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The latch-up effect induced by high-power microwave (HPM) in complementary metal-oxide—semiconductor
(CMOS) inverter is investigated in simulation and theory in this paper. The physical mechanisms of excess carrier in-
jection and HPM-induced latch-up are proposed. Analysis on upset characteristic under pulsed wave reveals increasing
susceptibility under shorter-width pulsed wave which satisfies experimental data, and the dependence of upset threshold on
pulse repetitive frequency (PRF) is believed to be due to the accumulation of excess carriers. Moreover, the trend that HPM-
induced latch-up is more likely to happen in shallow-well device is proposed.Finally, the process of self-recovery which is
ever-reported in experiment with its correlation with supply voltage and power level is elaborated, and the conclusions are

consistent with reported experimental results.
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1. Introduction

As electronic systems increasingly demand the reliability
of integrated circuit especially in harsh electromagnetic envi-
ronments, research on susceptibilities of devices and systems
under electromagnetic interference (EMI) effect have been a
hotspot. High-power microwave is a typical instance in in-
ducing EMI, which is easy to couple into electronic systems
through antennas of receiver (commonly referred to as front-
door) or apertures on shell, interconnected wires and power ca-
bles (commonly referred to as back-door). 1] These intentional
or unintentional electromagnetic pulses can result in tempo-
rary breakdown, permanent malfunction or catastrophic phys-
ical damage.!

Several pieces of experimental and theoretical research
on HPM effects have been carried out in recent years. Influ-
ences on devices in different processes, computer systems!’!
and radio link systems!!! are studied and summarized in ex-
periment. Bargstidt-Franke et al.'*! and Wang et al.P! re-
vealed pulse width dependences, frequency dependences and
supply voltage dependences of upset threshold power and en-
ergy. However, few theoretical analyses were carried out in
the above works. Yu er al.!® and Liu er al.l”l reported the
HPM damage mechanism of high electron mobility transistor,
which is widely used in the low noise amplifier in the radio
frequency system. Ma ef al.'®" and Chai er al.l'?! presented
the physical failure theory of bipolar transistor and proposed
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several hardening measures against HPM. In back-door cou-
ple scenario, it is believed that latch-up is a significant fac-
tor leading to upset.!'3] Kim and Iliadis!'*! explained latch-
up mechanism and frequency dependence of complementary
metal-oxide—semiconductor (CMOS) inverter by direct injec-

15,161 theoretically

tion through gate terminals. Chen and Dul
explained the effects of frequency, width, pulse repetitive fre-
quency and device bias by simulation, whereas these anal-
yses are based on circuit level. Yu et al. analytically dis-
cussed and deduced the effects of frequency, width and tem-
perature combining with the distribution of fundamental phys-
ical quantities.!'’~1°1 However, several experimental phenom-
ena of latch-up in CMOS inverter induced by high-power mi-
crowave and relevant factors which are widely involved remain
to be solved and explained in more detail.

In this work, a two-dimensional CMOS inverter is mod-
eled and on the basis of this, the mechanism of high-power
microwave-induced latch-up is studied. The latch-up depen-
dence on high-power microwave signal parameters including
duty cycle and pulse repetitive frequency is explained by com-
paring with existing data, and the relationship between upset
average power threshold and duty cycle is obtained analyti-
cally. The dependence of upset power on depth of well is re-
vealed. In addition, the supply voltage dependence along with
the resulting self-recovery characteristic discovered in experi-
ment before is explored.
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2. Simulation set-up

The schematic diagram of the tested CMOS inverter un-
der n-well process with a parasitic p-n—p-n structure is de-
picted in Fig. 1, and several structural parameters including
total lateral length, substrate thickness and well depth are
marked. The gate length is specified to be 0.35 um. Q; and
0> represent the parasitic NPN and PNP transistors, whereas
R and Ry, are equivalent resistances of substrate and well, re-
spectively. The temperature of the device base is specified to
be ambient (300 K) as a thermal boundary to simulate practi-
cal application condition. The inverter works at a supply volt-
age of 3.3 V under normal conditions with mid-point voltage
(Vi) located at about 1.6 V as indicated in Fig. 2. The external
HPM that is assumed to be sinusoidal plane wave and has been
proved to be reasonable in experiment,!?"! is injected into the
device via the source terminal of NMOS to emulate the pro-
cess of back-door coupling, in which power wires and ground
wires are susceptive objects, especially in a digital integrated

circuit.
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Fig. 1. Schematic diagram of CMOS inverter with a parasitic p-n—p-n
structure.
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Fig. 2. (color online) Voltage transfer curve and current transfer curve
of the inverter adopted with a mid-point voltage of about 1.63 V.

3. Results and discussion
3.1. Upset mechanism

The inverter output voltages varying with time versus mi-
crowave injected into NMOS source port are shown in Fig. 3.
The high power microwave is applied in a time interval from
0 ns to 10 ns, and the black solid line and red solid line repre-
sent the inverter output voltage under microwave with power

levels of 13.5 dBm and 19.5 dBm, respectively. It can be seen
during the action of external microwave, the output voltages
under both 19.5-dBm and 13.5-dBm microwave show bit er-
rors. For the case of 13.5 dBm, the output voltage recovers to
normal value (3.3 V) and succeeds in responding to input after
the microwave signal has been removed. However, the output
voltage affected by a microwave of 19.5 dBm still maintains
a wrong value (about 1 V) after the HPM has been removed
and the inverter fails to respond to input. Moreover, the source
terminal currents of PMOS are displayed by dashed lines in
Fig. 3. For an inverter, the source current should be kept at
about zero without input change under normal circumstances,
which gives rise to little static power consumption of CMOS
inverter. The current response under 13.5-dBm microwave
(represented by black dashed line) is kept at 0 mA after 10 ns,
whereas the current under 19.5-dBm microwave (represented
by red dashed line) shows an abnormal rise which cannot be
ignored after the microwave has been removed, indicating that
a latch-up current path from power supply terminal to ground

forms.
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Fig. 3. (color online) Output voltage response and source current of
PMOS under microwave powers of 13.5 dBm (in black) and 19.5 dBm
(in red).

The emulated electron current density distribution of
NMOS side during the negative half cycle of injected mi-
crowave is shown in Fig. 4(a). The grounded bulk terminal
along with negative potential source terminal forms a forward
PN junction current path, and a large number of carriers flow
into the substrate. However, this PN junction is biased re-
versely hence few carriers flow out of the substrate during the
positive half cycle (seen in Fig. 4(b)). Partial excess minor
carriers (electrons in p-substrate) accumulate at the border of
the substrate close to n-well, leading to the fact that drift rather
than diffusion across depletion region plays a dominant role,
and flow into n-well. Once the diffusion current formed by
these carriers inside n-well is large enough to lead to a suffi-
cient voltage drop, the parasitic PNP transistor is switched on.
On the other hand, excess holes from n-well lead to a sufficient
voltage drop through substrate and trigger NPN transistor, and

there forms a latch-up path. Oppositely, the output voltage
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gets back to normal if the injected carriers are unable to trig-
ger latch-up path.
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Fig. 4. (color online) Distributions of electron current density in near
source and bulk terminal of NMOS. (a) At the negative half cycle of in-
jected microwave; (b) at the positive half cycle of injected microwave.

3.2. Latch-up dependence on HPM duty cycle

Several studies on HPM signal parameter dependence of
latch-up upset effect have been reported. However in these
studies, continuous wave is generally used to substitute HPM.
Actually, in real-world situation HPM is produced with a cer-
tain duty cycle which is usually not 100% nor certain repetitive
intervals. In this section, the stimulus acted is specified by a
single-shot sinusoidal source with various duty cycles. The
condition under repetitive pulses will be presented in the fol-
lowing section.

TP—T
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—

Time/ns
Fig. 5. Waveform pattern of injected HPM.

The waveform injected into the source terminal of NMOS
is illustrated in Fig. 5, where 7 and 7}, represent pulse width
and period, respectively. The injected average power (Paye)
and peak power (Ppeak) are defined as follows:

Pavezi- (1)

A single-shot pulse with a fixed period of 20 ns is injected
into source terminal of NMOS. Figure 6 shows simulated up-
set peak power threshold and calculated average power thresh-
old as a function of pulse width. The curves show decreas-
ing trend on upset peak voltage threshold as width (equiva-
lent with duty cycle) increases, since a certain number of ex-
cess carriers are needed to trigger the latch-up path,*! and the

simulated result satisfies the experimental results reported in
Ref. [21]. However, an opposite trend appears on the upset
average power threshold. The result indicates that for pulses
with the same period, the one with a shorter width (lower duty
cycle) is easier to upset the device, that is to say, the CMOS
inverter is more susceptible under a pulse with shorter width
than under a continuous wave for a certain average power.
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Fig. 6. (color online) Upset peak power compared with experimental re-
sult in Ref. [21] (normalized value) and average power thresholds along
with analytical relationship (6) as a function of width.

A simplified process of calculation is presented to explain
it as follows. Consider the injected carriers near NMOS source
terminal. Now it is assumed that the PN junction formed by
source terminal and substrate satisfies the ideal /-V relation-

1=1I <exp <Z¥>) s 2)

where [ is the reverse saturation current, ¢ is the charge of

ship as follows:

an electron, k is the Boltzmann constant, 7 is the temperature,
and V is the voltage across source terminal and substrate. The
relationship between pulse width 7 and average power Py is
described as follows:

V: 1

— 3
T 3)

Pye =
where V, is the voltage of injected microwave, 7 is the pulse
width, R is the device equivalent resistance, and 7, is the pe-
riod of microwave. Combining Eqs. (2) and (3), the injected

total quantity of charge Q is obtained as follows:

T Py TR\ /2
Q:/Olrsexp qu<aveTp) o | dt

Py TR\ /2
— Iexp é(“rp) ol t, (4)

in which « is an equivalent coefficient in order to simplify the
sinusoidal signal as DC one. According to the analysis above
in Subsection 3.1, the inducement of latch-up is the imbal-
ance of drift-diffusion between n-well and p-substrate, hence
the minor carrier density of substrate close to n-well ngy, is the
key to determining whether latch-up occurs. The relationship
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between Q and ng,, is proposed in Ref. [19] and expressed as
follows:

new = An (x, T

Q Dt
=ty = / wm
1

(m)%xp [(4DH(I;BTt) +D:;n_t)]

X

dr. (5)

where S is the cross sectional area of device, D is an equivalent
coefficient to simplify the modeling process by converting the
sinusoidal microwave pulse into a DC pulse, Ly is the lateral
length of device, Dy, is the diffusion coefficient, 7, is the life-
time of electrons, and ¢ is time. Combining Eqgs. (4) and (5),
the ngy can be expressed as follows:

n :Eex 4 (FueTpR 1/206 T DriLB
w = g\ T o 27D,

1
5 dt,
Ly + Dt —1t (6)
4D, (DT —1) Tn

X

(VDT=1)" -exp K

Regarding ng,, as a constant value to trigger latch-up, equa-
tion (6) shows the relationship between average power Py
and pulse width 7. The fitting curve is also exhibited in Fig. 6,
and satisfies the simulation result, demonstrating the analyti-
cal relationship (6) and analysis in Subsection 3.1 is valid and
reliable, and therefore microwave with a shorter duty cycle
is easier to induce upset under the condition of same average

power.

3.3. Dependence on pulse repetitive frequency

However, the discussion above is based on single-shot
microwave pulse and the accumulation of excess carriers is
not taken into consideration. The simulated variation of upset
power threshold with PRF ranging from 0 MHz to 200 MHz
is depicted in Fig. 7. Two periods of microwave pulse with
intervals are injected and the width of each pulse is specified
to be 5 ns. As can be seen, the upset power threshold keeps
at 96.1 mW at low PRF, whereas an obvious decrement oc-
curs with PRF exceeding about 60 MHz. Moreover, the data
reported in Ref. [15] are also shown in Fig. 7 for compari-
son, and the two curves exhibit the same trend. According
to Ref. [15], a lower power threshold appears when PRF is
much larger than 1/7. However in this work, the excess minor
lifetime is extracted to be about 1 us, indicating that there is
another cause taking effects to lower the power threshold in
repetitive pulses along with minor recombination effect pro-
posed in Ref. [15].
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Fig. 7. (color online) Simulated upset threshold power dependence on
pulse repetitive frequency and reported data in Ref. [15]. The width is
specified to be 5 ns and two period pulses are injected in our work.

In order to investigate the repetitive pulse effect in more
detail, electron density distributions as a function of lateral
position x at the depth of 1 um at different times are shown
in Fig. 8, for the repetitive frequencies of (a) 0 MHz and (b)
100 MHz. The peak power is specified to be 90 mW.
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Fig. 8. (color online) Semi-logarithmic electron density distributions as
a function of lateral position x at depth of 1 pm and their variations with
time for PRF = (a) 0 MHz and (b) 100 MHz.

In Fig. 8(a), it is obvious that the excess electrons injected
into p-substrate lessen with time, and it is because the injected
excess electrons hinder the diffusion effect from n-well to p-
substrate at n-well border and cause the electron drift effect to
be dominant. For single-shot condition, electron drift effect
lasts long enough so that neither sufficient cumulative elec-
trons to form enough electron stream from p-sub to n-well, nor

028501-4



Chin. Phys. B Vol. 26, No. 2 (2017) 028501

latch-up occurs. For the condition of 100 MHz in Fig. 8(b), it
is different. Electrons in p-substrate at 10 ns are fewer than at
5 ns due to drift effect. However at 10 ns, the second pulse
works and makes electron density at 15 ns (blue line) more
than at 5 ns (black line) due to the electron accumulation.
The electron density on the n-well side of depletion region be-
comes large enough, causing the abundant diffusion current
inside n-well to form a voltage drop which enables switching
on the PNP transistor. Thereby, latch-up occurs under repeti-
tive pulses. Higher PRF emphasizes this accumulation effect,
leading to a decline on upset power threshold with PRF in-
creasing. Moreover, for the repetitive pulses with low PRF,
the interval between pulses is long enough so that almost all
the carriers from the last pulse flow into n-well and thus the
accumulation effect of p-substrate electrons can be ignored.
Hence it is reasonable to treat the repetitive pulses as inde-
pendent ones, and upset threshold power at low PRF is nearly
constant. Besides, the recombination of excess carriers also
contributes to this process.

3.4. Dependence on well depth

According to the analysis above, the requirement for
latch-up is enough diffusion current to form sufficient voltage
drop in n-well, and the diffusion current is dependent on the
density of excess carriers across PN junction, considering the
density of excess carriers in substrate close to n-well, which is
affected by diffusion from p-substrate and drift from PN junc-
tion. Accumulated excess carriers from diffusion are irrelevant
to the depth of well since these are formed by HPM injection
essentially. However, the drift current from substrate to n-well
is as follows:

I =0CES, )

where o and E represent the conductivity and electric field
strength of space charge region, and the current is in direct
proportion to cross sectional area S, that is to say, a larger well
depth results in a larger drift current, and the density of excess
carriers in substrate close to n-well is lower, therefore diffu-
sion current in n-well is lower. In order to trigger the parasitic
transistor, a higher power level of HPM is needed.

The simulated upset power level variations with pulse
width at different well depths are shown in Fig. 9. It can be
seen that with the increase of well depth, the upset power level
becomes larger, especially at short pulse width. Moreover, the
electric field strength and electron density variation with ver-
tical y axis at the border of substrate and well are shown in
Fig. 10. The values of electric field strength are similar at
different values of well depth D, whereas for a larger D, the
electric field extends more, and the electron density becomes
lower, which satisfies the analysis above. Therefore, it is be-
lieved that the devices are more resistant to HPM in deep well
process.
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Fig. 9. (color online) Variations of upset power threshold with pulse
width at diverse well depth.
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Fig. 10. (color online) Variations of electric field strength (solid lines)
and electron density (dashed line) with y axis at the border between
substrate and well.

3.5. Supply voltage dependence and self-recovery charac-
teristic

Since the device may be used in a range of supply volt-
ages according to the practical requirement, it is valuable to
investigate the transient latch-up under diverse supply biases.
The output responses under supply voltages of 3.3 Vand 2.7V
are shown in Fig. 11, and the injected power level is specified
to be 67.6 mW. It shows the malfunction after microwave pulse
has been removed at 10 ns with V33 = 3.3 V, however, the out-
put voltage turns into self-recovery toward correct level after a
period of time under 2.7 V supply voltage. The phenomenon
is consistent with that indicated in Ref. [5], in which self-
recoverable latch-up effect under low supply voltage is pro-
posed. The duration from the removal of microwave to the oc-
currence of self-recovery is defined as delay time in this paper.
The extracted simulated delay times as a function of supply
voltage Vg4 under different injection power levels are shown in
Fig. 12. The result reveals that the delay time becomes shorter
with the decrease of V44, whereas no self-recovery is discov-
ered under higher supply voltage during simulation. More-
over, the injection power level increasing from 18.3 dBm to
19.5 dBm extends the delay time under the same supply volt-
age, however for an injection power of 17.9 dBm, the delay
time has similar values under different supply voltages.
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Fig. 11. (color online) Output voltage responses under different sup-
ply voltages. The power level of microwave injected through source
terminal of NMOS is specified to be 67.6 mW.
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Fig. 12. (color online) Extracted delay times as a function of supply
voltage V44 under different power levels.
When the transient latch-up occurs, both NPN and PNP
parasitic transistors work in the forward-active region, which
satisfies the following equation:

Vad — IwRw > LR, ®)

where I, and I are the currents flowing through resistances in
n-well (Ry) and substrate (R;), respectively (see Fig. 1). Be-
cause of the low-impedance of latch-up path, the current from
P-source to N-source (Ipe and Iy in Fig. 1) increases, while
partial n-well/substrate currents through Ry, and R (I and I)
become larger at the same time due to the high potential of
n" in n-well and low potential of p™ in substrate. Once equa-
tion (8) does not hold true, the collector junctions of parasitic
transistors are invalid, and the excess carriers flow out of de-
vice to supply or ground. This process is illustrated in Fig. 13,
where increasing current appears to flow through substrate and
source terminal after HPM has been removed. Besides, the
increases of resistances in well and substrate due to tempera-
ture also contribute. Since the latch-up trigger current results
from external carrier injection in essence, the value of I is
irrelevant to Vyq at the beginning of latch-up. Consequently, a
longer delay time is needed under higher supply voltage.
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Fig. 13. (color online) Terminal current characteristics of PMOS and
output voltage response.

However, the diffusion current is unable to form an ade-
quate voltage drop in n-well to switch the PNP transistor if no
sufficient excess carriers are injected as indicated by the anal-
ysis in Subsection 3.1, and the output returns to normal level
after the excess carriers have flowed out of the device in the
form of diffusion current. The time durations spent by this
process are similar since diffusion current is only relevant to
density gradient rather than supply voltage, and for this reason,
delay times have similar values when the HPM power injected
is relatively small.
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Fig. 14. (color online) Variations of PMOS source current with time un-
der different power levels. The supply voltage is specified to be 1.8 V.
Furthermore, a higher injection power level leads to a
longer delay time under the same supply voltage as figure 12
reveals. Figure 14 shows the currents of PMOS source ter-
minal for different HPM power levels under the same supply
voltage of 1.8 V. Obviously PMOS source current begins to de-
cease after microwave has been removed and it can be inferred
that the positive feedback has failed before 10 ns. The n-well
diffusion current is larger due to higher injection power level
and higher density of excess carriers at depletion layer border
of collector side, hence a longer delay time is needed. In ad-
dition, the change of supply voltage is principally reflected in
collector region rather than in substrate, and the accumulation
of excess carriers in substrate is hardly related to supply volt-
age. Consequently, the supply voltage has little influence on
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upset power threshold, which is consistent with experimental
result.

Actually in practice, a small delay time may not be de-
tected in the circuit under the action of parasitic capacitance
and specific operating frequency, hence it is feasible that in-
susceptibility can be obtained under a lower supply voltage at
the expense of degradation in circuit performance.

4. Conclusions

The latch-up phenomenon and mechanism induced by
high power microwave along with duty cycle, PRF, well depth
dependence, supply voltage dependence are discussed in detail
on the basis of constructed CMOS inverter model. The simu-
lated result indicates that the density of excess carriers across
PN junction between substrate and well is critical in HPM-
induced latch-up to the formation of sufficient diffusion cur-
rent in n-well. An analytical relationship between duty cycle
and average Py is proposed, demonstrating that the shorter
width pulsed wave is more efficient in upsetting inverter. Fur-
ther, the upset threshold power begins to decrease when pulse
repetitive frequency exceeds a certain value due to the ac-
cumulation of excess carriers. The increase of well depth
weakens the accumulation of excess carriers and the result-
ing latch-up, due to the enhanced drift effect from substrate to
well. Moreover, the reported experimental self-recovery phe-
nomenon is elaborated and comes out a positive correlation
between delay time and supply voltage when injected power
exceeds a certain value, and a higher power level leads to a
longer delay time. Moreover, the upset threshold is proved
to be hardly dependent on supply voltage, which is consistent

with experimental conclusion.

References

[1]

[2]
[3]

[4]

[5]
[6]

[7]

[8]

[9]
[10]
[11]
[12]
[13]
[14]
[15]
[16]
[17]
(18]
[19]

[20]

[21]

028501-7

Bickstrom M G and Lovstrand K G 2004 IEEE T Electromagn. C 46
396

Tliadis A A and Kim K 2010 IEEE Trans. Dev. Mater. Reliab. 10 347
Nitsch D, Camp M, Sabath F, Haseborg J L and Garbe H 2004 /[EEE T
Electromagn. C 46 380

Bargstadt-Franke S, Stadler W, Esmark K, Streibl M, Domanski K,
Gieser H, Wolf H and Bala W 2005 Mmicroelectron Reliab. 45 297
Wang H, LiJ, Li H, Xiao K, and Chen H 2008 PIER 87 313

Yu X H, Chai CC, Liu Y, Yang Y T and Xi X W 2015 Chin. Phys. B
24 048502

Liu Y, Chai C C, Yang Y T, Sun J and Li Z P 2016 Chin. Phys. B 25
048504

Ma Z Y, Chai C C, Ren X R, Yang Y T and Chen B 2012 Acta Phys.
Sin. 61 078501 (in Chinese)

Ma Z Y, Chai C C, Ren X R, Yang Y T, Chen B, Song K and Zhao Y
B 2012 Chin. Phys. B 21 098502

Ma Z Y, Chai C C, Ren X R, Yang Y T, Chen B and Zhao Y B 2012
Chin. Phys. B 21 058502

MaZY, Chai C C,Ren X R, Yang Y T, Zhao Y B and Qiao L P 2013
Chin. Phys. B 22 028502

Chai CC,MaZ Y, Ren XR, Yang Y T, Zhao Y B and Yu X H 2013
Chin. Phys. B 22 068502

Kim K and Iliadis A A 2007 ISDRS, December 12-14, 2007, College
Park, MD, USA, p. 1

Kim K and Iliadis A A 2008 Solod State Electron. 52 1589

Chen J and Du Z W 2013 Microelectron. Reliab. 53 371

Chen J and Du Z W 2013 Microelectron. Reliab. 53 1891

Yu X H, Chai C C, Ren X R, Yang Y T, Xi X W and Liu Y 2014 J.
Semicond. 35 084011

Yu X H, Chai C C, Liu Y and Yang Y T 2015 China Inform Sci. 58
082402

Yu X H, Chai C C, Qiao L P, Yang Y T, Liu Y and Xi X W 2015 J.
Semicond. 36 054011

Korte S, Camp M and Garbe H 2005 IEEE International Symposium on
Electromagnetic Compatibility, August 8—12, 2005, Chicago, IL, USA,
p. 489

Fang J Y, Liu G Z, Li P, Wang H J and Huang W H 1999 High Power
Laser and Particle Beams 11 639 (in Chinese)


http://dx.doi.org/10.1109/TEMC.2004.831814
http://dx.doi.org/10.1109/TEMC.2004.831814
http://dx.doi.org/10.1109/TDMR.2010.2050692
http://dx.doi.org/10.1109/TEMC.2004.831842
http://dx.doi.org/10.1109/TEMC.2004.831842
http://dx.doi.org/10.1016/j.microrel.2004.05.017
http://dx.doi.org/10.2528/PIER08100408
http://dx.doi.org/10.1088/1674-1056/24/4/048502
http://dx.doi.org/10.1088/1674-1056/24/4/048502
http://dx.doi.org/10.1088/1674-1056/25/4/048504
http://dx.doi.org/10.1088/1674-1056/25/4/048504
http://wulixb.iphy.ac.cn//CN/abstract/abstract47236.shtml
http://wulixb.iphy.ac.cn//CN/abstract/abstract47236.shtml
http://dx.doi.org/10.1088/1674-1056/21/9/098502
http://dx.doi.org/10.1088/1674-1056/21/5/058502
http://dx.doi.org/10.1088/1674-1056/21/5/058502
http://dx.doi.org/10.1088/1674-1056/22/2/028502
http://dx.doi.org/10.1088/1674-1056/22/2/028502
http://dx.doi.org/10.1088/1674-1056/22/6/068502
http://dx.doi.org/10.1088/1674-1056/22/6/068502
http://dx.doi.org/10.1109/ISDRS.2007.4422538
http://dx.doi.org/10.1109/ISDRS.2007.4422538
http://dx.doi.org/10.1016/j.sse.2008.06.041
http://dx.doi.org/10.1016/j.microrel.2012.10.012
http://dx.doi.org/10.1016/j.microrel.2013.07.004
http://dx.doi.org/10.1088/1674-4926/35/8/084011
http://dx.doi.org/10.1088/1674-4926/35/8/084011
http://dx.doi.org/10.1007/s11432-015-5323-9
http://dx.doi.org/10.1007/s11432-015-5323-9
http://dx.doi.org/10.1088/1674-4926/36/5/054011
http://dx.doi.org/10.1088/1674-4926/36/5/054011
http://dx.doi.org/10.1109/ISEMC.2005.1513564
http://dx.doi.org/10.1109/ISEMC.2005.1513564
http://dx.doi.org/10.1109/ISEMC.2005.1513564
http://dx.doi.org/1001- 4322(1999)05-0639-04
http://dx.doi.org/1001- 4322(1999)05-0639-04

	1. Introduction
	2. Simulation set-up
	3. Results and discussion
	3.1. Upset mechanism
	3.2. Latch-up dependence on HPM duty cycle
	3.3. Dependence on pulse repetitive frequency
	3.4. Dependence on well depth
	3.5. Supply voltage dependence and self-recovery characteristic

	4. Conclusions
	References

