http://cpb.iphy.ac.cn
http://iopscience.iop.org/cpb

Chinese Physics B

Physics-based analysis and simulation model of electromagnetic interference induced soft logic

upset in CMOS inverter

Yu-Qian Liu(*|5%F), Chang-Chun Chai(4%# %), Yu-Hang Zhang(5k 5#ii), Chun-Lei Shi(3:#%), Yang Liu(X|

FH), Qing-Yang Fan(#fk#%), Yin-Tang Yang(#%4R i)
Citation:Chin. Phys. B . 2018, 27(6): 068505. doi: 10.1088/1674-1056/27/6/068505

Journal homepage: http://cpb.iphy.ac.cn; http://iopscience.iop.org/cpb

What follows is a list of articles you may be interested in

Research on the radiation hardened SOl devices with single-step Si ion implantation

Li-Hua Dai(Z i), Da-Wei Bi(¥e XK, Zhi-Yuan Hu(ff &), Xiao-Nian Liu(X/ME), Meng-Ying Zhang(7k %
i), Zheng-Xuan Zhang(ik 1Ei%), Shi-Chang Zou(ZR tH &)
Chin. Phys. B . 2018, 27(4): 048503. doi: 10.1088/1674-1056/27/4/048503

Water-based processed and alkoxide-based processed indium oxide thin-film transistors at
different annealing temperatures

Xu-Yang Li(GEEFH), Zhi-Nong Yu(fii£4%), Jin Cheng(f£4%), Yong-Hua Chen([%7k4£), Jian-She Xue(B##1xX),
Jian Guo(5B %), Wei Xue(##HE)
Chin. Phys. B . 2018, 27(4): 048504. doi: 10.1088/1674-1056/27/4/048504

Experimental and simulation studies of single-event transient in partially depleted SOl MOSFET

Wei-Wei Yan([5#%7%), Lin-Chun Gao(&E##), Xiao-Jing Li(ZEWEER), Fa-Zhan Zhao(#X & fE), Chuan-Bin
Zeng (‘& f£iE), Jia-Jun Luo(¥ % 1K), Zheng-Sheng Han(#:484)
Chin. Phys. B . 2017, 26(9): 098505. doi: 10.1088/1674-1056/26/9/098505

Intrinsic relationship between photoluminescence and electrical characteristics in modulation
Fe-doped AlGaN/GaN HEMTs

Jianfei Li(#% %), Yuanjie Lv( Jt7R), Changfu Li(Z '), Ziwu Ji(3 ), Zhiyong Pang(JE%] 5), Xiangang
Xu(#&HLH), Mingsheng Xu (44 B 71)
Chin. Phys. B . 2017, 26(9): 098504. doi: 10.1088/1674-1056/26/9/098504

Technology demonstration of a novel poly-Si nanowire thin film transistor

Libin Liu(X13775%), Renrong Liang(34~%¢), Bolin Shan(%:411%), Jun Xu(¥ %), Jing Wang(E )
Chin. Phys. B . 2016, 25(11): 118504. doi: 10.1088/1674-1056/25/11/118504


http://cpb.iphy.ac.cn/EN/abstract/abstract72257.shtml
http://cpb.iphy.ac.cn/EN/abstract/abstract72257.shtml
http://cpb.iphy.ac.cn/
http://iopscience.iop.org/cpb
http://cpb.iphy.ac.cn/EN/abstract/abstract71881.shtml
http://cpb.iphy.ac.cn/EN/abstract/abstract71882.shtml
http://cpb.iphy.ac.cn/EN/abstract/abstract71882.shtml
http://cpb.iphy.ac.cn/EN/abstract/abstract70725.shtml
http://cpb.iphy.ac.cn/EN/abstract/abstract70552.shtml
http://cpb.iphy.ac.cn/EN/abstract/abstract70552.shtml
http://cpb.iphy.ac.cn/EN/abstract/abstract68603.shtml

Chin. Phys. B Vol. 27, No. 6 (2018) 068505

Physics-based analysis and simulation model of electromagnetic
interference induced soft logic upset in CMOS inverter*

Yu-Qian Liu(X|#%T)!¥, Chang-Chun Chai(4£% /%), Yu-Hang Zhang(7K 5*fii)>, Chun-Lei Shi(3E#)!,
Yang Liu(X||FH)!, Qing-Yang Fan(#£/K#%)!, and Yin-Tang Yang(#%4R 3)!

1Kf-:y Laboratory of Ministry of Education for Wide Band-Gap Semiconductor Materials and Devices, School of Microelectronics,
Xidian University, Xi’an 710071, China

2Department of Micro-Nano Electronics, Shanghai Jiao Tong University, Shanghai 200240, China

(Received 26 January 2018; revised manuscript received 3 April 2018; published online 30 May 2018)

The instantaneous reversible soft logic upset induced by the electromagnetic interference (EMI) severely affects the
performances and reliabilities of complementary metal-oxide—semiconductor (CMOS) inverters. This kind of soft logic
upset is investigated in theory and simulation. Physics-based analysis is performed, and the result shows that the upset
is caused by the non-equilibrium carrier accumulation in channels, which can ultimately lead to an abnormal turn-on of
specific metal-oxide—semiconductor field-effect transistor (MOSFET) in CMOS inverter. Then a soft logic upset simulation
model is introduced. Using this model, analysis of upset characteristic reveals an increasing susceptibility under higher
injection powers, which accords well with experimental results, and the influences of EMI frequency and device size are
studied respectively using the same model. The research indicates that in a range from L waveband to C waveband, lower
interference frequency and smaller device size are more likely to be affected by the soft logic upset.

Keywords: electromagnetic interference, soft logic upset, non-equilibrium carrier, upset model
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1. Introduction

The complexity of the electromagnetic environment to-
day puts the performance and reliability of CMOS integrated
circuits to the test. A typical instance is the electromag-
netic interference (EMI) generated by high-power microwave
(HPM) sources, which can couple into electronic systems eas-
ily through the front-door (such as antennas of receiver) and
back-door (such as apertures on shell, interconnected wires
and power cables) paths.!!~7! Different kinds of EMIs have dis-
similar influences on the CMOS integrated circuits, from bit
error (commonly seen in digital transmission) to catastrophic
overheat structural damage.®-!!1 The bit error is more notice-
able for its higher unpredictability and lower triggering thresh-
old than the permanent damage. Hence, the study on EMI
induced bit error in CMOS integrated circuits is of great im-
portance.

For CMOS inverters, device logic upset is a main rea-
son to cause the circuit bit error. Considerable research efforts
have been devoted to the parasitic latch-up effect evoked logic
upset under EMI, we call it hard logic upset here.!'>"!71 By
triggering a positive feedback in the parasitic PNPN structure,
the latch-up effect can cause a non-reversible upset in CMOS
inverter until a power-down. Nevertheless, investigations on
soft logic upset — an instantaneous reversible upset with no
apparent latch-up effect happening — focused only on exper-
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imental phenomena. Kim et al. revealed experimental results
of 0.5 pm and 1.5 pum technology CMOS inverters injected by
EMIs in a range from 0 dBm to 24 dBm, and using a proposed
experimental parameter extraction method, critical soft logic
upset was observed through the degeneration of static and dy-

18,191 Wang et al. also reported the ex-

namic characteristics. !
perimental results inadvertently in investigating the latch-up
threshold of commercial CMOS inverters, more specifically,
the soft logic upset can exactly be found in the results under
the latch-up threshold.?”! As for the explanation of physical
mechanism, Iliadis et al. proposed a modified output current
expression to illustrate the EMI induced soft and hard logic up-
sets in individual MOSFETSs and cascaded inverters.!?1->?1 In
simulation studies, Wang et al. established a simulation pro-
gram with the integrated circuit emphasis (SPICE) model to
predict two kinds of logic upsets (hard and soft) in CMOS
inverters, which matched well with experimental results.?*!
From the above, it can be noted that little attention has been
paid to the specialized mechanism explanation for soft logic
upset in CMOS inverters. Moreover, a physics-based simula-
tion model is also crucial in understanding the soft logic upset.

In this work, physical mechanism analysis of EMI in-
duced soft logic upset in CMOS inverters is presented specif-
ically, and the upset is attributed to an incomplete recombina-
tion caused non-equilibrium accumulation. Moreover, a soft

logic upset simulation model that consists of a device numer-
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ical simulation part, an output digital filter part and a simula-
tion static parameter extraction part, is proposed. Using this
model, investigations on the soft logic upset influenced by the
EMI injection power, the interference frequency and the de-
vice size are conducted, and the results are well supported by
the reported experiments.

2. Theoretical foundation and analysis
2.1. Device structure and setup

A typical three-dimensional n-well CMOS inverter struc-
ture studied in this work is shown in Fig. 1. The device is
established based on 0.35-pm CMOS technology and the dis-
tance between two gates is 5 wm. The device has 10.5 pm of
total lateral size and 4 um of depth, 2 um of the vertical length
of n-well. Arsenic and Boron are chosen to create n-type and
p-type doped regions. Two parasitic transistors Q1 and Q, are
exhibited in the schematic diagram, the impedances of sub-
strates are represented by rye; and rgyp, respectively. Under
normal operation conditions, the supply voltage Vyq is 3.3 V
with mid-point voltage Vi, located at about 1.65 V. The initial
temperature of the device is 300 K to meet the ambient tem-
perature, and the top surface is set to be adiabatic. The logic
flip function of CMOS inverter is realized through Vi, and V.
An EMLI is injected into V;, directly to simulate the unprotected
inputs in CMOS circuits. The injected plane wave is in sinu-
soidal form which is proved to be convictive in experiment.?*]
The power of the EMI ranges from 3 dBm to 32 dBm, and the
interference frequency is focused on 1 GHz to 5 GHz (L to
C waveband). These conditions are appropriate to the induc-
ing of the soft logic upset in CMOS inverters after adequate
attempts.

of
1
B A4 _
2| | p-substrate [Q; \_n-well
B T'sub
3 — A'A'A'
4 i ! | ! | ! | ! | ! |
2 4 6 8 10
Depth/um Lateral size/pm

Fig. 1. Schematic diagram of n-well CMOS inverter structure.

2.2. Soft logic upset mechanism

The latch-up effect is considered to be one of the up-

H2-171 However, when the

set mechanisms in CMOS inverters.
EMI is not severe enough to trigger the latch-up, the interfer-
ence on CMOS inverters will induce a real-time soft logic up-

set. To thoroughly understand the physical mechanism of this

upset, we begin with the semiconductor continuity equation in
CMOS inverter under the thermal equilibrium state

dng _ dpo

— =——=Gp—Ry=0 1

5 > 0—Ro=0, ()
where ng and pg refer to the initial electron concentration
and the initial hole concentration, Gy is the generation rate,
Ro = nopor is the recombination rate, and r is the probability
of electron hole recombination. When the sinusoidal EMI sig-
nal Vj, is injected, the external EMI produces an interference
electric field immediately in both gates of the inverter. Since
the field strength is not strong enough to cause an oxide break-
down, the generation rate under EMI remains invariable. So
the continuity equation under EMI is given as

dngmi  dpemi

/
ot ot =G

—R' =nopor —npmipemir’, (2

in which ngyy and ppwy are the interfered electron concentra-
tion and the interfered hole concentration, respectively; 7 is
the influenced probability of recombination.

EMW

Fig. 2. Schematic diagram of the generation and transportation of non-
equilibrium carriers in inverter’s PMOS during a whole interference pe-
riod.

In practical applications, CMOS inverter often works in
the state that one of the MOSFETSs is on and the other is
off. So here we illustrate a condition that Vi, = 3.3 V (in-
put logic high) to help analyze the EMI process. In this cir-
cumstance, non-equilibrium carriers are evoked in both pos-
itive channel metal-oxide—semiconductor (PMOS) and nega-
tive channel metal-oxide—semiconductor (NMOS) substrates
and then swept into the channels to influence the conductive
character of the device. In the NMOS part of the inverter,
the existence of the inherent inversion channel current cannot
obviously change its conductivity when the non-equilibrium
In the PMOS part, an ex-
tra channel current is generated by the non-equilibrium holes

electrons arrive at the channel.

and becomes the main reason to induce the soft logic upset.
A schematic diagram of a whole interfering period at PMOS
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when Vi, = 3.3 V can be seen in Fig. 2. The injection sinu-
soidal EMI signal V; is spilt into four parts according to its
variation tendency. In the first part, shown in Fig. 2(a), V; > 0
and dV;/dt > 0, which means the growing interference field
is along the y axis, pushing the non-equilibrium electrons to
the channel. However, no lateral channel current arises since
the source and drain of the PMOS are in p-type doping. Dur-
ing the second part in Fig. 2(b), V; > 0 and 9V;/dr < 0, so
the channel current remains negligible and the accumulation
of non-equilibrium electrons decreases. The third part is illus-
trated in Fig. 2(c), the interference field changes its orientation
and moves the non-equilibrium holes to the channel. During
this part, the extra channel inversion layer current appears and
increases with the strength of the interference field increasing,
leading to a soft upset in the inverter. In the fourth part as seen

1

-c\\‘ =

where r]'p is the EMI affected recombination probability in
PMOS substrate, f is the frequency of EMI signal, and ¢ is
its initial phase, and ¢ is the interference time. The EMI in-
duced extra non-equilibrium holes Ap = pgm1 — po. Since
the inverter is in thermal equilibrium, dpy/dt = 0, we have
dAp/dt = dppmi/dt. Meanwhile, under the slowly and con-
tinuously varying EMI signal, dpgmi/dt = 0. Additionally,
the non-equilibrium carriers are formed in pairs, so dAp =
dAn. Substituting these conditions into Eq. (2), the extra non-

equilibrium holes Ap can be calculated from

1 4nopor /2
Ap=2{<n(2)+1?<2)+ 3{70 —2nopo> —(”04'170)]» )
p

and the accumulation of the non-equilibrium holes in PMOS
channel will inevitably form an extra channel current. Based
on the semiconductor current density equation, the PMOS ex-
tra channel current density can be shown as follows:

Vemr — Ve X
ey 9 = a4 (HE=15).2)

dox T
d(Ap+po)
dy
where g is the charge energy, U, is the hole mobility, dox and

—qDy )

T respectively are the thickness of gate oxide layer and the
channel depth, Vg is the virtual value of external interference
voltage, and D, is the hole diffusion coefficient. The diffusion
current under EMI is along the y axis, which barely contributes
to the extra channel current, so we have gDp(d pemi/dy) ~ 0.
Then the PMOS extra channel current can be expressed as

L
Lextra—p = /0 H (PEMI) dchq.up(Ap""PO)

, e |

l+sin(2aft+¢), te€ [

in Fig. 2(d), the extra channel current falls down with the de-
crease of interference field, meanwhile the upset to the logic
features mitigates.

Considering no direct injection of non-equilibrium car-
riers occurring during the soft logic upset (because no oxide
breakdown happens), the generation of non-equilibrium car-
riers is attributed to the change of the electron-hole recom-
bination probability . As is well known, the generation and
recombination happen constantly in a doped semiconductor.
When the EMI appears, part of generated carriers are swept
away (along or against the field direction) before their recom-
bination, leading the electron hole recombination probability
to decrease. The recombination probability change in PMOS

can be expressed as follows:

a a+1
2f7 2f )7
a=0,2,4,6,..., 3)
a+1 a+2
2f T 2f )7
| (Viwt — Vaa)
EMI — Vdd X
X | ——— | dx, 6
( dox dch) ()

where L is the channel length. As the interference field in-
creases, a peculiar situation occurs that the drift speed along
the negative y axis is much higher than along the x axis, lead-
ing some non-equilibrium carriers to collide with each other in
the surface of gate oxide and substrate. The H(PEM!) is used
here to explain this kind of extra current loss, where PEMI ¢
the power of the injection EMI signal.

Similarly, when Vgg = 0V, the soft logic upset is mainly
determined by the interference in the NMOS channel, the extra
channel current lexira—n can be calculated from

L
Textra—n = /0 H (PEMI) dchq.un(AnJrn())

(Vemr) x
X < dox dch) dx. 7)

The minority carriers in the substrate of NMOS are electrons,

s0 the Iexira—n Occurs in the first half of each disturbance cycle
as exhibited in Fig. 2. Furthermore, the EMI induced output
logic deviations can be calculated respectively based on the
Iextra—p and Iexyra—n, and are expressed as

L
W,uncox (VG - VT

L q
W[.LHCOX (VG _ VT) extra—n;

where AVyign and AVjqy, are the deviation of output high level

AVhigh = ) : 16Xt1'3.—p7 ®)

AViow = 3.3 —

©))

and output low level, W is the channel width, V5 and Vr are the
gate voltage and threshold voltage in normal operation condi-
tion, and Cyx is the inherent capacitance of the gate oxide layer.
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‘/in

Fig. 3. (color online) Schematic diagram of soft logic upset principle
through a deviation of the voltage transfer characteristic (VTC) curve.

The voltage transfer characteristic (VTC) curve under
EMI induced soft logic upset is revealed in principle in Fig. 3.
Figure 3(a) shows the Ip—V;, curves of NMOS and PMOS
in the inverter. It is easy to notice that when Vi, = 0V, the
EMI induced Iexra—n changes the intersection point between
the NMOS and PMOS load lines from A to B, and causes a
Vout to shift by AVy, which eventually leads to the decrease
from Vop to V() in the VTC curve as seen in Fig. 3(b). Identi-
cally, the Iexyra—p induces a change from C to D, which evokes
the AV; and the VTC curve deviating from Vo to V{;; . For the
same reason, the Iexira—p and Jexa—n can influence the whole
VTC curve of the CMOS inverter. One thing should be noticed
is that the turned-on MOSFST shows some current loss in its
saturation region (seen in two dotted regions in Fig. 3(a)). The
reason of this phenomenon is that the strong interference field
on the gate of the non-sensitive MOSFET (for example, the
NMOS when Vi, = 3.3 V) pushes some inverse carriers to the
substrate, which is not the dominant cause of the soft logic up-
set. According to the deduction above, the soft logic upset can
be more intuitively demonstrated by the decay of static char-
acteristics. Moreover, the recession of the output range, gain
and a noise margin can be noticed easily in the curve as well.

3. Simulation results and discussion
3.1. Soft logic upset dependence on injection power

Figure 4 indicates the numerical simulation output volt-
ages of the CMOS inverter. The EMI signal Vj,’s ranging from
3 dBm to 32 dBm in value are applied in the time range from
5 ns to 10 ns (to save simulation time, no cumulative effect
is found in longer term simulation attempt). The EMI is su-
perposed with the original input logic level which is low in
Fig. 4(a) and high in Fig. 4(b). A time-dependent output devi-
ation is observed which fits the soft logic upset features well.
Moreover, when Vi, = 3.3 V, the upset occurs in second half
of each EMI cycle, which is in line with the analyzed results
mentioned in Subsection 2.2, and the disturbed output voltages
are also in sinusoid-like form and increase with the augment
of the injection power. The same consequence is also shown
in Fig. 4(a).

i (a
% 3.0F ¥ ’ 3 dBm
= 1 ——10 dBm
g 1.5F —— 14 dBm
= 20 dBm
& I U —— 24 dBm
S 0 B 1 1 1 " _I 32 ‘.ij
[(b) 3 dBm
i 3.0 —— 10 dBm
o F —— 14 dBm
ﬁo 1.5+ 20 dBm
> I ——24 dBm
é ok m
ey Il Il Il Il
3 0 4 8 12 16

Time/ns

Fig. 4. (color online) Numerical simulation output voltages varying
with time under 3 dBm to 32 dBm EMI V;;, = 3.3 V (a) and 0.0 V (b).

The jumping interference output voltages in Fig. 4 are in-
tuitional but hard to measure accurately. Wang et al. reported
that a duplexer was used in EMI injection experiments./?°! The
interference output voltages can be separated into upset out-
put logic voltages and high frequency clutters. Referencing
this idea, a digital filter module is introduced in simulation as
shown in Fig. 5. The numerical simulation output voltage data
(for example, one of the curves in Fig. 4) is imported in the in-
put voltage A, which can be observed directly in oscilloscope
1. Oscilloscopes 2 and 3 show the high frequency clutter and
the upset output logic voltage respectively by sending the in-
put voltage A into the high-pass and low-pass filters. The data
output retains the useful upset output logic voltage data in an
array named Simout. Using this method, it is easy to visual-
ize the EMI induced soft logic upset through an output logic
deviation. Figure 6 shows the comparison between the pro-
cessed simulation output logic voltages (seen in Fig. 6(b)) and
experimental results (seen in Fig. 6(a)) reported in Ref. [20].
The input levels are both low, and the frequencies of EMI are
1 GHz identically. Fine conformity of their trends can be no-

ticed between experiments and simulations, the difference in
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specific value is caused by the actual experimental equipment
loss and the difference between simulated and real manufac-
tured inverters. Considering the original features of the digital
filter, there is a filter delay of about 3 ns as shown in Fig. 6(b),
which barely affects the tendency of the curves. Based on the
simulation results, an experiment measurable parameter AV
marked in Fig. 6(b) is used to estimate degree of soft logic

upset in this work, which is expressed as
= [Voar — Vou » (10)

where VEMI is the filtered output logic voltage under EMI and
Vout 18 the normal output level.

>

oscilloscope 1

FDATool

input voltage

L | oscilloscope 2
high-pass filter

FDATool
> ‘ >

»

scilloscope 3

o

low-pass filter

simout

data output

Fig. 5. Schematic diagram of digital filter module.
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Fig. 6. (color online) Upset logic output voltages in (a) experiments reported
in Ref. [20], (b) simulations after using the digital filter module.

Mechanism explanation in Subsection 2.2 reveals that the
extra channel current induces the soft logic upset in CMOS in-
verter. To justify the proposed parameter AV, in Fig. 7 we plot
the curves of AV and the interfered extra channel current den-
Sity Jextra (including Jexira—n and Jexira—p) versus injected in-
terference power. A parallel rising tendency between AV and
Jextra €merges with the increase of the EMI injection power, in-
dicating that the parameter AV can reflect the channel carrier

distribution changes in CMOS inverters reasonably.

q 2.8 Jextra—n under logic low input e 415
g ' —4— Jeyira—p under logic high input_ -
< ]
“’S 2.1F >
~ 41.0 S
L <
= 1.4fF 5
"
~ 2,
40.5 ¥
E S
g 0.7+
i AV under logic low mput
§ — - = —&— AV under logic high mput
% o ¥ ) | 0
S0 8 24 32

Injected interference power/dBm
Fig. 7. (color online) Curves of AV and interference extra channel cur-
rent density Jexira—n and Jexira—p Versus injected interference power.

The experimentally measurable parameter AV describes
the soft logic upset conveniently. However, to comprehen-
sively measure the device situation under soft logic upset, an
extraction of the voltage transfer characteristic is helpful. To
achieve this, a carrier equivalent simulation method is used in
this work. Based on above-mentioned study, 5 groups of data
(Npn» T) (Here, Ny, (n =1, 2, 3, 4, 5) is the peak doping con-
centration and T is the thickness of the interference extra car-
rier layer.) are collected in numerical simulation results at the
positions that make the channel 5 equal parts, the collecting
time points are the ends of the first and third parts of one inter-
ference cycle. Then the equivalent interference carrier doping
concentration Cy is given as

(PEMI)7

5
CS:%ZCPH-H (11)
n=1

where H(PEM!) 2 1/2 when injection power is lower than
30 dBm and H(PFM!) ~ 1 /4 when higher than 30 dBm accord-
ing to previous simulations. Figure 8 reveals the variations of
C; and T with the increase of injected voltage. An approxi-
mately proportional relationship between C; and interference
voltage can be found, meanwhile the interference extra carrier
layer thickness T is found to be almost stable at 10 nm in both
MOSFETs. Then we remodel the device by using the data in
Fig. 8, two man-made inversion channels are placed into the
simulation structure. Using this carrier equivalent simulation
method, complete VTC curves under augmented EMI can be
obtained. The contrast between the EMI induced inverter VTC
degradation in simulation and that in reported experimental
results!'! can be seen in Fig. 9. Besides good consistency be-
tween simulations (seen in Fig. 9(a)) and experiments (seen in
Fig. 9(b)), several signs of degradation in static performance
of the inverter can be observed likewise. Besides the decrease
of output logic voltage range Vo — VoL, the attenuation of
gain (gm = dlgs/dgs) and the degeneration of noise margin
SNMH and SNML (SNMH = VOH - V[H and SNML = VIL - VOL)

are also observed. All these phenomena are supported by the
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mechanism in Subsection 2.2. Furthermore, with the increase
of the EMI power, the degradation of VTC curves becomes
more severe. When the injection power reaches 20 dBm, the
VTC curve comes to a complete recession, which means the
disappearing of the flip feature in CMOS inverter. In addition,
since the simulations are under ideal conditions and the device
size and supply voltage in simulation are different from in ex-
periment, the interference VTC curves cannot be exactly the

same.
800 —— p-channel doping density
r —e— n-channel doping density 120
600
i 415
g —
S B g
- 400 {10 &
S ] &~
~
O 20010 45
— ¢ p-channel depth ]
or — a— n-channel depth 0
1 1 1 1 11

0 6 12 18 24
Injected interference voltage/V
Fig. 8. (color online) Variations of equivalent interference carrier dop-

ing concentration Cs and average channel depth 7 with injection voltage
increasing.

3.3
(a)
2.2+
>
~
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| — 1 GHz 20 dBm
— 1 GHz 14 dBm
— 1 GHz 10 dBm
— no interference
" 1 " 1
0 1.1 2.2 3.3
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5.00
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=
g 2.50
~
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1251 @Hz 20 dBm
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1

L L 1 L
0 1.25 2.50 3.75 5.00
‘/out/v

Fig. 9. (color online) Comparisons of EMI-induced inverter’s VTC
degradation between (a) simulation results and (b) experimental results
reported in Ref. [19].

To verify the simulation model more comprehensively,
experiments can be setup as shown in Fig. 10. The inter-
ference signal Vgmy is generated by a network analyzer (e.g.,

HP8753C), and then coupled with Vi, through a bias-7. The
normal input level Vj,, along with the Vyq is produced by a
semiconductor parameter analyzer (e.g., HP4145B). Then the
coupled signal is directly injected to the test chip. The test
chip should be designed and fabricated specially: the input
and output of the inverter should have coplanar waveguides in
ground-signal-ground (GSG) configuration. The VTC curve
of the inverter is measured by the voltage monitor unit Vp;
in the semiconductor parameter analyzer. Through two filters
(as shown in Fig. 5), the disturbed output logic voltage V1. and
the high-frequency interference voltage Viy can be monitored
respectively in Vipz and V.

semiconductor parameter analyzer
Vin Vaa Vi

Fig. 10. (color online) General experiment setup on effect of EMI on
single CMOS inverter.

3.2. Dependence on interference frequency

Considering the high complexity of the intentional elec-
tromagnetic environments, investigation on the influence of
EMI frequency on the soft logic upset is valuable. Using the
proposed parameter AV, we simulate L-to-C waveband EMI
induced soft logic upset in CMOS inverter. Figure 11 illus-
trates the output AV varying with the injection power under
different EMI frequencies, and the reported output logic volt-
ages in experiment!?%! is also given for comparison. An ap-
parent trend can be found that under 1-GHz-to-5-GHz EMI,
lower interference frequencies tend to induce severer degener-
ation as shown by larger output AV, which is supported by the
reported experimental results in Ref. [20]. In addition, Kim
et al. conducted EMI experiments?? on single enhanced n-
channel MOSFET, which can be considered as a part of the
CMOS inverter, and the results revealed the same tendency as
our simulations’. Moreover, in order to trace the physical un-
derstanding of the EMI frequency influence, device numerical
simulation results of electron concentrations when V;, = 0.0 V
are illustrated in Fig. 12. The condition of no EMI is plotted in
Fig. 12(a) for comparison, figures 12(b) and 12(c) respectively
illustrate the device internal electron concentrations under 1-
GHz and 5-GHz EMI. The injection powers are both 24 dBm.

Obvious electron inversion layers can be seen in these two
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figures, which confirms the existence of the soft logic up-
set. Furthermore, more substrate non-equilibrium electrons
are found in Fig. 12(b), which is consistent with the conclu-
sion in Fig. 11.

Sr—71o G
—— 3.3 GHz___, E,) 15
[—— 2.0 GHz ° S
< ,|—— 14 GHz \A\ 5
> 2+ 1.0 GHz 14 @
< g
5 5 GH : S
- - z -7 >
g [-e-4GHz -5-7 0 L P g
S |[-4-3GHz , /a--Z5% 2,
-v-2GHz /1 X2 ~ _a 5
-e-1G //;lﬁ"— 12 &
F
0—0—-1_]@‘ g
" 1 " 1 1 1 1

Injected interference power/dBm

Fig. 11. (color online) Simulation results of (left) output AV and (right)
experimental results of output voltage reported in Ref. [20] under EMI
at frequencies ranging from 1 GHz to 5 GHz.
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Fig. 12. (color online) Device simulation results of low level input elec-
tron concentrations under (a) no EMI, (b) 1-GHz and 24-dBm EMI, (c)
5-GHz and 24-dBm EMI. The inset shows the electron concentrations
in NMOS channels.

Based on the mechanism explanation in Subsection 2.2,
this frequency upset characteristic is attributed to the decrease
of non-equilibrium carriers at higher frequencies. With the
increase of the EMI frequency, the interference signal is no
longer the slowing varying situation and the carriers change
their directions too fast, thereby increasing the recombination
possibility instead.

3.3. Dependence on device size

Investigation on the dependence between the device size
and soft logic upset is conducted here. Half of size simula-
tion device is established, compared with the primary CMOS
inverter structure mentioned in Subsection 2.1. The shrinkage
is based on the quasi-constant voltage reduction rule, which
means that to maintain the normal operational function of the
CMOS inverter, doping concentration in the device substrates
should increase to 1.8 x 10'7 cm® (6 x 10'® cm? in original
size device) and the supply voltage should be adjusted to 2.5 V.

Figure 13 shows the comparison between the interference de-
grees in original inverter and half the size of inverter under
3-dBm-to-32-dBm EMI when Vj;, = 0.0 V. Owing to having
different V44 values, the interference degree is represented by
AV /V4q. Obviously, half the size of CMOS inverter shows a
more serious soft logic upset, whether the input is at a logic
high level (see Fig. 13(a)) or at a low level (see Fig. 13(b)). To
further confirm this conclusion, the electron concentration dis-
tributions of different device sizes are shown in Fig. 14. Fig-
ure 14(a) shows no EMI control group either, and figure 14(b)
displays the original size simulation results under 24-dBm and
1-GHz EMI while figure 14(c) shows half the size of situa-
tion under the same interference. It can be indicated that the
distribution trends of non-equilibrium electrons in inverters of
different sizes are identical, which means that the mechanism
of soft logic upset is not affected by device size. However,
the value of non-equilibrium electron concentration is higher
in half the size of device. This phenomenon is trigged by the
fact that the inverters with smaller size are more inclined to ac-
cumulate the non-equilibrium carriers, which means that they
are more likely to have soft logic upsets under EMI.

3 - original size (a)
10 |- half size
0.4fF

20

(b)

Interference degree of output logic voltage/%

40k 06
0.3 -

*r % 3.5
L

7 14 21 28 35

Injected interference power/dBm

Fig. 13. (color online) 3-dBm-to-32-dBm EMI induced soft logic up-
sets in original and half the size of inverter at Vi, = 3.3 V (a) and 0.0 V
(b). The inset shows the results at an injection power of 3 dBm.
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Fig. 14. (color online) Device simulation results of low level input elec-
tron concentrations at (a) original size and no EMI, (b) original size
and 24-dBm EMI, (c) half size and 24-dBm EMI. The inset shows the
electron concentrations in NMOS channels.
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4. Conclusions

Theoretical analysis concentrating on the EMI induced
soft logic upset in CMOS inverters is presented. The upset is
directly caused by an abnormal turn on of the specific MOS-
FET in single inverter, and furthermore, the unusual inverse
channel is formed by an incomplete recombination caused
non-equilibrium accumulation under the effect of the interfer-
ence field. Based on the semiconductor basic equations, the
upset extra channel current L., is obtained, and then the logic
output deviation and the static characteristics degradation are
calculated using lexira. These mechanism explanations provide
an in-depth understanding of soft logic upset caused CMOS
bit error.

In simulation, a soft logic upset simulation model is es-
tablished and used in the study of EMI power characteristic.
First, the device numerical simulation is built to reproduce the
physical and electrical characteristics of the CMOS inverter
under soft logic upset, and then a digital filter model is used to
obtain the soft upset output logic level. And a static parameter
extraction method in simulation is proposed to further under-
stand the interference in device performance. The influences
on EMI frequency and device size are studied using the same
model, concluding that lower frequency of EMI and smaller
size of inverter are more susceptible to the EMI induced soft
logic upsets. The results are supported by the reported ex-
perimental results. The simulation model reduces the cost of
experiments and provides a new idea for further studies.
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