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The damage effect and mechanism of the electromagnetic pulse (EMP) on the GaAs pseudomorphic high electron
mobility transistor (PHEMT) are investigated in this paper. By using the device simulation software, the distributions and
variations of the electric field, the current density and the temperature are analyzed. The simulation results show that there
are three physical effects, i.e., the forward-biased effect of the gate Schottky junction, the avalanche breakdown, and the
thermal breakdown of the barrier layer, which influence the device current in the damage process. It is found that the
damage position of the device changes with the amplitude of the step voltage pulse. The damage appears under the gate
near the drain when the amplitude of the pulse is low, and it also occurs under the gate near the source when the amplitude
is sufficiently high, which is consistent with the experimental results.
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1. Introduction

As the front circuit of the electronic system, the low-noise
amplifier (LNA) is susceptible to the effect of the external
electromagnetic interference (EMI), which strongly threatens
the reliability of the system.!!! Chai el al. have studied the en-
ergy injection experiment of the bipolar LNA. Experiment re-
sults showed that the bipolar devices in the LNA are most vul-
nerable to the damage by the external electrical stress.!?! In the
past few years, a significant number of studies have been car-
ried out to investigate the damage induced by the EMI on the

(3-121 which provides a certain theoretical ba-

bipolar devices,
sis for the electromagnetic assessment and hardening design.
With the developments of semiconductor device and tech-
nology, the GaAs PHEMT has replaced the bipolar devices
gradually and become the basic component of the LNA. It
is important to study the damage mechanism of the GaAs
PHEMT induced by the external EMI for improving the re-
liability of the electronic system. However, very few studies
have been conducted in the literature regarding this aspect to
date.!3-151 In Ref. [13] the nonlinear and transient responses
of GaAs PHEMT injected by microwave pulses were investi-
gated. The research results showed that the gate and source
metal are easier to burn out during the injection of the mi-
crowave pulses. Yu ef al. analyzed the damage effect of the
high power microwave (HPM) on the GaAs PHEMT through
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simulation and experiment. They established the relationship
between the damage threshold and the pulse width.['*] EMP
is one of the external EMI categories, which has a great effect
on the device reliability due to its surge voltage and current.
Therefore, it is imperative to investigate the damage effect and
mechanism of the GaAs PHEMT induced by the EMP.

In this paper, the internal physical behavior of the GaAs
PHEMT under the injection EMP is presented. In Section 2,
the simulation model used here is described from three as-
pects: the device structure, the numerical model, and the sig-
nal model. In Section 3, with the help of the device simulator
Sentaurus TCAD, the electric field, the current density and the
temperature characteristics of the device are analyzed in detail
to understand the damage mechanism of the device induced by
the EMP. In Section 4, the numerical results are compared with
the experimental results. Finally, the conclusions are drawn
from the present study in Section 4.

2. Simulation model
2.1. Device structure

Figure 1 shows the typical device structure of the single-
delta-doping GaAs PHEMT!!3! utilized in this paper. Above
the InGaAs channel layer is the delta-doping layer, which pro-
vides the carriers for the InGaAs channel layer. In order to
reduce the coulomb impurity scattering, which influences the
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electronic mobility, an AlGaAs spacer layer is sandwiched be-
tween the delta-doping layer and the InGaAs channel layer.
Here, the gate length is 0.25 pum and the Schottky barrier
height is 0.9 eV. The thermal electrode is on the bottom side
where the lattice temperature maintains 300 K, and the thermal
boundary conditions at other boundaries are adiabatic.
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Fig. 1. (color online) Typical structure of the single delta-doping GaAs
PHEMT.

2.2. Numerical model

To simulate the burning process of the device under the
EMP injection, it is needed to consider the electro—thermal
effect. Here the Thermodynamic model and Hydrodynamic
model are activated to simulate the carrier transport process.
In addition to the Poisson equation and carrier continuity equa-
tions, the carrier temperature and heat flow equations are also
solved. The Avalanche model accounting for impact ioniza-
tion and AnalyticTEP model for thermal electric power are all
taken into account in this work.

AlGaAs barrier

InGaAs channel

GaAs sub

AlGaAs barrier

InGaAs channel

GaAs sub
—0.5 0 0.5

pm

2.3. Signal model

At present, in the study of the damage effect on the semi-
conductor device with the EMP event, researchers always take
the step voltage pulse as the EMP signal model.[%% 12 Figure 2
shows the simulation circuit in this study. The GaAs PHEMT
device is injected by the step voltage pulse with a rising time of
Ins and an amplitude of 6 V on the gate. Here, the drain and
the source are applied with 2 V and grounded, respectively.
The device failure is indicated when the lattice temperature
reaches the melting point of GaAs at 1511 K.

EMP

Fig. 2. Schematic diagram of the circuit.

3. Result and discussion
3.1. Distribution and variation of the electric field

Figure 3 shows the distributions of the electric field at
various times. When the gate electrode is injected with the

step voltage pulse, the Schottky junction is forward-biased
and the heterojunction reverse-biased. The electric field peaks
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Fig. 3. (color online) Distributions of the electric field (V/cm) at various times: (a) t = 0.4 ns, (b) 1 =0.8 ns, (¢) = 1.4 ns, and (d)  =2.34 ns.
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are located at the interface of the heterojunction initially
(Fig. 3(a)). With the increase of time, when the injection volt-
age reaches the threshold voltage of the Schottky junction, the
gate current increases exponentially with the injection volt-
age increasing.!'®1 Owing to the low doped barrier layer, the
gate—source and gate—drain voltages mostly drop on the barrier
layer. Considering the potential differences between the gate
electrode and the other two electrodes, the electric field peaks
appear beneath the gate near two sides and the maximum elec-
tric field occurs near the source (Fig. 3(b)). When the voltage
injected on the gate increases to a certain value, the electric
field strength below the gate reaches the critical electric field,
resulting in the avalanche breakdown, and causes the carriers
to increase rapidly. With the time increasing, the electrons be-
neath the gate near two sides can be transferred quickly due
to the high electric field, and below the gate center the elec-
trons begin to accumulate. The electron accumulation effect
causes the electron density beneath the gate center to be higher
than those at other positions, which results in the shift of the
electric field to the center of the barrier layer under the gate
(Fig. 3(c)),["3! thereby forming an electric field peak under the
gate center near the drain at the burnout (Fig. 3(d)).

3.2. Distribution and variation of the current density

Figure 4 illustrates the distributions of the current den-
sity at various times. When the injection voltage is lower than
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the threshold voltage of the Schottky junction, the gate current
is very small and most of the source electrons flow into the
drain (Fig. 4(a)). As the voltage injected on the gate exceeds
the threshold voltage of the Schottky junction, the gate current
increases rapidly, which causes a current path to emerge be-
tween the gate and the InGaAs channel layer (Fig. 4(b)). Once
the increased injection voltage makes the local electric field
reach the critical electric field of avalanche breakdown, the
gate current increases more quickly. With the increase of the
time, the distribution of the current density begins to extend to
the center of the barrier layer under the gate due to the shift of
the electric field to this position(Fig. 4(c)), and finally results
in a peak beneath the gate center near the drain (Fig. 4(d)).

Figure 5 shows the response of the gate current in the
damage process of the step voltage pulse. There are three
mechanisms, i.e., forward-biased effect, avalanche break-
down, and the thermal breakdown, to influence the variation
of the gate current. Meanwhile, it can be seen that there ex-
ists a current overshoot phenomenon at the end of the rise
time.!!7-18) In Ref. [17] it is explained that the overshoot cur-
rent is due to the capacitive performance of the device under
high frequency, which is a complex physical behavior. Here
the authors do not conduct a more in-depth study on the mech-
anism of the current overshoot phenomenon.
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Fig. 4. (color online) Distributions of the current density (A/cmz) at various times: (a) t = 0.4 ns, (b) t = 0.8 ns, (c) t = 1.4 ns, and (d) t = 2.34 ns.
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Fig. 5. (color online) Response of the gate current with the time.

3.3. Distribution and variation of the temperature

In the damage phenomenon of the semiconductor device
induced by the external EMI, the temperature is an impor-
tant assessment parameter, which is directly related to the de-
vice performance and reliability. Based on the power density
Q = J - E, the maximum temperature depends on current den-
sity J and electric field E. Figure 6 shows the response of the
maximum temperature of the device during the injection of the
step voltage pulse. It can be seen from this figure that there are
two rise stages of the maximum temperature in the whole pro-
cess. During the rise period of the injected pulse, the applied
voltage and gate current increase with time increasing simul-
taneously (Fig. 5), which causes the maximum temperature
to rise sharply. When the injection voltage reaches a steady
value, the gate current varies little with time (Fig. 5), resulting
in a constant stage of the maximum temperature. With the in-
crease of time, the thermal breakdown happens when the de-
vice absorbs a certain energy, which causes the gate current
and consequently the maximum temperature to rise sharply
again. It should be noted that the final burnout of the device is
due to thermal breakdown. Figure 7 illustrates the distribution
of the temperature at the burnout time. It can be seen that the
maximum temperature appears beneath the gate near the drain,
which is easily understood since both the peaks of the electric
field and the current density are at this position (Figs. 3(d) and
4(d)).

1500 .
rise stage 1

1000
rise stage 2

500

Maximum temperature/K

0 05 1.0 15 20 25

o

Time/ns

Fig. 6. (color online) Variation of the maximum temperature with time.
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Fig. 7. (color online) Distribution of the temperature (K) at the burnout
time.
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Fig. 8. (color online) Distributions of the device parameters under 10-V
injection voltage: (a) electric field (V/cm), (b) current density (A/cmz),
and (c) temperature (K).

Figure 8 shows the distributions of the electric field, the
current density, and the temperature of the device under the
injecting pulse with an amplitude of 10 V at the moment of
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burnout. It can be seen that the device has been damaged when
the electric field began to extend to the center of the barrier
layer but did not form the electric field peak. So the maxi-
mum temperature position is beneath the gate near the source
at the burnout (Fig. 8(c)), which is different from that of the
low amplitude of the injection pulse (Fig. 7).

3.4. Comparison with experimental results

An experiment on the damage effect of the GaAs PHEMT
subjected to the HPM was done in Ref. [14]. The device
used in the experiment has the same structure of the delta-
doping AlGaAs/InGaAs heterojunction as that in the simula-
tion model in this paper, and a microwave signal is injected
on the gate electrode with the drain biased 2 V and source
grounded. Experimental results show that the device damage
is beneath the gate near the source (Fig. 9), which coincides
with the simulation results of the device under the high am-
plitude of the step voltage pulse in this paper (Fig. 8(c)).
However, it cannot be avoided that the damage position of the
device will also appear under the gate near the drain with the
low amplitude of the step voltage pulse. Meanwhile, it can
be seen that the gate current increases rapidly in the damage
process of the EMP as indicated by the previous analysis of
the current density, especially at the end of the rise time. This
phenomenon may cause another damage to the gate metal strip
melting, which has been found experimentally.!'>! It should
be pointed out that the gate position is the weak areas of the
device regardless of the fact that the device damage is due
to the semiconductor material burnout or the gate metal strip
melting. So, in the external EMI assessment and harden-
ing programs, the designer should pay more attention to the
gate location. Although the pulse signal in this simulation
is different from the microwave pluses applied in the exper-
iment, it should be noted that the device damage caused by
the microwave signal is due to the energy accumulation,!'4]
which is similar to the damage effect under the action of the
step pulse voltage in this study. These failures induced by
the two different signals both result from the thermal break-
down after the device has absorbed enough energy, which
has a certain similarity to the device with the same struc-
ture and injection location. The comparison between sim-

ulation results and experimental ones shows that the device
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Fig. 9. Interior features of damaged device with microwave pulse.!'4]

damage model presented in this paper can predict the damage
effect of the EMP on the GaAs PHEMT well.

4. Conclusions

In this paper, the damage process of the EMP on the GaAs
PHEMT is investigated. Simulation results show that the gate
current increases rapidly under the injection of the step volt-
age pulse on the gate electrode, because of the forward-biased
effect of the Schottky junction, the avalanche breakdown and
the thermal breakdown of the barrier layer. It is observed that
the damage position is different with the different amplitude of
the step voltage pulse. When the amplitude of the pulse is low,
the damage will appear under the gate near the drain; when
the amplitude is high enough the damage will appear under
the gate near the source, which is in agreement with the exper-
imental result. At the same time, due to the higher gate cur-
rent, especially the current overshoot phenomenon, the dam-
age induced by the metal strip melting must also be paid more
attention to. Which one of whether the semiconductor mate-
rial burnout or the gate metal strip melting appears first, still
needs further study. The results presented in this paper have a
certain reference value to the EMP assessment and hardening
programs of the LNA circuit.

References

[1] Mansson D, Thottappillil R, Backstrom M and Lunden O 2008 /EEE
Trans. Electromagn. Compat. 50 101
[2] Chai C C, Yang Y T, Zhang B, Leng P, Yang Y and Rao W 2009 Semi-
cond. Sci. Technol. 24 035003
[3] Grutchfield H B and Moutoux T J 1966 IEEE Trans. Electron Dev. 13
743
[4] Habing D H 1970 IEEE Trans. Nucl. Sci. 6 360
[5] Richardson R E, Puglielli V G and Amadori R A 1975 IEEE Trans.
Electromagn. Compat. 17 216
[6] Zhou H A, DuZ W and Gong K 2005 High Power Laser and Particle
Beams 12 1861 (in Chinese)
[7]1 FanJ P, Zhang L, Jia X Z 2010 High Power Laser and Particle Beams
22 1319 (in Chinese)
[8] Chai CC, Xi X W, Ren X R, Yang Y T and Ma Z Y 2010 Acta Phys.
Sin. 59 8118 (in Chinese)
[9] LiuJ, Chen Y G, Tan Z L, Yang J, Zhang X J and Wang Z X 2011 J.
Semicond. 32 104003
[10] MaZY, Chai C C, Ren X R, Yang Y T and Chen B 2012 Acta Phys.
Sin. 61 078501 (in Chinese)
[11] MaZY, Chai CC,Ren X R, Yang Y T, Zhao Y B and Qiao L P 2013
Chin. Phys. B 22 028502
[12] Ren X R,ChaiCC,MaZY, Yang Y T, Qi L P and Shi C L 2013 Acta
Phys. Sin. 62 068501 (in Chinese)
[13] Zhang C B, Zhang J D, Wang H G and Du G X 2015 Microelectronics
Reliability 55 508
[14] Yu X H, Chai CC, Liu Y, Yang Y T and Xi X W 2015 Chin. Phys. B
24 048502
[15] Zhang C B, Wang H G and Zhang J D 2014 High Power Laser and
Particle Beams 26 063014 (in Chinese)
[16] Shi M, Wu G J 2008 Physics of Semiconductor Devices, 3nd edn.
(Xi’an: Xi’an Jiaotong University Press) p. 120
[17] Zhou H A, Du Z W and Gong K 2005 High Power Laser and Particle
Beams 5 783 (in Chinese)
[18] LiY, Xuan C, Xie HY, Xia HF, Wang J G 2013 High Power Laser and
Particle Beams 25 2061

048503-5


http://dx.doi.org/10.1109/TEMC.2007.915281
http://dx.doi.org/10.1109/TEMC.2007.915281
http://dx.doi.org/10.1088/0268-1242/24/3/035003
http://dx.doi.org/10.1088/0268-1242/24/3/035003
http://dx.doi.org/10.1109/T-ED.1966.15836
http://dx.doi.org/10.1109/T-ED.1966.15836
http://dx.doi.org/10.1109/TNS.1970.4325818
http://dx.doi.org/10.1109/TEMC.1975.303426
http://dx.doi.org/10.1109/TEMC.1975.303426
http://d.wanfangdata.com.cn/Periodical_qjgylzs200512023.aspx
http://d.wanfangdata.com.cn/Periodical_qjgylzs200512023.aspx
http://dx.doi.org/10.3788/HPLPB
http://dx.doi.org/10.3788/HPLPB
http://wulixb.iphy.ac.cn//CN/abstract/abstract16435.shtml
http://wulixb.iphy.ac.cn//CN/abstract/abstract16435.shtml
http://dx.doi.org/10.1088/1674-4926/32/10/104003
http://dx.doi.org/10.1088/1674-4926/32/10/104003
http://wulixb.iphy.ac.cn//CN/abstract/abstract47236.shtml
http://wulixb.iphy.ac.cn//CN/abstract/abstract47236.shtml
http://dx.doi.org/10.1088/1674-1056/22/2/028502
http://dx.doi.org/10.1088/1674-1056/22/2/028502
http://dx.doi.org/10.7498/aps.62.068501
http://dx.doi.org/10.7498/aps.62.068501
http://dx.doi.org/10.1016/j.microrel.2015.01.003
http://dx.doi.org/10.1016/j.microrel.2015.01.003
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/10.3788/HPLPB
http://dx.doi.org/10.3788/HPLPB
http://d.wanfangdata.com.cn/Periodical_qjgylzs200505033.aspx
http://d.wanfangdata.com.cn/Periodical_qjgylzs200505033.aspx
http://dx.doi.org/10.3788/HPLPB
http://dx.doi.org/10.3788/HPLPB

	1. Introduction
	2. Simulation model
	2.1. Device structure
	2.2. Numerical model
	2.3. Signal model

	3. Result and discussion
	3.1. Distribution and variation of the electric field
	3.2. Distribution and variation of the current density
	3.3. Distribution and variation of the temperature
	3.4. Comparison with experimental results

	4. Conclusions
	References

