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Hardening measures for bipolar transistors against
microwave-induced damage*
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In the present paper we study the influences of the bias voltage and the external components on the damage progress
of a bipolar transistor induced by high-power microwaves. The mechanism is presented by analyzing the variation in the
internal distribution of the temperature in the device. The findings show that the device becomes less vulnerable to damage
with an increase in bias voltage. Both the series diode at the base and the relatively low series resistance at the emitter,
Rc, can obviously prolong the burnout time of the device. However, R. will aid damage to the device when the value is
sufficiently high due to the fact that the highest hot spot shifts from the base-emitter junction to the base region. Moreover,
the series resistance at the base Ry, will weaken the capability of the device to withstand microwave damage.
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1. Introduction

High-power microwaves (HPMs) pose a serious threat to
electronic systems. Different HPM sources may cause a dis-
ruption or destruction of the semiconductor components of the

[1-101' At the same time, the higher safety and stabil-

system.
ity demands of electronic systems require further development
of the protection measures against electromagnetic interfer-
ence. The need for suitable hardening measures has emerged
during the past several years, and some attempts have been
made to protect the system from these effects. An electro-
magnetic topological approach was utilized to develop a con-
sistent shielding protection method to protect complex elec-
tronic systems from electromagnetic environments.[!!! Brauer
et al."?! investigated the different hardening measures for sus-
ceptible coupling paths of an IT system under different high-
power electromagnetic conditions. The results indicated that
enhanced line filters and the subdivision of enclosures can be
applied to systems to protect them from electromagnetic in-
terference. The vulnerability and the mitigation measurement
of future electrified railway systems in Europe from a HPM
source were investigated.!®! Surge protection devices, such as
gas discharge tubes and metal-oxide varistors, are not suit-
able for protection against HPM and ultra-wideband (UWB)
pulses due to their slow activation time, while diode limiters
can better protect the system against HPM and UWB pulses,
but lead to an additional 7-dB increase in the power level for
permanent damage. All the hardening investigations indicate
that the study of efficient protection measures for electronic
systems is one of the profound tasks. However, the harden-
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ing measures for device failure levels are particularly lacking,
so device level hardening measures and effect studies are re-
quired in order to better understand the effect of these elec-
tronic systems and the interference mechanism.

In our previous studies we established a two-dimensional
(2D) electro-thermal model of a typical bipolar transistor
and studied the damage effect and mechanism of the device,
caused by microwaves, and the effects of some important pa-
rameters such as pulse width and frequency on the damage
process.[13-16] In the present paper, the hardening measures
for the bipolar transistor against the microwaves are studied
theoretically. The influences of the bias voltage and the ex-
ternal components such as the diode and the series resistances
on the device damage process induced by microwaves are also
investigated. Meanwhile, the internal mechanism is presented
utilizing the 2D electro—thermal model. It is demonstrated that
the bias voltage and the external components can change the
speed of the device damage.

2. Device structure

Figure 1 shows a schematic diagram of the analyzed sil-
icon nT—p-n-n" epitaxial planar transistor used in our calcu-
lation, and only half of the central emitter finger is analyzed,
owing to the geometrical symmetry. The bulk of the transistor
is a 200 pum-thick n™-type collector substrate, above which is a
2 um-thick n-type epitaxial layer. The device thickness along
the z axis is 1 pm. The collector metallization is shown below
the substrate. B, C, and E denote its base, collector, and emitter
contacts, respectively. N* denotes the heavily doped region of

*Project supported by the National Natural Science Foundation of China (Grant No. 60776034).

Corresponding author. E-mail: zyma@mail.xidian.edu.cn
© 2013 Chinese Physical Society and IOP Publishing Ltd

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

068502-1


http://dx.doi.org/10.1088/1674-1056/22/6/068502
mailto:zyma@mail.xidian.edu.cn
http://iopscience.iop.org/cpb
http://cpb.iphy.ac.cn

Chin. Phys. B  Vol. 22, No. 6 (2013) 068502

the n-type silicon, and P refers to the p-type base region. The
doping profile of the typical bipolar junction transistor (BJT)
is given in Fig. 2. The thermal electrode is specified at the bot-
tom of the transistor, where the lattice temperature is assumed
to be a constant (7T = 300 K). The upper surface (along line
y =0 pum) and the sidewall boundaries (along line x = 0 um

and x = 10 um) are thermally insulated from the environment,
so we have

3T /dy|y-0 =0,
dT /dx |x:0,10 =0.

e))
2

precisely. The bias voltage is increased from 1 V to 11V,
while the injected signals remain the same. Figure 4 illus-
trates the dependences of the burnout time and the bias volt-
age on the condition that the injected voltage magnitudes are
Uop =45 V and Uy = 50 V, respectively. The figure shows that
the burnout time increases linearly with increasing bias volt-
age. For the Uy =45 V and Uy = 50 V cases, their burnout
times at Vcg = 11 V are almost twice their corresponding val-
ues at Vcg = 1 V. Therefore, we conclude that the device be-
comes less vulnerable to damage as the bias voltage increases.

The frequency of the injected signals selected in our sim-
ulation is 1 GHz, which is of most interest for the HPM
effects.!!”] The continuous sinusoidal voltage with a frequency
of 1 GHz is injected from the collector contact. By using
the 2D device simulator ISE-TCAD, the authors take the de-

vice lattice temperature reaching the silicon melting point of
1688 K as the burnout criterion.
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Fig. 1. The device structure of an n*—p-n-n" transistor.

-3

Doping concentration/cm™

102[]

101

1018

1017

Fig. 2. The doping profile of the BJT.

3. Results and analysis

3.1. The influence of the bias voltage on the damage pro-
cess
The simulation circuit is shown in Fig. 3, in which the
transistor is in the active mode of operation. By changing
the external resistances, we can control the bias voltage Vcg
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Fig. 4. The dependences of the burnout time on Vcg for the cases of
Uy =45V and 50 V.

In the previous paper we presented the damage effect and
the mechanism of a bipolar transistor, caused by microwaves,
which showed that the base-emitter junction was susceptible
to damage, and that the thermal accumulation occurred mostly
in the negative half-period.[!>!%! In the operation state of the
bipolar transistor, the base-emitter junction is forward biased
and the base-collector junction is reversely biased. The volt-
age drop is mainly across the base-collector junction. In the
negative half-period of the injected signal, when the absolute
value of the injected voltage is larger than the value of Vg, the
base-emitter junction is reversely biased and the base-collector
is forward biased. 3] Due to the fact that the emitter-base junc-
tion has a low breakdown voltage, the high current density and
the high reverse electric field lead to a certain heat quantity.
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The higher the value of Vg, the lower the reverse-biased volt-
age is and the less the dissipated power is across the base-
emitter junction. Therefore, the burnout time will increase
with the value of Vg increasing. Meanwhile, as the amplitude
of the injected voltage increases, the reverse biased voltage
across the base-emitter junction also increases and the burnout
time decreases, which is also depicted in Fig. 4. However,
the increase in the bias voltage will lead to excessive power
consumption, so we should make a tradeoff between the two
factors.

3.2. The influence of the external diode at the base

The simulation circuit with an external diode at the base
is illustrated in Fig. 5, in which the transistor is in the active
mode of operation. Some of the diode model parameters used

8] In the operating

in our simulation are shown in Table 1.
state of the transistor, the reverse-biased diode has a high re-
sistance and the circuit between the base and the ground is
under open-circuit condition. The reverse breakdown voltage
of the diode is much higher than the voltage across the base-
emitter junction. Even if the breakdown occurs in the diode,
the current at the reverse breakdown voltage is designed to be
a low value so that it has little influence on the performance
of the circuit. Figure 6 shows the influence of the external
diode at the base on the burnout time. It indicates that the
burnout time decreases as the amplitude of the injected signal
increases, and the burnout time of the device with the external
diode at the base is longer than that without the external diode
under the same magnitude of injected voltage.

Fig. 5. Schematic diagram with the external diode at the base.

Table 1. Some important diode model parameters in our simulation. 8]

Diode model parameter Value Unit
Saturation current 0.1 PA
Ohmic resistance 16 Q
Junction capacitance 2 pF
Transit time 12 ns
Reverse breakdown voltage 100 v
Current at the reverse breakdown voltage 0.1 PA

In the negative half-period of the injected signal, both the
base-collector junction and the external diode at the base are

forward-biased on the condition that the absolute value of the
injected voltage exceeds the sum of the two forward turn-on
voltages of the external diode and the base-collector junction.
Therefore, a conductive pathway forms between the collec-
tor and the ground, and most of the current injected from the
collector will flow to the ground through it. The base-emitter
junction will not break down easily compared with the condi-
tion without the external diode at the base. So the accumulated
heat will decrease and the burnout time will increase simulta-
neously.
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Fig. 6. Dependences of burnout time on injected voltage in the case
without and with an external diode.

3.3. The influence of the external resistor R. at the emitter

In the present paper, the influence of an emitter series re-
sistance of 40 Q on the microwave damage process is studied.
The results show that the capability of the device to withstand
microwave damage is enhanced effectively. In this subsection,
the series resistances varies from 1 Q to 400 Q and the simu-
lation circuit is shown in Fig. 7, in which the emitter and the
base are connected to the ground. The dependence of the peak
temperature at the end of the first 10 cycles on the series re-
sistance at the emitter is depicted in Fig. 8. It shows that there
is an inflexion point at around 50 Q. The peak temperature
decreases linearly with series resistance increasing when the
series resistance is smaller than 50 €, but increases rapidly
when the series resistance is larger than the inflexion point.
The peak temperature with R. = 400 Q is 100 K higher than
that with R, =5 Q.

Fig. 7. Schematic diagram with the external resistor R, at the emitter.
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8007 ' ' ' ' Figure 9 depicts the temperature distributions of the de-
vice at the end of the first 10 cycles for different series resis-

A 750r | tances. In the absence of the series resistance, the temperature-
g 200l | rising position is located on the edge of the emitter region near
ks . the base. When the series resistance is relatively low, the hot
é 650l h‘k | spot in the base region cannot be neglected (Fig. 9(a)). In the
& negative half-period, the voltage drop occurs across the emit-
600k i ter series resistance due to the large current density generated

. . . . . in the emitter region. A negative feedback effect will lead to

0 100 200 300 400 a decrease in the voltage drop across the emitter region, and

R./S the emitter current density will fall at the same time. There-

Fig. 8. Dependence of the peak temperature after the first 10 cycles on Re.. fore, the peak temperature there decreases naturally. Mean-

while, the base current density will increase under the condi-
tion of the same injected voltage, and the dissipated power in
the base region will increase. The higher the emitter series re-
sistance, the lower the emitter current density is and the higher

the base current density is. In a word, the peak temperature in

600 M the base region increases with increasing emitter series resis-

i ;:':::‘:‘:‘: e tance. When the emitter series resistance increases to 50 Q,
'l",fffz'fg'»',:fg 500 % the peak temperature in the emitter region is almost the same
e :; as in the base region (Fig. 9(b)). The highest temperature posi-
S tion shifts from the base-emitter junction to the base region as

300 the emitter series resistance continues to increase (Fig. 9(c)).

It is illustrated that the exorbitant series resistance will not en-
hance the capability of the transistor to withstand microwave

signals, but aggravates the device damage process. It is sug-
gested that a series resistance lower than 50 Q is appropriate
for the device used in our simulation.

3.4. The influence of the external resistor Ry at the base

The simulation circuit with an external resistance R}, at
the base is illustrated in Fig. 10. The bipolar transistor is in-
jected by a signal from the collector, with the amplitude setting

Temperature/K

at 30 V. The base series resistance is swept over 1 Q to 400 Q.

Figure 11 depicts the relationship between the peak tempera-
ture at the end of the tenth cycle and the base series resistance.

It shows that the peak temperature increases obviously with
increasing base series resistance. The peak temperature in the
Ry, =400 Q case is about 890 K, which is increased by 200 K
compared with the value in the R, = 1 Q case. In other words,
the burnout time will decrease with increasing base series re-
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sistance.
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Fig. 9. Temperature distributions of the device after the first 10 cycles -
for different emitter series resistances: (a) Re =5 Q; (b) R. =50 Q; (¢)
R. =100 Q.

Fig. 10. Schematic diagram with the external resistor R}, at the emitter.
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Fig. 11. The dependence of the peak temperature after the first 10 cycles
on Ry.

Figure 12 depicts the distributions of temperature along
the line y = 0.1 pum after the first 10 cycles with different base
series resistances. It is illustrated that the temperature in the
emitter region increases as the base series resistance increases
from 25 Q to 300 Q. Meanwhile, the temperature in the base
region decreases with increasing base series resistance. In the
negative half-period of the injected signal, the base-collector
junction is forward-biased when the absolute value of the in-
jected voltage exceeds the forward turn-on voltage of the base-
collector junction, and the resistance between the base elec-
trode and the collector electrode is mainly composed of the
base resistance and the collector resistance. For a certain am-
plitude of the injected voltage, the voltage drop across the base
series resistance increases with the increasing base series re-
sistance, and the absolute value of the reverse voltage between
the emitter electrode and the base electrode increases. There-
fore, the breakdown of the base-emitter junction occurs more
easily, and the temperature rise in the emitter region will in-
crease with increasing base series resistance. Furthermore, the
joule heat in the base region is mainly determined by the cur-
rent density due to the relatively low electric field in the base
region. The base current density decreases with increasing
base series resistance, and the joule heat in the base region
decreases at the same time.
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Fig. 12. The distributions of temperature across the B—E junction after
the first 10 cycles for different values of R}, (along the line y = 0.1 pm).

4. Conclusion

In this paper, measures are developed to improve the
protection of a typical bipolar transistor against microwave-
induced damage. The investigation indicates that appropriate
external components can improve the protection of the device
against microwave interference. The increasing bias voltage
will lengthen the burnout time of the device, which implies
that microwave interference effects on next-generation inte-
grated circuits will become more dominant, since the bias volt-
age drops in proportion to the minimum technology size. This
factor increases the demand for future investigations on the
hardening measures. We also studied the influence of external
components such as the series resistance and the diode on the
device damage process. The series diode at the base will dis-
charge the injected current when the absolute value of the in-
jected voltage is high enough, and a relatively low R, will slow
the rise of the peak temperature of the device, both of which
will effectively protect a typical bipolar transistor against mi-
crowave damage. However, the series resistance Ry, at the base
and a higher R. show no improvement for device protection
against microwave interference.
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