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Modeling and understanding of the thermal failure induced by high
power microwave in CMOS inverter*
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The thermal failure induced by high power microwave (HPM) in a complementary metal oxide semiconductor
(CMOS) inverter is investigated and its dependence on microwave parameters is discussed in detail. An analytical model of
the temperature distribution is established and the relationships between hotspot temperature and pulse width and between
hotspot temperature and frequency are predicted, which reveals a more severe rise in temperature under the influence of
microwave with longer width and lower frequency. The temperature variation mechanism and the theoretical temperature
model are validated and explained by the simulation. Furthermore, variation trend of damage threshold with microwave
parameters is derived theoretically, and the conclusions are consistent with simulation results and reported data.
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1. Introduction

As the integrated circuit is used more and more widely
in civil and military fields, research on microelectronic relia-
bility has been a hotspot in recent years. The failures caused
on the semiconductor could be various, such as a material de-
fect, device aging and radical external excitation. High power
microwave is a typical instance of electromagnetic interfer-
ence with a high power level, high frequency and short width
generally, and is developed rapidly for the use of microwave
weapons. High power microwave (HPM) is easy to couple
into electronic system via antennas, cables and apertures of
shells intentionally or unintentionally, leading to degeneration
in performance and temporary or permanent failure. !l

Since the external microwave may induce a catastrophic
impact, the microwave effects on various integrated circuits
and semiconductors have widely been investigated in these
last few years. Many experimental researches were carried
out through testing the damage susceptibility of discrete PIN
diode, ! high electron mobility transistor (HEMT),>*! bipo-
lar transistor, ! integrated components on transistor—transistor
logic (TTL) and CMOS logic,®! computer system,!”! etc. Be-
sides, theoretical studies were also presented widely. Ren ef
al. reported the motion of current filaments and the ther-
mal failure effect of PIN diode under electromagnetic pulse. 8!
Liu et al.'>'% and Yu et al.l'''?) revealed the phenomena
of damage and degradation as well as their mechanisms of
GaAs HEMT under the influence of HPM by numerical sim-

ulation and experiment used for comparison. Chai et al.['3]
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and Ma et al.!"*1%] proposed the thermal failure mechanism
in bipolar semiconductor and proposed some measures against
it. As for the CMOS device, Kim and Iliadis focused on the
dynamic and static characteristics in a CMOS inverter under
HPM environment.!'72% Wang et al.1>!! and Yu et al.[?>%4
researched the HPM induced latch-up effect and its critical
factors in experiment and theory. However, the thermal dam-
age is also a significant failure cause for the CMOS device
besides latch-up.!!!

This work focuses on the thermal failure in the CMOS in-
verter caused by HPM. An analytical temperature distribution
is derived and the relationships between hotspot temperature
and microwave frequency, and between hotspot temperature
and width are predicted. Based on numerical simulation, the
damage mechanism is presented and the temperature model is
validated and explained. In addition, the variations of damage
threshold with frequency and width are predicted and com-
pared with simulation results and reported data.

2. Modeling procedure

A typical CMOS inverter schematic diagram with an n-
well is depicted in Fig. 1. The doping types and the electrical
connections are illustrated, and B, S, D, G represent bulk ter-
minals, source terminals, drain terminals, and gate terminals
of NMOS or PMOS, respectively. The top surface is regarded
as being adiabatic and the lower surface is assumed to be at
ambient temperature (300 K). For digital circuits, the external
microwave is more likely to invade the electronic system via
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a back-door couple path,!!! of which power/ground lines are
typical instances, thus the external HPM injection source acts
on the source terminal of the NMOS part in our work. The ex-
ternal HPM is assumed to be a sinusoidal plane wave, which
has been proved to be equivalent to actual HPM coupled with

wires approximately.[?3]
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Fig. 1. Cross-section schematic of a typical CMOS inverter.

Obviously, during the positive semi-period of the external
microwave, the PN junction across the bulk and source termi-
nal becomes biased reversely, and there is only reverse current
which can be ignored since an avalanche effect has not been
taken into consideration. However, when the external electric
potential turns negative, current paths from the bulk and source
terminal near the device surface occur, leading to a Joule heat
production. In this case, the temperature of this region will
rise up if the heat cooling rate is less than the heat genera-
tion rate. Thus, the surface temperature presents a periodic
“down-up-down” variation, and the device maybe burns out at
the hotspot finally.

According to the above analysis, the rise in device tem-
perature is due to the forward current across the “NT—P—P*”
structure between the source and the substrate terminal dur-
ing the negative semi-period of external microwave, and the
hotspot is close to the top surface of the device. Therefore,
it is reasonable to regard the device (NMOS side) as a one-
dimensional (1D) semi-infinity vertical solid medium with the
origin point located at the top surface as seen in Fig. 1 and
marked by the dash line. Here, we first regard the heat in-
duced by the forward current resulting from external HPM as
a constant flux heat at x=0. Hence, the heat flux f inside the
device satisfies the following equation with a Dirichlet bound-

ary condition: 26!
0? d
Ka—szc:a—j;, s.t. f=Fy, whenx=0, t >0, @))

where x is the vertical position, ¢ is the time, Fj is the equiva-
lent boundary flux heat and x is the thermal diffusivity which
is actually relevant to temperature. For simplicity, the ther-
mal diffusivity is assumed to be a constant in our work. The

solution of Eq. (1) can be expressed as follows:[2%!

X
f = Foerfc <2\/ﬁ) , 2)

where erfc(x) represents the complementary error function.
The temperature distribution v along the x axis, which is the
integral form of heat flux, can be obtained as [26]

N (E) " e /4 _ Terfe 3
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where K is the thermal conductivity which is proportional to
thermal diffusivity k, and assumed to be a constant as well.
However, the surface heat fluxes are periodic, which are not
identical during different temperature-rise processes. During
the positive semi-period of the microwave, the heat flux can be
considered as zero since there is no heat production according
to the previous discussion, and the border is adiabatic, whereas
during the negative half of the N-th period, the heat flux is de-
fined as Fy_;. Obviously, Fy represents the equivalent heat
flux during the 1st cycle of microwave now. Therefore, af-
ter N periods of microwaves, the temperature can be obtained
according to the superposition principle as follows:

N—1 '
V:T()"‘ZZI(E|:g<x7(l+;>T>_g(x7lT):|7 (4)
i=0

where T is the period length of microwave, Tj is the initial
temperature of device (300 K), and g(x,t) represents the fol-
lowing relationship:

K\ 1/2 2 X X
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According to our previous discussion, the hotspot exists
at the surface of the device, hence the max temperature is lo-
cated at x = 0, and equation (4) where x = 0, can be expressed
as follows:

NSl 12 7\ 1/2 (] 1/2
enegn(es) (G) () Lo

where F} is a simplified value calculated by F; and K, f is the
HPM frequency, and N is the total number of microwave peri-
ods, which is equal to f multiplied by pulse width #,,. The F/
reflects the heat flux of the surface during the negative semi-
period of the (i-1)th microwave period, and it is proportional to
the forward current across the junction. On the other hand, the
PN forward junction has a power-law relationship with tem-
perature, that is to say, F; has a power law with the following
expression:

V|t=(i—1)T
i—1 N2 71\ 12 1\ /2
=nexr|(e) (5) #2(;) | o
0 ,gok 2 f f

Therefore, equation (6) reveals a complex relationship be-
tween v and f, and an equivalent heat flux level F is adopted in
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our work, which reflects the average flux level of F/ through-
out the duration of #y. According to Eq. (7), F can be con-
sidered as a power function of f and ¢,,. Hence, the max tem-
perature inside the device under an injected microwave with a
frequency f and pulse width ¢, is obtained as follows:

i fra—1 N2 1\ 12
Vmax (fvtw) = TO"'_F(falw) Z [ <l+ 5) (]_C)
i=0

(1) ®
f

One thing should be noted, i.e., the injection power level
is assumed to be a constant value in the above discussion,
whereas it contributes to F positively actually, and the fitting
coefficients are related to the injection power.

3. Simulation setup

In order to verify the validity of the above analysis, it is
necessary to understand the temperature distribution inside the
device in practice. Unfortunately, it is not easy to capture the
temperature distribution in detail in a real semiconductor de-
vice, therefore, a simulation model is built and the phenomena
are discussed physically on the basis of it in our work. The de-
vice structure is modeled (referring to Fig. 1). The gate length
is specified to be 0.35 pum, and the total sizes in the horizontal
and the vertical direction are 10.5 pm and 4 pm, respectively.
The upper surface is adiabatic and the lower surface is kept
at 300 K, which is consistent with the conditions in Section
2. The voltage transfer curve and current transfer curve are
shown in Fig. 2, indicating that the inverter works at 3.3 V
supply voltage with a flip threshold Vi, located at 1.63 V.

40.15
3.01 // -
s
a0 — ddrain }
£ 2.0f TN Vou 1919 5
Q Ve =
> 3
+© i P =163V 3]
a Ve =)
& 1.0F - 10.05 3
j=3 2 —
©) [ L a
s
O 1 1 1 1 1 O
0 1.0 2.0 3.0
Vin/V

Fig. 2. (color online) Voltage transfer curve and current transfer curve
of the inverter built in this work.

4. Results and discussion
4.1. Process of temperature variation

The maximum temperature inside the CMOS inverter re-
sponding to the injected microwave with a peak induced volt-
age of 5 V is shown in Fig. 3. The temperature curve presents
a periodic “rise-fall” trend, which is consistent with the anal-
ysis in Section 2. However, the max temperature turns higher

overall, and it should reach the melting point of silicon finally,
leading to a partial short-circuit and invalidating the function
of the device. In order to study the details of the temperature-
rise process, the part of curves (from 4™ ns to 5™ ns) are
zoomed in. The result is consistent with the analysis in Section
2, in which it can be seen that the temperature rises during the
negative semi-period and it decreases during the positive semi-
period. Since the variation in temperature results from Joule
heat, and the rate of power depends on electric field strength
and current density: these physical quantities of the NMOS
side are extracted from Figs. 4 and 5.

6
——voltage
-—-- temperatureI 41000
3 ' v
> Hsoo
~ -
) 2
< Of 3
ﬁo 30 600 g
> £
o
—3r w400 E
_ #1200
60 10

Time/ns

Fig. 3. (color online) Variation of max temperature with time under the
action of external stimulating microwave.
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Fig. 4. (color online) Distributions of (a) current density, (b) electric

field strength, and (c) temperature during positive semi-period of exter-
nal microwave inside the device.
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Fig. 5. (color online) Distributions of (a) current density, (b) electric
field strength, and (c) temperature during negative semi-period of exter-
nal microwave inside the device.
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Obviously, when the external electric potential is positive,
the junctions of NT—P and P-P* are biased reversely, and the
electric fields concentrate on depletion layers. The external
voltage is divided by two junctions, and the impact ionization
is not enough to trigger an avalanche effect, hence there is little
current from the source to the bulk terminal. The heat flows to-
wards the substrate, and the temperature decreases. However,
when the external electric potential is negative, an apparent
forward-current path forms. Since the current density is quite
large, it tends to form hotspots at the junction region, where
the radius of curvature of the electric field is small. Therefore,
if the rate of heat generation is higher than the cooling rate, the

temperature becomes higher.

4.2. Validation of the maximum temperature model

Equation (8) reveals the relationship among maximum
temperature of the device and pulse width and microwave fre-
quency. In order to verify the validity of this model, the sim-
ulated max temperatures versus microwave frequency under
diverse injection power levels are shown in Fig. 6. The pulse
width is specified as 10 ns, and it is seen that the max tem-
peratures decline with frequency increasing from 0.5 GHz to
4 GHz. The analytical model (8) is used for fitting this rela-
tionship and the results are also exhibited in Fig. 6. The fitting
curves show the same trends as the curve of simulated data,

proving the validity of the frequency effect.
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Fig. 6. Variations of max temperature with frequency under diverse
microwave power levels.

Besides, the relationship between max temperature and
microwave pulse width is obtained by simulation and shown in
Fig. 7. The results show a positive correlation between pulse
width and max temperature. It is reasonable since the temper-
ature increases continuously under the effect of the injected
microwave with a constant frequency and power level. The
analytical model (8) is also presented in Fig. 7 and shows the

same trend as simulated data, validating our analysis above.
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Fig. 7. Variations of max temperature with width at diverse microwave
power levels.

4.3. Dependence of 7 on pulse width and frequency

As mentioned in Section 2, an equivalent heat flux F is
adopted to represent the average heat flux in ¢, duration, and
it is reasonable to consider F as a power function of f and .
In our work, F is approximated as follows:

F(f,tw) =Crfu$, )

where C, and Cs are calculated to be negative values and posi-
tive values, respectively, and C; is the value related to injected
power positively. The signs of C, and Cs reveal that the av-
erage heat generation rate is actually negatively related to mi-
crowave frequency and positively related to pulse width. Ac-
cording to the previous analysis, the heat generation behavior
results from PN forward current, and the forward current is
related to temperature positively. Since the peak temperature
increases overall with time going by, the heat generation rate
increases, that is to say, E-’ is an increasing function of i. So
it is deduced that for a certain frequency and power level, F' is
an increasing function of microwave pulse width #,.
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Fig. 8. (color online) Forward current densities under diverse frequency
microwaves after the same period of time.

Furthermore, for a microwave with a lower frequency, the
duration of each cycle is longer, and the temperature of the
hotspot is larger after a temperature-rise period, leading to a
larger junction current for the next cycle in turn. After the
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same period of time, the temperature and the current density
are both higher for lower frequency, resulting in a larger F.
The scenario which can be considered as positive feedback is
illustrated in Fig. 8, where the current densities at microwave
negative semi-period of diverse frequencies after the same pe-
riod of time are shown. It is apparent that the forward current
density varies with frequency reversely; therefore, F' can be
seen as a negative function of f, as we calculated previously.

4.4. Dependence of damage threshold on pulse width and
frequency

As we mentioned in Section 2, the maximum temperature
inside the device presents a periodic variation and increases
overall, and it is proved that the burn-out point is located at
the top surface. For a microwave with frequency and pulse
width fixed, one can obtain a relationship between equivalent
heat flux ' and max temperature. Noticing that the forward
current is apparently related to the induced voltage, F is an
increasing function of induced voltage or injected power level.
In Eq. (8), it is easy to prove the summation term X to be
an increasing function of #, and a decreasing function of f.
Hence, a larger F is needed for microwave with higher fre-
quency and shorter pulse width to reach the silicon melt point
vm. However, f and t,, contribute to F oppositely for a certain
injection power level (i.e., F actually becomes smaller with
increasing f or decreasing ty, if injected power is a constant),
where the trends are the same in the summation term X, ac-
cording to the signs of C; and C3 in Eq. (9). That is to say,
the device damage power threshold increases with a higher
frequency and a shorter pulse width. The derived conclusion
is consistent with the simulation data as seen in Figs. 9 and
10. In Ref. [6] some typical CMOS integrated components
were tested under diverse frequencies, and in Ref. [27] the
pulse width effect of PN junction damage was investigated.
The reported data are also shown in Figs. 9 and 10, which
are in accordance with the conclusions in this work, and the
simulated pulse width dependence satisfies the Wunsch—Bell
relationship.[?8! In addition, the damage energy thresholds
are also calculated and given in Fig. 10, showing an increase

for a longer microwave generally, and the results are consis-
tent with those in Ref. [29]. Thus it is believed that the heat
diffuses around more for a longer width, and slows down the

temperature rise at hotspots.
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Fig. 10. Variations of simulated (empty square) damage power and en-
ergy threshold with width, and their comparisons with their counterparts
of reported data (empty triangle).

5. Conclusions

A temperature rising behavior for a typical CMOS in-
verter under the influence of high power microwave is derived
theoretically on the basis of an abstract model, and analytical
hotspot temperature inside the device is presented with con-
sidering the dependence on microwave frequency and pulse
width. By numerical simulation on the device model built in
this work, the mechanism of temperature variation in the de-
vice is presented and the results show that forward current acts
as a major heat source during the negative semi-cycle of exter-
nal microwave. The simulated temperature variation trends
validate the dependence on pulse width and frequency we pre-
dicted from the theoretical model, and the relationship be-
tween equivalent external heat flux and microwave parameter
is explained. Furthermore, the dependence of damage thresh-
old on frequency and width is derived based on the theoretical
model, and turns out to be consistent with simulated results
and reported conclusions.
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