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High-power microwaves (HPM) coupled into a low-noise amplifier (LNA) through antennas pose a significant threat
to the reliability of pseudomorphic high electron mobility transistor (pHEMT). In this paper, the effects of introducing
donor and acceptor traps into GaAs/InGaAs pHEMT devices on their operating characteristics and HPM damage effect
are systematically studied. Simulation results show that introducing donor traps with a concentration of 1×1018 cm−3

and an energy level of Ec− 0.6 eV in the substrate layer, and acceptor traps with a concentration of 1× 1018 cm−3 and
an energy level of Ev + 0.6 eV in the isolation layer, can reduce the internal peak temperature of the device by 756 K
and 658 K, respectively, under HPM exposure. The physical mechanism of trapping influencing the HPM effect is mainly
due to ionized traps forming positive and negative charge centers, which generate an internal electric field opposing the
external field. This weakens the electric field in the barrier layer, reducing carrier accumulation from avalanche breakdown
during the positive half-cycle of the HPM pulse. These results are valuable for enhancing the reliability of LNA in complex
electromagnetic environments.
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1. Introduction

GaAs pseudomorphic high electron mobility transistors
(pHEMTs), due to their high electron mobility, excellent ther-
mal stability, and low noise figure, are widely used in low-
noise amplifiers (LNAs) for RF front-end applications.[1,2]

LNAs play a crucial role in amplifying signals and ensuring
the proper functioning of RF circuits. As the external electro-
magnetic environment becomes more complex, strong electro-
magnetic signals, such as high-power microwaves (HPM), can
couple with antennas and enter the system. The LNA, being
part of the RF front-end, is one of the first components to be af-
fected. Under HPM exposure, the LNA may experience func-
tional degradation or even failure, leading to the malfunction
of the entire RF receiver circuit.[3,4] As the core component
of the LNA circuit, GaAs HEMTs are the most vulnerable to
HPM exposure. Therefore, studying the HPM damage mech-
anisms and protection techniques for GaAs HEMT devices is
critical for improving the reliability of LNAs in complex elec-
tromagnetic environments.

Existing studies on HPM damage effects in LNA mainly
use circuit-level injection experiments to observe changes in

key parameters like gain, noise figure, and operating cur-
rent, helping to determine the damage threshold.[5] In con-
trast, device simulations are often employed to analyze the
HPM damage mechanism, injecting HPM at the device port
and assessing changes in critical physical parameters such
as electric field, current density, and temperature.[6–12] Wang
et al. confirmed through pulse injection experiments and
simulations that the failure mechanism of GaN HEMT de-
vices during pulse injection is localized avalanche breakdown.
The formation of thermal–electrical positive feedback results
in continuous heat accumulation, ultimately causing thermal
failure.[13] Li et al. found that, for certain pulse widths, the de-
vice failure is caused by the coupling of thermoelectric multi-
physics fields.[14] Both the pulse voltage injection experiment
on LNAs and devices lead to the conclusion that the main
failure mechanism of GaAs HEMTs is localized avalanche
breakdown below the gate, ultimately resulting in thermal
breakdown.[15–18] Existing studies have shown that the fail-
ure of HEMT under HPM exposure is strongly related to the
distribution of electric fields and currents. Extensive research
has shown that introducing traps in GaN HEMT can alter elec-
tric field distributions, effectively adjusting current and on-
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resistance.[19–24] However, similar studies on GaAs HEMT are
scarce, and research on the impacts of trap introduction on
GaAs HEMT HPM effect is even more limited.

In this work, we developed a typical GaAs HEMT model
as described in Ref. [25] and utilized TCAD simulation to
systematically investigate the effects of donor and acceptor
trap doping positions, concentrations, and energy levels on the
output characteristics of GaAs HEMT. Furthermore, we ex-
plored the impact of trap introduction on the HPM damage
effect. Through comparative analysis, we identified a trapping
scheme that can enhance the HPM resistance of the device
without causing a significant degradation in output character-
istics.

2. Simulation model
Figure 1 shows the schematic structure of the Al-

GaAs/InGaAs pHEMT. The structure consists of a 10-nm
InGaAs channel layer, a 34.5-nm AlxGa1−xAs barrier layer
(where x = 0.3), a 30-nm GaAs cap layer, and a 50-nm Si3N4

sacrificial layer, all built on a GaAs substrate. The source
and drain are Ohmic contacts, and the gate is a metal elec-
trode, with a Schottky barrier of 0.9 eV. For thermal bound-
ary conditions, the GaAs substrate is set as a heat exchange
boundary, while all other interfaces are adiabatic, with the ini-
tial temperature of the device set to 300 K. The hydrodynam-
ics model, high-field saturation model, doping-dependence
mobility model, Shockley–Read–Hall (SRH), Auger, and
avalanche models are considered in this study.
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Fig. 1. Schematic diagram of the GaAs pHEMT device structure.

Table 1. Common doping impurities and their energy level distribution in
GaAs.

Doping elements Energy level Properties Remarks

Zn Ev+ 0.021∼0.026 eV shallow acceptor Su et al.[26]

Cd Ev+ 0.36 eV shallow acceptor Huth et al.[27]

Si Ec− 0.0058 eV shallow donor

Ev+ 0.035 eV shallow acceptor

C Ev+ 0.026 eV shallow acceptor Sze and Ng[28]

Fe Ev+ 0.52 eV deep acceptor

Cr Ev+ 0.63 eV deep acceptor

O Ec− 0.67 eV deep donor

Table 1 presents the experimentally determined doping
impurities and their energy levels in GaAs.[26–28] Based on the

measured impurity and energy level distribution in GaAs, in
this study, the trap concentrations are set within the range of
1×1015 cm−3 to 1×1018 cm−3, the energy levels of acceptor
trap and donor trap are set within the range of Ev+ 0 eV to
Ev+ 0.6 eV and Ec− 0 eV to Ec− 0.6 eV, respectively, en-
suring that these trap conditions can be achieved through dop-
ing in practical engineering. According to the test results in
Refs. [29,30], the capture cross-section for both donor and ac-
ceptor traps in this paper is set to 2.5×10−16 cm2.

Figure 2 shows the schematic diagram of the HPM wave-
form and bias conditions in this study. The GaAs pHEMT
device is injected with the voltage pulse with a rising time of
1 ns and an amplitude of 10 V on the gate. Here, 2 V is applied
to the drain and the source is grounded.
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Fig. 2. (a) Schematic diagram of the HPM waveform and (b) bias conditions
in the HPM injection simulation experiment.

3. Results and discussion
3.1. Influences of trapping on operating characteristics

Figure 3 shows the transfer characteristic curves with
varying concentrations and energy levels of traps introduced
in different layers. The impact of traps on key operating pa-
rameters, such as threshold voltage, off-state current, and sat-
uration output current, can be determined from the changes in
the transfer characteristic curves.

Figures 3(a)–3(c) show that introducing deep donor traps
with an energy level of Ec− 0.6 eV in different layers results in
a minimal effect on the off-state current and maximum output
current. As the trap concentration increases, a slightly nega-
tive shift in the threshold voltage was observed; this is because
when donor traps ionize, they increase the channel electron
concentration and cause the device to turn on earlier. For deep
donor traps, the ionization energy is high, and only a small
portion of the traps undergo ionization, leading to a relatively
small impact of trap concentration on the threshold voltage.

Figures 3(d)–3(f) show the transfer characteristic curves
under donor trapping with different energy levels. It is evident
that the trap energy level variation in the isolation and barrier
layers has little effect on the off-state current and threshold
voltage. This is primarily because the isolation and barrier
layers are thin, resulting in a limited number of ionized elec-
trons. In contrast, the thicker substrate layer generates a sig-

108504-2



Chin. Phys. B 35, 108504 (2026)

nificant number of ionized electrons, which affects the chan-
nel electron concentration. As shown in Fig. 3(d), the thresh-
old voltage shifts significantly in the negative direction as the
donor trap energy level decreases, while the off-state current
increases notably. Shallow donor traps have lower ionization
energies, so as the energy level decreases, the ionization de-
gree of the traps increases.

Figures 3(a)–3(c) show that introducing deep donor traps
with an energy level of Ec− 0.6 eV in different layers results in

a minimal effect on the off-state current and maximum output

current. As the trap concentration increases, a slightly nega-

tive shift in the threshold voltage was observed; this is because

when donor traps ionize, they increase the channel electron

concentration and cause the device to turn on earlier. For deep

donor traps, the ionization energy is high, and only a small

portion of the traps undergo ionization, leading to a relatively

small impact of trap concentration on the threshold voltage.
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Fig. 3. Transfer characteristic curves of GaAs pHEMT under different trap doping locations, energy levels, and concentrations.
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As shown in Fig. 3(g), introducing acceptor traps in the
substrate leads to a significant reduction in off-state current as
the trap concentration increases. This is because the acceptor
traps capture free electrons, reducing the substrate leakage cur-
rent. However, this also lowers the channel electron concentra-
tion, which decreases the maximum output current. Similarly,
Figs. 3(h) and 3(i) show that as the acceptor trap concentra-
tion increases in the isolation and barrier layers, the maximum
output current decreases significantly. This is mainly because
deep acceptor traps in the barrier and isolation layers are more
likely to remain in their ionized state, forming negative charge
centers, which depletes the channel electrons and reduces the
maximum output current.

Figures 3(j)–3(l) show the impact of acceptor trap energy
level on transfer characteristics. Adding acceptor traps to dif-
ferent layers results in a positive shift in the threshold voltage
and a reduction in the maximum output current. The degree

of change in threshold voltage and maximum output current
increases as the trap energy level decreases. A lower trap en-
ergy level increases the ionization of traps, meaning more free
electrons are captured, reducing the channel electron concen-
tration, which in turn causes the threshold voltage to shift pos-
itively and the maximum output current to decrease.

Figures 4(b) and 4(c) illustrate the electron release pro-
cess after donor trapping in the barrier and substrate layers,
respectively. The electric field strength in the barrier layer is
higher than that in the substrate under HPM injection, mak-
ing it easier for deep donor traps in the barrier layer to ionize,
forming positive charge centers. In contrast, deep traps in the
substrate are less likely to ionize, leading to a smaller impact
of deep donor trap concentration on off-state current and satu-
ration output current (as shown in Fig. 3(a)). Figures 4(d) and
4(e) depict the electron capture process after acceptor trapping
in the barrier and substrate layers, respectively.
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Fig. 4. The electron capture and release processes in the substrate and barrier layer of GaAs pHEMT.

In this study, the Fermi level is located within the forbid-
den band, and (Ed − EF)� kT holds. For donor traps, the
distribution function of electrons occupying the donor energy
level is given by

nd = 2Nd exp
[
−(Ed−EF)

kT

]
, (1)

where nd represents the electron occupancy density at the
donor trap energy level, Nd is the donor atom concentration,
Ed is the donor trap energy level, EF is the Fermi level, k is the
Boltzmann constant, and T is the temperature.

Additionally, the Boltzmann approximation holds for
conduction band electrons, and the thermal equilibrium con-
centration of conduction band electrons is given by

n0 = Nc exp
[
−(Ec−EF)

kT

]
, (2)

where n0 and Nc represent the thermal equilibrium concentra-
tion of conduction band electrons and the effective density of
states in the conduction band, respectively.

The ratio of electrons in the donor energy level to the total
number of electrons (including electrons in the donor energy
level and conduction bands) determines the degree of ioniza-
tion.

nd

nd +n0
=

1

1+
Nc

2Nd
exp

[
−(Ec−Ed)

kT

] . (3)

From Eq. (3), it is evident that as Nd increases, the ion-
ization degree decreases, which also explains the increase
in donor trap concentration in Figs. 3(a)–3(c), with minimal
changes in the device transfer characteristics. Furthermore, as
Ed decreases, the ionization degree of donor traps increases,
which is consistent with the results shown in Figs. 3(d)–3(f),
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where a decrease in the donor energy level leads to an increase
in off-state current and a larger negative shift in the threshold
voltage.

Similarly, for acceptor traps, the distribution function for
hole occupancy in the acceptor energy level is given by

pa = 4Na exp
[
−(EF−Ea)

kT

]
, (4)

where pa, Na, and Ea represent the hole occupancy density
in the acceptor energy level, the acceptor atom concentration,
and the acceptor energy level, respectively.

p0 = NV exp
[
−(EF−EV)

kT

]
, (5)

pa

pa + p0
=

1

1+
NV

4Na
exp

[
−(Ea−EV)

kT

] , (6)

where p0 and NV represent the thermal equilibrium concentra-
tion of valence band holes and the effective density of states in
the valence band, respectively.

From Eq. (6), it can be seen that as Na increases, the pro-
portion of holes occupying the acceptor energy level relative
to the total hole concentration increases, indicating a reduc-
tion in the ionization degree of acceptor traps with higher con-
centration. Although the ionization degree of acceptor traps
decreases with concentration, the total number of ionized ac-
ceptor traps still rose, especially in the substrate layer. This ex-
plains the significant decrease in the off-state current with in-
creasing concentration, as shown in Fig. 3(g). Furthermore, as
Ea decreases, the ionization degree of acceptor traps increases,
resulting in more captured electrons. This leads to a larger
positive shift in the threshold voltage and a greater reduction
in maximum output current, as shown in Figs. 3(j)–3(l).

3.2. Influences of trapping on HPM effect

Based on the above discussion, it can be concluded that
introducing traps with different energy levels and concentra-
tions at various locations in a GaAs pHEMT results in releas-
ing or capturing electrons, thereby affecting the current den-
sity. Additionally, ionized deep traps form positive and neg-
ative charge centers, creating an internal electric field that in-
fluences the local electric field distribution. Under HPM ex-
posure, electromagnetic field energy couples into the device,
leading to thermal melting and eventual device failure. The
formula for heat generation within the device is as follows:

Q = |J ·E|, (7)

where Q represents the Joule heat, J is the current density, and
E is the electric field strength.

From Eq. (7), it can be seen that the heat generation power
of the device in a strong electromagnetic environment is pri-
marily determined by the current density and electric field
strength. Traps can influence the current density by capturing
and releasing electrons, while also creating positive and nega-
tive charge centers that affect the local electric field strength.
Therefore, in this study, we will further analyze the impacts of
trap introduction on the HPM-induced thermal damage effects.

Figure 5 shows the peak temperature curves within the
device for different concentrations and energy levels of traps
introduced. Under HPM conditions, the primary failure mode
is thermal failure, where the local temperature exceeds the
melting point of GaAs (1511 K). By comparing the temper-
ature rise curves of defect-free devices with those of devices
with introduced defects, the impact of trap introduction on the
HPM-induced damage can be assessed.

From the temperature rise curves in Figs. 5(a)–5(f), it
can be seen that the introduction of donor traps in the isola-
tion and barrier layers does not significantly suppress the tem-
perature rise under HPM injection. Furthermore, as shown
in Figs. 5(d)–5(f), compared to the original devices, the ad-
dition of shallow donor traps causes the device to reach the
melting point of GaAs sooner. The temperature in the orig-
inal device exceeds 1511 K within the third HPM injection
cycle. However, when a deep donor trap with a concentration
of 1×1018 cm−3 and an energy level of Ec− 0.6 eV is added
to the substrate, the highest temperature within the device re-
mains below 1000 K at the failure moment of the original de-
vice, showing a reduction of 762 K.

Figures 5(g)–5(l) show the temperature rise curves within
the device after introducing acceptor traps in the different lay-
ers. It can be observed that the introduction of acceptor traps
effectively reduces the temperature rise rate under HPM expo-
sure. Specifically, when an acceptor trap with an energy level
of Ev+ 0.6 eV and a concentration of 1×1018 cm−3 is added
to the substrate, the highest temperature in the device remains
below 500 K at the moment the temperature of the original de-
vice exceeds 1511 K, resulting in a reduction of 1233 K. Simi-
larly, the introduction of acceptor traps with an energy level of
Ev+ 0.6 eV and a concentration of 1× 1018 cm−3 in the iso-
lation and barrier layers reduces the temperature in the device
by 658 K and 730 K, respectively, compared to the original
device.

When introducing traps to mitigate the HPM damage ef-
fect, the impact on the operating characteristics of the device
needs to be considered. Figure 6 shows the variation in the
saturated output current and peak temperature of the device
during the third cycle of HPM injection.
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Fig. 5. The temperature rise curves of GaAs pHEMT devices with trapped locations, energy levels, and concentrations under HPM exposure (with a 1-GHz,
10-V sine wave pulse signal injected at the gate port).
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As shown in Fig. 6(a), adding donor traps with a concen-
tration of 1× 1018 cm−3 and an energy level of Ec− 0.6 eV
in the substrate effectively reduces the temperature rise, with
minimal impact on the output current compared to donor trap-
ping in other layers. The saturated output current increases by
only 1.58×10−5 A (the saturated output current of the original
device is 8.8×10−4 A). Figure 6(b) shows that although intro-
ducing acceptor traps with a concentration of 1× 1018 cm−3

and an energy level of Ev+ 0.6 eV in the substrate effectively
reduces the temperature rise rate, it significantly affects the op-
erating characteristics of the device, resulting in a decrease of
5.30×10−4 A in the saturated output current. Conversely, in-
troducing the same concentration and energy level of acceptor
traps in the isolation layer reduces the output current decrease
to 1.1×10−4 A while effectively lowering the temperature by
658 K.

Additionally, as shown in Fig. 7, the effects of two dop-
ing schemes on other characteristics of GaAs pHEMT devices
were investigated, including donor traps with a concentration
of 1×1018 cm−3 and energy level Ec− 0.6 eV in the substrate,
and acceptor traps with a concentration of 1× 1018 cm−3

and energy level Ev+ 0.6 eV in the isolation layer. It can
be observed that the two doping schemes have minimal im-
pact on important device parameters such as threshold voltage,
transconductance, cutoff frequency, and gain when compared
to the original undoped trap-free device.
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teristic curve.

3.3. Physical mechanism that trapping improve the HPM
resistance of HEMT

Figures 8(a) and 8(b) show the electric field intensity and
electron density distribution for these different trap doping de-
vices under HPM (frequency and amplitude are 1 GHz and
10 V respectively) injection from gate. The maximum electric
field and electron density for all three devices occur beneath

the gate near the source. According to Eq. (7), the electric
field intensity and electron density together determine the heat
generation, which explains why the temperature at the location
near the source beneath the gate reaches the melting point of
the material first. Additionally, it is observed that the devices
with added traps have significantly lower electric field inten-
sity and electron density at this location compared to the orig-
inal device, reducing the heat generation power under HPM
exposure.

Figure 8(c) shows the electric field intensity distribution
at the position near the source beneath the gate, as marked in
Fig. 8(a). It can be seen that after trapping, the electric field
intensity in the barrier layer beneath the gate decreases, espe-
cially in the region close to the bottom of the gate. This is the
area where avalanche breakdown, leading to excessive heat-
ing, occurs under HPM exposure. As shown in Fig. 8(d), deep
donor traps in the substrate undergo ionization under the HPM
voltage pulse injection, forming positive charge centers, while
acceptor traps in the isolation layer ionize to form negative
charge centers. These ionized deep traps generate charged ions
that create an internal electric field opposite to the direction of
the external electric field, thereby reducing the electric field
intensity in the barrier layer. Therefore, the decrease in elec-
tric field intensity near the source beneath the gate due to trap
addition can reduce carrier accumulation caused by avalanche
breakdown, lowering the heat generation of the device and en-
suring its reliability under HPM exposure.
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4. Conclusions
In summary, the effects of introducing donor and acceptor

traps into different layers of typical GaAs/InGaAs pHEMTs
on their operating characteristics and HPM damage effect are
systematically studied. Considering both the impact of traps
on device characteristics and the improvement in damage ef-
fects under HPM, adding high-concentration, deep-level donor
traps (concentration of 1×1018 cm−3 and energy level of Ec−
0.6 eV) in the substrate layer, and adding acceptor traps (con-
centration of 1×1018 cm−3 and energy level of Ev+ 0.6 eV) in
the isolation layer are two effective strategies to suppress the
temperature rise rate under HPM exposure, while having min-
imal impact on the DC operating characteristics of the device.
The main reason for the reduced temperature rise rate in the
device under HPM exposure is that ionized traps form positive
and negative charge centers, which generate an internal elec-
tric field opposite to the direction of the external field. This
weakens the electric field strength in the barrier layer, leading
to reduced carrier accumulation caused by avalanche break-
down during the positive half-cycle of the HPM pulse. The
findings of this study provide valuable insights for enhancing
the reliability of GaAs pHEMTs under HPM exposure.
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