1.0 and 2.0 at% La, 
abnormal grain growth occurs in the fine-grained matrix. 
Significant differences in microstructure are due to the 
inhomogeneous distribution of La2O3, which can be 
confirmed by EDS spectra made on the same sample from 
different places [9]. 

 

  
a)           b) 

 
Fig. 1. SEM microstructure a) 0.1 and b) 2.0 at% La/Mn-BaTiO3 
Tsin = 1300C. 
 

   
a)           b) 

 
Fig. 2. SEM microstructure a) 0.1 and b) 2.0 at% Nb/Mn-BaTiO3 
Tsin = 1300C. 
 

Bimodal microstructure with a grain size of 5-15 µm 
and 1-3 µm is characteristic for Nb/Mn-doped BaTiO3 
ceramics (Fig. 2). The non-uniformity of the microstructure 
comes partly from, agglomerates of fine starting powders 
and the appearance of areas rich in Nb, and partly from Mn 
segregation which prevents grain boundary mobility. Areas 
rich in Nb and Mn can be confirmed based on EDS 
analysis [7]. Planar defects, and a terraced structure, were 
also observed in these samples. 

Based on the qualitative EDS / SEM analysis, it is 
possible to determine the distribution of additives if the 

content of additives is above 1.0 at.%. With the low 
concentration of additives, it is not possible to determine 
the presence of a given additive if there has been no 
segregation of additives and their increased content in 
certain areas. 
 
B. Electrical characteristics 
 

The measured electrical resistivity of La and Nb-
doped BaTiO3 ceramics was of the order of 108 m. Given 
the high electrical resistivity values, it can be assumed that 
the ionic compensation mechanism is dominant and that 
due to the low cationic vacancies mobility at room 
temperature, the samples show insulating properties. Also, 
in fine-grained ceramics, the thickness of the insulating 
layer of the grain boundary is comparable to the grain size, 
which further contributes to high values of electrical 
resistivity. The influence of the additive on the dielectric 
constant of doped BaTiO3 ceramics can be studied by 
monitoring the changes of the dielectric constant with 
temperature (Figure 3). The dielectric constant in 
ferroelectric increases with temperature reaches the 
maximum value at the Curie temperature and decreases 
with further temperature increase. The dependence of the 
dielectric constant on temperature shows that the dielectric 
constant above the Curie temperature (TC), i.e., in the 
paraelectric region, follows the Curie-Weiss law. 
 

 
 
Fig. 3. Temperature dependence of dielectric constant (r) for Nb 
and La doped BaTiO3.  
 

The highest value of dielectric constant at room 
temperature as well as the largest change in dielectric 
constant with temperature show samples with 0.1 at% of 
dopants. In general, a pronounced dependence of the 
dielectric constant on temperature and a sharp phase 
transformation from the ferroelectric to the paraelectric 
phase at the Curie temperature was observed in BaTiO3 
samples with lower dopant content (0.1 and 0.5 at%). As 
the dopant concentration increases, the dielectric constant 
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Fig. 3. Temperature dependence of dielectric constant (r) for Nb 
and La doped BaTiO3.  
 

The highest value of dielectric constant at room 
temperature as well as the largest change in dielectric 
constant with temperature show samples with 0.1 at% of 
dopants. In general, a pronounced dependence of the 
dielectric constant on temperature and a sharp phase 
transformation from the ferroelectric to the paraelectric 
phase at the Curie temperature was observed in BaTiO3 
samples with lower dopant content (0.1 and 0.5 at%). As 
the dopant concentration increases, the dielectric constant 

values decrease, and its change in a wide temperature 
range, from room temperature to Curie temperature, is 
almost constants. The lowest values of the dielectric 
constant were measured for samples doped with 2 at% of 
additives (1267 for La-doped samples and 1790 for Nb-
doped BaTiO3).  

Lower values of the dielectric constant in La/BaTiO3 
samples are directly correlated with an increase in the 
inhomogeneity of the microstructure, segregation of 
additives in certain areas, as well as increased mean grain 
size, compared to samples doped with Nb. The dielectric 
constant with 0.1 at% additives is 2167 for La/Mn-BaTiO3 
and 4027 for Nb/Mn-BaTiO3 at room temperature. 

The highest value of the dielectric constant at the 
Curie temperature (r = 4640) was measured in 0.1 Nb/Mn-
doped BaTiO3 ceramics. 

In all tested samples, the Curie temperature TC shifted 
towards lower values in relation to the Curie temperature of 
undoped ceramics, which is 131°C. The measured Curie 
temperatures for both types of samples were from 125 
to129C. 

 

 
 
Fig. 4. Temperature dependence of dielectric losses (tan) for Nb 
and La doped BaTiO3 ceramics.  

 
Temperature dependences of the loss tangents for Nb 

and La-doped BaTiO3 samples measured at 1kHz are 
shown in Fig 4. 

For all La/Mn and Nb/Mn-BaTiO3 doped samples are 
characteristic the low values of the dielectric losses. The 
highest value of the dielectric losses at 1kHz as well as the 
largest change with temperature in the range of 0.016 to 
0.028, shows a 0.1Nb/Mn-BaTiO3 sample. The loss tangent 
values decrease with increasing additive concentration for 
both types of additives. 

Curie-Weiss's law can be applied to measurements 
above the Curie temperature. By fitting the curves 1/r 
versus temperature (Fig.5), the Curie constant (C) and the 
Curie-Weiss temperature (T0) for the doped samples were 
calculated, and their values were given in Table 1. 

 
 
 

TABLE I 
DIELECTRIC PARAMETERS OF NB AND LA DOPED BATIO3 

 
Additives  

at% 
r at 

300K 
r at 
Tc 

Tc 
[0C] 

T0 
[0C] 

Curie 
constant 

C [K] 

0.1-Nb 4027 4640 127 68 3.05105 

0.5-Nb 3169 3329 129 69 2.11105 

1.0-Nb 2370 2492 125 81 1.23105 

2.0-Nb 1790 1878 129 76 1.26105 

0.1-La 2167 2893 126 45 2.41105 

0.5-La 1518 1925 126 18 2.17105 

1.0-La 1430 1650 127 7 2.02105 

2.0-La 1267 1353 127 -10 1.88105 

 
For all tested samples, the Curie-Weiss temperature T0 

has lower values compared to Curie temperature Tc, and 
these values for some specimens are even negative. 
 

 
 
Fig. 5. 1/r vs. temperature. 
 

Considering that with increasing concentration of 
additives, the density of samples decreases and the size of 
grains increases, it is to be expected that samples doped 
with 0.1 at% of additives have the highest value of the 
Curie constant. 

The highest values of the Curie constant 
(C = 3.05105K and C = 2.41105K) were calculated for 
0.1Nb/ Mn and 0.1La/Mn doped –BaTiO3 ceramics, 
respectively. 

The obtained values for the Curie constant are in 
accordance with the change in the microstructure of the 
investigated samples. 
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IV. CONCLUSION 
 

The paper presents a comparative investigation of the 
electrical characteristics of Nb2O5 and La2O3 doped BaTiO3 
ceramics. The samples doped with La are characterized by 
a fine-grained microstructure and a grain size of 1-3μm, 
while samples doped with Nb are characterized by a 
bimodal structure and grain size of 5 -15 μm and 1-3 μm. 
The samples with the lowest additive concentration show 
the largest dielectric constant at room temperature and the 
largest change in the dielectric constant with temperature. 
The dielectric constant of Nb/BaTiO3 with 0.1 at% 
additives is 4027 and for La/BaTiO3 is 2167 at room 
temperature. In highly doped samples, the dielectric 
constant does not change with temperature and remains 
constant over a wide temperature range. The shift of Curie 
temperature towards lower temperature has been noticed in 
all samples. Dielectric losses for all tested samples were 
small and ranged from 0.01 to 0.028 and decreases with 
increasing additive concentration. 

The value of the Curie constant C decreases with 
increasing concentration of additives so that the highest 
values have samples doped with 0.1 at% of additives 
(C=3.05105 K and C=2.41105 K for 0.1Nb/Mn and 
0.1La/Mn-doped BaTiO3 ceramics, respectively). The 
values for the Curie constant are in accordance with the 
change in the density of the tested samples as well as with 
the microstructural characteristics. 
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IV. CONCLUSION 
 

The paper presents a comparative investigation of the 
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a fine-grained microstructure and a grain size of 1-3μm, 
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The samples with the lowest additive concentration show 
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Resistive Switching Behavior 
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Abstract – Chalcogenide glasses with different silver 
concentrations were studied regarding switching behavior. 
Samples with two different concentrations of silver content x = 10 
at. % Ag and x = 15 at. % Ag were synthesized with standard melt 
quenching route. Morphology of the studied samples was 
investigated using scanning electron microscopy, confirming that 
samples are phase separated. Prepared planar shaped 
Ag/Ag10(As40S30Se30)90/Ag and Ag/Ag15(As40S30Se30)85/Ag 
structures were used for measurements of current–voltage (I-V) 
response at room temperature. Experimentally obtained results 
revealed presence of bipolar switching mechanism in both 
investigated samples. Further, results showed that switch from 
high to low resistance state occurs at a low current values order of 
µA desirable for low energy consumption. The ratio of resistances 
in OFF and ON states was found to be order of 102 for both 
prepared structures indicating their good potential for fabrication 
a device for non–volatile memory applications.  
 

I. INTRODUCTION 
 

Resistive random access memory (RRAM) devices are 
one of the most promising next-generation non-volatile 
memories due to its fast operation speed, low power 
consumption, scalability and integration density [1]. In 
effort to improve such characteristics different materials 
and switching mechanisms were investigated [2].  

Resistive switching memory cell usually consists of a 
storage semiconductor medium layer sandwiched between 
two conductive electrodes. When applying voltage material 
changes resistance between high resistance state, HRS 
(OFF state) and low resistance state, LRS (ON state). The 
characteristic of resistive switching is the change between 
two states known as SET and RESET, which are analogue 
to ‘’writing’’ and ‘’erasing’’ processes, respectively. In 
general, resistive switching can be classified in two types: 
unipolar and bipolar based on the polarity of the applied 
voltage. Namely, when change of resistance happens 
between HRS to LRS then SET process appears, reversibly 
when same change happens between LRS to HRS then 
RESET process appears. For unipolar resistive switching 
SET and RESET processes happen at the same polarity of 

the applied voltage. For bipolar resistive switching change 
from LRS to HRS happens at certain polarity of the applied 
voltage, while change from HRS to LRS occurs at reversed 
polarity [3,4].  

Experimental studies [5,6] showed that the 
chalcogenide glasses (ChG) can exhibit bipolar resistive 
switching effect which indicates their potential  application 
in a non-volatile resistive random-access memory 
(RRAM). In the last few years, an attractive field of study 
are memristive devices suitable for using as synapse 
emulation in neuromorphic computing [7,8]. Recent 
investigations of ChG materials point to their possible 
application in the neuromorphic computing [9].  

Semiconductor doping is another aspect that could be 
beneficial for optimizing performance of non-volatile 
RRAM devices. It will contribute enlarging memory 
window and increasing switching speed enhancing in that 
way performance of the devices [7]. It is generally known 
that by doping ChG with metals causes enhancement of 
their electrical and optical properties [10]. Tailoring these 
properties and ability to change resistance by several orders 
of magnitude upon applying voltage are certainly 
advantageous for metal doped ChG materials giving them 
possibilities to be shifted in the desired direction for 
potential applications in electronic devices. All these 
capabilities of ChG are beneficial, inter alia, for their 
application as memory materials. From the above, the study 
of resistive switching behavior of Ag doped ChG 
semiconductors is justified and important for understanding 
the memory mechanism in these materials which may 
indicate their potential for fabrication RRAM devices.   

In this paper, preliminary results of current-voltage 
characteristic responses up on different silver 
concentrations x = 10 and 15 at. % Ag in the glassy 
amorphous matrix As-S-Se are summarized.   
 

II. EXPERIMENTAL PART 
 

Synthesis of the investigated bulk glasses were 
performed with the conventional melt-quenching route 
using different heating rates and speeds. Cleaned silica 
ampoules with dimensions 2 mm wall thickness and 1.3 
mm internal diameter were filled with high purity 
elemental components, sealed under the high vacuum and 
placed into the rocking furnace for 48 hours. The used 
furnace allows programming the duration of the plateaus 
and speeds. Desired lengths of six different plateaus and 
two heating rates were programmed in the furnace. The 
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melt was kept at 950 0C for 12 hours before air-quenched. 
Details of the synthesis procedure are published in our 
previous studies [4,11].  

Morphological properties of the synthesized samples 
were examined using scanning electron microscope SEM 
(JEOL JSM–6460 LV). Preparation of the samples for 
SEM measurement procedure comprises two steps. 
Namely, samples were firstly polished with abrasives of 
different grain size to mirror like appearance, then gold 
coated by sputtering to avoid the charging effect.  

Current-voltage (I‒V) characteristics response of the 
synthesized samples was investigated at room temperature 
using a computer‒controlled Source Meter Keithley 2410 
with two electrodes. For these electrical measurements 
synthesized samples Ag10(As40S30Se30)90 and 
Ag15(As40S30Se30)85 were prepared in the form of plane 
parallel plates. Top and bottom electrode were formed 
using high purity silver paste by coating the larger areas of 
the samples. In that way prepared planar shaped 
Ag/Ag10(As40S30Se30)90/Ag and Ag/Ag15(As40S30Se30)85/Ag 
structures were used for the study of resistive switching 
behavior. Acquisition of measured data was done with 
software implemented in LabVIEW.  
 

III. RESULTS AND DISCUSSION 
 
The obtained SEM micrograph for the sample with 15 

at. % Ag is given in Fig. 1, where presence of phase 
separation is evident. The qualitative and quantitative 
compositional properties of the studied samples examined 
in our recent study [12] have confirmed presence of all 
chemical elements present in the samples and have shown 
that lowest content of the Ag is present in the circles that 
are embedded on the surface in which higher silver content 
was detected (darker blue color, see Fig. 2). These 
registered phenomena in SEM images confirm presence of 
phase separation in the studied samples.  

 

 
 

Fig. 1. SEM micrograph for sample with x = 15 at. % Ag showing 
presence of phase separation. 
  

The recorded current-voltage characteristics for the 
investigated samples are presented in Fig. 3 and Fig. 4. The 
voltage was swept in the sequence of 0 V→ 11 V → 0 V 
→ −11 V → 0 V, with 0.1 V sweeping voltage step. 
Measurements of the I–V characteristic were repeated 

several times for both investigated samples demonstrating 
stable and reproducible response. Patterns remained the 
same for each sample.  

 

 
 
Fig. 2. SEM micrographs of the samples with x = 10 at. % 
(5000×) and x =15 at. % (5000×), showing contrast between 
lower (lighter color) and higher (darker color) silver content [12].  
 

 
 
Fig. 3. Repeatability of the I–V characteristic of 
Ag/Ag10(As40S30Se30)90/Ag obtained during three measurement 
cycles.  
 

 
 
Fig. 4. Repeatability of the I–V characteristic of 
Ag/Ag15(As40S30Se30)85/Ag obtained during four measurement 
cycles.  
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Current–voltage response of prepared planar shaped 
Ag/Ag10(As40S30Se30)90/Ag structure with direction of the 
sweeping voltage indicated by arrows is presented in Fig. 
5. It is obvious that sample exhibits bipolar resistive 
switching behavior. Studied sample has similar behavior as 
reported in our previous study [4], namely the direction of 
the formation of the SET and RESET process remains the 
same. Initially, the planar shaped structure was in high 
resistance state with low current conduction. When voltage 
was applied from 0 V → 11 V, the current gradually 
increased reaching its maximum value at about 7.7 V 
where switch from HRS to LRS took place known as SET 
process. Subsequently, when the applied voltage from 0 V 
→ -11 V the current decreased with its minimum value at 
around -7.7 V and change from LRS to HRS state appeared 
known as RESET process. Duration of the ON state (low 
resistance) can be noted through the major part of the 
voltage sweep 11 V → 0 V shown in an inset of Fig. 5, 
where dependence of resistance on applied voltage is 
given. 
  

 
 

Fig. 5. Current-voltage characteristic of planar shaped 
Ag/Ag10(As40S30Se30)90/Ag with direction of the voltage sweep, 
and with an inset of dependence of resistance on applied voltage 
during the ON state i.e. after SET process is formed. 
 

In Fig. 6 is given I-V response for planar shaped 
Ag/Ag15(As40S30Se30)85/Ag. In comparison with the sample 
x = 10 at % Ag, it has differences as can be seen in Fig. 6. 
Namely, width of the loop is narrower and clearly distinct 
from the x = 10 at. % Ag. Planar shaped structure was 
initially in the HRS state and by applying positive bias 0 V 
→ 11 V current increases gradually reaching its maximum 
value at 11 V where switch from high resistance to low 
resistance took place forming SET process. When negative 
bias was applied from 0 V → -11 V, the current decreases 
reaching its minimum value at -11 V then change from 
LRS to HRS appears known as RESET process, where in 
this case is barely visible. The direction of movement of 
the I-V loop, indicated by arrows, is different in the positive 
part of the applied voltage. Namely, SET process appears 
in the reverse direction of that of the planar shaped 

Ag/Ag10(As40S30Se30)90/Ag structure, while in the negative 
part of the applied voltage direction of movement of the 
switching loop is the same in both compositions. 
Overlapping of the loop for Ag/Ag15(As40S30Se30)85/Ag in 
the negative part of the voltage was also observed.  

Recent study [12] revealed that incorporation of x = 
15 at. % Ag in the glassy matrix causes the appearance of 
crystalline centers. Additionally, in that study presence of 
different phases was confirmed through impedance spectra 
analysis. These observed microstructural specificities may 
have influenced on appearance of the obtained I-V 
response, but a more detail study is necessary to undertake 
in order to draw accurate conclusions. Furthermore, it can 
be noted for both samples that a low current order of µA is 
capable to switch from high to low resistance state values 
which is desirable for low energy consumption electronic 
devices [13].  

 

 
 

Fig. 6. Current-voltage characteristic of planar shaped 
Ag/Ag15(As40S30Se30)85/Ag with direction of the voltage sweep. 
 

According to the available literature [4,14] formation 
of the SET and RESET processes could be explained by 
formation and rupture of the filament formed between top 
and bottom electrode. Formation of the conductive filament 
appears when material is in LRS, reversing the voltage 
filament dissolves causing the switch of the material to the 
HRS.  

Resistances in OFF (ROFF) and ON (RON) states were 
determined fitting the linear parts of the current-voltage 
characteristics given in Fig. 5 and Fig. 6. These estimated 
values determined that the ratio ROFF/RON ≈ 102. This ratio 
provides a good memory window in both prepared planar 
shaped structures which demonstrates the potential for 
fabrication a device for non–volatile memory applications 
[4]. It is generally known that conductivity of 
semiconductor materials changes with metal content and 
that their electrical properties are improved upon doping. 
However, our recent study of conductivity of the ChG 
samples with x = 10 and 15 at. % Ag [12] showed that 
although the Ag15(As40S30Se30)85 sample has a significantly 
higher content of Ag compared to Ag10(As40S30Se30)90, 
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slight difference in electrical conductivity among samples 
was detected. This is in good agreement with the results 
obtained in this study of resistive switching behavior 
according to which the significant differences between the 
prepared planar structures with ChG were not detected 
regarding ROFF/RON value. Namely, influence of higher 
silver content does not make significant changes in 
enlarging memory window.  

Presentation of the I-V response in a semi-logarithm 
scale for both investigated samples is shown in Fig. 7. It is 
evident that some current value at zero voltage is present. 
This behavior clearly suggests the existence of internal 
electric field inside the ChG material as storage medium 
layer depending on the polarization [3]. Furthermore, 
investigation of dielectric properties in detail is necessary 
to confirm this conclusion, suggesting the presence of 
space charge polarization.   
 

 
 

Fig. 7. Bipolar resistive switching I–V curves in a semi-logarithm 
scale for the studied planar shaped structure with ChG. 
 

IV. CONCLUSION 
 

Influence of two different Ag concentrations in 
As40S30Se30 amorphous matrix on current-voltage 
characteristics was investigated at room temperature. The 
obtained results showed that both samples exhibit bipolar 
resistive switching behavior. Morphological study through 
SEM micrographs indicates that both ChG matarials are 
phase separated. These samples used in planar shaped 
structures demonstrated stable and reproducible response, 
with resistance ratio between OFF and ON states to be two 
orders of magnitude. Sample with higher silver content did 
not influence on enlargement of memory window.  
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Structural, Electrical and Mechanical Behavior of Thin 
Copper Coatings Obtained by Various 

Electrodeposition Processes 
 

I. Mladenović, M. Bošković, J. Lamovec, M. Vuksanović, N. D. Nikolić, V. Radojević, 
and D. Vasiljević-Radović 

 
 

Abstract – Electrochemically deposited copper coatings 
obtained from sulfate baths on brass substrates in the regime of 
direct current (DC) with and without an application of ultrasound 
mixing of electrolytes (DC/US) have been studied. The aim of the 
research was analysis of the influence of current density, 
ultrasonic mixing of electrolyte and presence of additives on the 
electrodeposited coatings, in order to obtain uniform compact 
coatings suitable for potential application in MEMS devices. 
Structural, electrical and mechanical behavior of thin copper 
coatings were investigated using SEM, AFM, four- point probe 
method and Vickers hardness test. 
 

I. INTRODUCTION 
 

Many techniques of copper electrodeposition on 
different bulk materials were developed for micro electro 
mechanical systems devices (MEMS) and through-hole 
plating for printed circuit boards (PCBs) as well as 
conventional functional plating on silicon, brass, steel, 
copper, etc [1-3]. Electrodeposition (electrolysis) is very 
useful technique in the Copper Damascene Process for 
filling holes and channels in order to improve interconnect 
materials fabrication of ULSI (Ultra Large-Scale 
Integration) [4]. Depending on the requirements of the 
technological process, different electrolytes (baths) are 
used for the deposition of copper layers, such as: 
conventional sulfate bath (used for decorative plating, 
copper refining, electroforming; contains a high 
concentration of the basic salt of copper and sulfuric acid), 

high-through bath (used for PCB plating, contains a low 
CuSO4 concentration), via-filling bath (used for TSV 
process, contains a low H2SO4 concentration) and new 
generation of electrolytes or nano-plating bath, known by a 
common name “additive chemistry” [4]. Copper sulfate 
acidic electrolytes with a different combination of organic 
and nonorganic additives provide super filling (sub-
conformal) of the copper layer for void-free deposition and 
filling micro−holes and trenches which are defined by 
micro machining technology [1, 4]. The most commonly 
used additives in copper deposition from copper-sulfuric 
acid electrolytes are: chloride ions, bis (3−sulfopropyl) 
disulfide (SPS), polyethylene glycol (PEG), 
3−mercapto−1−propanesulfonic acid (MPSA), Janus Green 
B, thiourea, etc. [4-6]. Combination of PEG (suppressor 
additive), halide ions and MPSA (accelerator additive) was 
chosen in this study. In addition to the electrolyte 
composition, the current regime, intensity of the current 
density and electrolyte mixing conditions affect the 
modification of the physical and mechanical features of the 
deposition copper layer [3]. Application of ultrasound (US) 
in the electrolysis process has many benefits: charge-
transfer improvement, higher cathode current efficiency, 
reduction grain size, improvement corrosion and wear 
resistance, reduces cathodic polarization and it is widely 
accepted that US agitation increases the hardness of 
deposited metals [7, 8]. The results of experiments with 
and without the use of ultrasonic mixing will be presented 
in this study. The main goal of this research was to 
establish the relationship between the variable parameters 
of electrolysis → modification of the microstructure → 
changes in the mechanical and electrical properties of the 
obtained copper coatings → selection of the optimal 
combination of electrochemical parameters. 
 

II. EXPERIMENTAL PROCEDURE 
 
A. Electrodeposition 
 

Copper plated brass sheets were fabricated using 
direct current electrodeposition regime (DC) with and 
without the application of ultrasound mixing of electrolytes 
(DC/US). The cathode was brass foil (260 1/2 hard, ASTM 
B36, K&S Engineering, 250 m thick) polished with SiC-
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paper (#2000) than with Al2O3 powder to obtain a mirror-
like surface without surface scratches. The copper, plate 
cylindrical in shape, was used as anode, treated in acid 
solution before deposition (HNO3:H2O = 1:1 vol. %). The 
electrodeposition parameters such as coating thickness, 
frequency of ultrasonic mixing and temperature of 
electrolyte were maintained at constant values: 20 m, 40 
Hz and 22 ± 0.5 °C, respectively. The deposition time was 
calculated for a projected coating thickness of 20 m 
assuming 100% current efficiency. Three current densities 
were chosen for this investigation (33, 67 and 150 mA·cm-

2). The compositions of electrolytes used were as follows: 
240 g/l CuSO45 H2O in 60 g/l H2SO4, electrolyte “I” and 
240 g/l CuSO4∙5H2O, 60 g/l H2SO4, 0.124 g/l NaCl, 1 g/l 
PEG 6000 (M.W. 10 000), 0.0015 g/l MPSA, electrolyte 
“II” [9].  
 
B. Microstructural and topographic analysis 
 

The microstructure on the top side of the copper 
coatings electrodeposited on brass substrate was examined 
using a field emission scanning electron microscope – 
FESEM, MIRA3 TESCAN XMLI, operated at 20 kV. 
Immediately before measurement, the samples were 
chemical etching in a solution: 2 g K2Cr2O7 + 8 ml H2SO4 + 
4 drops HCl + 100 ml DI water, 15 seconds in order to 
reveal the grain boundaries. One of the simplest techniques, 
the "interception technique", was used to estimate the 
average grain size. The linear random lines are plotted on 
the SEM micrograph, and then using the Image Processing 
Toolbox in Matlab, the average grain size, D, is found as: 
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M
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where ni is the number of intersections, la is the actual 
length of the line, l is the measured length and M is 
magnification. Topographic analysis of coatings and 
assessment of the surface roughness parameters of the 
obtained samples was done using atomic force microscope 
(AFM) in the non-contact mode (model “Veeco”, Santa 
Barbara, USA). Scanning area was 10  10 m2 which was 
digitized into 625  625 pixels. The pictures analysis was 
performed with the WSxM 4.0 software beta 9.3 version in 
order to obtained the values of the roughness parameters 
such as: root mean square roughness (Rq), average 
roughness (Ra), average height (Rz), skewness (Rsk) and 
kurtosis (Rk) of the line profile [10].  
 
C. Four- point method 
 

The electrical resistivity of the thin electrodeposited 
copper coatings was measured by the four-point probe 
method in room conditions, with a Gwinstek GPS-3030D 
DC power supply and Keysight 34461A digital multimeter 
on the two different setups: first, with placing probes at the 

coating surface on the top side and second, by placing 
probes at the bottom side of the coatings (side of the 
substrate after separation). We investigated the effects of 
roughness parameters and the influence of natural 
oxidation of electrodeposited copper coatings on the 
electrical resistivity after aging period of 4 years (2017-
2021). For that purpose, a bending test machine was used, 
which was specially constructed for testing the adhesion 
behavior of thin coatings, see Fig. 1. 
 

  
a) b) 

 
Fig. 1. Delamination of the copper coatings from the brass 
substrate on bending test machine: a) before and b) after. 
 

After delamination on the automatic testing machine, 
copper coatings were placed on a microscope glass and 
measurements were performed. Equation (2) was used to 
obtain electrical resistance R (in Ω/□) of the copper thin 
coatings on both sides. The current, I (in mA) was kept 
constant at 500 mA and passed through the probe tips, and 
the voltage U (in V) measured between the inner probe 
tips. 
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D. Vickers test 
 

Mechanical characteristics of the composite systems 
and bulk substrate were examined by use of the Vickers 
hardness test machine, model: “Leitz Kleinert Prufer 
DURIMET I” (Leitz, Oberkochen, Germany) in micro 
loads range, P (0.049-2.94 N). Vicker’s hardness (H) of the 
brass (Hs) and composite system (Hc) in GPa, were 
calculated according the formula: 
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where 0.01854 is a constant, geometrical factor for the 
indenter. 
 

III. RESULTS AND DISCUSSION 
 

Microstructures of the Cu coatings obtained from the 
basic electrolyte with a variation of current densities and 
mixing conditions are given in the Fig. 2a−c. The 
comparisons were made between the microstructures of 
copper coatings on brass substrates copper coatings 
obtained by applying ultrasonically mixed electrolyte "I" 
and with a still electrolyte at two current densities.  
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D. Vickers test 
 

Mechanical characteristics of the composite systems 
and bulk substrate were examined by use of the Vickers 
hardness test machine, model: “Leitz Kleinert Prufer 
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loads range, P (0.049-2.94 N). Vicker’s hardness (H) of the 
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where 0.01854 is a constant, geometrical factor for the 
indenter. 
 

III. RESULTS AND DISCUSSION 
 

Microstructures of the Cu coatings obtained from the 
basic electrolyte with a variation of current densities and 
mixing conditions are given in the Fig. 2a−c. The 
comparisons were made between the microstructures of 
copper coatings on brass substrates copper coatings 
obtained by applying ultrasonically mixed electrolyte "I" 
and with a still electrolyte at two current densities.  

It can be seen that the fine-grained copper coatings are 
obtained by applying the DC regime, and that the grain size 
decreases with increasing the current density (Figs. 2a, c). 
The coatings obtained in DC/US regime tends to decrease 
the porosity and forming a clearly defined grain boundaries 
(Figs. 2b and 2d). In a still bath hydrogen enters the deposit 
causing hydrogen embrittlement [7, 8], but in DC/US 
regime hydrogen is rapidly removed resulting in a smooth 
coating (see Table I). The Fig. 3 shows the application of 
the intersection method in combination with image analysis 
in order to estimate the average grain size from SEM 
image. The grain size was estimated to be 3.6 m for 
copper coating deposited in DC regime at 67 mA·cm-2.  
 

  
a) b) 

  
c) d) 

 
Fig. 2. Morphologies of Cu coatings obtained by different regimes 
from basic sulfate electrolyte (I) on brass substrate: a) DC regime, 
j = 33 mA·cm-2, b) DS/US regime, j = 33 mA·cm-2, f = 40 kHz, 
c) DC regime, j = 67 mA·cm-2, d) DS/US regime, j = 67 mA·cm-2, 
f = 40 kHz. 
 

  
a) b) 

 
Fig. 3. Intercept method and image analysis: a) an original image 
and b) actual length of the line in pixels. 
 

Comparison on Figs. 4. was made between the 
morphologies of copper coatings obtained from electrolyte 
“II” with additives, with and without ultrasonic mixing. 
The roughness parameters obtained on the “mate side” 
according AFM images on Fig. 4. are given in Table I. 
Based on the values of the roughness ratio (Rq / Ra) in the 
range 1.25-1.30, we conclude that the test surfaces have a 
Gaussian distribution [10]. The oscillation of the skewness 
value (Rsk) indicates the presence of grains with sharp tips 

for Rsk  0 or the presence of grains with flattened grains 
(skewness is negative). The value of kurtosis near three 
indicates grain segregation (Fig. 4a), while higher values of 
Rku indicate the existence of sharp individual grains (Fig. 
4b). We can see also that ultrasonic agitation of the 
solution increased surface smoothness of copper coatings. 
The same effect was also observed with increasing current 
density, based on the reduction of the roughness parameters 
(Rq and Ra).  
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Fig. 4. 3D-AFM images of 20 m Cu coatings on brass substrate 
obtained from electrolyte “II”: a) DC regime, j = 33 mA·cm-2, 
b) DS/US regime, j = 33 mA·cm-2, f = 40 kHz, c) DC regime, 
j = 67 mA·cm-2, d) DS/US regime, j = 67 mA·cm-2, f = 40 kHz 
and e) DS/US regime, j = 150 mA·cm-2, f = 40 kHz with a 
roughness histogram. Scan area: 10  10 µm2. 
 

The values of electrical resistance of Cu coatings 
obtained on top side (R1) and bottom side (R2) by four-
point probe method, and roughness parameter (Ra) obtained 
from AFM images were given in Table II. It is clearly seen 
that the electrical resistance on top side of the copper 
coating has higher value than on the bottom side for the 
same sample. This behavior is expected, the bottom side of 
the coating was protected from oxidation by the substrate, 
and the bright “top” side of the coating also has a lower 
surface roughness than mate side. The use of additives can 
cause a high level of impurity incorporation into the Cu 
coating and inhibit self-annealing and reduce electrical 
resistance (Zener pinning effect) [11]. The change of the 
composite hardness, HC, with relative indentation depth 
RID, (indentation depth, h, through the coating thickness, 
), is shown in Fig. 5.  
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TABLE I 
ROUGHNESS PARAMETERS OF THE COPPER COATINGS ON BRASS 

DEPOSITED FROM ELECTROLYTE II. 
 

j / 
mA·cm-2 33 33 67 67 150 

regime DC DC/US DC DC/US DC/US 
Rq / nm 55.64 28.65 28.47 28.78 2.86 
Ra / nm 43.75 22.96 21.90 22.24 2.30 
Rq / Ra 1.27 1.25 1.30 1.29 1.24 
Rz / nm 211.45 92.36 99.22 104.68 4.87 
Rsk / nm -0.08 0.33 0.25 0.62 0.76 
Rku / nm 3.11 4.01 3.25 3.24 3.20 

 
TABLE II 

THE CHANGE VALUES OF ELECTRICAL RESISTANCE OF COPPER 
COATINGS WITH ROUGHNESS. 

 
j  regime bath U1 

(µV) 
U2 

(µV) 
R1 

(mΩ/□) 
R2 

(mΩ/□) 
Ra 

(nm) 
33 DC I 258 250 2.34 2.27 194.9 
33 DC/US I 264 255 2.39 2.31 170.3 
33 DC II 250 248 2.26 2.25 43.75 
33 DC/US II 269 255 2.44 2.31 22.96 
67 DC I 255 250 2.31 2.27 157.8 
67 DC/US I 260 255 2.36 2.31 80.95 
67 DC II 243 240 2.20 2.17 28.47 
67 DC/US II 250 245 2.27 2.22 28.78 
150 DC/US II 108 102 0.98 0.92 2.857 

 
By applying the DC/US regime, copper coatings with 

higher composite hardness can be obtained. The composite 
hardness increases with the current density and the 
intensity of ultrasonic mixing. The values of the obtained 
composite hardness are lower for films deposited from 
electrolytes with additives (electrolyte II).  

 

  
a) b) 

 
Fig. 5. Composite hardness versus the relative indentation depth 
of copper coating on a brass substrate with different current 
densities obtained from two electrolytes: a) without additives and 
b) with additives. 
 

IV. CONCLUSION 
 

Copper coatings were electrodeposited onto brass 
substrates in the galvanostatic regime from two 
electrolytes. The addition of organic additives to the plating 
solution is required to improve morphological and 
electrical properties of metallic coating, but not mechanical 
properties. The application of ultrasonic mixing of the 

electrolyte reduces the surface roughness of the layer and 
obtains better Cu coating in terms of superior microhardness 
and electrical resistivity. The optimal deposition conditions 
for maximal hardness of Cu layer are: DC/US regime, 
electrolyte I and current density at 67 mA·cm-2. The 
optimal deposition parameters for minimal electrical 
resistance are: DC/US regime, electrolyte II and current 
density at 150 mA·cm-2. 
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Fig. 5. Composite hardness versus the relative indentation depth 
of copper coating on a brass substrate with different current 
densities obtained from two electrolytes: a) without additives and 
b) with additives. 
 

IV. CONCLUSION 
 

Copper coatings were electrodeposited onto brass 
substrates in the galvanostatic regime from two 
electrolytes. The addition of organic additives to the plating 
solution is required to improve morphological and 
electrical properties of metallic coating, but not mechanical 
properties. The application of ultrasonic mixing of the 

electrolyte reduces the surface roughness of the layer and 
obtains better Cu coating in terms of superior microhardness 
and electrical resistivity. The optimal deposition conditions 
for maximal hardness of Cu layer are: DC/US regime, 
electrolyte I and current density at 67 mA·cm-2. The 
optimal deposition parameters for minimal electrical 
resistance are: DC/US regime, electrolyte II and current 
density at 150 mA·cm-2. 
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MEMS 
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Abstract - This paper discusses the use of thick-film screen-
printing process in realization of micro-electro-mechanical 
systems (MEMS). Two types of screen-printed thick-film MEMS 
are taken in consideration: screen-printed silicon and screen-
printed ceramic MEMS. Silicon MEMS dominate MEMS market 
and screen-printed silicon MEMS are mostly based on 
piezoelectric thick films such as lead zirconate titanate (PZT). 
Key issues that screen-printed silicon MEMS face are 
compatibility of materials and processes used in their realization. 
Screen-printed ceramic MEMS are MEMS with free-standing 
micromechanical structures on top surface of the ceramic 
substrate and LTCC based ceramic MEMS. Challenges for 
screen-printed ceramic MEMS are related to compatibility of 
thick-film compositions, screen printing and micromachining 
processes used for realization of these fragile microstructures. 
 

I. INTRODUCTION 
 

The multi-billion MEMS industry is being dominated 
by single crystal silicone. Complex MEMS consist of 
various moving parts that are formed using silicon in 
combination with multilayer lithographic and etching 
technologies. The majority of MEMS devices are sensors 
and actuators that are usually based upon thin piezoelectric 
films. In cases when active thin film cannot meet 
sensitivity and force requirements, thick-film technology 
steps into place.   

There are two types of thick-film MEMS. There are 
thick-film MEMS based upon silicon substrates and thick-
film MEMS based upon other substrate materials, most 
usually alumina ceramics. There is one common 
denominator for all thick-film MEMS – the screen-printing 
process.  

In this paper process considerations for screen-printed 
silicon and screen-printed ceramic MEMS are to be taken 
into consideration. Although screen-printed MEMS use 
variety of materials, in most cases they use printed 
piezoelectric thick-films because screen printing of 
piezoelectric materials is the preferred deposition technique 
for active film thicknesses in the range from 10 to 100 μm 
[1, 2].  

Paper first considers screen-printed silicon MEMS. 
For both surface and bulk micromachined silicon wafers, 
screen printing process must be performed at locations that 
suffer the maximum strain and there are number of 

limitations that must be considered that include both 
materials and processing issues.  

Screen-printed ceramic MEMS include MEMS with 
free-standing micromechanical structures on top surface of 
the ceramic substrate and low temperature co-fired 
ceramics (LTCC) based ceramic MEMS. Issues that they 
are facing include selection of sacrificial layer materials, 
cavity formation, processing parameters, number of layers, 
dimension limitations, mechanical properties, sensing 
performances, etc. They all affect reliable operation of the 
device. Some of these challenges that printed thick-film 
MEMS are facing will be addressed in this paper. 

 
II. SCREEN-PRINTED SILICON MEMS 

 
 Screen-printed silicon MEMS usually refer to 

applications such as pressure sensors, accelerometers, 
resonators, micro-pumps, etc. [3-4]. In screen-printed 
silicon MEMS printed films are combined with fragile 
micromechanical structures regardless of the fabrication 
process in question. Screen printing deposits thick-film 
material in the desired pattern without the need for 
subsequent photolithographic and etching steps.  

In most cases, for both surface and bulk 
micromachined silicon wafers, screen printing process is 
performed at locations that suffer the maximum strain and 
it usually requires printing of at least three layers of thick-
film material to obtain desired functionality. In case of 
MEMS pressure sensors two layers of the thick conductive 
film that form top and bottom electrode and layer of the 
thick piezoelectric film are required. Both active and 
additional layers that are being printed upon the mechanical 
structure require adequate image resolution and film 
thickness.  

The fragile mechanical structure has to be strong 
enough to withstand the pressure applied to the substrate 
during the printing process. The solution to this problem 
may be introduction of thin silicon supporting beams [3] or 
temporary bonding of the substrate to a host wafer. Another 
appropriate solution is screen printing of thick films on the 
silicon wafer prior to micromachining processes. That 
would also simplify the registration of the printed layers 
with other photolithographically patterned layers and 
micromachined structures.  

Deposited thick-films also have to endure subsequent 
processing. They should be protected from silicon wafer or 
deposited film etching. Plasma-based etching does not 
affect the screen-printed thick active film or additional 
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electrode layers, while wet etches such as anisotropic KOH 
or BHF reduce adhesion of screen-printed thick films [5].  

Interfacial reactions must be also kept under control. 
In case of commonly used PZT, at peak firing temperatures 
of about 850 °C, lead-silicate compound can be formed in 
absence of adequate diffusion barrier [6], usually yttria-
stabilized zirconia (YSZ) and titanium dioxide [7]. An 
alternative to diffusion barrier layers is reduction of the 
peak firing temperature for the thick-film layers.  

As an illustration of screen-printing process on silicon, 
screen-printing of PZT thick film on top of the patterned 
bottom electrode during realization of MEMS energy 
harvester is shown in Figure 1. 

 

 
 
Fig. 1. Screen-printing of PZT thick film on top of the patterned 
bottom electrode during realization of MEMS cantilever device 
for energy harvesting (similar to [8]). 

 
III. SCREEN-PRINTED CERAMIC MEMS 

 
When MEMS applications are in question silicon is, 

lately, often being replaced by other materials. Because of 
its softening temperature (600 ºC), fracture toughness (0.7 
MPa/m2) and high degree of conductivity to O2 and H2O, 
instead of silicon, ceramics are being introduced. Ceramics 
are chemically inert and corrosion resistant at high 
temperatures that make them suitable for realization of 
microsensors that work in harsh environments. They can 
also be used for realization of nano turbines because of 
their mechanical properties at high temperatures.  

Ceramic MEMS applications such as pressure sensing, 
accelerometry, energy harvesting, microfluidics [8-10] 
involve screen printed thick-films on ceramic substrates. 

There are two types of screen-printed ceramic micro-
electro-mechanical systems. Both types use aluminum 
oxide ceramic (Al2O3, alumina) substrates. 

 The first type of ceramic MEMS uses laser surface-
machined aluminum oxide ceramic substrates in 
combination with various compositions that depend on the 
application in question.  

The other is low temperature co-fired ceramics 
(LTCC) that is commonly being used for diaphragm 
pressure sensor production [9]. All of them incorporate 
free-standing micromechanical structures. 

 
A. Ceramic MEMS With Free-Standing Micromechanical 
Structures on Top Surface 
 

Free-standing micromechanical structures on top 
surfaces of laser surface-machined Al2O3 substrates are 

usually formed using the sacrificial process. There are two 
types of process considerations that should be taken into 
account when these types of structures are in question, one 
related to the sacrificial process and other to screen-
printing technology.  

When sacrificial process is in question, the selection 
of sacrificial layer depends on the application in question. 
Its thickness determines the size of the gap between the 
structure and the alumina substrate. Carbon based sacrificial 
layers simply oxidize and escape as CO2 during firing at 
sufficiently low heating rates leaving the freestanding 
structure unsupported. Mineral based sacrificial layers give 
support to freestanding structures throughout firing but they 
have to be compatible with thick-film compositions, to be 
able to endure the firing process and to be easily removed 
afterwards. In both cases shrinkage and reactivity must be 
kept under control. 

As sacrificial layers strontium carbonate powder in an 
epoxy matrix and amorphous silicon have been often used.  
Strontium carbonate powder in an epoxy matrix can be 
removed by exposing to temperature of 450 °C and an 
aqueous solution of phosphoric acid while amorphous 
silicon can be removed by a plasma etch [11].  

When screen-printing process is in question, the key 
factors to successful ceramic MEMS formation are strict 
screen printing and firing processing control, selection of 
compatible materials, achieving uniform layer thicknesses, 
formation of crack-free fired films of high mechanical 
density in order to achieve expected film performances in 
combination with conventional silicon micromachining 
steps that are necessary to form the device. 

The simplest example of a free-standing microstructure 
printed on an alumina substrate is a piezoelectric cantilever 
(Fig. 2) designed for vibration energy harvesting [9]. The 
cost-effective sacrificial layer is a printed carbon film that 
burns out at temperatures higher than 800 °C. 

 

 
 

Fig. 2. Free standing thick-film cantilever structure 
 
B. LTCC Based Ceramic MEMS  

 
Another established process is low temperature co-

fired ceramics (LTCC) that is commonly being used for 
diaphragm pressure sensor production. It offers more in 
terms of device geometry then alumina substrate-based 
devices with limitations that are introduced by the green 
tape properties such as dried tape thickness, number of 
layers, fired tape properties, cavity formation, dimensions 
of gaps, mechanical properties and sensing performances, 
as well as properties of simultaneously fired screen-printed 
thick-film passive components.  
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fired ceramics (LTCC) that is commonly being used for 
diaphragm pressure sensor production. It offers more in 
terms of device geometry then alumina substrate-based 
devices with limitations that are introduced by the green 
tape properties such as dried tape thickness, number of 
layers, fired tape properties, cavity formation, dimensions 
of gaps, mechanical properties and sensing performances, 
as well as properties of simultaneously fired screen-printed 
thick-film passive components.  

Cavity formation can be performed either by cutting 
through tape layers, or by screen-printing sacrificial layers. 
Screen-printed LTCC MEMS allow formation of cavities 
of various dimensions – number and size depending on the 
processing conditions and number of layers used.  

When carbon sacrificial layers are being used 
formation of thin large flat membranes is possible. These 
layers are convenient for closed freestanding structure 
formation. Swelling that may occur strongly depends on 
the heating rate during firing, the width of the output ports 
and the sacrificial carbon layer thickness.  

When mineral based sacrificial layers are being used 
freestanding structures remain supported throughout firing. 
However, etching step is necessary. Reactivity and 
shrinkage must be controlled.  These layers are convenient 
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Fig. 3. LTCC cantilever structure formed using only a few layers 
of green tape often used in accelerometers or vibration detectors. 
 

IV. CONCLUSION 
 

Screen-printing process introduced marginally 
positioned thick-film technology into MEMS market. 
Thick-film screen-printing process offers relatively simple 
and cost-effective film deposition process that allows 
greater active film thicknesses and therefore better 
properties than commonly used thin-films. However, there 
are still a number of issues that should be addressed.  

When screen-printed silicon MEMS are in question 
higher resolutions of printed active films should be 
achieved. Density of the film should be increased so that a 
smaller number of layers should be printed at fragile areas 
that suffer the maximum strain because of the pressure 
applied to the substrate during the printing process. 
Subsequent processing can damage printed films and 
therefore processing steps and materials used have to be 
compatible with screen printing process. Also, interfacial 
reactions must be kept under control by adequate diffusion 
barrier selection. 

In case of ceramic MEMS with free-standing 
micromechanical structures on top surface strict screen 
printing and processing control should be performed in 
order to achieve expected film performances in 
combination with silicon micromachining steps used to 
form the device. Another important step is the selection of 
sacrificial layers that should be compatible with thick film 

materials used, easily removed and with shrinkage and 
reactivity controlled. Similar issues also occur with LTCC 
based ceramic MEMS with additional issues that concern 
multilayer structures such as number of layers, cavity 
formation, firing conditions, etc. 

Further steps in solving these issues may include 
development of novel thick-film compositions of greater 
density that require lower firing temperatures as well as 
transfer from contact to non-contact printing that would 
improve resolution of printed thick films and relieve 
pressure applied to fragile structures during the printing 
process. 
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Effects of High Temperature Treatment 
on Noise Properties of Thick Resistive Films  

 
I. Stanimirović and Z. Stanimirović 

 
 

Abstract - High temperature treatment is the key process in 
formation of thick resistive films. When these complex structures 
are in question, materials selection, screen-printing process and 
high temperature treatment are directly responsible for resistor 
performances. High temperature treatment regulates the space 
distribution of conducting and glass phase in the resistor. Strict 
control of conveyor furnace operation, optimum firing profile, 
adequate peak temperature and dwelling time spent at the peak 
temperature determine microstructure of the film. Conduction 
mechanisms present in the film are directly related to resistor 
performances. In this paper standard resources for tracking micro 
and macrostructural changes, resistance and noise index 
measurements, are used in investigation of effects of thermal 
processing on properties of thick resistive films. 

 
I. INTRODUCTION 

 
Novel applications of thick resistive films that include 

various sensing devices and ceramic MEMS [1-3] induced 
the need for reassessment of all procedures used in their 
realization, especially screen printing and firing processes. 
Small sizes, substrates that range from micromachined 
silicon to ceramic diaphragms, high reliability, tight 
tolerances are just a few of many requirements thick 
resistive films have to face.  

The most important step in formation of these 
complex random resistor networks is high temperature 
treatment that takes place in conveyor belt furnaces. Strict 
control of the firing process eliminates the need for 
additional adjustments of resistance values, especially in 
case of buried resistors where insufficiently reliable high 
voltage pulse trimming is often used. High temperature 
treatment directly affects space distribution of conductive 
and glass phase and consequentially conducting 
mechanisms present in the film. The most important 
segment of resistor formation takes place during the 
dwelling time at the peak temperature when conductive 
phase becomes immersed in the liquid glass matrix. Space 
distribution of conductive phase within the glass matrix 
determines conducting mechanisms that will be present in 
the film – metallic and tunneling conduction [4]. Slight 
changes in the peak firing temperature can adjust resistance 
values and change noise properties of the film. In this paper 
an insight in experimental investigation of effects of 

thermal processing on standard resources for tracking the 
micro and macrostructural changes that take place in thick 
resistive film during the process, resistance and noise 
index, is given [5]. 

 
II. HIGH TEMPERATURE TREATMENT OF THICK 

RESISTIVE FILMS – EXPERIMENTAL 
INVESTIGATIONS 

 
 In order to analyze effects of high temperature 

treatment on noise properties of thick resistive films, 
groups of 15 thick-film resistors with different geometries 
(Fig. 1) were screen-printed, dried and fired under different 
firing conditions. Resistors were screen-printed on 
25.4×12.7×0.65 mm3 96 % Al2O3 ceramic substrates 
Resistors were realized using commercially available 
resistor compositions from DuPont HS 80 series with 
nominal sheet resistances of 1kΩ/sq, 10kΩ/sq and 
100kΩ/sq in combination with Pd/Ag conductor 
composition [6]. Screen-printing process was performed 
using 200-mesh stainless steel screens with emulsion 
thicknesses 10-12 μm. Conductive layer was printed, dried 
and fired prior to resistor screen printing. Wet resistive 
layers were thick between 36 and 38 μm depending on 
composition used. Wet resistive films were leveled for 15 
min at the room temperature and dried in the conveyer 
infrared drier using 10 min cycle with temperature of 
150°C. Dry resistive layers were 25 μm thick.   

 

 

   
Fig. 1. 15 thick-film resistors of different geometries used in 
experimental investigations 

 
In order to examine effects of high temperature 

treatment on noise properties of thick resistive films three 
firing profiles were chosen. Primary firing conditions were 
chosen in accordance with manufacturers recommendations 
- 60 min cycle with peak temperature of 850°C for 10 min. 
along with two additional firing profiles with lower 
(825 °C) and higher peak (875 °C) temperatures. Since the 
noise properties of thick-resistive films depend on reactions 
that take place during high temperature treatment, firing 
conditions were closely monitored. Air flow rates in 
conveyor belt furnace (Fig. 2) were checked and 
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temperature control system of the furnace provided 
accurate temperature settings for each zone. Also, the 
transit rate of samples through the furnace were uniform 
and provided adequate resistor firing profiles. Firing 
process details are given in Table I. 

 
TABLE I 

FIRING PROCESS DETAILS FOR THREE DIFFERENT PEAK 
TEMPERATURES 

 
Firing phase Temperature Process 

 
The rise to peak 
temperature 

 
 

~ 400 - 500 °C 

Complete burnout 
of the remaining 
organic constituents 
in thick resistive 
films  

The rise to peak 
temperature 

500 – 825 °C  
500 - 850 °C 
500 – 875 °C  

 
Glass melting 

Peak 
temperatures  

~ 825 °C 
~ 850 °C 
~ 875 °C 

 
Resistor formation 

The fall from the 
peak temperature 

825 - 400 °C 
850 - 400 °C 
875 - 400 °C 

 
Glass solidification 

The fall from the 
peak temperature 

 
< 400 °C 

Annealing and 
stress relief  

 
For each set of firing parameters resistance and noise 

index values were measured [5]. HP34401A instrument 
was used for resistance measurements and Quan-Tech 
Resistor Test Set, Model 315B was used for noise index 
measurements at 1 kHz (Fig. 2). All measurements were 
performed at room temperature. 

 

     
 
Fig. 2. Conveyor belt furnace and Quan-Tech Resistor Test Set, 
Model 315B used in experimental investigations 
 

III. HIGH TEMPERATURE TREATMENT OF THICK 
RESISTIVE FILMS – RESULTS AND DISCUSSION 

 
Behavior of thick resistive films depend on their sheet 

resistances. Thick resistive film with 1 kΩ/sq sheet 
resistance have high conductive/glass phase ratio and most 
neighboring conducting particles are in contact forming 
conductive chains in resistive film. Dominant conducting 
mechanism is the metallic conduction.  

Composition with 100 kΩ/sq sheet resistance has 
lower conductive/glass phase ratio and most conducting 

particles are surrounded by glass phase. Therefore, 
tunneling through glass barriers becomes the dominant 
conduction mechanism. 

Compositions with 10 kΩ/sq sheet resistance allows 
creation of wide conductive areas surrounded by glass. 
Dominant conducting mechanisms are both tunneling and 
conduction through conducting clusters and sintered 
contacts.  

When optimum recommended peak temperature of 
850 ºC is in question, main requirements for successful 
resistive film structure formation were met. For all three 
chosen sheet resistances obtained resistance values were 
close to designed values because numbers of formed 
conducting chains corresponded to conductive/glass phase 
ratios for each of three sheet resistivities. Measured 
resistance and noise index values were used as reference 
values. 

However, effects of peak temperature lower than the 
optimum differed according to sheet resistance in question. 
1 k/sq composition has a high-volume fraction of 
conducting phase and therefore peak firing temperature 
cannot significantly affect the number of conducting chains 
formed and immersed in the glass matrix. Therefore, both 
measured resistance and noise index values were similar to 
reference ones. 

For 10 k/sq thick resistive film obtained resistance 
values were lower than optimum ones. Although 10 k /sq 
resistors have balanced volume fractions of conducting and 
insulating phase, certain number of conducting particles is 
not completely immersed in insulating glass matrix and 
therefore number of conducting chains is greater than 
optimum. Noise index values were higher than reference 
ones.  

100 k/sq resistors had resistance values significantly 
lower than designed because of the low volume fraction of 
conducting phase and high volume fraction of insulating 
phase. At peak temperature of 825 ºC conducting phase 
was not fully immersed in insulating glass matrix. 
Therefore, the greater number of adjacent conducting 
particles remained in contact or separated by a thin glass 
barrier that allowed tunneling conduction. As a result, a 
greater number of conducting chains was formed. Measured 
noise index values were higher than optimum ones. 

When peak temperature higher than recommended is 
in question, higher peak temperature could not significantly 
affect the number of conducting chains immersed in the 
glass matrix because of the high volume fraction of 
conducting phase of 1 k/sq composition. Resistance and 
noise index values stayed close to reference values. 

10 k/sq composition behaved differently. Reduced 
glass viscosity led to formation of thicker glass barriers 
between adjacent conducting particles thus reducing the 
number of conducting chains in the resistive film and, 
consequently, metallic and tunnelling conduction processes. 
Measured resistance values were higher than optimum ones 
and noise index measurements exhibited decrease when 
compared to reference values. 
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100 k/sq resistors had resistance values significantly 
lower than designed because of the low volume fraction of 
conducting phase and high volume fraction of insulating 
phase. At peak temperature of 825 ºC conducting phase 
was not fully immersed in insulating glass matrix. 
Therefore, the greater number of adjacent conducting 
particles remained in contact or separated by a thin glass 
barrier that allowed tunneling conduction. As a result, a 
greater number of conducting chains was formed. Measured 
noise index values were higher than optimum ones. 

When peak temperature higher than recommended is 
in question, higher peak temperature could not significantly 
affect the number of conducting chains immersed in the 
glass matrix because of the high volume fraction of 
conducting phase of 1 k/sq composition. Resistance and 
noise index values stayed close to reference values. 

10 k/sq composition behaved differently. Reduced 
glass viscosity led to formation of thicker glass barriers 
between adjacent conducting particles thus reducing the 
number of conducting chains in the resistive film and, 
consequently, metallic and tunnelling conduction processes. 
Measured resistance values were higher than optimum ones 
and noise index measurements exhibited decrease when 
compared to reference values. 

100 k/sq composition was affected the most. 
Obtained resistance values were significantly higher than 
optimum ones. Low volume fraction of conducting phase 
and high insulating glass content in combination with 
higher peak temperature caused greater immersion of 
conducting phase in the glass matrix that led to significantly 
reduced number of conducting chains because of the thick 
glass barriers that formed between adjacent conducting 
particles. Noise index values were lower than reference ones. 

Summarized experimental results are presented in 
Table II.  

 
TABLE II 

EXPERIMENTAL RESULTS  
 

Peak temperature Sheet resistance R NI 
825 °C 1 kΩ/sq - - 
825 °C 10 kΩ/sq ↘ ↗ 
825 °C 100 kΩ/sq ↘↘ ↗ 
850 °C 1, 10 and 100 kΩ/sq Ref. Ref. 
875 °C 1 kΩ/sq - - 
875 °C 10 kΩ/sq ↗ ↘ 
875 °C 100 kΩ/sq ↗↗ ↘ 

 

*Ref.-reference values, ↘-decrease, ↘↘-significant decrease,  
↗-increase, ↗↗-significant increase 
 

Since noise properties of thick resistive films depend 
on conducting mechanisms present in the film, noise index 
changed with change in peak temperature. Change in peak 
firing temperature affects resistor formation by changing 
technological parameters – number of conducting chains, 
number of contacts between adjacent conducting particles, 
number of glass barriers present in the randomly formed 
resistor network. Therefore, increased values of technological 
parameters that lead to resistance decrease caused to an 
increase in noise index values. 

 
IV. CONCLUSION 

 
Results from the experimental investigations of effects 

of high temperature treatment on resistance and noise 
properties of thick resistive films are presented in this 
paper. Several groups of 15 resistors of different 
geometries were screen-printed, dried and fired.  Three 
different thick-film compositions were used with sheet 
resistances of 1kΩ/sq, 10kΩ/sq and 100kΩ/sq. Screen-
printing and drying conditions provided dry film 
thicknesses of 25 μm. In order to examine effects of high 
temperature treatment on noise properties of thick resistive 
films three firing profiles were chosen. Primary firing 
conditions were chosen in accordance with manufacturers 

recommendations - 60 min cycle with peak temperature of 
850°C for 10 min. Two additional firing profiles with 
lower and higher peak temperatures were also used and 
resistance and noise index values were measured. 
Measured resistance and noise values for standard firing 
profile were used as reference values. It was shown that 
peak firing temperature has little influence on resistors with 
high metallic content. Resistors with higher glass content 
exhibited changes both in resistance and in noise index 
values. Peak temperature influenced immersion of 
conductive phase into the melted glass matrix. Adjacent 
conducting particles that formed contacts, particles that 
were separated by thin glass barriers, larger insulating glass 
agglomerates determined dominant conducting mechanisms. 
Lower peak temperature contributed to lower immersion of 
conduction phase into glass matrix. Greater number of 
conducting chains were formed in the film and resistance 
values were lower than reference ones. Noise index, 
directly dependent on conductive properties of the film, 
increased its values. Higher peak temperature had opposite 
effects. Immersion of conductive phase in melted glass was 
greater, number of conducting chains decreased and 
resistance values increased. Consequentially, noise index 
values were lower than reference ones. Higher the glass 
content was, the changes in resistance and noise index were 
more pronounced. 

Experiment showed close connection between high 
temperature treatment and resistive film structure formation. 
It was concluded that high temperature treatment can be used 
to control and tune conductive chain formation that directly 
affects noise properties of the resistor.  
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Abstract – Application of one type of wide bandpass filter on 
felt (textile) substrate is introduced. Copper tape and conductive 
textile are used for metallization (conductive layer). It is an initial 
work. The patterns were done in handmade cutting using 
precision scalpel and drawing table. The bandpass filters are 
around 3 GHz but have losses above 3 GHz especially for the 
conductive textile. The reasons are losses in the conductive textile 
and in the felt. Other losses can be connection of connectors 
and/or used rigid cables.  
 

I. INTRODUCTION 
 

Textile substrate has a wide growing application in 
electronic and also in microwave technique [1]-[6]. It has 
various applications but the typical manufacturing 
precision of textile-integrated structures is about 10 % 
considering dimensions, (thickness) and material 
parameters (dielectric constant) [6]. Felt is one of materials 
with numerous applications [7]-[13]. Dielectric constant is 
in literature, according to composition, 1.15 to 1.35. In this 
paper case it is 1.31 and tg (D) is around 0.02 (it was 
obtained according to the earlier measurement).  

Used metallization [14]-[18] is a grid conductive 
textile with conductive adhesive, total thickness 120 μm, 
(Grid conductive cloth tape, Xinst0402/12, Shenzhen Xinst 
Technology Co.,Ltd) or a guitar copper tape 30 μm, with 
non-conductive adhesive 30 μm.  

Conductivity of the copper-nickel textile is 0.7×105 S/m 
to 3 GHz [16]. It is suitable for building up the wireless 
communication circuit, for instance, the low pass filter, balun 
and antennas. One of the key advantages of this materials is 
flexible and stretchable [16]. Copper-nickel textile has also 
good durability results explained in [18]. Photograph and 
microscope photograph of the used conductive textile are 
presented in Figs. 1 and 2. Photographs correspond to 
photographs in [18] of the copper-nickel textile. 

Copper tape can look like crumpled after bending and 
twisting. For the copper tape it also depends on direction of 
bending of the tape before application. Advantage is 
excellent conductivity and bonding characteristics [19]. 

The presented structures are wide bandpass filters 
which ideal model was introduced in [20]. For the felt 
substrate the filters contain only 3 cells, Fig. 3. The low 
dielectric constant produce longer structure and 3 cells 
were chosen. Also, there are low conductivity of the 

conductive textile and losses in felt inducing higher losses. 
As can be seen in Fig. 3, all characteristic impedances are 
50 Ω for easy fabrication. It gives relative bandwidth of 
0.925. Structures are wide bandpass filters around 3 GHz 
with short-circuited edge stubs like in [19] instead of 
metallized via holes. 
 

 
 
Fig. 1. Photograph of the used conductive textile. 
 

 
 
Fig. 2. Microscope photograph of the used conductive textile.  
(Microscope Motic 100x). 
 

 
 

Fig. 3. Ideal model in WIPL-D [21] for tree cells. 
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II. REALIZATION 
 

The thickness of the felt is around 0.85 mm but 
material is soft enough to make measurement uneasy. The 
patterns were done in handmade cutting, Figs. 4 and 5 
something like in [15], using a precision scalpel. As can be 
seen, after cutting, the copper tape looks like it is crumpled. 
The conductive textile is smooth. The width of all 
microstrip lines are chosen to be 50 Ω. Handmade cutting, 
logically, induces not excellent precision and dimensions 
are in 0.5 mm steps. For the copper the width is 4 mm 
(48.2 Ω) and for the conductive textile 3.5 mm (49.4 Ω). 
Structures are wide bandpass filters around 3 GHz with 
short-circuited edge stubs like in [19] instead of metallized 
via holes. The short-circuited edges are conductive textile 
using its conductive adhesive as noted in Fig. 5. 

Simulations were done in WIPL-D [21] for the 
metallized via holes. Models are in Fig. 6 for the 
conductive textile and in Fig. 7 for the copper tape. 
Corrections were done according to simulation and 
measurements. Simulation results are presented in Fig. 8 
for the ideal model, the conductive textile and the copper 
tape.  

The measured results are presented in Fig. 9, for the 
conductive textile metallization, and in Fig. 10, for the 
copper tape metallization. Measurements were performed 
with network analyzer Anritsu VectorStar ME7838A 
(Institute of Physics, Belgrade). In Fig. 9 both S21 is 
following simulation in Fig. 8 but shifted to the higher 
frequencies. Correction was done for connection of one 
SMA connector and it improves S11 in the passband. There 
is still shifting to the higher frequencies. In Fig. 10 S21 
(blue) has the best value. But S11 (green) is higher than -
10 dB and suppression in the high frequency bandstop is 
only 15 dB. As in Fig. 9, there is still shifting to the higher 
frequencies. To improve it, in the second case, the new stub 
lengths are 23 instead of 21 mm. The low frequency S21 
(black) is improved to match simulation but the change 
does not improve S11 (red) and even spoils S21 for the 
higher frequencies. Connection of connectors is under 
suspicion (bonding and rigid cables).   
 

III. CONCLUSION 
 

In this paper one type of wide bandpass filter is 
applied to felt substrate. Special conductive textile and 
copper tape are used for metallization (conductive layers). 

The bandpass filters are around 3 GHz but have losses 
above 3 GHz especially for the conductive textile. The 
reasons are low conductivity of the conductive textile and 
losses in the felt substrate. Additional losses can be from  
connection of connectors and/or used rigid cables. 

Short-circuited edge stubs are instead of the classical 
metallized via holes. The short-circuited edges are 
conductive textile using its conductive adhesive. The 
structures are simulated for the classical metallized via 

holes and there are still needs for full wave simulations for 
the short-circuited edge stubs. 

It is an initial work. The patterns were done in 
handmade cutting. Etching and milling technique were 
tried but till now without results. A chance is to find a good 
cutting plotter. The problem is also specific bonding of 
SMA connectors to the conductive textile and measurement 
flexible substrate using rigid cables. The solution will be 
using flexible cables as a first cable to the measuring 
structure on the both sides. Even connectors on the 
structures can be treated as too strong and author will 
consider case without classical connectors on the textile 
structure. 

 

 

 
 
Fig. 4. Copper tape and conductive textile cut with a precision 
scalpel. 
 

 
 
Fig. 5. Structures and tools (one precision scalpel and a drawing 
table) for handmade cutting of metallization. Arrows are position 
of the short-circuited edge conductive textile. 
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SMA connector and it improves S11 in the passband. There 
is still shifting to the higher frequencies. In Fig. 10 S21 
(blue) has the best value. But S11 (green) is higher than -
10 dB and suppression in the high frequency bandstop is 
only 15 dB. As in Fig. 9, there is still shifting to the higher 
frequencies. To improve it, in the second case, the new stub 
lengths are 23 instead of 21 mm. The low frequency S21 
(black) is improved to match simulation but the change 
does not improve S11 (red) and even spoils S21 for the 
higher frequencies. Connection of connectors is under 
suspicion (bonding and rigid cables).   
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In this paper one type of wide bandpass filter is 
applied to felt substrate. Special conductive textile and 
copper tape are used for metallization (conductive layers). 

The bandpass filters are around 3 GHz but have losses 
above 3 GHz especially for the conductive textile. The 
reasons are low conductivity of the conductive textile and 
losses in the felt substrate. Additional losses can be from  
connection of connectors and/or used rigid cables. 

Short-circuited edge stubs are instead of the classical 
metallized via holes. The short-circuited edges are 
conductive textile using its conductive adhesive. The 
structures are simulated for the classical metallized via 

holes and there are still needs for full wave simulations for 
the short-circuited edge stubs. 

It is an initial work. The patterns were done in 
handmade cutting. Etching and milling technique were 
tried but till now without results. A chance is to find a good 
cutting plotter. The problem is also specific bonding of 
SMA connectors to the conductive textile and measurement 
flexible substrate using rigid cables. The solution will be 
using flexible cables as a first cable to the measuring 
structure on the both sides. Even connectors on the 
structures can be treated as too strong and author will 
consider case without classical connectors on the textile 
structure. 

 

 

 
 
Fig. 4. Copper tape and conductive textile cut with a precision 
scalpel. 
 

 
 
Fig. 5. Structures and tools (one precision scalpel and a drawing 
table) for handmade cutting of metallization. Arrows are position 
of the short-circuited edge conductive textile. 

 
 

Fig. 6. Simulation model with the conductive textile (including 
conductive adhesive in the metallization). Conductivity from [16]. 
 

 
 

Fig. 7. Simulation model with the copper tape (including 
nonconductive adhesive 2 x 0.030 mm in the substrate). 
 

 
 
Fig. 8. Fig, 1 Simulation results for ideal model, conductive 
textile on felt and copper tape on felt. 
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Fig. 9. Measurement for the conductive textile metallization. 
Corrected sample: S21- black, S11-red. Old sample: S21- blue, S11-
green.  
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Fig. 10. Measurement for the copper tape metallization. New 
sample with longer stubs: S21- black, S11-red.Old sample: S21- 
blue,  S11- green.  
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Meandered Beams for Reduced Actuation Voltage 
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Abstract - This paper presents the design and the analysis of 
Single-Pole-Single-Throw (SPST) switches based on Micro-
Electro-Mechanical-Systems technology for Radio Frequencies 
applications (RF-MEMS). The switches are of series ohmic type, 
and they are framed within a coplanar waveguide (CPW) 
configuration. The proposed switches are provided with meander-
shaped suspending beams, targeting a reduced actuation voltage 
and a design minimally subjected to nonidealities, such as 
deformations due to residual stress built within thin-films during 
the fabrication process. This design arrangement allowed the 
devices to demonstrate a simulated actuation voltage in the 4-8 V 
range, and an actuation time in the range of 10-20 μs. In terms of 
electrical features, the devices have been simulated up to 60 GHz, 
exhibiting a < -2 dB Insertion Loss up to 37 GHz, and < -9 dB 
Return Loss along the whole range. The electro-mechanical 
properties of the switches have been investigated by means of 
Ansys Workbench, while its RF electrical performances have 
been assessed by Ansys HFSS. 
 

I. INTRODUCTION 
 

Switches have a predominant role in RF-MEMS 
technology, them being the first type of components 
discussed and realized in the late '90s [1, 2] and the basic 
building block of many more complex MEMS-based 
networks, such as filters, phase shifters and attenuators. 
Since the early implementations, RF-MEMS switches 
demonstrated to be a valuable alternative candidate in 
comparison to standard solid-state electronics because of 
their remarkable features, such as intrinsic 
reconfigurability, good linearity, low insertion loss, high 
isolation and a negligible power consumption. On the other 
hand, their minimal volume and weight make MEMS-
based switches a good alternative to their electro-
mechanical traditional counterparts.  

From a closer point of view, a RF-MEMS switch is 
operated by actuating a metallic membrane or bridge, 
which can route the incoming signal towards the RF 
ground or towards the output RF signal line. On the basis 
of these arrangements, a switch will be shunt or series, 
respectively. The type of contact established by the 
membrane will define whether a switch is ohmic or 
capacitive; in the first case the contact will be metal-to-
metal, while it will be metal-to-dielectric in the other case. 
Depending on the design, the movable membrane may be 

realized according to a cantilever or clamped-clamped 
arrangement. The actuation of the membrane may take 
place in the vertical or horizontal direction, and it can be 
obtained by exploiting different possible mechanisms, such 
as the piezoelectric, electrothermal, electromagnetic, or the 
electrostatic one [3]. Among these actuation principles, the 
electrostatic one is the most widespread because of its 
speed and negligible power consumption [4]. 

Given their intrinsic miniaturization, low power 
consumption and broadband behavior of their electrical 
performances, RF-MEMS switches represent a powerful 
candidate for RF front ends of next generation mobile 
devices. They may successfully apply for miniaturized 
communication systems in networks of sensors or devices 
(e.g. wireless sensor networks, IoT), devices supporting 
multiple communication standards (e.g. smartphones), and 
systems on a chip (SoC) [5]. In order to target such 
applications, RF-MEMS devices should guarantee 
reliability and integrability with existing fabrication 
technologies. An expedient that could simultaneously 
address these features is a low actuation voltage. A reduced 
voltage is beneficial in terms of reliability, since it will 
reduce the mechanical shock to the movable membrane 
during actuation, thus increasing the lifetime of the device. 
Moreover, in case of capacitive switches, high voltages are 
linked to an increased risk of trapped charges within 
dielectric layers, which is a common cause of stiction 
(missed release of the actuated membrane). Authors of [6] 
established an exponential relationship between the 
actuation voltage and lifetime of capacitive switches, 
showing that for every ~7V reduction of applied voltage, a 
lifetime improvement in the order of a decade is achieved. 
In terms of integrability, low voltages are preferable in 
order to allow RF-MEMS devices to make use of voltage 
sources commonly available in circuits based on 
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membrane with standard straight beams are taken as 
reference, in order to discuss the improvements introduced 
by meandered beams.  

The work is organized as follows: while the basic 
design principles and the proposed devices are considered 
in Section 2, results concerning both electro-mechanical 
and RF performances are presented and discussed in 
Section 3. 
 

II. MECHANICAL PRINCIPLES AND DESIGN 
 
A. Principles 
 

Reported in [9], the analytical formula in Eq. (1) can 
be employed in order to determine the pull-in voltage of a 
RF-MEMS switch (the voltage at which the movable 
membrane collapses onto the underlying contacts or 
surface). 
 

 
 

(1) 

in which g0 is the initial air gap between the membrane and 
the actuation electrodes, ε0 is the electric permittivity of air, 
Aeff is the amount of overlapping area between the 
membrane and the actuation electrodes, and Kz is the total 
spring constant of the suspending beams along the z axis. 
According to [9], for beams with a uniform meandered 
design, the total spring constant Kz can be approximated as: 
 

 
(2) 

 
in which E is the Young's modulus, w is the width of the 
beam, t is the thickness, n is the number of meanders, and a 
is the length of the meander. The approximation in Eq. (2) 
is valid for a>>b, b being the depth of the meanders.   

In case of beams characterized by non-uniform 
meanders, the spring constant of a single beam can be 
computed on the basis of the different sections composing 
the beam, and the total spring constant of the structure can 
be determined as a consequence [10]. 
 
B. Proposed Design 
 

In the first proposed design, named Dev1, each beam 
is characterized by three uniform meanders. As visible in 
Fig. 1a, the entire suspended structure and the anchoring 
points occupy an overall footprint of 780 μm x 270 μm. 
When actuated, the 380 μm x 170 μm movable membrane 
will establish an ohmic contact between the two underlying 
RF signal pads, acting as a bridge. The circular perforations 
on the membrane provide an easier removal of the 
underlying sacrificial layer during fabrication, releasing the 
suspended structure. The value of all parameters reported 
in the following figures is specified in Table 1. 

The second proposed design, named Dev2, is 
composed by beams with non-uniform meanders. As 
visible in Fig. 1c, this variation implies an additional 
meander, which has been added along the horizontal 
direction in order not to increase the overall footprint of the 
structure.  

In the third proposed design, named Dev3, the 
meander along the horizontal dimension is “stretched” up 
to three times its original length, as visible in Fig. 1d.  

 

 
(a) 

 
(b) 

 
(c) 

 
(d) 

 
Fig. 1. (a) Complete layout of Dev1 ohmic switch. (b) Detail 
concerning dimensions of the beams composing Dev1 switch.    
(c) Detail of the beams composing Dev2 switch. (d) Detail of the 
beams composing Dev3 switch. Labeled arrows in Fig. 1(c) and 
Fig. 1(d) represent the differences with respect to Fig. 1(b). 
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TABLE I 
DIMENSIONAL PARAMETERS 

 
Parameter Value Parameter Value 

m 380 μm b 25 μm 
n 170 μm c 35 μm 
o 780 μm e 25 μm 
p 270 μm f 150 μm 
w 10 μm g 30 μm 
a 50 μm h 55 μm 

 
III. SIMULATION RESULTS 

 
Both electromechanical and RF simulations have been 

performed by means of tools based on Finite Element 
Method (FEM), namely Ansys Workbench and Ansys 
HFSS, respectively. As in the future fabrication of these 
devices, the movable structure is composed by a 1.5 μm 
layer of electroplated gold. An additional 2.5 μm layer of 
gold will be present in correspondence of those area which 
are intended to be stiffer [3]. The employed gold has a 
density of 19300 kg/m3, a Young's modulus E of 98.5 GPa 
and a Poisson's ratio of 0.22. When the movable membrane 
is in rest position, the distance between its central part and 
the underlying signal pads corresponds to 3 μm. 
 
A. Electro-mechanical Behavior 
 

For a better comparison about the substantial 
reduction of actuation voltage introduced by meandered 
beams, the simulation of a similar architecture is taken as 
reference.  

 

 
(a) 
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Fig. 2. (a) Simulated actuation voltage of the reference Sh01 
device. (b) Layout of the reference Sh01 ohmic switch. 

Displayed in Fig. 2b, the ohmic switch named Sh01 
differs from Dev1, Dev2 and Dev3 only because of its 
shorter (but larger) straight beams. As visible in Fig. 2a, the 
considered switch has a simulated actuation voltage 
of 28.5 V.  

As visible in Fig. 3, the proposed Dev1, Dev2 and 
Dev3 arrangements provide quite smaller actuation 
voltages. Their values set an overall percentage reduction 
in the required voltage corresponding to 72% (7.75V), 77% 
(6.5V), and 85% (4.25V). The actuation time of such 
devices covers the 10-20 μs interval, as experimentally 
discussed in [11]. 

 

 
 
Fig. 3. Actuation voltages of Dev1, Dev2 and Dev3 switches. 
 
B. Electromagnetic Behavior 
 

Following a consolidated simulation method adopted 
for similar devices [12], the proposed devices have been 
simulated up to 60 GHz, demonstrating satisfying electrical 
performances. From a general point of view, it is possible 
to notice a minimal deterioration of return loss, insertion 
loss and isolation between Dev1, Dev2 and Dev3. This 
trend can be attributed to an increased coupling between 
the RF signal pads and the meanders of the beams. In fact, 
in Dev2 and Dev3 the surface of the overall suspended 
structure is increased, and the horizontal meander of the 
beams is closer to the signal pads. A greater coupling to 
ground when the switches are non-actuated affects the 
isolation, together with larger impedance mismatching 
(harming the return and the insertion loss). Nevertheless, 
the devices show a return loss smaller than -10 dB up to 
36.8 GHz (Dev3), 41.8 GHz (Dev2) and 44.1 GHz (Dev1), 
as visible in Fig. 4a. The insertion loss is reported in Fig. 
4b, and it is smaller than -2 dB up to 36.5 GHz (Dev3), 
39.1 GHz (Dev2) and 40.2 GHz (Dev1). Isolation of the 
proposed devices is commendable as well, and it is shown 
in Fig. 4c. Also in this case, while the minimum isolation 
demonstrated by Dev3 corresponds to -9.1 dB, Dev2 and 
Dev1 exhibit closer values, with a minimum of -10 dB and 
-10.1 dB, respectively. 
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(a) 

 
(b) 

 
(c) 

 
Fig. 4. (a) Return loss, (b) insertion loss, and (c) isolation of the 
proposed devices. 
 

IV. CONCLUSION 
 

In this paper, the design and the analysis of three 
ohmic switches with meandered beams for a reduced 
actuation voltage has been described. The proposed devices 
have been simulated by means of FEM tools both in their 
electro-mechanical and electrical features, showing a 
considerable voltage reduction as compared to a similar 

reference switch, and commendable RF characteristics. 
After the fabrication of the presented switches, further 
investigations will allow the Authors to assess the features 
of the final devices.   
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Calibration of MEMS sensors for precision
measurement of acceleration, spin and altitude

A. Wahab Lodhi and M. Hamza Shahab

Abstract— MEMS being the most crucial part in ad-
vancement of today’s technology plays as the backbone
for decrement in size of new electronic devices. They
are widely used in pedometry, quad-copters, stabilizing
platforms, Inertial Measurement Units (IMUs), Inertial
Navigation Systems(INS), robotics and medical field etc.
In this research paper we have focused on; bias off-
set, scale factor error, non-orthogonality, drift due to
temperature. Because these errors are the major error
sources in MEMS sensors. Different techniques like two
position method, six position direct method and six posi-
tion weighted least square method are used to calibrate
MEMS sensors for these errors. Calibration data was
collected by the help of CNC machines and a platform
made of aluminum to mount the sensors easily. Calibra-
tion techniques are implemented on ADXRS649z (sin-
gle axis gyroscope), MPU-3050 (Three axis digital gyro-
scope) and ADXL377 (single axis accelerometer) sensors.
Temperature compensation is also done to compensate
the temperature effects on sensors using controlled tem-
perature chamber and finally, a comparison is made be-
tween calibration techniques.

I. Introduction

The fame of micromachined gyroscopes, accelerome-
ters and magnetometers stems from the fact that they
are small, cheap and light in weight. MEMS are used
today in almost all the electronic devices. And every-
day advancements in these sensors can easily rule out
the necessity of mechanical sensors.

Various communication protocols can be used for
communication between sensors and other devices at-
tached to them. Some of the protocols include I2C
Communication, SPI communication, UART commu-
niation etc. There are various possible sources of errors
in MEMS namely the innate sources and the external
sources of errors. The possible errors considered in this
paper are cross axis sensitivity, bias offset, determin-
istic noise/error, random noise and temperature effect
etc.

Various calibration methods can be implemented to
compensate the errors stated above. Two position
method, six position method and six position weighted
least square method have been used in this paper. As
the methods are numerical techniques thus we have
used the mathematical models of both the gyroscope
and accelerometers.

A. Wahab Lodhi and M. Hamza Shahab are with the Depart-
ment of Electrical Engineering, Pakistan Institute of Engineering
and Applied Sciences, Islamabad, Pakistan, E-mail: abdulwah-
ablodhi@gmail.com, hamzashahab28@gmail.com

II. Modelling of Sensors

A. Gyroscope Model

Typical relation used to model the gyroscope is given
by:

ωmeasured = (I + Sω)ω + bω + η (1)

I =



1 0 0
0 1 0
0 0 1


 , Sω =



Sxx Sxy Sxz
Syx Syy Syz
Szx Szy Szz


 (2)

bω =



bx
by
bz


 , η =



ηx
ηy
ηz


 (3)

where I is the identity matrix (unit-less), Sω is ma-
trix (unit-less) comprising scale factor errors (diagonal
elements) and non-orthogonality errors (non-diagonal
elements) of the gyro. ’bω’ are biases of gyroscope. ’η’
is the random noise present in the output signal.

B. Accelerometer Model

Typical relation used to model the accelerometer is
given by:

αmeasured = (I + Sα)α+ bα + η (4)

I =



1 0 0
0 1 0
0 0 1


 , Sα =



Sxx Sxy Sxz
Syx Syy Syz
Szx Szy Szz


 (5)

bα =



bx
by
bz


 , ηα =



ηx
ηy
ηz


 (6)

III. Calibration Techniques to be
Implemented

A. Two Position Method

Using the above two models and the numerical ex-
pressions six equations can be written i.e two equations
for each orientation of a sensor.
Estimation of the bias and scale factor errors can be

done using the following equations:

bXω =
Av


ωUp
Xmeasured


+Av

�
ωdown
Xmeasured



2
(7)
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(8)

The bias and scale factor errors for active axis can
be estimated using the above-mentioned relationships.
In this methodology we use two measurements for each
axis to estimate the biases and scale errors. The advan-
tage of this method lies in its simplicity of implementa-
tion. Single axis gyroscope’s parameters can easily be
estimated using this method.

B. Six Position Method

This method is same as two position method except
that we perform 2-position method for each axis (X, Y,
Z axis) of gyroscope [1]. The bias and scale errors for
each can be estimated using the six-position method.
In this methodology we use two measurements for

each axis to estimate the biases and scale errors (in
total six measurements are used for the three axes).
The advantage of this method lies in its simplicity of
implementation. However, the disadvantage is that the
non-orthogonality errors cannot be estimated.

C. Six Position Weighted Least Square Method

Equations can be written for all the three axis speci-
fied the direction of axis i.e up or down and the values
on all the three axis can be averaged. The equation for
X axis in the up direction is written below. when the
X-axis is in the up direction, we estimate three averages
from the all axis of gyroscopes:


Av(ωXu

Xm)
Av(ωXu

Y m)
Av(ωXu

Zm)


=


bx
by
bz


+

+⌈

1 0 0
0 1 0
0 0 1


+


Sxx Sxy Sxz
Syx Syy Syz
Szx Szy Szz


⌉ ×

 −ωknown
0
0


(9)

Sω =



Sxx
Syx
Szx

Sxy
Syy
Szy

Sxz
Syz
Szz

bx
by
bz


 (10)

Now we estimate the calibration parameters as follows:

Sw =
�
W.P.AT

 �
A.P.AT

−1
(11)

where P is given by:

P = σ2
o


−1 (12)

is the 6× 6 weight matrix, σ2
o is the a-prior variance

factor (usually σ2
o = 1 ), and


is the sample variance-

covariance matrix comprising the sample variances of
the data averages from the six-position test in the di-
agonal and zeros in the non-diagonal elements.

IV. Setup Used for Data Logging

The assembly was designed on Solid Works and after-
wards manufactured by using the facility of Mechanical
and Welding workshops. The assembly design looks like
as shown in the figure 1 below.

Fig. 1. Design of assembly.

Assembly after manufacturing looked as it is shown
in figure 2.

Fig. 2. Aluminium Assembly used for data logging.

V. Implementation Results of Calibration
Techniques

A. Percentage Error Plots for Two Position Method on
ADXRS649z (Single Axis Gyroscope)

It is fairly depicted that the bias offset has been suc-
cessfully removed after calibration as shown in figure 3.
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It is fairly depicted that the bias offset has been suc-
cessfully removed after calibration as shown in figure 3.

Fig. 3. Percentage Error.

B. Percentage Error Plots for Six Position Direct
Method on MPU-3050(Three Axis Gyroscope)

The percentage error plots after the implementation
of six position direcct method for all the three axis X,Y
and Z have been shown in the figures 4, 5, 6 respectively.

Fig. 4. Percentage Error X axis

Fig. 5. Percentage Error Y axis

C. Percentage Error Plots for Six Position Direct
Method on ADXL377z

The percentage error plots after the implementation
of six position direcct method for all the three axis X,Y

Fig. 6. Percentage Error Z axis

and Z have been shown in the figures 7, 8, 9 respectively.

Fig. 7. Percentage Error X axis

Fig. 8. Percentage Error Y axis

VI. Results

• Six axis weighted least square method accounts for
the non orthogonal error as well.
• Non orthogonality is not compensated in six position
direct method.
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Fig. 9. Percentage Error Z axis

• The calibration model was developed efficiently for
the specified operation range of sensors

VII. Recommendations

• Design of a feedback control system to control speed
of various systems.
• Creating a mobile application using the data from
these sensors to control various parameters.
• Design and Manufacturing of an IMU by fusing the
data.
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Sputtered Nanostructured Interfaces Used for 
Biochemical Sensing 
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Abstract -In this paper we demonstrate the forming of 
sensoric nanostructures by sputtering without using masking and 
lithography. A specific sequential (cyclic) sputtering technology 
for preparation of non-continuous island like Au films (nanoisland 
arrays) was developed. Applications of nanoisland arrays are 
presented in the Localized Surface Plasmon Resonance sensing 
and together with interdigitated array of electrodes in the 
Electrochemical Impedance Spectroscopy sensing.  
 

I. INTRODUCTION 
 

Various thin film deposition technologies pave the 
way to mimic multi-functionality/controlling principles 
already existing in bioworld [1],[2]. We have been inspired 
by these principles using the "bottom-up" approach for 
R&D in both biosensors [3] and the nanocolumnar 
polycrystalline thin film structures applicable in 
electrochemical sensors [4]. Localized Surface Plasmon 
Resonance (LSPR) is an optical phenomenon which has 
widespread use in optics, optoelectronics and also in 
biosensing [5]. Metallic conductive nanoparticles have 
been widely studied and prepared by various technologies, 
e.g. by DC magnetron sputtering of self-assembled Au 
nanoparticles [6] or by combining a thermal dewetting and 
a dealloying process of Au/Ag bi-layer films to produce 
nanoporous Au nanoparticles [7]. The main aim was to find 
the technology for fabrication nanostructures with 
enhanced the LSPR sensitivity and possibility of the LSPR 
tuning. 

We presented results concerning the forming of 
sensoric nanostructures by sputtering without using 
masking and lithography. 
 

II. EXPERIMENTAL 
 

Sputtering system Perkin-Elmer 2400/8L was used 
which permits to control very low deposition rates 
(0.1 - 1 nm/s) by the RF power and substrate holder 
rotation under targets(one-turn period under the Au target 
was ≈ 9 s), Fig. 1. The rotation allows to develop a specific 
sequential (cyclic) sputtering [8] for preparation of 
nanoisland arrays (NIAs) on Corning glass or interdigitated 

array of electrodes. NIAs were sputtered from Au target 
with diameter 203.2 mm at Ar working gas pressure 1.3 Pa. 
The sputtering rates of Au depended on the RF power 
density, Table I.  
 

TABLE I 
TECHNOLOGY PARAMETERS 

 
Power density (mW/mm2) 2.3 4.6 9.2 18.5 37 

Deposition rate (nm/s) 0.12 0.25 0.5 1 2 

Nominal thickness t (nm) 1.1 2.2 4.5 9 16 
 

 
 

Fig. 1. Schematic layout of sequential sputtering. 
 

The creation of nuclei, clusters and islands proceeds at 
the beginning of thin film growth [8], Fig. 2.The amount of 
sequentially sputtered material was estimated by the 
nominal thickness tof the NIA that characterizes the 
“envelope” measured by the mechanical Talystep method 
in the range 1 to 16 nm. 

 
nominal thickness t     ====> 

 
 

separation => near neighbor (NN) distance 
diameter (D) =>Area (A) = π (D/2)2 

 
Fig. 2. Schematic picture of the NIA growth. 
 

The image processing program Image J [9] was used 
to evaluate the surface morphologies visualized by SEM 
analysis (JEOL 7500F), Fig. 3, Table II. 

 
TABLE II 

MODUS VALUES OF GOLD NIA STRUCTURES 
 

Nominal thickness t (nm) 1.1 2.2 4.5 9 16 
Area AM  (nm2) 24 53 224 600 1370 
Distance NNM  (nm) 6 11 21 33 54 
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Optical properties were measured by the Ocean Optic 
4000 Spectrometer in the spectral range 300-900 nm. 

The electrochemical impedance spectroscopy was 
measured by Metrohm FRA32M - Impedance analysis 
modul in potentiostatic mode from 0.1 Hz to 100 kHz. 
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Fig. 3. An example of the statistical analysis of SEM images of 
Au surface morphology (NIA) exhibited the Log-normal 
distribution area A and the Gaussian distribution of the near 
neighbour (NN) distance. 
 

III. RESULTS AND DISCUSSION 
 
A. Plasmonic sensing 
 

The sensitivity of plasmonicnanosensors is 
particularly influenced by sensing based on both plasmon 
coupling and target-induced local refractive index changes. 
The LSPR was evaluated by transmission UV/Vis 
spectroscopy: Extinction (λ) = - log10 Transmission (λ). 

The 11-mercaptoundecanoic acid (11-MUA) is often 
used for bio-functionalization of Au surfaces because it is 
hydrophobic and not water soluble. 11-MUA of size 
< 1.5 nm shows good binding to Au due to sulphur; 
carboxyl group COOH is desirable for bioconjugation with 
amine terminated biomolecules, such as proteins and 
antibodies, Fig. 4 a. The self-assembly of 11-MUA on Au 
NIAs supported by the ZnO:Al thin film has been verified 
by surface enhanced Raman spectroscopy [10].  

 

 
a) 

 
b) 

 
Fig. 4. (a) Bio-functionalization of Au surfaces by self-assembly 
of the 11-MUA and (b) SEM image of Au NIAs of nominal 
thickness t = 16 nm. 
 

Self-assembly of 11-MUA monolayer of thickness 
about 1 nm induced the blue or the red shift of LSPR 

wavelength depending on the Au NIA size (nominal 
thickness t). The local 11-MUA polarization on small Au 
NIA with nominal thicknesses of 1 nm order reduced the 
plasmon coupling strength among nanoislands and caused 
blue shift of LSPR wavelength (Fig. 5) in accordance with 
the universal size-scaling LSPR model [11].When the Au 
NIAs were thicker (thickness of 16nm) and their 
nonspherical shape was bigger (modus of area 
AM = 1370 nm2, Fig.4b) they typically exhibited red-shifted 
resonance peaks [5]. Because the coverage of 11-MUA was 
continuous therefore one can expect that LSPR based on 
the refractive index sensing was dominant. Then the red 
shift of LSPR wavelength was observed Δλ = + 24 nm in 
agreement with empirical and theoretical expectations [12] 
(refractive index of 11-MUA is n ≈ 1.5), Fig. 5b. Sputtered 
NIAs of thicknesses larger than 10 nm can utilize specific 
properties of the refractive index based sensing: bigger size 
nanoparticles have high scattering ratios and anisotropic 
shape nanostructures exhibit higher refractive index 
sensitivity than spherical nanoparticles. 
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Fig. 5. The influence of 11-MUA coverage on LSPR extinction 
spectra for Au NIA of nominal thicknesses: a) t = 5 nm, 
wavelength blue shiftΔλ = - 11 nm (Δ); (b)t = 16 nm, 
wavelengthred shift Δλ = + 24 nm (¤). 
 
B. Electrochemical impedance spectroscopy sensing 
 

Interdigitated array of electrodes (IDAE) are among 
the most used periodic electrode structures in sensors and 
actuators. Planar thin film IDAE (they were produced in 
our laboratory) permitted us to exploit also the new 
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Fig. 3. An example of the statistical analysis of SEM images of 
Au surface morphology (NIA) exhibited the Log-normal 
distribution area A and the Gaussian distribution of the near 
neighbour (NN) distance. 
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Fig. 5. The influence of 11-MUA coverage on LSPR extinction 
spectra for Au NIA of nominal thicknesses: a) t = 5 nm, 
wavelength blue shiftΔλ = - 11 nm (Δ); (b)t = 16 nm, 
wavelengthred shift Δλ = + 24 nm (¤). 
 
B. Electrochemical impedance spectroscopy sensing 
 

Interdigitated array of electrodes (IDAE) are among 
the most used periodic electrode structures in sensors and 
actuators. Planar thin film IDAE (they were produced in 
our laboratory) permitted us to exploit also the new 

phenomena on micro-/nano-metric level and the 
miniaturization of biomedical sensors, e.g. an amplification 
effect in the cyclic redox voltammetry [13]; the monitoring 
of human stress (psychogalvanic skin effect) by the 
impedance method [14]; the fast monitoring of the blood 
sedimentation (small amount ~ 10 μL) by the impedance 
method distinguished between healthy and cancer state of 
blood [15]. Previous procedure could serve for the simple 
long-term diagnostics after the surgical operation or as a 
screening procedure for early diagnoses. 

The advantage of the electrochemical impedance 
spectroscopy (EIS) is in the possibility to provide a 
comprehensive description of the electrochemical behavior 
of the investigated system include both faradaic and 
non-faradaic phenomena. The EIS measurement 
correspond to the Nyquist graph of the simplest equivalent 
electrical circuit - the Randles electrochemical cell [16], 
Fig. 6. The resistance Rs, is related to the electrical 
conductivity of the solution. The capacitor Cdl represents 
double layer capacity, the charge transfer resistance Rct is 
formed kinetically-controlled electrochemical reactions in 
the interface electrode - liquid. 
 

 
 
Fig. 6. The equivalent electrical circuit of the Randles 
electrochemical cell and the EIS Nyquist plot. 
 

In real cells, interfacial effects on the boundary 
between the liquid and the electrode are causing non-ideal 
capacitance behavior of electrical double layer. It can be 
described by the impedance ZCPE of constant phase element 
CPE, ZCPE = 1/Q (2πjfmax)n, fmax is the frequency 
corresponding to the maximum of Nyquist graph., the 
dimensionless n ≤ 1, Q is presented in (S . ohm) -1. Values 
characterizing the constant phase element are strongly 
dependent on the types of ions present in the solution, 
which may be particularly related to masses and spatial 
structures of ions. 

Trisodium citrate Na3C6H2O7 is used as an 
anticoagulant in blood transfusion and hemodialysis[17] 
(the citrate ion chelates the Ca ions in the blood by forming 
Ca citrate compounds disrupting the erythrocytes 
aggregation) and as a food additive for flavor or as a 
preservative (E331). Trisodium citrate concentration of 
4 - 6 mM (mmol/l) guarantees the blood anticoagulation, 
i.e. ionized Ca below 0.35 mM. Normal in vivo 

concentration of citrate is 0.3 - 0.5 mM and excess citrate 
may lead to both metabolic complications, ranging from 
acidosis to alkalosis and may also potentially expose 
patients to electrolyte disturbances due to hyper and 
hyponatremia and hyper and hypocalcaemia. Possibility of 
nonstop monitoring of citrate level is important and allows 
design of new fully automated (closed loop) systems for 
wide spectrum of dialysis methods [18]. 

The citrate molecule is not only involved in the blood 
anticoagulation but is also a biosynthetic precursor and 
exhibits regulatory functions of metabolism. Therefore, 
real-time monitoring of citrate concentrations in the range 
from 0.5 µM to 1 mM is desirable [19]. 

Trisodium citrate concentrations in the range of 
0.01 - 0.5 mM was evaluated by EIS using the microsensor 
consisting of Pt interdigitated array of electrodes 
(DropSens IDE width of band/gaps 10 µm)or covered by 
Au NIAs respectively. 

Our results have shown that the possible evaluation of 
electrochemical impedance spectra (Nyquist diagram) for 
determination of concentration changes is based on the 
shift of: (i) local minimum, Fig. 7; (ii) frequency fmax, 
Fig. 8; (iii) CPE impedance ZCPE, Fig. 9. 
 

 
 
Fig. 7. Shift of Nyquist plots (incl. local minimum) with the rise 
of the trisodium citrate concentration. 
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Fig. 8. Shift of frequency fmax corresponding to maxima of 
Nyquist plots with the rise of the trisodium citrate concentration. 
 

The optimal monitoring of the trisodium citrate 
concentration is based on the changes of impedance ZCPE. 
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The impedance ZCPE is represented by Rlin (jointly with Rs 
and Rct) given by the linear regression at ImZ = 0, Fig. 6. 

This approach can increase the selectivity of 
measurements because quantities characterizing CPE are 
strongly dependent on the type, mass and spatial structure 
of ions occurring in the solution. 
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Fig. 9. The dependence of the CPE impedance represented by 
Rlin on the trisodium citrate concentration. 
 

IV. CONCLUSION 
 

Very low deposition rates (0.1-1 nm) realized by the 
specific sputtering technology (sequential cyclic mode) 
were the basic condition for the growth Au NIA - it follows 
"bottom-up" approach for the creation of nanostructures. 
We used the self-assembly 11-MUA for 
bio-functionalization of Au NIA surfaces. It was found that 
the optical LSPR method based on the refractive index 
change is more sensitive in comparison with the plasma 
coupling LSPR. Our results have shown the benefit from 
the EIS to monitor of trisodium citrate concentrations in the 
range of 0.01-0.5 mM by the use of IDAE. The constant 
phase element impedance ZCPE appears to be the most 
suitable for the EIS sensing. We confirm an ability of the 
sputtering, to contribute to the R&D of biochemical micro-
/nano- sensors. 
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Abstract -In this paper, a new concave corner compensation 
for etching of (100) silicon substrates in 25 wt % TMAH water 
solution at the temperature of 80°C is presented and analysed. The 
aim of developed technique is to reduce area of the etched {111} 
planes when there is a need to obtain 3D silicon structures with 
sidewalls vertical to substrate’s surface. Appearance of the slow 
etching {111} planes cannot be eliminated. All crystallographic 
planes that appeared during evolution of etched compensations are 
determined. All the parameters necessary to apply developed 
concave corner compensation in various designs are provided.  As 
a result, the side along the <110> crystallographic direction in the 
masking layer of the unwanted {111} planes is reduced 
approximately 3 times. 
 

I. INTRODUCTION 
 

Etching of (100) silicon substrates using anisotropic 
wet etching in 25 wt % tetramethylammonium hydroxide 
(TMAH) water solution at the temperature of 80°C is well 
known technological process [1-12]. TMAH water solution 
is CMOS compatible [1]. Design of some sensors, actuators 
and silicon platforms (for example gyroscope [11] or 
microfluidic channels) requires three dimensional silicon 
structures that are defined with sidewalls vertical to (100) 
surface of the etched substrate. These sidewalls can only be 
defined by {100} planes. The most studied 3D cavity with 
vertical sidewalls are fabricated by etching square or 
rectangular apertures in the masking layer with sides along 
the <100> crystallographic directions. In these cases, 
sidewalls of a cavity are defined by the planes of {100} and 
{111} families during etching. Appearance of the slow 
etching {111} planes cannot be eliminated. After a 
sufficiently long etching time, the fast etching planes of 
{100} families will disappear, and the shape of the cavity 
will be changed into inverse pyramid with the sides that are 
defined only by {111} planes.  

Area of the etched {111} planes can be reduced using 
concave corner compensation, as explained in [11]. The idea 
presented in [11] is to postpone appearance of the inevitable 
{111} at the concave angle in the masking layer. However, 
explored compensation was complex and required 

information about the evolution of crystallographic planes. 
In this paper, we presented a new simple concave corner 
compensation based on our previous work [9-10,12]. 
Presented concave corner compensation is a combination of 
the well known basic convex corner compensations [1]. The 
evolution of all appeared crystallographic planes is 
explained and all necessary parameters for design of 
compensation are provided. 

 
II. EXPERIMENTAL SETUP 

 
In our experiments [9-10,12], we used phosphorus-

doped {100} - oriented 3" silicon wafers (SWI) with double-
sided polished surfaces. The resistivity of the wafers was 1-
5 Ωcm. We performed wet thermal oxidation of wafers to 
obtain a SiO2 masking layer, and photolithographic 
processes in order to define patterns in the shapes of concave 
corner compensation. Anisotropic etching was performed in 
the pure TMAH 25 wt. % water solution (Merck) at the 
temperature of 80 ℃. Vertically oriented wafers were etched 
in a thermostated glass vessel closed with a Teflon lid where 
the temperature was stabilised within ±0.5 °C by the 
electronic temperature controller. The evaporation during 
etching was minimised using a Teflon lid that included a 
water-cooled condenser. The velocity of the 
electromagnetically stirred TMAH solution was 300 rpm.  

 
III. RESULTS AND DISCUSSION 

 
During our previous work [9], we discovered that 

appropriate combination of basic convex corner 
compensations can reduce area of the unwanted {111} 
planes. The idea of our new design is to postpone apperance 
of the inevitable {111} planes at the concave corner in the 
masking layer. We divided etching evolution of the concave 
corner compensation into three parts where each part is 
represented by corresponding etch depth. We analysed this 
technique by applying compensations at the concave angle 
of the square aperture with sides along <100> 
crystallographic directions in the masking layer. 
Rectangular compensation with the  sides that are along the 
<110> crystalographic directions is used to reduce area of 
the {111} plane along side defined by parameter B0 for the 
first etch depth d1 (concave angle A, as shown in figure 1a), 
2a)-c)). At the end of the first part of etching, a rectangular  
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Fig. 1. Schematic picture of etching evolution of concave corner compensation [10]. a) Part of the concave corner compensation. b) The 
moment when the {211} plane reaches point D and the new {100} plane appear. c) The underetch of the {111} planes. 
 
compensation is underetched with the planes of {211} 
families [10]. During the first part of etching, the plane of 
{100} familiy is etched along DF line, as shown in figure 
1a). At the moment when the plane of {211} family reaches 
point D, the new {100} plane appears, as shown in figure 
1b). Appearance of the new {100} plane is explained in [9] 
where the initial right concave corners with sides along the 
<210> crystallographic directions changed into three new 
concave corners during etching. One of the angles is formed 
by the <210> and <100> crystallographic directions, as in 
evolution of the concave angles A and D during etching in 
figure 1a). The value of these concave angles in the masking 
layer is 180 °+α211. At the beginning of the second part of 
etching, the new small area {100} plane appears at concave 
corner A, figure 1a),2d)-e). The aim of our new concave 
compensation is that the planes of {100} family that define 
sidewalls of the A and F concave corner are the same 
crystallographic plane which represent the sidewall of the 
cavity. During the second part of etching, the convex corner 
with the sides along the <210> crystallographic directionsis  
underetched by the planes of {211}-{311} and {301} 
families [9], as shown in figure 1a), 2d)-e). The small area 
{100} plane and the {100} plane that define sidewall of the 
cavity merge when the etch depth d2 is reached, as shown in 
figure 1a). At the end of the third etching part (etch depth 
d3), the planes of {211}-{311} and {301} families and facets 
with a weak curvature (FWC) dissappear, and sidewalls of 

the cavity are defined only by the {111} and {100} 
crystallographic planes, as shown in figure 2f).  

The parameters B110 and L of the rectangular 
compensation must satisfy the following equations, as 
shown in figure 1b),c): 

 
B110 ≥ 2 r111

sinγ111
t1 = 2 r111

sinγ111

d1
r100

 = 2p1d1                 (1) 

 
B110  −  2p1d1k = B211 + B100 = 

r211
sinγ211cosα211

t + r100t√2 = p2r100
t

cosα211
+r100t√2    (2) 

 
q = B100

B211
 = √2

p2
cosα211 = 0.64                     (3) 

 
k =  L + p1d1 − h1

L + p1d1
                .                 (4) 

 
LL + p1d

1
= ( p2

sinα211
− p1

tgα211
) d1→L = cd1            (5) 

 
where rn11 are etch rates of the {n11} crystallographic 
planes, γn11 angles between the {n11} and {100} planes, r100 
is etch rate of the {100} crystallographic plane, α211 is the 
angle between the <210> and <100> crystallographic 
directions and d1=r100˙t1. In Table 1, we provide the values 
of rmnl  and γmnl [9,12].  
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where rn11 are etch rates of the {n11} crystallographic 
planes, γn11 angles between the {n11} and {100} planes, r100 
is etch rate of the {100} crystallographic plane, α211 is the 
angle between the <210> and <100> crystallographic 
directions and d1=r100˙t1. In Table 1, we provide the values 
of rmnl  and γmnl [9,12].  

The value of α211 is 18.4˚. Two {211} planes 
symmetrically underetch convex corner C in figure 1a): 
 

AB = CE = AO −  OB = h1  −  OCctgα211         (6) 
 

where by using (2)-(4), we obtain OC: 
 

OC = B211= B110-2p1d1k
1+q

                         (7) 
 

The planes of {100} family that define sidewalls of the A 
and F concave corner must be one crystallographic plane and 
underetch of the {111} planes is included in figure 1a),c): 
 

AO = OF = h1=B110 − 2p1d1+d1√2                 (8) 
 

Triangle ΔAIG must be isosceles: 
 

AG
2

 = (AF + FG
2

)  = AN = NG = LJ = OA√2+FG
2

           (9) 
 

FG = EF sinα211
sinβ

, β=450 − α211                   (10) 
 

EF = OF − OC − CE = h1 − OC − CE         (11) 
 
 

 
 

Fig. 2. Mask pattern and SEM microphotographs of etching evolution of concave corner compensation: a) Mask pattern. b) Etch 
depth of 25 µm. c) Etch depth of 55 µm. d) Etch depth of 197 µm. e) Etch depth of 197 µm. Tilted for 30˚. f) Etch depth of 280 µm. Dotted 
octagon represents etched aperture with the sides along <100> and <110> crystallographic directions (parameter B0) in the masking layer. 
SiO2 is removed after reaching all etch depths. 

 
 
Two {211} planes dissappear when the etch depth equal to 
d2 is reached: 
 

TJ = MJsinβ = (ML + LJ)sinβ= 
( d2

tgβ
+ OA√2 + FG

2
) sinβ = p2d2                 (12) 

 
Where d2=r100t2. Using (2)-(12) we obtained relation 
between the etched depths d1 and d2: 
 

d2 = d1 

sinβ −  p1√2 sinβ − k
1 + q 

p1(cosα211 −  sinα211)
p2 - cosβ

+  

+ B110
2

√2 sinβ + 1
1 + q (cosα211−sinα211)

p2−cosβ
            (13) 

 
 

If the etch depth is H12 = d1 + d2, parameters of concave 
corner compensation are obtained from (5), (8) and (13), 
using values from Table 1, as follows: 
 

d1 = 0.75H12 − 0.32B110 
 

d2 = 0.25H12 + 0.32B110 
                                                                                 (14) 

h1 = 1.31d1 + B110 
 

L = 6.31d1 
 

The etch depth d3 is defined experimentally with equation:  
 

d3 ≈ 0.1H12                              (15) 
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TABLE I 
 ETCH RATES OF THE CRYSTALLOGRAPHIC PLANES AND ANGLES 
BETWEEN THE CRYSTALLOGRAPHIC PLANES AND {100} PLANE 

[9,12] 
 

Crystallographic 
plane{mnl} 

rmnl[μm/min] γmnl[˚] 

{111} 0.02 54.7 
{100} 0.46 90 
{211} 0.87 65.9 

 
 

The side along the <110> crystallographic direction of 
the {111} plane is reduced for 2√2d1 after the concave 
corner compensation is applied compared to etching of the 
aperture that is defined by octagon with sides along <100> 
and <110> crystallographic directions (parameter B0) in the 
masking layer. If we assume that B110=2p1d1, reduction is 
2√2  1.1H12
2√2 (d2+d3)

 ≈ 3 times. Equations (14) and (15) are confirmed 
in the experiments for three different etch depths H12. 
 

IV. CONCLUSION 
 

This paper presents a simple concave corner 
compensation for etching of (100) silicon substrates in 25 wt 
% TMAH water solution at the temperature of 80°C. 
Developed technique reduces 3 times the side along the 
<110> crystallographic direction of the unwanted {111} 
planes when compared to the etching of square aperture 
defined only with the sides along <100> crystallographic 
directions. The evolution of all appeared crystallographic 
planes during etching of concave corner compensation is 
explained. All the necessary parameters of the presented 
technique needed for various designs are provided and 
confirmed for three different etch depths. 
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Abstract - Through silicon via plays a very important role in 
three-dimensional integrated systems. At present, BOSCH etching 
technology, which inevitably induces scallop pattern in the inner 
side wall, is the most popular technology for etching of through 
silicon via. Scallop pattern will lead to the unsmooth interface 
between layers inside through silicon via, which will seriously 
affect the performance of through silicon via and the reliability of 
three-dimensional integrated systems. An effective thermal 
oxidation process is employed to improve sidewall flatness. 
During high temperature thermal oxidation, the higher oxygen 
flow rate can ensure that the oxygen concentration in the via is 
nearly uniform, and the growth rate of SiO2 in the scallop ridge 
bulge is relatively faster. The scallop pattern on the inner wall of 
through silicon via can be effectively reduced by alternating high 
temperature oxidation and etching SiO2. For silicon through via 
with a ratio of depth to width of 8:1, after four times of high 
temperature thermal oxidation (the process conditions of each 
oxidation process are T = 1150℃ , t = 10minutes, and the 
oxidizing environment is wet oxygen) and four times etching 
SiO2, the maximum scallop ripple decreases from 400nm to 
90nm. And the surface diameter of the through silicon via 
increases from 11.2μm to 12.82μm. After once high temperature 
thermal oxidation (t = 180minutes, other conditions are the same 
as four times oxidation process) and etching SiO2, the maximum 
scallop ripple decreases from 400nm to 100nm. And the surface 
diameter of the through silicon via increases from 11.2μm to 
12.65μm. Experimental results show that the thermal oxidation 
process can effectively improve inner side wall flatness of 
through silicon via. Four times thermal oxidation with short 
oxidation time is more effective than once thermal oxidation with 
long oxidation time. 
 

I. INTRODUCTION 
 

With the development of integrated circuits, the length 
of the interconnection lines on the chip has increased 
dramatically, and the delay and power consumption caused 
by the interconnection lines have become more and more 
obvious [1-2]. Three-dimensional integration technology 
based on Through Silicon Via (TSV) to achieve multi-layer 

stacked chip interconnection can effectively shorten the 
length of interconnection lines, improve system integration 
and power density, achieve heterogeneous integration, and 
reduce chip area and costs [3-7]. 

TSV, which contains isolation layer, barrier layer, and 
Copper pillar, is one of the key technologies of three-
dimensional integrated systems [8]. Copper diffusion is one 
of the reasons that cause the reliability of TSVs to 
decrease. So, the barrier layer is needed to prevent copper 
diffusion [9]. Due to the different properties of materials in 
the TSV, the quality of the interlayer interface has a crucial 
influence on the performance of the TSV and the reliability 
of the three-dimensional integrated system [10]. BOSCH 
etching technology is currently the mainstream TSV 
etching method. However, due to the alternate etching and 
passivation, scallops will inevitably form on the inner wall 
of the through silicon hole [11-12]. Rough sidewall of the 
TSV will induce thermomechanical stress spikes that may 
cause reliability problems such as interface delamination, 
cracks and voids, and excessive stress will change the 
mobility of carriers and negatively affect the timing of the 
circuit [13]. Therefore, it is very important to reduce the 
scallop pattern on the inner sidewall of the TSV [14-15]. 

In order to effectively reduce the scallop pattern on 
the inner wall of the TSV, two experimental methods are 
proposed. The first one is multiple times of "high 
temperature thermal oxidation + corrosion silica". The 
second one is only once long-time high temperature 
thermal oxidation. The oxidation experiment was carried 
out in a high-temperature horizontal tubular oxidation 
furnace. The orifice of the TSV was facing the air inlet at 
the tail of the quartz tube, and a higher flow of oxygen was 
used to pour a small aperture, high depth and width into the 
TSV to ensure a uniform oxygen concentration inside. In 
this way, the oxidation rate will be faster where the scallop 
pattern is raised. After oxidation, the silicon dioxide is 
removed by wet etching.  

 
II. MECHANISM ANALYSIS AND EXPERIMENTAL 

PROGRAM 
 

Single crystal silicon is exposed to room temperature 
air, and after a few seconds, a silicon dioxide layer with a 
thickness of several atoms (0.5~1nm) is formed. At room 
temperature, the natural oxide layer will prevent oxygen 
atoms in the air from continuing to react with silicon. 
However, when the ambient temperature rises above 
600°C, in a gas atmosphere containing sufficient oxygen 
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atoms, the oxygen atoms can penetrate the existing oxide 
layer on the silicon surface and continue to react with 
silicon to form silicon dioxide, the contact surface between 
silicon and oxygen atmosphere the larger is, the faster the 
oxidation rate will be. As shown in Fig. 1, there are 
undulations of scallops on the inner wall of the TSV. Under 
the condition that the oxygen concentration in the gas 
atmosphere in the holes is uniform, the oxidation rate of the 
scallops protrusions will be faster. Therefore, after high 
temperature thermal oxidation and removal of the silicon 
dioxide layer, the scallop pattern on the inner wall of the 
TSV will be reduced. 

 
 
 
 
 
 
 
 
 

 
 

Fig. 1. Schematic diagram of mechanism analysis of reducing 
scallop lines. 

 
The schematic diagram of the process of reducing the 

scallop pattern on the inner wall of the TSV multiple 
alternating cycles of high-temperature thermal oxidation 
and etching of silicon dioxide is shown in Fig. 2. Firstly, 
cleaning the silicon wafer with TSVs. Secondly, 
performing high-temperature thermal oxidation at a 
specific temperature and in wet-O2 environment (high-
purity oxygen carries water vapor into the reaction 
furnace). After oxidation, using etching liquid (HF : H2O = 
1:10) to remove the silicon dioxide and cleaning the silicon 
wafer. For the second method, repeating the above three 
steps several times. 

 
 
 
 
 
 
 
 
 
 
 

 
Fig. 2. Schematic diagram of multiple cycle thermal oxidation. 

 
III. EXPERIMENTAL RESULTS 

 
The experimental TSV is cylindrical TSV obtained by 

BOSCH etching. The diameter is 10 μm and the depth is 80 
μm. The scallop pattern inside the TSV is reduced by four 
times high-temperature thermal oxidation and four times 

silicon dioxide etching. The temperature of each high 
temperature oxidation is 1150℃, the wet O2 oxidation time 
is 10 minutes, the oxygen flow is 1.5L/min, the oxygen 
flow direction is perpendicular to the surface of the silicon 
wafer (parallel to the sidewall of the through silicon hole), 
and the silicon is oxidized at high temperature each time. 
Nitrogen is used to protect the wafers during the 
temperature rising and cooling process to prevent the 
wafers from oxidizing. 

SEM images of the original TSV is shown in Fig. 3. It 
can be seen that the sidewall scallops on the top, middle 
and bottom of the TSV are relatively rough. The average 
value of the scallop pattern on the top inner wall of the 
TSV is 297.8nm. 102.5nm for the middle and 130nm for 
the bottom. The surface diameter is 11.2μm. 

 

 
 
 
 
 
 
 
 
 
 

 
Fig. 3. SEM images of the scallop pattern on the top, middle and 
bottom of the original TSV. 

 
After a high temperature thermal oxidation and 

corrosion of silicon dioxide, the scallop pattern on the inner 
wall of the through silicon hole is significantly reduced. It 
can be seen from Fig. 4 that the average value of the 
scallop pattern on the top of the TSV is 207.8nm, reduced 
by 90nm compared to the top of the original TSV. The 
average value of the scallop pattern on the inner wall of the 
TSV is 60nm, reduced by 42.5nm compared to the original 
TSV. The average value of the scallop pattern on the inner 
wall of the TSV bottom is 97.5nm, reduced by 32.5nm 
compared to the original TSV. The surface diameter is 
11.63μm. 

 

 
 
 
 
 
 
 
 
 
 

 

Fig. 4. SEM images of the scallop pattern on the top, middle and 
bottom of the TSV after a high-temperature thermal oxidation. 

 
After the second high temperature thermal oxidation 

and corrosion of silicon dioxide. As shown in Fig. 5, the 
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Fig. 4. SEM images of the scallop pattern on the top, middle and 
bottom of the TSV after a high-temperature thermal oxidation. 

 
After the second high temperature thermal oxidation 

and corrosion of silicon dioxide. As shown in Fig. 5, the 

average value of the scallop pattern on the inner wall of the 
TSV top is 121nm, reduced by 176.8nm compared to the 
top of the original TSV. The average value of the scallop 
pattern on the inner wall of the TSV is 56nm, reduced by 
46.5nm compared to the original TSV. The average value 
of the scallop pattern on the inner wall of the TSV bottom 
is 52nm, reduced by 78nm compared to the original TSV. 
The surface diameter is 12.1μm. After the second 
oxidation, the undulation of the scallop pattern is reduced 
again, and the roughness of the sidewall is also reduced 
accordingly. 

 
 
 
 
 
 
 
 
 
 
 

 
Fig. 5. SEM images of the scallop pattern on the top, middle and 
bottom of the TSV after the second high temperature thermal 
oxidation. 

 
Fig. 6 shows the SEM images of the scallop pattern on 

the inner wall of the TSV after three times of high-
temperature thermal oxidation and etching of silicon 
dioxide. It can be seen that the scallop pattern on the inner 
wall of each part of the through silicon hole has been 
further reduced, and the roughness has also become 
smaller. The average value of the scallop pattern on the 
inner wall of the TSV top is 97nm, reduced by 200.7nm 
compared to the original TSV. The average value of the 
scallop pattern on the inner wall of the TSV is 36.7nm, 
reduced by 65.8nm compared to the original TSV. The 
average value of the scallop pattern on the inner wall of the 
TSV bottom is 34nm reduced by 96nm compared to the 
original TSV. The surface diameter is 12.6μm. 

 
 
 
 
 
 
 
 
 
 
 

 
Fig. 6. SEM images of the scallop pattern on the top, middle and 
bottom of the TSV after three times of high-temperature thermal 
oxidation. 

 
After four times of high-temperature thermal 

oxidation and corrosion of silicon dioxide, the SEM images 

of the scallop pattern on the inner wall of each part of the 
through silicon hole is shown in Fig. 7. It can be seen that 
after four times of oxidation, the scallop pattern has been 
greatly improved, the roughness of the side wall has been 
reduced to a large extent, and the side wall has become 
smooth. The average value of the scallop pattern on the 
inner wall of the TSV top is 70nm, reduced by 227.8nm 
compared to the original TSV. The surface diameter is 
12.82μm. The inner wall of the middle and bottom of the 
through silicon hole has become very smooth, and the SEM 
measurement (the maximum resolution of the experimental 
ultra-high resolution field emission scanning electron 
microscope Regulus 8100 is 1.1nm) can no longer 
distinguish the scallop ripples. 

 
 
 
 
 
 
 
 
 
 
 
 

Fig. 7. SEM images of the scallop pattern on the top, middle and 
bottom of the TSV after four times of high-temperature thermal 
oxidation. 

 
Table I shows the reduction ratio of the scallop pattern 

on the inner wall of each part of the TSV after each high 
temperature thermal oxidation. Because the scallop pattern 
on the top of the through silicon hole has a large 
undulation, the absolute value of the scallop pattern is 
reduced by successive high temperature thermal oxidation. 
The average value of the scallop pattern is gradually 
gradually increased from 297.8nm in the original through 
silicon hole after each high temperature thermal oxidation. 

For the second method, the experimental TSV is also 
cylindrical TSV obtained by BOSCH etching with diameter 
of 10 μm and depth of 80 μm. The process of only once 
high temperature thermal oxidation for a long-time reduces 
the scallop pattern inside the through silicon hole. The high 
temperature oxidation temperature is 1150℃, the wet O2 
oxidation time is 120 minutes and 180 minutes, the oxygen 
flow is 1.5L/min, and the oxygen flow direction is 
perpendicular to the surface of the silicon wafer (parallel to 
the sidewall of the through silicon hole. The silicon wafer 
is protected with nitrogen during the temperature rising and 
cooling process to prevent the silicon wafer from oxidizing. 

A sample with TSV is thermally oxidized at high 
temperature and corroded silicon dioxide only once, and 
the wet O2 oxidation time is 120 minutes. The undulation 
of the scallop pattern on the inner wall of the TSV is 
significantly reduced. It can be seen from Fig. 8 that the 
average value of the scallop pattern on the inner wall of the 
TSV top is 108nm, reduced by 189.8nm compared to the 
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original TSV. The average value of the scallop pattern on 
the inner wall of the TSV middle is 87.5nm, reduced by 
15nm compared to the original TSV. The surface diameter 
is 12.2μm. After 120 minutes of wet oxygen oxidation, the 

inner wall of the bottom of the TSV can no longer 
distinguish the undulation of the scallop pattern, but the 
inner wall is still relatively rough. 

 
TABLE I 

STATISTICS OF THE SCALLOP PATTERN FLUCTUATIONS OF THE SAMPLES UNDER FIVE CONDITIONS AND THE REDUCTION RATIO OF THE SCALLOP 
PATTERN ON THE INNER WALL OF EACH PART OF THE THROUGH SILICON VIA EACH HIGH TEMPERATURE THERMAL OXIDATION 

 

Samples Location in 
TSV 

Scallop height (nm) 
Reduction of average value 

relative to sample A (%) Min. Max. Average 

A 
top 190 400 297.8 0 

middle 70 140 102.5 0 
bottom 120 150 130 0 

B 
top 120 250 207.8 30.2 

middle 60 60 60 41.5 
bottom 60 120 97.5 25% 

C 
top 90 160 121 59.4 

middle 40 80 56 45.4 
bottom 50 60 52 60.0 

D 
top 70 120 97 67.4 

middle 30 40 36.7 64.2 
bottom 20 50 34 73.9 

E 
top 50 90 70 76.5 

middle --- --- --- --- 
bottom --- --- --- --- 

PS: Sample A is the original TSV， 
   Sample B is the TSV after a single oxidation， 
   Sample C is the TSV after secondary oxidation， 
   Sample D is the TSV after three oxidation times， 
   Sample E is the TSV after four oxidation times。 

 
 
 
 

 
 
 
 
 
 
 
Fig. 8. SEM images of the scallop pattern on the top, middle and 
bottom of the original TSV after high temperature thermal 
oxidation for 120 minutes. 

A sample is thermally oxidized at high temperature 
and corroded silicon dioxide only once, and the wet O2 
oxidation time is 180 minutes. The scallop pattern on the 
inner wall of the TSV is also significantly reduced. It can 
be seen from Fig. 9 that the average value of the scallop 
pattern on the inner wall of the TSV top is 78.6nm, reduced 

  

 
by 219.2nm compared to the original TSV. The surface 
diameter is 12.65μm. The inner wall of the middle and 
bottom of the TSV have become very smooth, and the 
undulation of scallops can no longer be distinguished. 
 

 
 
Fig. 9. SEM images of the scallop pattern on the top, middle and 
bottom walls of the original TSV after high temperature thermal 
oxidation for 180 minutes. 
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original TSV. The average value of the scallop pattern on 
the inner wall of the TSV middle is 87.5nm, reduced by 
15nm compared to the original TSV. The surface diameter 
is 12.2μm. After 120 minutes of wet oxygen oxidation, the 

inner wall of the bottom of the TSV can no longer 
distinguish the undulation of the scallop pattern, but the 
inner wall is still relatively rough. 
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top 50 90 70 76.5 
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   Sample D is the TSV after three oxidation times， 
   Sample E is the TSV after four oxidation times。 
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by 219.2nm compared to the original TSV. The surface 
diameter is 12.65μm. The inner wall of the middle and 
bottom of the TSV have become very smooth, and the 
undulation of scallops can no longer be distinguished. 
 

 
 
Fig. 9. SEM images of the scallop pattern on the top, middle and 
bottom walls of the original TSV after high temperature thermal 
oxidation for 180 minutes. 

 
 
 

IV. CONCLUSION 
 

Reducing the scallop pattern and smoothing the inner 
wall of TSV can not only significantly improve the 
performance of the through silicon hole and the reliability 
of the three-dimensional integrated system, but also 
facilitate the filling of each layer of material in the hole. 
This paper proposes two experimental methods for 
reducing the scallop pattern on the inner wall of TSV. One 
is multiple times of "high temperature thermal oxidation + 
corrosion silica". Another one is only once long-time high 
temperature thermal oxidation. Experimental results show 
that the effects of the two methods to reduce the scallop 
pattern are very obvious. After four times of high-
temperature thermal oxidation, the scallop pattern at the 
middle and bottom inner walls of the cylindrical TSV with 
diameter of 10μm and depth of 80μm is basically flattened. 
The average value of the scallop pattern at the top of the 
TSV is reduced from 297.8nm to 70nm. After only once 
high-temperature thermal oxidation, the scallop pattern on 
the middle and bottom inner walls of a cylindrical TSV 
with diameter of 10μm and depth of 80μm is basically 
flattened, and the average value of the scallop pattern on 
the top of the TSV is reduced from 297.8nm to 78.6nm, the 
inner wall of the hole becomes smooth.  
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Fractal Reconstruction of Fiber-reinforced Epoxy 
Microstructure 

 
I. M. Radović, A. Stajčić, V. V. Mitić, C. Serpa, V. Paunović, and B. Ranđelović 

 
 

Abstract – In the past century, the use of polymers and 
composites with a polymer matrix has expanded to such a level 
that today it is impossible to imagine life without these materials. 
Epoxy resin and epoxy-based composites are widely used as 
construction materials, due to their excellent adhesion, thermal 
and chemical stability. Fractal nature analysis can provide insight 
in morphological changes at fiber-matrix interface level, which 
could give direction for the processing of composites. This 
mathematical technique can be performed on field emission 
scanning electron microscopy (FESEM) images, by identifying 
fiber phase and pores shapes and boundaries, as well as fiber-
matrix bonding at the interface. In this study, fiberglass mat was 
used for the reinforcement of epoxy. FESEM image of enlarged 
fiber after the composite fracture was used for the reconstruction 
of data. With the use of affine fractal regression model, software 
Fractal Real Finder was employed for the reconstruction of fiber 
shape and the determination of Hausdorff dimension. 

 
I. INTRODUCTION 

 
The use of polymers and composites with a polymer 

matrix has reached every field of application, from robust 
constructions to fine, delicate parts for microelectronic 
devices [1]. Reinforcement with fibers that resulted in 
fiber-reinforced composites (FRC) brought improved 
impact strength, modulus of elasticity and toughness to 
polymer matrix [2]. However, under the influence of load, 
FRC are subject to the formation of cracks, separation and 
stratification of fibers from the matrix [3-5]. Separation 
prevents the load transfer from the fiber to the matrix, 
causing the degradation of mechanical properties. Brittle 

polymers are especially susceptible to sudden failure due to 
low fracture toughness. Epoxy resin represents brittle 
thermosetting polymer that is used in automobile, 
aerospace and nuclear industry, due to the excellent 
adhesion, thermal and chemical stability [6-8]. Composite 
materials based on epoxy matrix have found application in 
the field of microelectronic devices as good electrical 
insulators [9]. They are easy to process, silicone free 
coatings that can be used for thermal conducting foils. 
Coatings applied in nuclear industry are subjected to 
ionizing irradiations that induces chain scission and cross-
linking, causing degradation of mechanical and thermal 
properties of epoxy [10,11]. It has been shown in previous 
researches that oxidative reactions led to significant 
decrease in epoxy shear and compressive strength, 
toughness and Tg [12-14]. However, glass fibers increase 
resistance to irradiation, as well as other ion capturing 
fillers [15].  

With thorough knowledge of the FRC structure, 
physical properties can be predicted and included in the 
processing of future composites, especially that electronic 
materials miniaturization brought micro- and nanoscale 
level properties at spotlight. Microstructural changes at 
fiber-matrix interface can be investigated using fractal 
nature analysis. Researchers have already given 
publications regarding pore shape and size analysis of 
ceramic and organic-modified ceramic materials [16-18]. 
Recently, this mathematical tool is being employed for the 
characterization of composite materials [19]. Field 
emission scanning electron microscopy (FESEM) image 
scan be used for morphological analysis, for the description 
and prediction of reinforcement-matrix interface 
interactions, pores shape and size or fracture type 
investigation. In this study, for microstructure fractal nature 
analysis, glass fiber-reinforced epoxy composite was used a 
a model material. 

Fractal nature analysis of experimentally determined 
physical properties is performed using a novel affine fractal 
regression model described by the equations published in 
our previous research [20-22]. The aim is to find 
coefficients that fit experimental data for the following 
equation system: 
 

( ) ( )
j j j

x j
a x b x c

p
 

+
= + +   (1) 
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where x ∈[0,1), 0≤j≤p-1, aj represent fractal and bj 
directional coefficients, with 0 < | aj | < 1, with domain 
[0,1), p stands for fractal period. Real solution equation 
system is called fractal function φ: [0,1) → ℝ, having 
mathematical fractal structure – function graph plot 
represents fractal curve [20,21,23]. Higher aj appear in the 
case of strong fractal oscillations. The curve fractal level 
defined by the equation system is L; the first fractal level is 
replicated in the entire domain over every of the p sub-
intervals, building the second fractal level. 

In order to obtain coefficients that fit the data, explicit 
solution of the problem that depends on the p-expansion of 
numbers in [0,1) is used. For L =2, this solution is: 
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For obtaining the best coefficients, the theoretical 
approach computes the SSR - sum of square residuals in 
between the formal definition and the real values. 
Afterwards, the partial derivatives of SSR are equalled to 
zero, for minimizing the error. The best solution of the 
problem is given when: 
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for all j = 0,1,2…p-1. This is a problem with 3p 
parameters, to estimate where the equations to solve are 
nonlinear. 

The mathematical analytical solution of this partial 
derivative system is not possible to compute, and a 
numerical approach is needed. With the software for 
numerical computation of the solution, called Fractal Real 
Finder, we worked on samples and obtained estimated 
curves and estimates of Hausdorff dimension. With the 
input of the real data, the program executes simulations and 
gives an output with a fractal curve as modelled above. 

With the estimated fractal curves, we may estimate the 
Hausdorff dimension [22].The Hausdorff dimension is an 
indicator of the chaotic/irregular data behaviour. The 
classical dimension is represented by integer: 1 for lines 
and curves, 2 for 2D objects, 3 for solid 3D objects. There 
are structures that have characteristics in between two 
integer dimensions. In that case, we may estimate a non-
integer dimension. The fundamental theoretical 
mathematical non-integer dimension is Hausdorff 
dimension, sometimes referred as fractal dimension. The 

box dimension is a simplified indicator that provides 
estimates for the real Hausdorff dimension of real data. 

Proposition: The Hausdorff dimension Dof the 
function graph, φ solution of the above system is upper 
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The coefficients with fractal relevance are those aj  such 
that |aj|>1/p. 
 

II. FRACTAL RECONSTRUCTION OF DATA 
 

The model developed in [20] is done in terms of 
fundamental mathematical theory. The application to real 
data must have a fitting method, i.e., a procedure to find the 
parameters of a theoretical function. In regards to fractal 
fitting the usual method in the literature is the fractal 
interpolation. This method does not provide a complete set 
of estimated parameters, namely the fractal coefficients are 
not obtained. The novelty in this work is the fractal 
regression that provides a method to discover all the 
parameters of the theoretical model that is approximately 
fitting real data. The estimation of fractal coefficients allows 
estimating directly the Hausdorff dimension. The model 
used in the paper is the specific case of a model proposed 
earlier in the literature. This work applies a new method to 
obtain this model - the fractal regression - to estimate the 
parameters from real data. This new method provides a 
fractal function that approximates a given real data. All 
theoretical properties of this functions that are proved in the 
theory may now be applied to the real data by this fitting 
method. From the following image, we selected a centre 
small part (lighter bar) and zoomed in it to a new image. 

 

 
 

Fig. 1. FESEM of a fiber-reinforced composite. 
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Fig. 1. FESEM of a fiber-reinforced composite. 

 
We introduced red points in a border line. The fractal 

reconstruction is plotted in the figure next to the selected part 
of the image. In this case, we put the default domain in the 
vertical axis and upside down to match with the position of the 
image. 

 

 
 

Fig. 2. Image of a rod with red points (on left) and corresponding 
fractal reconstruction (on right) 

 
We ran the software to evaluate possible fractal 

shapes in the data. We fractal reconstruct the curve, with 11 
fractal periods (p = 11) and 2 fractal levels (L = 2). The 
curve has pL = 112 = 121 points. 

The coefficients of the fractal-estimated curve are in 
the following table. 
 

TABLE I 
ESTIMATED COEFFICIENTS FOR THE FRACTAL CURVE 

 
 0 1 2 3 4 5 
aj -0.058 -0.086 -0.009 -0.229 -0.076 -0.161 
bj -0.397 -0.47 -0.224 -0.606 -0.446 -0.701 
cj 3.39 3.256 2.849 3.371 2.896 2.886 
 6 7 8 9 10  
aj -0.365 -0.021 -0.097 0.001 -0.017  
bj -1.2 -0.518 -0.725 -0.561 -0.54  
cj 3.244 1.976 1.809 1.135 0.703  

 
The relevant fractal coefficients are a3 = -0.2294, a5 = -0.1613, 
a6 = -0.3647 and a8 = -0.0968 (those bigger than 1/p = 0.(09)). 
The corresponding Hausdorff estimate is 1.21968. 

III. CONCLUSION 
 

In this paper, fractal nature analysis was applied on 
fiber-reinforced composite for the reconstruction of fiber 
shape. The analysis with software Fractal Real Finder, 
fractal curve depicting the shape was obtained, as well as 
Hausdorff dimension of 1.21968. This indicates that the 
fibers have been successfully reconstructed. The finding 
achieved in this study enables the use of the fractal 
software analysis for the design and prediction of efficient 
reinforcement for epoxy-based composites in the future. 
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By Design Correction of Capacitors Mismatch in
SAR ADC with Split Capacitor DAC

D. Osipov, A. Gusev, and S. Paul

Abstract— A method for selecting the number of cor-
rection capacitors for split-capacitor digital-to-analog
converters (DACs) in successive approximation register
(SAR) analog-to-digital converters (ADCs) is proposed.
This method is based on a simulation of the array in
Matlab, with information on the possible capacitor mis-
match only.

The proposed method is demonstrated using a 10-bit
ADC with a unit capacitor mismatch of 5%. The vari-
ance in the effective number of bits (ENOB) can be im-
proved by 47% for nearly the same mean value.

I. Introduction

Successive approximation register (SAR) analog-to-
digital converters (ADCs) are the most popular type
of ADC owing to their low power consumption, poten-
tial for scaling, and moderate speeds. In SAR ADCs,
conversion is performed using binary-weighted capaci-
tor array DACs, which require relatively large chip area.
A splitting of the DACs can save a lot of area but can
lead to linearity errors due to the mismatch in the at-
tenuation capacitor [1].

In the classical solution, the DAC array is split into
the most-significant-bit (MSB) and least-significant-bit
(LSB) parts, with the attenuation capacitor CA be-
tween the two arrays. If the matrix is split into two
equal parts, the attenuation capacitor should be equal
to 2N/(2N−1)C0 ≈ C0, where N is the resolution of the
ADC and C0 is the capacitance of the unit capacitor.
Any deviation from this value will lead to larger INL
errors near the MSB capacitor switches (gain error of
the LSB matrix).

To provide a more robust solution, the splitting of
the matrix by a larger-attenuation capacitor was pro-
posed in [2]. For example, one can choose the 2C0 as
an attenuation capacitor; the correction capacitors are
then connected to the LSB matrix to correct its at-
tenuation. The decrease of the attenuation capacitor
value decreases the INL error because of a capacitor
mismatch. An in-depth analysis of the effect of different
values of the attenuation capacitor has been provided

A. Gusev and S. Paul are with the Institute of Electrodynamics
and Microelectronics (ITEM), University of Bremen, Otto-Hahn
Allee 1, 28359 Bremen, Germany, E-mail:{agusev,paul}@me.uni-
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is with Racyics GmbH, Bergstr. 56, 01069 Dresden, Germany,
E-mail:osipov@racyics.de
This work was supported by German Research Foundation

(DFG), Project number: 389481053

in [3]. This concept of splitting has recently been used
in many low-power SAR ADCs, such as shown in [4].

In this paper, we propose a new method to define
the correction capacitors’ value based on a mismatch
analysis of all capacitors in the DAC. Another method,
described in [2], gives optimum results without consid-
ering the mismatch. The transfer function, in the pres-
ence of a mismatch, is highly dependent on the sign of
the deviation of the attenuation capacitor value. If the
value of the real attenuation capacitor of the ADC is
lower after production, the effect on the transfer func-
tion will be significantly worse than if the value was
higher by a similar value. In the latter case, a simple re-
arrangement of the ADC output codes (table method)
can correct the transfer function. The more energy-
efficient fully digital correction methods, which can be
implemented on-chip as in [5] – can also be applied.

Therefore, the concept to be applied is to increase the
effective value of the attenuation capacitor by decreas-
ing the value of the correction capacitor during design.
In this case, a majority of the produced samples will
have a transfer function that can be corrected using the
simple table method. In this paper, we propose the use
of a Matlab simulation to determine the optimum value
for the correction capacitor in the LSB array. This will
ensure the most advantageous characteristics in the ma-
jority of produced ADC samples. The only information
required is the mismatch of the capacitors in a given
technology.

Matlab simulations of SAR ADCs’ capacitive ma-
trixes have been previously reported in [6,7]. We use a
very similar approach to these studies in our modeling
of the SAR ADC.

The proposed method facilitates the correction of a
mismatch when designing the SAR ADC and does not
require any active correction during operation.

II. Influence of Attenuation
Capacitor Mismatch on the Characteristics

of SAR ADCs

A typical SAR ADC with a split-capacitor array is
shown in Fig. 1. This ADC was implemented by the
authors using 65-nm CMOS technology. The simulation
results and description of the architecture can be found
in [8]. In the proposed DAC, the capacitive array is split
by an attenuation capacitor that is equal to two unit
capacitors (2C0); additional χC0 capacitors are added

978-1-6654-4528-3/21/$31.00 ©2021 IEEE
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Fig. 1. Implementation of a SAR ADC with a split-capacitor array.

to the LSB part of the array to compensate for the
larger attenuation capacitor. This reduces the effect of
attenuation-capacitor mismatch on the linearity of the
DAC. This method of splitting was first proposed in [2].
The relationship between the correction capacitor and
the attenuation capacitor can be seen in the following
equation:

CA =
(2p − 1)C0 + CC

2p − 1
, (1)

where p is the number of bits in the LSB array. There-
fore, for the ADC in Fig. 1, the value of the correction
capacitor should be equal to CC = χC0 = 7C0. It will
be shown that the value of χ should be different in the
presence of a mismatch.
Further, in this paper, we will analyze the special case

illustrated in Fig. 1; however, all of these considerations
can be applied to any SAR ADC with a split-capacitor
DAC, especially split-DAC architectures with integer
attenuation-capacitor values greater than 1.
To understand the influence of an attenuation-

capacitor mismatch, we simulated the full ADC scheme
in Matlab, with a 30% deviation in the attenuation ca-
pacitor value. The results of this simulation are shown
in Fig. 2. On the left side of the figure, the attenuation
capacitor has +30% of its initial value; on the right side
of the figure, it has -30% of its initial value. In the first
case, the attenuation error of LSBs leads to a smaller
error during each conversion. When an MSB capacitor
switches, the transfer function jumps, and some ADC
output codes go missing.
In the second case, each bit is affected by the same

small error. However, near the MSB capacitor switches,
the transfer function has larger flat plots. The LSB
range is not sufficient to convert several values of the
input signal. This flat plot means a larger input sub-
range, which is converted to the same code. Therefore,

in the second case, more information regarding the in-
put signal is lost, in comparison to the first case.
To verify these results, we also conducted a dynamic

simulation of the SAR ADCs using the transfer func-
tions with + and –30%mismatches in value of the atten-
uation capacitor. A sinusoidal input signal was applied
to the Matlab model of the SAR ADC. Then, the out-
put codes of the ADCs were corrected using the basic
table method (rearrangement of output code values) for
both cases. As can be seen in Fig.2, for the first case,
the SINAD is equal to 59.5 dB (9.6 ENOB). In the sec-
ond case, the SINAD degradation is much more – up to
55.3 dB (8.9 ENOB). Therefore, it is clear that a pos-
itive mismatch of the same magnitude provides better
ADC characteristics than a negative one.

III. Correction of the Capacitor Mismatch in
a Majority of the Samples

The deviation of the correction capacitor value from
the ideal one was calculated according to equation (1).
This information can help improve the ENOB in most
of the produced samples. The very low capacitance of
the correction capacitor seen from the MSB-array facil-
itates correction by choosing an integer number of unit
capacitors for the correction capacitor. This is quite im-
portant as the unit capacitors of the same value exhibit
the same variations in their value and also facilitate the
design of highly symmetrical topologies.
We performed a simulation of the proposed SAR ar-

chitecture for different values of the correction capacitor
χC0. The resulting histograms and normal-distribution
fittings are shown in Fig. 3. For the initial χ = 7,
the mean ENOB is 9.68 with a variance of 0.094; the
increase in χ leads to an increase in variance and a
decrease in mean ENOB as the attenuation capacitor
value becomes larger (”positive” mismatch). A decrease
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2p − 1
, (1)
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in χ leads to a decrease in variance; for χ = 7, the mean
ENOB also increases. This means that if we choose
χ = 6, we will obtain better results for the majority of
produced ADC samples.

This is also illustrated in Fig. 4, where the depen-
dency of the mean ENOB among 10,000 Monte Carlo
runs – along with its variance from the size of the cor-
rection capacitor – is depicted. In comparison to the
SPICE simulation, such a simulation for the 65,536
samples of the input signal for 10,000 Monte–Carlo runs
can be performed relatively fast. Using an Intel Core
i3 processor, it takes less than an hour.

It can be seen that a decrease in correction capacitor
size always decreases the variance of the ADC’s linear-
ity among samples; however, from the size of 5C0 it
begins to saturate. The mean ENOB exhibits a peak
at the correction capacitor value of 6C0. Therefore, for
example, if we are interested in the best characteristics
for the 3σ range of samples, the best results will be if
we choose a correction capacitor value of 5C0.

For this correction capacitor value, the variance of
ENOB is improved by 47%, while the mean ENOB
value remains nearly the same (0.03 bits less). If the
correction capacitor value selected is 6C0, the mean
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ENOB value will be even better than that for the ini-
tial value of 7C0 (by 0.02 bits), and the variance will
improve by 22%.

IV. Conclusion

A new method for selecting the correction capacitor
value in the LSB-part of the array for split-capacitive
DACs in a SAR ADC was presented. The method
is based on the statistical simulation of SAR ADCs
in Matlab; the only technology-related information re-
quired is the mismatch of capacitors. The method was
demonstrated on the simulation of a 10-bit ADC with
a capacitor mismatch of 5%.
In comparison to the conventional selection of cor-

rection capacitor value, this method can improve the
variance in the ENOB of produced ADCs by 47%.
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Open Source CMOS General Purpose
Operational Amplifier

A. Pajkanović

Abstract—In this paper we present an open source gen-
eral purpose operational amplifier. For this project we
used only the open source software tools and the only
currently available open source CMOS technology node
- SkyWater 130 nm. Availability of the first-ever open
source project design kit enables us, for the first time in
history, to publish integrated circuits designs at all lev-
els of abstraction: from schematic to mask layer details.
This particular circuit is released publicly under a license
that allows commercial applications, but its primary pur-
pose is general availability to everyone for study.

I. Introduction

The semiconductor industry is one of the largest mar-
kets on the planet. It is based on the rapid tech-
nology development, which is, again, powered by un-
precedented growth in communications, applications
and cloud-based services. Over the years, many dif-
ferent technologies were, and are being, used as a ves-
sel to deliver integrated circuits (IC) to users, but the
workhorse of the industry, as it is most widely present,
is the CMOS process. It is the most sophisticated, com-
mercially available, technology on Earth. Therefore,
study of the CMOS devices, circuits and systems is a
mandatory part of any electronics curricula at higher
education institutions.
There are three components that need to meet in

order for an IC to be fabricated - the idea developed
into a design, the tools to do the development and, fi-
nally, the project design kit (PDK) - which is the bond
between mask layers drawings and real-world silicon.
Ideas have always been around in abundance, knowl-
edge on how to develop them into working designs is
scattered across many great textbooks, such as [1–5],
to name a few. Electronic design automation (EDA)
or computer-aided design (CAD) tools have grown in
complexity and capabilities together with the industry
over the decades, and currently there are a small num-
ber of vendors that provide industry standard solutions.
There are, as well, free and open source applications
that are used for a subset of operations in the IC de-
sign flow. These, of course, in general, lack plenty of
the functionality, user experience and reliability of the
commercial tools, and surely can not be addressed as a
toolchain, rather a toolset. Still, it is possible to deliver
a design from schematic level to silicon using only the

A. Pajkanović is with the Faculty of Electrical Engineering,
University of Banja Luka, Banja Luka, Bosnia and Herzegovina,
E-mail: aleksandar.pajkanovic@etf.unibl.org

free EDA/CAD tools, as we have demonstrated in [6]
and others in [7–9]. Information about the CMOS mask
layers, the fabrication process itself (contained within
the PDK), represents a matter of high confidentiality at
all levels between the foundry and the designer. This
technology is still considered a strong advantage, to
the point that there are countries to which foundries
are forbidden to deliver IC fabrication services. The
closest to the generally available PDK is the Scalable
CMOS [10] (SCMOS) - a set of rules that defines how
a designer may draw circuit or device layout, whereas
the third-party acts as integrator and, with the selected
foundry, adds the critical details after the design has
been submitted, thus never publishing actual details of
the process. Another approach may be found at efa-
bless [11], which offers all the free/open source tools
pre-installed on thier platform, free of charge, to any
interested designer. They provide an actual PDK, but,
again, sensitive details of the process are hidden from
the designer. Hence, even if the author publishes the
schematic design, or simulation results, the final layout
and fabrication information may never be released pub-
licly. If we were to project this situation with hardware,
onto software and try to see it in the context of what
immeasurable advancement the open source movement
brought in that field - we clearly realize that this miss-
ing third piece was a major blockage on the road to en-
able all institutions and individuals to teach and learn
and share IC design knowledge to every detail. The
blockage has been finally removed in 2020 with the re-
lease of first-ever open source PDK [12] by SkyWater
Technology [13], thus enabling us to leverage the good
practices familiar from decades of software community
development.

II. Motivation

In recent years courses oriented towards ASIC design,
analog and digital, have been introduced to the Depart-
ment of Electronics curricula at the Faculty of Electrical
Engineering, University of Banja Luka. Without fund-
ing, free/open source EDA/CAD tools were the only
choice [14,15], as teaching electronics without practical
examples is pointless. At the time, the available tools,
as they were, in combination with the SCMOS PDK
and an extreme amount of enthusiasm were just about
enough for performing laboratory exercises - but quite
useless outside the classroom, if we are to educate the
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next generation of IC designers.
Thanks to the pioneering work of countless develop-

ers across the world, lead by revolutionary approach
at efabless platform, everyone can now access all the
components required to create world-class IC design
courses. Most importantly, we get to base these courses
on real-world examples. Such approach makes current
students and future engineers competitive in one of the
most sophisticated job categories out there. The main
idea behind this work is to get involved in designing
and sharing open source hardware, thus building a com-
munity of IC developers and advancing the knowledge
transfer between academia and industry, while improv-
ing the teaching process.

III. Tools

The toolset is different for analog and digital flows;
within this paper we focus on analog design, so only the
the subset of tools related to analog circuit design is
discussed, Fig. 1. In the current iteration of our toolset
for analog IC design, the schematic entry is enabled by
xschem [16]. For simulations, pre- and post-layout, ns-
gpice [17] is used. As a waveform viewer gaw [18] is fast
and capable, but it is strongly suggested to have python
installation handy, due to the requirements of certain
simulation results processing and the agility found in
python’s vast libraries. Layout is drawn in Magic [19],
which provides a DRC in real time and parasitic ex-
traction, while also converting the drawn layers into
GDSII format for fabrication. LVS checks are done by
netgen [20]. Finally, to make sure that GDS holds ap-
propriate information, KLayout [21] may be used as a
viewer.

Schematic entry

Simulation

Post-processing

Layout, DRC, extraction

Post-layout simulation

LVS

GDSII conversion

xschem

ngspice

Python

Magic

netgen

ngspice

Magic

a) b)

GDS viewer KLayout

Fig. 1. Analog IC design open source toolchain: a) general ap-
proach, and b) tools applied during this project.

IV. Technology

Even though the 130nm process appeared on the mar-
ket back in 2001, it is still used in the area of research,
small microcontroller development, and mixed signal
embedded designs, i.e. IoT devices. Skywater Technol-
ogy was founded recently, through acquisition of Cy-
press’ subsidiary, a foundry with extensive experience
in IC fabrication. Therefore, the Skywater 130 nm
(SKY130) process node, while open-sourced in 2020,
is derived from a mature CMOS technology. On the
other hand, while that original CMOS technology has
been used in design of many successfully manufactured
IC in commercial purposes, the SKY130 PDK is not
yet production ready. It is currently intended only for
making test chips and prototype verification. Still, it is
important to note that neither of those is guaranteed,
at this point - i.e. this PDK is still a work in progress.

SKY130 is a 5 metal levels 180 nm-130 nm hybrid
process node with internal input/output pins operable
at both 1.8 V and 5 V. It includes MiM capacitors,
inductors, one level of local interconnect and SONOS
functionality. Therefore, SKY130 is quite a flexible
technology, providing the IC engineer with a wide range
of design choices. The foundry even leaves open the pos-
sibility of enabling further customization, through ad-
dition of specialized materials, such as Nb, Ge, V2O5,
Carbon Nanotubes.

Due to the current market requirements, most of de-
signs are digital, thus most of IC engineers are working
on digital projects. This is by no means different in the
context of SKY130, so most of designs available since
the node was published are RTL implementations of a
variety of interesting projects. There were two shut-
tle runs by this paper submission (November 2020 and
June 2021), completely financed by Google and Sky-
Water. Thus, up to 40 engineers (or teams) had twice
the opportunity to fabricated their ideas for free, under
the condition that they open source their work. List
of projects for both shuttle runs (called MP-ONE and
MP-TWO) are available at efabless website [11]. It is,
of course, possible to work in the analog domain with
this technology, even RF actually - since inductors are
supported, and this is what falls in the scope of this
paper.

There are multiple options to select the actual tran-
sistor to work with, depending on the project require-
ments. There are versions for different supply voltages,
ranging from 1.8 up to even 20 V. There’s a native
NMOS for 3.3 V, but there are also low-threshold vari-
ants for 1.8 V power supply. As the main purpose of this
paper is to demonstrate a simple, but working, opamp
design, we select the transistor capable of working un-
der 3.3 V to work with. This transistor is limited to
500 nm minimum channel length. With these design
choices two things are achieved: (i) we avoid the short-
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the condition that they open source their work. List
of projects for both shuttle runs (called MP-ONE and
MP-TWO) are available at efabless website [11]. It is,
of course, possible to work in the analog domain with
this technology, even RF actually - since inductors are
supported, and this is what falls in the scope of this
paper.

There are multiple options to select the actual tran-
sistor to work with, depending on the project require-
ments. There are versions for different supply voltages,
ranging from 1.8 up to even 20 V. There’s a native
NMOS for 3.3 V, but there are also low-threshold vari-
ants for 1.8 V power supply. As the main purpose of this
paper is to demonstrate a simple, but working, opamp
design, we select the transistor capable of working un-
der 3.3 V to work with. This transistor is limited to
500 nm minimum channel length. With these design
choices two things are achieved: (i) we avoid the short-

channel effects, bound to complicate the calculations
in the models characterized by shorter channel lengths;
and (ii) we allow comfortable biasing, given that we
have three transistors stacked and, thus, require signif-
icant voltage overhead.
To get the most general overview of the technology

performance possibilities, several graphs are of impor-
tance: transfer characteristic, output characteristic and
unity gain frequency. It is beyond the scope of this pa-
per to explain the purpose and consequences of the data
shown in Figs. 2-6, so we direct the reader to any of the
great textbooks presented in Section I. Furthermore, we
show just the most common strong inversion operation
regime, due to paper length limitations. These graphs
are presented only as a starting point for design con-
siderations in analog projects using the SKY130 node
aiming at 3.3 V power supply. The main contribution
here are ngspice setups, xschem schematics and python
scripts written to generate these graphs. All the source
files are available at the design repository [22]. The
testbenches may be easily adapted to any other tran-
sistor model, voltage range, device dimensions or, even,
a different technology.

Fig. 2. Output characteristic with VGS as a parameter.

Fig. 3. Output characteristic with channel width as a parameter.

Fig. 4. Transfer characteristic with VDS as a parameter.

Fig. 5. Transfer characteristic with channel width as a parameter.

Fig. 6. NMOS unity gain frequency at 3.3 V power supply.

V. Example Design

The general purpose operational amplifier is the
standard two-stage topology, shown in Fig. 7. This
schematic is a standard textbook example, we do not
present any novelty whatsover in circuit design. The
contribution is found in the fact that this operational
amplifier has been designed using nothing but free re-
sources: toolchain presented in Section III and SKY130
process node presented in Section IV. The exact cal-
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culation and device dimensions may be found in [23],
and at this project repository, where all source files
for schematics, simulations, post-processing and layout
may be found [22]. Since no changes were performed
on device dimensions yielded through calculations de-
rived in that original publication, we conclude that this
opamp design has been successfully ported to SKY130
process node.
Opamp performance is not of primary concern in this

case, but it is important to note that figures of merit
yield almost the same or very similar numeric values like
in [23]. Another conclusion that arises from porting this
opamp design from the commercial 130 nm technology
presented in original publication to SKY130 is that this
proves that the first-ever open source PDK does not fall
behind in achieving decent results for analog design.
In Fig. 8 the dependence of the output voltage on

the input voltage, i.e. the transfer characteristic is
shown. Here we note that the output common mode
range (OCMR) is between 0.18 V and 3.13 V. Input
common mode range (ICMR) is from 1.2 V to 3.3 V. In
Fig. 9 input and output voltage are shown in time do-
main, yielding amplification of 280. This is confirmed
in Fig. 10, where amplification magnitude of 50 dB at
low and middle frequencies is demonstrated. The same
graph shows f3dB of 400 kHz, unity gain frequency fT
(sometimes also referred to as gain-bandwidth product
- GBW ) of 100 MHz and phase margin of 75o. The
original design yields PM of 46o, f3dB of 30 kHz, max-
imum amplification of 74 dB and GBW of 100 MHz.
As this is the most basic design and the first ex-

ample intended for teaching and discussion in the first
pass through opamp implementation in silicon, no fur-
ther investigation has been performed. Hence, we pro-
vide no process, voltage nor temperature (PVT) vari-
ations, and we do not introduce advanced analog lay-
out techniques, such as matching. The simplest lay-
out, performed by instantiating individual devices and
simply routing them together is shown in Fig. 11. To
implement resistor and feedback network required in
schematic, poly-resistor and the MiM capacitor were
used. Only the core is shown, without the pads, as the
design is of negligible size in comparison to the padring,
taking the area of only 37× 25 µm2.

VI. Conclusion

With this work, we demonstrate using solely free and
open-source tools as well as as the first-ever open-source
PDK, SKY130, to design an analog IC all the way
to silicon. A well known, general purpose, two-stage,
balun and inverting integrated operational amplifier is
ported to Skywater standard 130 nm process node.
While there is no novelty in circuit design, we con-
tribute a fully functional example, intended for teach-
ing and (self)study, with each of its design abstraction
levels available to the public. Performance is compa-

vin+ vin-

VDD

GND
VBVB

vOUT

Fig. 7. Standard two-stage general purpose operational amplifier

Fig. 8. Transfer characteristic in linear range

Fig. 9. Inverting opamp input and output in time domain

rable to the original publication. This means that the
open-source PDK is equally capable for analog design
at moderate frequencies.

In future work, we intend to develop this design fur-
ther, to include advanced simulations and analog layout
techniques. In the next iteration, fabrication via shuttle
runs is planned, as a final step in confirming the func-
tionality of all the pieces - both within the toolchain
and the PDK.
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Fig. 10. Magnitude and phase, 3dB-frequency (f3dB , phase mar-
gin PM and unity gain frequency fT )

Fig. 11. Layout in SKY130 standard CMOS process node
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Low Noise High Linearity Current Readout
Topologies for Potentiostat Circuitry

S. Toprak, R. Acar Vural, and O. Zafer Batur

Abstract— In this work, two current readout archi-
tectures are investigated for potentiostat design; bidi-
rectional current conveyor based potentiostat (BCC-P)
and first generation current conveyor based potentiostat
(CCI-P). They are designed in CMOS 180 nm TSMC
technology with standard 1.8 V supply voltage and are
evaluated in terms of input referred noise, linearity, ac-
curacy, current range and power consumption. The in-
tegrated input referred noise of the BCC-P and CCI-P
circuits are 0.432 pA and 153 pA between 0.01 Hz - 1
kHz, respectively. Although each circuit has similar op-
amps circuits, BCC-P is found to be more advantageous
in terms of current linearity and noise.

I. Introduction

Potentiostat is a commonly used electrochemical
measurement device in chemical analysis, particularly
in the investigation of the mechanism associated with
the oxidation-reduction (redox) chemical reactions and
other chemical events. It maintains the electrochemical
stability of the solution due to the low power electron
transfer methods used in the measurements. Therefore,
the potentiostats have a wide range of applications such
as electrochemical detection, water quality monitoring,
DNA identification, neural activity detection, glucose
determination and metal corrosion analysis [1].

CE RE WE

Vout

Control Ampl�f�er R-TIA
VRE

IRedox

Fig. 1. Schematic of potentiostat

The voltammetry and the potentiometry are com-
monly used electrochemical analysis methods in mea-
surements. The most common amongst them is the
cyclic voltammetry technique, in which a varying volt-
age between a certain negative and a positive value is
applied to the solution using the electrodes and the
resulting chemical reaction is analyzed by reading the
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current flowing through the electrodes. Fig. 1 shows a
three-electrode system for the voltammetry technique.
A potential known as redox voltage is applied between
working electrode (WE) and reference electrode (RE),
and redox current is obtained through the chemical re-
action. There is a counter electrode (CE) that keeps
the voltage between WE and RE constant and provides
the necessary current to the solution for electrochemical
analysis to take place. As a result of applying a positive
potential against RE, a oxidation current is generated,
while the application of negative potential results in an
reduction current [2].

The potentiostat circuit employs a control amplifier
to obtain the potential between WE and RE to sup-
ply the required current through CE to the solution.
There is also a transimpedance amplifier (TIA) which
is used to read the current through WE as shown in
Fig. 1. In order to convert the current to voltage, a
resistive feedback or a switched capacitor configuration
is used in TIA. However, the potentiostat can be af-
fected from the environmental interference and noise
in the resistance feedback structure, since WE is not
directly grounded [3]. Moreover, the thermal noise of
the resistor can be injected into the electrode. On the
other hand, the switched capacitor circuit causes the
electrode to be affected by the switching noise and dis-
rupts the electrochemical charge balance. [4, 5]. There-
fore, it has been proposed to carry the measured cur-
rent with a current conveyor or a current mirror topol-
ogy in order to avoid direct conversion from current
to voltage. Following, the measurements on the redox
current can be performed [1, 6]. The main purpose of
the current conveyor and the current mirror is to iso-
late the measurement electrodes and to prevent charge
injection. They also keep the electrode voltage at a
constant value. As different electrochemical reaction
takes place in various applications, the redox voltage
applied to the potentiostat and expected current levels
may vary. Therefore, the potentiostat must be capable
of measuring a wide range of input current for differ-
ent redox voltages. Moreover, it is also desired that the
current readout circuit has low noise for low redox cur-
rents and high linearity for both low and high current
measurements [7]. This paper analyzes the potentiostat
topologies that performs two types of current duplica-
tion and discusses the advantages and weaknesses of
each architecture. The main contribution of this work
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is the evaluation of potentiostat topologies which are
designed with the same fabrication technology for the
comparison of noise performances and current linearity
figures. Circuit design details are provided Section II.
Section III presents simulation results and concluding
remarks are discussed in Section IV.

II. Potentiostat Topologies

A. Current Conveyor Based Potentiostat

In order to measure the bidirectional current, cur-
rent conveyor can be used as shown in Fig. 2. A control
amplifier is employed to apply a potential difference be-
tween RE and WE. The current conveyor used for bidi-
rectional current conveyor based potentiostat (BCC-P)
consists of OTA and improved active feedback cascode
current mirror as shown in the Fig. 3 [1].
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Fig. 2. Schematic of the current conveyor based potentiostat and
control amplifier circuit.

The designed OTA as shown in Fig. 4 has low noise
and it measures the current with its cascode current
mirror at the output and copies it with high accuracy.
NMOS transistors are more noisy compared to PMOS
transistors due to less capture and mobility of gate car-
riers. Therefore, a PMOS input stage is preferred for
the OTA to obtain low noise. In order to reduce the
flicker noise of the transistors at the input, the tran-
sistors are operated in different regions by using the
gm/ID selection methodology. It operates in weak in-
version, moderate inversion, and strong inversion re-
gion, depending on the W/L ratios. M1 and M2 are
operated in the weak inversion region and remaining
transistors are operated in the strong inversion region
for achieving optimal gm values to reduce flicker noise
and thermal noise. After gm optimizations, thermal and
flicker noise are reduced and the input referred noise of
OTA is found as 57 nV/

√
Hz @1 kHz. In addition, the

offset between the two inputs affecting the measured
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Fig. 3. Schematic of bidirectional current conveyor
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Fig. 4. Circuit schematic of the OTA used in the potentiostats
employing BCC-P

current range is calculated using Monte Carlo analy-
sis and mismatch simulation. As shown in Fig. 5 , the
maximum offset voltage is 0.65 mV.
An improved active feedback cascode current mirror

is used to increase output voltage swing and the out-
put impedance, and to improve current matching of
the BCC-P circuit. OTA’s output is composed of a
feedback loop involving MN and MP transistors. Reg-
ulating amplifier transistors in the BCC-P, shown in
Fig. 3, are biased with the current supplied from M12
and M21 transistors. M16-M17 pair and M25-M26 pair
are used to ensure precise matching between the drain-
source voltages of M12-M15 transistors and M21-M24
transistors. Thus, the M16-M17 and M25-M26 drain
voltages are adjusted in a feedback loop to set the gate
voltages of M27 and M18.
First generation current conveyor based potentiostat

(CCI-P) structure is designed to measure bidirectional
currents. The current conveyor shown in Fig. 6 is used
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is the evaluation of potentiostat topologies which are
designed with the same fabrication technology for the
comparison of noise performances and current linearity
figures. Circuit design details are provided Section II.
Section III presents simulation results and concluding
remarks are discussed in Section IV.
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amplifier is employed to apply a potential difference be-
tween RE and WE. The current conveyor used for bidi-
rectional current conveyor based potentiostat (BCC-P)
consists of OTA and improved active feedback cascode
current mirror as shown in the Fig. 3 [1].
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current range is calculated using Monte Carlo analy-
sis and mismatch simulation. As shown in Fig. 5 , the
maximum offset voltage is 0.65 mV.
An improved active feedback cascode current mirror

is used to increase output voltage swing and the out-
put impedance, and to improve current matching of
the BCC-P circuit. OTA’s output is composed of a
feedback loop involving MN and MP transistors. Reg-
ulating amplifier transistors in the BCC-P, shown in
Fig. 3, are biased with the current supplied from M12
and M21 transistors. M16-M17 pair and M25-M26 pair
are used to ensure precise matching between the drain-
source voltages of M12-M15 transistors and M21-M24
transistors. Thus, the M16-M17 and M25-M26 drain
voltages are adjusted in a feedback loop to set the gate
voltages of M27 and M18.
First generation current conveyor based potentiostat

(CCI-P) structure is designed to measure bidirectional
currents. The current conveyor shown in Fig. 6 is used

Fig. 5. Offset between two inputs of OTA

Fig. 6. Schematic of the first generation current conveyor (CCI)

for the CCI-P circuit [8]. A control amplifier is em-
ployed to apply a potential difference between RE and
WE. Y terminal of the current conveyor is connected
to ground so that the voltage of the X terminal is set
to ground. An input current forces the X terminal to
cause a current flow that is equal to Y terminal current.
So, the current is carried to the Z terminal, which has
a high output impedance to increase the linearity.

III. Simulation Results

The potentiostat topologies are simulated in Cadence
environment using CMOS 180 nm TSMC technology.
For simulation, the AC electrochemical cell equivalent
circuit shown in Fig. 7 was used. RWE and RCE are
resistance of WE and CE, respectively. CCE, CWE are
double layer capacitances of the CE and WE, respec-
tively. The solution resistances RS1 and RS2 are ne-
glected for simulation since they are small compared to
RWE and RCE resistances. RWE and CWE vary depend-
ing on the the solution concentration. For simulation,
RCE and CCE are set as 1 kΩ and 1 nF, respectively.
RWE varies between 6 kΩ - 600 kΩ for different current
values according to the solution. This is equivalent to
changing the redox current from 1 µA to 100 µA. The
noise results are taken from the current readout circuits.

To measure the bidirectional redox current, the cur-
rent conveyor topology employs current conveyor and
a control amplifier. The integrated input referred noise

RCE
RS1 RS2

RWE

CWECCE
CE

RE

WE

Fig. 7. Equivalent circuit of an electrochemical cell

of the current conveyor is 0.432 pA between 0.01 Hz-1
kHz. The linearity of the measured current is shown
in Fig. 8(a). An important consideration for current
conveyor design is the matching of the output current.
When the output current approaches 0, a leakage cur-
rent may be flowing through the output transistors.
This can make small currents difficult to measure [9].

In order to measure the bidirectional redox current,
the first generation current conveyor topology employs
a control amplifier and a current conveyor. The inte-
grated input referred noise of the current conveyor is
153 pA between 0.01 Hz-1 kHz. The linearity of the
measured current is shown in Fig. 8(b). The current
conveyor must have a high output impedance, otherwise
a voltage change at the Z terminal may adversely affect
the linearity of the current. The current conveyor using
an active structure as in Fig. 3 can be used to facilitate
the high output impedance demand. In addition, this
channel length minimizes the modulation effect [9].

Monte Carlo analysis of the mismatch effect and pro-
cess variation for certain currents in compared circuits
are given in Table I. Only Monte Carlo analysis of the
positive directional current was performed in the cur-
rent conveyors. The results obtained are approximately
the same for each circuit. However, when the average
values are examined, BCC-P structure gives good re-
sults for the targeted current according to CCI-P struc-
ture. When the current conveyors are compared, BCC-
P and similar structures can be preferred over conven-
tional current conveyors such as CCI-P in terms of lin-
earity and mismatch.

The accuracy in reading the redox current for the
compared topologies was analyzed under the condition
of temperature and supply voltage mismatch and sum-
marized in Table II. The results obtained have been
found to generally reach the worst case error in the
mismatch analysis of the supply voltage for topologies.
Also, the current transfer error of the current copied
to the output is affected by temperature variations. In
circuits, the worst accuracy is obtained at low currents.
BCCI-P performed well for current accuracy compared
to CCI-P. The transistors of this CCI-P structure are
insufficient to provide a good match for high accuracy.

Table III shows evaluation result of the proposed
topologies. The linearity results of all circuit topolo-
gies are satisfactory to measure current within a certain
range. However, noise of the BCC-P structure is good
compared to CCI-P. Because for the CCI-P structure,
the electrode current combines with the bias current of



222

TABLE I
Monte Carlo Simulation Characteristics for Output Current

IOUT (A) 1 � 20 � 100 �

Min (A) Max (A) Std Dev Mean (A) Min (A) Max (A) Std Dev Mean (A) Min (A) Max (A) Std Dev Mean (A)
BCC-P 0.93 � 1.13 � 35 n 1.01 � 19 � 21.84 � 490 n 20.17 � 96.71 � 106.1 � 1.6 � 100.06 �
CCI-P 0.92 � 1.26 � 43.43 n 1.084 � 20.37 � 22.08 � 345.7 n 21.16 � 101.3 � 107 � 1.2 � 103.8 �

TABLE II
Variations of accuracy for different conditions

Parameter Range Circuits
Current Error (%)
Best Worst

Temperature (◦C) (-50)-60
BCC-P 0.0037 0.085
CCI-P 0.344 0.71

Power Supply (V) 1.8 �%10
BCC-P 0.015 0.097
CCI-P 0.3005 0.788

TABLE III
Performance Comparison of Potentiostat Circuits

BCC-P CCI-P
Technology 180 nm 180 nm
Supply Voltage [V] 1.8 1.8
Current Range [µA] ±100 ±100
Redox Potential [V] ±0.8 ±0.8
Linearity [R2] 0.9999 0.99986
Input referred noise (0.01 Hz-
1 kHz)[pA]

0.432 153

Power Diss. [mW] 2.04 2.3
Bidirectional Current Yes Yes

the conveyor. Thus, the total noise will be equal to
the noise caused by both. This would not be suitable
for structures designed to read low currents. BCCI-P
structure does not need bias current, which ensures that
the noise is as low as possible. Transistor sizes of the
circuits are given in Table IV.

TABLE IV
Transistor size of topologies

BCC-P CCI-P
Transistors W/L Transistors W/L Transistors W/L
M12-M15 20�/500n M21-24 40�/500n M1,M2,M9,M5,M6 100�/500n
M16-M18 40�/2� M25-27 60�/2� ,M7,M8,10 50�/500n
M19-M20 40�/500n M28-M29 20�/500n ,M3,M4 50�/500n

IV. Conclusion

Potentiostat circuits with current measurement
topologies BCC-P and CCI-P are presented and com-
pared in terms of noise, linearity, accuracy and power
consumption. The circuits are designed and simulated
in TSMC 180 nm CMOS technology. BCC-P and CCI-
P structures can measure bidirectional current flow.
The current conveyor based BCC-P provides the lowest
noise of 0.432 pA and high accuracy for the measured
current, but power consumption is the highest in the
studied circuits. The integrated input referred noise of
the BCC-P and CCI-P topologies are 0.432 pA and 153
pA, between 0.01 Hz - 1 kHz, respectively. In future

(a) (b)

Fig. 8. Measurement results of circuits. (a) Linearity of BCC-P
(±100 µA). (b) Linearity of CCI-P (±100 µA).

work, improvements for wide current range while main-
taining high accuracy will be investigated.
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I/Q Demodulator for a Doppler System  
 

A. Marzuki and I. A. Ukaegbu 
 
 

Abstract - This paper would explain in detail the design of an 
In-phase-Quadrature (I/Q) demodulator with low current 
consumption. SiGe 0.35m BiCMOS technology with fT =45 
GHz, fmax = 60 GHz and Noise Figure = 0.8 dB at 2GHz was used 
for the design. The CMOS devices were primarily used in the 
biasing circuits for power consumption reduction, whereas SiGe 
Bipolar devices were used in signal path circuits. The design 
contained two mixers, a local oscillator (LO) divider, a 
bias/control circuit, a negative resistance circuit, and buffer 
amplifiers. The I/Q demodulator was then layout and had gone 
through the post-layout simulation to check performance with the 
parasitic elements introduced from the layout. A prototype was 
measured and was found to be agreed with the simulation results. 
The prototype was tested in the region of 190 MHz input 
frequency and output frequency of 0-35 MHz. In addition, the 
prototype had also met the specifications for the non-contact vital 
sign I/Q demodulator. It achieved an EVM of 2.9%. It was also 
achieved a gain ripple of 0.12 dB, gain mismatch of 0.1 dB, and 
phase mismatch of 1.25°. The design, consisting of mixers, 
frequency dividers, buffer amplifiers, and bias/control circuits, 
consumes 4 mA with a 3V power supply. With the AGC and 
VGA, the total current is 11 mA. The maximum IIP3 is -9 dBm. 
 

I. INTRODUCTION 
 

The usage of RF or microwave techniques such as a 
doppler system has also been emphasized in biological 
effect measurement, especially in non-contact vital-sign 
sensors for health care monitoring [1]. The non-contact 
measurement method does not cause discomfort or skin 
irritation as electrodes and straps do and make the detection 
ideal for long-term continuous monitoring [2-4]. With the 
non-contact detection, patients can be placed at their own 
house by using the sensors, gathering real-time vital-sign 
data from patients, and recognizing their health problems. 
This technology is very suitable for infants, elders, and 
scalded patients and is likely to dominate the health care 
monitoring market in the future. One of the components is 
a demodulator. The demodulator is used to process phase-
modulated signals [5]. Thus, Homodyne topology could 
reduce power consumption. Nevertheless, a major 
disadvantage of homodyne topology is the amount of DC 
offsets introduced by the system, which can cause 
saturation for the digitizer process [6, 7]. The equations of 
the I/Q channels, 

Eq. 1 and 2: 
 

  (1) 
 

 (2) 
 

Where λ is the carrier wavelength, AI, AQ are the 
amplitude of I/Q channels. DC1 and DCQ are the DC offset 
parameters. x(t) is the chest wall movement, including 
respiration and heartbeat. Δθ(t) is residual phase (from the 
TX). θ0 is 2πf0t. From these equations, the amplitude of the 
I/Q channel is important, and the imbalance must be kept 
low. 

This paper explains the development of the 
demodulator, which would work for a doppler system. 

This paper starts with the introduction. Section II 
discusses the implementation, while section III details the 
result. The conclusion section concludes this paper. 

 
II. IMPLEMENTATION 

 
The topology chosen for the I/Q demodulator is shown 

in Fig. 1. The VGA is added to the I/Q demodulator to 
increase the voltage gain and, at the same time, have the 
variable gain capability. EF, the emitter follower circuit, is 
used to drive the signals to the mixers. Two double-
balanced mixers generate In-phase and Quadrature signals; 
they are driven from LO-divider signals that 90 degrees out 
of phase. LO-divider signal can be selected to be either 
divide-by-2 or divide-by-4.  

A voltage-controlled oscillator can be realized by 
placing an off-chip tank circuit across the –R circuit. Buffer 
for the VCOout is used to amplify the LO signal generated 
from the tank circuit and potentially for the transmitter 
chain. The buffer can also be selected to be ON or OFF by 
configuring the Bias/sleep circuit. The Bias/sleep circuit is 
used to bias all circuits in the design. The Bias/sleep circuit 
is designed to be temperature independent. Hence the 
overall design would also be temperature independent. 
After the architectural decisions have been made, the I/Q 
demodulator must be realized with first-order analysis. The 
approach was to analyze from a block diagram to the whole 
I/Q demodulator. 
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Fig. 1. I/Q Demodulator + Vga Block Diagram. 

 
SiGe HBT 0.35 μm BiCMOS technologies with Ft = 

45 GHz, Fmax = 60GHz, and NF = 0.8 dB at 2 GHz was 
used for this design. SiGe HBT has been demonstrated to 
have the best intrinsic performance than Si BJT and better 
cost-performance than GaAs technology. The better 
performance is due to a low base resistance, a high current 
gain, a low base-emitter capacitance (Cje), high Ft, and 
higher early voltage. SiGe HBT also has a lower input 
voltage than Si BJT. This would help in designing low 
voltage circuit design. SiGe HBT shows current gain 
negative temperature-dependence; this is the opposite of Si 
BJT. The use of BJT has reduced the flicker noise. Fig. 2 
shows the final layout.  

 

 
 
Fig. 2. IC layout. 
 

Fig. 3 shows the physical PCB test board. At the input 
side, an RF balun is used to convert single-ended RF to a 
differential signal. In addition, low noise opamps convert 
differential I and Q signals to single-ended I and Q signals 

at the output. This arrangement is made to ease the 
measurement of the fabricated chip. 

 

 
 
Fig. 3. PCB test board with the chip. 
 

III. RESULTS AND DISCUSSION 
 

Fig. 4 and 5 show the combined VGA and 
demodulator IIP3, IP1dB, and NF performance. The gain 
variation is done by changing the AGC control voltage. 
The overall results are promising.  
 

 
 
Fig. 4. IIP3 and IP1dB vs Gain. 
 

 
 

Fig. 5. Noise Figure vs. Gain. 
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Fig. 5. Noise Figure vs. Gain. 

Table I shows the summary of measured results, 
specifications, and simulation. Measured ICC or total 
current consumption met the ICC specification. However, 
it is 0.6 mA higher than simulation. The differences could 
be due to process variation or uncertainty.  
 

TABLE I 
DEMODULATOR ACTUAL PERFORMANCE VS. SPECIFICATIONS VS. 

SCHEMATIC SIMULATION 
 

Parameter Spec Sim Meas 
ICC 50 mA 3.4 mA 4 mA 
IVCO 5 mA 3.3 mA 4 mA 
IF FREQ BW 3 GHz 3 GHz 192 MHz 
IF FREQ 
NOM 

2.4 GHz 190 
MHz 

190 MHz 

I and Q Freq 2 MHz 2 MHz 2 MHz 
Delta Gain 0.3 dB - 0.1 dB 
Delta Phase 1.50 - 1.250 
LO phase 
noise 

-100 
dB/Hz 

-100 
dB/Hz 

-98 
dB/Hz 

I and Q BW 300 MHz DC-1.5 
GHz 

DC-35 
MHz 

DC offset 20 mV - 5 mV 
Gain 10 dB 10 dB 8 dB 
NF 14 dB 13.1 dB 17 dB 
Linearity -10 dBm -11 dBm -10 dBm 

 
Measured IVCO or current consumption of VCO is 1 

mA lower than the requirement. This could also be due to 
process variation or uncertainty.  

IF_FREQ, which is the highest IF_FREQ and LO pn 
have not been measured due to time constraints. Changing 
the IF frequency requires re-matching the impedance of the 
input port. This will consume time and effort. 

IF_FREQ_NOM is similar to the specification and 
simulation. The I/Q demodulator works at the required I 
and Q Freq_nom of 2 MHz. 

The I/Q demodulator important requirements, i.e., 
Delta Gain and Delta Phase are 0.3 dB and , 
respectively. Delta Gain and Gain Ripple have met the 
specification, whereas the measured Delta Phase is 

lower than the requirement. The mismatch could be 
due to device matching, especially at I/Q mixer output. 

I and Q output frequency range is from DC to 35 
MHz. It is about similar to the I and Q output frequency 
range requirement.  

The measured DC Offset is well within the 
specifications. The Gain is a bit off but agreed with the 
post-layout simulation result. The noise figure is maybe the 
only parameter that is off a lot from the specifications. 
There is so much noise phenomenon such as commutation 
that may not be covered by the simulation tool. This noise 
figure is still acceptable due to the system noise figure that 
is very much affected by the earlier stage (LNA) and not 
the final stage.  

Table II shows the comparison of similar work on the 
demodulator. Again, this work performance is comparable 
with the current demodulators. 

 
TABLE II 

PERFORMANCE COMPARISON 
 

Parameter Delta 
gain (dB) 

Delta 
Phase 
(degree) 

[8] 
 

0.3 1 

[9] 1.25 23 

[10] 
 

3.3 3 

This 
work 

0.1 1.25 

 
IV. CONCLUSION 

 
This work attempted to design and build a prototype 

I/Q demodulator for a doppler system. The main goal was 
to achieve low power consumption. The BBC package did 
not affect the performance, which was confirmed when the 
gain of the post-layout equal to the measured gain. It 
attained an 8 dB conversion gain. The conversion gain was 
2 dB lower than the specification. This requirement was a 
soft specification, which, even at 8 dB of gain, the I/Q 
demodulator still met the specification for the whole 
receiver chain system. It achieved 2.9 % of EVM with the 
digital (QAMS) signal. It also achieved less than 1.3° and 
0.1 dB of phase error and gain error, respectively. The DC 
offset between the I and I_bar was approximately 5 mV. 
The sleep current (when Power down = 0V) was less than 
10 μA. The Divider mode and VCO buffer were also 
functioning. All of these results were achieved with only 12 
mW of power consumption from 3 V supply voltage. 
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A New Optimization and Statistical Analysis for 
Widlar Current Source using Predictive MOSFET 

Models  
 

L. A. Gheorghe, D. Dobrescu, I. Busu, and L. Dobrescu 
 
 

Abstract - Technological process evolution can be described 
using advanced MOS models, focusing a low-currents reference 
as an excellent demonstrator. Using Monte Carlo method in a 
circuit simulation program, this paper offers a new approach on 
the influence of MOSFET threshold voltage on a classic Widlar 
current source, as a parameter with great impact in circuit 
behavior prediction, using both classical models and short-
channel models for simulations. Finally, a new optimization 
method for the sum of the two resistances in Widlar mirror, based 
on an original mathematical calculus is presented. 
 

I. INTRODUCTION  
 

Nowadays electrical circuits design in increasingly 
reduced technologies is a present and challenging subject in 
engineers’ visions, to shrink the total area used in ICs 
implementation [1]. As simulators have been improved, 
more applications desired to be implemented in real life, 
could be simulated using different models for active 
components. In this context, the paper aims to bring in 
foreground the predicted technology simulation models 
dedicated for MOS transistors, for a classical electrical 
circuit, Wildar current reference.  

Manufacturing processes meet difficulties as much as 
integrated circuits’ scaling goes to nanometer region where, 
operating close to the thermal limit, the devices are 
sensitive to noise perturbations. In this context, the CMOS 
technology evolution offers more and more exquisite 
SPICE models for the MOS transistors. In this manner, the 
number of model parameters have been increased to 
accurately describe as many new MOS effects as possible. 
Simulation Program with Integrated Circuit Emphasis as 
major simulation tool was developed for the first time in 
1970 at the Berkeley University of California and it has 
several major developments along the way [2]. A free tool 
such as LTspice from Linear Technology has been chosen 
for this paper, regarding its robustness and flexibility 
versus new nanometric models.  

Latest MOS models such as BSIM3 or BSIM4 
versions generated by from Berkeley have a lot of new 

parameters. Also, this BSIM4 derived from BSIM3 model 
has approximately 130 parameters, so 18 times more 
electrical parameters than the MOS Model1 [3]. These 
models can guarantee sufficient polarization current values 
dedicated for different circuits from different industries. 
The supply voltage is around 1V, thus, using a low supply 
voltage is an advantage from power dissipation point of 
view. 64 different levels of MOSFET models for use with 
HSPICE have been developed by Synopsys [4]. 

PTM (Predictive Technology Model) [5] provides 
accurate and predictive model files and interconnect 
technologies. In this paper, a level 54 BSIM4 PTM HP 
NMOS model is used developed in 45nm technology, High 
Performance 45nm Metal Gate, High-K /Strained-Si [6].  

The PTM models are chosen because the 
technological node becomes lower and the short channel 
effects as velocity saturation, threshold voltage variations 
and hot carrier effects must be considered. New short 
channel effects appear as the channel length goes down. 

Some new typical values of PTM MOS parameters, as 
compared to classical ones are shown in Table 1. 

Widlar source is generally used to provide a precise, 
low output current and PTM models are mainly suitable for  

 
TABLE I 

COMPARATIVE MOS MODELS PARAMETERS 
 

LEVEL 1 
Parameter 

 
 

Definition 

Typical 
values for 

Level 1 MOS 
model 

 
PTM 
Param

eter 

Typical 
values for 
Level 54 

PTM 
model 

 
W 

MOS 
channel 
width 

 
3µm 

 
W0 

 
2.6µm 

VT0 Threshold 
voltage 

0.7V Vth0 
 

0.466V 
 

 
U0 

Carriers 
mobility 

0,06m2/Vs  
U0 

0.054 
m2/Vs 

 
Tox Gate oxide 

thickness 
2nm Toxe 3nm 

 
GAMMA Body 

(bulk) 
0.4V1/2 k1 

k2 
k3 

0.4 V1/2 
0 
0 

LAMBDA Channel 0.01V-1 PCLM 0.02 
VFB Flat-band 

voltage 
-0.3V Vfb -0.55V 
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low currents, as shown in Fig. 1. Moreover, in classic 
implementations the copy ratio of the current is given by 
the multiplicity factor and the matching between the two  
NMOS transistors. In the actual paper, there is no 
multiplicity factor for any implementation, and it was 
experimentally observed that output current for PTM 
implementation can be better copied than the output current 
from the classic implementation. 

The threshold voltage for long channel MOSFETs is 
determined by applying charge conservation rules to the 
region under the metal gate. That means the channel doping 
is constant and the channel length and width are large 
enough. If the channel length is reduced, the result contains 
in a diminution of the threshold voltage as a channel effect 
and it becomes dependent on channel width and length. 
Drain-source voltage can also influence threshold voltage 
as Drain Induced Barrier Lowering effect [7]. To minimize 
the short channel effect, the gate oxide thickness (tox) and 
the junction depth (XJ) must decrease. Even if the channel 
length has been scaled hardly in the last years, the junction 
depth has not been scaled as aggressively, and it is difficult 
to obtain in manufacturing process. 

For integrated Widlar current sources an important 
optimization can be acquired if the sum of the two resistors 
is minimized to reduce the occupied area in an integrated 
circuit. 

 
II. WIDLAR CURRENT SOURCE 

 
A current reference, a two-terminal circuit element, is 

a basic building block in analog circuits. It can provide a 
constant current, ideally independent on any other circuit 
conditions such as load resistance, supply voltage or 
temperature. It is defined by good precision, low 
sensitivity, low temperature coefficient, low power supply 
rejection ratio, high output resistance. 

Widlar current reference is specially designed for low 
currents [8]. It will be simulated in this paper focusing 
MOS threshold voltage.  

Widlar current reference electrical circuit 
implemented in MOS technology, as shown in Fig. 1, has 
the particularity that the gate-source voltage of the input 
NMOS transistor in diode configuration is equal to the 

gate-source voltage of the output NMOS transistor and a 
voltage from the series degeneration resistor. In this way, 
the total output resistance of this current source is increased 
comparative with other simple current references. The 
output current in the case of two identical MOS transistors 
will be:  
 

 
 = − + 
  

+1 2Io 2R 2

2 24R Iref2  
        (1) 

 
where the drain current in saturation region is  
 

( )= − 2I V VD GS T2
   (2) 

 
A. Widlar simulation using NMOS LEVEL1 classic model  

Firstly, a basic LEVEL 1 NMOS model from LTspice 
library is used. The transient simulation contains 100 runs 
and the output drain current is presented when threshold 
voltage is varied in Figure 2 and Figure 3.  

The threshold voltage VT = 1 V and it varies with 5% 
tolerance. During Monte Carlo simulation, in every step, 
the average value of the output current I(R2) is calculated in 
Spice Error Log. The average value varies between the 
minimum value 44.6 μA and maximum value 45.88 μA. 

 
B. Widlar simulation using PTM models  
 

In this part of the paper the same study is done using 
advanced predictive MOS models. The simulation contains 
100 runs and the output drain current histogram is 
presented when threshold voltage is varied in Fig. 4. 

The threshold voltage VT = 0.46893 V and it is varied 
in simulation with ±5% tolerance. The output current 
values vary between 45.3 μA and 46.7 μA. 

In Fig. 5, average values for the output current are 
presented.  

For this study, a random number generator function 
available in LTspice was used to vary the NMOS 
transistors parameter. The function expression is mc(x,y) 
and a random number between x·(1+y) and x· (1-y)  
with uniform distribution depending on how many runs are  

 
 

Fig. 1. Widlar classic simulation using NMOS LEVEL 1 model. 

 
 
Fig. 2. Classic NMOS model - Vt0 = {mc(1,tol)}, Vdd=5V, 
tol=0.05. 
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declared. 

In this paper, the runs total number is 100 because it is 
sufficient to notice the drain current variation range and in 
this way the simulation time is not increased. The function 
coefficients are x – parameter value and y – tolerance. 

It is important to mention that in probability theory 
and in statistics, the discrete uniform distribution represents 
a symmetric probability distribution. 

Thus, there is a finite number of values that can be 
observed equally and the probability to happen for each of 
n values is 1/n. For this reason, this kind of distribution is 
chosen to closely observe how the drain current is changing 
for a random parameter changing, in other words, to make 
an experiment for the worst-case scenario. 

Thus, Monte Carlo analysis is used because MOSFET 
transistors have a nonlinear and multi-terminal nature. 
Also, MOSFET devices have multiple parameters that 
vary, being a strong dependence between them and the total 
area used in manufacture processes. 

In Fig 5. the output current histogram is shown. 
  

III. OPTIMIZATION FOR WIDLAR CURRENT 
REFERENCE 

 
Many optimizations have been proposed for Widlar 

current source especially regarding temperature behavior 
[9,10], but integrated circuits design imposes occupied area 
optimization, by minimizing the sum of the resistors’ 
values. As results from Eq. 1.the ratio between the output 
current and the reference current can be an important 

design parameter, so for a desired output current the ratio, 
from Eq. 2. IREF / I0 = x2 will be chosen as an important 
designing parameter.  
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The sum of the two resistors as a function will be 
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The first derivative will be: 
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When zeroing the first derivative, a maximum or a 
minimum will be obtained. 

By assigning two terms in (7) with equivalent 
resistors: 
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The analyzed function in (7) becomes: 

 
Fig. 6 Optimized Widlar circuit  

 
 

Fig. 4. Output current for PTM model: Vt0 = {mc(0.46893, tol)}, 
Vdd=1V,  tol=0.05. 
 

 
 

Fig. 3. Average output current when VT is varied using NMOS1 
model. 

 
 
Fig. 5. PTM model Vt0 = {mc(0.46893, tol)}, Vdd=1V, tol=0.05. 
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The first derivative becomes: 
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 and x ≥ 1, this function will have a 

positive denominator, x3 > 0. 
A new function can be defined: 
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with its first derivative: 
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A simple mathematical study for function monotony 
intervals, including the sign for the first and the second 
function derivative reveals that the optimal solution xopt  
will be the solution that is a minimum value will be 
calculated from: 
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So for a desired output current IO = 10 μA, VT = 1 V, 
β = 2 mA/V2, VDD = 5 V, the equivalent resistors values 
will be: 
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The optimal solution in (15) will become: 
 

3x x 80 x 4.2315++ == →→ ==   (18) 

This value is used in Fig. 6 as an example of an optimized 
Widlar circuit for the imposed circuit conditions with 
R1 = 19.976 kΩ and R1 = 32.315 kΩ.  

 
IV. CONCLUSION 

 
The proposed paper brings together a classic and a 

new implementation for Widlar current reference circuit, 
considering a low level classic NMOS transistor and a 
short channel NMOS transistor with improved 
performances. Threshold voltage, main NMOS parameter, 
was monitored using Monte Carlo method. Finally, an 
original mathematical study shows that sum of the two 
resistors have an optimal minimum to reduce the occupied 
area in integrated circuits. 
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Measurement Circuits’ Characteristics of  
MISFET-based Sensors 

 
B. Podlepetsky, A. Kovalenko, and N. Samotaev 

 
 

Abstract - We have studied possible variants of the 
embedding MISFETs’ sensing elements in measuring circuits of 
sensors. The electro-physical models for calculating the 
characteristics of circuits were proposed and used to estimate its 
performances. 
 

I. INTRODUCTION 
 

The field-effect transistors with a metal-insulator-
semiconductor structure (MISFETs) are used in electronic 
devices and systems in discrete versions, as elements of 
integrated circuits [1], and as sensitive elements (SE) of 
different sensors (temperature, pressure, radiation 
parameters, ions’ concentrations in liquids, and gas 
molecules’ concentrations [2]-[9]). In this regard, the 
MISFETs can be considered as a multi-functional SE of 
sensors of various physical quantities [10].  

The choice of measuring circuit, its parameters, and 
electrical modes of MISFET-based sensors present an 
important step in the development of integrated sensors and 
microsystems based on micro-and nanotechnology. 
Technological and circuit-engineering CAD systems (for 
example, TCAD, SPICE, VERILOG-A) based on physical, 
electrical and engineering-physical models of transistors 
are used in the modeling and design of MISFET’s 
electronic circuits [11]. However, when MISFET is used as 
a SE, the direct application of known models of MISFETs 
and CAD for the design of sensors becomes difficult or 
impossible without taking into account the technological 
features of the sensors and the operational conditions of 
their applications. First of all, this applies to parameters of 
models, which can only be determined experimentally. 
Therefore, when developing and predicting the 
performance of measurement systems based on MISFET, it 
is advisable to use MISFET electro-physical models 
(approximations of experimental data) and electrical 
models of circuits, taking into account their types and 
modes [12], [13].  

The aim of this work is to analyze the general 
performances of typical sensors’ measuring circuits of 
embedding MISFETs’ sensing elements. 
 

II. MISFET BASED SENSOR CIRCUITS’ SENSITIVITY 
 

Output signals V of MISFETs-based sensors are 
formed as a result of the embedding of one or more 
transistors in various volt-metric measurement circuits [8], 
[14].  In any case, n-channel and p-channel transistors, as 
well as its circuit combinations can be used.  

The conversion function V(X) is dependence voltage 
V on the input converted value of X, and can be presented 
as: 

 
V(X) = V0 + ΔV(X), (1) 

 
where the initial value V0 of the output voltage V 

when quantity of X is equal to zero, and the voltage change 
ΔV(X) determines the sensor sensitivity to X.  Differential 
Sd and integral Si sensitivities are presented as:  

 
Sd  = dV/dX  and  Si  = ΔV/ΔX . (2) 

 
The sensitivity Sd is S×ST, where the circuit’s 

sensitivity S is dV/dVT, and threshold voltage’s sensitivity 
of MISFET ST is dVT/dX. Physical basics of MISFETs-
based sensors are in changes of effective charge Qe in MIS-
structure, summarized effective charges in an insulator Qt, 
in insulator-semiconductor interface Qss and in metal-
insulator interface QM, as well as changes of metal-
semiconductor work functions difference potential φms and 
insulator capacitance С0. This leads to the deformations of 
MISFETs’ I–V characteristics (CVC) (e.g., Fig.1), and 
hence changes in threshold voltage VT  and gain factor b: 

 
VT (X) = φms(X) +2φs0 + a(2φs0 + φT)0. 5 – Qe(X)/C0(X),   (3) 

 
b(X) = µn (X)·С0(X) (w/L),                       (4) 

 
where body factor a for n-channel MISFET 

characterizes the charge Qs in semiconductor and 
capacitance C0 of insulator; ni is concentration of intrinsic 
carriers. The designations of MISFET’s and model’s 
parameters are presented in Table I.  
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Fig. 1. CVC deformations of n-channel MISFET under the 
influence of the value X. Values of ΔVt(X) is ΔQt(X)/C0 and 
ΔVs(X) is ΔQss(X)/C0. Shifts of the operating point ΔVG (X) and 
ΔID (X) can be measured by modes 1 and 2, respectively (Fig. 2). 

 
TABLE I 

PARAMETERS OF MISFET AND MODELS 
 

Symbols Parameters 
d and С0 thickness and capacitance of insulator (ε0ε)/d 
k and ε0 Boltzmann constant and vacuum dielectric constant 
ε and εs relative permittivity of  insulator and of Si 
L and w length and width of the channel 
NA  concentration of acceptors in Si 
b and µn gain factor and electron mobility 
T and q chip temperature and electron charge 
φbg and φТ band gap potential and thermal potential (kT/q) 
(q·φms) metal – semiconductor work functions difference 
a body factor (2q·εsε0NA)1/2 ×(C0)–1 

Dss energy density of surface states 
VT threshold voltage is VG at φs  being equal to 2φs0 

 

 
 
Fig. 2. Typical electrical operation modes of sensor’s MISFET:  
mode 1 → V(X) = VG0 + ΔVG (X) at ID and VD are constant; 
mode 2 → V(X) = E – R·ID[U(X)] at VG0 is constant.  
 

The type of the conversion function VT (X) depends on 
the type of the value X, and the function VT (X) itself can be 

linear or nonlinear. As a rule, the MISFET’ SE operates in 
a strong inversion mode when the parameter U being equal 
to (VG –VT) is greater than zero (over-threshold region). 

A simplified 3-component electrical model of n-
channel transistor for the relative values of the drain 
current iD being equal to (ID/ID0), can be presented as 

 
iD = exp{U/[(c + γ)·φT]  at U <0;  iD  < 1,0 ; 

 

iD = [1 + 0,5(U/φT)2]  at 0 ≤U ≤ VD;  iD[1; 0,5(VD/φT)2]; 
 

iD = VD·(U − 0,5VD)/(φT)2  at 0 < VD <U; iD > 0,5(VD/φT)2. 
 

ID0 ≈ b·(φT)2;  c = 1 + 0.414a·(φs0) – 0.5;  γ = (q·Dss)/С0.  (5) 
 
where VD is the voltage between drain and source.  

In more accurate engineering-physical models in 
which the voltages V(X) of specific sensors are associated 
with the value X, it is advisable to use electro-physical 
models of the dependences of currents or voltages on the 
surface potential φs, for example, as 

 
VG (φs) = φs + φms – [Qs(φs)  + Qss(φs)  + Qt]/C0.       (6) 

 
ID(φs) ≈ bVD [VG – φms – φs – a(φs)0..5– 0.5VD],         (7) 

 
The studied circuits by n of SEs can be classified as 

follows: 1) with one SE (“simple”); 2) with two SE; 3) with 
several SE (n ≥ 3). Three modes of operation of the 
MISFET can be in the circuits: 1) VG changes and is equal 
to voltage V (drain current ID is constant); 2) value of VG is 
const and current ID changes; 3) VG changes depending on 
the change in the threshold voltage ΔVT either of this 
MISFET (with feedback VG is V), or when the gate is 
connected to the output of another MISFET, the voltage of 
which depends on ΔVT, when VG(X) is a function of 
ΔVT(X). Fig. 3 shows the circuit that is used for primary 
tests of SE. 
 

 
 
Fig. 3. Circuits no.1: V is VG; ID and V D  are constant. S is 1.0.  
1, 2, 3, and 4 are outputs of source, gate, drain, and substrate.  
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Fig. 1. CVC deformations of n-channel MISFET under the 
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MISFET (with feedback VG is V), or when the gate is 
connected to the output of another MISFET, the voltage of 
which depends on ΔVT, when VG(X) is a function of 
ΔVT(X). Fig. 3 shows the circuit that is used for primary 
tests of SE. 
 

 
 
Fig. 3. Circuits no.1: V is VG; ID and V D  are constant. S is 1.0.  
1, 2, 3, and 4 are outputs of source, gate, drain, and substrate.  
 
 

III. CHARACTERIZATION OF CIRCUITS  
 

Typical circuits with sensitivity S ≥ 1 and their brief 
characteristics are shown in Fig.4. – Fig.10. The grounded 
gate inputs are used when the threshold voltage is less than 
zero. 
 

         
 
Fig. 4. Simple circuits no.2: V = E – 0.5bU 2∙R; the simplest, 
increased sensitivity, optimal mode selection. 
 

 
 
Fig. 5. Simple circuits no. 3: V=0.5bU 2∙R in 3.1and 3.2; increased 
sensitivity. V = [1– bR│VT│– (1–2bR│ VT │)0.5]/(bR) in 3.3. 
 

    
 
Fig. 6. Bridge circuits no.4: V=VS –E∙R2/(R1+ R2); V=(VS1 – 
VD2). High sensitivity. 
 

   
 
Fig. 7. Cascading circuits no.5: V = VD2; VG2 =VS1. 

 
 

 
 
Fig. 8. Circuits no.6 based on complementary MISFETs. 
 

 
 
Fig. 9. Circuits no.7 based on connected in series MISFETs. 
 

 
 
Fig. 10. Circuits no.8 based on connected in parallel MISFETs. 
 

The issues of linearization of the conversion 
characteristics V(X) of sensors based on circuits no. 2 and 
no. 3 are considered. The values of the sensitivities of the 
circuits, the power consumption, and recommendations for 
their application are given in Table II. 
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TABLE II 
PERFORMANCES OF CIRCUITS 

 

No S Р , mW Recommendations for use 

1 1.0 < 30 primary tests of SE 

2 
3.1 
3.2 

3.6 – 9.1 5.8 – 22.0 as the base element of the 
IS at the specified ΔVT 

3.3 1.0 – 10.0 5.8 – 22.0 for small ΔVT with 
subsequent amplification 

4 3.6 – 18.2 11.6 – 44.0 for small ΔVT with 
subsequent amplification 

5 12.5 – 33 11.6 – 44.0 as the base element of IS                                        
6 10 – 18 5 – 20 as a complex element 

7 2.1 – 3.0 3.7 – 17.5 only for the expansion of 
ΔVT by increasing the E 

8 9.2 – 22.5 5.2 – 25.0 as the element of IS when 
the power is not critical 

 
IV. CONCLUSIONS 

 
Based on a comparative analysis of the circuit 

characteristics, it is shown how the sensitivity, power 
consumption and conversion range of the circuits depend 
on the type and configuration of the circuit, the number of 
sensitive elements, the initial values of the threshold 
voltage and the gate voltage of the MISFET, the supply 
voltage and resistors’ resistances. It is possible to make an 
optimal choice of circuits and electrical modes of their 
operation with the given initial characteristics of the 
MISFET.  

A unique feature of the sensor elements based on 
MISFET is the controllability of their characteristics by the 
voltage between the gate and the substrate VG, which, in 
addition to the optimal choice of the initial value of VG0, 
allows you to increase the sensitivity of the sensors by using 
"self-controlled" circuit configurations with internal gain.  

Recommendations for the use of the studied circuits 
are given. The electro-physical models (1) – (5) and 
electrical models for calculating the circuits’ characteristics 
can be used to estimate performances of devices and micro-
systems based on MISFETs. 
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SiGe BiCMOS Voltage-Controlled Oscillator and 
Mixer IP-blocks for the Next-Generation 

Communication Transceivers  
 

I. A. Selishchev, D. I. Sotskov, A. G. Kuznetsov, N. A. Usachev, V. V. Elesin, 
V. N. Kotov, and A. O. Balbekov 

 
 

Abstract – Design and testing results of I/Q mixer and 
voltage-controlled oscillator IP-blocks for application in 5G 
communications are presented. IP-blocks were implemented in a 
commercial 0.42/0.25 µm SiGe BiCMOS process. The test results 
demonstrate that designed mixer has a conversion gain of more 
than 5.5 dB in the operating RF frequency range from 25.5 GHz 
to 26.5 GHz and IF frequency range from 1 GHz to 2 GHz, power 
consumption less than 235 mW. The designed voltage-controlled 
oscillator has an operating frequency range from 20.8 GHz to 
24.6 GHz in the control voltage range from 0 V to 4 V, the output 
power is not less than 6 dBm, power consumption is less than 
116 mW. 
 

I. INTRODUCTION 
 
Fifth generation (5G) communications promise to 

deliver gigabit per second speeds through using mmWave 
spectrum (24 GHz, 28 GHz, 39 GHz, and higher frequency 
bands) [1]-[11]. The simplified structure of the 5G base 
station is presented in Fig. 1. A centralized unit (CU) is a 
general-purpose server with functions of the network 
router. The CU communicates with several distributed units 
(DU), sending packets down to the PHY network level. 
The DU performs quadrature amplitude modulation and 
demodulation (QAM) and orthogonal frequency-division 
multiplexing in the PHY level, sending and receiving I/Q 
data to/from the remote radio unit (RRU). Beamforming 
and beamsteering will be the main feature of the 5G 
telecommunication era. The RRU provides the 
beamforming and beamsteering and consists of the 
transceiver (TRX), beamformer (BMF), and the antenna 
array [4]. 

The typical integrated 5G transceiver includes 
upconverter, I/Q IF-transmitter, and digital to analog 
converter (DAC) in the transmit path and downconverter, 
I/Q IF receiver, and analog-to-digital converter (ADC) in 
the receiver path as shown in Fig. 1 [1]-[10].  

Currently, many transceiver ICs implementations for 
5G cellular systems with operating frequencies up to 30 
GHz were reported [1]-[10]. The state-of-the-art 5G 
transceiver ICs for cellular base station and user equipment 
were particularly implemented based on 0.18/0.13 µm SiGe 

BiCMOS [1], [2], and 28 nm CMOS [3] process 
technologies. This paper is devoted to the VCO and mixer 
IP-blocks which are targeted to be integrated with K- and 
Ka-band 5G transceiver ICs expected to implement in 
commercial SiGe BiCMOS process SGB25V with 
transistor cut-off frequency (Ft) up to 80 GHz [11]. 

 

 
 

Fig. 1. The simplified 5G base station and integrated transceiver 
block diagram 
 

The paper is organized as follows: in Section II, 
circuit design solutions are reviewed, in Section III, the 
experimental results along with related discussion are 
given, in Section IV the main conclusions are provided. 
 

II. DESIGN OF VCO AND MIXER IP-BLOCKS 
 
A. Mixer 
 

For the implementation of the VCO and mixer 
IP-blocks, the 0.42/0.25 µm SiGe BiCMOS (SGB25V, 
IHP) process was chosen because its electrical parameters 
(Ft, Fmax, MAG) and cost [11]-[14]. SGB25V has five Al-
metal layers. There are standard MOS transistors suitable 
for 2.5 V operation mode, an isolated NMOS transistor, a 
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MOS-based varactor, and RF MOS-transistor. Three types 
of npn heterojunction bipolar transistors with β=190 and  
F=80 GHz (BVCE=2.4 V), 50 GHz (BVCE=4 V) and  
30 GHz (BVCE=7 V) are available [11]. 

The mixer block diagram is shown in Fig. 2. The 
mixer has a differential architecture and consists of a core, 
two buffer amplifiers (BAs), polyphase filter (PPF), 
biasing, and ESD protection circuits. The mixer core 
comprises two Gilbert cells for providing differential in-
phase (I) and quadrature (Q) signal components. It is also 
required RF and LO differential inputs. On the heterodyne 
path, the LO differential signal is first being converted in 
the PPF to form the four different phases (0°, 90°, 180°, and 
270°) at the output and then being amplified in the BAs to 
provide four fundamental tones at the mixer core LO-
inputs. As a result of the RF and LO frequencies 
conversion, two IF differential I/Q signals are generated. 
 
B. Voltage-Controlled Oscillator (VCO) 
 

The electrical circuit of VCO is depicted in Fig. 3. 
The cascode modification of differential Colpitts topology 
was chosen for the VCO implementation [15]. 

The main contribution to the resonance is done by the 
elements (on the right-hand side) L6, C7, and C5. C6 is a 
decoupling capacitor with a large value of capacitance and 
does not influence a resonance frequency. C4 and C5 are 
realized as MOS-based varactors. 
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III. EXPERIMENTAL RESULTS AND DISCUSSION  
 

The VCO and mixer test dies were implemented in 
IHP SGB25V technology process [11] and measured. 

Measurements were performed on an automated setup 
based on Cascade Summit 12000 microwave probe station, 
vector network analyzer, signal analyzer, digital 
oscilloscope, microwave signal source, and power source 
[16]-[18]. The experimental setups used for VCO and 
mixer investigation is shown in Fig.4. 

The frequency dependence of mixer conversion gain 
(CG, FLO=24.5 GHz, PLO=0 dBm, PRF=-20 dBm) and 
amplitude characteristic (FLO=24.5 GHz, PLO=0 dBm) are 
shown in Fig. 5 and Fig. 6. The dependencies of VCO 
output signal frequency (FOUT) and power (POUT) from 
control voltage (VCTRL) are presented in Fig. 7 and Fig. 8. 

Measured performances of the presented mixer and 
VCO IP-blocks are summarized in Table I along with 
counterparts: I/Q mixer with integrated quadrature VCO 
from [19] and quadrature VCO from [20] implemented in 
0.4 µm SiGe bipolar process technology. 
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Fig. 4. Experimental setup based on microwave probe station for 
the mixer (a) and VCO (b) investigations 
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MOS-based varactor, and RF MOS-transistor. Three types 
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required RF and LO differential inputs. On the heterodyne 
path, the LO differential signal is first being converted in 
the PPF to form the four different phases (0°, 90°, 180°, and 
270°) at the output and then being amplified in the BAs to 
provide four fundamental tones at the mixer core LO-
inputs. As a result of the RF and LO frequencies 
conversion, two IF differential I/Q signals are generated. 
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Measurements were performed on an automated setup 
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[16]-[18]. The experimental setups used for VCO and 
mixer investigation is shown in Fig.4. 

The frequency dependence of mixer conversion gain 
(CG, FLO=24.5 GHz, PLO=0 dBm, PRF=-20 dBm) and 
amplitude characteristic (FLO=24.5 GHz, PLO=0 dBm) are 
shown in Fig. 5 and Fig. 6. The dependencies of VCO 
output signal frequency (FOUT) and power (POUT) from 
control voltage (VCTRL) are presented in Fig. 7 and Fig. 8. 

Measured performances of the presented mixer and 
VCO IP-blocks are summarized in Table I along with 
counterparts: I/Q mixer with integrated quadrature VCO 
from [19] and quadrature VCO from [20] implemented in 
0.4 µm SiGe bipolar process technology. 
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Fig. 5. Mixer conversion gain versus frequency. 
 

 
 
Fig. 6. Mixer IF output power versus RF input power. 
 

 
 
Fig. 7. VCO output signal frequency versus control voltage. 
 

 
 
Fig. 8. VCO output signal power versus control voltage. 

 
TABLE I 

MEASURED PERFORMANCE SUMMARY OF VCO  
 

Parameter FOUT, 
GHz 

Fl, 
GHz 

Fh, 
GHz 

POUT, 
dBm 

L(fm), 
dBc/Hz 

PSUP, 
mW 

FoM,  
dBc/Hz 

This 
work 

20.8-
24.6 20.8 24.6 >6 -95  

(1 MHz) 116 -162 

[20] 24.8-
28.9 24.8 28.9 -14.7 -84 

(1 MHz) 129 -152 

 
TABLE II 

MEASURED PERFORMANCE SUMMARY OF MIXER 
 

Parameter FRF, 
GHz FIF, GHz CG, dB P1dBin, 

dBm 
PSUP, 
mW 

FoM, 
дБм 

This 
work 

25.5-
26.5 1.0-2.0 5.5 -4 235 -22 

[19] 28 2.0 3.0 -8 742 -34 
 

The comparative analysis of the proposed VCO and 
mixer and its counterparts are perform using the figure of 
merits (FoM). The FoM for the VCO is given as follows 
[21]: 

 

 
(1) 

 
(2) 

 
The FoM for the mixer is given as follows (noise 

figure parameter excluded from considerations due to 
insignificant influence on receiver sensitivity) [22]: 

 

 
(3) 

 
Compared with its counterparts, the proposed VCO 

and mixer have the better FoM and can be recommended 
for use in SiGe BiCMOS 5G integrated transceiver design. 
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IV. CONCLUSION 
 

This work was focused to design and testing issues of 
the I/Q mixer with operating RF frequency range from 25.5 
to 26.5 GHz and VCO with output signal frequency range 
from 20.8 to 24.6 GHz. The system model based on these 
results was constructed and the feasibility of its potential 
integration in K- and Ka- bands 5G transceiver 
communication systems employing analog all-RF 
beamforming architecture with simultaneous utilization of 
the heterodyne frequency conversion architecture was 
proven during the provided discussion. 

Mixer and VCO IP-blocks were implemented in a 
low-cost 0.42/0.25 µm SiGe BiCMOS process. The mixer 
has a conversion gain of more than 5.5 dB and IF 
frequency range from 1 to 2 GHz, the 1dB input 
compression point of -3.9 dBm, and power consumption 
less than 235 mW. The designed VCO has an operating 
frequency range from 20.8 to 24.6 GHz in the control 
voltage range from 0 V to 4 V, the output power is not less 
than 6 dBm, power consumption is less than 116 mW. 
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Low Power Pre-charge Voltage Level and Low Swing 
Logic Based 8T SRAM Cell for High Speed CMOS 

Circuits 
 

R. M. Rawat and V. Kumar 
 

Abstract – This article describes the memory cell proposed 
design of a low-power 8T SRAM cell. Two PMOS transistors are 
employed in this proposed approach, one of which is connected to 
the node voltage Q and the other one is connected to the Qbar. In 
order to remove the swing voltage at the bit and bit bar lines. 
When the cell is in working mode, the swing voltage is 
minimized, which reduces the dynamic power dissipation. Pre-
charge voltage level is a technique in which a PMOS transistor 
acts as a switch and an NMOS transistor acts as a resister, 
resulting in a series of leakage current reductions when the 
transistors move from sleep to active and vice versa. The findings 
of the comparison show that the read, write, and hold mode 
operation for the proposed 8T SRAM cell is superior to that of the 
6T SRAM cell. This is frequently because greater static noise 
margins are obtained, ensuring good bit cell write ability. All 
simulation results of read and write on the proposed 8T SRAM 
cell and current models of 6T SRAM cell have been applied to 
130 nm CMOS technology utilizing the Symica DE tool. 

 
I. INTRODUCTION 

 
Low-power advanced semiconductor memory cell 

design is a critical component of many digital systems, 
including personal and workstation computers, commercial 
and military satellite equipment, telecommunications, 
consumer technology, and so on. Because the battery 
powers high-speed portable devices such as notebook 
computers, laptops, smartphones, cellular phones, and so 
on, its demand is steadily increasing. For a good reaction, 
high-speed transportable devices require primary memory. 
SRAM is used for this function since it is faster and does 
not require regular replenishment. The most serious issues 
with large speed SRAM cells involve dynamic power 
dissipation and leakage current, which diminish the backup 
power lifetime of portable electronics. As a result, an 
SRAM cell design with low static and dynamic power 
dissipation is required [1]. 

“For numerous years, there has been a focus on low-
power architecture and style innovation on increasing the 
speed and operation frequency of digital systems. The 
development of complementary Metal Oxide 
Semiconductor (CMOS) technology enables integrated 

circuits to have a higher density and greater performance 
(ICs). When an IC's density, and thus its power 
consumption, grows, temperature management becomes 
more challenging [2]”. Every bit in an SRAM is recorded 
on two cross-coupled inverters comprised of four 
transistors [3]. The better performance demand, however, 
limits supply voltage scaling. The scalability of supply 
voltage alone is insufficient to keep the power density 
within bounds for power-sensitive applications [4]. Circuit 
approaches and system level strategies, in addition to 
supply voltage scaling, are required to achieve low power 
designs [5]. Because of the forced scaling of the gadgets, 
sub-threshold leakage rises, as well as other bad impacts, 
such as better Drain Induced Barrier Lowering (DIBL), 
threshold voltage (Vth) spiel off, lowered on current to off 
current ratio, and increased source to vacant resistance [6]. 
The severity of Vth on the channel length increases as Vth 
recites. If the channel length varies slightly, the device 
properties become unpredictable, resulting in large 
threshold voltage variations. As these gadgets are scaled, 
oxide thickness scaling and improved, non-uniform doping 
should be introduced to prevent these small channel 
lighting tricks [7]. Due to the thin oxide thickness, a large 
electric field is created, resulting in a large direct tunnelling 
current [8]. “A lower memory transparency Adaptive Body 
Bias (ABB) circuitry is expected to increase SRAM 
constancy and yield by balancing age and process 
fluctuations [9]. A threshold voltage sensor circuit with an 
analogue controller is part of the intended ABB circuit for 
power saving. The Multi-Threshold Complementary Metal 
Oxide Semiconductor (MTCMOS) technology offers low 
leakage and superior performance by utilizing high speed, 
Low Threshold Voltage (LVT) transistors throughout the 
active region and low leakage, High Threshold Voltage 
(HVT) transistors throughout the sleep mode, reducing the 
static power loss of the SRAM circuit [10][11]”. The 
CMOS cell that is being developed consumes low power 
and has faster read and write rates. The cell is based on the 
notion of single-ended memory storage. This strategy is 
based on the lowering of static power. A symmetrical 
architecture based SRAM cell has also been predicted for 
greater stability [12]. In a concept [13], a 5T SRAM cell is 
anticipated to have quick performance, high density, and 
power efficiency. Two transistors separate the cell storage 
nodes from the read operations path to maintain the cell's 
information reliability. This topology improves the data 
stability. “It describes a power-efficient multiport multiport 
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SRAM featuring cross-point write word lines, shared write 
bit lines, and shared write row access transistors. The 
design has one write, one read and two write, two read 
multi-port SRAMs for registering file applications in Nano 
scale CMOS technology” [14]. “The cell has a cross-point 
write word line configuration, which reduces the risk of 
writing half select and increases the static noise margin 
(SNM). The write bit lines (WBLs) and write row access 
transistors are exchanged with neighbouring bit cells to 
minimize cell transistor consumption and space. Since the 
design halves the amount of WBL, there is less leakage and 
power usage. In contrast, for the reading stack, column 
based virtual ground direct is used to reduce read power 
usage. The low power consumption of the SRAM cell is 
attributed to its chained linked drivers, which are powered 
by bit lines, and read buffers, which give stack 
consequences” [15]. 

During this research, a novel low-power 8T SRAM 
cell was presented. To reduce leakage currents and static 
power dissipation throughout mode transition, a pre-charge 
voltage level approach is used. Two voltage sources are 
employed at the output layer to reduce the fluctuating 
voltage. As an outcome, the dynamic energy dissipation 
throughout switch movement is reduced. The efficiency 
parameters of the suggested SRAM cell are evaluated and 
compared to those of the competing SRAM designs. 

The following is how the paper is structured: Section 
II goes over existing SRAM cells, whereas Section III goes 
through the circuit design and operation of the proposed 
unique 8T SRAM cell. Section IV covers the full 
examination of the suggested cell's features and 
comparisons with existent SRAM cells, and Section V 
brings the paper to a close. 
 

II. EXISTING SRAM CELL DESIGNS 
 

 
Fig. 1. Conventional 6T SRAM cell [16]. 
 

Figure 1 depicts a standard 6T SRAM cell. It has the 
same six transistors as an SR latch. 4 cross-coupled CMOS 
inverters (P1, P2 and N1, N2) and two NMOS transistors 
(N3 and N4) provide accessibility to the cell. The access 
transistors are switched on when word line (WL) is 
selected [16]. As an outcome, the supply voltage (Vdd) is 
generated via the pull-up transistor P1 of the node storing 

‘1'. On the other hand, current passes from the bit bar line's 
pre-charged state to ground, draining the bit bar lines. 
 

III. PROPOSED SRAM CELL 
 

A pre-charge voltage level and minimal swing logic 
based low power 8T SRAM cell are implemented to 
achieve low static and dynamic power losses for read and 
write processing, as well as better stability, in order to 
solve the problems existing with standard SRAM cells and 
other established SRAM cells. 
 
A. Operation 
 

The presented design can be seen in Figure 2 Two 
PMOS transistors, M7 and M8, are joined to the cross-
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SRAM featuring cross-point write word lines, shared write 
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A. Hold Stability 
 

 The most popular method for determining the cell's 
hold ability is to use the static noise margin (SNM). 

Whenever the SRAM cell is in the hold state, hold stability 
is determined. The word lines are turned off in the holding 
state, so the cell is completely separated from the bit lines. 
Before switching the content of the cell, SNM sets the 
maximum amount of noise that can be placed on the 
storage nodes. The hold static noise margins of 6T and 
suggested 8T SRAM cells are shown in Figures 3 and 4, 
respectively. 
 

 

 
Fig. 3. HSNM 6T SRAM CELL. 
 

 

 
Fig. 4. HSNM PROPOSED 8T SRAM CELL. 
 
B. Read Stability 
 

In an SRAM, read static noise margin (RSNM) is used 
to determine read stability. Due to the remoteness of the 
storing nodes, the suggested 8T SRAM cell has a superior 
RSNM than a normal 6T SRAM cell. The read reliability 
of 6T and projected 8T SRAM Cells is depicted in Figures 
5 and 6, correspondingly. 

 
 

 
Fig. 5. RSNM 6T SRAM CELL. 

 

 
Fig. 6. RSNM PROPOSED 8T SRAM CELL. 

 
TABLE I 

COMPARISON OF HOLD SNM AND READ SNM 
 

Cell Read SNM 
( in Volts ) 

Hold SNM 
( in Volts ) 

6T SRAM 0.0711 0.125 
Proposed 8T 

SRAM 
0.1000 0.125 

 
C. Write Stability 
 

Write static noise margins are used to determine write 
stability (WSNM). Due to the remoteness of the storage 
nodes, the suggested 8T SRAM cell has a superior WSNM 
than a regular 6T SRAM cell. The write reliability of 6T 
SRAM and projected 8T SRAM cells is depicted in Figures 
7 and 8, correspondingly. 

The write trip level of a cell is a measurement of its 
ability to write. It demonstrates how challenging it is for 
the cell's storage nodes. When Q and Qbar switch their 
content, the bit line voltage is swept from 0 to Vdd, and the 
cell switching is registered. The Write trip point is defined 
as the value of bitline voltages at the intersection of internal 
storage nodes Q and Qbar. 
 

 
 
Fig. 7. 6T SRAM Write Trip Point. 
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Fig. 9. Proposed 8T SRAM Write Trip Point. 
 

TABLE II 
COMPARISON FOR WRITE TRIP POINT OF 6T SRAM AND 8T SRAM 

CELLS 
 

Cell Write Trip Point 
6T SRAM 675 mv 

Proposed 8T 
SARM 

900 mv 

 
V. CONCLUSION 

 
A unique low power 8T Cell and low swing oriented 

8T SRAM Cell is employed in this study, which consumes 
lesser dynamic power throughout write/read operations due 
to lower swing voltages supplied by the Node voltages Q 
and Qbar. As a result, the suggested 8T SRAM cell uses 
reduced static power. Low leakage current and Node 
voltages offer better stability. According to the simulation, 
the suggested 8T SRAM cell consumes less dynamic 
power, has better stability, and has less current leakage 
throughout mode transitions to standard 6T SRAM cells. 
Albeit the size increases in compared to 6T SRAM cells, 
the reduced power consumption and higher stability can 
overcome the disadvantages. The large increases in results 
gained by the use of pre-charge voltage levels and low 
swing logic would be relevant to future limited energy 
memory designs such as laptop, cellphones, and 
programmable logic device, among others. 
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RNS Elements of Fast Multiplication for Finite Galois 
Field Arithmetic 

 
A. A. Krasnyuk and A. G. Prozorova 

 
 

Abstract - The concept of design fast multiplication modules 
for parallel and stream computations using the data coding system 
in residual classes is considered. Variants of functional and 
algorithmic implementation of the main elements of coding are 
presented, and the main limitations for their hardware 
implementation are determined. 
 

I. INTRODUCTION 
 

High-speed multiplication and division algorithms for 
arithmetic of Galois fields GF(2m) are widely known and are 
applicable both in data transmission networks using Reed-
Solomon codes and in cryptographic algorithms, for 
example, AES (Advanced Encryption Standard), which 
protect information from unauthorized access. In general, 
the multiplication operation can be represented as an 
algorithm for multiplying the elements of the Galois field 
GF(2m), represented as polynomials with coefficients from 
the simple field GF(2), as shown in the example of Eq. 1 [1-
3]: 
 

a ∙ b⏟
GF(2m)

=(
(a0+ a1x+ a2x2+ a3x3)*

*(b0+ b1x+ b2x2+ b3x3)
)modp(x

⏟                      
GF(2)

) 
(1) 

 
Accordingly, the result has the form, as shown in the 
example of Eq. 2: 
 

a ∙ b⏟
GF(2m)

= с0 + с1 x + с2x2+ с3x3,               (2) 

where: 
 

с0 = a0 ∙ b0 ⊕ a1 ∙ b3 ⊕ a2 ∙ b2 ⊕ a3 ∙ b1; 
 

с1 = a0 ∙ b1 ⊕ a1 ∙ b0 ⊕ a2 ∙ b3 ⊕ a3 ∙ b2 ⊕ 
 

⊕ a1 ∙ b3 ⊕ a2 ∙ b2 ⊕ a3 ∙ b1; 
 

с2 = a0 ∙ b2 ⊕ a1 ∙ b1 ⊕ a2 ∙ b0 ⊕ a3 ∙ b3 ⊕ 
 

⊕ a2 ∙ b3 ⊕ a3 ∙ b2; 
 

с3 = a0 ∙ b3 ⊕ a1 ∙ b2 ⊕ a2 ∙ b1 ⊕ a3 ∙ b0 ⊕ a3 ∙ b3  
 
 

That is, the fast multiplication operation in Galois 
fields is replaced by m additive functions for calculating the 
coefficients c0... cm-1. The functions contain terms in the 
form of products of the coefficients ai·bj, where i, j = 0...m -
1. For a binary system, this is equivalent to logical 
multiplication (conjunction) &. The hardware implementation, 
therefore, reduces to a regular digital automaton with the 
structure shown in Figure 1 [4]. 

 

 
 

Fig. 1. The structure of digital automaton. 
 
In turn, the problem of hardware implementation of 

convolutional neural networks is largely related to the need 
to build modules for fast multiplication of large polynomials 
H(Z)G(Z) bases P(Z). Using Residue Number Systems 
(RNS), Chinese Remainder Theorem, CRT and Associated 
Mixed number system (AMR) for this purpose, it allows to 
replace the calculation of the products of large polynomials 
with the parallel multiplication Hi(Z)Gi(Z) over modules 
Pi(Z) of significantly smaller polynomials. The use of non-
positional number systems RNS and CRT as error correction 
codes has also been called RRNS systems-Redundant 
Residual Number Systems. 

In general, the multiplication of the numbers X=(a1, 
a2,...., an) and Y (b1, b2, ...., bn) , which are in the range of 
values [0; M), is reduced to the element-wise multiplication 
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(ai ·bi) and the resulting vector, as shown in the example of 
Eq. 3: 

 
 Z= X· Y= ((a1· b1) modp1, (a2· b2) modp2, 

…. (an· bn) modpn ) 
(3) 

 
This means that it is possible to perform parallel and 

independent integer multiplication/division operations of 
vector elements without shift and carry operations [5]. This 
suggests that the data coding algorithms RNS and CRT 
correspond to the algorithm for determining the residuals for 
Galois fields, and the fast multiplication algorithms for 
arithmetic of Galois fields are quite efficient for systems in 
residual classes.  
 

II. FAST RNS CODING 
 

In general, the hardware implementation of computing 
systems created on the basis of modular algebra is based on 
the concept of the Chinese Remainder Theorem (CRT) [3]. 
In other words, it is assumed that any integer X in the range 
of values [0; M), where M = p1·p2· ...·pn, p1, ... pn are system 
modules of coprime numbers, is uniquely represented as a 
vector of residues from the integer division of X by pi, i=1...n 
as shown in the example of Eq. 4: 
 

Х=(a1, a2, …., an), where ai = Xmodpi  (4) 
 
“mod” is the operation of taking the remainder of the integer 
division of X by pi . For example, the number 17 according 
to the modules of the data base (3,5,7) is represented as a 
vector from the remainder of the division by these numbers, 
respectively 17∈(2,2,3). Figure 2 shows an example of the 
coding of analog signal samples based on the bases (3,5,7) 
within the dynamic range M = 3·5·7 = 105. Accordingly, 
further operations on the initial data can be performed in 
parallel and independently with each dependence on the 
basis (3,5,7). 
 

 
(a) 

 

 
(b) 

 

Fig. 2. Example of the coding of analog signal samples based on 
the bases (3,5,7) (a)-input signal; (b)-RNS coding. 

Actually, RNS-coding is reduced to determining the 
remainders from division into base modules p1,... pn and is 
implemented on the basis of the simplest digital machines. 
Table 1 shows the truth table of the binary code conversion 
element in RNS on the bases (3, 5, 7). Figure 3 shows an 
example of a scheme for determining the residues of a binary 
number module of the base p=3 in the positional 
representation. 

 
TABLE I 

THE TRUTH TABLE OF THE BINARY CODE CONVERSION ELEMENT IN 
RNS ON THE BASES (3, 5, 7) 

 

 
 

 
 
Fig. 3. The element of converting binary code to residues on base 3. 
 

III. PERFORMING ARITHMETIC OPERATIONS IN 
RNS SYSTEMS 

 
It should be noted that positional codes for intermediate 

data representation are the most effective from the point of 
view of hardware implementation of arithmetic RNS 
systems [4]. The use of positional codes allows performing 
integer operations on the simplest libraries of logic elements 
and switching matrices. Figure 4 shows an example of a 
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III. PERFORMING ARITHMETIC OPERATIONS IN 
RNS SYSTEMS 

 
It should be noted that positional codes for intermediate 

data representation are the most effective from the point of 
view of hardware implementation of arithmetic RNS 
systems [4]. The use of positional codes allows performing 
integer operations on the simplest libraries of logic elements 
and switching matrices. Figure 4 shows an example of a 

mod3 integer addition element and a topological arrangement 
of fast sum elements based on the bases p = 5 and p = 3. 

Accordingly, the algorithm for fast multiplication by 
mod Pi is implemented in Galois fields by simple 
combinational schemes, an example of which for 
multiplication by base P=5 is shown in Figure 5, where the 
scheme &, shown in Figure 4 a, is also used as nodes. 

 

 
(a) 

 

 
(b) 

 
Fig. 4. Fast addition on the basis of (a)-3;(b)-(3,5). 

 

 
 

Fig. 5. An example of a fast multiplication scheme with base p = 5. 
 
To perform subtraction and division operations, it is 

necessary to define the mirroring criteria. In general, both 
for basic binary and RNS computing systems, data volumes 
refer to finite sets. Accordingly, any number from the set 
under consideration can also be considered as a vector 
(polynomial) of length n, whose elements are zeros and 
ones: a=[a0, a1, a2,…., an-1], ai ϵ{0,1}. In this case, it will be 
justified to use the concept of inverse numbers from the 

Galois algebra as a mirror criterion [6]. Denote by the zero 
element O such an element for which the equality A+O=A is 
valid, where A is any significant number. A unit element I is 
an element for which A · I = A is true. Element B will be 
mirrored for A if the equalities are true: A + B = O; A·B = I. 
Thus, the operation of subtracting two numbers X -Y can be 
performed as the sum of X and the mirror element Y. 
Similarly, the division of two numbers X: Y is replaced by 
multiplying X by the mirror element Y. For example, for the 
set {3,5,7,11} coprime numbers, the table for direct and 
mirror numbers can be represented in the form shown in 
Table 2. 

 
TABLE II 

DIRECT AND MIRROR NUMBERS FOR SUBTRACTION OPERATIONS  
 

Numbers 1 2 3 4 5 6 7 8 9 
Mirror numbers 

mod3 2 1 0 2 1 0 2 1 0 
mod5 4 3 2 1 0 4 3 2 1 
mod7 6 5 4 3 2 1 0 6 5 

mod11 10 9 8 7 6 5 4 3 2 
 
For example, the subtraction operation 29-13=16 in the 

basis (3,5,7) is implemented in the RNS code as the sum of 
the direct (2,4,1) for the number 29 and the mirror (2,2,1) for 
the number 13 polynomials as shown in the example of Eq. 5: 

 
29=(2, 4, 1) = а , 13=(1,3, 6)=b, 13-= (2,2, 1) =b-, 

c=a+ b-=(( a0+ b-
0) mod3, (a1+ b-

1)mod5, 
(a2+ b-

2) mod7) 
Accordingly ((2+2)mod3, (4+2)mod5, 

(1+1)mod7)=(1,1,2)=16 

(5) 

 
In other words, the application of the mirror principle allows 
to bring the subtraction operations in RNS to the 
implementation of the "exclusive-OR" (XOR) elements. 

The division operation, for example 10: 2 = (1,0,3): 
(2,2,2) in the presence of the mirror number 2- = (2,3,4) is 
reduced to the polynomial ((a0 · b0-) mod3, ( a1 · b1-) mod5 
(a2 · b2-) mod7) = (2,0,5) = 5, where the polynomial (2,3,4) 
is mirrored to the number (2,2,2) and the condition is 
satisfied (ai · bi-) modPi = 1. This means that in order to 
divide two numbers, it is enough to perform multiplication 
and shift operations on elements of a vector of very small 
dimension. It is obvious that the effectiveness of the 
introduction and formation of mirroring elements for open 
and indefinite systems, even for standard operations, will be 
to the same extent uncertain [6]. 
 

IV. LIMITATIONS OF THE APPLICABILITY RNS 
CONCEPT FOR SPECIFIC APPLICATIONS 

 
A significant unsolved problem of the practical 

applicability of Galois algebra for RNS systems is the 
complexity of performing non-modular operations: comparing 
numbers by magnitude, calculating the sign, evaluating the 
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output of the operation result beyond the admissible range 
of representation, scaling, decoding the modular code, etc. 
To perform these operations, it is not enough to determine 
individual sign-positions - it requires an assessment of the 
values of numbers as a whole, which is significantly difficult 
due to the non-positional nature of RNS. The low-bitness of 
operations in the Galois algebra for RNS makes it possible 
to perform arithmetic operations in SOC based on tabular 
sampling schemes and cross-bars, which are considered, for 
example, in [7-8]. However, when performing non-modular 
operations, the number of possible combinations of modular 
codes that determine the result is proportional to the product 
of all modules, and in some cases to their square. In this 
regard, if it is necessary to work with a large numerical 
range, which is typical for high-precision calculations, the 
size of the substitution tables turns out to be unacceptably 
large. For example, to implement a tabular method for 
comparing numbers in a system with modules 𝑝𝑝1,𝑝𝑝2,...,𝑝𝑝𝑛𝑛 in 
the simplest case, it is required to store substitution table in 
memory, the size of which is 𝑃𝑃2, where 𝑃𝑃= 𝑝𝑝1·𝑝𝑝2·...𝑝𝑝𝑛𝑛. If 
each element of this table is represented as a bit indicator of 
the superiority of one modular number over another, then the 
total volume of this table 𝜗𝜗 will be equal to 𝑃𝑃2 bits. So, if 𝑃𝑃= 
1024, then the size of one substitution table 𝜗𝜗 = 1 Mbit. In 
addition, due to the specifics of modular data representation, 
it is difficult to ensure data locality, which fundamentally 
limits the efficiency of using cache memory. Also, the 
possibilities of practical application of this concept are 
significantly limited by the requirements of the machine 
representation of floating-point numbers. This requires the 
introduction of a vector of zeros and ones, divided into three 
fields: sign, mantissa and order. This requires the 
introduction of additional operations of unpacking the 
format, extracting from the input vector the bit 
corresponding to the sign, the bits of the mantissa and the 
bits of the order. 
 

V. CONCLUSION 
 

The efficiency and high performance of calculations 
based on Galois algebra and coding algorithms in residual 
classes is determined by a significant decrease in the bit 
depth of operations and the possibility of parallelizing them 
during thread calculations. However, the hardware 
implementation of stream processors based on RNS coding 
will hardly be efficient. This is determined by the non-
positional architecture of the actual RNS encoding and data 
representation and the complexity of using cache memory. 
The possibility of using these algorithms to perform 
comparison operations, scaling, floating-point calculations, 

etc. is problematic. The authors also question the possibility 
of constructing efficient and fault-tolerant RNS RAM, since 
this algorithm requires fairly simple formal specifications 
(requirements) for the system, but expensive in terms of the 
number of comparison operations and detection of transitions 
outside the allowed range. The obtained conclusions are 
confirmed by model experiments for the investigated 
algorithms for multichannel digital preprocessing of harmonic 
signals. CMOS libraries with design standards of 28 nm, 
65 nm, 180 nm were used. It can be argued that these 
recommendations may well be implemented on commercial 
FPGAs.  
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implementation of stream processors based on RNS coding 
will hardly be efficient. This is determined by the non-
positional architecture of the actual RNS encoding and data 
representation and the complexity of using cache memory. 
The possibility of using these algorithms to perform 
comparison operations, scaling, floating-point calculations, 

etc. is problematic. The authors also question the possibility 
of constructing efficient and fault-tolerant RNS RAM, since 
this algorithm requires fairly simple formal specifications 
(requirements) for the system, but expensive in terms of the 
number of comparison operations and detection of transitions 
outside the allowed range. The obtained conclusions are 
confirmed by model experiments for the investigated 
algorithms for multichannel digital preprocessing of harmonic 
signals. CMOS libraries with design standards of 28 nm, 
65 nm, 180 nm were used. It can be argued that these 
recommendations may well be implemented on commercial 
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A Chisel Generator of Parameterizable and Runtime
Reconfigurable Linear Insertion Streaming Sorters

M. L. Petrović and V. M. Milovanović

Abstract—Fully streaming linear sorters with their rather
simple and low-cost hardware architecture are widely used
as the fundamental building blocks in many digital sig-
nal processing applications that require sorting operations
and continuous data streaming interfaces. Therefore, a pa-
rameterizable and runtime reconfigurable generator of fully
streaming sorters based on an insertion sort algorithm are
captured inside Chisel hardware design language in order
to enable fast and efficient agile design space exploration.
A broad range of parameter settings are supported with
the proposed generator, such as sorting data type and data
width in number of bits, discarding element position inside
the sorting array, compile and runtime reconfigurable sorter
depth, sorting direction, control and status register access
bus, etc. Various generator instances have been mapped
onto a commercially available FPGA platform, tested and
mutually compared. It is proven that such a generator can
yield resource and performance competitive sorter designs.

I. Introduction

Data sorting is one of the fundamental reordering oper-
ations performed manually or on a computer and as such
is an essential component in many applications. Several
software algorithms such as simple insertion and selection
sort suitable for small data collection, or more efficient al-
gorithms like merge, heap, or quick sort are described in
the literature. For many use cases, software sorting realiza-
tions are not able to provide sufficient processing through-
put, thus hardware implementations have been proposed
in order to alleviate the performance bottleneck.

Popular hardware sorting algorithm implementations
can generally be divided [1] into two categories: sorting
networks and linear sorters. The sorting network con-
cept has been introduced in [2] where both bitonic and
odd-even sorting network algorithms have been presented.
These algorithms can be easily implemented in hardware
using a recursive approach. Regular network structure al-
lows pipelined processing, therefore this algorithm can be
used in systems where high throughput is of paramount
importance. Since sorting network hardware realizations
could not provide continuous data streaming, different ar-
chitectures of linear sorters have been proposed. There
are many digital signal processing applications which man-
date hardware implementations of linear streaming sorters.
For example, nonlinear filtering, applicable in digital im-
age processing for preserving edges, denoising images, and
for global image enhancement, all exploit sorting as an es-
sential operation [3] while simultaneously requiring contin-

Marija Petrović is with NOVELIC d.o.o., Veljka Dugoševića 54/B5,
Belgrade, Republic of Serbia, (e-mail: marija.petrovic@novelic.com).
Vladimir Milovanović is with the Faculty of Engineering, Uni-
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uous data streaming. Moreover, linear streaming sorters
with FIFO-based schemes are utilized in radar and sonar
systems [4] as part of a target detection logic. Specifically,
certain constant false alarm rate (CFAR) algorithms, in
particular the ordered statistic, as well as its global exten-
sion, CFAR engines are widely used in radar digital signal
processing systems as an indispensable block for object de-
tection inside cluttered and noisy environments.

To provide a convenient mean for digital design space
exploration, a relatively recent hardware design language
Chisel [5] has been used to describe a generator of pa-
rameterizable linear insertion streaming sorters. Chisel is
an embedded domain specific language written in Scala
programming language. Using Scala concepts of object-
oriented and functional programming, abstract and pa-
rameterized data types, Chisel simplifies hardware design,
provides efficient generation of parameterizable hardware
generators and also gives designers an opportunity to use
advantages of Scala simulation environment for testing.

This manuscript presents an example of agile [6] digi-
tal design methodology applied to linear sorters with fully
streaming input and output (I/O) data, leveraging open
source code reuse through generator-based design and test-
ing. A collection of linear streaming sorters based on an
insertion sort algorithm with rich parameterization options
have been captured by the presented generator. Three dif-
ferent sorter variants have been shown and implemented.
The proposed sorter generator has been verified within
Scala’s simulation environment as well as experimentally
tested by instance mapping on a commercially available
Field-Programmable Gate Array (FPGA) platform.

II. Fully Streaming Linear Insertion Sorters

Linear insertion sorters use the same principle as
the well-known and widely-used insertion sort algorithm.
Namely, the incoming data are inserted at the appropri-
ate location inside the sorting array (just like, e.g., people
manually sort cards in a bridge hand) thus keeping the ar-
ray sorted. Sorters of this kind have been particularly con-
venient for systems with streaming interfaces where data
insertion needs to be accomplished in single iteration.

Several VLSI linear sorter implementations with differ-
ent features, suitable for various applications have been
demonstrated. All those sorter topologies provide low-cost
hardware implementations as they feature regular, easily
extensible structure based on a shift register array archi-
tecture and simple control logic. As the sorting array has
a finite length of n, not limited to a power of two, when
the array becomes full, every new data insertion must be
followed by one element deletion so that the streaming be-
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Fig. 1. Possibilities of inserting new input data into a linear insertion
sorter array that involves: a) shifting certain data to the right,
b) shifting certain data to the left, and c) holding current data.

havior is preserved. Discarding element can be chosen in
several ways having a direct impact on control logic com-
plexity and consequently on the amount of logic resources.
In [1] and [7] an overview and summary of different linear

insertion sorter architectures pointing their key features,
which also includes a discussion about discarding element
choice, has been given. In [8], the topology where values
can only be left shifted through sorting process, discarding
the smallest value inside an array has been demonstrated.
Similar sorting scheme is presented in [9] in which data
can be both left and right shifted depending on the ac-
tual insertion or deletion operation. A discarding element
position, in this case, is determined by the input control
signal. In [7], a FIFO-based successor architecture of the
linear insertion streaming sorter is proposed. The FIFO-
based sorter topology is similar to its predecessor but it is
extended with an additional counter block and the corre-
sponding control logic that detects the oldest element.
A common architecture of previously described sorters is

composed of basic processing elements (PEs) connected in
cascade. Each element contains a data register and a com-
parator accompanied with a corresponding control logic.
In order to perform the sorting operation correctly the

processing elements (PEs) should handle three basic inser-
tion cases that have also been illustrated in Fig. 1. Shaded
cells represent the discarding element placement inside the
processing array and its position can be: (i) held fixed, (ii)
defined at run time by appropriate input signals, or (iii)
determined by the oldest cell detection logic, depending
on the actual sorter scheme. The first example shows the
case where insertion operation, accompanied by a single el-
ement deletion, needs to be done by shifting corresponding
number of elements to the right. Similarly, next illustra-
tion in the series shows the case where empty place should
be filled by shifting elements to the left. The final example
does not require any shifting operation since the discarding
element place corresponds to the insertion position. The
shaded cell is anyway streamed out of the sorting array.
Streaming linear insertion sorters that are proposed in

this paper are based on already existing ideas [7–9] but
supplement these with great deal of extensions in order to
make a ubiquitous and parameterizable Chisel generator
thus universally enabling rapid design space exploration.

III. A Linear Insertion Sorter Generator

Previously elaborated linear insertion streaming sorters
have been captured by a design generator written in Chisel
3 hardware design language. Verification and implemen-
tation paths of the proposed generator for both FPGA
and ASIC flows are depicted in Fig. 2. A highly parame-
terizable Chisel generator of runtime reconfigurable linear
insertion streaming sorters is made freely available [10] as
open hardware library that can be customized per use case.

The proposed sorter generator scheme featuring stream-
ing input/output data and accompanied with the detailed
block diagram of one processing element (PE) is sketched
in Fig. 3. Each PE comprises a comparator, multiplexers,
data storing registers, as well as some control logic. Also,
the incoming data, left and right neighboring element data
values, comparator results and additional control signals
are available inside every PE. The control logic block uses
this information to generate signals for left/right shifting,
loading new data or resetting the register values. The il-
lustrated generator supports three linear insertion stream-
ing sorters differing only in the decision which of the cells
should be discarded and sent out during the insertion.

The simplest sorter variant that can be generated is the
one with the fixed discarding element position scheme.

The insertion sorter of this type is mostly suitable for
applications in which the first, the last or the median el-
ement is always deleted. Another viable option is to use
a dedicated control register for defining the discarding cell
position at run time. The ultimate variant is the so-called
FIFO-based scheme (an acronym for First In, First Out)
where additional logic for tracking the oldest element in-
side the sorting array had to be instantiated. When either
the load or the shift operations is active, the FIFO-based
scheme should appropriately update counter and data val-
ues. Each PE block has a discard signal used for signaling
that a particular element inside the array is the discarding
element. At any time during processing, only one element
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Fig. 2. Chisel hardware design language generator flow diagram
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Fig. 3. Interfaces of the proposed fully streaming linear insertion sorter design generator written in Chisel 3 showing input and output
signals as well as control and status registers. A detailed architecture of the single processing element is shown on the right-hand side.

will have this signal activated. Depending on the chosen
sorter scheme, the discard signal is either held active in a
specific PE block, or driven by an input signal, or by corre-
sponding counter block. Linear sorter where the discard-
ing element position is determined by the control register
can also achieve a FIFO-like functionality if the preceding
block knows which element is the oldest and accordingly
sets the discarding signal for the appropriate cell inside the
array. Users can tailor the sorter towards their own needs
by choosing the proper high-level generator parameters.

As previously explained, the proposed sorter generator
has been implemented with fully streaming interface where
on each clock cycle, input data is inserted on the appro-
priate position inside the sorting array and at the same
time single data has been discarded from the array and
sent to the streaming output. A collection of output ele-
ment values, represent sorted array of data in the prede-
fined direction and it is available at any processing mo-
ment. Streaming interface has been realized as Chisel’s
decoupled I/O interface consisting of ready/valid protocol
signals wrapped around the I/O data. Ready and valid
have been used to derive some internal control logic block
signals through each element within the processing array.

Input and output data have been type parameterized.
In fact, the sorter data type can be chosen across unsigned
UInt, signed SInt, fixed point FixedPoint or even float-
ing point representation, known in Chisel as DspReal data
type. The last mentioned data type is mostly used for
golden models of digital design modules. This is a simple
example of polymorphic code usage in Chisel. To provide
correct sorter behavior in scenarios which involve negative
numbers too, it is necessary to adequately manage the re-
set initialization of each PE’s data throughout the chain.

The input and output (I/O) data width is arbitrary and
for the fixed-point data type a user can also select the

number of fractional bits (the binary point location). A
number of processing elements is configurable and it di-
rectly determines the maximum number of data that can
be sorted in one clock cycle. Not only the compile time
sorter depth selection has been implemented, but also the
runtime configurable array length is provided through ad-
equate control register and signals. With an appropriate
control register configuration any smaller sorter sizes can
be chosen. When runtime reconfigurability is active, the
unused processing elements and their counters are kept
in reset and do not toggle throughout the sorting process
hence not influencing the dynamic power consumption.

The processing array can be either sorted in ascending or
descending direction depending on a parameter or a run-
time input control signal. Also an optional data flushing is
supported by a trigger that unconditionally streams data
out. Flushing can be activated only if the sorter is not
empty and there are no valid input data. During flushing,
new incoming data values can not be received nor pro-
cessed. This feature is accomplished via deasserting the
ready signal so that a circuit which precedes the sorter has
an information that the processing block is busy.

Apart from the control registers, the generator also pro-
vides some dedicated read-only status registers which indi-
cate whether the sorter instance is full or empty. Various
control and status registers have been provided through
the memory-mapped interface where it is up to a user to
decide among TileLink, AXI4, APB or AHB interfaces.

A type of a bus towards the memory-mapped configura-
tion registers is a generator parameter accessible through
rocket-dsp-utils�, a free library of Chisel utilities for
digital signal processing. The whole generator uses single
clock domain and it can be easily tailored to larger systems
that require low latency and streaming inout interfaces.

†Available online: www.github.com/ucb-bar/rocket-dsp-utils
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IV. Implementation and Verification Results

For testing the designed system, Chisel testers together
with certain extensions from ACED (A Hardware library
for Generating DSP systems) [11] library have been used.
To make the golden model for the proposed sorter

design, a DspReal data type which implements a non-
synthesizable double-precision floating point numbers has
been used. This data type can be of great significance for
larger systems since it eliminates the quantization noise
and helps users to easily evaluate algorithmic correctness.
A full set of tests that cover all possible parameter

choices, have been written using Scala simulation environ-
ment in order to verify the proposed design generator. A
number of instances obtained from the presented sorter
generator are also functionally tested on an FPGA board.
For implementation, a Digilent’s Arty S7 board which is

based on Xilinx Spartan-7 FPGA is used. In Table I re-
source utilization of the chosen FPGA platform for differ-
ent generator instances is given. As anticipated, the choice
of linear insertion sorter architecture with the array size
and data width mostly affect slice look-up tables (LUTs)
and slice registers. The linear sorter based on FIFO scheme
uses more hardware resources than the other two variants
as it instantiates dedicated counter logic and a few more
multiplexers for detecting the oldest element inside the ar-
ray. Furthermore, the effect of runtime reconfigurability
feature is visible through increased usage of slice LUTs,
as each processing element requires additional multiplex-
ers to maintain the correct behavior. Expectedly, a sorting
direction does not have an influence on resource utilization.
All sorter generator instances are synthesized for

100MHz target clock frequency. The initial latency of a
linear sorter is directly proportional to its array size. When
runtime reconfigurability is enabled, a dedicated control
register that governs the sorter length, defines the initial
latency. Once the sorter array is filled with data, the la-
tency is equal to one clock cycle and the sorted output
data sequence is available at every moment in time.
In terms of both resource utilization and performance,

the proposed design generator of fully streaming linear in-

∗sorting direction – ascending denoted ↗, descending denoted ↘
†C denotes compile time configurable, R runtime configurable size
‡linear sorter type with fixed discarding element position scheme
§linear sorter type with input selected discarding element position

TABLE I

FPGA Resource Utilization of Various Generator Instances.

Linear Insertion Sorter Instance Parameters FPGA Resources
sorter
type

ascend�

descend
C/R�

size
(n)

data
width

Slice
LUTs

Slice
Registers

FIFO ↗ C 32 8 bits 989 431
FIFO ↗ C 16 8 bits 474 206
FIFO ↗ C 16 16 bits 671 342
FIFO ↘ R 32 16 bits 2086 695
FIFO ↘ C 32 16 bits 1834 695

fixed� ↗ C 32 16 bits 820 537

in-sel� ↗ C 32 16 bits 1023 537
FIFO ↗ C 64 24 bits 5652 1954
fixed ↗ C 64 24 bits 2413 1570
in-sel ↗ C 64 24 bits 2947 1570

sertion sorters is comparable with similar customized hard-
ware implementations described earlier in Section II.

Undoubtedly, the readily available register-transfer level
(RTL) sorter implementations feature much lower num-
ber of design parameters which has an impact on their
resilience. Without compromising performance and fea-
turing full design flexibility this Chisel design generator
aims to become a universal hardware sorting library.

V. Conclusions

A digital design generator of linear streaming sorters
based on a well-known simple insertion sort algorithm with
plethora of parameterization options which enable agile
design space exploration has been captured by and imple-
mented inside Chisel hardware construction language.

Various generator instances are simulated, tested and
verified using Chisel testers and Scala simulation envi-
ronment, as well as experimentally validated through nu-
merous instance mappings onto a widely-available budget
FPGA development platform. It is confirmed and demon-
strated that the presented fully streaming linear insertion
sorter generator produces instances which are competitive
in performance with state-of-the-art designs in this field.
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Design of Comb Decimation Filter with Improved 
Aliasing Rejection and Compensated Passband  

 
G. Jovanovic Dolecek  

 
 

Abstract - A simple design of a multiplierless comb 
decimation filter with an improved aliasing rejection and a 
compensated passband is presented in this paper. The aliasing 
rejection in the comb folding bands is improved by cascading 
simple multiplierless comb-based filters, with a comb filter. The 
simple filters introduce the additional zeros into comb folding 
bands, thus increasing the widths and the attenuation in the 
folding bands. It is interesting that the passband droop in the 
proposed filter and in the equivalent comb filter, are equal. As a 
consequence, the compensators for comb filters, proposed in 
literature, may be used. 

The method is illustrated with examples. The comparisons, 
with the methods from literature, are provided to show the benefit 
of the proposed method. 
 

I. INTRODUCTION 
 

Decimation is the process of decreasing sampling rate 
in digital domain, by an integer, called decimation factor. 
This process has applications, for example in Sigma-Delta 
Analog Digital Converters (SD ADC), and communications, 
among others, [1]. 

The decreasing of sampling rate introduces aliasing, 
which may deteriorate the decimated signal. In order to 
prevent aliasing it is necessary to filter input signal by a 
filter called decimation filter. Consequently, decimation is 
a two-stage process, in which in the first stage is a 
decimation filter and in the second stage is performed 
decreasing of sampling rate, also called downsampling [1]. 
Comb filter is a popular decimation filter due to its 
simplicity. It has all its coefficients equal to unity and 
consequently does not need multipliers for its 
implementation. Cascaded-Integrator-Comb (CIC) is a 
popular comb structure made of the sections of integrators 
and combs, separated by downsampling by the decimation 
factor. 

Comb attenuates aliasing, which occur in the bands 
around comb zeros, called folding bands. However, the 
attenuation in folding bands is not sufficient in many 
applications, and must be increased. Additionally, comb 
magnitude characteristic is not flat in the passband.  
The simplest method to increase attenuation in the folding 
bands is to increase the number of the cascaded comb.  

However, this process increases the passband droop 
which may also deteriorate the decimated signal. 

The most efficient method to increase the aliasing 
rejection is obtained by distributing the zeros in comb 
folding bands, since former results in the increasing the 
widths of folding bands. 

This method was first proposed in [2], introducing a 
rotated recursive sinc filter, which introduces two 
additional zeros into each comb folding band. However, 
this method requires two multipliers, and introduces 
possible instability since pole-zero cancellation may be lost 
due to the coefficient cuantization Different methods have 
been proposed to further improve method in [2], 
considering a multiplierless design, and a nonresursive 
rotation term, thus avoiding possible instability. 

Laddomada generalized the method in [3], while the 
sharpening with Chebyshev polynomials was proposed in 
[4]. Authors in [5-7] presented methods based on combs of 
different lengths. 

In [8] was proposed a simple two-stage comb based 
filter for even decimation factors, in which a simple 
modified comb filter is introduced in the second stage to 
improve aliasing rejection in all odd folding bands. 

Methods in [9-10] use the simple filters derived from 
the polynomials having all zeros on the unit circle. 

Recently, the methods to simultaneously improving 
the comb passband and stopband, based on sharpening 
technique, are proposed in [11-13]. 

The rest of the paper is organized in the following 
way. Next Section presents motivation and goal of this 
work. The proposed method is given in Section 3, and 
illustrated with two examples. The comparisons with state 
of the art are included in Section 4. Finally, the conclusions 
are presented in Section 5. 

 
II. MOTIVATION AND GOAL  

 
In literature [9]-[10] were proposed simple comb-

based multiplierless filters which introduce two additional 
zeros into the comb folding bands. Our motivation here is 
to introduce more additional comb zeros into comb folding 
bands to increase widths and attenuation in the folding 
bands. Moreover, this process should not increase the 
passband droop in the comparison with the equivalent 
comb filter. 

This is important, since there are many efficient comb 
compensators proposed in literature, which may be directly 
used to compensate for a passband droop in the proposed 
filter.  

Our goal here is two-fold: 
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• Increase the attenuation in the comb folding bands 
using simple multiplierless filters, and compensate 
for the passband droop using comb compensators 
from literature. 

• Get the magnitude characteristic better than in the 
state of art. 

 
A. Increasing comb aliasing rejection 
 

We propose to use simple filters introduced in [9]-
[10]: 
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The cascade of filters (1) and (2) introduces 4 distributed 
zeros across the comb folding bands. We denote this 
cascade as G(z): 
 
                              )()()( 21 zHzHzG = .                    (3) 

 
This idea is illustrated in the following example. 

Example 1: We consider M=5 and the filter G(z) 
given in (1)-(3), with the parameters a1 and a2 equals to 2-2 
and 2-3, respectively. The equivalent comb filter H(z) has 
an order of K=4. Figure 1 compares pole-zero plots of the 
equivalent comb, and the filter G(z). Observe that all comb 
filter zeros are quadruple, and all in the middle of folding 
bands In contrast, the zeros of filter (3) are all single, and 
distributed across the folding bands. The corresponding 
magnitude responses are compared in Fig.2. in order to 
show how the zero distribution affects the folding band. 

Note that the filter G(z) has wider folding bands then 
the comb filter, while the passbands are equal. 
 

III. PROPOSED FILTER 
 
    The proposed filter is the cascade of comb of order K1, 
and the filter G(z), 
 
                       NzGzHzH K

p /)()]([)( 1= ,                   (4) 
 
where N is the normalization factor. 

Usually K1= K-4, where K is the order of the 
equivalent comb. 

 
 
a. Comb, M=5, K=4. 

 

 
 
b. Filter G(z). 
 
Fig.1. Pole-zero plots: Distributing zeros in comb folding bands. 

 

 
 
Fig. 2. Magnitude responses of comb and filter G(z). 

 
The method is illustrated in the following example. 
Example 2: The decimation factor M=12 and the 

equivalent comb has an order of 5, resulting in K1=1 in (4). 
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b. Filter G(z). 
 
Fig.1. Pole-zero plots: Distributing zeros in comb folding bands. 

 

 
 
Fig. 2. Magnitude responses of comb and filter G(z). 

 
The method is illustrated in the following example. 
Example 2: The decimation factor M=12 and the 

equivalent comb has an order of 5, resulting in K1=1 in (4). 

The parameters of the filter (3), a1 and a2, are equal to 2-1 
and 2-4, respectively. 

The magnitude responses of the proposed, and the 
equivalent comb filters are contrasted in Fig.3. The zooms 
in the first, and second folding bands are also shown, to 
demonstrates the improvement in the folding bands in the 
proposed filter.  

We can again observe that the improvement in the 
folding bands does not increase the passband droop in the 
comparison with the equivalent comb filter.  

As a consequence, we can use any compensator 
proposed for compensating comb passband droop, as 
described in next subsection. 

 
Fig. 3: Magnitude responses in Example 2. 

 
A. Compensator 
 

We consider here the wideband compensation, and the 
compensator C(z) from [15], since it provides a good 
compensation for high comb orders. The magnitude 
response of the compensator is given as [15]: 
 
    )]2/(sin1[)]2/(sin1[)( 24 MBMAeC j  ++= ,   (5) 
 
where A and B are parameters, which do not depend on M, 
and are given in table in [15] for a given values of K. The 
compensator works at low rate i.e. after the decimation. 

Using (4), the transfer function of the compensated 
filter is given as: 
 
              NzCzGzHzH MK

pc /)()()]([)( 1= .               (6) 
 
Since compensator works at low rate, and the transfer 
function is presented at high input rate, the z-transform of 
the compensator in (6) is expanded by M. 

Next example illustrates compensation of the 
proposed filter. 

Example 3: We apply compensator from [15] to the 
proposed filter in Example 2. We choose the compensator 
parameters A=20-2-3, and B=20-2-2+2-6, requiring 12 adders. 
The magnitude response of the compensated filter (6) is 

shown in Fig. 4. The passband zoom is also shown to 
demonstrate a good passband compensation with a maximal 
absolute value of passband deviation of 0.0373 dBs. 
 

 
 

Fig. 4. Magnitude response in Example 3. 
 

IV. COMPARISONS 
 

In this section we compare the proposed method with 
some similar methods from literature. 
 
A. Comparison with methods in [9]  
 

Since the proposed method is related with the method 
[9], we first compare the proposed method with this 
method. The magnitude responses are shown in Fig.5. 
Zoom in the first two folding bands clearly show that the 
proposed method provides better aliasing attenuation.  

 

 
 
Fig.5. Comparison with method [9]. 

 
B. Comparison with method in [12] 
 

We choose from Table 1 in [12], M=32, and the 
sharpening polynomial p=2-8x2-2-3x4+x6, where x is a comb 
filter. The coefficients of compensator are also given in the 
table. In the proposed filter K=6 and a1=1/4, a2=1/8, A=1, 
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B=1-2-6. The compensator requires 10 adders. Magnitude 
responses are contrasted in Fig.6. The zooms in the 
passband, and the first folding band, show that the 
proposed method provides better magnitude characteristic, 
with a similar complexity.  

 

 
 

Fig.6. Comparison with method [12]. 
 
C. Comparison with method in [13] 
 

A two-stage sharpening comb filter, where sharpening 
coefficients are obtained by linear programming, is introduced 
in [13]. The parameters of the filter are given in table 1 in [13], 
while in the proposed method are used the same parameters as 
in comparison with [12]. Magnitude responses are contrasted 
in Fig.7., showing that the proposed method provides better 
aliasing attenuation, while passbands are similar. 
 

 
 

Fig. 7. Comparison with method [13]. 
 

V. CONCLUSION 
 

This paper presents method to improve comb aliasing 
rejection using simple filters keeping the same passband 
droop as in equivalent comb filter. As a result, the comb 
compensator may be used to compensate for the passband 
droop. The comparisons with the state of the art show the 
benefit of this proposal. 
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Model for Determining the Optimal Structure of 
Hierarchical Asymmetric Branched Computer 

Networks 
 

V. Teslyuk, O. Pavliuk, and I. Kazymyra 
 
 

Abstract - A mathematical model has been elaborated to 
determine the optimal structure of multilevel hierarchical 
asymmetric branched computer networks and the appropriate 
software has been developed. In the presented case study on the 
example of a star topology with a selected main element and 
given characteristics of the elements' reliability, the optimal 
structure of the connection of workstations to the hubs was 
selected. 
 

I. INTRODUCTION 
 

The majority of modern technical systems are large-
scale systems, usually such systems are hierarchical and 
multi-level [1, 2]. The computer networks have a special 
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transmission speed for it is 100 Mbps, that corresponds to a 
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connected to the server using hubs, this topology is 
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Fig. 1. The example of hardware for local computer network. 
 
Figure 1 shows a server with two identical 16-port 

hubs connected to it. The number of workstations 
connected to the first hub is a2

(1), and to the second hub –
a2

(2) respectively. All the workstations are of the same type. 
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subject to the exponential distribution law with the 
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different number of elements of the 2nd level with the 
parameters λ2, β (λ2 is a scale parameter, β is the aging 
coefficient). The cable, consisting of four twisted pairs of 
copper wire, is capable to transmit data at speeds up to 
100 Mbps and to be operating continuously for at least 
10 years. All the elements of the local computer network 
are connected by it. Since the failure rate of such 
communication line is very small λ=6,12105*10-8 [1/hours] 
then it can be neglected. 

The computer network shown in Fig. 1 has a structure 
which can be represented as an asymmetric HBS, in which 
at least one of the levels has different branching 
coefficients. An example of a structural diagram of an 
asymmetric system branched to the 2nd level is 
demonstrated in Fig. 2. 

 

 
Fig. 2. The asymmetric hierarchical system branched to the 
2nd level.  

 
The above is an asymmetric HBS with branching 

coefficients of the first and second branches to the 2nd level 
of a2

(1), a2
(2) respectively. The first element of the 1st level 

has connection with a2
(1) subordinated elements of the 

2nd level, and a2
(2) elements of the 2nd level are 

subordinated to the second element of the 1st level. Since 
a2

(1) = a2
(2), the system is asymmetric with two unequal 

branches. 
The generating function for this asymmetric HBS can 

be written as: 
 

 (1) 
, 

 
where p0, q0, p1, q1, p2, q2 – the probabilities of failure-free 
operation and failure probabilities of the elements of the 
0th, 1st, and 2nd levels, respectively; 
a2

(1), a2
(2) – branching coefficients for the first and second 

branch of the 2nd level;  
z– arbitrary parameter. 

For further considerations we need the following 
substitution for the elements of the second branch of the 
2nd level: 

 

,   (2) 
 
and for the elements of the second branch of the 1st level: 
 

,   (3) 

 

where  denotes rounding to a larger integer 

result of dividing x2
(2) by a2

(2). 
For the elements of the first branch at the 2nd level we 

introduce: 
 

, (4) 

 
On the basis of the generating function (1) taking into 

account (2-4) we obtain the equation for duration of system 
stay at the prescribed availability condition: 

 
 

(5) 
 

 

 

 

 
where  – the number of all combinations of n 
elements by m elements. 

The developed model allows to determine the duration 
of the system stay at the prescribed availability condition 
on the basis of equation (5). Furthermore, this approach 
makes it possible to construct the expressions for 
estimating the values of the following parameters of 
computer network reliability: the probability distribution of 
the number of operating output elements of the system; 
system availability function; the time duration of the 
system stay at each of the possible operational states and at 
a given availability condition; failure probabilities, 
frequency and intensity of system failures at a given 
availability condition. 
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III. RESEARCH RESULTS 
 

For validation of the model, we have used the 
following parameters of technical equipment. Mean time 
between failures for the server Dell and Intel appliance 130 
is MTBF=172 199 hours [11]. Since the reliability 
characteristics of the zero-level element (server) are subject 
to the exponential distribution law, its failure rate is 
λ0 = 5,807*10-6 [1/hours]. Both elements of the first level 
(DES-1016D, 16-port hubs type 10/100Base-TX, 
MTBF=492 096 hours [12]) are also subject to the 
exponential distribution law with failure intensity of 
λ1 = 2,0321*10-6 [1/hours]. The elements of the 3rd level 
are typical workstations with MTBF=15 000 hours [13]. 
Taking into account that they have aging components and 

failures distributed in accordance with the Weibull law we 
obtain β=1,2 and failure intensity λ2 = 9,046*10-6 [1/hours]. 

Having 25 identical workstations, we go over all the 
options of their connecting to hubs and on the basis of the 
developed model calculate the reliability characteristics. 
We also set the availability condition k = 23. That is, the 
system is considered operating when at least k output 
elements work, where 0 < k ≤ a2

(1) + a2
(2).  

On the basis of the developed mathematical model, we 
calculate the reliability characteristics. The optimal 
connection of workstations will be considered that one at 
which the duration of the system stay at the availability 
condition  will be maximum. The results of calculations 
of TA2W (k, t) values are shown in Table I. 

 
 

TABLE I    
RESEARCH RESULTS 

 

 Average duration of system stay at x2 

k 

a2
(1) = 9 

a2
(2) = 16 

a2
(1) = 10 

a2
(2) = 15 

a2
(1) = 11 

a2
(2) = 14 

a2
(1) = 12 

a2
(2) = 13 

a2
(1) = 13 

a2
(2) = 12 

a2
(1) = 14 

a2
(2) = 11 

a2
(1) = 15 

a2
(2) = 10 

a2
(1) = 16 

a2
(2) = 9 

25 1017,97 1017,97 1017,97 1017,97 1017,97 1017,97 1017,97 1017,97 
24 1890,685 1890,685 1890,685 1890,685 1890,685 1890,685 1890,685 1890,685 
23 2715,606 2715,606 2715,606 2715,606 2715,606 2715,606 2715,606 2715,606 
22 3520,466 3520,466 3520,466 3520,466 3520,466 3520,466 3520,466 3520,466 
21 4318,847 4318,847 4318,847 4318,847 4318,847 4318,847 4318,847 4318,847 
20 5119,315 5119,315 5119,315 5119,315 5119,315 5119,315 5119,315 5119,315 
19 5928,253 5928,253 5928,253 5928,253 5928,253 5928,253 5928,253 5928,253 
18 6751,036 6751,036 6751,036 6751,036 6751,036 6751,036 6751,036 6751,036 
17 7592,649 7592,649 7592,649 7592,649 7592,649 7592,649 7592,649 7592,649 
16 8461,821 8458,068 8458,068 8458,068 8458,068 8458,068 8458,068 8461,821 
15 9363,053 9356,73 9352,555 9352,555 9352,555 9352,555 9356,73 9363,053 
14 10302,19 10293,65 10286,61 10281,94 10281,94 10286,61 10293,65 10302,19 
13 11286,16 11275,59 11266,09 11258,19 11258,19 11266,09 11275,59 11286,16 
12 12323,33 12310,82 12299,03 12294,39 12294,39 12299,03 12310,82 12323,33 
11 13423,95 13409,55 13402,54 13399,48 13399,48 13402,54 13409,55 13423,95 
10 14600,84 14592,7 14588,38 14586,48 14586,48 14588,38 14592,7 14600,84 
9 15879,62 15875,27 15873,05 15872,11 15872,11 15873,05 15875,27 15879,62 
8 17277,99 17276,73 17276,33 17276,26 17276,26 17276,33 17276,73 17277,99 
7 18814,04 18815,58 18816,9 18817,64 18817,64 18816,9 18815,58 18814,04 
6 20490,87 20495,23 20498,31 20499,9 20499,9 20498,31 20495,23 20490,87 
5 22267,95 22275,64 22280,85 22283,48 22283,48 22280,85 22275,64 22267,95 
4 24027,47 24039,6 24047,7 24051,75 24051,75 24047,7 24039,6 24027,47 
3 25572,2 25589,15 25600,35 25605,92 25605,92 25600,35 25589,15 25572,2 
2 26696,88 26714,51 26725,98 26731,64 26731,64 26725,98 26714,51 26696,88 
1 27309,28 27318,83 27324,9 27327,84 27327,84 27324,9 27318,83 27309,28 
0 27532,21 27532,21 27532,21 27532,21 27532,21 27532,21 27532,21 27532,21 
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As it can be seen from the results presented in Table I 
the most optimal placement of the elements in the branches 
is the following: 12 and 13 elements, without binding to the 
branches (highlighted in gray). This result can be achieved 
when from 1 to 7 output elements of the system are 
working. With this arrangement of the elements, we obtain 
the largest values of the duration of the system stay at the 
availability condition k.  

 
IV. CONCLUSION 

 
The model for determining the reliability parameters 

of hierarchical, multilevel, branched computer networks of 
large dimension has been proposed. It is based on the 
Weibull distribution and the theory of calculating the 
reliability parameters of asymmetric hierarchical branched 
systems with aging elements. The developed software 
system allows to define the reliability parameters of 
asymmetric hierarchical branched systems with aging 
elements and thereby to automate the design process. For 
the considered case study, the optimal connection of 
workstations is the following: 12 elements have to be 
connected to one hub and the rest 13 ones – to another. It 
does not matter to which hub will be connected 12 
workstations and to which one – 13, because the hubs have 
the same reliability characteristics, as well as workstations 
have identical reliability parameters. 

Basing on the developed mathematical model it is 
possible to carry out calculation of other characteristics of 
reliability of asymmetric hierarchical systems branched to 
the second level. For example: distribution of probabilities 
of number of system's output elements working; system 
readiness coefficient; probability, frequency and intensity 
of failures under a given availability condition ; duration 
of the system stay in each of the possible operating states, 
etc. However, the most informative indicator for 
constructing the optimal structure of an asymmetric 
hierarchical system is the duration of the system stay in the 
availability condition . 

The methodology used to calculate the reliability 
characteristics of the asymmetric systems can be used for 
systems with more than two branches, as well as with 
branching to more than two levels. This mathematical 
model can be modified to non-isotropic, i.e., one in which 
different branches contain the elements with different 
reliability characteristics, as well as with branches are 
going through a level or several levels.  
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Abstract - Network intrusion detection systems (NIDS) are 
widely used solutions targeting the security of any network device 
connected to the Internet and are taking the lead in the battle 
against intruders. This paper addresses the network security issues 
by implementing a hardware-based NIDS solution with a Naïve 
Bayes machine learning (ML) algorithm for classification using 
NSL Knowledge Discovery in Databases (KDD) dataset. The 
proposed FPGA implementation of the Naïve Bayes classifier 
focuses on low latency and provides intrusion detection in just 
240ns, with accuracy/precision of 70/97%, occupying 1% of the 
Virtex7 VC709 FPGA chip area. 
 

I. INTRODUCTION 
 

The exponential expansion of the number of 
computers and devices connected to the Internet makes 
network security an important topic that needs to be 
addressed. The attempts to invade the privacy and data of 
connected users worldwide become tempting to hostile 
users. Therefore, NIDS is becoming an essential part of any 
network device enabling Internet connections.  

NIDS provides great control over network traffic, 
applying mechanisms and rules for filtering known traffic. 
According to anomalies detected in the monitored network 
traffic, predicting unknown types of network attacks is also 
possible [1]. To enhance security, NIDS have to inspect 
incoming network packets looking for unwanted and 
hostile traffic. Usually, this is done via various software 
platforms (e.g. Snort) [2] that naturally are still vulnerable 
to unknown or novel types of attacks. Despite the 
flexibility, modularity, and upgradeability, these software-
based NIDS systems' primary potential liability is their 
inability to handle and process the continuous and daily 
increasing quantities of network traffic. Therefore, many 

researchers have already turned to hardware designs for 
many network issues, including security [3]-[8]. 

In this paper, we propose a hardware-based NIDS 
system that implements a Naïve Bayes ML algorithm for 
classification, and thus in the continuation of the text, it is 
referred as NIDS-ML system. To evaluate the proposed 
system, we use a bench dataset named NSL-KDD [9]. The 
NSL-KDD dataset is sorted data from captured and 
inspected network connections for intrusions. This dataset 
defines 37 types of intrusions, where 21 of these attack 
types are available in the training set, while the remaining 
16 are only present in the test set.  

In our approach, we choose to implement the NIDS-
ML system purely in hardware to overcome the 
shortcomings of software-based implementation, enabling 
continuous handling and processing of network traffic, 
independent of the processes done by the main CPU and 
other hardware units. This separation of the NIDS-ML 
system from the other hardware components enables low 
latency intrusion detection since the proposed system is 
operating as offloaded coprocessor specially tailored to 
detect malicious network traffic. 

The rest of the paper is organized as follows: Section 
II presents some related work based on intrusion detection 
in hardware. Section III states the methodology for 
designing the NIDS-ML system based on Naïve Bayes 
classification. Section IV analyses the accuracy and 
precision results of network intrusion detection over the 
NSL-KDD data set and discusses the timing and area 
characteristics of the FPGA-based NIDS-ML 
implementation. Section V deals with a conclusion and 
future work. 

 
II. STATE OF THE ART 

 
Intrusion detection systems are special-purpose 

systems used to detect malicious activity in the network 
and take specific actions and measures. Usually, intrusion 
detection is performed in software, but many researchers 
turn to hardware-based implementations to offload the 
tasks off the main CPU and increase the quantity of 
processed network traffic [3]-[9]. For example, the stated 
research given in [3] shows that a hardware-based NIDS 
could provide both high multi-gigabit throughput and 
flexibility to the dynamic nature of intrusion detection with 
a detection rate exceeding 99%.  

Some approaches of the hardware implementation of 
packet pre-filtering and filtering for multi-gigabit network 
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monitoring applications are given in [4] and [5], 
accordingly. Furthermore, the authors of [6] provide a 
unique traffic-aware, modular approach with specific rule 
sets applied to concrete traffic categories in the design of 
FPGA-based NIDS. On the other hand, there are also some 
approaches of a hardware implementation of network 
firewall in FPGA, [7], [8]. 

When it comes to hardware implementation of a 
system, two types of technologies could be used: ASIC and 
FPGA. ASIC implementation requires more time and 
resources, with the faster speeds. On the other hand, FPGA 
implementation requires less time and resources, the final 
implementation can be realized much sooner, but the 
speeds are almost always slower. Therefore, for research 
purposes, FPGA is the preferable technology for hardware 
implementation [10].  

A detailed description of FPGA architectures suitable 
for designing IDS systems is provided in [11]. The authors 
emphasize that the main advantage of using FPGA 
technology is that the NIDS processing core could be 
replicated many times to employ the full FPGA capacity 
and improve the throughput performances. Furthermore, 
the authors of [12] explore the FPGA implementation of 
genetic programming and bioinformatics algorithms, which 
are inherently parallel to provide intrusion detection with 
high throughput. 

On the other hand, the authors of [13] state that 
attack detection can be considered a classification problem 
because the target should clarify whether the packet is 
normal or attack packet. As a result, the accepted intrusion 
detection system model can be implemented based on ML 
methods. For example, the authors of [14] state that the 
application of ML algorithms could provide a very high 
detection rate of 98% and a false prediction rate below 2% 
in IDS. Other similar research, targeting machine learning, 
has also been shown to provide solid results in detecting 
intrusions [15-19]. Assuming that well-known data sets 
consist of real-time network traffic with a large number of 
features, it can be concluded that machine learning is very 
suitable for application in anomaly-based intrusion 
detection.  

Whereas the previously mentioned papers focus on 
either ML - NIDS using software [13]-[19] or NIDS using 
FPGA [3]-[8], [11], [12], this paper investigates the 
possibilities for implementing a hardware-based approach 
of NIDS-ML system with FPGA device, by means of 
Xilinx Virtex VC709 development board [20]. The primary 
goal is to implement and evaluate low latency NIDS-ML 
system on ongoing connections, using hardware resources 
on the FPGA board while retaining the flexibility of the 
software-based rules. Such hardware/software co-design 
would allow the necessary speed and flexibility. 

 
 
 
 

III. METHODOLOGY FOR DESIGNING HARDWARE-
BASED NIDS-ML SYSTEM 

 
One crucial step when implementing ML models is 

choosing the correct dataset to be used for training the 
model. The NSL-KDD dataset is an improved dataset of 
the original KDD’99 CUP dataset [9]. The dataset contains 
a standard set of data, including a wide variety of intrusions 
simulated in a network environment. The improved version 
is less redundant, has no duplicate records, the number of 
selected records is inversely proportional to the difficulty 
of attack, the number of records in the train and test sets is 
reasonable, thus making it affordable to run the 
experiments on the complete set without the need to select 
a small portion randomly. Consequently, evaluation results 
of different research works will be consistent and 
comparable. 

This dataset consists of 41 input features and 1 
output label – the type of attack. The features are 
subdivided in four categories: basic, content, time and 
traffic features. In total there are 37 types of attacks, and 
these attacks are grouped in 4 subgroups. The subgroups 
are: Probe, DoS (Denial of Service), U2R (User to root) 
and R2L (Remote to user). Finally, the subgroups can be 
grouped in a large group consisting of intrusion 
connections and the remaining group containing the normal 
connections. Therefore, the output has only 2 states, 
intrusion or normal connection, which is represented with 
the ap_return signal, given on the block diagram of the 
NIDS-ML module, shown in Fig. 1. In addition to that, the 
dataset can be further analyzed and the features can be 
ranked based on their importance. 

The next step after choosing the correct dataset is 
deciding the ML model to be trained and tested. There are 
various ML models and algorithms, and for this 
implementation, we use the Naïve Bayes classifier. The 
reason for using Naïve Bayes classifier is because 
compared to other classifiers, the formulation is 
straightforward, classifying the data is done very fast, and 
changing the classifier parameters can be done using 
software [21]. 

The Naïve Bayes classifier is a probabilistic 
classifier and uses inverse Gaussian distribution to decide 
whether the connection is an intrusion or normal. The block 
diagram of the proposed NIDS-ML system is shown on 
Fig. 1. 

 

Fig. 1. Block diagram of NIDS-ML module for testing. 
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Fig. 1. Block diagram of NIDS-ML module for testing. 

The implementation of the proposed NIDS-ML 
system can perform one function – testing. At this moment 
the training of the Naïve Bayes parameters is done on a 
CPU because this task is not time-critical. Once the training 
is finished, the results from the training data are imported 
to the FPGA module for testing. When the parameters are 
imported, the NIDS-ML testing module needs to receive 
input data and the connection will be classified. During 
testing, the parameters of the ongoing connection are 
extracted and set as input in the classifier. The extraction of 
the parameters is done by a separate hardware/software 
logic which gets data from ongoing connection and 
converts the data to match the form of the training data and 
is beyond the scope of this paper.  

The classifier can be optimized in several ways, 
some of which are pipelining, custom precision and feature 
selection.  

Using a predetermined number of features, means 
that we can pipeline the processing of the final value 
required for the classifying comparison. This decreases the 
required resources through hardware re-use and lowers the 
number of cycles for the given operation.  

The analysis of input data enables uses of custom 
precision for different variables, further reducing hardware 
resources.  

Additionally, a feature selection method could be 
applied in order to eliminate redundant and irrelevant data 
from the data set, by selecting a subset of relevant features 
that fully represents the given problem. This way, the 41 
input features would be reduced by selecting only the 
features that are most relevant in predicting the target 
variable in the predictive classification model. In this paper 
we use the RFE feature selection method [22]. The next 
subsection provides details about the improvement that was 
introduced with building a ML model based on the NSL-
KDD data set with reduced set of features, according to the 
certain RFE feature selection method. 

Combining all of these optimizations results in a 
module named Optimized NIDS-ML classifier, which will 
be compared to a Basic (non-optimized) NIDS-ML 
classifier in the next section. 

 
IV. RESULTS AND DISCUSSION 

 
The performance of the proposed NIDS-ML system 

is evaluated based on its capability of classifying network 
traffic into a correct type. The comparative analysis is 
made over the two different classifiers: Basic NIDS-ML 
system, and Optimized NIDS-ML system. Both models 
were evaluated in software, by means of WEKA software 
package [23]. Additionally, Xilinx Vivado HLS was used 
for comparing the hardware implementations of the both 
NIDS-ML systems, when realized in Xilinx Virtex7 VC709 
FPGA evaluation board.  The results are discussed in the 
continuation. 

When operating in serial and receiving 41 features, 
the basic NIDS-ML system takes 820ns before the decision 

is made. The FPGA implementation of this system takes 20 
of 2940 BRAM, 78 of 3600 DSP48E, 15318 of 866400 FF 
and 12721 of 43320 LUT slices. Respectively that is ~0%, 
2%, 1% and 2% of the total available slices. The achieved 
accuracy of the hardware-based Basic NIDS-ML system is 
70% and the precision is 80%. The precision results are 
lower than the results of software based Naïve Bayes 
implementation on the same dataset, evaluated in WEKA. 
In fact, the software based implementation has 76% 
accuracy and 80% precision. 

Further analysis of the features allows for ranking 
them by their importance. With this the number of 
necessary features for classification can be decreased. 
When classifying with 12 features, according to the RFE 
method, the FPGA implementation of the NIDS-ML 
system uses less area: 20 of 2940 BRAM, 92 of 3600 
DSP48E, 4815 of 866400 FF and 6891 of 43320 LUT, and 
detects an attack in 240ns. The reduction of features, 
doesn’t decrease the accuracy of the hardware-based 
Optimized NIDS-ML system of 70%, while the precision is 
increased to 97%. Software evaluation in WEKA yields 
72% accuracy and 79% precision. 

Table 1 and 2 summarize the results, for the both 
versions of NIDS-ML systems. Table 1 focuses on the 
differences between the software and hardware 
implementations of Naïve Bayes classification, while Table 
2 provides more details about the basic and optimized 
hardware implementations of NIDS-ML system in FPGA. 

 
TABLE I 

COMPARISON OF HARDWARE AND SOFTWARE NB CLASSIFICATION 
 

 Basic NIDS-ML Optimized NIDS-ML 
 Hardware Software Hardware Software 
 FPGA CPU FPGA CPU 

Accuracy 70% 76% 70% 72% 

Precision 80% 80% 97% 79% 
 

TABLE II 
COMPARISON OF BASIC AND OPTIMIZED NIDS-ML 

IMPLEMENTATION IN FPGA 
 

 Basic NIDS-ML Optimized NIDS-ML Difference 

Features 41 12 -71% 

Time[ns] 820 240 -71% 

BRAM 20 20 0% 

DSP48E 78 92 +18% 

FF 15318 4815 -69% 

LUT 12721 6891 -46% 

Slices 28137 11742 -58% 

Accuracy 70 70 0% 

Precision 80 97 21% 
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According to table 2 it can be seen that the 
implemented optimizations have a very significant impact 
on the proposed hardware-based NIDS-ML system, 
providing 2.4 times lower slices utilization of FPGA 
resources, 3.4 faster classification speed and 1.21 times 
better accuracy, than the non-optimized Basic NIDS-ML 
system.  

 
V. CONCLUSION 

 
This paper presents a FPGA implementation of 

intrusion detection system based on machine learning. The 
proposed NIDS-ML system implements Naïve Bayes ML 
algorithm for classification over NSL-KDD data set. 
Furthermore, the NSL-KDD data set features are reduced 
to 12, by applying RFE feature selection method. At this 
moment the optimized implementation of NIDS-ML 
system provides better hardware characteristics in 
comparison to the basic NIDS-ML implementation, when 
Virtex 7 VC709 FPGA evaluation board is used. In fact, 
using the optimized model the decision for an intrusion can 
be made in just 240ns and only 2% of the total FPGA area 
is used. On the other hand, the classification results for 
accuracy are not optimal i.e. 70%, but the precision with 
the optimized model is 97%. Therefore, we believe that this 
type of NIDS is highly suitable as a low-latency and low-
resource complement to a slower classic NIDS solution.  
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�� D ����
 ��D�
�
� �D����
 E�F�	�� D ��

��# 3�����"

�
� ����� �
 ��� ��D�
�
� F�F�� ����� E�����
 �D���F��D�

��D�
�
� D�������	�# 6
 ��� A?/ D�������	 �
�� ���

��

�
� 
����
 �� D������ �� D�D�� ��� �������# ?��

����D���
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Wj(l+1) = Wj(l)+η(k)G(R, d(i, j))[X(l)−Wj(l)] �% 
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 ���� ���	��D D ��D�
�
� �D��#

6� ����F��� ���
�� ��� D����DE�� �
��
���� �� 	����FD"

���
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F���
 �:3 �� �
� �� �	����D
�

�D�D	����� ��D� �	�DF�� E��� ��� �D���� �� ��� ��D�
"

�
� ���F��� D
� ��� �D���D�� F�	������� �� ��� �	���"

	�
��� /::# 7���
�
 �
 ��� ����� �������� D ��F�D
"

���D� :3 �=:3 B%C! ���F� FD
 E� ��������� D� �������.
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0 �� d(i, j) > R

�&�

����� a() �� ��� �����
��� �� ��� ���D
���D� ��
F���
 D
�

η0 �� ��� ��D�
�
� �D�� �� ��� ��

�
� 
����
# ?�� �D�"

��� �� E��� ����� �D�D	����� D�� ����F�� ���D�� ����

����
� ��� ��D�
�
� ���F���# ?�� ?:3 D����� �� ��DF�

��� ��D�
�
� �D���� F�	�D�DE�� ���� ��� 4:3! �����

��� �D���D�� F�	������� �� ����F�� E� -) � ���
 F�	"

�D��� �� ��� 4:3 B)C#

�� �	
	�	�� 	� ��� ���

/�� ��� :3� ���F��E�� DE��� FD
 E� ���� ���� D
�


������ ��������# ?�� �������� �� ��� D
����� �D�D	�"

��� ��D� �����	�
�� ��� 
�	E�� �� 
����E���
� 
����
�

��� �DF� 
����
 �
 ��� >;9# ?���FD� ���������� �
F����

��� �
�� ���� ,! * D
� ( 
����E���
� 
����
�#

6
 ��
��D�! �� ��		D���� ���� �D�� �� ����! �D�����

��D�
�
� ���� D�� 
�����! D������
D��� ����
��� �D�D	�"

�����DE�� ��D� D����� �� ���� �D����� F�	E�
D���
� �� ���

���F��E�� �D�D	����� ���� ������
� 
�	E�� �� 
����
�

�
 ��� >;9# 3�� ���� ��D��
! �� �D� 
�F���D�� �� F��D��

D ���� ��D� D����� �� �D���� ��
��D�� ��F� �D�D ����#

���� ��
�
�� �

� �
� ���� ��	�����
	

6
 ��� �������� ����! E� F�
�����
� D ��� �� �D�D	�"

���� �� �� �����E�� �� ��
��D�� D F����F���
 �� F����	����

��D�
�
� �D�D ����# ?���� �D�D	����� �
F���� ��� ���� ��

��
��D��� �D�D ������E����
 �
��	D� �� �
����	 ! F�D����

��D�� ��#�# ��D��! F��F��! ��
� ! �D�D �D
��! 
�	E�� ��

F�������! ��	�
���
 �� �D�D ���! �D�D ����! ����D
F� E�"

����
 �D���F��D� F�D����! D� ���� D� F�����
D��� �� ���

�������
� �� ��� F�
��D� ���
�� �� �D���F��D� F�D����# <D"

�D	����� D�� ��� �
 ���� �� �� �� �����E�� �� ��
 �����D	

	������� ��	�� D
� ��� D ��� �� �D�D���� ���� ���F��F

����������# ;� F�����! D�� �D�D	����� D�� �����
D�! ���"

����! E� 	D
����D��
� ��� ������ �D�D	����� �� �� �����"

E�� �� ��
��D�� �D��� D	��
� �� �D�D ���� ��� ����F���

��D����� D
� ��D��� ���� ���� �D
�� �� ���F���� ������

�� E� F�D������ E� /::�# 3�� ��	� ��D��� D
� ������"

E����
� ����� D�� D��� D������
D� �D�D	����� D� �D����!

��D� D
� ����D� �� ��� �D�D#

3�� # A���E���E���
 �� E ��
�����GE��� ��
�E��� �E�E��� ��	


�	E� �����F����


3�� $ A���E���E���
 �� E ��
�����GE��� ��
�E��� �E�E��� �
 E

��E�� �� ����� ���� ) G�
��� 

?� ��
��D�� F������� ��D� �D�� �D���F��D� ��D���

D� ������ ������ �� ������ ������ F���
��� D������
D�

	����FD���
� D�� ����#

=D
��	 ���
�� �
 D 	����"��	�
���
D� ������ D�� �
�"

���	�� ��
��D��� ED��� �
 ��=D
��	 <��
�� �
 D
 
"

1�	�
���
D� 5����������� B*C# 6
 ���� FD��! ���� �� D��!

�D
��	 ��
F���
 ��
��D��� 
��	D� ������E���� ���
��#

?��
 ��� �
F�	����� �D		D ��
F���
 �� ���� �� 	D�

��
��D��� ���
�� �D��D��� �����
 ����
 �D���� D
� ����


������ F�
���! �� ���
�� D�� �
����	�� ������E����#

6
 ����� �� ��
��D�� ������ 
"��	�
���
D� ������

F���
��� ��� �D���� D�� 
�����. rinner D
� router# ?����

��� �D�D	����� 	D� E� F����	���� �� �D
��	�� ��
��"

D���# ?�� rinner �D�D	���� �� ��� ��
��� �� ��� ��
� ���	

��� F�
��� �� ��� �

�� ���� D
� D
D�������� ��� router
�D�D	���� �� ��� ��
��� �� ��� ��
� ���	 ��� F�
��� �� ���

����� ����# ?�� �D
��	�� ��
��D��� �D��� ���	 $#% ��

% �� 	��������� E� ��� ����D
F� E�����
 ��� ����� D
�

��� �

�� �D����! D� �������.

r =
√
rand(0, 1) · (r2outer − r2inner) + r2inner �) 
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Fault Resilience Analysis of Quantized Deep
Neural Networks

R. T. Syed, M. Ulbricht, K. Piotrowski, and M. Krstic

Abstract— Because of the ground-breaking results in
many different fields, Deep Neural Networks (DNNs)
have also been widely adopted for safety-critical appli-
cations i.e. autonomous driving and space exploration.
These applications are not only resource-constrained but
also require a high level of reliability. DNNs quantiza-
tion is viewed as a viable method to minimize the imple-
mentation cost and maximize the resiliency of the DNNs
while preserving the inference accuracy. We perform a
comprehensive layer-wise fault analysis of homogeneous
and heterogeneous quantized DNNs and study the im-
pact of faults (e.g., soft errors modeled as bit flips) in
the DNNs’ weights. The findings of this study suggest
that quantizing the DNN model to fewer bits helps to
increase the resiliency of the model i.e., quantizing the
model from a fixed point (FxP) 32-bit to FxP 4-bit can
increase the resiliency of the model by 20.7 % at 10 %
Bit Error Rate (BER). But more vigorous quantization
could sacrifice the resiliency and accuracy.

I. Introduction

Deep Learning (DL), as a subset of Machine Learn-
ing, has revolutionized many tasks in recent years, rang-
ing from image classification and video processing to
speech recognition and natural language processing.
These DL models learn from a dataset in the training
phase and make predictions on new, previously unseen
data in the inference phase with ever-increasing accu-
racy. The advancement in the field of DL has led to
the adoption of Deep Neural Networks (DNNs) in the
safety-critical niche, i.e., self-driving cars, space explo-
ration, etc. The challenge at hand is that running deep
learning models is a resource-intensive process and de-
ploying these models, with millions of parameters, on
edge devices is a growing concern. The second challenge
comes in the form of the reliability of the hardware (e.g.,
ASICs, FPGA) being used for DNN inference. Over the
years, we have observed an increase in hardware perfor-
mance in microprocessors and hardware accelerators as
a result of transistor size shrinkage to the Very Deep
Sub-Micron (VDSM) level. This shrinkage of the tran-
sistors leads to increased sensibility to transient faults
due to lower threshold voltages and tighter noise mar-
gins [1]. Previously, this problem was limited to the
radiation hostile environments, i.e., space, but now due
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to transistors shrinkage to VDSM level, safety-critical
applications at the ground level are also prone to tran-
sient faults [2]. Thus, for a reliable DNN inference, a
thoroughly verified fault-tolerant hardware is required.

The recent GPT-3 [3] language model consists of 175
billion parameters. Running such a big model on the
cloud is generally expensive in terms of infrastructure
cost and carbon footprint. On the other hand, running
the same model on edge devices is out of the question,
as these devices generally have limited memory, power,
and computing resources. In these circumstances, DNN
model compression comes into play. One such method
of model compression is model quantization, which
is particularly relevant to resource-constrained safety-
critical applications. The goal of the model quantiza-
tion techniques is to reduce the model size and latency,
which translates to faster inference and fewer memory
accesses. Many authors have discussed the impact of
faults in homogeneously quantized models [4] [5], how-
ever, not all aspects of quantization have been covered
in previous research papers, and particularly the fault
analysis in a heterogeneously quantized DNN seems to
be missing in most of the papers. In this paper, we
focus on studying the impact of transient faults on the
resiliency of homogeneously and heterogeneously quan-
tized DNNs.

The remaining of the paper is organized as follows:
Section II discusses the quantized DNNs, its effect on
resiliency and hardware resource utilization. In sec-
tion III, we explained our fault model, and experimen-
tal setup. Section IV discusses the results of layer-wise
fault injection simulation in 12 QDNN models. Section
V concludes the paper and briefly mentions our plans
for future work.

II. Quantized Deep Neural Networks
(QDNNs)

There are many ways to compress the DNN model.
Weight quantization, parameter pruning, low-rank fac-
torization, and knowledge distillation are some of the
proposed methods to compress the size of DNNs. DNN
quantization refers to a method of approximating a neu-
ral network’s parameters that uses floating-point (FP)
(as number representation) by a neural network of low
bit-width fixed point (FxP) numbers. Generally, there
are two ways to quantize the DNN i.e. post-training
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quantization and quantization aware training [6]. In
post-training quantization, the model is first trained us-
ing a floating-point 32-bit (FP32) data type, and then
the weights of the model are quantized. This method
is simple to apply, but it could lead to a decrease in
accuracy. On the other hand, quantization-aware train-
ing quantizes the weights during training and helps
to achieve better accuracy than post-training quanti-
zation. In this study, we concentrate on quantization
aware training of the DNN. The impact of weight quan-
tization on DNN layers using quantization aware train-
ing is illustrated in Fig. 1.
Another aspect to consider during the quantization

of the DNNs is whether they are homogeneously quan-
tized or heterogeneously quantized. In homogeneous
quantization, all the layers of the neural network are
quantized to the same bit-widths. While heterogeneous
quantization refers to selecting different bitwidths for
different layers in a neural network. To compress and
accelerate DNNs on hardware, the trend seems to be
going towards heterogeneous quantization. Authors in
[7] and [8] argue that some layers are more flexible for
vigorous quantization, while some layers may prefer to
have a more dynamic range. Hence, to achieve higher
accuracy at low resource cost, per-layer heterogeneous
quantization is the way to go. Heterogeneously quan-
tized QDNNs will eventually be deployed on special-
purpose hardware (e.g. ASICs, FPGA) used in safety-
critical applications, therefore, we find it interesting to
investigate the resiliency of such QDNN models.

Fig. 1. Quantization Impact on Weights Distribution

A. Quantization Effect on Hardware Resource Utiliza-
tion

DNNs consist of a lot of parameters, which are called
weights and biases. Depending upon DNN architec-
ture and depth, the number of parameters can be in
the range of thousands to millions. The default data
type of the weights during DNN training and infer-
ence in popular deep learning frameworks (e.g., tensor
flow, Keras [9], etc.) is FP. If we intend to use FP for
the DNN hardware accelerator, an efficient implemen-
tation would either require a dedicated floating-point
unit (FPU) or additional hardware resources to per-
form dynamic range shifts computation [10] [11]. Extra
arithmetic computations can increase the latency and
power consumption of the hardware device. For this

Fig. 2. Impact of a Fault in Floating Point and Fixed Point Num-
ber

reason, FxP numbers are generally considered as a bet-
ter choice for hardware accelerators because it consumes
less power and requires less chip area [10] [11]. FxP cal-
culations are also faster as compared to the FP numbers
as FxP numbers do not require an extra computation
of dynamic range shifts. Due to these advantages, DNN
Quantization is the process of approximating a neural
network that uses floating-point numbers by a neural
network of low bit-width numbers (FxP numbers) and is
becoming a de facto step to implement DNNs on hard-
ware.

B. Factors Affecting Resiliency of Neural Networks

The term resiliency in the DNNs refers to the abil-
ity to maintain a given accuracy even in the presence
of errors. Many factors can affect the resiliency of the
neural networks. i.e., network architecture, layer type,
data type, bit position, pruning, quantization, etc. It
has been shown that deeper neural networks are more
resilient [4] and the use of batch normalization layer
helps in generalizing and improving the resiliency of the
model [4] [12]. It has also been demonstrated that prun-
ing [12], and quantization [13] also assists in increasing
the resiliency.

In this paper, we focus on the quantization aspect
of the DNNs. Therefore, a better understanding of FP
and FxP data types from the reliability perspective is
crucial. As illustrated in the Fig 2, we analyze how a
fault can impact a DNN with an FP32 data type versus
a 4-bit FxP data type. As discussed, DNN consists of
thousands of parameters. Consider 0.25 as one of the
parameters (weight) of the DNN. If the weight value
is an FP32 number, a fault in the most significant ex-
ponent bit of the FP32 number can drastically change
the value of the DNN’s parameter either to a very high
value or to a very low value. If not masked, the fault
could propagate through the network and substantially
decrease accuracy. The impact of a fault also causes
a deviation in FxP number which leads to a decrease
in accuracy, but the overall impact would be less due
to the less dynamic range of the FxP numbers. There-
fore, during the DNN design phase, one should consider
choosing the data type and bit-width, which does not
only provide dynamic range and precision but also ful-
fills accuracy and hardware resources requirements.
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reason, FxP numbers are generally considered as a bet-
ter choice for hardware accelerators because it consumes
less power and requires less chip area [10] [11]. FxP cal-
culations are also faster as compared to the FP numbers
as FxP numbers do not require an extra computation
of dynamic range shifts. Due to these advantages, DNN
Quantization is the process of approximating a neural
network that uses floating-point numbers by a neural
network of low bit-width numbers (FxP numbers) and is
becoming a de facto step to implement DNNs on hard-
ware.

B. Factors Affecting Resiliency of Neural Networks

The term resiliency in the DNNs refers to the abil-
ity to maintain a given accuracy even in the presence
of errors. Many factors can affect the resiliency of the
neural networks. i.e., network architecture, layer type,
data type, bit position, pruning, quantization, etc. It
has been shown that deeper neural networks are more
resilient [4] and the use of batch normalization layer
helps in generalizing and improving the resiliency of the
model [4] [12]. It has also been demonstrated that prun-
ing [12], and quantization [13] also assists in increasing
the resiliency.

In this paper, we focus on the quantization aspect
of the DNNs. Therefore, a better understanding of FP
and FxP data types from the reliability perspective is
crucial. As illustrated in the Fig 2, we analyze how a
fault can impact a DNN with an FP32 data type versus
a 4-bit FxP data type. As discussed, DNN consists of
thousands of parameters. Consider 0.25 as one of the
parameters (weight) of the DNN. If the weight value
is an FP32 number, a fault in the most significant ex-
ponent bit of the FP32 number can drastically change
the value of the DNN’s parameter either to a very high
value or to a very low value. If not masked, the fault
could propagate through the network and substantially
decrease accuracy. The impact of a fault also causes
a deviation in FxP number which leads to a decrease
in accuracy, but the overall impact would be less due
to the less dynamic range of the FxP numbers. There-
fore, during the DNN design phase, one should consider
choosing the data type and bit-width, which does not
only provide dynamic range and precision but also ful-
fills accuracy and hardware resources requirements.

C. QDNN Architecture

This study aims to examine the effect of different lev-
els of quantization on the resiliency of the QDNN, on
that account, the architecture of all the QDNN mod-
els is the same as presented in Table I. In this paper,
the QDNN architecture consists of three feed-forward
multi-layer perceptrons (MLP) layers. Layers 1, 2, and
3 consist of 32, 32, and 10 neurons, respectively. The
choice of activation function for the first two layers is
relu, and in the last layer, the activation function soft-
max is used. Adding up all the parameters of three
layers equals a total of 26506 model parameters.

TABLE I
QDNN Architecture

We have used the Qkeras framework [6], which is
written on top of Keras [9], for all the experiments.
It enables us to configure the quantization bits of the
trainable parameters. We investigate the fault re-
siliency of 12 different QDNNs models, as shown in
Table II. The first seven models (i.e., 1 to 7) are ho-
mogeneously quantized to 3, 4, 5, 8, 16, 20, and 32
bits. While the remaining five models (i.e., 8 to 12) are
heterogeneously quantized. The selection of different
quantization bits for DNN models in Table II is based
on two reasons: a) what is the default bit width during
the DNN model training and inference. i.e., 32-bit. b)
from the default bit width, up to what degree the bit
width of the DNN model can be reduced while main-
taining the desired accuracy. It can also be observed in
Table II that model 12 has the least accuracy as it is
most aggressively quantized.
All the quantized models in Table II use signed FxP

data type. A signed FxP number (negative numbers
follows the 2’s complement rule) consists of a sign (S)
part, integer (I) part, and a fraction (F) part, as shown
in Fig 3 (a). In the Qkeras framework, along with the
general hyperparameter optimization, there is also the
freedom to fine-tune the number of bits being allocated
to the sign, integer, and fractional part of the FxP num-
bers. e.g., Model 4 is homogeneously quantized to 8 bit,
and its weights and biases are represented as <8, 0>. If
we further break this representation down according to
[6], <8, 0>would mean, the total number of bits are 8,
out of the 8 bits, 0 bits are allocated to integers, while
the remaining bits consists of fraction and sign part, as
shown in Fig 3 (b) as well.
Table II illustrates the per layer quantization of all 12

Models. All the layers of the homogeneously quantized
models have the same bit-width, while there is a lot
of freedom to fine-tune the bit-widths in heterogeneous

quantization. To understand it better, consider an ex-
ample of model 8 with 94.96% accuracy, i.e., Weights
(w) and Biases (b) of layer 1 (L1) are 4 and 3 bits quan-
tized. Similarly, weights and biases of layer 2 (L2) and
layer 3 (L3) are quantized to 4, 3 bit, and 3, 3 bit,
respectively.

TABLE II
Per-layer quantization for the

homogeneously and heterogeneously
quantized models

Fig. 3. (a) General Fixed Point Number Format (b) Fixed Point
8-bit QDNN

III. Fault Model

We considered the fault model described in [14] and
extended the Qkeras framework with our fault injection
libraries. We have examined the impact of faults (soft
errors modeled as bit flips) in the weights of a QDNN
during inference. We conduct experiments of various
QDNN architecture on MNIST dataset. The details of
all the QDNN models and their baseline accuracy are
shown in Table II. Experiments are conducted on Intel
Core i5-5300U CPU with 8GB of RAM using Python
3.8, Tensorflow 2.2.0, and Qkeras 0.8. Each experiment
is conducted 5 times and the mean is calculated.
DNN parameters generally comprise of weights and

bias. If the DNN architecture also has batch normaliza-
tion layers, this can lead to some additional parameters.
We don’t have batch normalization (BN) layers in our
models. Hence, we can safely disregard BN layer pa-
rameters. We have only injected faults in the weights
of the DNNs and ignored the biases of the model for
two reasons a) almost 99 % of parameters in the model
are weights b) according to [12], fault injection in biases
of the DNN doesn’t affect the DNN accuracy.
We consider a maximum BER of 10%. The BER in-

dicates the proportion of the number of bits randomly
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selected and flipped between all bits of weights. The
BER is incremented by 1% (0.01) in each iteration, from
a minimum value of 0% (no-fault) to a maximum value
of 10% (0.10). Fault-injection is performed in a layer-
wise fashion. The layer-wise analysis helps in analyzing
the resiliency of DNN layers against faults under differ-
ent levels of quantization. It also guides the designer
to choose the optimal bit-width for the weights, biases,
and activation functions.

IV. Results and Discussion

In this section, we summarize the key insights from
the fault injection simulations. Fig. 4 (a) illustrates
the fault analysis of L1 in a homogeneously quantized
model. The general trend shows that, with the in-
crease in model compression, there is an increase in
the resiliency of the DNN model. The starting accu-
racy seems to be slightly higher in the case of Model-7
(i.e. 32-bit fixed point), but the benefit in accuracy is
2.54 percent as compared to Model-1 and 0.65 percent
as compared to Model-2. Model-1 with a slightly lower
starting accuracy has better resiliency than other lay-
ers.
The fault analysis of L1 in heterogeneously quantized
models is shown in Fig. 4 (b). The general trend is
the same here with an exception of Model-12. This is
due the fact that the impact of faults is higher in most
significant bits (MSBs) and with more aggressive com-
pression the most significant bits are exposed to faults.
Models 8 and 10 follow roughly the same trend as Model
9 and 11 respectively, because of the same number of
quantization bits in L1. Another important insight is
that the starting accuracy of the most aggressive hetero-
geneously quantized model is also lower than the other
models. Therefore to maintain the accuracy close to 95
%, the recommended bit-width for L1 is <4, 0>.

Fig. 4 (c) and (d) demonstrate the impact of faults in
L2 and L3 respectively. The trend indicates that gener-
ally L2 and L3 are more resilient to faults as compared
to L1, but their resiliency seems to decrease with the
increase in compression. L1 consists of 25120 parame-
ters, which is 18.12 times the parameters of L2 and L3
combined. This implies that L1 takes more computing
resources and hence susceptible to more faults. L1 of
the Model-1 was the most resilient in Fig. 4 (a), but
L2 and L3 of this model is less resilient than its coun-
terparts. Finalizing a model could depend on a lot of
factors i.e. available computing resources, desired reli-
ability, latency and accuracy, etc. Therefore, based on
the above analysis, Model 8 and 9 seem to have bet-
ter accuracy with less computing resources than oth-
ers, and both models also surpass others in terms of
resiliency. Further exploration of model quantization
can be done based on the desired application.

Fig. 4. Fault Analysis of Quantized Models

V. Conclusion

In this paper, we analyze the resiliency of a total of
12 homogeneous and heterogeneous quantized models.
Fault injection experiments are performed to introduce
errors in the weights of these DNN models. Our results
show that the resiliency of the DNN model increases
with the increase in model quantization, but more ag-
gressive quantization could compromise the accuracy
and resiliency. In our case, model 8 and 9 have per-
formed better in terms of resiliency, with an approxi-
mate gain of 20.7 % resiliency in L1 compared to model
7 with its default bit-width of 32. For L2 and L3, there
is no significant gain in resiliency compared to model
7, but because of the quantization, this will be utilizing
fewer hardware resources.

Finding optimal model quantization bits depends on
numerous variables. In the early design stage, we can
compress the DNN model with the help of homogeneous
quantization. Further fine-tuning can be done using
heterogeneous quantization to selectively quantize the
weights and biases to achieve the desired reliability and
accuracy. We would like to extend this study further to
make the DNNs fault tolerant using hardware-centric
and hardware/software co-design methods. We plan to
target FPGAs for hardware implementation of DNN
models to extend our analysis under various other fault
models.
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Abstract – In this paper, two approaches for modeling the 
frequency-dependent behavior of surface acoustic wave (SAW) 
resonators and thus for extracting the resonant characteristics have 
been compared in terms of accuracy and complexity. The two 
contrasted modeling procedures are based on using artificial 
neural networks (ANNs) and Lorentzian fitting. The two 
approaches have been applied to four commercial SAW 
resonators. Although having certain differences, both approaches 
exhibit a good accuracy in determining the device resonant 
characteristics. 
 

I. INTRODUCTION 
 

In the recent years, surface acoustic wave (SAW) 
resonators have found their place in different areas of 
applications, e.g., electronics, telecommunications, 
automotive applications, etc [1]-[4]. Development of the 
practical applications of commercial SAW devices requires 
a reliable assessment of their performance. In our previous 
works, we have examined the behavior of the 
characteristics of four commercially available SAW 
resonators in terms of analysis of the measured scattering 
(S-) parameters, extraction of the equivalent circuit model, 
and extraction of their resonant characteristics [5], [6]. The 
devices under test (DUTs) are four TO-39 packaged SAW 
resonators. Three of them are aimed for the 400 MHz 
frequency range: R2630 (418.05 MHz, Siemens 
Matsushita, Munich, Germany) [7], SAR423.22MDA 
(423.22 MHz, Murata, Kyoto, Japan) [8], and RP1308 
(433.92 MHz, Murata) [9], whereas one is aimed for the 
900 MHz frequency range: RP1094 (915 MHz, RF 
Monolithics Murata) [10]. 

As far as the extraction of the resonant parameters is 
concerned, two different approaches have been exploited, 
which are based on the Lorentzian fitting method [5] and 

on the application of the artificial neural networks [6]. Both 
approaches require the conversion of the S-parameters into 
the corresponding admittance (Y-) parameters, using the 
standard conversion formulas [11]. This is because the 
resonant characteristics are determined from the analysis of 
the short-circuit input admittance parameter (Y11).  

The aim of this paper is to compare in detail the two 
approaches in terms of the extraction accuracy and the 
complexity of the used models and extraction procedures. 
The analyzed extracted parameters are the values of the 
resonant frequency (fr), the quality factor (Qr), and their 
product (fr·Qr). 

The paper is organized as follows. Section II gives 
theoretical explanation of the used extraction methods for 
determination of the resonant parameters of the studied 
SAW resonators. The analyzed results and discussion are 
presented in Section III, whereas Section IV contains the 
conclusions. 

  
II. ANALYZED EXTRACTION APPROACHES  

 
The measured values of Y11 were obtained by conversion 

from the S-parameters, which were measured by using an 
8753ES Agilent vector network analyzer (VNA) and a full 
two-port short-open-load-through (SOLT) calibration based 
on a custom calibration kit [12]. As the analysis is focused 
on the resonant characteristics, the measurements have 
been performed in the frequency ranges around the 
resonant frequencies of the considered resonators.  
 
A. Lorentzian fitting 
 

The Lorentzian fitting is based on using the 
expression given by Eq.1 to fit the real part of Y11 against 
the frequency (f) [13], [14]. The resonant parameters: fr and 
the full width at the half maximum (FWHM) of the 
resonance peak in Y11 are the immediate subjects of 
optimization, together with the real coefficients a0 and b0. 
The Levenberg-Marquardt algorithm was used for the 
optimization. 
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B. ANN model 
 

ANNs are suitable for extracting the dependencies 
between the input and output data and they have found 
many applications in the field of RF and microwaves to 
develop frequency-dependent model of different devices 
[15]-[20]. In [6], the ANNs were proposed to be used to 
model the frequency dependence of the real and imaginary 
parts of Y11 for commercial SAWs. As they are modeled by 
separate ANNs, here only the Re(Y11) model is described, 
as this quantity is used for extraction of the resonant 
parameters. The model is based on a multilayer-perceptron 
ANN, which has one input layer, one output layer, and two 
hidden layers. The input layer has only one neuron with the 
unitary transfer function, and its input corresponds to the 
frequency. For the hidden layers and the output layer, the 
output of i-th neuron in l-th layer is: 
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where l
ij  is a weight of the connection between the i-th 

neuron in the l-th layer and the j-th neuron in (l-1)-th layer 
and l

ib  is a bias of the transfer function of the i-th neuron 
in the l-th layer. Nl is the number of neurons in the l-th 
layer. The neuron transfer functions in the hidden layers are 
sigmoid and linear in the output layer. The output layer has 
only one neuron corresponding to Re(Y11). The number of 
hidden neurons is usually determined during the training by 
trial-and-error method, but in this case, according to the 
previous experience, in each of the two hidden layers 25 
neurons have been used. The ANN training assumes 
optimization of the connection weights and the biases of 
the transfer function in order to have the ANN response 
fitting the reference training data. The Levenberg-
Marquardt algorithm is used as the training procedure.  

 
III. RESULTS AND DISCUSSION 

 
The frequency dependence of Re(Y11) obtained by the 

analyzed approaches is reported in Figs. 1 and 2. As can be 
observed, both approaches successfully fitted the resonant 
peak. However, the ANN model provides better agreement 
with the measurements in the whole considered frequency 
range. Further, the extracted resonant parameters are 
compared. In Lorentzian fitting fr and FWHM have been 
obtained through the fitting procedure, whereas in the ANN 
approach they are determined from the ANN response 
simulated with high resolution of frequency (in the 
particular case with the step of 1 Hz). Qr is defined as the 
ratio of fr and FWHM. The extracted fr and Qr as well as 
their product (fr·Qr) are reported in Tables I – III, 
respectively. It can be observed that both approaches allow 
achieving the extracted resonant frequencies that are very 
close to the nominal values. However, there is a certain 

difference in Qr. This can be explained by the fact that the 
resonant peak is very sharp and then a small difference in 
the FWHM value can lead in an observable difference in 
Qr, and consequently in the values of fr·Qr. However, as 
expected, in both approaches, Qr remains almost the same 
for the devices with fr in the 400 MHz frequency range and 
it is significantly smaller than the value obtained in the case 
of the device working with fr of 915 MHz and the product 
fr·Qr  increases with the increase in the resonant frequency. 

The difference in Qr, obtained by applying the two 
methods is smaller for the 915 MHz device than for the 
other three devices, which can be ascribed to the fact that 
the Re(Y11) responses for the 915 MHz device are much 
closer (see Fig, 3(d)), than in the other three cases (see 
Figs. 3(a)-(c)). 

 
TABLE I 

COMPARISON OF THE RESONANT FREQUENCY OBTAINED BY THE 
ANNS AND LORENTZIAN FITTING FOR FOUR SAWS 

 
SAW Device 
(Nominal fr) 

ANN model 
fr (MHz) 

Lorentzian fitting 
fr (MHz) 

R2630 
(418.05 MHz) 418.030190 418.026351 

SAR423.22 MDA 
(423.22 MHz) 423.250395 423.249332 

RP1308 
(433.92 MHz) 433.905287 433.903506 

RP1094 
(915 MHz) 914.798873 914.798664 

 
TABLE II 

COMPARISON OF THE QUALITY FACTOR OBTAINED BY THE ANNS 
AND LORENTZIAN FITTING FOR FOUR SAWS 

 
SAW Device 
(Nominal fr) 

ANN model 
Qr 

Lorentzian fitting 
Qr 

R2630 
(418.05 MHz) 10043 12514 

SAR423.22 MDA 
(423.22 MHz) 11006 13649 

RP1308 
(433.92 MHz) 10844 13439 

RP1094 
(915 MHz) 7520 7988 

 
TABLE III 

COMPARISON OF THE QUALITY FACTOR-RESONANT FREQUENCY 
PRODUCT OBTAINED BY THE ANNS AND LORENTZIAN FITTING FOR 

FOUR SAWS 
 

SAW Device 
(Nominal fr) 

ANN model 
frQr 

Lorentzian fitting 
frQr 

R2630 
(418.05 MHz) 4198277 5231182 

SAR423.22 MDA 
(423.22 MHz) 4658294 5776930 

RP1308 
(433.92 MHz) 4705269 5831229 

RP1094 
(915 MHz) 6879287 7307411 
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ANNs are suitable for extracting the dependencies 
between the input and output data and they have found 
many applications in the field of RF and microwaves to 
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[15]-[20]. In [6], the ANNs were proposed to be used to 
model the frequency dependence of the real and imaginary 
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fitting the reference training data. The Levenberg-
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observed, both approaches successfully fitted the resonant 
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with the measurements in the whole considered frequency 
range. Further, the extracted resonant parameters are 
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resonant peak is very sharp and then a small difference in 
the FWHM value can lead in an observable difference in 
Qr, and consequently in the values of fr·Qr. However, as 
expected, in both approaches, Qr remains almost the same 
for the devices with fr in the 400 MHz frequency range and 
it is significantly smaller than the value obtained in the case 
of the device working with fr of 915 MHz and the product 
fr·Qr  increases with the increase in the resonant frequency. 

The difference in Qr, obtained by applying the two 
methods is smaller for the 915 MHz device than for the 
other three devices, which can be ascribed to the fact that 
the Re(Y11) responses for the 915 MHz device are much 
closer (see Fig, 3(d)), than in the other three cases (see 
Figs. 3(a)-(c)). 
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(a) 

 
(b) 

 
(c) 

 
(d) 

Fig. 1. Comparison between measurements and simulations 
obtained by using the ANN model  of the real part of Y11 versus 
frequency for the four SAWs having the nominal resonant 
frequencies of: (a) 418.05 MHz (b), 423.22 MHz (c) 433.92 MHz, 
and (d) 915 MHz 

 
(a) 

 
(b) 

 
(c) 

 
(d) 

Fig. 2. Comparison between measurements and simulations 
obtained by using the Lorentzian fitting  of the real part of Y11 
versus frequency for the four SAWs having the nominal resonant 
frequencies of: (a) 418.05 MHz, (b) 423.22 MHz,  
(c) 433.92 MHz, and (d) 915 MHz. 

 
 

IV. CONCLUSION 
 

Two different approaches have been investigated for 
the extraction of the resonant parameters of commercial 
SAW resonators. In both cases, the models agree very well 
with the experimental data. The main advantage of the 
Lorentzian fitting consists of using a simpler expression 
and a significantly smaller number of parameters to be 
optimized, whereas the ANNs provide better modeling 
accuracy over the whole analyzed frequency range due to 
their excellent fitting abilities. Moreover, the ANN model 
can be easily extended to include the dependence on other 

variables, temperature or humidity, and in the same way it 
can be used to model all Y-parameters.  
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(a) 

 
(b) 

 
(c) 

 
(d) 

 

Fig. 3. Comparison between measurements and simulations 
obtained by using by using the ANN model and by the Lorentzian 
fitting (black lines) of the real part of Y11 versus the frequency 
around the resonance for the four SAWs having the nominal 
resonant frequencies of: (a) 418.05 MHz, (b) 423.22 MHz,  
(c) 433.92 MHz, and (d) 915 MHz. 
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Fig. 3. Comparison between measurements and simulations 
obtained by using by using the ANN model and by the Lorentzian 
fitting (black lines) of the real part of Y11 versus the frequency 
around the resonance for the four SAWs having the nominal 
resonant frequencies of: (a) 418.05 MHz, (b) 423.22 MHz,  
(c) 433.92 MHz, and (d) 915 MHz. 
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Abstract - This paper presents the results of the deploying 
machine learning models in the design and optimization of a 
unimorph tapered cantilever with proof mass, aimed for 
piezoelectric energy harvesting. Multiobjective optimization as 
described in the paper was performed in order to find the optimal 
dimensions of the structure, its length, its width at the anchor and 
the ratio between widths at the anchor and at the tip, with respect 
to the salient parameters for the energy harvesting applications, 
namely low frequency and high power generated by the structure. 
The method is applicable for the optimization of the design of 
more complex MEMS structures aimed for energy harvesting 
applications. 
 

I. INTRODUCTION 
 

One of the major paradigms of the contemporary 
technological development is sustainable energy 
production [1]. This is a vast field and represents a 
supporting pillar of all current visions of future energy 
development. It is literally the only available path for the 
human society to stem the climate change. 

Among various ways to deal with renewable and 
sustainable energy sources is the use of energy harvesters 
[2]. There is a vast number of different approaches to 
energy harvesting, either large scale (making use of solar 
energy, wind, sea wave or tidal energy, geothermal, etc.) or 
small scale (mechanical vibrations and generally 
mechanical energy, optical and generally electromagnetic 
energy, piezoelectric, triboelectric, thermoelectric and 
generally heat-based, electro-optic, nanophotonic and 
nanoplasmonic, etc.) [3]. 

As quoted above, there are numerous small-scale 
harvesting systems. Most of these are highly efficient 
MEMS (microelectromechanical systems) devices. Many 
of them are related to vibration energy harvesting [4], i.e. 
recuperating parasitic vibrations energy that would else be 
lost and converting it to useful energy. Most of these are 
especially convenient for low level energy harvesting. 

The three main approaches to the conversion of 
energy of mechanical vibrations into electrical energy are 
electrostatic charge generation, electromagnetic induction 

and piezoelectric transformation of mechanical strain into 
electrical energy.  

Among the three of them, the piezoelectricity draws 
the most of attention because of its high efficiency, 
relatively high power density, low production costs and 
excellent flexibility [5, 6]. Many piezoelectric materials, 
either natural or synthetic, are available. These include 
single crystalline materials (the most traditional among 
them being quartz), various ceramics (e.g. lead-zirconate-
titanate (PZT) or barium titanate), polymers (various 
copolymers, polylactic acid (PLA), etc.), (nano)composites 
(e.g. polyimide-PZT nanocomposite), etc.  

The geometry of a Piezoelectric Vibration Energy 
Harvester (PVEH) may actually be quite complex, but in 
its basic form it is typically cantilever-based.  

In order to generate a maximum deformation of 
piezoelectric materials and prompt a maximum electric 
energy, the resonant frequency of the piezoelectric-based 
harvester should coincide with the resonant frequency of 
the structure that dissipates energy through vibrations. In 
the usual ambient vibration sources like in transport 
vehicles, various machines or equipment with moving parts 
the frequencies of these vibrations are rather low, typically 
below 200 Hz [6]. Obviously some kind of optimization 
must be implemented for every PVEH device to tap the 
maximum power from it. This optimization is a non-trivial 
task, as it is limited by a tradeoff between multiple 
independent parameters. 

Some research teams devised their optimization on the 
basis of numerical methods. First approaches were based 
on discrete-event simulation [7]. Park et al based their 
optimization on coupled finite element method (FEM), thus 
optimizing the average power spectrum and mechanical 
stress of a PVEH [8]. 

Recently, artificial intelligence (AI)-based 
optimization has become popular due to  the problems 
associated with computational time and complexity in 
traditional discrete simulation methods, where several 
simulations or sets of parametric studies are necessary so 
that machine learning methods became much faster and 
more convenient in comparison [9]. Nabavi and Zhang  
optimized  the geometry of a doubly clamped cantilever 
with a serpentine pattern using a deep neural network [10]. 
Singh et al proposed a novel artificial neural network 
(ANN)-based feedback loop control system to optimize a 
real time vibrating energy harvester inside the tire to power 
a sensor module [11]. 
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A question may be posed if it is meaningful to use 
ANNs for relatively simple structures that could be 
analyzed analytically. The answer to that dilemma is that 
even in its simplest case, a PVEH is dependent on a 
number of parameters and thus its multiobjective 
optimization may prove itself less than trivial. AIs, on the 
other hand, proved themselves handy for situations just like 
that one. Also, it is known that there is uncertainty in 
obtaining the mechanisms that govern the charge transfer 
in MEMS-scale PVEH. Although some theoretical methods 
are available to model the charge transfer mechanism of 
specific piezoelectric material, the generalized mechanism 
has not yet been developed for all the piezoelectric 
materials. Artificial Intelligence can overcome the design 
challenge of uncertainty in the conversion mechanism to 
enhance and optimize the mechanical-to-electrical 
performance of the piezoelectric harvester to a more 
favorable behavior. AI techniques have a potential to 
provide optimal or near optimal solutions. 

Our main goal in this contribution is to use the 
artificial neural network approach to design a MEMS-type  
unimorph tapered cantilever piezoelectric vibration energy 
harvester for low operating frequencies based on lead-
zirconate-titanate ceramics and optimize it to generate the 
maximum possible electric power.  

 
II. METHODOLOGY 

 
In our procedure we first define the tapered PVEH 

cantilever materials and the basic geometry. Then we 
perform FEM simulations of that structure for various 
dimensions to generate a sufficiently large set of examples 
suitable for training an ANN that would render the same 
output (the resonant frequency and the generated power) as 
the FEM for the same input (dimensions) but in a much 
shorter time and with a satisfactory accuracy.  

In order to optimize the geometry of the PVEH we 
integrate the function obtained by training the ANN into a 
genetic algorithm.  

After obtaining the set of parameters related to the 
optimal harvester geometry we use them to perform one 
final simulation of the piezoelectric harvester (PVEH) in 
order to verify that its resonant frequency and generated 
power are indeed superior to those of an unoptimized 
PVEH. 

We examine a bilayer tapered MEMS cantilever with 
a piezoelectric PZT-5H layer on top of a steel tapered 
cantilever support (Fig. 1). We apply the following 
methodology. 

We first analyze the structure analytically, then by 
numerical simulation. Upon that, we perform the visual 
analysis of 4D graphs that represent the trends in the 
change of the resonant frequency and of the output power. 

 

 
(a) 

 
(b) 

 
Fig. 1. Schematic presentation of a tapered piezoelectric vibration 
energy harvester with proof mass at the tip; (a) side view (b) top 
view. 

 
Based on the quoted analysis we choose the best 

optimization method among the following options: the 
minimum of a scalar function, goal attainment method and 
genetic algorithm. For any of them we need an explicit 
functional dependence. Since there are two objective 
functions that we want to optimize – the resonant 
frequency (to be minimized), and generated power (to be 
maximized). Thus the problem is genuinely multiobjective 
optimization. We determine the objective functions from 
extensive data gathered from the simulations for the 
supervised training of ANNs. Once the ANN fitting 
function is formed we evaluate it and integrate it into the 
optimization algorithm of our choice. After obtaining the 
optimal dimensions (the cantilever length, the width at the 
proximal/fixed end and the taper ratio) we perform 
numerical simulations once again and validate the optimal 
structure against the initial one.  

 
III. RESULTS AND DISCUSSION 

 
We utilized the Finite Element Method – FEM (in 

Comsol multiphysics®) to calculate the response of our 
structure. The data we generated by FEM is consistent with 
prior experiments presented in literature [10]. Conse-
quently, our simulation results were stored and conditioned 
for supervised ANN learning. The variables of interest 
were the load resistance optimized with respect to the 
output power, the cantilever geometry, the resonant 
frequency and the generated output power.  

Figure 2 shows that wider and longer structures 
generate more power (Fig 2a) and that such structures also 
tend to have lower resonant frequencies (Fig 2b).  

We opted for the multiobjective optimization based on 
the scalarization of the objective functions. The scalar 
function that we minimized was a squared sum of the 
resonant frequency and the reciprocal power.  
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a) 

 
b) 

 
Fig. 2. 4D graph showing tendency in the change of a) output 
power and b) resonant frequency over the cantilever dimensions. 
The marker size is proportional to the numerical value of 
a) generated output power and b) resonant frequency. 
 

We obtained the true multiobjective function that was 
scalarized as described above by training an ANN. We had 
a total of 120 examples. Our inputs were the following 
parameters of the PVEH: the length L, the width at the 
proximal end W1 and the taper ratio T. The output 
parameters to be determined were the resonant frequency F 
and the generated power P. To train the ANN, we used  the 
supervised learning method based on the Levenberg-
Marquart regression model. The data were conditioned so 
that all of them were of the same order of magnitude in the 
value range of interest. L, W1, T and F were normalized 
(divided) by 100 and the reciprocal power was multiplied 
by 10. The range of interest was up to 200 mm for L, up to 
150 mm for W1 and up to 1 for T. The network structure 
used for the forward-feed backward-propagation training 
algorithm is shown in Figure 3. 

 

 
 

Fig. 3. ANN structure used for the forward-feed backward-
propagation supervised shallow training. 
 

In this algorithm the data are divided into three sets. 
The training set aims to provide the ANN with examples of 
accurate outcomes. The validation set serves to test the 
instantaneous network parameters, computing errors and to 
improve the network parameters in every iteration. The test 

set is used after all iterations of the training, for the final 
testing and estimation of the network performance. 

The input data triplets are fed to every neuron in the 
hidden network layer. After weighting and biasing, the 
sigmoid function is applied. The output of the hidden layer 
is forward fed to the input of every neuron of the output 
layer where weighting and biasing within a linear function 
are done before the two outputs of the ANN are formed. 
There is no unique rule that would indicate a proper 
number of neurons in the hidden layer, the data division or 
the best regression model applied. They are all application-
specific.  

Before the actual training of the ANN, we performed 
the heuristic training based on sweeping through multiple 
loops with different network parameters. This was done to 
determine the optimum number of neurons, the best 
regression model and the optimum data division. For this 
training we used all 120 examples in the data set. We used 
the application for the neural net fitting within the  
Mathworks MATLAB environment. The final setup for the 
training of our ANN was based on the 60:20:20 division 
(60% of all examples are used for the training, 20% for the 
validation and 20% for the testing), the Levenberg-
Marquardt regression model and 45 neurons in the hidden 
layer.  

The performance of the resulting ANN fitting function 
is shown in Figure 4 in terms of the determination 
coefficient. The determination coefficient R2 is defined as 
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where N is the number of examples in a dataset, a denotes 
the values assumed (calculated) by the fitting ANN, t 
denotes true values referred to as targets and ti is the 
arithmetic mean of the target values. The closer the R is to 
one, the better is the fit. The validation of the ANN in 
terms of the MSE (mean square error) was 2.133·10–16 for 
the training set, 1.716·10–3 for the validation set and 
5.418·10–3 for the testing set. 

Figure 5 presents the performances for every single 
output of the ANN multiobjective fitting function 
separately, one related to the normalized frequency, the 
other related to the reciprocal normalized power. 

After scalarization of the ANN fitting function, in the 
same environment (MathWorks MATLAB), the minimum 
is searched by two different algorithms. One of them is 
based on the multidimensional unconstrained nonlinear 
minimization based on MATLAB fminsearch function 
(using Nelder-Mead algorithm) while the other is based on 
the MATLAB fminunc function. 

Both algorithms resulted in the same parameters for 
the optimum geometry. After reconditioning these values 
to the adequate cantilever dimensions, we performed one 

_ 
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final simulation for the optimized structure to estimate the 
improvements with respect to the initial structure.  

 

 

 
 
Fig. 4. The performance of the ANN fitting function related to the 
R2 calculated for the examples from the training set, validation 
set, test set and for all examples (as denoted in figure titles). 
 

   
 

Fig. 5. ANN fitting function plots of the separate outputs. 
Left: normalized frequency, right: normalized reciprocal power. 

 
TABLE I 

PVEH OPTIMIZED GEOMETRY (L, W1,T) AND OPTIMAL RESPONSE – 
RESONANT FREQUENCY AND GENERATED POWER 

 

 L, W1, T Resonant frequ-
ency (Hz) 

Generated 
power (mW) 

Starting 
structure  

80 mm, 20 mm, 
0.10 64.427 38.1 

Optimized 
structure 

138.46 mm, 
59.8 mm, 0.47 29.779 319.7 

 
Table 1 summarizes the optimal dimensions of the 

PVEH, obtained by two different ANN approaches (goal 
attainment method and fminsearch, fminunc). It also shows 

the obtained optimal structural response – resonant 
frequency and generated power at the optimal load 
resistance. 
 

 IV. CONCLUSION 
 

In this work we optimized a unimorph tapered MEMS 
cantilever-based PVEH for low operating frequencies 
based on PZT-5H ceramics to generate the maximum 
possible electric power using the artificial neural network 
approach. Our optimized structure shows an improvement 
of the generated power almost an order of magnitude 
higher compared to that of the starting structure, while the 
resonant frequency conveniently becomes twice lower. The 
proposed approach is generally applicable to all cantilever-
based PVEHs, regardless of their complexity. 
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Abstract - An advanced thermoelectric system has been 
developed to set a low temperature to the heat-generating power 
semiconductor devices. The system provides the setting the 
temperature down to –60 °С in a volume of 80x40x12 mm3 at the 
heat-release up to 13 W. Accuracy of setting the temperature is in 
the range of ± 3°C. The design of developed system is adopted for 
long-term tests, including tests in harsh environment. The cooling 
chamber in may be placed up to 6 m away from the heat 
exchanger and control unit. One of the main features of new 
development is its mobility and easy installation when carrying 
out various types of tests. 
 

I. INTRODUCTION 
 

The confirmation of correct operability in the working 
temperature range is the mandatory procedure for critical 
electronic equipment, as well as it’s constituent 
components. The necessary tests can last for several weeks 
or more. All this time, it is essential to maintain the 
specified temperature of the electronic component. Setting 
a low-temperature state to the heat-generating power 
semiconductor devices is not a trivial task under long-term 
test conditions. 

One of the acceptable solutions is to use 
thermoelectric coolers, based on the Peltier elements. 
Currently, there are several mobile systems for setting the 
low temperature [1-3]. The test bench from [1] provides a 
low temperature down to –40 °C. Still, this temperature is 
insufficient to meet the requirements for the temperature 
range of electronic components of categories higher than 
industrial ones. Other systems [2] are relatively expensive 
and sometimes do not provide enough flexibility for 
installation and interfacing with test rigs. The test bench 
developed by the authors of [3] does not offer the 
possibility of testing the electronic devices with dimensions 
of more than 20x30x5 mm3 and heat dissipation of more 
than 1 W. 

The proposed system is free from some limitations of 
other mentioned developments. 
 

II. SYSTEM DESCRIPTION 
 

The basic techniques and solutions of a number of 
related problems was used in the previous development [3]. 
Here is detailed description of parts of the developed 
system. 
 
A. Cooling box 
 

The cooling box (see Fig. 1) consists of 3-stage heat 
removal system and an aluminum case, the inner cavity of 
which is cooling by the liquid refrigerant. Each of the 1st 
and the 2nd cooling stages consists of 2 Petlier elements 
40x40mm in size, and the 3rd cooling stage consists of 8 
Peltier elements with the same size. Aluminum case is 
closed by a polished copper plate. The plate receives heat 
from 3rd cooling stage and transmit it to refrigerant. All 
fastening elements of the modules are made of materials 
with low thermal conductivity. 
 

 
 

Fig. 1a. The block diagram of the cooling box. 1 – thermos-
insulated DUT cable; 2 – input for carbon dioxide; 3,15 - sealed 
inputs; 4 – cover of cooling box; 5,14 - Peltier elements of the 3rd 
stage; 6,11 - copper plates, heat sinks; 7 - DUT; 8 - Peltier 
elements of the 1st stage; 9,13,16 - thermistors; 10 - Peltier 
elements of the 2nd stage; 12 – inner copper radiator; 17 – 
aluminum case. 
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The cooling box does not contain any active electronic 
components, which may rapidly degrade due to ionizing 
radiation. Frost formation is reduced by filling the device-
under-test (DUT) compartment with carbon dioxide. 

During long-term test, DUT is placed on the copper 
plate of the 3rd cooling stage and thermally connected with 
it via thermal grease. Active bias of DUT is provided by 
wires with total cross-section not more than 3mm2 (for Cu 
conductors). The power lines for Peltier elements and 
control lines to thermistors is connected through separate 
sealed input.  

 

 
 
Fig. 1b. Common view of cooling box 

 
B. Control Unit 
 

The control unit (see Fig. 2) is 470х490х350 mm in 
size. Inside this case are placed two power supplies of 
Peltier elements with 24V of common voltage and total 
output power up to 700 W, the refrigerant pump, and PCB 
with microcontroller. Moreover, the freon-based chiller 
(the 2nd cooling circuit, see section C) with own power 
supply is also mounted in the case of the control unit. 
 
C. Cooling circuits description 
 

The block diagram of cooling circuits is shown on 
Fig. 3. The cooling box is connected to the control unit by 
thermos-insulated cable lines and refrigerant channels with 
length up to 6 m. The refrigerant mains are equipped with 
sealed quick-disconnect couplings, thus it is possible to 
install a cooling box in the field of influence of a test setup, 
for example, "Gamma-Panorama MEPhI" [4]. 

The requirements for increasing the permissible heat 
release led the significant changes in the previously 
developed design. A more efficient heat removal was 
ensured by installing two cooling circuits: the primary 
cooling circuit is removing heat from cooling box, and 
secondary cooling circuit is for chill the refrigerant of the 
primary one.  

 
 

(a) 
 

 
 

(b) 
 
Fig. 2. Block diagram (a) and common view (b) of the control 
unit. In (a), 21 - sealed input; 22 - display; 23.24 - PWM 
regulators; 25 - control board; 26 - USB interface; 27 – PC 
(optional); 38,39 - power supplies. In (b), the refrigerant channels, 
as well as power cable and USB link is also shown 
 

 
 
Fig. 3. Block diagram of the cooling circuits. 29 –heat exchanger 
radiator; 30 - refrigerant pump of the primary cooling circuit; 31 - 
swivel connectors; 32,34,36 - valves; 33 - sealed easy-disconnect 
couplings, 35 - refrigerant thermoisolated hoses, 37 - radiator 
fans, 40 – heat exchanger; 41 – regulation valve; 42 - compressor 
of the secondary cooling circuit. 
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The primary cooling circuit is filled with a mixture of 
isopropyl alcohol (30%) and distilled water. This liquid has 
good thermal conductivity, resistance to the formation of 
microorganisms and algae in it, and low viscosity. The 
secondary cooling circuit is filled with freon R22. 

With secondary cooling circuit, the operating 
temperature of the refrigerant in the primary circuit was 
lowered to ~0 °C, which required additional thermal 
insulation of the power lines and refrigerant channels. 
 
D. Regulation 
 

During design of power control sub-system, the PID-
regulation algorithm [5,6], as well as fuzzy-logic one [7], 
was analyzed.  

Along with greater accuracy and responsiveness to 
fast changes in external conditions [8], the fuzzy logic (FL) 
algorithm is may be characterized by higher power 
consumption than PID [9]. In current application, however, 
this feature is negligible. The Peltier elements are very 
sensitive to rapid changes in supply power, so, PWM 
pulses must to be previously smoothed for properly 
operation of Peltier elements. Thus, consumption of Peltier 
elements is always not equal to 0. 

The management of cooling system is providing by 
STM series microcontroller with strictly limited memory 
and computing resources. The PID algorithm is simpler and 
need less computing power and less memory in comparison 
with FL algorithm.  

The reaction of PID algorithm on rapid changes of 
initial conditions is slower than of FL one, and usually 
have characteristic overshoot. In the case of placing 
feedback sensors (i.e., thermistors in this work) this 
overshoot can make the whole system faster. 

Due to the “thermal-inertia” of the developed system, 
as well as due to the requirements of minimum power 
consumption, a PID control algorithm was chosen. 

There are no requirements to the cold side temperature 
of the 3rd cooling stage, but to the maximum temperature 
difference between it’s cold and hot side. And there’s no 
need to precise establish the temperature of cold side of 
Peltier elements of 2nd cooling stage, but to provide its 
maximum performance. The accuracy of temperature 
setting and maintaining is defined by PWM of the 1st 
cooling stage. Thus, the 3rd cooling stage is powered 
directly from supply unit, while the 1st and the 2nd cooling 
stages are powered through PWMs. PWM regulation 
producing by microcontroller in accordance with supply 
voltage and current, as well as temperatures of cold sides of 
Peltier elements of the 1st and the 2nd cooling stages. The 
coefficients of the proportional, integral and differential 
parts were determined individually for each PID-regulator.  

The value of the supply current of the 2nd cooling 
stage Peltier elements is determined by the current value of 
its power consumption.  

PID regulation of the 1st cooling stage is based on the 
difference between preset and current temperature stage. 

By the first, the main part of temperature mismatch tm is 
calculated using (1):  
 

tm = Ep ∙ kp + Ei ∙ ki + Ed ∙ kd, (1) 
 
where Ep, Eu, Ed are the errors of proportionality, 
integrality and differentiality respectively, and kp, ki, kd are 
weight coefficient of Ep, Eи, Ed respectively. kp, ki, kd 
values are chosen in accordance with data from [8] taking 
into account the features and construction of used Peltier 
elements. The rest parameters is calculated using the (2)-
(4) equations: 
 

Ep = tmeas – tpreset  (2) 
 

Ei = Ei_prev + Ep ∙ dt (3) 
 

 
(4) 

 
where tmeas is current value of temperature (i.e., the cold 
side temperature of the 1st cooling stage); tpreset – preset 
value of DUT’s case temperature; Ei-prev – integral error 
obtained on previous stage; Ep_prev – differential error 
obtained on the previous stage; dt – time discrete. 

The adjustment value for the current of the power 
supply for the 1st cooling stage is determined using (5): 
 

Reg = Reg_prev + (tm – Pow) ∙ kp, (5) 
 
where Reg_prev is adjustment values obtained on previous 
iteration; Pow is the current power consumption, kp is the 
trim coefficient. 

 
III. RESULTS AND APPROBATION 

 
The resulting system is capable to contact cooling the 

DUT up to 80x40x12 mm3, achieving the temperature 
down to – 60 °С ± 5% in less than 25 minutes at the 
environment temperature in the place of the control unit up 
to 28 °С. The time dependence of the temperature at 
different DUT heat dissipation is shown in Fig. 4.  

 

 
 

Fig. 4. Time chart of DUT temperature at different values of DUT 
heat power release. 
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The total power, emitted by the cooled items, should 
not exceed 13 W. During operation, the system consumes 
about 2000 W from the 230 V network, and almost all the 
consumed energy is emitted as heat. This circumstance 
makes the good ventilation necessary. 

 
IV. CONCLUSION 

 
The novel thermoelectric system design provides the 

following capabilities: 
- setting the temperature down to –60 °С in a volume 

of 80x40x12 mm3 at the heat-release up to 13 W; 
 - accuracy of setting the temperature within ± 3 °C by 

the PID control method; 
 - maintaining a preset temperature during long-term 

tests; 
 - mobility and easy installation when carrying out 

various types of tests; 
 - the cooling box may be placed up to 6 m away from 

the heat exchanger and control unit, it makes to be possible 
provide additional exposure to DUT; 

 - ensuring the minimum distance from the source of 
exposure to DUT sensitive area, it’s limiting by thickness 
of cooling box cover. 
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Simulation of the Earth’s Magnetic Field Distortion 
Induced by a Vehicle 

 
M. Stojanović, J. Vračar , I. N. Dimitriu, and Lj. Vračar 

 
 

Abstract – In this paper, the concept of a magnetic field 
simulator is presented. The described simulator can generate the 
magnetic field of arbitrary shapes. The main components of the 
simulator are a PWM voltage generator, electrolytic capacitors 
used as a filter, and a solenoid. The showed results confirm that 
the magnetic field, identical to the distortion of the Earth’s 
magnetic field induced by a vehicle, can be generated in this way. 
The simulator allows fewer resources to be used when testing the 
operation of vehicle detectors. 

 
I. INTRODUCTION 

 
Vehicle detection is part of the intelligent 

transportation system. Vehicle detectors provide 
information about road occupancy. Also, can be useful to 
determine how air pollution depends on traffic jams. There 
are many methods for vehicle detection based on different 
principles. Some of them are video detectors, acoustic 
detectors, inductive loops, detectors equipped with 
magnetic sensors, etc. The work of the detectors with a 
magnetic sensor is based on the measurement of Earth’s 
magnetic field.  

The vehicles are made of ferromagnetic materials, and 
their presence creates distortions of the Earth's magnetic 
field at the point of observation. The vehicle body 
magnetizes itself due to the influence of the Earth's 
magnetic field, and the vehicle generates an external 
magnetic field. If the vehicle is placed close to the 
measuring point, the measured value of the magnetic field 
is stronger than the measured Earth's magnetic field [1]. 
The second approach describes a vehicle as a passive 
element. A vehicle does not generate an additional 
magnetic field. The lines of the magnetic field pass easier 
through the ferromagnetic material. Because of that, the 
presence of a vehicle is resulting in a changing of the 
magnetic flux.  

The distortion of the Earth's magnetic field can be 
measured using devices equipped with a magnetic field 
sensor [2, 3]. After processing the measured data, the 
device can provide information about the presence of a 
vehicle, so it is called the vehicle detector. 
 

II. THE PROCESS OF TESTING VEHICLE DETECTOR 
 

An essential part of the development and design of a 
vehicle detector is the testing phase. The characteristics of 
the detector can be improved using the results of hardware 
and software testing. The hardware testing includes the 
influence of radiation, temperature changes, and location 
(the Earth’s magnetic field depends on coordinate) on the 
reliable operation of the detector. The software testing 
provides information about the percentage of successfully 
detected vehicles using the implemented detection 
algorithm. Many parameters influence the operation of the 
detection algorithm. These are combinations of different 
values of vehicle length, vehicle velocity, and the time 
between the passage of two adjacent vehicles. 

The most effective way to test the detection success is 
to pass the vehicle over a detector mounted on the 
roadway. However, it is not possible to cover all potential 
scenarios in this way. It would require too much time and 
material resources. Also, weather conditions can make the 
testing process impossible. The distortion of the Earth’s 
magnetic field, when the vehicle is passing, is shown in 
Fig. 1. It is needed to generate a magnetic field identical to 
the field shown in Fig. 1 to make the possibility of the 
testing detector in the laboratory and without spending 
resources. 

 

 
 

Fig. 1. The Earth’s magnetic field distortion in the Z-axis 
direction, caused by a passing vehicle. The vehicle was VW 
Polo9N, and data were measured by digital magnetic sensor 
BM1422AGMV [4]. 
 

The magnetic field shown in the figure above can be 
produced an unlimited number of times using the simulator 
that generates a magnetic field of arbitrary shape. The 
block diagram of the simulator is shown in Fig. 2. 
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Fig. 2. The block diagram of the magnetic field simulator. 
 

The central part of the simulator is the solenoid which 
generates a magnetic field that depends on the current 
intensity and the current flow direction. The intensity of the 
magnetic field is directly proportional to the current 
intensity and also depends on the inductivity of the 
solenoid. The value of inductivity is closely related to the 
geometry of the solenoid [5, 6].  

On the other side, the current intensity depends on the 
generator voltage and the value of series resistance in the 
circuit. This series resistance represents the sum of all 
resistors connected in series with the solenoid and the 
internal resistance of the solenoid. If generator voltage 
changes, the intensity of the current through the solenoid 
changes, therefore the magnetic field produced by the 
solenoid changes also. So, the intensity of the magnetic 
field produced by the solenoid can be controlled by 
changing the parameters of generator voltage. 

The solenoid has a different time response, depending 
on the type of voltage generator. In paper [7] the magnetic 
field of the solenoid during the sinusoidal driving signal is 
described. The research described in this paper is based on 
a solenoid response to a pulse signal.  

The signal generator produces a PWM signal that 
drives the solenoid. The filter is used to smooth the current 
changes through the solenoid, and the analog magnetic 
field sensor SS490 [8] to validate generated magnetic field 
is used. 
 

III. THE MAGNETIC FIELD SIMULATOR 
 
The magnetic field simulator is based on the response 

of a solenoid to a pulse voltage. The current of arbitrary 
shape can be generated using this property of the solenoid. 

 
A. A solenoid response to a pulse voltage 

 
Let us suppose that the voltage generator drives the 

solenoid connected in series with resistor by one pulse. If 
the generator is powered off, there is no current flow 
through the solenoid, so the solenoid does not generate the 
magnetic field. In the time of switching on the generator, 
the voltage equal to the generator voltage is induced at the 
ends of the solenoid, and the current begins to flow through 
the solenoid. If the generator voltage is constant, the 
current through the solenoid rises, and it can be described 
by Eq. 1: 
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(1) 

 
VIN represents generator voltage, R is series resistance, 

and  is the time constant of the solenoid. The value of the 
time constant is calculated as L/R, where L is the 
inductivity of the solenoid. The current through the 
solenoid increases and the voltage at its ends decreases 
over time. The magnetic field of the solenoid increases 
with the current increasing. The solenoid will be in a 
stationary state after an interval of 5τ when the generator is 
powered on. In this state, the current through the solenoid 
has the maximal value. Also, the magnetic field of the 
solenoid has a constant and maximal value.  

In another case, turning off the generator while the 
current through the solenoid is maximal creates the 
opposite changes. The voltage on the ends of the solenoid 
increases and the current through the solenoid and the 
magnetic field of the solenoid also decrease. After 5τ, the 
current flow is equal to zero, and the solenoid is in a 
stationary state again. The current flow decrease can be 
expressed as: 
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where IMAX represents the value of the current at the 
moment before turning off the generator. The magnetic 
field is also equal to zero in this stationary state. 

 
B. A current of arbitrary shape 
 

If the solenoid is connected to the PWM voltage 
generator, the current of the solenoid rises and falls 
alternately. The magnetic field of the solenoid is changing 
in the same way. The intensity of the current flow during 
the interval TON can be described by Eq. 1. The maximal 
value of current is reached at the end of this interval. The 
intensity of the current decreases per Eq. 2 during the 
interval TOFF. The increase or decrease of the current flow 
depends on the values, TON and TOFF, respectively. The 
value ΔI represents the difference between the intensity of 
the current at the end of interval TOFF and the beginning 
interval TON (the end and the beginning of pulse voltage 
period T= TON+TOFF). The value ΔI can be calculated using 
previously written Eq. 1 and Eq. 2: 
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The value ΔI, and the magnetic field of the solenoid 

also, in addition to the already noted parameters, depends 
on the T, TON, and TOFF. These parameters represent the 
values proportional to the frequency and the DTC (duty 
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The value ΔI, and the magnetic field of the solenoid 
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If the solenoid is connected to the PWM voltage 

generator, the DTC of that PWM voltage determines the 
average value of the voltage at the ends of the solenoid and 
the current through the solenoid. The magnetic field of the 
solenoid depends on the average value of current, and 
therefore, the magnetic field depends on the DTC. A 
variable magnetic field can be obtained if the DTC of the 
PWM signal changes over time. 
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should have the same shape of changes. So, it is necessary 
to use two PWM voltage generators, one to generate 
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field, and the current flow of the second PWM generator V2 
produces negative values or decreasing in the magnetic 
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The schematic of the circuit that contains both 
generators V1, and V2, which drive the solenoid by a PWM 
voltage, is shown in Fig. 3. 
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Fig. 3. The schematic of the circuit for driving the solenoid by 
PWM voltage generators. R=100 Ω, L=100 mH. 
 

The changes produced by one vehicle are simulated by 
100 pulses generated by V1 and V2. The change of the 
current flow through the solenoid is shown in Fig. 4. The 
frequency of the both PWM voltage generator is 
determined by Eq. 5: 
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where t represents the time when the vehicle is passing by 
the sensor, v  is the vehicle velocity, and d is the length of 
the vehicle. If we assume that the length of the vehicle is 
4 m, and the vehicle velocity is 10 m/s, the frequency of 
PWM generators is 250 Hz. 

 

 
 

Fig. 4. The change of current through the solenoid, during the 
generation of 100 pulses of both generators, obtained by LTspice 
software [9]. 
 

The magnetic field of the solenoid has the same 
waveform as the change in current due to the linear ratio 
between these two quantities. However, the problem is in 
the rapid changes of current flow intensity. They are the 
consequence of pulse excitation and occur when the pulse 
voltage changes from a high to low voltage level, and vice 
versa. Namely, during the interval TON, the solenoid 
accumulates energy, and the current through it then 
increases, while during the time interval TOFF the solenoid 
releases this energy, whereby the current decreases. To 
reduce these changes, it is necessary to keep the 
accumulated energy of the solenoid. This can be achieved 
by adding two electrolytic capacitors between the solenoid 
and ground, as shown in Fig. 5. These capacitors were used 
as a filter, and they smoot the current waveform. 

 

 
 

Fig. 5. The schematic of the circuit for driving the solenoid by 
PWM voltage generators and filter (electrolytic capacitors). 

 
One capacitor for each of the generators is needed. Let 

the generator V1 is active, and the generator V2 is inactive 
during the time interval TON. The current rising through the 
solenoid, and the capacitor C1 is charging to the voltage 
VIN. The energy accumulated in the capacitor slows down 
the current flow drop through the solenoid by recharging 
the solenoid during the interval TOFF (V1 is inactive). The 
capacitor C2 has the same role when generator V2 is active, 
and generator V1 is inactive. 
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The value of the capacitors depends on the frequency 
of the PWM signal. In other words, the speed of the vehicle 
determines the value of the capacitors. The simulation 
determined that at the PWM voltage frequency of 250 Hz, 
the values of the capacitors of 150 µF are required. The 
current through the solenoid with the value of capacitors of 
150 µF in the circuit is shown in Fig. 6. 

 

 
 

Fig. 6. The change of current through the solenoid, during the 
generation of 100 pulses of both generators with filter. It should 
be noted that filter reduces the intensity of the current flow, and 
the intensity of the magnetic field of the solenoid also. 

 
The magnetic field, generated by the solenoid with 

inductivity of 100 mH, is measured by analog magnetic 
field sensor SS490. In Fig. 7 the output voltage of the 
sensor is shown. 
 

 
 
Fig. 7. The output voltage of analog magnetic field sensor SS490 
and the current through the solenoid, during the measurement of 
the magnetic field generated by the described simulator. 
 

The output voltage of the sensor is directly proportional 
to the measured magnetic field. Therefore, the changes of the 
Earth’s magnetic field induced by a vehicle can be almost 
identically generated by using the described simulator. 

V. CONCLUSION 
 
The magnetic field produced by the solenoid depends 

on its inductivity and intensity of the current through the 
solenoid. The produced magnetic field is directly 
proportional to the current flow that depends on the applied 
voltage. The arbitrary value of the magnetic field can be 
generated by connecting the solenoid to the PWM voltage 
generators where DTC is changing in time. In this way, it is 
possible to generate identical changes in the magnetic field, 
as the distortion of the Earth’s magnetic field when induced 
by a vehicle. The frequency of the PWM signal depends on 
the speed of the vehicle that should be simulated. The 
electrolytic capacitors should be connected in parallel with 
the solenoid to prevent high-intensity pick of the current, or 
in other words to smooth changes of the magnetic field. 

The next research will focus on the practical 
development of the magnetic field simulator. The appropriate 
values of capacitors and frequency of the PWM voltage 
generator, for a wide range of speed, will be denoted also. 
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IoT for COVID-19 Indoor Spread Prevention: Cough 
Detection, Air Quality Control and Contact Tracing 

 
N. Petrović and Đ. Kocić 

 
 

Abstract – Since the beginning of 2020, COVID-19 
pandemic has influenced a variety of aspects related to our 
everyday activities. From entertainment and education to 
healthcare and transportation, most of the existing processes and 
routines have been reshaped in order to comply with safety 
guidelines regarding the COVID-19, either indoors or outdoors. In 
this paper, it is explored how cost-effective IoT devices in 
synergy with state-of-the-art embedded machine learning and 
blockchain can be adopted with aim to reduce the spread of this 
coronavirus indoors. The focus is on two main aspects: contact 
tracing and air quality control. As outcome of this research, 
prototypes are developed and presented, leveraging RFID for 
person identification, blockchain for contact tracing records, 
smartphone apps for notifications and deep learning-based cough 
detection executed on affordable IoT devices. 
 

I. INTRODUCTION 
 

At first, considering the lack of approved medication 
and fear of unknown, the emergence of novel coronavirus 
has caused the adoption of many strict measures within 
countries around the world - from citizen movement 
limitation, travelling and public gathering prohibition to 
total lockdown [1]. Additionally, in most countries, self-
isolation and quarantine in case of travel, elderly and 
contact with infected persons have become obligatory as 
well. On the other side, the strategy of tackling the 
COVID-19 pandemic enforcing the citizens to comply with 
strict measures has shown many negative side-effects, such 
as economic stagnation [2] and psychological impact 
(depression, emotional exhaustion and many others) [3]. 

As of mid-April 2021, despite the highly intensive 
ongoing process of vaccination worldwide [4], the daily 
numbers of new cases and deaths still remain quite high 
[5]. Therefore, it is becoming more and more obvious that 
the key is in COVID-19 spread prevention under current 
circumstances [6] instead of lockdown and closing 
strategies, enabling the continuity of everyday activities in 
a regular manner until the vaccination process shows its 
benefits. Regarding the mentioned issues, it is identified 
that state-of-the-art digital technology, especially Internet 
of Things (IoT), Artificial Intelligence (AI) and mobile 
apps are of utmost importance [7]. 

Since the beginning of pandemic, the authors of this 
paper have been working on several solutions aiming 

COVID-19 indoor safety making use of affordable IoT 
devices. In [8], three highly relevant aspects have been 
considered: contactless temperature sensing, mask 
detection and social distancing check. In the first case, 
Arduino Uno and MLX90614 sensor were used, while 
Raspberry Pi single board computer equipped with camera, 
executing computer vision algorithms was leveraged for 
the remaining usage scenarios. 

However, two more crucial aspects in context of 
COVID-19 indoor safety are also highly relevant: contact 
tracing and air quality control. Tracing the interactions of 
infected persons with other persons is one of most effective 
preventive measures when it comes to infectious disease 
spread reduction [9]. On the other side, many results 
indicate that for certain air parameter values (temperature, 
humidity and CO2) [10], coronavirus is more likely to 
spread, so keeping them at desired level contributes to 
COVID-19 reduction [11]. Finally, the detection of 
distinctive cough specific for infected persons can be 
leveraged as preliminary diagnosis method [12] within both 
the contact tracing and air quality systems. 

Therefore, in this paper, the adoption of IoT and 
mobile devices together with state-of-the-art technologies 
(such as deep learning and blockchain) to cover the aspects 
will be considered. As a result, three case studies which are 
developed in this context will be presented: 1) deep 
learning-based cough detection on Raspberry Pi 2) air 
quality control using Arduino Uno 3) contact tracing based 
on Arduino Uno-based RFID person identification, 
blockchain and mobile app. 

 
II. CASE STUDIES 

 
A. Deep learning-based cough detection on Raspberry Pi 

 
Deep learning is an approach for building AI-enabled 

systems, which enables the machines to improve with more 
data observations, based on artificial neural networks 
(ANN). The word “deep” stands for the adoption of 
multiple layers (input, output and one or many hidden) that 
consist of nodes (perceptrons) within the network. 
Different types of deep learning architectures have been 
successfully adopted to solve various problems, from 
numeric predictions to sound and image classification. The 
main characteristics of ANNs in deep learning are: number 
of layers, number of perceptrons per layer, activation 
function executed by each of the layers and loss function 
used during the network training. 
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Regarding the usage on embedded and low-power IoT 
devices, the typical approach is to train the network on 
conventional full-fledged computer, but later deploy the 
trained model on the device itself. Notable IoT-compatible 
frameworks for machine learning on IoT devices are Tiny 
ML (aiming microcontrollers) and TensorFlow Lite [13]. In 
this paper, as we rely on Raspberry Pi device for execution, 
the decision is to use TensorFlow Lite, as it gives the 
ability to run even highly complex models in resource-
efficient manner, despite the fact that it is also powerful 
enough to run regular PyTorch and Keras. 

When it comes to SARS-CoV2, one of its most 
distinctive symptoms is characteristic cough [12]. Many 
existing studies adopted different AI techniques to detect 
cough among other sounds (cough detection) [14, 15]. 
Moreover, since the beginning of COVID-19 pandemic, 
there have been several solutions aiming to distinguish 
between COVID-19 cough and other types of cough sounds 
(cough classification) as well [16, 17]. 

In [14], CNN with 2 convolutional layers (ReLU 
activation function), 2 fully connected layers and a softmax 
classification layer was used for implementation of a 
wearable cough detection system. Furthermore, in [15], an 
approach making use of MLP-based deep neural networks 
for cough detection with up to 4 hidden layers executed on 
GPU was presented. On the other side, in [16], a recurrent 
long short-term memory (LSTM) classifier with 13 features 
was used to detect COVID-19 by taking smartphone audio 
recordings as input. 

In this paper, an approach for COVID-19 cough 
detection is presented, implemented in TensorFlow Lite for 
Python programming language and executed on condenser 
microphone-equipped Raspberry Pi device. The 
microphone is connected via USB. The system for cough 
detection is shown in Fig. 1. 

 
 

 
 
 
 
 
 
 
 
 
 
 
 
Fig. 1. Real-time COVID-19 cough detection system based on 
Raspberry Pi relying on deep learning. 
 

First, the sound stream recorded using condenser 
microphone is broken into overlapped time frames of 32ms 
duration, as recommended in [18]. After that, the set of 
features is extracted from sound frame using Mel 
Frequency Cepstral Coefficients (MFCC). This 
parametrization method is used for determination of 
sound’s coefficients (usually 13 of them [18, 19])  that 

make up the power spectrum on scale of pitches reflecting 
how human perceives different tones [18]. An open-source 
Python library was used for MFCC-based feature 
extraction [20]. Finally, the coefficients are used as input 
for training of a convolutional neural network with 
architecture which is described in Table I, built upon [19]. 
It has 13 units in input layer (equal to number of features). 
When it comes to convolutional layers, there are two of 
them, both using ReLU activation and each of them 
followed by average pooling layer. Finally, the output layer 
consists of three nodes with sigmoid activation function, as 
the problem is treated like multilabel classification (0 – no 
cough 1- cough detected 2-COVID-19 cough).  Finally, 
sigmoid cross entropy is used with Adam optimizer set for 
learning rate value 0.005, β1 =0.9 and β2 =0.999. The 
accuracy was 95% for cough detection, while around 72% 
for classification (COVID-19 or without disease), using the 
publicly available open dataset [21]. 

 
TABLE I 

COUGH DETECTION NEURAL NETWORK ARCHITECTURE 
Layer Size Activation 
Input  13 - 
Conv2D 1 10, 5x5 kernel ReLU 
Average pooling 1 2 - 
Conv2D 2 5, 5x5 kernel ReLU 
Average pooling 2 2 - 
Output 3 Sigmoid 

 
In Fig. 2, the workflow of COVID-19 cough detection 

system is illustrated. 
 

 
Fig. 2. Cough detection workflow. 
 
B. Air quality control based on Arduino Uno 
 

It is widely adopted that high risk of COVID-19 
infection indoors comes from airborne transmission [19]. 
Many research outcomes indicate that certain values of air 
parameters [10, 11, 22, 23] – such as temperature 26-27°C 
and approximately less than 40% humidity. In general, it 
can be stated that in dry indoor environment is more risky 
[22]. Therefore, continuous air parameter monitoring and 
regulation is of utmost importance for tackling the 
coronavirus spread indoors. In [11], a commercial IoT-
based product for air quality monitoring (turnover, CO2, 
filtration) was presented. However, in this paper, our focus 
is on cost-effective solution relying on open source 
software and affordable hardware – Arduino Uno equipped 
with low-cost DHT22 [24] temperature and humidity 
sensor together with ESP8266 [25] WiFi module. Fig. 3 
presents the workflow of the air quality control solution. 

Raspberry PiInfected person Cough Microphone Neural 
Network

OutcomeFeature 
extraction
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Fig. 3. Air quality control workflow. 
 

First, the air temperature and humidity are measured. 
In case that at least one of the values is close to spread-
critical threshold, then Message Queuing Telemetry 
Transport (MQTT) message is sent to the edge server using 
PubSubClient library [26], containing the measured value 
together with corresponding room number. After that, air 
quality control devices (conditioners, fans, ventilation) are 
coordinated using the semantic-driven framework from 
[27] and activated using the automatically generated 
commands. In Fig. 4, Proteus scheme of the implemented 
system is shown. During simulation, the red LED turns on 
when at least one of the parameters (humidity or 
temperature) is in critical range.  
 

 
Fig. 4. Proteus simulation of Arduino-based air quality control. 

 
An excerpt from code running on Arduino Uno is 

given in Listing 1. 
 

 
 
 
 
 
 
 
 
 

Listing 1. Air quality monitoring code control workflow. 
 
C. Contact tracing based on RFID-equipped Arduino Uno 
and blockchain technology 

 
Finally, we introduce an approach of contact tracing 

relying on RFID technology, as it is already adopted in 
huge number of institutions with aim of presence 
measurement. For that purpose, we decide to use Arduino 
Uno equipped with affordable RC522 RFID reader and 
ESP8266 WiFi (shown in Fig. 5). 

 
 

Fig. 5. Contact tracing workflow. 
 

When new visitor arrives to the room entrance, a 
corresponding RFID device has to be provided in order to 
enter. After that, MQTT message containing with person 
identifier, time stamp and room number will be sent to 
edge server and stored within log. However, if a visitor 
later turns out to be infected with COVID-19, then the 
organization should be notified by the infected person 
herself/himself using mobile app. Furthermore, all of the 
visitors that entered the same room the same day will be 
notified via SMS, email and mobile app (we assume that 
organizations have the necessary data about personnel). 
The mobile app is developed relying on AppSheet and 
Google Apps Script enabling much faster multiplatform 
development and distribution [28].  

Additionally, the identifiers of potentially infected 
persons can be stored on Ethereum [29] blockchain 
enabling the tracking of persons under risk in public, 
transparent, immutable, without giving out their identity. In 
context of COVID-19 pandemic, the main role that 
blockchain technology plays is to enable trusted tracking. 
Commonly, its usage covers the following aspects [30, 31]: 
new cases, deaths, health records and vaccination proof. 
The achieved response time of RFID reader was around 0.7 
s, while for mobile app notification delivery it took around 
2.9 s. In Fig. 6, the main aspects of both the hardware and 
software implementation are shown. 

 

void loop() {
  if (mfrc522.PICC_IsNewCardPresent()) {
    if(mfrc522.PICC_ReadCardSerial()) { 

    char person_id[32] = "";
         array_to_string(mfrc522.uid.uidByte, 4, 
str); 

sendMQTT(323, person_id);
    }
}

contract CoronavirusTracing {
    uint32 person;
    uint16 room; 
    uint timestamp;  
       
    function setPerson(uint32 p, uint d, uint16 r) public {
        personId = p;
        interactionDate=d;
        r=roomId;
    }
    function getPerson() public view returns (uint32 retVal)  {
        return person;
    }  
    function getRoom() public view returns (uint16 retVal)  {
        return room;
    }
    function getTimestamp() public view returns (uint retVal)  {
        return timestamp;
    }
}  

 
Fig. 6. RFID identification based on Arduino Uno: a) hardware b) 
Arduino code c) Solidity smart contract for Ethereum blockchain. 
 

III. CONCLUSION 
 
According to the achieved results, it can be concluded 

that cost effective IoT-based solutions aiming the COVID-
19 indoor spread reduction show satisfiable performance 
and have strong potential for novel use cases when it comes 
to battle against the current pandemic.  

The proposed cough-detection mechanism could be 
integrated with the existing surveillance systems, especially 
when it comes to huge rooms where people spend more 
time, like conference rooms and libraries. On the other 
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side, air quality monitoring and regulation capabilities can 
be leveraged to extend the existing air conditioning and 
ventilation systems. Moreover, the blockchain-based 
contact tracing solution might be considered as an 
extension to traditional presence detection and person 
identification systems. Finally, the coordination of these 
three solutions can be achieved in order to make indoor 
COVID-19 spread prevention even more effective. An 
example would be air regulation activation when risky 
cough is detected, while integration with contact tracing 
mechanism ensures that all the persons visiting the room 
within some time windows would be informed about that.  

Despite their limitations, the main advantages of this 
approach are small size, low power consumption and 
affordability, which makes their adoption possible even 
within institutions in developing countries where the 
situation regarding coronavirus is critical.  
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Abstract - It is of great interest to determine the relation 
between biophysical and condensed matter systems, because this 
biomimetical approach provides new frontiers for further 
microelectronic circuits integrations. Molecular and submolecular 
particles are identical in living and nonliving organisms, which 
implies the possibility of considering these particles motion as the 
biunivocal phenomenon. Brownian motion and its fractal nature, 
as a general phenomenon existing within both systems, is an 
integrative property based on which we can establish the relation 
between these two systems. We used some experimental data, 
based on the bacterial motion experiments, regarding influence of 
different energy impulses on bacterial trajectories. The goal of 
this research is to introduce the asymptotic approaching of 
biophysical and condensed matter systems, based on Brownian 
motion fractal nature similarities, presented in mathematical 
analytical forms. 
 

I. INTRODUCTION 
 

Molecular biology is a science of fundamental 
significance for understanding and predicting various 
processes in alive organisms. Molecular biology studies 
biological processes at a molecular level, examining 
structure, functions, regulation and interactions of various 
molecules essential for living organisms. Discovering, 
elucidating and understanding cell processes molecular 
mechanisms open the possibility of predicting, interfering 

and controlling important biological processes. The field of 
molecular biology is expanding with a new 
multidisciplinary approach.  

Microorganisms structures, characteristics, processes 
and behavior are based on molecular biology processes, 
which are on their part based on molecular and 
submolecular particles. These particles motion within the 
microorganism cell affects the entire microorganism 
motion. Microorganisms motion molecular mechanisms, as 
a type of motion in alive matter, reckon on the same 
principles as condensed matter particles motion.  

Every molecule, whether it is a structural part of 
living or nonliving matter, regardless of its composition (as 
a number, type, mass and charge of nuclei) and structure, 
regarding all molecule particles relative position, has a 
characteristic energy level (energy state) layout which 
distinguishes it from other molecules. This means that 
every molecule has a self inherent spectrum, which 
provides information about molecule composition, 
structure and energy levels.  

In common to all of them is a fact that all parts of all 
molecules are always and everywhere exposed to internal 
or external electromagnetic fields influence, which leads to 
the consequence of molecule parts electromagnetic fields 
and external electromagnetic radiation interaction. The 
result of this interaction is molecule energy state change 
and molecular spectrum change, as well.  

Hence, the consideration basis of the Brownian 
motion in micro and nanoparticles surroundings, i.e. 
pseudo-stochastic motion in fractal dimension surroundings 
influence, requires electron motion within energy levels 
and their crossing from one molecule to another. On the 
fractal level there is a change in the grains shape, size and 
orientation which has a great impact on grain boundary 
contact areas, as well as on impedance models between 
ceramic grains or grain clusters responsible for micro-
capacitive structure and distribution [1]. Therefore, it is of 
essential importance to control material electronic 
properties and relating  micro or nanostructure correlation 
[2], with a crucial role of Brownian motion which impacts 
particles transport, resulting in electromagnetic induction 
as well. It is possible to apply fractal analysis on grain 
structure with relating parts Brownian motion trajectories 
predictions (Fig. 1.) by comparing dielectric, ferroelectric 
and all other material electronic properties, which can open 
new perspectives for further electronic circuits integrations.  
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Fig. 1. Collision effects of electrons on grain boundary and fractal 
particles trajectories [3]. 

 
Besides, bionics and nanotechnology development, as 

well as the fact that atoms, as molecules building blocks, 
are identical in their composition, properties and 
accordingly energy states layout in living and nonliving 
organisms, imply the possibility of alive and nonalive 
systems identical transport processes consideration, as a 
biomimetic approach [4]. It is clear that viruses and 
bacteria dimensions allow the same electron trajectory 
predicting technics  in all kind of materials to be applied to 
alive organisms motion prediction as well. 

Bacteria have several motion patterns and their 
mobility behavior, which implies velocity, direction and 
trajectory, is influenced by environmental changes like 
temperature, pH, or different energetic impulses. Regarding 
the bacterial motion process as a whole, colliding with each 
other and with surrounding molecules in this Brownian 
motion process, bacteria are being constantly diverted from 
their direction, making random, unpredictable trajectories 
[5].  

 
II. EXPERIMENTAL PART 

 
In order to characterize bacterial mobility behavior 

influenced by energetical impulses, like music, we 
performed the experiments [6] using different bacterial 
species (A. blazei ) in a liquid phase (Fig. 2).  

We selected bacteria and analyzed random Brownian 
motion based trajectories under the variant energy impulses 
influence. We analyzed bacterial trajectories (as referent 
data). We also used the obtained data to create 
mathematical analytical forms and 3D diagrams. 

Regarding the molecular motion, we used some 
available research results [7], based on which we 
established mathematical analytical forms, as well. 

 
 

 
 

Fig. 2. Diagram of the experiment with the bacteria influenced by 
different energetic impulses. 
 
A. Short Intro on Mathematical Background 
 

We applied fractal interval approach in Brownian 
motion phenomenon analysis, and therefore, we provide 
the elementary methodological data for this method 
application.  

Approximation theory deals with the problem of 
replacing one function with another. One of the most 
commonly used forms of the approximation function is the 
polynomial form 

 
f (t) = a1 tn + a2 tn-1 + ∙∙∙ + an+1 (1) 

 
The parameters ai, i = 1, ..., n + 1 are determined so 

that some conditions are fulfilled. In our paper, we use the 
condition that the function passes through predefined 
points. This type of approximation is called interpolation, 
and the function itself is called an interpolation function. 

Suppose that the given points xi, i = 1, ..., n + 1 are 
through which we want the interpolation function to pass. 
We get the interpolation function in parametric form: 

 

 
(2) 

 
where: 

 

 
(3) 

 
B. Main Results 
 

Based on the bacterial motion experiment we got 
important data about bacteria location coordinates 
presented in the following tables (Table I) [6].  
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B. Main Results 
 

Based on the bacterial motion experiment we got 
important data about bacteria location coordinates 
presented in the following tables (Table I) [6].  

 
 

TABLE I 
THE FIRST BACTERIA LOCATIONS COORDINATES  

 
i xi yi zi 
1 0 0 0 
2 0.1043 -0.3698 -0.2869 
3 0.0521 -0.4622 -0.3641 
4 0.0521 -0.2773 -0.4809 
5 0.0521 -0.2773 -0.7842 
6 0.0521 -0.1849 -0.7605 
7 0.1564 -0.5547 -0.7709 
8 0.2607 -0.7396 -0.7757 
9 0.5213 -0.7396 -1.0163 

10 0.4170 -0.8320 -0.9330 
11 0.3649 -0.8320 -0.9349 
 
Based on the theoretical molecular motion experiment 

we determined molecule locations coordinates (Table II) 
[8].  
 

TABLE II 
MOLECULE LOCATIONS COORDINATES 

 
i xi yi zi 
1 2 5.8 4 
2 2.2 2 4.2 
3 2.5 4.4 4.5 
4 2.8 3.2 5.2 

 
III. RESULTS AND DISCUSSION 

 
After the real and the theoretical experimental 

performance we approached  the direction for defining and 
presenting  analytical mathematical functions, designing 
adequate interpolating diagrams on biomolecule and 
bacterial motion. 

Regarding bacterial motion, based on the data from 
Table I, we established the next analytical equations: 

 
x(t) = 18.7129 – 55.2529 t + 66.3847 t2 

(4) 

– 43.3618 t3 + 17.2814 t4 
– 4.4358 t5 + 0.748566 t6 
– 0.0825332 t7 + 0.00571969 t8 
– 0.000225966 t9 + 3.87861 
∙ 10-6 t10 

 
y(t) = – 100.479 + 285.098 t – 327.188 t2 

(5) 

+ 203.865 t3 – 77.5513 t4 
+ 19.0238 t5 – 3.07207 t6 
+ 0.324507 t7 – 0.0215696 t8 
+ 0.000818207 t9  
– 0.0000135009 t10 

 
 
 

z(t) = – 69.5243 + 197.979 t – 228.023 t2 

(6) 

+ 142.468 t3 – 54.2881 t4 
+ 13.3306 t5 – 2.15519 t6 
+ 0.228139 t7 – 0.0152186 t8 
+ 0.000580324 t9 – 9.64145 
∙ 10-6 t10 

 
In the sense of three-dimensional presentation of the 

spatial bacterial motion we obtained the 3D diagram 
presented on Fig. 3.   

 

 
 

Fig. 3. Bacterial motion 3D interpolating diagram. 
 

Regarding the molecular motion there are also 
associated defined mathematical equations: 
 

x(t) = 2 – 0.133333t + 0.15t2 – 0.0166667t3 (7) 
 

y(t) = 25.6 – 31.0667t + 12.9t2 – 1.63333t3 (8) 
 

z(t) = 3.6 + 0.6t – 0.25t2 + 0.05t3 (9) 
 
and the 3D diagram, as well, presented on Fig. 4. 
 

 
 

Fig. 4. Molecular motion 3D interpolating diagram. 
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After analyses in previous research we continued to 
apply interpolation with the goal to explore the way of 
biosystems and condensed matter systems asymptotic 
approaching.  

The main goal in this phase of our research opens the 
frontiers of how we can find the desired asymptotic 
relations based on self-similarities, almost by fractal nature 
and biomimetics motions. This is important from the point 
of view of a joint minimum of similar phenomena within 
the bio and physical systems what is definitely consisted of 
Brownian motion. In this way, we open a good base for 
interconnections in biophysical complex systems in the 
sense of microelectronics which recognize the advanced 
desired integrations between the structures from organic 
and nonorganic matter.  
 

IV. CONCLUSION 
 

Particles trajectories in living and nonliving systems 
fractalization also opens new perspectives for future 
research of Coronavirus [9] and other potential viruses 
motion.  With the goal to establish a relationship between 
motion exposed by Brownian motion, we developed the 
analytical forms which are based on physical particles like 
electrons in condensed matter and molecules in biosystem. 
All of this provided possibilities for asymptotic relation for 
these two subsystems as a joint characteristic in the matter 
in general in nature. Brownian motion of particles like 
electrons is the same and doesn't recognize differences 
between biophysical systems' interrelations. This aspect is 
very important and opens new frontiers towards advanced 
microelectronic higher level integrations between 
structures and materials in the frame of organic and 
nonorganic microelectronic.   
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Image Blending using Approximate Multiplication 
 

P. Balasubramanian, R. Nayar, O. Min, and D. L. Maskell 
 
 

Abstract – Image blending, which involves a mix of images, 
is used in computer graphics and photo editing. For example, two 
images can be blended through addition or multiplication. Usually, 
accurate addition or multiplication is performed to blend the 
images. In this paper, we discuss image blending using 
approximate multiplication. We show that approximate 
multiplication can yield visually similar blended images as accurate 
multiplication through an example illustration. We discuss a 
systematic approximation of the accurate array multiplier by 
introducing a series of vertical cuts in it and assign different 
combinations of binary values to the dangling internal inputs and 
dangling product bits. For an 8×8 image blending operation, our 
proposed approximate array multiplier is found to achieve 21% 
reduction in delay, 63.3% reduction in area, and 72.3% reduction 
in power compared to the accurate array multiplier while yielding 
a visually acceptable blended image. Further, compared to a high-
speed accurate multiplier that was directly synthesized using a 
logic synthesis tool, our proposed approximate array multiplier 
reports 9.7% reduction in delay, 60.6% reduction in area, and 
64.7% less power. The multipliers were physically realized using a 
32/28-nm CMOS technology.         
 

I. INTRODUCTION 
 

Approximate computing is considered as a high-speed, 
low power and an energy-efficient alternative to accurate 
computing [1], especially for applications which have an 
inherent error resiliency. The limits of human perception 
paves the way for error tolerance in multimedia applications 
[2], which predominantly involve digital signal processing. 
For example, minor distortions in digital images are not 
discernible by humans due to the limitations of human 
vision. 

Approximate computing encompasses hardware, 
software and memory storage, and approximate hardware 
covers arithmetic circuits [3] and logic circuits [4]. With 
respect to approximate arithmetic circuits, the primary focus 
has been on the design of approximate adders and 
multipliers [5] since addition and multiplication are 
pervasive in general-purpose microprocessors, digital signal 
processors and application-specific processors.   

This paper discusses approximate multipliers. In this 
context, we describe the designs of approximate array 
multipliers and analyze their usefulness for an image 
blending operation. We compare and contrast accurate and 
approximate array multipliers with respect to an example 
8×8 image blending operation, which are implemented using 
a 32/28-nm CMOS technology.  

The rest of the paper is organized as follows. Section II 
presents the schematic of an 8×8 accurate array multiplier 
and describes how it is approximated by introducing 
different vertical cuts and assigning different combinations 
of binary values to the dangling internal inputs and dangling 
product bits. Section III gives the popular error metrics such 
as mean absolute error and root mean square error, estimated 
for the approximate array multipliers. Section IV discusses 
the image blending operation and shows example blended 
images corresponding to different vertical cuts for an 
illustration. Section V reports the design metrics viz. silicon 
area, critical path delay, and total power dissipation of 
accurate and approximate array multipliers and also a high-
speed accurate multiplier synthesized using a commercial 
logic synthesis tool and concludes the paper.     
 

II. ACCURATE AND APPROXIMATE ARRAY 
MULTIPLIERS 

 
In this paper, we consider the blending of two 8-bit 

images as a practical application and for this purpose an 8×8 
multiplier is sufficient. We consider the Braun array 
multiplier that has a simple and regular structure which is 
easy to layout [6]. Further, it can be conveniently pipelined 
to increase the throughput. Moreover, to perform small 
multiplications the array multiplier is comparable to the 
other multiplier architectures in terms of the speed.  

The schematic of an 8×8 accurate array multiplier is 
shown in Fig. 1, where X7 to X0 and Y7 to Y0 represent the 
multiplicand and multiplier, and P15 to P0 represents the 
product respectively, with X7, Y7 and P15 being the most 
significant bits and X0, Y0 and P0 are the least significant 
bits. There is a total of 64 partial products, which are realized 
using 2-input AND gates. Besides these, 8 half adders and 
48 full adders are also used to realize the carry save adder.  

In Fig. 1, vertical cuts V0 to V10 are highlighted for an 
illustration. Subsequent to a vertical cut, the circuit portion 
to the right-side of the cut would be eliminated. It is 
observed that vertical cuts gradually eliminate the partial 
product(s) starting from the less significant ones. For 
example, V0 eliminates X0Y0; V1 eliminates X1Y0, X0Y1 
and a half adder that adds these partial products, and so on.  

Fig. 2 shows the effect of an example vertical cut V8 
made on the accurate array multiplier. The circuit portion to 
the right-side of the cut is eliminated, which is shown in light 
grey. One of the inputs to the full adders highlighted in blue 
is left dangling. Also, some less significant product bits viz. 
P8 to P0 are left dangling, with their logic having been 
eliminated. The full adder producing product bit P9, which 
is highlighted in green in dotted lines in Fig. 2, has both its     
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Fig. 1. Schematic of accurate 8×8 array multiplier highlighting some example vertical cuts viz. V10 to V0. 
 

 

 
 

Fig. 2. Approximate array multipliers resulting from vertical cut V8 made on the accurate array multiplier shown in Fig. 1. The deleted 
circuit portions are shown in light grey and green.    



307

 

 
 
 

Fig. 1. Schematic of accurate 8×8 array multiplier highlighting some example vertical cuts viz. V10 to V0. 
 

 

 
 

Fig. 2. Approximate array multipliers resulting from vertical cut V8 made on the accurate array multiplier shown in Fig. 1. The deleted 
circuit portions are shown in light grey and green.    

inputs cut, and so it is eliminated resulting in the full adder 
above it directly producing P9. Consequently, the full adder 
producing P10 would now have only two inputs and hence 
it is reduced to a half adder, highlighted in orange in Fig. 2.   

Referring to Fig. 2 as an example, subsequent to a 
vertical cut made on an accurate array multiplier, four 
generic approximate array multiplier architectures can be 
derived as mentioned below, where the acronym ‘AAM’ 
refers to the ‘approximate array multiplier’.  

• AAM00 – wherein binary 0 input is assigned 
to the full adders highlighted in blue, and 
binary 0 is assigned to product bits P8 to P0 

• AAM01 – wherein binary 0 input is assigned 
to the full adders highlighted in blue, and 
binary 1 is assigned to product bits P8 to P0 

• AAM10 – wherein binary 1 input is assigned 
to the full adders highlighted in blue, and 
binary 0 is assigned to product bits P8 to P0 

• AAM11 – wherein binary 1 input is assigned 
to the full adders highlighted in blue, and 
binary 1 is assigned to product bits P8 to P0         

AAM00 architecture (so called here for the ease of 
referencing) was presented in [7], where binary 0 was 
assigned to the dangling internal inputs and dangling product 
bits after introducing a vertical cut. AAM01, AAM10 and 
AAM11 are the proposed approximate array multiplier 
architectures [8]. In [8], we considered an unequal size 
multiplier for an image denoising application while here we 
consider an equal size multiplier with respect to an image 
blending application.      

In Fig. 2, after assigning binary 0 to the dangling inputs 
of the full adders highlighted in blue, they are transformed 
into half adders. If binary 1 is input to the full adders 
highlighted in blue, they will be transformed into a 
combination of a 2-input XNOR gate and a 2-input OR gate 
with the former yielding an approximate sum output and the 
latter yielding an approximate carry output. These are 
explained via a note in Fig. 2. 

 
III. ERROR METRICS 

 
We calculated two important error metrics, namely the 

mean absolute error (MAE), which is also called the mean 
error distance, and the root mean square error (RMSE). The 
RMSE is of greater interest as it effectively captures the 
signal degradation of a digital signal processing application 
[9]. Given an 8×8 multiplier, there would be a total of 216 
distinct inputs, and all these were used to accurately 
calculate MAE and RMSE of the approximate array 
multipliers. For this purpose, Python models of accurate and 
approximate array multipliers were developed and verified. 
Corresponding to each distinct input, the absolute difference 
between the product generated by an approximate array 
multiplier and the accurate product was calculated. This 
process was repeated for all the distinct inputs and the 
absolute differences were averaged to obtain MAE, given by 
(1). RMSE was calculated using (2). In (1) and (2),  AAM 

Product denotes the product of an approximate array 
multiplier and Accurate Product denotes the corresponding 
product of the accurate multiplier for a given input.  

  

MAE = 1
216 ∑ ∑ |AAM_Product(I, J)

28−1

J=0

28−1

I=0
 

(1) 

−Accurate_Product(I, J)| 
 

RMSE = √ 1
216 ∑ ∑ ( AAM_Product(I, J)

− Accurate_Product(I, J))
2

28−1
J=0

28−1
I=0     

(2) 
 

In general, the savings in design metrics achieved by an 
approximate circuit compared to the accurate version would 
depend on the extent of approximation incorporated [10]. 
With respect to the approximate array multiplier, the lesser 
the order of a vertical cut introduced, the lesser would be the 
savings in design metrics achievable compared to the 
accurate array multiplier. Referring to Fig. 1 for example, 
compared to V0, V6 would eliminate more logic and hence 
the latter would result in reduced area and power. Hence, an 
optimum higher order vertical cut that achieves an 
acceptable trade-off between the quality of results (here, the 
quality of a blended image) and the savings in design metrics 
is preferable and should be determined. Given this, for the 
digital image blending application, based on an extensive 
trail and error we found that vertical cut V8 may be 
acceptable, and image blending along with an example 
illustration is discussed in the next section. Given that V8 is 
acceptable, it may be considered as an optimum 
approximation, and thus vertical cuts below V8 may be 
construed as under-approximation, and vertical cuts above 
V8 may be construed as over-approximation.  

We calculated MAE and RMSE for various 
approximate array multiplier architectures corresponding to 
vertical cuts V6 up to V10, covering under-approximation, 
optimum approximation and over-approximation scenarios, 
and they are given in Table I. In Table I, while referring to a 
particular AAM architecture, the order of the vertical cut has 
been mentioned as a suffix for clarity.    

From Table I, it is clear that the proposed AAM01 
architecture consistently reports reduced MAE and RMSE 
than its counterparts. This is perhaps because although the 
dangling internal inputs are assigned binary 0 in the AAM01 
architecture, which might underestimate the value of product 
bit P9 in some instances, this tends to be compensated 
through the assignment of binary 1 to product bits P8 up to 
P0. Hence an internal error compensation might happen in 
the AAM01 architecture, which is likely to be the reason for 
its lesser MAE and RMSE compared to its counterparts. In 
turn, this suggests that the AAM01 architecture is likely to 
yield better quality blended images compared to its 
counterparts due to reduced error. 
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TABLE I 
ERROR METRICS OF VARIOUS APPROXIMATE ARRAY MULTIPLIERS 

CORRESPONDING TO VERTICAL CUTS V6 UP TO V10 
 

Approximate Array Multiplier MAE  RMSE 
Based on V6 cut 

AAM00-V6 192.25 224.032 
AAM01-V6 101.362 132.241 
AAM10-V6 575.750 587.127 
AAM11-V6 702.75 712.101 

Based on V7 cut 
AAM00-V7 448.25 513.169 
AAM01-V7 243.854 315.848 
AAM10-V7 1087.774 1116.071 
AAM11-V7 1342.750 1365.793 

Based on V8 cut 
AAM00-V8 896.25 1024.757 
AAM01-V8 484.249 628.713 
AAM10-V8 1664.762 1736.354 
AAM11-V8 2174.798 2230.785 

Based on V9 cut 
AAM00-V9 1664.25 1916.367 
AAM01-V9 876.747 1146.270 
AAM10-V9 2444.210 2610.774 
AAM11-V9 3455.707 3583.020 

Based on V10 cut 
AAM00-V10 2944.25 3435.35 
AAM01-V10 1514.87 1984.46 
AAM10-V10 3303.20 3656.69 
AAM11-V10 5256.70 5537.27 

 
IV. IMAGE BLENDING 

 
Image blending is considered as a practical application 

to evaluate the performance of various approximate array 
multipliers. To perform image blending, two digital images 
of the same size (512 pixels by 512 pixels) are considered, 
and their grayscale resolution is 8 bits. The size of the 
resultant image is also 512 pixels by 512 pixels. The gray 
values of the two images are multiplied pixel by pixel. The 
grayscale resolution of the resultant image is 16 bits due to 
the multiplication of two gray values of 8 bits each.  

We considered two digital images viz. cameraman and 
a mask for blending, which are shown in Fig. 3a. Fig. 3a also 
shows the blended image obtained through accurate 
multiplication. Figs. 3b, 3c, 3d, 3e and 3f show the blended 
images obtained using different approximate array 
multipliers, based on vertical cuts V6, V7, V8, V9 and V10 
respectively.  

To quantify the quality of blended images, we use two 
well-known digital image processing metrics [11], namely 
the peak signal-to-noise ratio (PSNR) and the structural 
similarity index metric (SSIM). A high PSNR is preferable 
which is indicative of less noise or distortion in an image. 

SSIM is a measure of the structural difference between a 
reference image and a target image, calculated based on a 
pixel-by-pixel comparison. A high value of SSIM is 
preferable with the maximum value of SSIM being 1. For 
example, while comparing a blended image obtained 
through accurate multiplication with a blended image 
obtained through approximate multiplication, an SSIM 
value closer to 1 is preferred for the latter which would imply 
that the two images are almost structurally i.e., visually the 
same.  

For the blended image obtained through accurate 
multiplication shown in Fig. 3a, its PSNR is infinite since no 
noise is introduced due to the accurate computation. In the 
blended images obtained by approximate multiplications, 
shown in Figs. 3b to 3f, noise is introduced due to 
inaccuracies in computations, and so their PSNR and SSIM 
are not ideal. Figs. 3b to 3f portray the images corresponding 
to various approximate array multipliers, obtained based on 
diverse vertical cuts along with their PSNR and SSIM.  

From Figs. 3b to 3f, it is evident that the proposed 
AAM01 architecture consistently reports increased PSNR 
and SSIM for the blended images compared to its 
approximate counterparts across all the vertical cuts. This is 
due to the reduced error metrics of the AAM01 architecture, 
given in Table I. Also, it may be noted that the V8 cut 
(referring to AAM01-V8) results in a blended image shown 
in Fig. 3d that is visually similar to the blended image 
obtained through accurate multiplication shown in Fig. 3a. 
Nevertheless, V7 and V6 cuts yield slightly better blended 
images compared to the V8 cut. Further, it is seen that the 
V9 cut (Fig. 3e) introduces noticeable distortions in the 
blended images, and the V10 cut further exacerbates the 
distortions in the blended images. Therefore, V9 and higher 
order vertical cuts are not preferable. In fact, we confirmed 
this by blending the mask image with many other images 
such as lena, einstein etc. Due to the space constraint, those 
results could not be shown here but they would be included 
in an extended version of this paper.      

 
V. RESULTS AND CONCLUSIONS 

 
We structurally described the accurate 8×8 array 

multiplier and various approximate 8×8 array multipliers 
corresponding to vertical cuts V6 up to V10 in Verilog HDL. 
We also described an accurate 8×8 multiplier in Verilog 
HDL using the multiplication operator. All the multipliers 
were synthesized by Synopsys Design Compiler targeting 
speed optimization. A 32/28nm CMOS standard digital cell 
library [12] was used for synthesis. A default wire load 
model was included, and a fanout-of-4 drive strength was 
assigned to all the output ports (product bits). A typical case 
PVT specification with a supply voltage of 1.05V and an 
operating junction temperature of 25ºC was considered. The 
synthesized gate-level netlists of the multipliers were 
simulated to verify their functionality, and the switching 
activity data gathered were used to estimate the total power 
dissipation.     
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Based on V9 cut 
AAM00-V9 1664.25 1916.367 
AAM01-V9 876.747 1146.270 
AAM10-V9 2444.210 2610.774 
AAM11-V9 3455.707 3583.020 

Based on V10 cut 
AAM00-V10 2944.25 3435.35 
AAM01-V10 1514.87 1984.46 
AAM10-V10 3303.20 3656.69 
AAM11-V10 5256.70 5537.27 

 
IV. IMAGE BLENDING 

 
Image blending is considered as a practical application 

to evaluate the performance of various approximate array 
multipliers. To perform image blending, two digital images 
of the same size (512 pixels by 512 pixels) are considered, 
and their grayscale resolution is 8 bits. The size of the 
resultant image is also 512 pixels by 512 pixels. The gray 
values of the two images are multiplied pixel by pixel. The 
grayscale resolution of the resultant image is 16 bits due to 
the multiplication of two gray values of 8 bits each.  

We considered two digital images viz. cameraman and 
a mask for blending, which are shown in Fig. 3a. Fig. 3a also 
shows the blended image obtained through accurate 
multiplication. Figs. 3b, 3c, 3d, 3e and 3f show the blended 
images obtained using different approximate array 
multipliers, based on vertical cuts V6, V7, V8, V9 and V10 
respectively.  

To quantify the quality of blended images, we use two 
well-known digital image processing metrics [11], namely 
the peak signal-to-noise ratio (PSNR) and the structural 
similarity index metric (SSIM). A high PSNR is preferable 
which is indicative of less noise or distortion in an image. 

SSIM is a measure of the structural difference between a 
reference image and a target image, calculated based on a 
pixel-by-pixel comparison. A high value of SSIM is 
preferable with the maximum value of SSIM being 1. For 
example, while comparing a blended image obtained 
through accurate multiplication with a blended image 
obtained through approximate multiplication, an SSIM 
value closer to 1 is preferred for the latter which would imply 
that the two images are almost structurally i.e., visually the 
same.  

For the blended image obtained through accurate 
multiplication shown in Fig. 3a, its PSNR is infinite since no 
noise is introduced due to the accurate computation. In the 
blended images obtained by approximate multiplications, 
shown in Figs. 3b to 3f, noise is introduced due to 
inaccuracies in computations, and so their PSNR and SSIM 
are not ideal. Figs. 3b to 3f portray the images corresponding 
to various approximate array multipliers, obtained based on 
diverse vertical cuts along with their PSNR and SSIM.  

From Figs. 3b to 3f, it is evident that the proposed 
AAM01 architecture consistently reports increased PSNR 
and SSIM for the blended images compared to its 
approximate counterparts across all the vertical cuts. This is 
due to the reduced error metrics of the AAM01 architecture, 
given in Table I. Also, it may be noted that the V8 cut 
(referring to AAM01-V8) results in a blended image shown 
in Fig. 3d that is visually similar to the blended image 
obtained through accurate multiplication shown in Fig. 3a. 
Nevertheless, V7 and V6 cuts yield slightly better blended 
images compared to the V8 cut. Further, it is seen that the 
V9 cut (Fig. 3e) introduces noticeable distortions in the 
blended images, and the V10 cut further exacerbates the 
distortions in the blended images. Therefore, V9 and higher 
order vertical cuts are not preferable. In fact, we confirmed 
this by blending the mask image with many other images 
such as lena, einstein etc. Due to the space constraint, those 
results could not be shown here but they would be included 
in an extended version of this paper.      

 
V. RESULTS AND CONCLUSIONS 

 
We structurally described the accurate 8×8 array 

multiplier and various approximate 8×8 array multipliers 
corresponding to vertical cuts V6 up to V10 in Verilog HDL. 
We also described an accurate 8×8 multiplier in Verilog 
HDL using the multiplication operator. All the multipliers 
were synthesized by Synopsys Design Compiler targeting 
speed optimization. A 32/28nm CMOS standard digital cell 
library [12] was used for synthesis. A default wire load 
model was included, and a fanout-of-4 drive strength was 
assigned to all the output ports (product bits). A typical case 
PVT specification with a supply voltage of 1.05V and an 
operating junction temperature of 25ºC was considered. The 
synthesized gate-level netlists of the multipliers were 
simulated to verify their functionality, and the switching 
activity data gathered were used to estimate the total power 
dissipation.     

 

 

 

 
 

Fig. 3. (a) Original digital images (cameraman and mask) and the accurately blended image. Blended images obtained using 
different approximate array multipliers based on the following vertical cuts: (b) V6, (c) V7, (d) V8, (e) V9, and (f) V10. 
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To perform functional simulations using Synopsys 
VCS, a test bench comprising about 1000 random inputs was 
used, and the inputs were supplied at a timing of 2.5ns 
(400MHz).  The total area of the multipliers, which includes 
cells area and interconnect area, was estimated using 
Synopsys Design Compiler. The critical path delay of the 
multipliers was estimated using Synopsys PrimeTime, and 
their total power dissipation was estimated using Synopsys 
PrimePower. The design metrics are given in Table II.  

 
TABLE II 

DESIGN METRICS OF ACCURATE AND APPROXIMATE MULTIPLIERS 
 

Accurate/Approximate 
Multiplier 

Delay  
(ns) 

Area 
(µm2) 

Power 
(µW) 

Accurate Multiplier 
(Using * operator) 

1.75 474.39 144.20 

Accurate Array 
Multiplier 

2.00 509.47 183.80 

Based on V6 cut 
AAM00 and AAM01 1.97 334.72 114.70 
AAM10 and AAM11 1.99 329.62 122.30 

Based on V7 cut 
AAM00 and AAM01 1.69 260.41 73.29 
AAM10 and AAM11 1.70 242.76 88.41 

Based on V8 cut 
AAM00 and AAM01 1.58 187.11 50.90 
AAM10 and AAM11 1.53 179.99 57.68 

Based on V9 cut 
AAM00 and AAM01 1.26 138.47 30.68 
AAM10 and AAM11 1.21 132.32 39.44 

Based on V10 cut 
AAM00 and AAM01 0.95 124.08 22.89 
AAM10 and AAM11 0.96 122.81 27.68 

 
From Table II, we see that AAM00 and AAM01 

architectures have the same design metrics, and AAM10 and 
AAM11 architectures also have the same design metrics. 
The only difference between AAM00 and AAM01 
architectures is that the dangling product bits are assigned 
binary 0 in the former and binary 1 in the latter, and this is 
also true between AAM10 and AAM11 architectures. In 
terms of the physical realization, each product bit that is 
assigned binary 0 is connected to ground through a tie-to-
low (TIEL) standard cell, and each product bit that is 
assigned binary 1 is connected to Vdd through a tie-to-high 
(TIEH) standard cell. Since TIEL and TIEH standard cells 
have the same design characteristics [12], therefore AAM00 
and AAM01 architectures, and AAM10 and AAM11 
architectures have the same design metrics. 

As noted from Fig. 3, in general, the proposed AAM01 
architecture yields blended images which are better than the 
blended images obtained using AAM00, AAM10 and 
AAM11 architectures across all the vertical cuts. In 

particular, in Fig. 3d, the blended image corresponding to 
the proposed AAM01 architecture (i.e., AAM01-V8) is 
visually similar to the accurately blended image shown in 
Fig. 3a. 

To conclude, from Table II, we observe that the 
AAM01 architecture obtained using vertical cut V8 achieves 
21% reduction in delay, 63.3% reduction in area, and 72.3% 
reduction in power compared to the accurate array 
multiplier, and 9.7% reduction in delay, 60.6% reduction in 
area, and 64.7% reduction in power compared to a directly 
synthesized high-speed accurate multiplier.     
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cells area and interconnect area, was estimated using 
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The WEAF Mnecosystem – A Vision of 
Micro/Nanotechnologies to Empower the 6G and 

Super-IoT Future Paradigms  
 

J. Iannacci 
 
 

Abstract - Nowadays, at the dawn of 5G deployment, 
specifications and architectures for what the future Beyond-5G 
and 6G are being studied, looking at the horizon of 2030. The 
envisaged massive use of Artificial Intelligence (AI) to enable 
self-evolutionary features of 6G and Super-IoT, will demand for 
more than what the 5G will manage to achieve. In this work, a 
potential limiting factor to the AI-driven 6G is identified in the 
approaches currently pursued in the design of Hardware-Software 
(HW-SW) systems. An important role is foreseen for Micro and 
Nanotechnologies (MEMS and NEMS) in empowering the 
functionalities of future 6G, triggering a reformulation of the 
standard conception of HW, thus overcoming the classical 
formulas pursued in the development of HW-SW systems  
 

I. INTRODUCTION  
 

The current evolution of paradigms like the Internet of 
Things and Internet of Everything (IoT/IoE) is driving 
significant part of research and development in electronics 
and Micro/Nanofabrication technologies. A similar radical 
impact is being initiated by the 5G for whatever is 
concerned to telecommunications and data transmission. In 
the frame of a collective vision, the 5G has to play the role 
of enabler of pervasivity for IoT/IoE [1]–[6], stepping well 
beyond the mere interconnection of mobile 
handsets/smartphone, as it was for previous generations  

Despite this flattering scenario, the opinion of some 
eminent scholars, already today at the dawn of deployment, 
is that the 5G will not be capable of enabling the so-called 
Super-IoT and Tactile Internet (TI) [7]–[9]. The latter 
paradigms will push massively forth technologies like 
Virtual and Augmented Reality (VR/AR), Machine-
ToMachine (M2M) and Vehicle-To-Vehicle/-Everything 
(V2V/V2X). These will demand for huge amounts of 
transferred data, very-high reliability of communications, 
along with such a limited latency, that applications will 
recall the sense of touch to the end-user (this is the reason 
for the tactile attribute of the TI). Given such limitations of 
5G, visions and forecasts of the scientific community are 
displacing the challenge of enabling the mentioned features 
to the 6G, within the timeframe of about one decade from 
now [7],[10].  

Given such emerging limitations, this work pursues a 

twofold objective. On one hand, a few funding aspects 
considered as critical in enabling the future 6G and 
SuperIoT are highlighted. Then, a vision on how the 
highlighted emerging gap could be overcome, leading to 
full deployment of the paradigms at stake, is provided. The 
perspective capitalizes quite extensively both on 
consolidated and emerging Micro and Nanotechnologies 
(MEMS/NEMS), potentially driving a revolution that 
embodies a partial redefinition of the classical concept of 
Hardware (HW). 

The paper is arranged as follows. After the current 
introductory Section 1, the next Section 2 frames the novel 
concept of HW-SW divide and describes its potential 
limitations to the evolution of 6G. Section 3 introduces the 
concept of WEAF Mnecosystem (i.e. the Water, Earth, Air, 
Fire Micro/Nanotechnologies Ecosystem), as a possible 
solution to overcome the HW-SW divide. Section 4 briefly 
lists some literature examples of MEMS/NEMS devices 
falling into the WEAF Mnecosystem scenario, while 
Section 5 collects conclusive considerations.  

 
II. THE HARDWARE-SOFTWARE DIVIDE 

 
Commencing from the consolidation of semiconductor 

technologies in mass-market applications, we experienced 
relentless evolution of electronics, telecommunications and 
computer science, lingering on since several decades 
Within this frame, the Moore’s law [11], concerning the 
evolution of semiconductor devices, in conjunction with 
the so-called More than Moore trends [12], for what 
concerns non-standard technologies (e.g. MEMS/NEMS), 
describe pretty accurately how electronics stepped forth up 
to now. The advancing of HW and SW technologies 
allowed pursuing trends like systems miniaturization and 
integration, densification of functionalities, 
reconfigurability increase, reduction of power 
consumption, etc., pushing them in some cases towards the 
physical limit. Across the long path of HW-SW systems 
evolution, many things changed, often radically, while one 
crucial aspect remained factually unmodified since the 
dawn of electronics, being still valid today. This item is 
here named the Hardware-Software (HW-SW) divide, and 
can be ascribed in simple terms to the anchoring of HW to 
its physical and tangible dimension, which differentiates it 
inexorably from immateriality of SW  
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The HW-SW divide lays an ideal barrier between HW 
and SW in terms of reconfigurability, adaptivity, self-
healing and evolution, which cannot be surpassed by the 
HW, due to its physical characteristics. For instance, if the 
SW can adapt and self-accommodate to some unexpected 
conditions of operation, the HW, despite reconfigurable 
and redundant, has to be maintained and/or replaced in 
such not predicted ab-initio situations.  

Capitalizing on the mentioned differentiation of HW 
and SW, evolution of electronics-based systems led to the 
very successful strategy of HW-SW co-design [13]. 
According to it, the physical device, system or sub-system, 
and the set of algorithms, are jointly conceived, in such a 
way to be mutually optimized. Such a consolidated and 
winning strategy is still in use today, in developing the 5G. 
From a diverse perspective, the shaping visions of 6G and 
of future Super-IoT/TI pose so many challenges in terms of 
services, technologies, specs and apps, that it is difficult 
imagining to address them with standard design approaches  

The big picture of 6G is that of a system that will 
massively rely on Artificial Intelligence (AI), stepping 
from the currently pursued connected things to the next 
connected intelligence [14]. AI will draw and optimize 6G 
functionalities, (local or edge) architectures and protocols 
during real-time system operation, triggering 
unprecedented self-evolutionary capacities. To this 
purpose, it is worth mentioning one of the main trends of 
6G identified by [8], i.e. the transition from the current 
Self-Organizing Networks (SONs) [15] to the future Self-
Sustaining Networks (SSNs) [16]. Stepping back to the 
limitations deriving from the HWSW divide, AI within the 
6G will demand for pronounced self-adaptivity against 
real-time contexts, e.g. in terms of users requirements, 
traffic of data, connectivity, availability of energy, etc. This 
will urge for improved separation among HW and SW, it 
being in full opposition to the HWSW co-design 
philosophy. To this end, SW routines should be capable of 
assessing the actual availability of resources to leverage, in 
order to run optimally and efficiently  

 

 

From a different perspective, HW should acquire 
additional symmetry against the SW for what concerns 
reconfigurability and flexibility of implemented functions, 
self-adaptivity and self-recovery capacities. In light of 
these aspects, the present work introduces a 
reconceptualization of HW through the introduction of the 
WEAF Mnecosystem. Such a reformulation aims at pulling 
up the HW concept from the static-because-physical 
dimension, to the intrinsic-adaptivity-due-to-immateriality 
typical of SW. Eventually, Table I summarizes the most 
critical key specifications in the transition from 5G, to 
Beyond-5G, and finally to 6G  
 

III. THE WEAF MNECOSYSTEM  
 

The reconceptualization of HW is now addressed. In 
accordance to it, while still based on its physical 
characteristic, the HW steps closer to the SW in terms of 
abstraction. The reformulation relies both on consolidated 
and emerging Micro and Nanotechnologies in a broad 
sense, embodying Materials, Systems and Electronics, 
identified as key-enabling technologies for the transition 
to 6G  

In order to simplify the discussion of the mentioned 
reformulation, a parallelism is structured between HW-SW 
systems/sub-systems and the four natural elements [17]. 
The reference scenario is called the WEAF Mnecosystem, 
i.e. Water, Earth, Air, Fire Micro and Nanotechnologies 
Ecosystem. The standard conceptions of HW and SW are 
addressed, respectively, by Earth and Air. Diversely, the 
classical definition of HW is overcome by Water and Fire. 
In particular, Water tags a transmorphic idea of HW, closer 
to that of SW in terms of self-adaptivity, evolution and 
reconfigurability. Fire, then, addresses the conception of 
energy necessary to assure proper functioning of the 
system. Fire HW is envisioned to deal with transportation, 
storage and conversion of energy, guaranteeing its delivery 
when needed and where needed, in proper amounts  

In this paper, Water and Fire elements, and their 
interactions with Air, will be discussed with more 
emphasis, while Earth will be briefly discussed later in this 
section.  

Commencing from the first mentioned element, Water 
reconceptualization of HW hinges around four pillars:  

Functional adaptivity. It addresses the capacity of a 
single basic HW device to implement multiple functions. 
An example could be a Microsystem-based actuator, able 
also to operate as inertial sensor and as a vibration Energy 
Harvester (EH), depending on actual needs at the network 
edge where it is deployed. Such a capacity of adapting 
resembles that of changing shape and flowing from one 
place to another, typical of water. Physical devices will not 
move from one place to another. Rather, operational 
diversity of Water HW components will allow moving a 
certain sensing/transducing function where/when needed;  

Self-evolutionary capacity. The water-like feature here 
at stake is the capacity of evolving in physical terms (i.e. 
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self-adaptivity and self-recovery capacities. In light of 
these aspects, the present work introduces a 
reconceptualization of HW through the introduction of the 
WEAF Mnecosystem. Such a reformulation aims at pulling 
up the HW concept from the static-because-physical 
dimension, to the intrinsic-adaptivity-due-to-immateriality 
typical of SW. Eventually, Table I summarizes the most 
critical key specifications in the transition from 5G, to 
Beyond-5G, and finally to 6G  
 

III. THE WEAF MNECOSYSTEM  
 

The reconceptualization of HW is now addressed. In 
accordance to it, while still based on its physical 
characteristic, the HW steps closer to the SW in terms of 
abstraction. The reformulation relies both on consolidated 
and emerging Micro and Nanotechnologies in a broad 
sense, embodying Materials, Systems and Electronics, 
identified as key-enabling technologies for the transition 
to 6G  

In order to simplify the discussion of the mentioned 
reformulation, a parallelism is structured between HW-SW 
systems/sub-systems and the four natural elements [17]. 
The reference scenario is called the WEAF Mnecosystem, 
i.e. Water, Earth, Air, Fire Micro and Nanotechnologies 
Ecosystem. The standard conceptions of HW and SW are 
addressed, respectively, by Earth and Air. Diversely, the 
classical definition of HW is overcome by Water and Fire. 
In particular, Water tags a transmorphic idea of HW, closer 
to that of SW in terms of self-adaptivity, evolution and 
reconfigurability. Fire, then, addresses the conception of 
energy necessary to assure proper functioning of the 
system. Fire HW is envisioned to deal with transportation, 
storage and conversion of energy, guaranteeing its delivery 
when needed and where needed, in proper amounts  

In this paper, Water and Fire elements, and their 
interactions with Air, will be discussed with more 
emphasis, while Earth will be briefly discussed later in this 
section.  

Commencing from the first mentioned element, Water 
reconceptualization of HW hinges around four pillars:  

Functional adaptivity. It addresses the capacity of a 
single basic HW device to implement multiple functions. 
An example could be a Microsystem-based actuator, able 
also to operate as inertial sensor and as a vibration Energy 
Harvester (EH), depending on actual needs at the network 
edge where it is deployed. Such a capacity of adapting 
resembles that of changing shape and flowing from one 
place to another, typical of water. Physical devices will not 
move from one place to another. Rather, operational 
diversity of Water HW components will allow moving a 
certain sensing/transducing function where/when needed;  

Self-evolutionary capacity. The water-like feature here 
at stake is the capacity of evolving in physical terms (i.e. 

changing shape). This does not mean that HW grows or 
regenerates. Though, capitalizing on pillars like ease of 
integration and inexpensiveness of Micro/Nanotechnologies, 
each device could be surrounded by a variety of redundant 
and latent items, worthless for the nominal functionalities. 
However, when new ways of operation emerge locally at 
the 6G network edge, such dormant pieces of HW can be 
activated and interconnected, thus supporting novel and not 
predicted ab-initio functions; 

HW-SW (Water-Air) upstream. This pillar draws 
closer interaction among HW and SW, following the 
analogy between water and air. In particular, the phase 
transition of water to air (evaporation) is at stake. Based on 
that, the HW can acquire some intelligence, turning able to 
chase time-varying conditions through self-adaption/-
optimization, thus making unnecessary ad-hoc algorithms 
and dedicated electronics for its driving and control. This 
could enable simplified, cheaper, more agile and adaptive 
network edge ramifications. E.g., switching between RF 
channels would benefit from Water-Air upstream solutions, 
capitalizing on miniaturized relays capable of adaptation to 
changes in the RF power levels, by exploiting physical 
characteristics of thin-films, like heat-induced expansion 
and temperature-driven self-activation for intrinsic 
mechanical stress relaxation; 

SW-HW (Air-Water) downstream. This item refers to 
air into water phase transition (condensation), 
complementing the previous one. Low-complexity 
routines/algorithms can be implemented in HW capitalizing 
on Micro and Nanosolution. Similarly to the HW-SW 
upstream context, more intelligence would be delivered to 
the edge, leading to simplification of the architectures, as 
indicated by the currently under definition 6G trends 

The Fire element, now at stake, shares with Water 
most of the features discussed above, however with a 
particular focus on energy. The cornerstone of Fire HW is 
that of elevating the abstraction of energy, functionally 
distributing it where and when needed, similarly to the way 
heat flows through bodies in nature, from warmer to cooler 
parts. Such an agility in distributing energy will be crucial 
for operation of the 6G network edge, especially in light of 
its envisaged increase in complexity and offered 
functionalities. Fire HW will rely on 
Micro/Nanotechnologies for the realization of Energy 
Harvesters (EHs), as well as Micro/Nanodevices for energy 
storage and transportation, like through Wireless Power 
Transfer (WPT), implementing the same philosophy 
devoted to functional adaptivity, discussed for Water HW  

Eventually, Earth, despite representing the standard 
concept of HW, bears crucial value in enabling the WEAF 
Mnecosystem. In fact, it is a fundamental substrate feeding 
all the other elements, as all the Micro/Nanotechnologies 
currently available and discussed fall into the Earth HW 
category. For instance, a standard miniaturized inertial 
sensor is classified as Earth HW. However, if it is enriched 
in terms of functionalities (e.g. EH, actuation, etc.), and/or 
if redundancy is leveraged, the same sensor can transit in 

the Fire or Water domains, and in their interactions with 
Air.  

 
IV. BRIEF AND FOCUSED LITERATURE SURVEY 

 
A brief review of Micro/Nanotechnologies (Earth 

HW) identified as appropriate to start populating the 
WEAF Mnecosystem, is reported in the following.  

Water can be populated and nurtured by 
MEMS/NEMS technologies for Radio Frequency (RF) 
passive components (RF-MEMS/RF-NEMS) [18]–[20], 
adaptive meta-materials [21],[22], MEMS/NEMS for    
sub-THz applications [23], semiconductors based on 
heterostructures [24]–[26], as well as Micro/Nanostructured 
innovative smart materials [27]–[29].Within the same 
category fall Micro/Nanomaterials, devices and 
components exhibiting self-repair and self-recovery 
capabilities [30]. 

Fire can embody Micro and Nanotechnology devices 
for EH purposes, converting energy sources available in the 
surrounding environment, like mechanical vibrations, 
natural and artificial light, heat and temperature gradients, 
along with electromagnetic waves (scattered or purposely 
driven for WPT), into electricity [31],[32].  

Air, in conclusion, could consist of simple logic gates 
and more complex computations circuits, along with 
memory cells realized by means of Micro/Nanostructures 
and thin-films, like advanced oxide layers [33],[34]. To this 
end, valuable examples of Micro/Nanostructured logic 
units are reported in [35],[36], while memory units are 
discussed in [37],[38]. Concerning the latter devices, the 
injection of a proper amount of charges within oxides 
enables bistability of the memory cells. 
 

V. CONCLUSION 
 

Paradigms of the future, with 6G, Super-IoT (Internet 
of Things) and Tactile Internet (TI) first in line, are shaping 
a set of requirements, demands and specs, posing 
unprecedented challenges to HW-SW systems for 
telecommunications, computation and distributed sensing. 
Classical HW-SW design and development philosophy, 
despite effective and successful up to now, is unsuitable to 
make the current visions of 6G turn into reality  

In light of this scenario, the present work chased a 
double scope. First, a discussion was developed on the 
potential limiting factors intrinsic to the currently in use 
HW-SW systems design approaches. To this end, the 
HWSW divide concept was developed and unrolled. On the 
other hand, Micro and Nanotechnologies are placed at 
stake, according to a very broad meaning, therefore 
comprising Micro/Nanosystems (MEMS/NEMS), devices, 
electronics and materials. Such a portfolio of items is 
envisaged as a crucial attribute for 6G and other paradigms 
of the future to such an extent, that a reformulation of the 
classical concept of HW is also proposed, through the 
conception and preliminary discussion of the WEAF 
Mnecosystem.  
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Abstract - This paper analyzes the properties of commercial 
silicon PIN photodiodes BPW34 as direct γ-radiation sensors. 
Sample is formed by four photodiodes connected in parallel and 
polarized reversely. Current to voltage conversion and 
amplification is performed using a prototype circuit with a low 
noise transimpedance (TIA) operational amplifier with input 
current range of 1 nA – 3.3 µA. The voltage characteristic from 
the amplifier circuit and induced current characteristic is 
measured by source measuring unit (SMU) Keithley 2636A for 
the same irradiation dose rates. Sample is irradiated for 140 s 
using a 60Co γ-ray source. Obtained results have shown very good 
linearity between amplification circuit output voltage and induced 
photocurrent measured with SMU Keithley 2636A for dose rates 
ranging from 2.5 Gy/h to 11 Gy/h. Using voltage to current 
conversion formula, amplification of circuit input current is 
calculated and compared to induced photocurrent measured with 
SMU. These results show amplification circuit current error 
offset. Also, non-linearity results are shown for photocurrent 
under 1 nA. Due to offset error, but good linearity response, an 
output voltage vs. radiation dose calibration curve is given.  

 
I. INTRODUCTION 

 
In dosimetry applications, there is a requirement for a 

high precision measurements of very low photocurrents, 
generated by ionizing radiation in the range of a few pA to 
a few μA, proportional to ionizing radiation exposure. It is 
challenging to measure such low level current, so a certain 
techniques and special design has to be applied to achieve 
high precision and linearity. Such measurements are mostly 
performed by converting the generated photocurrent into 
proportionally adequate voltage.  

The main element for current to voltage conversion is 
transimpedance (TIA) operational amplifier because of its 
high input impedance, high gain accuracy, good linearity 
and low noise. For the purpose of experimental research, a 
prototype of a current to voltage conversion and 
amplification electronic circuit is developed. In theory the 
electronic circuit should be able to convert input current in 
range of 1 nA to 3.3 µA. Output voltage, proportional to 
input current, in range of mV and V can be used for further 
processing and acquisition, calculation of absorbed 

radiation dose etc. Also, as gamma radiation detector, a 
commercial silicon PIN photodiodes BPW34 are used.  

The aim of this research is to test precision and 
linearity between radiation-induced photocurrent and 
output voltage. Also, the results from the proposed solution 
have been compared with those obtained with a source 
measuring unit (SMU) Keithley 2636A. 
 

II. THE CONCEPT OF PHOTOCURRENT 
AMPLIFICATION CIRCUIT BASED ON TIA   

 
As presented in the Fig. 1, a block diagram of the 

designed electronic circuit consists of input preamplifier, 
instrumentation amplifier, voltage regulator and block for 
dual power supplying. 
 

 
 
Fig. 1. Transimpedance amplifier circuit block diagram design. 
 

A signal from a current source is connected to the 
input (1). That signal is the current that needs to be 
converted to voltage and proportionally amplified. Current 
is supplied to the inverting input of the TIA operational 
amplifier. 

A reference voltage (3) from the voltage regulator is 
applied to the non-inverting input of both TIA and 
instrumentational operational amplifier. Transimpedance 
operational amplifier output (2) is further connected to the 
inverting input of the instrumentation amplifier. The 
reference voltage at the non-inverting input of the 
operational amplifiers is a good solution from the aspect of 
gain stability, instead of using the zero reference point 
(common ground). The applied voltage from the voltage 
regulator to the non-inverting input of the transimpedance 
amplifier is subtracted in the instrumentation amplifier, 
which ensures the preservation of the useful signal. The 
power supply of the entire electronic circuit is external and 
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dual. This type of power supply was chosen under 
recommendation by the amplifier manufacturers used in 
this paper. The voltage supplied to the non-inverting inputs 
of the amplifier (3) is significantly lower than the supply 
voltage, so it is reduced by voltage regulator, at the input of 
which (6) a positive voltage of dual supply is applied. A 
stable voltage of smaller amplitude than the positive 
voltage of dual supply is obtained at its output (3). 

The request for choice of the transimpedance 
amplifier component are small polarization input current, 
small voltage offset and large open loop gain [1, 2]. Based 
on these features, a Burr-Brown operational amplifier from 
Texas Instruments OPA129U in an SMD enclosure was 
selected. The output voltage, for input current, is calculated 
according to the following equation: 
 

015.0108.4 6 += INPUTOUT IV [V]               (1) 
 
The Eq. 1 will be used later for calculation of converted 
current and comparison to the measured photocurrent. The 
transimpedance amplifier circuit PCB design is shown in 
Fig. 2.  
 

 
 
Fig. 2. Amplification circuit PCB design. [3] 
 

III. EXPERIMENT SETUP 
 

Four reverse-biased commercial PIN photodiodes 
BPW34 are connected in parallel (to obtain higher 
irradiation area) and irradiated for 140 s using a 60Co γ-
source at the Vinča Institute of Nuclear Sciences, Belgrade, 
Serbia. The irradiation dose rates were 11, 7.5, 5, 2.5, and 
1 Gy/h, at reverse-bias voltages 15 V, 30 V, and 45 V. The 
experiment setup block diagram is presented in Fig. 3. 

The photodiode common anode is connected to an 
electro-mechanical relay controlled by microcontroller 
(MCU). The relay pins are over two BNC connectors 
connected to an amplification circuit (pin 0) and to two-
channel SMU (pin 1). Timer programed MCU controls 
relay that switches from position 0, after 70 s, to position 1. 
With such configuration we measure TIA amplification 
output voltage and the direct photocurrent from PIN diodes 
for the same dose rate. The coaxial cable length from PIN 
diodes to SMU and to amplification circuit is almost the 
same, to maintain the same measurements condition.  

To sustain good noise immunity, the photodiode was 
soldered on a small printed circuit board and wrapped with 
light-proof tape.  

 

 
 

Fig. 3. Experiment setup block diagram.  
 

SMU is connected to a PC and controlled by 
compatible program written in C#. Timer inside MCU is 
started at the same time as SMU begins its measurement. 
After 20 s, the gamma irradiation of photodiodes begins. It 
is important to see the voltage response when irradiation 
begins. 

Next 70 s, relay is in position 0, and SMU is measures 
amplification circuit output voltage. After 70 s, MCU 
toggles relay to position 1, and SMU measures a direct 
photocurrent from irradiated PIN photodiodes. 
 

IV. EXPERIMENT RESULTS AND DISCUSSION  
 

The first step of the experiment was to set γ-
irradiation dose of 11 Gy/h (3.1 mGy/s) for 70 s each, for 
15 V applied reverse polarization. Output voltage and 
current response are presented in Fig. 4 and 5. In parallel to 
voltage response photocurrent characteristic is given. It can 
be seen that the voltage and current time responses 
coincide. The curves straightening during irradiation is 
similar. This first result confirms voltage response 
linearity. 
 

 
 
Fig. 4. Output voltage profile at irradiation dose rate of 3.1 mGy/s 
for 15 V reverse polarization. 
 

 
 
Fig. 5. Induced photocurrent profile at irradiation dose rate of 
3.1 mGy/s for 15 V reverse polarization. 
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dual. This type of power supply was chosen under 
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Fig. 4. Output voltage profile at irradiation dose rate of 3.1 mGy/s 
for 15 V reverse polarization. 
 

 
 
Fig. 5. Induced photocurrent profile at irradiation dose rate of 
3.1 mGy/s for 15 V reverse polarization. 

Next, for the same γ-irradiation dose rate of 11 Gy/h 
the reverse photodiode polarization is changed to 30 V. It is 
expected that output voltage or induced photocurrent 
changes should not occur. 
 

 
 
Fig. 6. Output voltage profile at irradiation dose rate of 3.1 mGy/s 
for 30 V reverse polarization. 
 

 
 
Fig. 7. Induced photocurrent profile at irradiation dose rate of   
3.1 mGy/s for 30 V reverse polarization. 
 

According to results in Fig. 6 and 7, it is shown that a 
reverse voltage increase does not significantly affect the 
output voltage neither the photocurrent. This is concluded 
by comparison of Fig. 4 and 6, and Fig. 5 and 7. This is due 
to weak dependence of depletion area width on reverse 
voltage, mostly defined by width of intrinsic silicon region 
in PIN structure. By that evidence, further analysis are 
done for 15 V reverse voltage.  

Graph in Fig. 8 and 9 shows set irradiation dose of 
7.5 Gy/h (2.1 mGy/s) for 70 s each, for 15 V applied 
reverse photodiode polarization. 

 

 
 
Fig. 8. Output voltage profile at irradiation dose rate of 2.1 mGy/s  
for 15 V reverse polarization. 
 

Figs. 8 and 9 presents results for output voltage and 
induced photocurrent. Solid output voltage linearity 
response due the lower γ-irradiation is presented. A result 
shows that, when irradiation dose is changed, the voltage 
output changes, but the curve stay flat as shown on 
previous results, which proofs good linearity response. 
Further irradiation is done for doses 5 Gy/h and 2.5 Gy/h 

for 70 s each, for 15 V applied inverse photodiode 
polarization. The results for these radiation doses also has 
good linearity response.  
 

 
 
Fig. 9. Induced photocurrent profile at irradiation dose rate of 
2.1 mGy/s for 15 V reverse polarization. 
 

Output voltage offset, as presented on previous graphs 
is around 15 mV at zero input current. Considering that 
amplification circuit is designed for minimum 1 nA input 
current, instability and non-linearity happens for current 
lower than 1 nA. This can be seen in Fig. 10, where for 
1 Gy/h and 15 V applied reverse polarization input 
photocurrent is around 0.55 nA.  

 

 
 
Fig. 10. Output voltage profile at irradiation dose rate of 
0.28 mGy/s for 15 V reverse polarization. 
 

 
 
Fig. 11. Induced photocurrent profile at irradiation dose rate of 
0.28 mGy/s for 15 V reverse polarization. 
 

Fig. 10 shows output voltage for currents below 1 nA. 
Due to amplification circuit design, input current range is 
1 nA – 3.3 µA. Any out of range input current, will result 
in non-linearity and amplification circuit instability. Also, 
it can be seen in Fig. 10, that the near end of the 
measurement the measured points are scattered. That 
situation did not happened on previous results where 
current was above 1 nA. The linear voltage response exists 
only for currents above 1 nA, with applied irradiation dose 
rates lager than 1 Gy/h. Changes in the voltage polarization 
did not affect the output voltage response.  
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Further, using SMU Keithley 2636A, the precision 
and accuracy of amplification circuit was tested. From 
Eq. 1 and using voltage output results, the converted input 
current has been calculated. Calculation example is done 
for voltage output values when photodiodes are irradiated 
at 11 Gy/h dose rate (Fig. 4). The amplification circuit 
input current, based on output voltage results, is calculated 
and shown on Fig. 12.  

By comparing results from Fig. 5 (photocurrent 
measured by SMU) and Fig. 12 (amplification circuit input 
current), a current offset can be noticed. Instead of getting 
expected calculated current value around 7.35 nA, 
measured by SMU, the calculated current equals to a value 
of 13.5 nA measured by amplification circuit. The expected 
value was 7.35 nA, but actual was 13.5 nA. Difference 
between those two values represent the unwanted offset. 
 

 
 
Fig. 12. Calculated current using Eq. 1 for output voltage results 
presented in Fig. 4. 
 

However, linearity is achieved, but high precision and 
accuracy did not meet expected criteria. Also, according to 
results presented above, for output voltage graph where 
linearity was confirmed, a calibration curve for output 
voltage vs. applied irradiation dose rate was given.    

Fig. 13 shows logarithmic scale of the relation 
between the dose rate and the induced photocurrent 
converted to voltage. Because of non-linearity the accurate 
dose rate measurement should be above 2 Gy/h.  
 

 
 
Fig. 13. Output voltage versus dose rate 
 

V. CONCLUSION 
 

General explanation of TIA amplification circuit 
design and PIN photodiodes as γ-radiation sensors has been 
shown. Obtained results show good linearity response for 
input current above 1 nA, and irradiation dose rate above 

1 Gy/h. With measured output voltage, photocurrent and 
calculated current results, it has been concluded that high 
precision and accuracy did not meet the highest expected 
criteria. However, that high precision and accuracy can be 
achieved for higher values of input current. The value of 
input photocurrent has to be over 10 nA. Higher induced 
current could be achieved with other photodiodes having a 
higher output current value when irradiated or by extending 
current capabilities by more diodes connected in parallel.       

Due to good linearity, a linear calibration curve, 
voltage vs. irradiation dose rate was presented. The curve 
can be used for determining irradiation dose in range from 
2.5 – 11 Gy/h. Future work should continue on improving a 
accuracy of an amplification circuit and usage of other 
photodiodes variant with output photocurrent above 10 nA. 
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Masking of SET in a CMOS Triple Majority Gate on 
Logic NAND under Impacts of Single Ionizing Particles 

 
Yu. V. Katunin and V. Ya. Stenin 

 
 

Abstract  - This work presents the 65-nm bulk CMOS Triple 
Majority Gate (TMG) with an original topological structure, in 
which the all transistors of the output 3NAND gate one by one are 
introduced into the corresponding groups of transistors of the three 
input 2NAND gates. A feature of the majority element is the 
masking of noise pulses that occurs when collecting charge from 
the track after switching the element from the inputs from “0” to 
“1” and before switching the element from ”1“ to ”0”. The TCAD 
simulation ot SET uses the linear energy transfer 60 MeV∙cm2/mg 
to tracks with the normal direction to the chip surface.  
 

I. INTRODUCTION 
 

The effect of single ionizing particles on combinational 
logical gates is noise or error pulses that causes the 
temporary changes of logical state (single event transient – 
SET). The effect of charge sharing between adjacent 
transistors in 65 nm and less CMOS VLSI can be useful for 
the design of the layout of the topology for the compensation 
of a noise pulse using quenching [1]. In this paper, we are 
talking about the logical masking of the output state of the 
Triple Majority Gate (TMG) on logic NAND by 
combinations of the logical levels at the inputs of this gate 
as a protection against interference when exposed to single 
ionizing particles.  

This TMG is used due to the acceptable sensitivity to 
SET [2] and the occupied area. This work is a continuation 
of the work, the results of which are presented [3] at 
Conference MIEL-2019. The constructive association in 
separate silicon regions surrounded by shallow trench 
insulation (STI) of groups of transistors from 2NAND gates 
with a corresponding transistor of the same conductivity 
from 3NAND gate added to the electrical connection of 
these transistors their charge connection when collecting 
charge from the particle track through this region. This made 
it possible to increase the efficiency of noise pulse masking. 
The interesting work [4] is devoted to the methodology 
replacement of strict algorithms of combinational logic with 
those with lower masking confidence, but this approach 
practically is excluded for voter-schemes as TMG. 
 
 

II. TRIPLE MAJORITY LOGIC ON NAND GATES 
 

Fig. 1 shows the scheme of the TMG based on the 
NAND gates. Fig. 2 presents the layout of the recommended 
topology of this TMG. The majority element has an original 
topological structure, in which the transistors of the output 
3NAND gate (see the scheme on Fig. 1) one by one are 
introduced into the groups of the same  transistors of the 
three input 2NAND gates.  

The asterisks in Fig. 2 are the input points of tracks with 
directions at normal to the chip surface with linear transfer 
energy 60 MeV×cm2/mg. Two tracks were used: T1N at the 
region of the NMOS transistor group and T1P at the region 
of the PMOS transistor group. The 3D TCAD physics model 
bases into the CMOS transistor models presented in the 
work [5]. All transistors widths are 400 nm.   
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Fig. 1. Scheme of the Triple Majority Gate on the NAND gates. 
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Fig. 2. The propose layout of the topology of the TMG. 
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III. METHODOLOGY OF SIMULATION 

 
The design of the TMG consists of the six transistor's 

groups Gr1N–Gr3N and Gr1P–Gr3P each with a shallow 
trench isolation. Each group includes two transistors of the 
2NAND gate and one transistor of the same conductivity 
type of the 3NAND gate, the gate of which connected to the 
output of 2NAND gate. 

Single event transients at the elements during 3-D 
TCAD simulation depends on the linear energy transfer to 
the track and the direction of the track. The results of the 
simulation obtained using the Sentaurus Device simulator at 
the temperature of 25°С and the supply voltage of 1.0 V for 
the 65 nm CMOS bulk structure. The widths of the 
transistors are 400 nm.  
 

IV. SIMULATION RESULTS 
 
A. Ahead switching and masking 
 

The dependencies in Fig. 3a obtained in the TMG 
switching mode from “0” to “1” with the initial signals at the 
inputs of elements D1-D3 A = 1, B = C = 0, switching to 
A = 0, B = C = 1. With the TMG state at output “1”, the 
masking effect provides the level of “1” at output D2. 
Collecting the charge from the track T1N at tTR = 100 ps and 
tTR = 160 ps switches forward the TMG output to “1” before 
switching inputs A, B, C according to the same procedure as 
for Fig. 1a, the TMG output is in the “1” state. Before 
changing the signals A, B, transistor N1.2 is closed and it 
collects the charge from the track T1N, and after changin A, 
B, transistor N1.1 is closed, which collects then the charge 
from the track T1N. When changing the input signals B, C, 
the voltage at the output D1 begins to increase after t = 400 
ps (Fig. 3a) due to charging the capacitance of the output 
node D1 with the current of the open transistor P1.1, creating 
an noise pulse at the input of the inverter on the transistors 
P4.1, N4.1, which synchronously reduces the voltage at the 
output of the element D4. Masking gate D2 keeps the 
transistor P4.2 open, which does not allow a decrease in the 
voltage at the output D4 below 0.7 V when collecting charge 
from the tracks T1N, regardless of the moment of their 
formation (Fig. 3a).  

Fig. 3b shows the results of charge collection from the 
track T1P by the group Gr1P transistors with the same input 
signals A, B, C as in Fig. 3a in the TMG switching mode 
from “0” to “1”. Before and after switching, one of the 
transistors P1.1, P1.2, connected in parallel, is open, so the 
level “1” is stored at the output D1. A charge collecting 
increases the output voltage D1 to 1.4 V through short pulses 
when the transistors P1.1, P1.2 switch to the inverse bias 
mode. In the case without masking, the total voltage of 1.4 
V at the output of D1 (Fig. 3b), for example, when forming 
a track with tTR = 280 ps when inverting it with an inverter 
on transistors P4.1, N4.1 (Fig. 1) reduces the voltage at the 
output of D4 to 0.2 V and switches TMG to the “0” state. 

Masking reduces the amplitude of this pulse to 0.1 V and 
returns the output voltage D4 to the level of 1 V (Fig. 3b). 
 
B. Switching with additional delay and masking 
 

The dependences in Fig. 4 characterize the results of 
charge collection from the tracks T1N by the transistors of the 
gate D1 before switching TMG from “1” to “0” at the initial 
signals at the inputs A = 0, B = C = 1 with switching to A = 
1, B = C = 0. Before changing signals A, B, C, transistor 
N1.1 closed and collects a charge from the track T1N, after 
changing signals, transistor N1.2 closed and collects a 
charge from the same track T1N.  
  

 
 

 
 

(a) 
 

 
 

(b) 
 

Fig. 3. Impulses on nodes when ahead switching of the output 
gate TMG (D4) by collecting charge from tracks T1N and T1P, 
LET = 60 MeV×cm2/mg, switching of inputs from “0” to “1” at 
tSWTCH = 200 ps, tracks with tTR = 160 ps, 220 ps, 280 ps, output 
D2 “0” masks the noise pulses at the output TMG (D4): (a) (a) 
input track points T1N to group Gr1N; (b) input track points T1P to 
group Gr1P.  
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III. METHODOLOGY OF SIMULATION 

 
The design of the TMG consists of the six transistor's 

groups Gr1N–Gr3N and Gr1P–Gr3P each with a shallow 
trench isolation. Each group includes two transistors of the 
2NAND gate and one transistor of the same conductivity 
type of the 3NAND gate, the gate of which connected to the 
output of 2NAND gate. 

Single event transients at the elements during 3-D 
TCAD simulation depends on the linear energy transfer to 
the track and the direction of the track. The results of the 
simulation obtained using the Sentaurus Device simulator at 
the temperature of 25°С and the supply voltage of 1.0 V for 
the 65 nm CMOS bulk structure. The widths of the 
transistors are 400 nm.  
 

IV. SIMULATION RESULTS 
 
A. Ahead switching and masking 
 

The dependencies in Fig. 3a obtained in the TMG 
switching mode from “0” to “1” with the initial signals at the 
inputs of elements D1-D3 A = 1, B = C = 0, switching to 
A = 0, B = C = 1. With the TMG state at output “1”, the 
masking effect provides the level of “1” at output D2. 
Collecting the charge from the track T1N at tTR = 100 ps and 
tTR = 160 ps switches forward the TMG output to “1” before 
switching inputs A, B, C according to the same procedure as 
for Fig. 1a, the TMG output is in the “1” state. Before 
changing the signals A, B, transistor N1.2 is closed and it 
collects the charge from the track T1N, and after changin A, 
B, transistor N1.1 is closed, which collects then the charge 
from the track T1N. When changing the input signals B, C, 
the voltage at the output D1 begins to increase after t = 400 
ps (Fig. 3a) due to charging the capacitance of the output 
node D1 with the current of the open transistor P1.1, creating 
an noise pulse at the input of the inverter on the transistors 
P4.1, N4.1, which synchronously reduces the voltage at the 
output of the element D4. Masking gate D2 keeps the 
transistor P4.2 open, which does not allow a decrease in the 
voltage at the output D4 below 0.7 V when collecting charge 
from the tracks T1N, regardless of the moment of their 
formation (Fig. 3a).  

Fig. 3b shows the results of charge collection from the 
track T1P by the group Gr1P transistors with the same input 
signals A, B, C as in Fig. 3a in the TMG switching mode 
from “0” to “1”. Before and after switching, one of the 
transistors P1.1, P1.2, connected in parallel, is open, so the 
level “1” is stored at the output D1. A charge collecting 
increases the output voltage D1 to 1.4 V through short pulses 
when the transistors P1.1, P1.2 switch to the inverse bias 
mode. In the case without masking, the total voltage of 1.4 
V at the output of D1 (Fig. 3b), for example, when forming 
a track with tTR = 280 ps when inverting it with an inverter 
on transistors P4.1, N4.1 (Fig. 1) reduces the voltage at the 
output of D4 to 0.2 V and switches TMG to the “0” state. 

Masking reduces the amplitude of this pulse to 0.1 V and 
returns the output voltage D4 to the level of 1 V (Fig. 3b). 
 
B. Switching with additional delay and masking 
 

The dependences in Fig. 4 characterize the results of 
charge collection from the tracks T1N by the transistors of the 
gate D1 before switching TMG from “1” to “0” at the initial 
signals at the inputs A = 0, B = C = 1 with switching to A = 
1, B = C = 0. Before changing signals A, B, C, transistor 
N1.1 closed and collects a charge from the track T1N, after 
changing signals, transistor N1.2 closed and collects a 
charge from the same track T1N.  
  

 
 

 
 

(a) 
 

 
 

(b) 
 

Fig. 3. Impulses on nodes when ahead switching of the output 
gate TMG (D4) by collecting charge from tracks T1N and T1P, 
LET = 60 MeV×cm2/mg, switching of inputs from “0” to “1” at 
tSWTCH = 200 ps, tracks with tTR = 160 ps, 220 ps, 280 ps, output 
D2 “0” masks the noise pulses at the output TMG (D4): (a) (a) 
input track points T1N to group Gr1N; (b) input track points T1P to 
group Gr1P.  
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The charge collection  transfers the closed NMOS 
transistors into an inverse bias mode (Fig. 4). After 
switching inputs A, B, C, when transistors are collecting the 
charge from the track T1N, switching delay times of output 
TMG (gate D4) increased: 280 ps at tTR = 100 ps. At the end 
of the charge collection, the current of the open transistor 
P1.1 charges the capacity of the output node of the gate D1 
to 1 V, and the inverter on the transistors P4.1, N4.1 bring 
the level at the output D4 (TMG) to zero “0”.  
 
C. Masking features for different input signals 
 

Fig. 5 shows two examples of masking noise pulses in 
the majority gate with different combinations of logical 
levels at the inputs. Fig. 5a presents the case than levels 
A = 0,  B = C = 1 transform to A = 1, B = C = 0 and Fig. 5b 
presents the case than levels A = B = 1, C = 0 transform to 
A = B = C = 0. In both cases the input track point T1P is in 
the group Gr1P and LET = 60 MeV×cm2/mg. Fig. 5a shows 
that masking using level “0” on the output of gate D2 before 
changing inputs A, B, C maintain the level of logical “1” 
until switching inputs but a masking as on Fig. 5b do not 
work.  

Fig. 5a shows an example, when with the combination 
of input signals A = 0,  B = C = 1 masking the output D4 
occurs during the charge collecting from the track T1P. In the 
case of signals at the inputs B = C = 1 (green lines in Fig. 5a) 
collecting the charge from the track T1P does not affect the 
masking level “0” at the output of the gate D2, so masking 
is performed for tracks T1P with tTR = 100 ps and 160 ps.  

The noise pulses as in Fig. 5a are short pulses of the 
positive polarity with an amplitude of 0.4 V at a total voltage 
of 1.4 V at the output D1 (Fig. 5a), which, when the track 
T1P is formed at time tTR = 100 ps or 160 ps, turns into a 
voltage pulse amplitude of 1.4 V at the input inverter on 
transistors P4.1, N4.1, and this reduces the voltage at the 
output D4 to 0.2 V and switches TMG to the “0” state. 
Masking reduces the amplitude of the pulse on output of the 
gate D4 to 0.1 V and then returns the output voltage D4 to 
the level of 1 V (Fig. 5a). The values of switching delay 
times of TMG (gate D4) are 215 ps at track T1P with tTR = 
100 ps and 270 ps with tTR = 160 ps.  

Fig. 5b shows an example, when with the combination 
of input signals A = B =1, C = 0 masking the output D4 does 
not occur during the charge collecting from the track T1P. 
This is despite the fact that in the initial state, the output of 
the gate D1 is the signal “0”. In this case, collecting the 
charge from the track T1P causes the output D4 is ahead 
switching to “0”, which replaces the masking level “0” at the 
output D1 with the state “1” during the transition process, 
which eliminates masking. A charge collecting from the 
track by the closed transistors P1.1, P1.2 briefly switches the 
output D1 from 0 V to 1.25 V (Fig. 5b). The inverter on the 
transistors P4.1, N4.1 switches from 1.0 V to 0.25 V (“0”). 
It closes the transistor P4.1, which collects the charge of 
holes, increasing the voltage at the output TMG (D4) to 0.95 
V. This forms an error pulses (the red lines on Fig. 5b).   

 
 

Fig. 4. Impulses on nodes when switching TMG from “1” to “0” 
with an additional delay (green line), the input track point T1N at 
group Gr1N; LET = 60 MeV×cm2/mg, change of signals at the 
inputs A = 0, B = C = 1 to A = 1, B = C = 0.  

 

 
 

(a) 
 

 
 

(b) 
 

Fig. 5. Impulses on nodes when switching from “1” to “0” with an 
additional delay, the input track point T1P at group Gr1P; LET = 
60 MeV×cm2/mg: (a) noise masking before switching inputs 
when A = 0, B = C = 1 (green lines); (b) failed masking before 
switching inputs when A = B = 1, C = 0 (red lines).  

-0.8
-0.6
-0.4
-0.2

0
0.2
0.4
0.6
0.8

1
1.2
1.4

0 100 200 300 400 500 600 700 800

Time (ps)

Im
pu

ls
es

 o
n 

no
de

s 
(V

1→0;  A = 0, B = C = 1 → A = 1, B = C = 0;
Gr1N, T1N; LET = 60 MeV×cm2/mg

Output D1

Output D4

VB

tSWTCH = 200 ps

280 ps

t T
R

= 
10

0 
ps

-0.2

0

0.2

0.4

0.6

0.8

1

1.2

1.4

1.6

50 150 250 350 450 550 650
Time (ps)

Im
pu

ls
es

 o
n 

no
de

s 
(V

)

1 → 0: A = 0,  B = C = 1 (D2 = 0) → A = 1, B = C = 0,
Gr1P, T1P; LET = 60 MeV×cm2/mgг

VB
tTR < tSWTCH

Output D1

t TR
= 

10
0 

ps 160 ps

t TR
= 

28
0 

ps

tSWTCH = 200 ps

Output D4

-0.2

0

0.2

0.4

0.6

0.8

1

1.2

1.4

1.6

50 150 250 350 450 550 650
Time (ps)

Im
pu

ls
es

 o
n 

no
de

s 
(V

)

A = B = 1, C = 0 (D1 = 0) → A = B = C = 0,
Gr1P, T1P; LET = 60 MeV×cm2/mg

Output D4

t TR
= 

10
0 

ps

Output D1

tTR < tSWTCH16
0 

ps t TR
= 

28
0 

ps

VB

tSWTCH = 200 ps



324

 
V. ANALYSES OF SIMULATION RESULTS 

 
The content of table I characterizes the combination of 

such properties of the majority element as forward switching 
at charge collection, switching with an additional delay, the 
occurrence of an noise pulse after switching over the inputs, 
as well as masking using the input signals of the 
transmission of interference to the output of the element in 
the logical state unit “1”.  

1. The collection of charge from the track by transistors 
leads to an ahead switching of the majority element before 
changing the signals at the inputs or to an additional 
switching delay.  

2. A noise pulse at the output of the majority element 
can occur both after the ahead switching by collecting the 
charge from the track, and after switching the element by the 
inputs. 

3. The state when the logical state “0” is maintained at 
the output of at least one of the gates D1-D3, and this 
maintains the state “1” at the output of the TMG (the gate 
D4) without the formation of an noise pulse is the result of 
masking the noise pulses at the outputs of the other gates of 
the three D1-D3.  

4. Masking does not work if the one of the gates D1-
D3, which has the original output signal “0” collects the 
charge from the particle track and goes to the “1” state, 
becoming an active in the charge collecting in the majority 
gate, but does not masking of SETs.  

It should be noted that the logical masking of SET-type 
interference is worse in majority gates with a large number 
of transistors [6], which is due to large numbers of nodes that 
can collect charge from tracks of single particles.  
 
 
 

VI. CONCLUSION 
 

The reliability of nano-electronic computing systems 
with redundancy designed for space applications depends on 
the stability of the majority logic to the effects of single 
ionizing particles. Modeling of the majority element on 
óCMOS logic NAND on 18-transistors according to the 
original topological structure, established advantages over 
other majority elements, in particular, in masking the noise 
pulses occurring at the internal nodes of the element.  
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PARTICLES 
 

1 Switching mode, groups, tracks “0” → “1” “1” → “0” 
2 Switching mode Group, 

track 
A = B = C = 0   

to  
A = B = 1, C = 0 

A = 1, B = C = 0  
to  

A = 0, B = C = 1 

A = B = 1, C = 0 
to  

A = B = C = 0 

A = 0, B = C = 1 
to  

A = 1, B = C = 0 
3а Ahead switching Gr1N, T1N Yes Yes Not Not 

Gr1P, T1P Yes Yes Yes Not 
4 Switching with 

additional delay 
Gr1N, T1N Not Not Yes  

tDL = 125-180 ps  
Yes 

tDL = 280-340 ps  
Gr1P, T1P Not Not Not Yes 

tDL = 215–270 ps  
5 Noise impul after 

switching 
Gr1N, T1N Not Not Yes 

tPULSE = 230 ps 
Yes 

TPULSE = 380 ps 
Gr1P, T1P Not Not Yes 

tPULSE = 295 ps  
Yes 

tPULSE = 295 ps  
6 Masking using logical 

input levels before or 
after switching 

Gr1N, T1N Yes (after 
switching) 

Yes (after 
switching) 

Yes (before 
switching) 

Yes (before 
switching) 

Gr1P, T1P Not Yes (after 
switching) 

Not Yes (before 
switching) 
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The content of table I characterizes the combination of 
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the output of at least one of the gates D1-D3, and this 
maintains the state “1” at the output of the TMG (the gate 
D4) without the formation of an noise pulse is the result of 
masking the noise pulses at the outputs of the other gates of 
the three D1-D3.  

4. Masking does not work if the one of the gates D1-
D3, which has the original output signal “0” collects the 
charge from the particle track and goes to the “1” state, 
becoming an active in the charge collecting in the majority 
gate, but does not masking of SETs.  

It should be noted that the logical masking of SET-type 
interference is worse in majority gates with a large number 
of transistors [6], which is due to large numbers of nodes that 
can collect charge from tracks of single particles.  
 
 
 

VI. CONCLUSION 
 

The reliability of nano-electronic computing systems 
with redundancy designed for space applications depends on 
the stability of the majority logic to the effects of single 
ionizing particles. Modeling of the majority element on 
óCMOS logic NAND on 18-transistors according to the 
original topological structure, established advantages over 
other majority elements, in particular, in masking the noise 
pulses occurring at the internal nodes of the element.  
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Abstract – The 3D CAD simulation of the occurrence of errors 

pulses at the output of a triple majority gate (TMG) on the 65-nm 
bulk CMOS NAND logic under the influence of single particles 
carries out. There are four types of errors at the TMG output when 
collecting charge from particle track. This is the ahead switching 
of the TMG before signals at the inputs, the formation of an 
additional switching delay, and the formation of errors pulses with 
a non-stationary state duration at the TMG output before or after 
switching the signals at the TMG inputs 
 

I. INTRODUCTION 
 

The impact of a single ionizing particle on the majority 
gate causes its transition to a non-stationary state [1]. The 
output level of the majority gate switches and, in fact, an 
error pulse (noise) occurs at its output, which enters the input 
of the subsequent element in the chain. The non-stationary 
state begins with the formation of a particle track. The 
duration of the error signal at the output of the majority gate 
depends on the duration of its non-stationary state. Which 
dependes on the energy transfered by the particle to the 
track, in addition, from the combination of logical signal 
levels at the inputs of the majority gate and the combination 
of the time points of the track occurrence and switching of 
the majority gate at the inputs. 
 

II. SCHEME AND DESIGN OF TMG 
 

The object of 3D TCAD physical modeling is a triple 
majority gate on the NAND logic, containing 18 transistors. 
The scheme of the Triple Majority Gate (TMG) presents on 
Fig. 1. This TMG is used due to the acceptable sensitivity to 
impacts of single particles [2]. TMG has an original 
topology of combining two transistors of an input 2NAND 
gate and one of the output 3NAND gate in a common area 
of silicon surrounded by shallow trench insulation. The 
effect of charge sharing between adjacent transistors in a 
common region uses for correction of a error pulse [3]. Such 
a composition ensured uniformity the same formation of the 
output signal of the majority gate when collecting charge 
from tracks with input points to the same type of groups of  

 
PMOS transistors, as well as almost identical reactions to 
collecting charge from tracks in groups of NMOS 
transistors. This made it possible to describe the reaction of 
the majority gate with fewer dependencies.  

Fig. 2 shows the 3D TCAD physics model TMG based 
into the CMOS transistor models presented in the work [4]. 
All transistors widths are 400 nm. Two tracks use: T1N to the 
NMOS transistor group and T1P to the PMOS transistor 
group. The results of the study obtained by modeling using 
the Sentaurus Device simulator at the temperature of 25°C 
and the supply voltage of 1.0 V.   
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Fig. 1. Scheme of the Triple Majority Gate on the NAND gates. 
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Fig. 2. The 3D TCAD physical model TMG. 
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III. METHODOLOGY OF SIMULATION 

 
Four possible variants of false signals at the TMG 

output are considered.  
1) The track is resulting before switching the TMG 

inputs from state “0” to state “1” and the error pulse is 
formed and ends before switching the TMG inputs from 
state “0” to state “1”.  

2) The TMG is switched ahead of time by collecting the 
charge from the track before switching (changing) the 
signals at the TMG inputs from the state “0” to the state “1”.  

3) The track is resulting before switching the TMG 
inputs from state “1” to state “0” and an additional delay is 
resulting for switching the TMG to state “0”.  
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Fig. 3. Four types of error pulses generated at the TMG output when collecting charge from the track T1N at LET = 60 MeV×cm2/mg 
with the input point to the transistor group Gr1N: (a) 1. Pulse before switching (red line, tTR = 100 ps), 2. Ahead switching (tTR = 400 ps); 
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III. METHODOLOGY OF SIMULATION 
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open) begins charge collection, which immediately go into 
the inverse offset mode (“0”). This preemptively switches 
the output D4 to the “1” state before changing the signals at 
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the moment of the formation of the track T1N to the moment 
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The error pulses in Fig. 3b caused by the charge 

collection from the track T1N were obtained before and after 
switching inputs A, B, C at tSWTCH = 1.2 ns. Collecting the 
charge from the track at tTP = 1.16 ns forms an additional 
switching delay at the output TMG (gate D4). Collecting the 
charge from the track at tTP = 1.28 ns generates an error pulse 
with the duration of the non-stationary state. These error 
pulses vary in time as the pulses in Fig. 3a with a non-
stationary state duration of 220 ps.  

Fig. 4 shows the results of modeling the error pulses 
with the track T1N at tTR as in Fig. 3, but with other 
combinations of logical signal levels at the inputs A, B, C. 
In the case of the pulses in Fig. 4, the TMG switching 
controls by the gate D2, and not D1 as in Fig. 3. As a result, 
we have an increase in the duration of the non-stationary 
state of TMG by almost two times (up to 380 ps) compared 
to the pulses shown in Fig. 3. In this case after the transition 
of its transistors N1.1, N1.2 to the inverse offset mode (“0”) 
the charging a capacitance of the node D1 produces only one 
open PMOS transistor P1.2 (P1.1 is closed at A = 1, B = 0), 
whereas in the case of error pulses in Fig. 3, two open 
transistors P1.1 and P1.2 charged the node D1. Respectively, 
error pulses with the duration of the non-stationary state 
(Fig. 4a,b), the pulse of the advanced switching TMG (Fig. 
4a) and the pulse with an additional delay (Fig. 4b) have 
large values.  
 
 
 

B. Collection of charge by PMOS transistors 
 

Fig. 5 presents the results of modeling the error pulses 
with the track T1P with  the input point in the group Gr1P of 
NNOS transistors (Fig.2). Fig. 5 shows two error pulses with 
the duration of the non-stationary state (Fig. 5a,b), the error 
pulse of the ahead switching of the TMG before switching 
the TMG inputs from “0” to “1”  (Fig. 5a) and the error pulse 
with an additional delay  after switching from “1” to “0” 
(Fig. 5b).  

At the beginning of the charge collection, both at the 
track with tTR = 100 ps, 300 ps (Fig. 5a), 1.1 ns and 1.28 ns 
(Fig. 5b) transistors P1.1, P1.2 briefly (duration about 10 ps, 
voltage 1.4 V) go into an inverse bias mode. By collecting 
the charge from the track, the P4.1 transistor maintains a flat-
top of the error pulse voltage of about 0.95 V. After the 
charge collection is completed, the small current of the 
transistor chain N4.1-N4.3 of the gate D4 begins to 
discharge the capacitance of the node D4, forming the end 
of the error pulse. The duration of the non-stationary state at 
the level of 0.5 V is 290-295 ps.  
 

V. ANALYSES OF SIMULATION RESULTS 
 

False levels at the TMG output that do not correspond 
to the signals at the TMG inputs are forming when the charge 
is collecting from the track of a single particle in the 
following cases.  

 
  

 

      
(a)                                                                                                    (b) 

Fig. 4. Four types of error pulses generated at the TMG output when collecting charge from the track T1N at LET = 60 MeV×cm2/mg 
with the input point to the transistor group Gr1N: (a) 1. Pulse before switching (red line, tTR = 100 ps), 2. Ahead switching (tTR = 300 
ps); TMG inputs switch at tSWTCH = 600 ps from A = 1, B = C = 0 to A = 0, B = C = 1; (b) 3. Additional delay (tTR = 1.1 ns), 4. Pulse 
after switching (red line, tTR = 1.28 ns); TMG inputs switch at tSWTCH = 1.2 ns from A = 0, B = C = 1 to A = 1, B = C = 0.  
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1) If the track is resulting at the state “0”at the TMG 
output before switching signals at the TMG inputs for a time 
longer than the duration of the non-stationary state of tSET, 
then the TMG output goes to the state “0” and a error pulse 
is formed with the duration of the non-stationary state of tSET. 

2) In case the time of a track generating is closer to the 
switching time the signals at the TMG inputs from the state 
“0” to “1” in comparing to the duration of the non-stationary 
state, then the charge collection switches the TMG output in 
advance of time from the state “0” to the state “1” before 
switching the inputs.  

3) When a track is resulting at the state “1” at the TMG 
output before switching the signals at the TMG inputs to “0”, 
the charge collection from such tracks increases the delay 
time of switching the TMG output to “0” compared to the 
switching delay without collecting the charge from the track. 
When collecting the charge from the track, the moment of 
completion of the TMG switching to “0” is determined by 
the duration of the non-stationary state of the tSET with the 
beginning at the time of the formation of this track. 

4) When a track is resulting after switching the TMG 
inputs from the state “1” to “0”, the collection of charge from 
such a track causes the TMG to move to the non-stationary 
state “1”. Thus, at the TMG output, an error pulse (noise) of 
positive polarity is formed with a duration equal to the 
duration of the non-stationary state of tSET, characteristic of 
specific signals at the TMG inputs, specific track entry 
points, and linear energy transfer by a particle to the track. 

The stated provisions are valid when collecting the 
charge by both NMOS and PMOS transistors from the tracks 
of single particles, with entry points to their common silicon 

regions, combining two transistors from 2NAND elements 
D1-D3 with one transistor from 3NAND element D4.  
 

VI. CONCLUSION 
 

The reliability of nano-electronic computing systems 
with redundancy designed for space applications depends on 
the stability of the majority logic to the effects of single 
ionizing particles. Modeling of the majority element on 
CMOS logic NAND on 18-transistors according to the 
original topological structure, established advantages over 
other majority elements, in particular, in masking the noise 
pulses occurring at the internal nodes of the element.  
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1) If the track is resulting at the state “0”at the TMG 
output before switching signals at the TMG inputs for a time 
longer than the duration of the non-stationary state of tSET, 
then the TMG output goes to the state “0” and a error pulse 
is formed with the duration of the non-stationary state of tSET. 

2) In case the time of a track generating is closer to the 
switching time the signals at the TMG inputs from the state 
“0” to “1” in comparing to the duration of the non-stationary 
state, then the charge collection switches the TMG output in 
advance of time from the state “0” to the state “1” before 
switching the inputs.  

3) When a track is resulting at the state “1” at the TMG 
output before switching the signals at the TMG inputs to “0”, 
the charge collection from such tracks increases the delay 
time of switching the TMG output to “0” compared to the 
switching delay without collecting the charge from the track. 
When collecting the charge from the track, the moment of 
completion of the TMG switching to “0” is determined by 
the duration of the non-stationary state of the tSET with the 
beginning at the time of the formation of this track. 

4) When a track is resulting after switching the TMG 
inputs from the state “1” to “0”, the collection of charge from 
such a track causes the TMG to move to the non-stationary 
state “1”. Thus, at the TMG output, an error pulse (noise) of 
positive polarity is formed with a duration equal to the 
duration of the non-stationary state of tSET, characteristic of 
specific signals at the TMG inputs, specific track entry 
points, and linear energy transfer by a particle to the track. 

The stated provisions are valid when collecting the 
charge by both NMOS and PMOS transistors from the tracks 
of single particles, with entry points to their common silicon 

regions, combining two transistors from 2NAND elements 
D1-D3 with one transistor from 3NAND element D4.  
 

VI. CONCLUSION 
 

The reliability of nano-electronic computing systems 
with redundancy designed for space applications depends on 
the stability of the majority logic to the effects of single 
ionizing particles. Modeling of the majority element on 
CMOS logic NAND on 18-transistors according to the 
original topological structure, established advantages over 
other majority elements, in particular, in masking the noise 
pulses occurring at the internal nodes of the element.  
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Standard Delay Cells with Improved Tolerance  
to Single Event Transients 

 
M. Andjelkovic, C. Calligaro, O. Schrape, U. Gatti, F. A. Kuentzer, and M. Krstic 

 
 

Abstract – The radiation-induced voltage glitches, known as 
Single Event Transients (SETs), represent an increasingly critical 
reliability threat for CMOS integrated circuits (ICs) employed in 
space missions. In ICs realized with standard digital cells, special 
design measures are required to reduce the sensitivity to SETs. The 
standard delay cells implemented with skew-sized inverters are 
exceptionally vulnerable to SETs, as the SET pulses induced in 
these cells may be significantly longer than those in other stan-dard 
cells. In this work, the SET robustness of an alternative design of 
delay cells based on two inverters and two decoupling capacitors is 
investigated. Electrical simulations have shown that the SET 
robustness of the proposed delay cell is inversely related to the 
propagation delay. With appropriate transistor sizing, the proposed 
design is more tolerant to SETs than the standard delay cells with 
skew-sized inverters. 
 

I. INTRODUCTION 
 

Ionizing radiation is one of the main causes of failures 
in modern nanoscale ICs employed in space applications. 
Among various radiation-induced effects in ICs, the SETs 
are particularly critical for CMOS technologies. An SET is 
a voltage glitch caused by the passage of a single energetic 
particle through a sensitive transistor in a combinational 
circuit. Such a glitch may cause a soft error (bit-flip) if it 
propagates through a logic path and is captured by a storage 
element (e.g., a flip-flop). The contribution of SETs to the 
total soft error rate (SER) of an IC increases with technology 
scaling and increase of clock frequency. For example, in 40 
nm technology, the SER of a combinational chain may 
exceed the SER of a flip-flop chain at clock frequencies 
beyond 2 GHz [1].  

 Due to the inherent electrical, logical and temporal 
masking effects, only a fraction of gates in any combina-
tional circuit have dominant contribution to the total system 
SER. As shown in [2], around 50 % of gates in a complex 
design contribute to over 80 % of soft errors. Therefore, 
applying traditional redundancy-based hardening techni-
ques, such as Triple Modular Redundancy, would not be 
cost-effective for combinational circuits due to large area 
and power overhead. A widely used approach for reducing 

the combinational SER is based on selective hardening of a 
small subset of the most sensitive circuit nodes [3]. Such an 
approach cannot eliminate all possible SETs, but it can still 
significantly reduce the SER, with acceptable area, power 
and performance penalties.  

The selective SET mitigation requires to consider the 
SET sensitivity of individual logic cells. This is particularly 
important for ICs designed with standard non-rad-hard 
libraries. The hardening of individual standard cells can be 
performed by redesign of the cell’s structure, replacement of 
a sensitive cell with a less sensitive one or an alternative 
logic implementation, or by connecting redundant elements 
to the cell’s output. The aim of applied mitigation measures 
is to increase the critical charge of sensitive nodes, and/or to 
attenuate or completely filter the SET pulses. Two most 
versatile approaches are the transistor/gate upsizing and 
insertion of dedicated SET filters in logic paths. 

In our previous work [4], we have shown that the stan-
dard delay cells based on skew-sized inverters are more 
sensitive to SETs than other standard cells. As the standard 
delay cells are used in digital designs for optimization of 
logic path delays, it is important to ensure their robustness 
to SETs. We have proposed two modified designs based on 
hardware duplication, but both solutions introduce signifi-
cant area overhead [4]. In this work, we explore an alterna-
tive design based on inverters and decoupling capacitors. 
The proposed solution has higher SET robustness than the 
variant with skew-sized inverters, and occupies less area 
than the duplication-based solutions.  

The rest of the paper is organized as follows. Section II 
dicusses the related work. The standard delay cell based on 
decoupling capacitors is intoduced in Section III. The 
simulation analysis of the proposed design is presented in 
Section IV. In Section V, the proposed delay cell design is 
compared with previous solutions. 
 

II. RELATED WORK 
 

A typical design of standard delay cells (SDCs) is based 
on a chain of an even number of inverters, where some of 
the inverters are skew-sized. We denote such a cell as 
SDC_SKEW. Using the skew-sized inverters enables to 
obtain the required propagation delay with a minimum 
number of inverters in the chain, thus saving the area. Fig. 1 
illustrates a schematic of a four-inverter SDC_SKEW 
implemented in the IHP’s 130 nm bulk CMOS technology, 
where the second and third inverters are skew-sized. By 
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adjusting the channel width and length of the skew-sized 
inverters, the required propagation delay can be obtained.  

To the best of our knowledge, the SET effects in stan-
dard delay cells have been studied for the first time in our 
previous work [4]. The analysis was done by employing a 
standard current injection approach, with electrical simula-
tions. For this purpose, a bias-dependent current model [5] 
was used to inject the current pulses in the cell nodes. It was 
shown that the SETs induced in SDC_SKEW may be at least 
100 ps longer than those in other combinational cells. Such 
long SETs are attributed to the pulse stretching effect of the 
skew-sized inverters.  

In order to alleviate the SET effects in the analyzed 
SDC_SKEW cells, we have proposed two mitigation solu-
tions [4]. First approach is based on complete duplication 
with a guard gate (SDC_CD), as depicted in Fig. 2. Second 
approach (Fig. 3) employs partial duplication with a guard 
gate (SDC_PD), i.e., only the skew-sized transistors are 
duplicated. Both of these approaches have been shown to 
eliminate the SETs in the skew-sized inverters. However, the 
added guard gate and inverter are additional points of failure, 
and the SETs in these nodes are comparable to other 
standard cells. Furthermore, the area overhead is over 85 % 
for SDC_PD and over 120 % for SDC_CD.  
 

 
 

Fig. 1. Standard delay cell with two skew-sized inverters 
(SDC_SKEW) 
 

 
 
Fig. 2. SDC_SKEW with complete duplication of all inverters 
(SDC_CD) [4] 
 

 
 

Fig. 3. SDC_SKEW with partial duplication of the most sensitive 
inverters (SDC_PD) [4] 
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As an alternative to the standard delay cells with skew-

sized inverters, we have investigated a delay cell realized 
with decoupling capacitors. Here we denote these cells as 
SDC_DECAP. The SDC_DECAP is composed of two 
standard CMOS inverters and two decoupling capacitors 
(DECAPs) connected between the output of first inverter 
and supply rails, as shown in Fig. 4. The decoupling capa-
citors are constructed from MOS transistors, by connecting 
the drain, source and bulk as one terminal, while the gate is 
another terminal.  

 

 
 

Fig. 4. Standard delay cell with decoupling capacitors 
(SDC_DECAP) 
 

The propagation delay of SDC_DECAP cell is pro-
portional to the decoupling capacitance CDECAP, which is 
defined by the transistor size (channel width and length), 
according to the relation [6], 

 
                        CDECAP = COX ∙ W ∙ L + 2 ∙ COL ∙ W            (1) 

 
where COX is the oxide capacitance per unit area, COL is the 
overlap and fringing capacitance per unit width of the 
device, W is the channel width of transistor and L is the 
channel length of transistors. 

Delay cells based on decoupling capacitors have been 
widely used for timing synchronization in digital designs 
[7]. However, to the best of our knowledge, the SET effects 
in delay cells realized with decoupling capacitors have not 
been investigated. In the design depicted in Fig. 4, only the 
inverters are sensitive to particle strikes. Since the off-state 
transistors are most sensitive to particle strikes, only two 
(out of six) transistors in SDC_DECAP will be sensitive.  
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ROBUSTNESS OF SDC_DECAP 
 

А. Propagation Delay of SDC_DECAP 
 

In order to investigate the dependence of the propaga-
tion delay of SDC_DECAP as a function of the size of 
inverters and decoupling capacitors, we have conducted a 
series of electrical simulations using a commercial tool 
Cadence Spectre. The propagation delay was determined as 
the time interval between the rising edge of input and out-
put pulses. As a case study, we have used the IHP’s 130 nm 
CMOS technology. This is a commercial technology with 
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adjusting the channel width and length of the skew-sized 
inverters, the required propagation delay can be obtained.  

To the best of our knowledge, the SET effects in stan-
dard delay cells have been studied for the first time in our 
previous work [4]. The analysis was done by employing a 
standard current injection approach, with electrical simula-
tions. For this purpose, a bias-dependent current model [5] 
was used to inject the current pulses in the cell nodes. It was 
shown that the SETs induced in SDC_SKEW may be at least 
100 ps longer than those in other combinational cells. Such 
long SETs are attributed to the pulse stretching effect of the 
skew-sized inverters.  

In order to alleviate the SET effects in the analyzed 
SDC_SKEW cells, we have proposed two mitigation solu-
tions [4]. First approach is based on complete duplication 
with a guard gate (SDC_CD), as depicted in Fig. 2. Second 
approach (Fig. 3) employs partial duplication with a guard 
gate (SDC_PD), i.e., only the skew-sized transistors are 
duplicated. Both of these approaches have been shown to 
eliminate the SETs in the skew-sized inverters. However, the 
added guard gate and inverter are additional points of failure, 
and the SETs in these nodes are comparable to other 
standard cells. Furthermore, the area overhead is over 85 % 
for SDC_PD and over 120 % for SDC_CD.  
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sufficient robustness for many space applications [8]. All 
simulations were done for nominal core supply voltage of 
1.2 V and temperature of 27 ⁰C. 

Fig. 5 shows the dependence of the propagation delay 
on the channel width of decoupling capacitors, for two 
driving strengths of inverters (x1 and x2), and for constant 
channel length. The inverters with driving strength x2 have 
twice larger channel widths than x1 inverters, while x1 
inverters have four times larger channel widths than the 
standard x1 inverters in the investigated 130 nm library.  

It can be seen that decoupling capacitors have stronger 
impact on the propagation delay than inverters. The propa-
gation delay increases linearly with the size of decoupling 
capacitors, which is in good agreement with the relation (1). 
For the channel width from 2 to 12 µm for Decap 1 and 
Decap 2, the delay is from 147 to 465 ps with x1 inverter, 
and from 110 to 298 ps with x2 inverter. Similar results are 
obtained if the channel length is varied, while the channel 
width is kept constant. Larger propagation delay can be 
obtained by increasing both channel width and length, but 
that was not analyzed in this study. 

 

 
 

Fig. 5. Propagation delay of SDC_DECAP for different channel 
widths of decoupling capacitors (for channel length of 1 µm) 
 
B. SET Robustness of SDC_DECAP 
 

For evaluation of the SET sensitivity of the standard 
delay cell with decoupling capacitors, we have employed a 
current injection approach in Spectre simulations. A bias-
dependent current source from [5] was used to inject SETs 
successively in nodes A and B (see Fig. 4). The rise and fall 
time constants of the current pulse were 10 and 100 ps, 
respectively. The SET robustness was assessed in terms of 
two metrics: (i) threshold Linear Energy Transfer (LETTH), 
i.e., a minimum LET that can cause an SET, and (ii) SET 
pulse width at the output of SDC_DECAP cell.  

The LETTH for node A (first inverter), as a function of 
the size of decoupling cells, for two driving strengths of 
inverters, is shown in Fig. 6. It can be seen that LETTH 
increases both with the size of inverters and the size of 
decoupling capacitors. However, the impact of inverter 
upsizing is stronger because it increases both the driving 
strength and the node capacitance [9]. The LETTH for node 
B (not shown) also increases when the inverter is upsized, 
while decoupling capacitors have no impact.  

In Fig. 7, the dependence of the SET pulse width as a 
function of the size of decoupling capacitors and inverters, 

when the current is injected in node A, is illustrated. The 
results are for LET of 60 MeV∙cm2∙mg-1, which is suffi-
ciently large to cause SETs in most standard cells. Larger 
inverters provide better SET robustness, i.e., the SET pulse 
width decreases as the inverter size is increased. That is 
because larger gates have larger capacitance and driving 
strength, allowing for faster dissipation of induced charge 
[9]. However, increasing the size of decoupling capacitors 
leads to almost linear increase of the SET pulse width. This 
is due to the fact that larger load capacitance needs more 
time for charging/discharging [10]. Similar analysis was 
done for node B, and the results are shown in Fig. 8. In this 
case, the SET pulse width decreases for larger inverters, but 
it is independent of the size of decoupling capacitors. 
 

 
 

Fig. 6. Threshold LET (LETTH) for node A, as a function of the 
channel width of decoupling capacitors and driving strength of 
inverters 
 

 
 

Fig. 7. SET pulse width as a function of channel width of 
decoupling capacitors and driving strength of inverters, when the 
SET current pulse with LET = 60 MeVcm2mg-1 is injected in node 
A (see Figure 4) 
 

 
 

Fig. 8. SET pulse width as a function of channel width of 
decoupling capacitors and driving strength of inverters, when the 
SET current pulse with LET = 60 MeVcm2mg-1 is injected in node 
B (see Figure 4) 

0 2 4 6 8 10 12 14
100

150

200

250

300

350

400

450

500
 

Pr
op

ag
at

io
n 

de
la

y 
(p

s)

Decap cell channel width (m)

 x1 inverters
 x2 inverters

0 2 4 6 8 10 12 14
0
2
4
6
8

10
12
14
16
18
20

 

Th
re

sh
ol

d 
LE

T 
(M

eV
cm

2 m
g-1

)
Decap cell channel width (m)

 x1 inverters
 x2 inverters

0 2 4 6 8 10 12 14
400

500

600

700

800

900

1000
 

SE
T 

pu
ls

e 
w

id
th

 (p
s)

Decap cell channel width (m)

 x1 inverters
 x2 inverters

0 2 4 6 8 10 12 14
400

420

440

460

480

500
 

SE
T 

pu
ls

e 
w

id
th

 (p
s)

Decap cell channel width (m)

 x1 inverters
 x2 inverters



332

TABLE I 
COMPARISON OF FOUR STANDARD DELAY CELL IMPLEMENTATIONS WITH PROPAGATION DELAY OF 250 PS  
(NOTE: SET PULSE WIDTH RESULTS ARE OBTAINED FROM SIMULATIONS FOR LET = 60 MEV∙CM2∙MG-1) 

 

Standard delay 
cell variant 

LETTH  (MeV∙cm2∙mg-1) SET pulse width (ps) No. of 
sensitive 

nodes 

No. of 
transistors 

per cell 
Most robust 

node 
Most sensitive 

node 
Most sensitive 

node 
Most robust 

node 
SDC_SKEW 1.2 0.4 756 452 4 8 
SDC_PD 1.22 0.8 634 486 4 18 
SDC_CD 1.22 0.76 621 455 2 22 
SDC_DECAP 17.4 1.25 597 423 2 6 

 
C. Design Considerations for SDC_DECAP 
 

Previous discussion has shown that while the upsizing 
of inverters and decoupling capacitors provides immunity to 
low LET (up to 20 MeV∙cm2∙mg-1), larger decoupling cells 
increase the sensitivity of first inverter for higher LET. Thus, 
the design of SDC_DECAP cells for radiation environment 
requires a compromise between the propagation delay and 
the SET robustness. According to Figs. 5 and 7, the SET 
pulse width due to strikes in first inverter increases almost 
linearly with the propagation delay. In other words, the cells 
with larger decoupling capacitance are less robust to SETs 
resulting from high LET. The SET pulse width can be 
reduced with larger inverters, but this also reduces the 
propagation delay.  

Therefore, an optimal solution would be to have small 
propagation delay per cell. Then, larger propagation delay 
could be achieved by cascading multiple delay cells. For 
example, with x2 inverters and propagation delay of 200 ps, 
the SET pulse width at LET of 60 MeV∙cm2∙mg-1 would be 
less than 550 ps, which could be filtered with conventional 
SET filtering logic. 

 

V. COMPARISON OF STANDARD DELAY CELL 
IMPLEMENTATIONS 

 

Table 1 presents a comparison of the SDC_DECAP cell 
with the standard delay cell based on skew-sized inverters 
(SDC_SKEW), and two variants of SDC_SKEW cell based 
on duplication (SDC_PD and SDC_CD). For the sake of fair 
comparison, all four implementations have been designed 
for the propagation delay of 250 ps.  

As can be seen, the main advantages of SDC_DECAP 
over SDC_SKEW and SDC_PD is that it has less sensitive 
transistors (only two) and better SET robustness (higher 
LETTH and lower SET pulse width). SDC_DECAP and 
SDC_CD have the same number of sensitive transistors 
(two), but due to different sizing, SDC_DECAP is more 
robust to SETs. Note that SDC_DECAP has 6 transistors, 
while SDC_SKEW, SDC_PD and SDC_CD have 8, 18 and 
22 transistors, respectively. This indicates that the proposed 
SDC_DECAP design would be a favorable option among 
the four analyzed solutions in terms of chip area and power 
consumption saving. 

 

VI. CONCLUSION 
 

In this paper, the SET sensitivity of standard delay cells 
based on decoupling capacitors is analyzed. It has been 
shown with Spectre simulations that the proposed design has 

better SET robustness compared to the imple-mentation with 
skew-sized inverters. Furthermore, the area overhead is 
negligible compared to the hardened delay cells based on 
duplication with a guard gate.  

As a future work, it is important to investigate the 
dependence of the propagation delay and SET sensitivity on 
supply voltage, temperature and process variations. It is also 
important to consider the layout effects. In addition, the 
applicability of delay cells as SET filters will also be 
addressed in our future work. 
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Single Event Transients Generation and
Propagation Flow using Commercial EDA Tools

S. Simoglou, C. Georgakidis, I. Lilitsis, C. Sotiriou, M. Andjelkovic, and M. Krstic

Abstract—The ever increasing demand for reliable mi-
croelectronic systems in the presence of radiation, com-
bined with the continuous shrinking of CMOS technolo-
gies, has rendered the impact of radiation-induced volt-
age glitches, known as Single Event Transients (SETs),
more and more critical. In order to mitigate such er-
rors, the analysis of circuit radiation immunity to these
effects is mandatory. This analysis is, nowadays, per-
formed either with manufacturing and irradiation exper-
iments, which is prohibitively expensive or with TCAD
and SPICE simulations, which are computationally ex-
pensive, thus they can be applied only to relatively small
circuits. In this work, we present a methodology of SET
generation and propagation, using SPICE and Static
Timing Analysis flows, respectively. Our method is or-
ders of magnitude faster than simulation and yields 1.6%
error, on average.

I. Introduction

The radiation-induced voltage glitches in the combi-
national logic, known as Single Event Transients (SETs)
have become a critical cause of Soft Errors, i.e. bit-
flips in memory and sequential logic, in scaled CMOS
technologies. As a result of transistor size shrinking,
reduction of supply voltage, and increase of operating
frequency, the inherent electrical and timing masking
effects in combinational circuits have been weakened,
leading to an increase of the SET contribution to the
total Soft Error Rate (SER). It has been demonstrated
that the SER of simple combinational circuits may ex-
ceed the SER of sequential circuits in 40nm technology,
at operating frequencies beyond 2GHz [1].
Additionally, the design of a logic circuit may signif-

icantly influence the electrical and timing masking of
SET pulses. One of the most critical design-related SET
propagation effects is the Propagation-Induced Pulse
Broadening (PIPB) effect, which, effectively, is an in-
crease of several hundred picoseconds to the SET pulse
width, as it propagates through combinational logic [2].
Thus, it reduces the probability of electrical and timing
masking and results in increased SER.
The PIPB effect occurs due to the imbalance of load

across the logic path, while the amount of pulse broad-
ening depends mostly on the SET polarity, type and
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number of gates in the logic path, input logic lev-
els, and supply voltage [3], [4]. Each gate in a given
logic path will broaden only one polarity of the SET
pulse, while the pulse with the opposite polarity will be
shrunk [4]. Thus, a non-inverting combinational chain
has the strongest potential for SET pulse broadening.

For efficient SET mitigation, it is necessary to evalu-
ate the propagation of SETs through each path in the
design. It is well-known that only a limited number
of gates in any design has dominant contribution to
the total SER [5]. Once these gates are identified, the
SET mitigation, like gate upsizing or insertion of SET
filters, can be applied selectively only to the most sensi-
tive gates or paths, thus achieving SER reduction with
minimal area and power overhead.

Numerous approaches for the analysis of SET prop-
agation in combinational logic have been proposed and
can be classified as simulation-based or experimental
methods. Despite the benefits offered by each approach,
the current state-of-the-art lacks methods which are ca-
pable of providing accurate SET propagation analysis
with reasonable time complexity.

This paper presents an approach for SET generation
and propagation analysis by combining SPICE simula-
tion and a Static Timing Analysis (STA) tool.

II. Existing Work

The characterisation of SET effects is a challenging
task due to the analog nature of SET pulses and the
heterogeneity of combinational circuits. As a result,
the computation of electrical and timing masking fac-
tors may be orders of magnitude less accurate than log-
ical masking computations [6]. In order to accurately
compute the electrical and timing masking factors, it
is imperative to consider both the SET generation and
propagation mechanisms.

One of the most common approaches for the charac-
terisation of SET effects is based on electrical (SPICE
or SPECTRE) simulations. The current pulse, which
mimics the SET generation effects, is subsequently in-
jected into every circuit node, and the SET response
is observed at the primary outputs. The advantage of
electrical simulations is the possibility to capture the
analog nature of SETs. However, performing SPICE-
like simulations is applicable only to relatively small
circuits since the runtime increases tremendously with
the number of circuit gates and input levels.
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An alternative approach is based on the character-
isation of SET effects in individual standard cells [7],
[8], [9], [10] and the evaluation of the propagation
effects in a given circuit, utilising the characterisa-
tion results. The characterisation of standard cells is
done with SPICE-like simulations, performed once for
a given standard library, and the simulation results
are stored in look-up tables (LUTs). Although the
characterisation-based approach may provide high ac-
curacy, the memory capacity required for storing the
LUTs may be too high, and the subsequent analysis
of SET effects in a given circuit may be very time-
consuming due to the necessity to access and read a
large number of characterisation LUTs.
Another approach for the analysis of the SET propa-

gation effects is performing irradiation experiments [11],
[12]. This method allows the SET evaluation of the
whole circuit, as well as the SET pulse width distri-
bution. However, it is impossible to capture the ex-
act SET pulse width, due to random strike locations.
Moreover, the irradiation experiments are quite expen-
sive and require a manufactured test chip. Therefore,
experimental SET analysis is performed mainly for the
verification of design solutions or simulation results. A
cheaper alternative is laser testing [2], which can be con-
ducted in-house. This approach may provide localised
SET injection in predefined circuit nodes. However, it
is also necessary to use a manufactured test chip.
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Fig. 1. SET Generation Current Source

III. SET STA Flow

In this section, we provide a general automated flow,
which employs commercial transistor level simulation
and STA engines for SET pulse generation and prop-
agation, respectively. We also describe how particle
strike scenarios are generated as well as how PIPB effect
quantification and measurements comparison, between
the golden simulation and our flow, can be achieved.

A. Particle Strike Scenario Generation

As a first step, the SET generation scenario must be
defined. Each affected path is defined as a pair of 2
points; one point for the SET-affected pin and another
one for the timing path endpoint, where the pulse width
(PW) measurement must be performed. Also the ISET

current source of Figure 1 must be defined. In this work,
the current source can be user-defined, though we have
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used the well adopted double exponential current source
model [13].

I(t) =
Qcoll

Tau2− Tau1
(e−t/Tau2 − e−t/Tau1) (1)

Finally, the current source parameters must be config-
ured. This is achieved by providing probability dis-
tributions for such parameters. We have implemented
a SET scenario generator which performs Monte-Carlo
simulation using these distributions, to variate the cur-
rent source parameters. Without loss of generality, in
this work we have used normal distributions for that
purpose.

B. SET Generation

On this flow step, we use the commercial STA en-
gine’s Path-Based Analysis (PBA) capabilities [14] to
derive the worst case path for the affected pin and tim-
ing path endpoint pin specified in the scenario file. The
analysis is performed solely on this path both for rise
and fall edges. This can be extended to support full log-
ical cones, however we needed to evaluate the method-
ology in terms of performance and accuracy without in-
terference from side inputs and Multiple Input Switch-
ing (MIS) before extending it to full logical cone analy-
sis. We also exploit the STA engine’s SPICE deck gen-
eration functionality, in order to generate the SPICE
deck for the entire path, which is used for obtaining
simulation golden measurements. It is worth mention-
ing that all timing path points are stored to be used in
the SET propagation step, in order to ensure that the
timing path of interest will be same both for the SET
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model [13].
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Tau2− Tau1
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Finally, the current source parameters must be config-
ured. This is achieved by providing probability dis-
tributions for such parameters. We have implemented
a SET scenario generator which performs Monte-Carlo
simulation using these distributions, to variate the cur-
rent source parameters. Without loss of generality, in
this work we have used normal distributions for that
purpose.

B. SET Generation

On this flow step, we use the commercial STA en-
gine’s Path-Based Analysis (PBA) capabilities [14] to
derive the worst case path for the affected pin and tim-
ing path endpoint pin specified in the scenario file. The
analysis is performed solely on this path both for rise
and fall edges. This can be extended to support full log-
ical cones, however we needed to evaluate the method-
ology in terms of performance and accuracy without in-
terference from side inputs and Multiple Input Switch-
ing (MIS) before extending it to full logical cone analy-
sis. We also exploit the STA engine’s SPICE deck gen-
eration functionality, in order to generate the SPICE
deck for the entire path, which is used for obtaining
simulation golden measurements. It is worth mention-
ing that all timing path points are stored to be used in
the SET propagation step, in order to ensure that the
timing path of interest will be same both for the SET

generation and propagation steps.
Regarding the SET pulse generation, this must be

performed using a transistor level simulation engine,
like SPICE, for the affected <driver, interconnect, re-
ceiver stage> as the injected charge causes current flow,
which is modelled with the ISET current source of Fig-
ure 1. It is obvious that the SET pulse can be ob-
tained accurately only via transistor level simulation,
as the SET-induced current depends both on intercon-
nect and receiver, as well as the driver’s Pull-Up and
Pull-Down networks. The affected stage is extracted
from the SPICE deck and used separately in a reduced
SPICE deck (RDECK), to prevent simulation of the en-
tire path in the SET generation and propagation flow.
Both full SPICE deck and RDECK are provided

with a behavioural current source SET stimulus. The
STA engine provides the SPICE deck with the non-
controlling values of all gates side inputs across the path
as well as initial state stimulus for sequential elements.
Finally, SET rise and fall slew and arrival time mea-
surements are added to the RDECK, as well as golden
rise and fall slew and arrival time measurements at the
timing path endpoint for the full SPICE deck. It is use-
ful to mention that the arrival times measurements are
always performed with reference to the launching clock
edge. Using the full SPICE deck and the RDECK with
SPICE provides two measurement files, one for golden
results and one for use with our flow.

C. SET Propagation

Regarding the SET propagation step, it is worth men-
tioning that in our flow this is performed solely based
on STA principles using the commercial STA engine.
To the best of our knowledge, this approach has never
been explored in past publications.
First of all, as mentioned in section III-B the stored

worst case timing path points of the scenario are used
to derive the worst case path for PBA. Additionally,
the SET rise and fall slews and arrival times mea-
surement file must be read. At this point, all SET
pulse info are available for use with the STA engine.
The SET propagation begins with the rising edge of
the pulse using the set annotated transition and
set annotated delay SDC commands [15]. STA is
performed and timing info at the timing path endpoint
is stored. Identically, this process is performed for the
falling edge, as well. It is critical to point out, that the
direction of the PW at the endpoint must be measured
based on the unateness of the timing path. For example,
a timing path consisting of an odd number of inverting
arcs from the SET affected point to the endpoint is in-
verting. Thus, the rising edge of the SET pulse results
in a falling edge at the endpoint. As a consequence,
the number of inverting arcs must be counted in order
to decide if PW is obtained by subtracting the rise ar-
rival from the fall arrival at the endpoint or vice versa.

Finally, the obtained arrival times and PW at the end-
point are compared with the golden result produced by
SPICE simulation. The Percentage Error (PE) is cal-

culated as: PE =
|tm−tg|

tg
∗ 100%, where tm is the STA

measurement and tg is the SPICE golden measurement.

IV. Experimental Results

To evaluate our method, we have used the top 20
critical paths of a PID controller in 0.13 µm technology.
The design netlist and parasitics have been generated
using standard commercial Electronic Design Automa-
tion (EDA) tools for Synthesis, Place&Route, Clock
Tree Synthesis, In-Place Optimisation and Extraction.
20 SET double exponential current source configura-
tions have been used per critical path, yielding 400 dif-
ferent scenarios. These were generated by Monte-Carlo
simulation using distributions from particle strike ex-
perimental data to variate the SET charge. For demon-
stration purposes, we provide the result of Monte-Carlo
simulation for 40000 cases in Figure 3. Also, parameters
Tau1, Tau2 were selected based on literature.
Our methodology yields 1.6% average relative error

for Pulse Width at the path endpoint in comparison
with SPICE, while being orders of magnitude faster.
We consider this error reasonable as it is within the
margins of STA vs SPICE error, proved by the litera-
ture [16]. From the total 400 generated SET-induced
glitches, 371 where propagated to the timing path end-
points, while the rest 29 where completely filtered or
attenuated under the voltage threshold of the endpoint
pin. The PIPB effect was quantified and measured
as the percentage increase of PW between the SET-
affected net and the timing path endpoint. On average,
the experiments yielded 63.5% PW increase. Addition-
ally, the max observed PW increase was 143.4%.
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It is worth mentioning, that the methodology
presents significant error (approx. 70%) when dealing
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with non-full swing pulses. Such a case was encoun-
tered in the 90th slowest path of the design, which is
depicted in Figure 4. This can be explained by the fact
that backend EDA tools optimise only the critical paths
regarding timing and signal integrity, while optimising
the rest of the design for area and power. The afore-
mentioned path is not critical, thus the slews of the
signals are generally slow. More specifically, compo-
nent U5, which is highlighted with red colour, is a low
drive buffer which is loaded by component U6, which
is a high drive AND3 gate and significantly loads U5.
The result of such a structure is shown in Figure 5. The
green waveform (2) is the SET-induced pulse waveform,
which occurs at the input of U1. This is propagated
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through the path to the input of the highlighted buffer
U5. The waveform at the input of U5 is the magenta
waveform (3). The signal at the output of U5 is de-
picted in red (4). This is a typical example of how
a high frequency glitch does not reach full rail voltage
when it is propagated through a significantly loaded low
drive gate. Finally, the blue waveform (5) shows the
pulse that reaches FF2 input, which is the timing path
endpoint. Furthermore, we provide the FF1 and FF2
clock waveform in yellow (1), for reference. The fact
that the red waveform is not full-swing is what induces
the inaccuracy. Standard STA engines, generally, con-
sider the propagation of clean, full-swing signals. This
results to calculation of more pessimistic arrival times
by the industrial STA tool in case non-full swing sig-
nals are propagated, which in turn results to pessimistic
PW calculation in comparison with SPICE. Definitely,
this is not a weakness of our methodology itself, but a
well known problem of STA vs SPICE correlation. As
a consequence, such mismatches can not be mitigated
by standard STA flows even though they may happen
not only with SET-induced glitches but with any kind
of high frequency glitch.

V. Conclusions and Future Work

Concluding, this work presents a novel methodology
for fast and accurate SET-induced pulse generation and
propagation, which provides 1.6% average error in com-
parison with SPICE for full-swing signals, while being

orders of magnitude faster. We evaluated our methodol-
ogy using Monte-Carlo simulation to generate 400 par-
ticle strike scenarios and we discussed the weaknesses
of the methodology regarding non full-swing signals. In
future publications, we aim at supporting the presented
methodology in our home-grown EDA STA tool and
mitigating the error caused by non full-swing pulses,
in order to provide a complete Optimisation and STA
Sign-Off solution for radiation hardened applications.
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Power Silicon Carbide Schottky Diodes as
Current Mode γ-Radiation Detectors

S. D. Ilić, M. S. Andjelković, M. A. Carvajal, A. M. Lallena, M. Krstić, S. Stanković, and
G. S. Ristić

Abstract— In this paper, the feasibility of using com-
mercial power Silicon Carbide (SiC) Schottky diodes as
a current mode γ-radiation detector have been exam-
ined. Diodes with almost identical electric characteris-
tics are purchased from two different manufacturers, On
Semiconductor and RoHM. They have been tested un-
der gamma radiation exposure from a Co-60 source. The
current response during irradiation has been measured
for various dose rates with reversed diode bias. Investi-
gated range of dose rates was from 0.258 Gy/h to 26.312
Gy/h, and reverse diode bias values were 10 V, 20 V,
50 V, 100 V and 200 V. Tested Schottky diodes pro-
duce stable current response for the investigated dose
rates. Although the manufacturers are different, the re-
sults show that the dosimetric characteristics of these
diodes have an excellent match. Sensitivity was pro-
portional to the applied reverse bias voltage. A simple
power-law can very well describe the dependence of mea-
sured radiation-induced current on dose rate.

I. Introduction

Material that could replace silicon in ionizing radia-
tion detectors may be Silicon Carbide (SiC) because of
its wider band-gap and better signal-to-noise ratio due
to significantly lower leakage current [1–4]. Another ad-
vantage of Silicon Carbide is that it has higher displace-
ment energy than silicon, and therefore exhibits much
higher resistance to radiation-induced damage [3, 5].
For radiation detectors, charge collection is a crucial
parameter; since SiC has a high electrical breakdown
voltage, it allows operation at higher bias, resulting in
a higher electrical field in the component [6]. Further-
more, SiC detectors can operate at higher temperatures
than silicon due to high thermal conductivity [7].
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Current mode detectors are used for monitoring
medium and high dose rate radiation by measuring the
radiation-induced continuous current, which is propor-
tional to the dose rate. The use of SiC detectors in the
current mode has potential applications in medicine,
military, industry, space exploration and scientific re-
search. The properties of the detector are also the sta-
bility and repeatability of the current read-out and fast
response. This paper aims to extend the research of the
usability of low-cost commercial power Silicon Carbide
Schottky diodes for the current mode dosimetry.

The structure of a SiC Schottky diode, illustrated in
Fig. 1, consists of two main layers: SiC epitaxial layer
and SiC substrate layer. The epitaxial layer is a lightly
doped region, usually n-type, representing the active
region for radiation detection. Thus, a wider epitaxial
layer contributes to higher radiation sensitivity. The
substrate layer is a heavily doped region, n+ type, usu-
ally significantly thicker than the epi-layer.

SiO2

SiC epitaxial

n+

Anode

Cathode

SiC substrate

SiO2

n-

�

Fig. 1. Illustration of SiC Schottky diode cross-section.

The Schottky diode is achieved by placing a metal
contact over the epitaxial layer, while another metal
contact is applied to the back of the substrate layer.
When an ionizing particle hits the SiC structure,
electron-hole pairs are generated in the epitaxial and
substrate layers. While the electron-hole pairs induced
in the substrate eventually recombine, the internal elec-
tric field will collect the electron-hole pairs in the epi-
taxial layer. In the current mode, the collected charge
will result in the stable current which can be mea-
sured by connecting appropriate electrometer between
the diode’s contacts [8].
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II. Experimental Setup

There were two different Power Silicon Carbide
Schottky diodes in this experiment with almost iden-
tical electrical characteristics, model FFSH15120A
(Diode 1) purchased from On Semiconductor and
model SCS215KG (Diode 2) purchased from RoHM.
Both diodes have reverse voltage 1200 V and contin-
uous forward current 15 A as the main characteristic.
However, the main differences are the values of total
capacitive charge and packaging.
The experiment consists of measuring the induced

current with different reverse bias during gamma ir-
radiation. Investigated range of dose rates was from
0.258 Gy/h to 26.312 Gy/h, and reverse diode bias val-
ues were 10 V, 20 V, 50 V, 100 V and 200 V. Each mea-
surement was performed measuring 60 seconds leakage
current with reverse diode bias, then 180 seconds con-
tinuing with γ-radiation exposure, and after that 60
more seconds measuring leakage current. Different dose
rates were achieved at different distances of DUTs from
γ-soruce. The experiment was conducted in controlled
laboratory conditions using a Co-60 γ-radiation source
at the Institute of Nuclear Sciences ”Vinča”, Belgrade,
Serbia.

III. Results and Discussion

Leakage current values of two different Power Silicon
Carbide Schottky diodes in this experiment as a func-
tion of applied reverse bias are shown in Fig. 2.
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Fig. 2. Leakage current of SiC Schottky diodes with different
applied reverse bias.

Waveforms of the radiation-induced current response
of the investigated SiC diodes are shown in Figures 3
to 6. For the sake of clarity, only the waveforms for
the minimum and maximum reverse bias values with
different dose rates are presented.
During all irradiation sessions, the induced current
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Fig. 3. Radiation-induced current for different dose rate with
10 V reverse bias for Diode 1.
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Fig. 4. Radiation-induced current for different dose rate with
200 V reverse bias for Diode 1.

was stable, and it increased with dose rate and bias volt-
age. After stopping the irradiation session, the current
fell to the pre-irradiation leakage level. The radiation-
induced current was significantly higher than the leak-
age current without radiation exposure, suggesting that
they can be easily differentiated, enabling precise deter-
mination of radiation dose rate.

The functional relation between the induced current
and the dose rate is defined in accordance with the ref-
erence [9]:

I = I0 + (a ∗ Ḋb), (1)

where I denotes measured current, I0 is the dark cur-
rent, Ḋ is the dose rate, a is the linearity coefficient, and
b is the fitting parameter which represents the current
sensitivity with respect to dose rate.
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200 V reverse bias for Diode 1.

was stable, and it increased with dose rate and bias volt-
age. After stopping the irradiation session, the current
fell to the pre-irradiation leakage level. The radiation-
induced current was significantly higher than the leak-
age current without radiation exposure, suggesting that
they can be easily differentiated, enabling precise deter-
mination of radiation dose rate.

The functional relation between the induced current
and the dose rate is defined in accordance with the ref-
erence [9]:

I = I0 + (a ∗ Ḋb), (1)

where I denotes measured current, I0 is the dark cur-
rent, Ḋ is the dose rate, a is the linearity coefficient, and
b is the fitting parameter which represents the current
sensitivity with respect to dose rate.
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Fig. 5. Radiation-induced current for different dose rate with
10 V reverse bias for Diode 2.

DW=26.312

DW=20.890

DW=14.013

DW=7.136

DW=3.697

DW=0.258

Different dose rates (Gy/h), bias: VR = 200 V Diode 2 (SCS215KG)

In
d

u
c
e
d

 c
u

r
r
e
n

t 
(A

)

0

10
−9

2×10
−9

3×10
−9

4×10
−9

5×10
−9

6×10
−9

Time (s)

0 50 100 150 200 250 300

Fig. 6. Radiation-induced current for different dose rate with
200 V reverse bias for Diode 2.

In order to express the obtained results in the form of
relation 1, the mean values of the measured radiation-
induced current were calculated for all dose rates, and
the dark current values were calculated as the mean
values from the leakage current with reverse bias before
irradiation step.
Figure 7 illustrates the variation of the mean

radiation-induced current of Diode 1 and Diode 2 with
respect to the dose rate for bias voltage levels of 10, 20,
50, 100, 200 V. It can be observed that the power re-
lation 1 fits the measured results very well. The values
of the dark currents, linearity coefficients a, sensitivity
coefficients b and the fitting correlation coefficients R2

are given in Table I.
It can be noticed that parameter a is increasing with

the reverse bias values, but parameter b has the same
value because it shows the diodes’ sensitivity. The aver-
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Fig. 7. Mean radiation-induced current as a function of dose
rate.

TABLE I

Fitting parameters for relation 1

VR I0 [10
−12A] a [10−11] b R2

10V 1 4.132 0.8688 0.992
20V 3 6.837 0.8562 0.994
50V 7 12.462 0.8633 0.991
100V 15 20.024 0.8683 0.995
200V 125 32.411 0.8756 0.993

age value of parameter b is 0.8664. To obtain these pa-
rameters, the data are processed in the program Curve
Expert Pro 2.7.3.
The transition from the leakage current to the

radiation-induced current for the lowest and highest
dose rates are illustrated in Fig. 8 and Fig. 9 for Diode
1, respectively. For the sake of clarity, graphs for other
dose rates and for Diode 2 are not shown in this paper.
As can be observed in Fig. 8, a current overshoot was
observed at the start of each irradiation session, and
after that a stable current was maintained throughout
the irradiation session. Because the current overshoots
occurred only at the start of irradiation, their effect on
the current measurement accuracy is negligible. The
transient current overshoots at the start of irradiation
have been reported for diamond detectors [10, 11], and
similar explanation can be applied in this case since
the physics of the electron-hole pair generation and re-
combination is similar for both diamond and SiC de-
tectors. Generally, the origin of the current overshoot
is attributed to the build-up of the internal field during
irradiation. The overall electric field in the device is the
superposition of internal (built-in) electric field and ex-
ternal electric field determined by the bias voltage. At
the beginning of irradiation, the induced charge carriers
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lead to the increase of the internal field, and hence to
the increase of the overall electric field. This causes the
sudden increase of the induced current until the equi-
librium is reached allowing the current to stabilize. The
current overshoot decreases with the increasing of dose
rates, so that for a value of 26.312 Gy/h there are no
more overshoots as can be seen in the Figure 9.
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Fig. 8. Radiation-induced current as a function of bias voltage
for the lowest dose rate (0.258 Gy/h) for Diode 1.
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Fig. 9. Radiation-induced current as a function of bias voltage
for the highest dose rate (26.312 Gy/h) for Diode 1.

IV. Conclusion

The selected low-cost commercial power Silicon Car-
bide (SiC) Schottky diodes were irradiated by gamma
radiation from a Co-60 source, and the radiation-
induced current was measured for various dose rates and
reverse bias voltages. It was shown that the induced
current is stable during exposure, and the mean value

of the induced current is related to the dose rate ac-
cording to the simple power-law equation. The results
show that the dosimetric characteristics of these diodes
have excellent match, although their manufacturers are
different. These results confirm that the investigated
commercial diodes have a potential to be used for dosi-
metric purposes, as a cheap alternative to more expen-
sive custom-designed SiC dosimeters.
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[10] B. Górka, “Development of tissue-equivalent cvd-diamond
radiation detectors with small interface effects,” Ph.D. dis-
sertation, Medicinsk str̊alningsfysik (tills m KI), 2008.

[11] P. Bergonzo, D. Tromson, C. Descamps, H. Hamrita, C. Mer,
N. Tranchant, and M. Nesladek, “Improving diamond de-
tectors: A device case,” Diamond and Related Materials,
vol. 16, no. 4-7, pp. 1038–1043, 2007.



341

lead to the increase of the internal field, and hence to
the increase of the overall electric field. This causes the
sudden increase of the induced current until the equi-
librium is reached allowing the current to stabilize. The
current overshoot decreases with the increasing of dose
rates, so that for a value of 26.312 Gy/h there are no
more overshoots as can be seen in the Figure 9.

Dose rate: DW = 0.258 Gy/h

Reverse bias

VR=10 V
VR=20 V
VR=50 V
VR=100 V
VR=200 V

In
d

u
c
e
d

 c
u

r
r
e
n

t 
(A

)

0

5×10
−11

10
−10

1.5×10
−10

2×10
−10

2.5×10
−10

3×10
−10

3.5×10
−10

4×10
−10

Time (s)

40 45 50 55 60 65 70 75 80

Fig. 8. Radiation-induced current as a function of bias voltage
for the lowest dose rate (0.258 Gy/h) for Diode 1.

Dose rate: DW = 26.312 Gy/h

Reverse bias

VR=10 V
VR=20 V
VR=50 V
VR=100 V
VR=200 V

In
d

u
c
e
d

 c
u

r
r
e
n

t 
(A

)

0

10
−9

2×10
−9

3×10
−9

4×10
−9

5×10
−9

6×10
−9

Time (s)

40 45 50 55 60 65 70 75 80
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for the highest dose rate (26.312 Gy/h) for Diode 1.
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commercial diodes have a potential to be used for dosi-
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Abstract – The effect of X-rays on the p-channel power 
vertical double diffused metal-oxide-semiconductor field-effect 
transistors (VDMOSFETs) was investigated. The VDMOSFETs 
were irradiated without gate polarization using three different X-
ray beams. Due to the polyenergetic nature of X-rays, their effect 
is much more complex than the effect of gamma radiation on 
transistors. The influence of X-rays on threshold voltage shift 
(VT) and on the creation of fixed traps (FTs) in gate oxide and on 
switching traps (STs) near and at oxide/semiconductor interface 
was analyzed. The effect of STs on VT is more significant than 
in the case of -radiation. The obtained results showed that the 
sensitivity to radiation depends on the radiation energy, and they 
are in accordance with the theoretical predictions.  
 

I. INTRODUCTION 
 

The metal-oxide-semiconductor field-effect transistors 
(MOSFETs) can operate in harsh environment where they 
are exposed to ionizing radiation, such as space, nuclear 
facilities, and radiotherapy units, and it is therefore 
important to know their behavior under higher levels of 
ionizing radiation [1-5].  

In this paper, the influence of X-rays radiation on the 
commercial p-channel power Vertical Diffused MOSFETs 
(VDMOSFETs) is considered. The influence of X-rays 
radiation on power VDMOSFETs is not found in the 
literature. Because of the polyenergetic spectrum of X-ray 
radiation, it is much more complex and demanding than 
−radiation, so the challenge is greater. Otherwise, due to 
thick gate oxide commercial p-channel transistors can be 
considered as potential dosimeters of -radiation [6], but 
they have not been tested for X-rays. 

The sensitivity of commercial P-channel VDMOSFETs 
to X-ray radiation, the behavior of the densities of positive 
radiation-induced fixed traps (FTs) in the gate oxide and 
switching traps (STs) at the interface, as well as the 
dependence of sensitivity on radiation energy were 
investigated. The transistors are irradiated without gate bias 
at three beam energies. 
 

II. EXPERIMENTAL DETAILS 
 

Commercial p-channel VDMOSFETs, type IRF9520, 
were used. They are mounted in TO-220 plastic packaging, 
produced in standard silicon gate technology, and have an 
oxide thickness of about 100 nm. The transistors were 
irradiated without gate bias (all pins were shortconnected) 
at room-temperature with X-rays to the value of the air 
kerma of Kair = 50 Gy in the Radiation and Environmental 
Protection Laboratory, Vinča Institute of Nuclear Science, 
Belgrade, Serbia. For irradiation, a Hopewell Design Beam 
Irradiator model x80-225 was used.  

Air kerma, Kair, was measured directly with the 
dosimetric system containing the PTW UNIDOS Webline 
electrometer and Exradin A3 ionization chamber. The 
transistors were irradiated at a distance of 35 cm, the Kair 
was measured at a distance of 50 cm, and then Kair 
recalculated for a distance of 35 cm using the quadratic 
law. If all the necessary constants were known, then it 
would be possible to calculate the absorbed dose in water, 
Dw, based on the Kair (Eq. 1 in Ref. [7]). However, since the 
dependence of Dw on Kair, based on the above mentioned 
equation (1), is linear, then Kair can be used instead of Dw. 

Three RQR radiation qualities, which are used in 
general radiography, fluoroscopy and dental applications, 
were used. The mean energies are calculated by SpekCalc 
software that is free of charge for a research [8-10].  

The characteristics of X-ray beams, the mean energies 
and air kerma rates are given in Table I. 

 
TABLE I 

THE X-RAY BEAM TYPE, TUBE POTENTIAL (UP), TUBE CURRENT (IP), 
MEAN ENERGY (Em), AND AIR KERMA RATE (DKair) 

 
X-ray 
beam 

Up 
(kV) 

Ip 
(mA) 

Em 
(keV) 

DKair 
(mGy/s) 

RQR3 50 30 32.57 9.28 
RQR8 100 30 50.82 26.45 

RQR10 150 20 56.70 30.31 
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During radiation, an automatic system for measuring 
electrical characteristics were used. The custom made, 
switching and bias unit (SABU) [11], and for these 
experiments a specially designed and implemented printed 
circuit board with relays (PCBR), in which the 
VDMOSFETs were placed, are the parts of this system. 
The PCBR is connected with SABU via two DSUB cables, 
one DSUB-25 is for relay control and the other DSUB-9 is 
for transistors biasing. The SABU contains a PIC16F887 
microcontroller that communicates with the computer via 
an FTDI chip. The source-measure unit (Keithley 2400 
SMU) is connected with the computer using USB GPIB 
card. The entire system (SABU, PCBR and SMU) is 
controlled by C# program. The electrical diagram for the 
control of one relay on the SABU board can be seen in Fig. 
1, and for the control of one VDMOSFET on PCBR during 
irradiation in Fig 2. 
 

 
 
Fig. 1. The electrical diagram for the control of one relay in 
SABU. 

 

 
 
Fig. 2. The electrical diagram for the control of one transistor on 
PCBR during irradiation. 

 
In order to faster measure the electrical characteristics 

of transistors, the gate and drain were shortconnected. The 
drain-source current, IDS, was forced and the gate voltage, 
VG, was measured. The threshold voltage, VT, is determined 
from the electrical transfer characteristics in saturation, as 
the intersection between VG axis and the extrapolated linear 
region of the (IDS)1/2 - VG curves using the least square 
method performed in the Octave 6.2.0 program [12].   

The midgap-subthreshold technique (MGT) [13] that 
determines the components of the threshold voltage shift, 
VT, induced by positive fixed traps (FTs), Vft, and 

switching traps (STs), Vst, was used. The MGT is based 
on the fact that positive FTs lead to a parallel shift of the 
subthreshold characteristics of the transistor, and STs lead 
to changes in the slope of its subthreshold characteristics. 
The relation between VT and its components is:   

 
stftT VVV += .   (1) 

 
The areal densities of FTs, Nft [cm-2], and STs, Nst [cm-2] 
for p-channel MOSFETs can be found as 
 

ft
ox

ft V
e

CN = ,  st
ox

st V
e

CN = , (2) 

 
where Cox = ox/tox is the gate oxide capacitance per unit 
area, ox=3.4510-13 F/cm is the silicon-dioxide permittivity, 
and e is the electron charge. 

 
III. RESULTS AND DISCUSSION 

 
The results of threshold voltage shift during radiation 

are shown in Fig. 3. The threshold voltage shift of p-
channel MOS transistors under irradiation is negative, and 
Fig. 3 presents absolute values. The RQR8 beam has the 
highest sensitivity. To find the sensitivity of transistors to 
radiation, S, we assumed that the dependence of VT, on 
Kair is linear: 

 
airT KSV = .   (3) 

 
The results showed very good agreement with the linear 
dependence and the r-square (r2) correlation coefficients 
were higher than 0.99 for all three cases. Sensitivity and r2 
correlation coefficients are given in Table 2. 

 

 
 
Fig. 3. Threshold voltage shift versus air kerma. 
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TABLE II 
SENSITIVITY AND r-SQUARE CORRELATION COEFFICIENTS. 

 
X-ray 
beam 

Sensitivity 
S (mV/Gy) r2 

RQR3 6.77 0.99723 
RQR8 7.79 0.99466 

RQR10 7.13 0.99709 
 

The dependence of the density of fixed traps in the 
oxide (FTs), created under radiation influence, on air kerma 
is shown in Fig. 4. For the RQR8 beam, the Nft has the 
highest values, while the values are almost the same for the 
other two beams. 

 

 
 
Fig. 4. Radiation-induced oxide fixed trap density versus air 
kerma. 
 

Figure 5 shows the density of switching traps (STs) 
during X-ray radiation. It can be seen that the dependence 
on the beam energy is similar as in the case of VT (Fig 3). 
If the density values are compared, the Nft density is three 
times as high as the Nst density. However, these 
differences are not as significant as in the case of -
radiation, where Nst is usually many times lower than Nft 
[12]. It can be roughly said that FTs participate with three 
quarters, and STs with one quarter in the value of the VT. 
 

 
 
Fig. 5. Radiation-induced switching trap density versus air kerma. 

The dependence of the sensitivity (Table II) on the 
mean beam energy (Table I) is shown in Fig. 6. It can be 
observed an energy dependence, as well as the maximum 
sensitivity for the RQR8 beam.  

Sensitivity depends on Nft and Nst densities, and 
these densities depend on the absorbed energy in the oxide. 
The more energy is absorbed in the oxide during radiation, 
the more FTs and STs are created, so the higher the VT, 
and thus the higher the sensitivity. The energy absorbed per 
unit mass of irradiated matter at the point of interest 
represents absorbed dose. 
 

 
 
Fig. 6. Sensitivity versus mean beam energy. 
 

To explain the dependence shown in the Fig. 6, we 
consider the following equation showing the dependence of 
absorbed dose in the matter, D, on absorbed dose in air, 
Dair [12]: 
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where (µme(E))matter and (µme(E))air are the mass energy-
absorption coefficients in a matter and in air, respectively.  

Since Dair = Kair [12], then it can be written: 
 

air
airme
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= .  (5) 

 
It can be seen from Eq. (5) that the absorbed dose, at a 
given value of Kair, and thus the sensitivity, depends only 
on the ratio of these two coefficients. Fig. 7 shows the 
(µme(E))silicon and (µme(E))air coefficients for silicon (Si) and 
air, respectively (unfortunately we could not find for 
silicon-dioxide) [14]. As can be seen, the differences in 
these coefficients are significant below 100 keV, and after 
that the differences are negligible. 

Fig. 8 displays the ratio of these coefficients 
((µme(E))silicon/(µme(E))air) for various beam energies. As can 
be seen, the obtained energy distribution is similar to the 
energy distribution shown in Fig. 6. The difference is that 
the peak in Fig. 8 is shifted to the left. The reason can be 
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due to the difference in the mass energy-absorption 
coefficients of Si and SiO2. This ratio largely depends on 
the type of material for energies less than 100 keV. 
 

 
 

 
Fig. 7. (µme(E))silicon and (µme(E))air coefficients versus beam 
energy [14]. 
 

 
 
Fig. 8. (µme(E))silicon/(µme(E))air ratio versus beam energy. 
 

IV. CONCLUSION 
 

The specially printed circuit board with relays (PCBR) 
was designed and implemented for these experiments. It 
was used together with the previously specially designed 
SABU electrical circuit. The densities of radiation-induced 
fixed traps in the oxide and switching traps near and at 
SiO2/Si interface depend on the X-ray energy. The 
calculation of the absorbed dose in SiO2, as the medium 
responsible for the threshold voltage shift during radiation, 
is very complex in the case of X-rays, and there is no data 
in the literature. Therefore, the dependence of sensitivity on 
energy could not be precisely determined. The FTs 
participate with three quarters, and STs with one quarter in 
the threshold voltage shift, which is a significantly greater 
impact than in the case of -radiation. 
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Abstract - The effects of bias temperature stress and 

irradiation in commercial p-channel power VDMOS transistors 
were investigated. In order to additionally elucidate the effects 
that take place in these power devices during the irradiation after 
the NBT stress, the relative contributions of gate oxide charge 
(Vot/VTH) and interface traps (Vit/VTH) to the threshold 
voltage shifts are presented and analyzed. It was found that in the 
case of irradiation without gate voltage the duration of the 
preirradiation NBT stress had a more pronounced impact on the 
radiation response of power VDMOS transistors, and that the 
contribution of the oxide trapped charge plays a more pronounced 
role in components previously NBT stressed for 1 hour than in 
those stressed for 1 week. 
 

I.  INTRODUCTION 
 

Specific performances of VDMOS (vertical double-
diffused metal-oxide semiconductor) power transistors 
enabled their wide application in both commercial and 
special purposes. Their utilization is becoming more 
widespread in switching power sources as well as in audio 
amplifiers, in the automotive industry in advanced systems 
representing both additional and primary equipment [1-3]. 
In some of those applications, power transistors may be 
subjected to more severe working conditions and / or some 
form of stress. This is the reason why there has been an 
increased interest in researching of their reliability, as well 
as of the effects occurring at working in certain conditions 
[3-23]. These researches are focused mainly on the effects 
when the components are exposed to high values of the 
electric field [4-7], irradiation [2, 8-10, 21], as well as on 
examining the effects of accelerated high temperature bias 
stresses [11-19]. 

 

It should be noted that power VDMOS transistors can 
be degraded by ionizing radiation due to significant 
changes of their electrical parameters [2, 8, 9, 21]. 
Namely, transconductance reduction, leakage current 
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irradiation as well as applied negative gate bias at the 
elevated temperature - Negative Bias Temperature (NBT) 
stress. Both gate oxide charge and interface traps, 
contribute to the increase of threshold voltage, in absolute 
value. In order to additionally elucidate the effects that 
take place in the p-channel power VDMOS transistors 
during irradiation and NBT stress in this paper, the 
contributions of gate oxide charge (Vot) and interface 
traps (Vit) to the threshold voltage shifts (VTH) are 
presented and analyzed. The relative contribution of Vot 
and Vit during NBT stress and subsequent irradiation, 
implemented in this investigation, might be of interest for 
the reliability issue of devices embedded in electronic 
equipment. 

 
II. EXPERIMENTAL PROCEDURE 

 
The devices which were examined in this study were 

commercial Si-gate p-channel power VDMOS transistors 
with 100 nm thick gate oxide, denoted as IRF9520, which 
were encapsulated in plastic TO220 cases. All devices 
were subjected to the NBT stress in the thermally 
stabilized Heraeus chambers. During the stress the 
temperature was 175 oC, and bias of - 45 V was applied to 
the gate, while source and drain terminals were grounded 
for all transistors. The NBT stress was performed during 
168 h (one week) for the one group of the devices, while 
another group was subjected to the NBT stress during only 
1 h. These periods of 1 h and 1 week were chosen as the 
times which correspond to the end of the first and the 
second phase of threshold voltage shifts (which follow 
well known power low tn) during the NBT stress            
[18, 38, 39]. 

After following the spontaneous recovery during four 
weeks (at the room temperature) devices from each group 
were divided into two subgroups. During irradiation the 
gate voltage of - 10 V was applied at transistors of one 
subgroup of each group, while other two subgroups were 
irradiated without gate voltage. All devices (from four 
subgroups) were irradiated by using Co-60 -ray source (in 
Metrological Laboratory at the Institute for Nuclear 
Sciences, Vinča, Serbia) up to 100 Gy, with dose rate of 
0.5 Gy(SiO2)/min at the room temperature. This total dose 
was chosen based on the total dose data that can be 
absorbed during the normal application of MOS transistors 
on communication satellites if the satellites are located in 
lower orbits [37]. All phases of the conducted experiment 
are schematically represented in Fig. 1.    

According that power VDMOS transistors in many 
applications, as well as on communication satellites, 
operate in the saturation region, it is convenient to examine 
the effects of applied stresses on their transfer 
characteristics in the saturation region. In this case applied 
gate and drain voltage are a few hundreds miliVolts over 
the threshold voltage. To observe the response of VDMOS 
transistors to NBT stress and gamma-irradiation, their 

transfer characteristics (ID = f (VG)) in the saturation region 
were measured after previously determined periods, at 
room temperatures, by using SMU Keysight B2901A, 
controlled by PC via GPIB. 

 

 
 

Fig. 1. Schematic representation of the experimental conditions. 
 
Typical subthreshold characteristics of unstressed, 

stressed components after NBT stress, and irradiation (at 
VG = - 10 V) for components previously NBT stressed 
during 1 week and for 1 h, are presented in Fig. 2 and in 
Fig. 3, respectively.  
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Fig. 2. Typical subthreshold characteristics of unstressed, NBT 
stressed and irradiated (VG = - 10 V) devices previously NBT 
stressed during 1 week. 
 

-5 -4 -3 -2
1E-9

1E-6

1E-3

175 
oC

- 45 V
T

1 h

 

VG

Duration of NBT 

I D (A
)

VG (V)

  PRE
  NBT 
  IRR
    
  

 

 

100 Gy- 10 V
Dose

 

VG

 
 

Fig. 3. Typical subthreshold characteristics of unstressed, NBT 
stressed and irradiated (VG = - 10 V) devices previously NBT 
stressed during 1 h. 
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Fig. 2. Typical subthreshold characteristics of unstressed, NBT 
stressed and irradiated (VG = - 10 V) devices previously NBT 
stressed during 1 week. 
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Fig. 3. Typical subthreshold characteristics of unstressed, NBT 
stressed and irradiated (VG = - 10 V) devices previously NBT 
stressed during 1 h. 

It can be observed that the negative bias temperature 
stress caused the shift of subthreshold characteristics in the 
direction of more negative values along the VG axis, and 
that this shift is additionally manifest in the case of NBT 
stressing during 1 week. During subsequent irradiation, a 
significant shift (toward more negative values along VG 
axis, too) was observed in all transistors.  

 
III. RESULTS AND DISCUSSION 

 
Based on transfer characteristics, the threshold 

voltage VTH was determined as the intersection between VG 
axis and line extrapolating linear region of 

GD VI −  
curves. Since it is known that the change in threshold 
voltage shift and slope of the ID-VG characteristics occur 
due to the capture of the positive charge in the oxide and 
traps created at SiO2-Si interface, it is important to 
quantitatively determine their particular contribution to the 
change of threshold voltage. For this determination the 
known subthreshold midgap technique was used [40]. 

Obtained values of the threshold voltage shift, as well 
as contributions of gate oxide charge and interface traps to 
this shift, during the NBT stress and irradiation (under 
negative polarization of the gate), for transistors NBT 
stressed during 1 week and 1 hour are presented in Fig. 4 
and Fig. 5, respectively. It can be observed in these figures 
that, during the stress as well as irradiation, Vot contribute 
to VTH more than Vit. In the first phase of NBT (up to 
1 hour) the parameter n in the power low tn depends on the 
temperature and bias and is in the range of 0.4-1.14, 
whereas in the second phase (up to 1 week) it does not 
depend on them and has fixed value 0.25. This power low 
dependence of VTH during the stress may indicate that 
occurred processes could be diffusion-controlled [17, 27, 
28, 39]. It should be noted that at the end of the second 
phase of the stress the contribution of Vot is somewhat 
slowed down, while contribution of Vit is reinforced. 

During the irradiation VTH of all transistors 
significantly increased (Fig. 4b and Fig. 5b), what is in 
accordance with shifts along the VG axis of subthreshold 
characteristics presented in Fig. 2 and Fig. 3. Differences 
in the stress induced processes in the first and the second 
phase can explain slight differences of the VTH increase 
(in absolute value) during the irradiation for devices 
stressed during 1 hour. A somewhat more pronounced shift 
of VTH during irradiation for devices NBT stressed for 
1 week, not only in absolute value, but also in relation to 
that after the previous stress, was observed. This is 
probably the consequence of the electrochemical processes 
occurred during the stress, and which are related to holes, 
hydrogen associated species as well as oxide defects and 
interface traps (which can be charged). It is known that 
during irradiation electron-hole pairs are generated in the 
gate oxide and while most of electrons are removed, most 
of holes are captured at the defects in the oxide or at the 
interface. As can be seen in Fig. 4 and Fig. 5 the 

contributions of gate oxide charge and interface traps to 
the threshold voltage shifts increase in the absolute value 
with the total dose increase. 
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  (a)   (b) 
Fig. 4. The threshold voltage shift, contributions of gate oxide 
charge and interface traps, during (a) NBT stress and 
(b) irradiation (VG = - 10 V), for transistors NBT stressed during 
1 week. 
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Fig. 5. The threshold voltage shift, contributions of gate oxide 
charge and interface traps, during (a) NBT stress and 
(b) irradiation (VG = - 10 V), for transistors NBT stressed during 
1 hour. 
 

For additional elucidation of the effects which occur 
during the NBT stress and subsequent irradiation (with 
negative gate bias and without), the relative contributions 
of Vot and Vit , for transistors NBT stressed during 
1 week and 1 hour are presented in Fig. 6 and Fig. 7, 
respectively. 

It can be observed in the Fig. 6a and Fig. 7a that 
during NBT stress the contribution of the oxide trapped 
charge (Vot / VTH) continuously decreases, whereas the 
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contribution of the interface traps (Vit / VTH) 
continuously increase. At the same time, these trends are 
much more pronounced in the first hours of the stress, 
whereas at the end of one week they somewhat slow 
down. The contribution of Vot after the first hour was 
less than 90 %, after 30 hours was less than 85 % while at 
the end of week it was somewhat less than 80 %. On the 
other hand, the contribution of Vit  after the first hour was 
a little higher than 10 %, after 30 hours was higher than 
15 % while at the end of week it was somewhat higher 
than 20 %. Such changes of relative contributions may be 
the consequence of the local electric field decreasing near 
the SiO2-Si interface. Namely, as the oxide trapped charge 
increases, the local electric field decreases, what leads to 
a reduced buildup of Not , what consequently causes a 
reduction of the contribution Vot / VTH . At the same 
time, the transformation of the oxide trapped charge into 
the interface traps can occur, which leads to a faster 
buildup of Nit . Observed contributions are caused by 
underlying electrochemical processes associated to holes, 
oxide trapped charge, hydrogen species and interface 
traps precursors.    
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Fig. 6. The relative contributions of Vot and Vit , during 
(a) NBT stress and (b) irradiation, for transistors stressed 1 week 
and 1 hour and irradiated with negative gate voltage. 
 

The contributions of the oxide trapped charge and of 
the interface traps during the irradiation with negative 
gate bias and without gate bias are shown in Table I. As 
can be seen in Fig. 6b, during the irradiation with applied 
VG = -10 V, considerable changes of the contributions of 
the oxide trapped charge and of the interface traps can not 
be observed. Namely, for transistors previously NBT 
stressed for 1 week the values for Vot /VTH are in the 
range 0.819-0.836, whereas for devices stressed for 
1 hour values are in the range 0.861-0.876, and as can be 
seen these values are very tight. As regards Vit /VTH 
values of devices previously stressed for 1 week, they are 
somewhat higher (0.181-0.164) than those for devices 
stressed for 1 hour (0.139-0.124). Also, in Fig. 6b can be 

observed that Vot contribution to VTH is more 
pronounced (and consequently Vit less pronounced) in 
the devices previously stressed for 1 hour. Probably, in 
the case when the devices were stressed for one hour there 
are more available precursors for creation of the oxide 
trapped charge during the irradiation. 
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Fig. 7. The relative contributions of Vot and Vit , during 
(a) NBT stress and (b) irradiation, for transistors stressed 1 week 
and 1 hour and irradiated without gate voltage. 

 
In Fig. 7b can be seen that during the irradiation with 

VG = 0 V a notable decrease of oxide trapped charge 
contribution with the similar rate can be observed in both 
groups of devices. Also, there is the increase of interface 
traps contribution, with a similar rate in both groups of 
devices, too. Namely, even when the irradiation is 
performed without the gate bias, there is a small electric 
field in the oxide due to a small difference of work-
function between the poly-Si gate and n-bulk of p-channel 
VDMOS transistor, what can have an effect on holes 
created by irradiation [41, 42]. Holes and positive oxide  

 
TABLE I 

CONTRIBUTIONS OF THE OXIDE TRAPPED CHARGE AND OF THE 
INTERFACE TRAPS DURING THE IRRADIATION WITH VG = -10 V AND 

VG = 0 V 

           NBT stress time 

1 week 1 hour 
VG 

  IRR Vot /VTH  Vit /VTH Vot /VTH  Vit /VTH 

- 10 V 0.819-0.836 0.181-0.164 0.861-0.876 0.139-0.124 

0 V 0.821-0.774 0.179-0.226 0.875-0.843 0.125-0.157 
 

charge (by hole trapping) are moved toward the interface. 
The local electric field is decreased near the interface as 
the oxide trapped charge increases, and this influence is 
more pronounced in the case of the irradiation without the 
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contribution of the interface traps (Vit / VTH) 
continuously increase. At the same time, these trends are 
much more pronounced in the first hours of the stress, 
whereas at the end of one week they somewhat slow 
down. The contribution of Vot after the first hour was 
less than 90 %, after 30 hours was less than 85 % while at 
the end of week it was somewhat less than 80 %. On the 
other hand, the contribution of Vit  after the first hour was 
a little higher than 10 %, after 30 hours was higher than 
15 % while at the end of week it was somewhat higher 
than 20 %. Such changes of relative contributions may be 
the consequence of the local electric field decreasing near 
the SiO2-Si interface. Namely, as the oxide trapped charge 
increases, the local electric field decreases, what leads to 
a reduced buildup of Not , what consequently causes a 
reduction of the contribution Vot / VTH . At the same 
time, the transformation of the oxide trapped charge into 
the interface traps can occur, which leads to a faster 
buildup of Nit . Observed contributions are caused by 
underlying electrochemical processes associated to holes, 
oxide trapped charge, hydrogen species and interface 
traps precursors.    
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Fig. 6. The relative contributions of Vot and Vit , during 
(a) NBT stress and (b) irradiation, for transistors stressed 1 week 
and 1 hour and irradiated with negative gate voltage. 
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Fig. 7. The relative contributions of Vot and Vit , during 
(a) NBT stress and (b) irradiation, for transistors stressed 1 week 
and 1 hour and irradiated without gate voltage. 
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groups of devices. Also, there is the increase of interface 
traps contribution, with a similar rate in both groups of 
devices, too. Namely, even when the irradiation is 
performed without the gate bias, there is a small electric 
field in the oxide due to a small difference of work-
function between the poly-Si gate and n-bulk of p-channel 
VDMOS transistor, what can have an effect on holes 
created by irradiation [41, 42]. Holes and positive oxide  
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CONTRIBUTIONS OF THE OXIDE TRAPPED CHARGE AND OF THE 
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VG = 0 V 

           NBT stress time 

1 week 1 hour 
VG 

  IRR Vot /VTH  Vit /VTH Vot /VTH  Vit /VTH 

- 10 V 0.819-0.836 0.181-0.164 0.861-0.876 0.139-0.124 
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charge (by hole trapping) are moved toward the interface. 
The local electric field is decreased near the interface as 
the oxide trapped charge increases, and this influence is 
more pronounced in the case of the irradiation without the 

gate voltage applied. This can be clearly observed 
according to the values presented in the Table I, where 
values of Vot / VTH  are in the range 0.821-0.774 for 
devices stressed for 1 week, whereas for those one 
stressed for 1 hour the values are in the range 0.875-
0.843. Values are higher for transistors stressed for 
1 hour, what may be the consequence of more available 
defects in the oxide, which present the precursors for 
oxide trapped charge.  

Regarding the contribution of interface traps, it can 
be seen that Vit / VTH values are in the range 0.179-
0.226 for transistors stressed for 1 week, while for those 
one stressed for 1 hour values are in the range 0.125-
0.157. Namely, interface traps can be created due to the 
dissociation of weak bonds at the interface by released 
holes and hydrogen ions [43, 44]. The portion of holes 
which is available for dissociation of weak bonds in the 
oxide, as well as for the reaction with hydrogen atoms 
(creation of ions) and dissociation of weak bonds at the 
interface is reduced for components stressed for 1 hour, 
due to a more pronounced capturing of the holes in the 
oxide.  

These small but notable differences may have the 
influence on the radiation response of embedded power 
transistors during the long time mission of satellites or 
electronics working in radiation environment. Therefore, 
the detailed analysis and further insight of underlying 
mechanisms may be of interest for elucidation of the 
effects that take place in the devices during the irradiation 
when they can be in the environment which can causes 
NBT instabilities, too.     
 

IV. CONCLUSION 
 

The effects of negative bias temperature stress and 
radiation in commercial p-channel power VDMOS 
transistors were investigated. In order to additionally 
elucidate the effects that take place in the p-channel power 
VDMOS transistors during irradiation after 1 hour and 
1 week of applied NBT stress, in this paper the relative 
contributions of gate oxide charge (Vot/VTH) and 
interface traps (Vit/VTH) to the threshold voltage shifts 
are presented and analyzed. Although radiation tolerance 
seems similar in both cases (after 1 hour and after 1 week 
of applied NBT stress) different contributions of Vot and 
Vit indicate that possible differences in electrochemical 
processes may have influences on the radiation response, 
what consequently can have influence on device 
reliability. It was found that in the case of irradiation 
without gate voltage the duration of the preirradiation 
NBT stress had a more pronounced impact on the radiation 
response of power VDMOS transistors than in the case of 
irradiation with gate voltage, and that the contribution of 
Vot plays a more pronounced role in transistors 
previously NBT stressed for 1 hour than in those stressed 
for 1 week. 
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Application of MISFETs for Irradiation Dose Rate 
Measurement 
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Abstract —We investigated the possibilities of using field-
effect transistors to measure the dose rate of ionizing radiation 
using the example of an n-channel MOSFET. There were 
measured the gate voltage of transistors as function of ionizing 
dose at const values of the drain current and the drain –source 
voltage for different dose rates, as well as the current–voltage 
characteristics before and after irradiations. On the basis of the 
proposed models, the sensitivity, errors, and range of radiation 
dose rate measurement are estimated. 
 

I. INTRODUCTION 
 

Field-effect transistors with a metal-insulator-
semiconductor structure (MISFETs) are used in electronic 
devices and systems as elements of integrated circuits 
(ICs), as well as sensitive elements (SE) of various 
sensors.  Studies of radiation effects in MISFETs have 
shown that with certain design and technological 
characteristics of transistors, they can be used as SE in 
ionizing radiation dose sensors. Studies of the 
characteristics of dose-metric MISFETs began in the 
1970s [1], [2] and continued all subsequent years (for 
example, [3]–[12]). MISFIT-based dosimeters have 
number of advantages over traditional dose-metric 
devices: immediate readout, permanent storage of doses, 
reasonable sensitivity, small size, robustness, and a good 
compatibility with ICs. So as SE they seem promising to 
develop the integrated dose-metric sensors, as well as 
embedded elements of other types of sensors and ICs to 
estimate degradations of its electrical characteristics under 
irradiation. These characteristics have encouraged the use 
of commercial MISFETs and special field-effect 
transistors (RADFETs) as dosimeters and dose-rate meters 
of ionizing radiation in space exploration and in medicine 
[2], [5] – [7].  

Both p-channel [3]–[7], and n-channel MISFETs [8]–
[10] as well as its circuit’s combinations were 
investigated. It was found that radiation sensitivity of 
sensors depend on electrical modes, structural and 
technological parameters of MISFETs. In recent years, we 
have researched n-channel MISFET as the dose-metric 
sensor at different electrical modes and temperatures from 
– 50 °С to 125 °С [10] – [12]. 

In addition to measuring the dose of ionizing 
radiation, the radiation dose rate is of practical interest in 
some cases. The aim of this work is to investigate the 
possibilities of application of n-channel MOSFET to 
measure the dose rate of ionizing radiation and to propose 
the models for interpreting and using the results obtained.   

 
II. BACKGROUND 

 
 The influence of ionizing radiation (electrons, X-

rays, γ-rays, protons and heavy ions) on devices based on 
the metal-insulator-semiconductor structures (MIS-
capacitors and field-effect transistors called as MISFETs) 
are being studied since 1960’ years (e.g., [13]–[16]). A 
great contribution to the modeling of radiation effects 
(RE) in MIS technologies was made by the researchers 
from the USA [17] – [23]. There are two basic directions 
in the developments of microelectronic technologies 
related to the effects of radiation on the characteristics of 
electronic components. The first one is the development of 
radiation-resistant ICs. The second one is the development 
of microelectronic devices to estimate radiation 
parameters in real time (e.g., total ionizing dose D; dose 
rate P = dD/dt; energies and fluencies of particles). 

Studies of the possibility of using MISFETs as sensor 
elements of dose-metric devices have shown as noted in 
Introduction that both p-channel and n-channel transistors 
can be used, as well as its circuit combinations. It was 
found that the basic dose radiation effect (RE) is the 
irreversible change of effective charge Qe in MIS-
structure, summarized effective charges Qt in an insulator 
and Qs in insulator-semiconductor interface. This effect 
results in the deformations of MISFETs’ I–V 
characteristics (CVC). On the one hand, this RE leads to 
degradation of characteristics of MISFET-based ICs. On 
the other hand, this RE is the physical basic of the MIS-
dosimeters and MIS-dose rate meters of ionizing radiation. 
Strictly speaking, the charge Qe changes are pseudo-
irreversible, since the so-called annealing of radiation 
effects occurs under the influence of temperature and 
electric fields [21] – [25]. 

Many people have a question: why did we study n-
channel transistors? The first reason is that, all other 
geometric parameters being equal, n-channel transistors 
have better electrical characteristics than p-channel 
transistors. The second reason is that at the boundary of 
the p-type silicon crystal with the orientation (100) and the 
SiO2 film obtained in dry oxygen at 1050-1100 °С, the 
minimum initial concentration of surface states is 
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observed. The third reason is the use of standard n-MOS 
technology in MEPhI for the development of integrated 
sensors of pressure, concentrations of gas molecules and 
ions in liquids. Since in some cases, semiconductor 
sensors and integrated circuits can operate at elevated 
radiation levels, it is advisable to use technologically 
compatible radiation-sensitive elements built into the 
chips to control the degradation of their characteristics. 
For example, under irradiation the integrated hydrogen 
sensor based on an n-channel MOSFET, errors associated 
with zero drift, and a decrease in sensitivity appear [26]. 
These errors can be taken into account in real time when 
using a dose-metric n-channel MOSFET built into the 
sensor chip.  

These reasons, and finally scientific interest, were the 
motivations for investigating the possibility of using an n-
channel transistor to measure the dose rate of ionizing 
radiation. 

 
III. THE ЕXPERIMENTAL ТECHNIQUE AND 

MOSFET’S CHARACTERIZATION 
 

The specialized measuring complex was used for 
experimental studies of MOSFETs’ radiation 
performances. The complex includes a thermostatic box 
for placing the samples and compact sources of ionizing 
radiation (X-rays, α- and β-radioactivity), as well as an 
automated measuring system shown in Fig.1.  

 

 
 

Fig. 1. The measuring system structure. 
 

MOSFETs with n-channel and Al-SiO2-Si structure 
were fabricated by means of conventional n-MOS 
technology on p-type silicon crystal with the orientation 
(100), and SiO2 film obtained in dry oxygen at  T ~ 1100 
°С. Chip photo and measuring circuit are presented in 
Fig. 2 and Fig. 3. 

 

 
 
Fig. 2. MOSFET’s chip (1–source pat; 2–gate pat; 3 – drain pat). 

 
 

Fig. 3. MOSFET’s measuring circuit.  
 

Firstly, nine sensors with similar initial parameters 
(differing in threshold voltage VT0 by no more than 10 %) 
were selected. The values of MOSFET’s parameters are 
presented in Table I. Transistors were divided into three 
groups for testing at dose rates 1.0 mGy/s, 10 mGy/s and 
100 mGy/s. Then at temperature 25 °C there were 
measured the dose dependences V(D) of transistors of 
each group at drain current ID = 1.0 mA and a voltage 
between the drain and the source VD= 0.1 V (Fig. 3), as 
well as the current–voltage characteristics (CVCs) before 
and after the X-ray irradiation session by 8 keV energy (as 
shown in Fig. 4 and Fig. 5). 

 
TABLE I 

AVERAGE VALUES (DISPERSIONS < 10% )  OF MOSFET’S 
PARAMETERS AND PARAMETERS USED IN MODELS 

 

 
 

Fig. 4. Time diagram of the experimental session for each 
sensor. 

Symbols Parameters Values 
d thickness of SiO2 160 nm 
ε0 vacuum dielectric constant 8.85×10– 12 F/m 
ε relative permittivity of  SiO2 4 
εs relative permittivity of Si 12 
С0 dielectric capacitance (ε0ε)/d   24 nF/cm2 

NA concentration of acceptors  10 16 cm –3 
L length of the channel  9 μm 
w width of the channel 5.0 mm 
b0 primary specific transconductance (5 – 8) mA/V2 

k Boltzmann constant 1.38×10–23  J/K 
T average operating chip temperature 300 K 
q electron charge 1.6×10– 19 C    
φbg band gap potential  1.1 V 
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observed. The third reason is the use of standard n-MOS 
technology in MEPhI for the development of integrated 
sensors of pressure, concentrations of gas molecules and 
ions in liquids. Since in some cases, semiconductor 
sensors and integrated circuits can operate at elevated 
radiation levels, it is advisable to use technologically 
compatible radiation-sensitive elements built into the 
chips to control the degradation of their characteristics. 
For example, under irradiation the integrated hydrogen 
sensor based on an n-channel MOSFET, errors associated 
with zero drift, and a decrease in sensitivity appear [26]. 
These errors can be taken into account in real time when 
using a dose-metric n-channel MOSFET built into the 
sensor chip.  

These reasons, and finally scientific interest, were the 
motivations for investigating the possibility of using an n-
channel transistor to measure the dose rate of ionizing 
radiation. 

 
III. THE ЕXPERIMENTAL ТECHNIQUE AND 

MOSFET’S CHARACTERIZATION 
 

The specialized measuring complex was used for 
experimental studies of MOSFETs’ radiation 
performances. The complex includes a thermostatic box 
for placing the samples and compact sources of ionizing 
radiation (X-rays, α- and β-radioactivity), as well as an 
automated measuring system shown in Fig.1.  

 

 
 

Fig. 1. The measuring system structure. 
 

MOSFETs with n-channel and Al-SiO2-Si structure 
were fabricated by means of conventional n-MOS 
technology on p-type silicon crystal with the orientation 
(100), and SiO2 film obtained in dry oxygen at  T ~ 1100 
°С. Chip photo and measuring circuit are presented in 
Fig. 2 and Fig. 3. 

 

 
 
Fig. 2. MOSFET’s chip (1–source pat; 2–gate pat; 3 – drain pat). 

 
 

Fig. 3. MOSFET’s measuring circuit.  
 

Firstly, nine sensors with similar initial parameters 
(differing in threshold voltage VT0 by no more than 10 %) 
were selected. The values of MOSFET’s parameters are 
presented in Table I. Transistors were divided into three 
groups for testing at dose rates 1.0 mGy/s, 10 mGy/s and 
100 mGy/s. Then at temperature 25 °C there were 
measured the dose dependences V(D) of transistors of 
each group at drain current ID = 1.0 mA and a voltage 
between the drain and the source VD= 0.1 V (Fig. 3), as 
well as the current–voltage characteristics (CVCs) before 
and after the X-ray irradiation session by 8 keV energy (as 
shown in Fig. 4 and Fig. 5). 

 
TABLE I 

AVERAGE VALUES (DISPERSIONS < 10% )  OF MOSFET’S 
PARAMETERS AND PARAMETERS USED IN MODELS 

 

 
 

Fig. 4. Time diagram of the experimental session for each 
sensor. 

Symbols Parameters Values 
d thickness of SiO2 160 nm 
ε0 vacuum dielectric constant 8.85×10– 12 F/m 
ε relative permittivity of  SiO2 4 
εs relative permittivity of Si 12 
С0 dielectric capacitance (ε0ε)/d   24 nF/cm2 

NA concentration of acceptors  10 16 cm –3 
L length of the channel  9 μm 
w width of the channel 5.0 mm 
b0 primary specific transconductance (5 – 8) mA/V2 

k Boltzmann constant 1.38×10–23  J/K 
T average operating chip temperature 300 K 
q electron charge 1.6×10– 19 C    
φbg band gap potential  1.1 V 

(q·φms) Al–Si work functions difference – 0.95 eV 
φТ thermal potential (kT/q)  at 300K 26 mV 
φs0 φТ ln(NA/ni) at T being equal to 300 K  0.36 V 
a (2q·εsε0NA)0.5/C0 2.42 V 0.5 

Nss traps density in SiO2-Si interface 1010…1012 cm –2 
γ   (q·Nss)/(C0·φbg)        5×10–12 ·Nss 

VТ0 primary threshold voltage at  300 K – 1.26 V 

 
 

Fig.5. The time chart of irradiation i-cycle: during of irradiation 
(from t3 to t4), the voltage V decreases as V i  = V i0  – ΔV i (Pk × t). 

 
TABLE II 

TIMES OF EACH IRRADIATION I –CYCLE 
 

Time The name of moment Value, s 
t0 Start of cycle – Setting up modes 0.0 
t1 Start of CVC measurement 10.0 
t2 Finish of CVC measurement 30.0 
t3 Start of irradiation 40.0 
t4 Finish of irradiation 90.0 
t5 Start of CVC measurement 100.0 
t6 Finish of CVC measurement 120.0 
t7 Finish of  cycle 180.0 
τ Irradiation time 50.0 
τR Relaxation time  is (t7 – t6) 60.0 

 
IV. THE EXPERIMENTAL RESULTS AND 

MODELING 
 

Experimental dependences ΔVki (nk) at various dose 
rates Pk are presented in Fig. 6. The symbols k, i, and n 
respectively indicate the sensor group number, the 
irradiation cycle number, and the number of cycles.  
 

 
 
Fig. 6.The values of lg(ΔVki) vs. D at dose rates Pk: 1.0 mGy/s 
(1); 10 mGy/s (2); 100 mGy/s (3). The markers mark the points 
corresponding to the i-cycles. 
 

Studies of dose dependences ΔV(D) of n-channel 
MOSFETs [12] have shown that radiation sensitivity S 
being equal to |dV/dD| depends non-linearly on the dose 

D. The maximum sensitivity SM about 50 mV/Gy is 
observed in the low-dose region, and the threshold of the 
dose sensitivity D0 is 20 mGy. The function ΔV(D) is non-
monotonic and has local extremum at doses (50 … 
60) Gy, at which the radiation sensitivity is zero. The 
presence positive and negative radiation sensitivities are a 
feature of n-channel MOSFET under study.  

To interpret the experimental results and to estimate 
the sensitivity, errors, and ranges of radiation dose rate 
measurement there were proposed the following models of 
functions ΔV(D), S(D), P(D), S(P) and SP: 
 

ΔV (D) = VtМ [1– exp(–k1D)] – VsM [1– exp(–k2D)], (1) 
S(D)  = |k2 ΔVsM × exp(– k2D) – k1 ΔVtM × exp(– k1D)|, (2) 

P(D) = ΔV(D) /[S(D)×τ] ,   D =  Pk·τ·i  ,           (3) 
S(P) = SM – P×(α·τ·i + β) = ΔV /(P×τ),  (for D < 8 Gy) (4) 

SP  = |dV/dP| = S(i)×τ,                          (5) 
 

where averaged values of models’ parameters were 
determined from the experimental dependences ΔV(D) 
and CVC(D) as in [10]–[12], and are presented in Table III.  

The parameters VtМ and VsM correspond to the 
maximum changes of charges in the dielectric Qt and in 
the SiO2–Si interface Qs. The parameters k1 and k2 
determine the kinetics of changes in these charges. Note 
that the CVC measurements allow to separate the 
contributions of charges Qt and Qs to the dose 
characteristics MOSFET and more accurately determine 
the model parameters.  
 

TABLE III 
PARAMETERS OF RADIATION SENSITIVITY MODELS OF MOSFET 

 

k  VtМ, V VsM,V k1, 
10–2 Gy-1 

k2, 
   10–2 Gy-1 

 SM, 
mV/Gy 

 1 2.3    4.4 2.8 0.30  51 
 2 2.2    4.4 2.8 0.30  50 
 3 1.9    4.5 3.0 0.33  41 

 
The values of P vs. ΔV (calibration curves) being 

solutions to Eq. (4) at different i are shown in Fig. 7. 
Parameters α, β, and τ are equal 2 mV/Gy2, 100 
mV·s/Gy2, and 50 s respectively. [P] is Gy/s. 
 

 
 

Fig. 7. The values of P vs. ΔV. 
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The P and ΔV values decrease as the number of i 
measurements increases, from 120 mGy/s and 156 mV to 
0.8 mGy/s and 1 mV, respectively. According to (3), the 
relative error δP being equal to (ΔP/P)×100% is the sum 
the relative errors δV, δτ, and δS of measuring voltage ΔV, 
time τ, and sensitivity S. The minimum instrumental errors 
δV and δτ are 2.6% and 2%. The error δS increases with 
the number of measurements i and depends on 
temperature fluctuations, fluctuations in the parameters of 
electrical modes, and the dispersions of the measured 
voltages when averaging them for sensor’s group. For 
large values of i (about 300), the errors values of δS and 
δP can reach 18% and 22% respectively. The range of 
radiation dose rate measurement is determined by the dose 
rate threshold P0 and value of Pmax:  
 

P0 = ΔVV /(SM × τ);  Pmax = ΔV(i =1)/[S(i =1)×τ];      (6) 
 
where ΔVV is absolute error of measuring voltage ΔV. The 
model errors associated with the approximation of 
experimental data do not exceed 4% [27]. 

According to (5) and (6), the maximum dose rate 
sensitivity SPM, values of P0, Pmax, and δP are 2.5 
(V·s)/Gy, 0.4 mGy/s, 120 mGy/s, and (5…22)% 
respectively, when ΔVV is 1 mV and τ is 50 s.  
 

V. CONCLUSION 
 

It is shown how, in a limited range of ionizing 
radiation doses D (from 20 mGy to 8 Gy), MOSFET can 
be used to measure the dose rate P using the example of 
an n-channel transistor. Despite the fact that, in principle, 
a range of large doses (D > 60 Gy) can be used for 
measurements, but in practice it is more expedient to use a 
region of small doses, in which the radiation sensitivity is 
higher and the errors are lower.  

Models of radiation sensitivity and errors were 
proposed to interpret obtained results taking into account 
the contributions to the radiation sensitivity of charges in 
the dielectric and at its interface with the semiconductor. 
The proposed method for measuring the dose rate of 
ionizing radiation can be used in devices based on other 
types of both n-channel and p-channel MISFETs. When 
using specific MISFET to measure the dose rate of 
ionizing radiation, preliminary tests of a group of samples 
of this series of transistors will be required according to 
the method proposed in this paper. 
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The P and ΔV values decrease as the number of i 
measurements increases, from 120 mGy/s and 156 mV to 
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time τ, and sensitivity S. The minimum instrumental errors 
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temperature fluctuations, fluctuations in the parameters of 
electrical modes, and the dispersions of the measured 
voltages when averaging them for sensor’s group. For 
large values of i (about 300), the errors values of δS and 
δP can reach 18% and 22% respectively. The range of 
radiation dose rate measurement is determined by the dose 
rate threshold P0 and value of Pmax:  
 

P0 = ΔVV /(SM × τ);  Pmax = ΔV(i =1)/[S(i =1)×τ];      (6) 
 
where ΔVV is absolute error of measuring voltage ΔV. The 
model errors associated with the approximation of 
experimental data do not exceed 4% [27]. 

According to (5) and (6), the maximum dose rate 
sensitivity SPM, values of P0, Pmax, and δP are 2.5 
(V·s)/Gy, 0.4 mGy/s, 120 mGy/s, and (5…22)% 
respectively, when ΔVV is 1 mV and τ is 50 s.  
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It is shown how, in a limited range of ionizing 
radiation doses D (from 20 mGy to 8 Gy), MOSFET can 
be used to measure the dose rate P using the example of 
an n-channel transistor. Despite the fact that, in principle, 
a range of large doses (D > 60 Gy) can be used for 
measurements, but in practice it is more expedient to use a 
region of small doses, in which the radiation sensitivity is 
higher and the errors are lower.  

Models of radiation sensitivity and errors were 
proposed to interpret obtained results taking into account 
the contributions to the radiation sensitivity of charges in 
the dielectric and at its interface with the semiconductor. 
The proposed method for measuring the dose rate of 
ionizing radiation can be used in devices based on other 
types of both n-channel and p-channel MISFETs. When 
using specific MISFET to measure the dose rate of 
ionizing radiation, preliminary tests of a group of samples 
of this series of transistors will be required according to 
the method proposed in this paper. 

 
ACKNOWLEDGEMENT 

 
The authors thank the management, graduate students 

and students of the Department of Micro-and 
Nanoelectronics of NRNU MEPhI, who took part in the 
experimental studies of MISFETs.  

This work was supported by the MEPhI Academic 
Excellence Project (contract No. 02.a03.21.0005, 
27.08.2013).  

REFERENCES 
  
[1] A. Holmes-Siedle, “The space charge dosimeter – general 

principles a new method of radiation dosimetry”. Nucl. 
Instrm. Methods, 1974, vol. 121, pp. 169-179. 

[2] L. Adams and A. Holmes-Siedle, “The Development of an 
MOS Dosimetry Unit for Use in Space”, IEEE Trans. Nucl. 
Sci., 1978, vol. 25, 1607-1612,

[3] A. Holmes-Siedle and L. Adams, “RADFET: A review of the 
use of metal-oxide-silicon devices as integrating 
dosimeters”, Radiat. Phys. Chem., 1986, vol. 28, pp. 235–244. 

[4] G. Ristic, S. Golubovic, and M. Pejovic, “pMOS transistors 
for dosimetric application”, Electron. Lett., 1993, vol. 29, 
no. 18, pp. 1644-1646. 

[5] D. Moreno, R. Hughes, M. Jenkins, and C. Drumm, “A 
simple ionizing radiation spectrometer/dosimeter based on 
radiation sensing field effect transistors (RadFETs)”. 
SAND97-0255C, Sandia National Laboratories, 
Albuquerque, NM, pp. 26-28, 1997. 

[6] A. Rosenfeld, M. Lerch, Т. Kron, E. Brauer-Krisch, 
A.Bravin, A. Holmes-Siedle, and В. Allen, “Feasibility 
study of online high spatial resolution MOSFET dosimetry 
in static and pulsed x-ray radiation fields”, IEEE Trans. 
Nucl. Sci., 2001, vol. 48, pp. 2061-2067. 

[7] Т. Cheung, M. Butson, and Р. Yu, “MOSFET dosimetry 
in-vivo at superficial and orthovoltage x-ray energies”, 
Australas. Phys. Eng. Sci. Med., 2003, vol. 26, pp. 82-84. 

[8] A. Haran, M. Murat, and J. Barak, “Charge Yield and Track 
Structure Effects on Total Ionizing Dose Measurements”, 
IEEE Trans. Nucl. Sci., 2008, vol. 55, pp. 2098-2105. 

[9] M. Pejovic, “P-channel MOSFET as a sensor and dosimeter 
of ionizing radiation”, Facta Universitatis, Series: 
Electronics and Energetics, 2016, vol. 29, pp. 509-541. 

[10] B. Podlepetsky and Yu. Sukhoroslova, “Influence of 
Electrical Modes on Sensitivity of MISFET Ionizing 
Radiation Dose Sensors”, Procedia Eng., 2016, vol. 168, 
pp. 741-744. 

[11] V. Felitsyn, B. Podlepetsky, A. Bakerenkov, A. Rodin, and 
Yu. Sukhoroslova, “Temperature Influence on the TID 
effects in RadFETs”, in Proc. of the 30th International 
Conference on Microelectronics (MIEL), 2017, pp. 167–169. 

[12] B. Podlepetsky, V. Pershenkov, A. Bakerenkov, V. Felitsyn, 
and A. Rodin, “Effect of temperature and electrical modes 
on radiation sensitivity of MISFET dose sensors”, 
Proceedings 2018, vol. 2, p. 954. 

[13] D. R. Collins and C. T. Sah, “Effects of X-rays on 
Characteristics of MOS Structures”, Appl. Physics Letters, 
1966, no. 8, pp. 124-128. 

[14] K. H. Zaininger, “Electron Bombardment of MOS 
Capacitors”, Appl. Physics Lett., 1996, no 8, pp. 140–144. 

[15] E.H. Snow, A.S. Grove, and Fitzgerald D.G., “Effect of 
Ionizing Radiation on Oxidized Silicon Surfaces and Planar 
Devices”, Proc. IEEE, vol. 55, pp. 1168, 1967. 

[16] J. P. Mitchell, “Radiation-Induced Space-Charge Buildup in 
MOS Structures”, IEEE Trans. Electron Devices, 1967, vol. 
ED-14, pp. 764-774. 

[17] T. R. Oldham, “Analysis of damage in MOS devices for 
several radiation environments”, IEEE Trans. Nucl. Sci., 
1984, vol. NS-31, p. 1236. 

[18] D. M. Fleetwood, D. E. Beutler, L. J. Lorence, D. B. Brown, 
B. L., Draper, L. C. Riewe, H. B. Rosenstock, and D. P. 
Knott, "Comparison of enhanced device response and 

predicted X-ray dose enhancement effects in MOS oxides," 
IEEE Trans. Nucl. Sci., 1988, vol. 35, p. 1265. 

[19] Ionizing radiation effects in MOS devices and circuits, 
edited by T.P. Ma and P.V. Dressendorfer, Willey & Sons, 
New York, 1989. 

[20] D. M. Fleetwood, “Border traps in MOS devices”, IEEE 
Trans. Nucl. Sci., 1992, vol. 39, p. 269. 

[21] D. Fleetwood, W. Warren, J. Schwank, P. Winokur, 
M. Shaneyfelt, and L. Riewe, “Effects of interface traps and 
border traps on MOS post-irradiation annealing response”, 
IEEE Trans. Nucl. Sci., 1995, vol. 42, p. 1698. 

[22] T. R. Oldham, “Total Ionizing Dose Effects in MOS Oxides 
and Devices”, IEEE Trans. Nucl. Sci., 2003, vol. 50,     
pp. 483–499. 

[23] I. Esqueda, H. Barnaby, and M. King, “Compact modeling 
of Total Ionizing Dose and Aging Effects in MOS 

Technologies”, IEEE Trans. Nucl. Sci., 2015, vol. 62, no. 4, 
pp. 1501-1515. 

[24] S. Djoric-Veljkovic, I. Manic, V. Davidovic, D. Dankovic, 
S. Golubovic, and N. Stojadinovic, “The comparison of 
gamma-radiation and electrical stress influences on oxide 
and interface defects in power VDMOSFET”, Nucl. 
Technol. Radiat. Prot., 2013, vol. 28, no. 4, pp. 406-414.  

[25] D. Dankovic, I. Manic, A. Prijić, V. Davidovic, et. al., “A 
review of pulsed NBTI in P-channel power VDMOSFETs”, 
Micr. Reliab., 2018, vol. 82, pp. 28-36. 

[26] B. I. Podlepetsky, “Total Ionizing Dose Effects in Hydrogen 
Sensors based on MISFET,” IEEE Trans. Nucl. Sci., 2016, 
vol. 63, no. 4, pp. 2095-2105. 

[27] B. Podlepetsky, “Accuracy Errors of Modeling of MIS 
Transistor Sensor Elements”, Automat. Remote Control, 
2020, vol. 81, pp.1911-1928. 

 





357

Evaluation of Organic Light-Emitting Diodes Total 
Ionizing Dose Sensitivity in Temperature Range 

 
R. K. Mozhaev, A. A. Pechenkin, D. S. Ukolov, A. V. Ulanova, and 

A. Yu. Nikiforov  
 
 

Abstract – The paper presents the comparative results of 
spectrum degradation organic light-emitting diode with different 
dominant wavelengths. The diodes were exposed with stationary 
gamma-irradiation at room and low temperatures. The research 
has shown moderate degradation of the light-emission spectrum 
when exposed at room temperature and significant degradation at 
low temperature. The greatest deterioration in the optical 
parameters was observed for organic light-emitting diodes with 
blue and white light emission color. 
 

I. INTRODUCTION 
 

Displays are an important part of modern systems, 
including avionics systems and for manned spacecraft, as 
these devices provide the crew a clear depiction of all 
condition aspects of a vehicle, for example, the navigation 
system. The modern solution is multifunctional displays 
that provide switchable visual control and, optionally, 
direct sensor control of systems. Significant advances in 
organic light-emitting diode (OLED) displays over LCD 
technology provide revolutionary advances in commercial 
and special electronics with wide viewing angles, superior 
color gamut and contrast ratios, and low response times [1]. 

The application potential in a special industry imposes 
certain requirements for radiation resistance on products. In 
this work, we study the resistance of 4 organic light-
emitting diodes types of gamma exposure at room and low 
temperatures. The research has shown that, in comparison 
with traditional semiconductor emitting structures, OLEDs 
exhibit a high susceptibility to ionizing radiation at low 
temperatures. 

 
II. DEVICE UNDER TEST 

 
The subjects of the research were light-emitting 

diodes based on organic structures with 4 main 
luminescence colors: red, green, blue, white. The LEDs are 
manufactured on a single technological basis. 

The OLED structure includes organic materials, such 
as a conductive polymer layer (polyaniline PANI: PSS, 

polyethylene dioxythiophene PEDOT: PSS) and an 
emission polymer layer (Polyogenylenevinylene R-PPV, 
Polyfluorene PF) between the anode and cathode of the 
diode. By synthesizing various structures, a variation of the 
luminescence colors can be achieved. The manufacturing 
cost of these structures is less expensive than the 
manufacture of common light-emitting semiconductor 
structures because fewer vacuum deposition steps are 
required and these materials are compatible with printing 
methods, which reduces the cost of full-color versions [2]. 
The efficiency of an OLED device is defined as the ratio 
between the electrical power entering the device to the 
optical power exiting through the glass substrate [3]. In our 
case, we used OLED with vertical light emission with 
transparent substrate. The thicknesses of the layers (metal 
backing, organic layers, transparent lid) relate to each other 
as 3: 2: 3. 
 

III. RESULTS 
 

Radiation resistance studies were carried out using a 
Co60 isotope source with a dose intensity of 1 Gy/s [4, 5] 
using a modified complex shown in [6]. To simplify the 
dosimetry technique, the value of the absorbed dose was 
calculated for silicon. During irradiation, the samples were 
kept in a thermobox and cooled with dry ice. Figure 1 gives 
a view of a sample’s connection scheme during exposure, 
where 1 - rods with the Co60 isotope, 2 - OLEDs fixed in 
the box on the plate with a luminous area directed outward 
through the holes in the box, 3 - a tank with dry ice 
adjacent to the plate, 4 - radiation-protective shield, 5 - 
programmable power supply. 
 

 
 

Fig 1. OLED connection diagram during irradiation. 
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During irradiation at low temperature regime, the 
temperature was maintained in the thermobox (parts 2 and 
3) at -55±5°C. Before irradiation, the samples were kept at 
a low temperature for an hour.  S100 spectrometer with a 
fiber outlet was connected to the exit window of the box 
using a flange to control the spectral characteristics before 
and after the exposure. The optical light input channel of 
the spectrometer was fixed at a constant distance one by 
one above each sample. The following illustrations show 
the change in the luminescence spectrum - intensity 
distribution (Y-axis) in absolute units by wavelength 
(X-axis) in nanometers. During the exposure, the OLED 
samples were operating at a forward current of 20 mA. 

In contrast to traditional semiconductor light emitters, 
which typically exhibit high levels of radiation resistance 
[4] to dose exposure, including at low temperatures, 
organic LEDs significantly degrade when exposed to doses 
at low temperatures. Let's take a closer look at each OLED 
color sample. 

Specimen of green luminescence was practically 
unchanged when exposed to ionizing radiation of 4500 Gy 
at room temperature (Figure 2a). The shift was beneath 5%. 

 

 
 
Fig. 2a. Green OLED spectrum before and after gamma exposure 
(4500 Gy) at room temperature. 
 

When exposed to ionizing radiation at low 
temperature, a 10 %decrease in intensity in the region of 
the spectral maximum was observed (Figure 2b). 
 

 
 

Fig. 2b. Green OLED spectrum before and after gamma exposure 
(4500 Gy) at low temperature. 

The red samples also demonstrated significant 
resistance to ionizing effects at room temperature 
(Figure 3a). 
 

 
 
Fig. 3a. Red OLED spectrum before and after gamma exposure 
(4500 Gy) at room temperature. 
 

However, at low temperatures, the decrease in the 
luminous intensity in the region of the spectral maximum 
was about 40% of the value measured before the onset of 
exposure (Figure 3b). 
 

 
 

Fig. 3b. Red OLED spectrum before and after gamma exposure 
(4500 Gy) at low temperature. 
 

OLEDs with other light-emitting colors are not so 
great. The luminous intensity of a blue-colored sample 
under irradiation at room temperature to levels of 4500 Gy 
decreased by about 30% (Figure 4a). At the same time, 
when the samples were exposed to radiation at low 
temperature, a decrease in the glow intensity by about 65% 
was observed at the level of the absorbed dose of 4500 Gy 
(Figure 4b). The degradation of the blue color OLED 
luminescence intensity turned out to be the most significant 
among the other varieties and, as will be indicated below, 
will affect the parameters of other light sources, which 
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great. The luminous intensity of a blue-colored sample 
under irradiation at room temperature to levels of 4500 Gy 
decreased by about 30% (Figure 4a). At the same time, 
when the samples were exposed to radiation at low 
temperature, a decrease in the glow intensity by about 65% 
was observed at the level of the absorbed dose of 4500 Gy 
(Figure 4b). The degradation of the blue color OLED 
luminescence intensity turned out to be the most significant 
among the other varieties and, as will be indicated below, 
will affect the parameters of other light sources, which 

include a material that determines the luminescence with 
spectral maxima in the blue region. 
 

 
 
Fig. 4a. Blue OLED spectrum before and after gamma exposure 
(4500 Gy) at room temperature. 
 

 
 
Fig. 4b. Blue OLED spectrum before and after gamma exposure 
(4500 Gy) at low temperature. 
 

Figure 5a shows the irradiation results of white OLED 
at room temperature. One of the features of organic light 
emitters is their wide luminescence spectrum. By 
combining several organic light emitter layers and 
materials with different emission colors, it is possible to 
generate light that spreads over the entire visible spectral 
range, thus having an excellent color rendering index 
(CRI), that is, the ability to reproduce the color of 
illuminated objects [7]. 

The exposure gave some interesting results. Upon 
reaching the accumulated dose level of 4500 Gy at room 
temperature, the change in the glow intensity level reached 
approximately 10% (Figure 5a). 

However, after irradiation at a low temperature, a 50% 
and 35% decrease in peaks at a level of 2400 Gy was 
observed. At the 4500 Gy level, the downturn in intensity 
was 75% and 65% respectively (Figure 5b). The 
spectrogram shows that the decrease in the second peak in 

the red luminescence region was smoother than the blue 
one, which indicates a different rate of degradation of 
polymer materials that make up the white OLED and leads 
to a shift in the color scheme. 
 

 
 
Fig. 5a. White OLED spectrum before and after gamma exposure 
(4500 Gy) at room temperature. 
 

 
 
Fig. 5b. White OLED spectrum before and after gamma exposure 
(4500 Gy) at low temperature. 
 

No shifts or the appearance of new spectral lines were 
observed. After storage for a day at room temperature, the 
spectral intensity of all OLEDs remained unchanged. 
 

IV. DISCUSSION 
 

One of the known degradation mechanisms of 
parameters is internal heating or heating of layers [8]; 
however, in our case, the devices at room temperature 
demonstrated a better result than at a lower temperature. It 
may seem that the problem is in the possible presence of 
moisture during cooling, but if such degradation took place, 
then this, firstly, would be noticed even before irradiation 
during exposure. Secondly, since all samples have an 
identical design and were in a compact volume, the leakage 
and destruction of the layers should have been 
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approximately the same, respectively, all types had to 
change by comparable values. In our case, the OLED with 
green luminescence is practically unchanged, the red one 
with insignificant shift, and white with noticeable 
deterioration, due to the degradation of the components that 
provide the blue glow. 

It is a known fact that exposure to ionizing radiation 
accelerates the aging process [9] of the material and 
reduces the mean time between failure (MTBF). Judging 
by [10], the lifetime for which the brightness level 
decreases by 50% for blue OLEDs can be 2-5 orders of 
magnitude lower than for red and green ones. This suggests 
that we observed accelerated aging of the blue glow 
material, which was also noticeable in the spectrum of the 
white LED. Due to the complexity of the molecular 
composition, it is not yet possible to unambiguously 
determine the cause of accelerated aging at low 
temperatures. 

 
V. CONCLUSION 

 
Despite the favorable response rates compared to 

LCDs, OLED emitters, in contrast to traditional 
semiconductor emitters, are significantly susceptible to 
dose exposure. The levels of ionization exposure to which 
the samples were tested significantly exceed the typical 
total ionizing absorbed dose radiation hardness levels of 
microelectronic components surrounding the display. 
However, in the course of the work, unexpected results 
appeared under the dose exposure. This is most pronounced 
when irradiated in a critical condition - low temperature. In 
this case, the greatest degradation is observed in white and 
blue LEDs. The issue of degradation of OLED parameters 
is fundamental one and requires detailed material science 
research and further investigation. Organic electronic 
components are evolving, and it is essential to consider 
their behavior in harsh environments. 
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Abstract - A possible influence of location of the effective 
Fermi level in the forbidden gap of the surface base region on dose 
rate sensitivity of bipolar integrated circuits was described. Also, it 
is shown, that the position of the effective Fermi level leads to 
different behavior of bipolar devices during post-irradiation 
annealing at enhanced temperature. Experimental tests on dose rate 
sensitive devices were provided and discussed. 
 

I. INTRODUCTION 
 

Radiation degradation of bipolar integrated circuits 
(IC) can depend on the dose rate of ionizing radiation. 
Therefore, an excess of electrical parameters of bipolar 
devices which operate on space electronic systems may be 
significantly more or less than one which is observed under 
tests on Earth. This may happen due to the fact that the 
radiation dose rate during radiation tests usually is many 
times higher than the dose rate, which space electronics is 
subjected to. So, bipolar devices under test (DUTs) can 
demonstrate enhanced or reduced degradation at low dose 
rate[1-3], i.e. enhanced low dose rate sensitivity (ELDRS) 
or reduced low dose rate sensitivity (RLDRS). These effects 
complicate estimation of radiation hardness of ICs during 
laboratory tests. Also, it can lead to incorrect selection of 
these devices for space applications, if selection technique 
doesn't take into account dose rate effects or does it 
insufficiently. 

This work focused on how could be bipolar ICs divided 
into ELDRS and RLDRS devices. Possible physical 
mechanism of dose rate effects in bipolar devices is 
discussed as well. 
 

II. QUALITATIVE ANALYSIS 
 
Density of the surface recombination current Is, which 

is responsible for a radiation degradation of the n-p-n 
transistor base current Ib in space environment, depends on 
the concentration of interface traps and the surface potential 
on interface screen oxide-base region along emitter junction 
perimeter [4]: Qualitatively: 

 

 

IS = qvth[σitNit] (ni
2

Na
eφS φT⁄ ) eVeb φT⁄                    (1) 

 
where q is the electronic charge; vth is the thermal velocity; 
σit is the capture cross section of surface traps; Nit is the 
concentration surface traps; ni is the intrinsic carrier 
concentration; Na is the acceptor concentration in p-base 
region; φs is the surface potential; φT=kT/q is the thermal 
potential; k is the Boltzmann constant; Veb is emitter-base 
voltage. 

The product σitNit in first round parenthesis determines 
the surface recombination on surface traps Nit with the cross 
section σit. The capture cross section of traps is function of 
the location of the effective Fermi level in base region. The 
second round parenthesis determines the concentration of 
the injected into p-base region carriers near the boundary 
with emitter, which depends on the surface potential φs.  

The difference of RLDRS and ELDRS devices consist 
in a location of the effective Fermi level in base region 
relatively of the radiation-induced surface traps in the silicon 
forbidden gap. We consider that in the top half the interface 
traps act as acceptors, while in the bottom half they act as 
donors.  

At small concentration Na the effective Fermi level is 
located near of the middle of forbidden gap. In this case the 
acceptor-like taps are empty or neutral and their capture 
cross section equals approximately 10-15 cm-2 the order of 
atomic dimensions. The donor-like traps below Fermi level 
in the bottom half of the forbidden gap are filled or neutral and 
their capture cross section is near 10-15 cm-2 too. Therefore the 
contribution of recombination on the surface (acceptor and 
donor) traps (first round parenthesis) is relatively small.  

As the part of non annealed positive oxide charge 
increases with the increasing of the dose rate (the reducing 
of the irradiation time), the surface potential φs increases. It 
leads to the increasing of the excess base current (second 
round parenthesis). Qualitatively it is explained by that: a 
greater positive charge attracts the injected electrons to the 
surface that leads to increasing of the recombination rate. In 
this case the devices act as devices with Reduced Low Dose 
Rate Degradation (RLDRS) (Fig.1). During annealing the 
oxide positive charge is decreases and the excess base 
current reduces (Fig.1). The RLDRS case corresponds to a 
low level of p-base doping or a large value of the initial 
positive trapped charge in screen oxide. This positive charge 
shifts the energy level of the donor-like traps below the 
effective Fermi level. 
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Fig. 1. Behavior of ELDRS and RLDRS devices. This qualitative 
graph divided into the left and right parts by vertical dash line. The 
left part demonstrates the dependence of excess base ∆Ib current 
on dose rate γ and the right part shows post-irradiation annealing 
of ∆Ib on time t. 

 
If doping level of the surface region of the base region 

is high (it can be connected with technological feature of the 
manufacturing process or the small value of the initial oxide 
positive charge in screen oxide above base), the effective 
Fermi level locates near valence band. In that case the part 
of the donor-like traps is situated above the effective Fermi 
level and empty. The empty donor-like traps are positive 
charged and their capture cross section essential increases to 
10-13 - 10-14 cm2 due to the columbic interaction with injected 
to base minority carriers. At that the increasing of the surface 
potential plays secondary role. The increasing of the dose 
rate (decreasing the total irradiation time) leads to reducing 
of the value non annealed positive charge and decreasing of 
the surface states buildup [5]. It leads to reducing the excess 
base current (Fig.1). During the post irradiation annealing 
the additional conversion of positive charge to interface 
traps leads to increasing of the surface recombination 
(Fig.1). 

As follows from Fig.1 the principle distinguish ELDRS 
and RLDRS devices consist on different behavior during 
post irradiation annealing: for ELDRS devices the excess 
base current increases (∆+) but for RLDRS devices the 
excess base current decreases (∆–) on annealing stage. 

 
III. EXPERIMENTAL DETAILS AND RESULTS 

 
LM111J-8 and LM111JG bipolar voltage comparators 

in ceramic dip cases, manufactured by Texas Instruments, 
were chosen for irradiation tests. The inverting and non-
inverting inputs of these operational amplifiers are bases of 
BJTs. Three samples of each type of voltage comparators  
were irradiated by Co-60 source at room temperature and 
two different dose rates: 10 rad(Si)/s and 0.003 rad(Si)/s. 
The dependences of non-inverting input current on total dose 
are presented in Fig.2 and Fig.3. It can be seen from the Fig.2 

that LM111JG comparator demonstrates enhanced low dose 
rate sensitivity while LM111J-8 doesn't show dose rate 
effects. 

 

 
 
Fig. 2. Dependence of non-inverting input current of LM111JG 
on total dose at two different dose rates. 
 

 
 

Fig. 3. Dependence of non-inverting input current of LM111J-8 on 
total dose at two different dose rates. 

 
After that another experiment was provided. Three 

samples of each type of voltage comparators were irradiated 
by X-ray source with copper anode (8 keV energy) at room 
temperature and 10 rad(Si)/s dose rate. Ceramic lids were 
removed for X-rays access. There were five irradiation total 
dose levels: 4 krad(Si), 12 krad(Si), 27 krad(Si), 57 krad(Si), 
117 krad(Si). Post-irradiation annealing was provided after 
each total dose level at 100 oC. Each stage of annealing 
lasted until no significant changes in the non-inverted input 
current were observed. The results of this experiment are 
presented in Fig.4 and Fig.5. 
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Fig. 4 shows that non-inverting input current increases 
after irradiation at 100 oC for LM111JG (ELDRS) and Fig.5 
demonstrates that non-inverting input current decreases after 
irradiation at 100 oC for LM111J-8 (RLDRS). So, it allows 
to conclude that ELDRS and RLDRS devices consist on 
different behavior during post irradiation annealing: for 
ELDRS devices the excess base current increases while for 
RLDRS devices the excess base current decreases on 
annealing stage. 

 

 
 
Fig. 4. Dependence of non-inverting input current of LM111JG on 
total dose: roman numeral in a circle represents a number of post-
irradiation annealing. 
 

 
 

Fig. 5. Dependence of non-inverting input current of LM111J-8 on 
total dose: roman numeral in a circle represents a number of post-
irradiation annealing. 

IV. CONCLUSION 
 

This work describes the physical mechanism of 
radiation degradation of ELDRS and RLDRS bipolar 
devices at different radiation dose rates. The main difference 
between these types of devices is the position of the effective 
Fermi level in the base region of the bipolar structure. It was 
experimentally shown that bipolar ICs can be separated into 
these types by post-irradiation annealing tests. 
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Technique for Numerical Simulation of Post-irradiation 
Annealing Including Temperature Drift of Electrical 

Parameters of Devices under Test 
 

A. S. Bakerenkov, A. S. Rodin, V. A. Felitsyn, V. S. Pershenkov, and A. I. Zhukov 
 
 

Abstract – Dependences of LM111 voltage comparator input 
current on time during post-radiation annealing are investigated. 
The technique based on the Gummel-Poon model of a bipolar 
transistor for numerical simulation of the annealing process, 
taking into account the temperature drift of the radiation-sensitive 
parameter is presented. 
 

I. INTRODUCTION 
 

Integrated circuits (ICs) are widely used in different 
electronic systems proposed for operation in space 
environment under ionizing radiation impact. Radiation 
belts of the Earth is main factor of radiation damage of 
semiconductor electronic devices connected with total 
ionizing dose effects. 

Dose rate in radiation belts depends on solar activity 
directly. When solar activity is high electronic devices 
accumulate total ionizing dose that lead to degradation of 
radiation sensitive electrical parameters of ICs. Usually 
only limited region of the orbit crosses a radiation belt. In 
another section of the orbit dose rate is approximately zero 
and we observe annealing of accumulated radiation defects. 
During this annealing process the temperature of the device 
can be different. It depends on external and internal heating 
and cooling factors, such as electrical self-heating, solar 
heating impact or power dissipation to space environment. 

 The most active annealing with recovery effect 
usually can be observed at high temperatures up to 1000C 
[1-3]. Nevertheless it is known that annealing can lead to 
additional degradation after irradiation [4]. 

Annealing process has significant impact on operation 
lifetime of electronic devices in space environment. The 
significance of the annealing depends on actual orbit 
configuration. Numerical simulation of electrical 
parameters of ICs for specified orbit can significantly 
improve accuracy of estimation of radiation hardness of 
ICs for space applications. 

In this work we have developed, described and 
experimentally approve a technique for numerical 
simulation of the annealing process taking into account 
temperature drift of radiation sensitive electrical parameters 

of ICs. Our technique is based on Gummel–Poon model of 
a bipolar transistor and described below. 
 

II. EXPERIMENTAL TECHNIQUE AND RESULTS 
 

For the most correct prediction of the operational 
lifetime of comparator LM111 under ionizing radiation of 
space environment, it is necessary to determine an 
electronic part in the comparator circuit which is 
responsible for the change in the radiation-sensitive 
parameter during irradiation. The radiation-sensitive 
parameter in the comparator is the input current, which is 
also the base current of the transistor in the input stage of 
the LM111. The irradiation impact on the comparator leads 
to an increase in the recombination component of the base 
current and, consequently, an increase in the input current 
of the comparator. 

As it was shown in [5], the radiation degradation of a 
bipolar transistor is determined by the ISE parameter change 
of the Gummel-Poon model, and this parameter can be 
considered as the main radiation-sensitive parameter of the 
model. Using the input current data obtained at room 
temperature, the parameters of the Gummel-Poon model 
(including the ISE parameter) are determined. The value of 
the parameter ISE changes during post-radiation annealing 
due to the neutralization of radiation defects that are 
formed at the stage of irradiation. 

Then it is assumed that a rapid temperature change 
during heating or cooling leads to the absence of radiation 
defects annealing or a very insignificant effect of this 
process on the parameter ISE. Consequently, the ISE 
parameter has a constant value when the temperature 
changes from +25 °C to +100 °C. 

Using the experimental data obtained during the post-
radiation annealing of the comparator and corresponding to 
the input current change of the comparator when the 
temperature changes from +250C to +1000C, the parameters 
XTI and XTB are determined. These parameters determine 
the temperature dependences of IS and Bf parameters, 
respectively.  

Then, using the input current data obtained after 
annealing radiation defects at room temperature, a new 
value of the ISE parameter is determined. Using the new 
value of the ISE parameter and the experimental data 
corresponding to the input current change of the 
comparator when the temperature decreases from +100 0C 
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to +25 0C, new values of the parameters XTI and XTB are 
determined.  

Comparing the values of the XTI and XTB parameters 
before and after annealing, we obtain 2 possible cases: 

In the first case, the parameters before and after 
annealing are equal. In this case, it can be concluded that 
annealing and irradiation don't impact the parameters 
which determine the temperature dependence of the 
Gummel-Poon model. 

In the second case, the parameters before and after 
annealing have different values. In this case, it can be 
assumed that the dependence of the parameters XTI and XTB 
on time during annealing is linear. 

Determining which of the two cases is realized, it is 
possible to significantly increase the accuracy of predicting 
the level of radiation hardness of bipolar devices to total 
dose effects in a wide temperature range. 

To determine which of the case will occur, in this 
work, the irradiation of the comparator LM111 was 
performed. Irradiation was performed in several stages. 
After each stage post-irradiation annealing was performed. 
Total dose dependence of non-inverting input current of 
LM124 is presented in Fig 1. Time dependence of 
temperature and non-inverting input current of LM111 
during annealing after one of the irradiation stages is 
presented in Fig 2. Analysis of experimental data and the 
use of numerical simulation show that parameters XTI and 
XTB do not change during irradiation and annealing. 
 

 

 
Fig. 1. Total dose dependence of non-inverting input current of 
LM124, where - annealing X 
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Fig. 2. Time dependence of temperature and non-inverting input 
current of LM111 during annealing. 
 

III. CONCLUSION 
 

From the results of the experiments and numerical 
simulations, it can be seen that the parameters XTI and XTB 
slightly change upon irradiation and annealing. Therefore, 
an assumption can be made about the linear dependence of 
the parameters XTI and XTB during annealing and 
irradiation. This fact can be used to improve the accuracy 
of predicting the radiation degradation of the electrical 
parameters of bipolar devices operating in a wide 
temperature range. 
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Fig. 2. Time dependence of temperature and non-inverting input 
current of LM111 during annealing. 
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TID Impact on SEL Sensitivity in the Case of High 
Latchup Holding Voltage 

 
A. A. Novikov, I. I. Shvetsov-Shilovskiy, E. N. Oblova, A. A. Pechenkin, and 

A. I. Chumakov  
 
 

Abstract - In an Integrated Circuit with high SEL holding 
voltage, pulsed-laser radiation sensitivity was found to change 
due to TID irradiation. The impact of TID on the DUT SEL 
holding voltage and SEL sensitivity was investigated. 
 

I. INTRODUCTION 
 

The influence of total ionizing dose (TID) on single 
event effects (SEE) sensitivity is a known problem [1-3]. In 
most cases there is no significant impact of TID on single 
event latchup (SEL) sensitivity. However, in the case of 
high latchup holding voltage the impact can be significant. 
In this paper we are investigating two cases of high latchup 
holding voltage to find out if a lathcup with the high 
holding voltage can be affected by total dose. 
 

II. EXPERIMENTAL SETUP 
 

SEL tests were performed using pulsed picosecond 
facility “PICO-3” in SPELS in Moscow (Russia) [4, 5], 
with the characteristics described in Table I. The laser 
source is based on a diode-pumped solid-state picosecond 
laser, which generates 70ps pulses with 1064/532 nm 
wavelength. The output laser pulses frequency can vary 
from single shot to 1000 Hz. TID tests were performed 
using a 45 kV X-ray source, producing photons with 10 
keV average energy [6]. 

The first device under test (DUT) were a one-time 
programmable 64 Kbit (8K × 8) ROM fabricated with 
0.18 um CMOS technology (X-FAB XH018 CMOS 
process). This investigation was initiated because in this 
DUT SEL stopped to occur under pulsed uniform laser 
radiation after exposure to X-ray irradiation. The second 
DUT were 1 Mbit (128K × 8) Cypress CY7C family 
CMOS static RAM. Both selected DUTs feature latchup 
holding voltage close to their supply voltage 

Both DUTs operated at the same electrical conditions 
under X-ray and laser irradiations. Time between X-ray 
irradiation and laser test and laser test time duration were 
minimized in order to reduce annealing influence. All tests 
were performed at room temperature [7]. 

TABLE I 
MAIN CHARACTERISTICS OF THE LASER FACILITY 

 
Laser facility type PICO-3 

Wavelength, m 1.064/0.532 
Pulse duration, ps 70 
Pulse energy (max), µJ 8.3/3.0 
Energy attenuation 
coefficient 1…5·104 

Focused spot diameter, m 2.2/1.2 
Optical resolution of the 
microscope 0.5 µm* 

Camera type Shortwave Infrared/ 
Color CCD 

Device 
positioning 
system: 
 

Travel 
range, µm 

horizontal - 100 
vertical - 25 

Minimum 
step, µm; 

horizontal - 0.13 
vertical - 0.16 

*in visible optical range  
 

III. EXPERIMENTAL RESULTS 
 

For the OTP ROM the SEL investigation using the  
“PICO-3” facility was initially carried out on un-irradiated 
DUT: 

1) SEL effect was localized – only three sensitive 
areas were found. The sensitive areas are shown in figure 1 
have similar topology and seem to be power pads. The SEL 
effect was observed only with laser spot diameter of 15 um 
and more. 

2) I-V characteristics of these SEL effects were 
determined (the current was restricted at 100 mA). The 
latchup holding voltage is about 5.3 V (5.31±0.04 V) which 
is very close to the power supply voltage of 5.5 V. 

Another SEL investigation was carried out on the 
DUT irradiated to a TID level of 10 Mrad: 

1) SEL was observed only in one of the sensitive 
areas (holding voltage in this area was the same as 
previously: 5.31±0.04 V). 

2) The power supply voltage was increased to 5.7 V. 
3) SEL was observed at 5.7 V in all sensitive areas 

and I-V characteristics of these SEL effects were 
determined. The SEL holding voltage was (5.33±0.04 V) 
for one area and (5.39±0.04 V) for the two areas. 
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(a) area 1 
 

 
 

(b) area 2 
 

 
 

(c) area 3 
 

Fig. 1. Sensitive areas in 64 Kbit ROM where SEL occurs. 
 

The power supply I-V characteristics are shown in 
figure 2 (the current was restricted at 100 mA). It can be 
seen, that SEL holding voltage have been slightly increased 
after irradiation to a TID level of 10 Mrad. This increase 
caused SEL to stop to occur in two of three sensitive areas 
under pulsed local laser radiation and to stop to occur 
completely under pulsed uniform laser radiation. 

For the CY7C SEL investigations were carried out 
with the power supply voltage of 3.63 V. Three the most 
sensitive areas (with the lowest laser pulse energy for SEL 

to occur) was chosen. For this areas power supply I-V 
characteristics of SEL effects were obtained at TID levels 
of 0, ~40, ~150, ~200, ~300, and ~500 krad(Si) (close to 
parametric failure) and are shown at figure 3: 
 

 
 

(a) area 1 
 

 
 

(b) area 2 
 

 
 

(c) area 3 
 

Fig. 2. I-V characteristics of latchup in 64 Kbit ROM. 
 

For the first area the SEL holding voltage at 
mentioned TID levels was (3.32±0.04 V), (3.28±0.04 V), 
(3.25±0.04 V) and (3.25±0.04 V) respectively. 

For the second area: (2.70±0.04 V), (2.70±0.04 V), 
(2.66±0.04 V) and (2.66±0.04 V) respectively. 

For the third area: (3.39±0.04 V), (3.39±0.04 V), 
(3.32±0.04 V) and (3.32±0.04 V) respectively. 
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(3.32±0.04 V) and (3.32±0.04 V) respectively. 

The CY7C showed the opposite direction of SEL 
holding voltage shift due to TID irradiation. It can lead to 
SEL sensitivity increase in applications, where power 
supply voltage is close to a typical (3.3 V). 

 

 
 

(a) area 1 
 

   
 

(b) area 2 
 

 
 

(c) area 3 
 

Fig. 3. I-V characteristics of latchup in CY7C. 
 

IV. CONCLUSION 
 

The experimental results show two different impacts 
of TID on SEL sensitivity: decrease of an OTP ROM 
device sensitivity and increase of CY7C sensitivity. Both 
DUTs have areas which have the latchup holding voltage 
very close to the power supply voltage and is sensitive to 
TID effects. Small changes in latchup holding voltage, 
induced by TID effects, lead to a significant decrease of 
OTP ROM susceptibility to SEL and can lead to a increase 
of CY7C susceptibility to SEL. But these changes occur at 
relatively high TID levels and in the most applications 
could be ignored. 
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Abstract - The paper concerns experimental results on 
external conditions such as temperature, voltage supply, current 
limit, and features of the power circuit on latchup occurrence 
under uniform laser irradiation. 
 

I. INTRODUCTION 
 

The latchup effect is thoroughly researched in CMOS 
ICs and tested for [1, 2] as it often defines the radiation 
hardness of the CMOS IC, the hardness of the equipment 
entirely, its downtime and recovery time [3, 4]. In the 
literature there are various papers on the dependencies of 
the latchup occurrence on technological features [5] and 
particular functioning conditions [6, 7], such as voltage 
supply and temperature. However, there is not thoroughly 
discussed the influence of such factors as current limit, 
frequency in the dynamic mode and features of the power 
supply circuit, such as number and composition of the 
capacitors, and presence of the non-zero inductance. The 
non-stable latchup may be more vulnerable to such 
conditions, as it is concerned with the supply voltage drop 
caused by the currents of high magnitude flowing through 
the IC when the latchup structure turns on. 
 

II. EXPERIMENTAL DETAILS AND METHODS 
 

The device under test (DUT) was 16Mbit CMOS 
SRAM produced using 65 nm technology. The supply 
voltage range is from 3.0 V to 3.6 V. The DUT was 
selected because it features the latchup in the peripheral 
circuitry under uniform backside laser irradiation in various 
external conditions. Test were conducted on the 
decapsulated chip. 

The method used was as follows: given the laser 
intensity, 10 consecutive laser impacts were made with the 
time gap of 5 seconds between them to avoid the IC 
heating in the latchup state. Then, the latchup probability 
p(L) was calculated as the ratio between the number of 
pulses when the latchup develops to the total number of 

pulses. Firstly, we searched for the latchup threshold 
intensity, i.e., the maximum intensity where p(L) = 0%. 
Then we looked for the level of the latchup guaranteed 
arousal, i.e., the minimum intensity where p(L) = 100%. 
The search featured the dichotomy method. After that, we 
measured the probability of the latchup for all the 
intermediate intensities.  
 

III. EXPERIMENTAL RESULTS 
 
The experimental results are presented in Fig. 1 and 

Tables I-II.  
 

 
(а) 

 
 (b) 

Fig. 1.  Latchup occurrence probability as a function of energy density for 
given different: a) Supply voltages; b) Ambient temperatures. 
 

The obtained results may be used to make the 
following conclusions on the DUT: 
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1. The level of the guaranteed latchup arousal 
decreases when increasing the voltage supply (Fig. 1a) 

2. The presence of the inductance (R = 1 Ω, 
L = 10 mH) in the supply circuit decreases the level of the 
guaranteed latchup arousal and sharpens the dependence of 
the latchup occurrence probability on laser intensity (Fig. 1). 

3. The increase of temperature causes the decrease of 
the latchup threshold level and its guaranteed occurrence level. 

4. The functional mode of the IC may affect the 
latchup threshold level (Table I). On the one hand, when 
functioning in dynamic mode the voltage drop can decrease 
the latchup occurrence probability. On the other hand, 
given the functioning on the high frequency, self-heating 
may take place that can lead to the increase of the latchup 
probability. In this particular DUT, due to its high-
temperature latchup sensitivity (Fig 1b), a lower latchup 
threshold is observed in the dynamic mode. The load on the 
outputs (data cables and buffers) increases current 
consumption and causes the IC to heat itself. 

5. The decrease of the capacitor number in the power 
circuit leads to an increase of the latchup threshold and the 
minimal power supply voltage needed for the latchup to 
arise (Table II). Along with that, the presence of the 
capacitor from 100 μF to 1 mF in the power circuit is 
critical for the latchup occurrence. 

6. The latchup does not occur given the current 
consumption limit less than 150 mA, however typical 
current consumption in standby mode is less than 1 mA. 
Thus, it is important to set adequate current limit on the 
voltage source when performing latchup tests. 
 
 

 

 

IV. CONCLUSION 
 

Thus, the experimental results on external conditions 
such as temperature, voltage supply, current limit, and 
features of the power circuit on latchup occurrence under 
uniform laser irradiation are presented. It is shown that the 
functioning mode of the SRAM IC may have an influence 
on the latchup threshold level. Expectedly the harshest 
conditions for latchup testing are voltage supply with high 
current consumption limit, various and numerous capacitors in 
the power circuit and high temperature. 
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1. The level of the guaranteed latchup arousal 
decreases when increasing the voltage supply (Fig. 1a) 

2. The presence of the inductance (R = 1 Ω, 
L = 10 mH) in the supply circuit decreases the level of the 
guaranteed latchup arousal and sharpens the dependence of 
the latchup occurrence probability on laser intensity (Fig. 1). 

3. The increase of temperature causes the decrease of 
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4. The functional mode of the IC may affect the 
latchup threshold level (Table I). On the one hand, when 
functioning in dynamic mode the voltage drop can decrease 
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given the functioning on the high frequency, self-heating 
may take place that can lead to the increase of the latchup 
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IV. CONCLUSION 
 

Thus, the experimental results on external conditions 
such as temperature, voltage supply, current limit, and 
features of the power circuit on latchup occurrence under 
uniform laser irradiation are presented. It is shown that the 
functioning mode of the SRAM IC may have an influence 
on the latchup threshold level. Expectedly the harshest 
conditions for latchup testing are voltage supply with high 
current consumption limit, various and numerous capacitors in 
the power circuit and high temperature. 
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A CMOS 10-Bit 3MS/s Rad-Hard DAC Based on 
Resistor String Poly-Matrix 

 
C. Calligaro and U. Gatti 

 
 

Abstract - This work presents a rad-hard 10-bit 3MS/s 
Resistor String DAC for space applications. The converter has 
been developed using radiation-hardened techniques both at 
circuit and layout levels starting from a known architecture. The 
design takes into account the different effects of the radiations 
that could damage the circuits in space environments. The DAC 
has been designed and integrated in a standard CMOS 0.13-μm 
technology by IHP. The target performances of the prototypes are 
Total Dose immunity up to 300krad(Si), the resiliency to latch-up 
up to 60MeV*mg/cm2 and SEU of 10MeV*mg/cm2 for the digital 
controlling section. 
 

I. INTRODUCTION 
 

The Digital-to-Analog converter represents a fundamental 
component both as stand-alone device and as embedded 
macro in complex system such as microcontrollers used in 
space as housekeeping or for propulsion control, etc. 

Since space (and similar harsh environments) is 
characterized by the presence of radiation, the DAC shall 
be done resilient to both Total Ionization Dose (TID) and 
Single-Event Effects (SEE). While to achieve this target it 
is possible also acting at packaging level (Radiation-
Hardening-by-Packaging) and/or at process level 
(Radiation-Hardening-by-Process), the overhead in term of 
cost, weight, and maintenance push for smarter solutions. 
In this work we adopt the so-called Radiation-Hardening-
by-Design (RHBD) methodology at different design levels 
to make the DAC resilient to radiation. To this aim during 
development we made a choice between different DAC 
architectures (AL, Architecture Level), on the adopted 
circuits and materials (CL, Circuit Level), and on the 
physical layout which implements it (LL, Layout Level). 

The outcome of this work has been a 10-bit 3MS/s 
DAC in 0.13-μm CMOS technology by IHP, targeting 
mainly embedded macro use, which aims to be resilient to 
a TID of 300krad(Si), to a SEL of 60MeV*mg/cm2, and a 
SEU of 10MeV*mg/cm2. 

Effect of radiations on ICs are well-known and can be 
found in several publications [1]. ICs used in space 
applications are subject to a constant bombardment of high-
energy particles such as electrons, protons, heavy ions, 
which can degrade the characteristics of the circuits or even 
break up correct operation. Radiation effects on ICs can be 
divided into cumulative, TID, and Single-Event Effects. 

TID effect causes variations in MOS transistors parameters, 
i.e. increase of leakage currents, variations of threshold 
voltages, Vth, and decrease of transconductance, gm. The 
latter outcomes could have a strong impact on performance 
of analog circuits since the precision of analog parameters 
(such as bandwidth or gain) depends on transconductance 
and output resistance of MOS transistors. SEE usually 
arises from the impact of an high energy heavy ion or 
proton possibly leading to Single Event Upsets (SEU) or 
Latch-up (SEL). SEU are mainly relevant to digital circuits 
where the state of a bit can be flipped. In analog circuits a 
transient pulse can be observed, but it subsides with 
intrinsic time-constant. However, in data converters, where 
a significant portion of the device is digital they can be a 
concern. SEE includes also latch-up, which can permanently 
damage both digital and analog circuits. 

The target technology for this work is a standard 0.13-
μm CMOS from IHP (SG13S), whose lithographic size 
allows for compact mixed-signal circuits, while guaranteeing 
good rad-hard robustness (gate oxide thickness is thin 
enough to be TID “tolerant” by itself). 
 

II. DAC DESIGN 
 

Candidate architectures shall address different (and 
often opposite) requirements: Electrical performance, area 
occupation and resiliency. DAC are usually classified in 
three different families [2]: 

• Resistive (resistors, switches and logic ports); 
• Capacitive (capacitors, switches and logic ports); 
• Current-steering (current generators, switches and 

logic ports). 
To support rad-hard requirements (TID and SEE) the 

topology of the DAC has an impact on type and amount of 
provisions necessary to make it resilient. For the “analog” 
section, in capacitive DAC MIM (Metal-Insulator-Metal) 
capacitors are sensitive to Single-Event Transient (SET) 
whose energy is higher than critical charge, while switches 
suffers from leakage induced by TID. In current-steering 
DAC current generators are very sensitive to TID (even a  
minimum MOS threshold variation could be critical), while 
switches suffers from leakage induced by TID. In resistive 
DAC resistors in polysilicon are essentially insensitive to 
radiations [2], while switches suffers from leakage currents 
induced by TID. In case of a SET a transient pulse can be 
observed at the analog output but quickly subsides, with the 
time constant of the network. 
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As for the DAC digital section, issues related to TID 
and SEE are common to general digital circuits and are 
overcome with known techniques, such as robust design of 
sequential cells, or TMR (Triple Modular Redundancy). 
Table I summarizes rad-hard performances of a typical 
DAC analog core and provisions that can be adopted to 
make it resilient: 

 
TABLE I  

SENSITIVITY OF DAC ARCHITECTURES TO RADIATIONS 
 

 Resistive Capacitive Curr. Steer. 
TID    
SET ☺  ☺ 
SEL    
RHBD-AL    
RHBD-CL    
RHBD-LL    

 
The meaning of the last three rows is that there are 

design levels where the intervention to make the DAC 
resilient shall be higher (arrow up). Thanks to better 
resiliency and lower provisions needed we chose the 
resistor based architecture. 

The simplest resistor-string DAC is a Kelvin divider, 
which is simple and inherently monotonic. However, it is 
suitable only for low bit count, since with increasing of bits 
the number of control lines increases dramatically, the 
parasitic load at the output rises (and so the network time-
constant) and is very variable with code, and finally the 
resistor matching becomes poor. 

For these reasons, our target architecture has been the 
so-called “X-Y addressing scheme with shunt resistor” or 
“intermeshed architecture” [3]. The simplified schematic 
including X-Y selection switches is shown in Figure 1. 

 

 
 

Fig. 1. Schematic of the X-Y resistor matrix DAC. 
 

A main resistor string (RCx) defines the coarse 
interval of voltages, while the sub-strings (RFx) define the 
taps for the fine voltages. RCx are selected with switches 

driven by the 5-MSB, while RFx by means of switches 
driven by 5-LSB. All resistors have the same value. 

This architecture exhibits the following advantages: 
• Reduced number of control lines; 
• Matrix time-constant is reduced without using low 

resistance unity elements. 
The latter point is very important since it allows to 

consume less power across the string, and to use resistors 
with a suitable value which does not degrade matching. 
Indeed, the linearity performance of the matrix (and the 
DAC) is strongly related to the matching between resistors. 
The higher are the area and perimeter of the polysilicon 
resistor the better is the matching. To complete the DAC 
functionalities, decoders, control logic and an output buffer 
have been designed. The block diagram is shown in Fig. 2. 
 

 
 

Fig. 2. Complete block diagram of the full DAC. 
 
Suitable X and Y decoders transform the input 10-bit 

code into X-Y address of the matrix, selecting the proper 
voltage tap that gives the analog voltage corresponding to 
the input bit code (such as selecting a box in a chessboard). 
Registers synchronize input bit and control logic oversees 
DAC operations and implements Reset and Hold functions. 
A closed-loop buffer decouples the output voltage from the 
resistor matrix. 

One of the core activity in the design is the sizing of 
the unit resistor. As mentioned above, its nature, size and 
area have an impact on converter performance. 
 

III. RAD-HARD PROVISIONS 
 

Once selected the best topology for the use, resistors 
material is next critical choice. Adopted criteria were: 

• Resistor value 
• Resistor matching data 
• Resiliency to radiation  

Resistors based on “active” layers (however not 
present in the used process) are discarded because of their 
sensitivity to charges. In literature resistors based on 
polysilicon have been demonstrated that are insensitive to 
radiation, as reported in [4] and verified also in the ADC 
[5], so we used them. Three kind of polysilicon resistors 
are available in SG13S technology: 

• Rhigh (High-ohmic poly-Si resistor) 
• Rppd (Medium resistance poly-Si resistor) 
• Rsil (Salicided poly-Si resistor) 
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As for the DAC digital section, issues related to TID 
and SEE are common to general digital circuits and are 
overcome with known techniques, such as robust design of 
sequential cells, or TMR (Triple Modular Redundancy). 
Table I summarizes rad-hard performances of a typical 
DAC analog core and provisions that can be adopted to 
make it resilient: 
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The meaning of the last three rows is that there are 

design levels where the intervention to make the DAC 
resilient shall be higher (arrow up). Thanks to better 
resiliency and lower provisions needed we chose the 
resistor based architecture. 

The simplest resistor-string DAC is a Kelvin divider, 
which is simple and inherently monotonic. However, it is 
suitable only for low bit count, since with increasing of bits 
the number of control lines increases dramatically, the 
parasitic load at the output rises (and so the network time-
constant) and is very variable with code, and finally the 
resistor matching becomes poor. 

For these reasons, our target architecture has been the 
so-called “X-Y addressing scheme with shunt resistor” or 
“intermeshed architecture” [3]. The simplified schematic 
including X-Y selection switches is shown in Figure 1. 

 

 
 

Fig. 1. Schematic of the X-Y resistor matrix DAC. 
 

A main resistor string (RCx) defines the coarse 
interval of voltages, while the sub-strings (RFx) define the 
taps for the fine voltages. RCx are selected with switches 

driven by the 5-MSB, while RFx by means of switches 
driven by 5-LSB. All resistors have the same value. 

This architecture exhibits the following advantages: 
• Reduced number of control lines; 
• Matrix time-constant is reduced without using low 

resistance unity elements. 
The latter point is very important since it allows to 

consume less power across the string, and to use resistors 
with a suitable value which does not degrade matching. 
Indeed, the linearity performance of the matrix (and the 
DAC) is strongly related to the matching between resistors. 
The higher are the area and perimeter of the polysilicon 
resistor the better is the matching. To complete the DAC 
functionalities, decoders, control logic and an output buffer 
have been designed. The block diagram is shown in Fig. 2. 
 

 
 

Fig. 2. Complete block diagram of the full DAC. 
 
Suitable X and Y decoders transform the input 10-bit 

code into X-Y address of the matrix, selecting the proper 
voltage tap that gives the analog voltage corresponding to 
the input bit code (such as selecting a box in a chessboard). 
Registers synchronize input bit and control logic oversees 
DAC operations and implements Reset and Hold functions. 
A closed-loop buffer decouples the output voltage from the 
resistor matrix. 

One of the core activity in the design is the sizing of 
the unit resistor. As mentioned above, its nature, size and 
area have an impact on converter performance. 
 

III. RAD-HARD PROVISIONS 
 

Once selected the best topology for the use, resistors 
material is next critical choice. Adopted criteria were: 

• Resistor value 
• Resistor matching data 
• Resiliency to radiation  

Resistors based on “active” layers (however not 
present in the used process) are discarded because of their 
sensitivity to charges. In literature resistors based on 
polysilicon have been demonstrated that are insensitive to 
radiation, as reported in [4] and verified also in the ADC 
[5], so we used them. Three kind of polysilicon resistors 
are available in SG13S technology: 

• Rhigh (High-ohmic poly-Si resistor) 
• Rppd (Medium resistance poly-Si resistor) 
• Rsil (Salicided poly-Si resistor) 

Sheet resistances are typically 1300, 250 and 
7 Ω/square, respectively. Statistical simulations (MC, 
Montecarlo) for process and mismatch variations indicated 
us that best matching behavior is for Rsil. Figure 3 reports 
an example of MC analysis done on the voltage at matrix 
mid-code, that is the one more affected by mismatches. 
Obtained Gaussian mean value is 1.64665V 
(ideal=1.6467V), while variance is 310 μV, which is 
enough less than LSB/2 (750 μV for 1.5Vpp output range). 

 

 
 

Fig. 3. Montecarlo simulations for process and mismatches 
variation (500 Runs) - RCx=RFx=61 Ω. 

 
Several trials have been done for unit resistor sizing 

using Montecarlo outcomes and spectral analysis. By 
comparing area occupation, statistical performance, power 
consumption and linearity, RCx = RFx = 61 Ω. The matrix is 
composed by 25 RCx resistors and by 25 fine strings each of 
them in turn implemented with 25 RFx. 

Also, for the sizing of switches some opposing “rules 
of thumbs” have been followed: 

• For speed: switches on-resistance shall be low (i.e. 
W/L ratio higher than minimum) 

• For parasitic cap: switches shall be small 
• For resiliency L shall be higher than minimum 

lithographic or ELT shape shall be adopted [6] 
Switches on-resistance is made more constant vs 

Source/Drain voltages using complementary pair, thus 
mitigating non-linearity in the network time-constant. 
Complementary CMOS switches help also in clock-
feedthrough mitigation. Network time-constant, DAC, is 
proportional to both switch on-resistance and parasitic cap. 
Larger switches have lower on-resistance (proportional to 
L/W) but higher parasitic cap and area. A trade-off has 
been found. In order to mitigate TID leakage as much as 
possible, we decided to design the switches layout with 
ELT (Edge-Less Transistor) shape. The physical layout is 
shown in Figure 4. It can be noted the annular shapes of the 
MOS gate to reduce inter-device leakage, while VDD and 
GND guard-ring around the transistors overcomes intra-
device leakage and counteracts also a possible SEL. 

For the digital part, SEU can be an issue in the input 
digital latches which freeze input bit. The use of robust 
latches (adding additional capacitances to the most 
sensitive nodes) belonging to a custom rad-hard library 
helps to avoid any bit-flip. 

 
 

Fig. 4. Layout of the switch used as selector in the DAC matrix. 
 
The cells library, implemented in a similar process, 

has been characterized in the past and demonstrated to be 
resilient to a TID of 300krad, SEU of 10MeV*mg/cm2 and 
SEL of 60MeV*mg/cm2. All the converter digital section 
(decoders and control logic) has been designed using such 
library. In overall DAC layout EGR (Extended Guard-
Ring) are placed wherever possible to prevent SEL. 

On the other hand, the design of the buffer requires a 
bigger effort to avoid analog performance degradation. 
Figure 5 shows the schematic of the main opamp. It is a 
symmetrical opamp with a Miller compensation [7]. 
 

 
 

Fig. 5. Schematic of the opamp used as DAC output buffer. 
 
This architecture has been chosen since it is simple 

while guaranteeing enough gain. Because of sensitivity to 
dose, the more complex is the opamp, the more probable is 
the performance degradation. Rad-hard provisions in the 
opamp are mainly demanded to layout techniques. 
However, the open loop gain has been kept high to allow a 
degradation under radiation. All transistors used in the 
buffer circuit have been sized to consider the radiation tests 
reported in [1] (W and L not minimum) and applying ELT 
shape. The opamp offset is mainly determined by the 
matching of the input pair and reflects directly into a shift 
of the DAC transfer curve. The transistors threshold 
voltage mismatch is not influenced by the radiation induced 
threshold voltage shift as assessed in [8]. In order to 
accomplish the physical matching of input stage we applied 
a variant of the common centroid topology of MOS to 
ELT. For example, the MOS of input pair (M1, M2) have a 
W=160 μm each. They have been split in 16 ELT, each of 
them placed in a "common centroid" way. Same technique 
was applied to active load and bias circuit. 

 
IV. EXPERIMENTAL RESULTS 

 
The resistor-string DAC has been integrated in a 

standard 3.3V 0.13-μm CMOS process (IHP SG13S). 
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Figure 6 shows the micro-photo. The core area is 890μm x 
700μm, while the overall die size is 1.7mm x 1.5mm. 

 

   
 
Fig. 6. Micro-photo (left) and layout (right) of the rad-hard DAC. 

 
The prototypes have been characterized both in terms 

of static and dynamic performance. Output voltage range 
has been fixed at 1.5V. The DNL and DNL (shown in 
Figure 7), have been measured applying the so-called 
“major carrier method”, which can be used for such 
converters and allows to save time in testing. 

 

 
 

Fig. 7. Measured DNL (left) and INL (right) of the DAC. 
 
The measured DNL is less than ±0.1 LSB, while INL 

is ±0.1 LSB. These excellent results have been obtained 
thanks to the accurate layout of the resistor matrix and an 
extensive try-extract-simulate-repeat procedure. They make 
the converter very suitable to be used in on-board DC- or 
quasi-static applications. 

Dynamic performance has been measured by applying 
a sinewave and using a clock of 1MS/s and then a clock of 
3MS/s. ENOB (Effective Number of Bit) measurements at 
1MS/s vs input signal frequency are shown in Figure 8.  
 

 
 
Fig. 8. Measured ENOB vs input frequency of the DAC. 
 

ENOB takes into account noise and overall harmonics 
(THD). Both buffered output and un-buffer output (at 
matrix output node) are shown. ENOB is higher than 9.2 
bit for buffered, while un-buffered is worse because of the 
time-constant determined by capacitive load and the matrix 
overall resistance. At 3MS/s ENOB degrades of half bit.  

Core power consumption from supply is below 10mW 
(<200 μW in power-down) plus string current consumption. 
 

V. CONCLUSION 
 

This paper presented a 10-bit rad-hard DAC suitable 
for space application. It has been implemented in a 
standard 3.3V 0.13-μm process, making use of the RHBD 
methodology. The achieved results at room temperature 
before irradiation show a DNL and INL better than ±0.1 
LSB and ENOB>9.3 bit for 1MS/s and >8.8 bit for 3MS/s. 
As future work, a measurement campaign under Co60 up to 
300krad and heavy ions is planned to validate design. 
Previous implementations of rad-hard DAC are reported in 
[9] and [10]. With respect to R-2R ladder DAC in [9] we 
operate at 3.3V instead of ±15V, so to be suitable as 
embedded macro in SoC. Moreover, we achieve equivalent 
INL at higher speed (1 to 3MS/s instead of 100kS/s). DAC 
in [10] has current-steering architecture and operates at 
higher speed (up to 80MS/s) with similar SFDR (Spurious 
Free Dynamic Range), but is implemented in an expensive 
0.5-μm SiGe BiCMOS technology.  
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