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ABSTRACT With the development of microelectronic technology, the reliability of devices in a complex
electromagnetic environment has become one of the greatest challenges in the semiconductor industry. On
this basis, a phenomenon of nonlinear transient response is observed in high-power microwave (HPM)-
radiating AlGaAs/InGaAs pseudomorphic high-electron-mobility transistors (pHEMTs). This abnormal
response is induced before the thermal failure, causing disturbances to the circuit. To understand this
phenomenon, a detailed mechanism analysis is proposed. The analysis shows that the nonlinear response
is initially associated with the 2DEG velocity saturation, then a breakdown process is induced by the
tunneling and impact ionization combined effect. Within each radiation period, the channel current changes
its direction twice under the influence of the HPM field. The nonlinear response current Id is derived
from the theoretical analysis. TCAD simulations demonstrate the saturation and breakdown process.
Corresponding experiments are performed using a Ka-band low-noise amplifier (LNA) chip. The results
support the theory well.

INDEX TERMS High-power microwave (HPM), pHEMT, nonlinear response, mechanism.

I. INTRODUCTION
The III-V compound semiconductors have been believed to
be one of the most promising candidates for radio-frequency
(RF) applications and are expected to be next-generation
microelectronics beyond Moore’s Law [1]–[4]. GaAs-based
pseudomorphic high-electron-mobility transistors (pHEMTs)
are currently widely used. Their natural advantages of high
electron mobility, high quantum efficiency, and high switch-
ing speed are exploited in RF low-noise amplifiers (LNAs)
and power amplifiers (PAs) [5]–[8].
As the core components of the RF front-end circuits,

pHEMT low-noise amplifiers (LNAs) and power ampli-
fiers (PAs) are vulnerable to high-power microwave (HPM)
interference [9]–[11]. Much attention has been paid to
achieving better performance of high-electron-mobility tran-
sistor (HEMT) devices [12]–[17]. Regarding the associated

HPM reliability, previous studies, including experimental
findings and theoretical explanations, focus primarily on the
thermal damage [18]–[23]. When the HEMT is exposed to
HPM radiation, the device output is disturbed nonlinearly
before burnout [24]. This phenomenon of nonlinear response
is more easily induced and has brought complicated distur-
bances to the circuit. Furthermore, the failure diagnosis and
location are challenging in the nonlinearly disturbed circuits
because no physical damage can be observed in the device.
Therefore, it is essential to understand the mechanism of the
HPM induced nonlinear transient response.
In this paper, we attempt to provide a complete physical

mechanism analysis of the AlGaAs/InGaAs pHEMT non-
linear transient response under HPM radiation. The “rise
– stable – re-rise” response of the device subjected to
interference is revealed. Mechanisms of electron velocity
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FIGURE 1. The device structure of the AlGaAs/InGaAs pHEMT.

saturation, tunneling, and impact ionization are utilized
to explain the different stages of the nonlinear process.
Corresponding experiments are carried out. Relevant sim-
ulation is accomplished by Sentaurus TCAD [25], the
results confirm our mechanism investigation. Circuit disor-
ders induced by the nonlinear transient response and feasible
reinforcement methods are discussed based on pHEMT
LNAs. This study can help raise the radiation robustness
of GaAs pHEMT-based PAs and LNAs. And it is hoped that
the analysis approach promotes the HPM reliability research
on other III-V compound semiconductor devices.

II. MECHANISM ANALYSIS OF THE NONLINEAR
RESPONSE
A. DEVICE STRUCTURE AND SETUP
Fig. 1 shows the cross-section of the studied pHEMT.
This general device structure is appropriate for mechanis-
tic research. The TCAD simulation model is also built on
this structure, with some modifications according to scan-
ning electron microscope (SEM) observations. The model
contains an Al0.3Ga0.7As/In0.25Ga0.75As heterojunction to
accumulate the two-dimensional electron gas (2DEG). In
the AlGaAs spacer, a δ-doping layer exists to increase the
depth of the quantum well. The detailed device parameters
are given in Fig. 1. The HPM radiation is equivalent to a
sinusoidal interference voltage [26] injected from the gate.
The source and drain are set to normal working conditions.

B. NONLINEAR RESPONSE MECHANISM ANALYSIS
Under increasing HPM radiation, the pHEMT’s nonlinear
transient response (expressed by the output power or drain
current) is a “rise – stable – re-rise” process before device
burnout. This phenomenon is confirmed by [24] and our
experimental results in Section III. The physical mechanism
of the nonlinear process is shown in Fig. 2, in which the key
device local under HPM radiation is plotted. In the initial
“rise” process, the device is operating appropriately since
the radiation is relatively weak. Here, we select one random

FIGURE 2. Mechanism of the nonlinear response process in the HPM
affected pHEMT. (a), (c), (e), and (g) plot the HPM radiation conditions; the
corresponding internal states of the device local are shown in (b), (d), (f),
and (h).

interference cycle to illustrate: the first half [tn, tn+T/2] (T
is the HPM period) seen in the green part in Fig. 2(a), the
condition of the device is shown in Fig. 2(b). In this situation,
the output current Id increases with increasing radiation and
can be calculated as

Id−r = WC0μn

L
(VHPM − Vt)

2 (1)

where L is the gate length, W is the gate width, C0 is the
channel capacitance, and μn is the mobility of the 2DEG
under a low radiation field. Vt is the threshold voltage, and
VHPM is the interference voltage. When the HPM reaches
the second half of the cycle, the device is naturally off.
With the enhancement of the microwave radiation, the

transient response stabilizes. Similarly, within one random
radiation period, the pHEMT’s internal states are shown as
Fig. 2(b), 2(d) and 2(f) successively, corresponding to the red
shaded interference seen in Fig. 2(a), 2(c) and 2(e). Initially,
the device operates normally in the saturation region. Then,
the interference-driven electric field moves the electrons
below the gate upwards, as shown in Fig. 2(d), generat-
ing negligible vertical (seen as the y-direction in Fig. 2(b),
(d), (f), and (h)) current. For the horizontal (seen as the
x-direction in Fig. 2(b), (d), (f), and (h)) component of the
interference field is relatively weak, Vd still determines the
drain current. As the radiation continues (shown in red in
Fig. 2(c) and 2(e)), the horizontal interference field con-
tinues to increase, resulting in the pHEMT state changing
from Fig. 2(d) to Fig. 2(f). This process includes two steps:
a decrease in the negative drain current and an increase in
the positive drain current. Moreover, the strong interference
field drives a higher vertical current below the gate, which
divides the channel current into two opposite parts. After the
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reversal of the channel current, the 2DEG drift velocity in
the channel reaches saturation. The response current remains
constant, which can be calculated as [27]:

Id−s = β

(
FsL

2

)2

×

[
1 + 2βRcVHPM′ + V2

HPM′
(FsL/2)2

]1/2

− (1 + βRcVHPM′)

1 − β2R2
c(FsL/2)2

(2)

where Fs = Vs/2 is the critical electric field for velocity
saturation, Rc is half of the channel resistance, and β is a
parameter determined by the device scale. VHPM′ = VHPM −
Vt reflects the influence induced by the HPM radiation. This
analysis indicates that the “stable” of the transient response
is attributed to the channel electron velocity saturation under
a high horizontal HPM field. The radiation falls back after
reaching the peak. The transient response for this duration is
considered as a reverse of the former analyzed process: the
drain current decreases and returns to its original direction.
When the HPM enters the second half, the pHEMT is off,
referring to its operating principle.
When facing stronger HPM interference, the transient

response rises again after the saturation process [24].
Illustrating one radiation period, when the interference shown
as the blue shaded parts in Fig. 2(a), 2(c), 2(e) and 2(g)
are injected, the internal states of the pHEMT are shown
as Fig. 2(b) – (d) – (f) – (h), respectively. Fig. 2(h) plots
the breakdown process in detail. The strong vertical HPM
field induces the breakdown below the gate, generating
additional current flows into the InGaAs channel. This pro-
cess includes Au/AlGaAs Schottky junction breakdown and
AlGaAs/InGaAs heterojunction breakdown. At the moment
of breakdown, the extra current follows the previous flow
to the drain. Subsequently, the current changes its direction
to the source because it has the lowest potential. Schottky
junction breakdown causes extra carrier generation at the
gate. The mechanism of this breakdown is a combination of
tunneling and impact ionization (II) effects [28]–[31]. The
excess tunneling generation rate Gt and II generation rate
GII can be calculated utilizing the WKB approximation [32]
and the University of Bologna Impact Ionization Model [27],
respectively. The breakdown drain current is calculated by:

Id−re = −q
∫ ∫

Z · [
f (VHPM′ , T)Gt + g(VHPM′ , T)GII

]
dxdW

(3)

where Z is the thickness of the 2DEG. Here, f (VHPM,T)

and g(VHPM,T) are the coefficient functions that determine
the proportion of two kinds of extra carriers. The mecha-
nism of breakdown explains the secondary ascension of the
transient response. As the HPM goes to the second half,
the strong reverse electric field quickly depletes the carri-
ers in the channel. Therefore, there is no obvious transient
response.

FIGURE 3. Energy band structures of the AlGaAs/GaAs pHEMT under
(a) no radiation condition, (b) the electrons velocity saturation condition,
(c) the Schottky junction and heterojunction breakdown condition.

Fig. 3 plots the energy band diagrams of the nonlin-
ear response process. With no HPM radiation, the energy
band of a zero-biased pHEMT is shown in Fig. 3(a). Here,
qφB defines the intrinsic height of the Schottky barrier. The
δ-doping layer improves the discontinuity of the conduc-
tion band in AlGaAs. A 2DEG is formed and is tightly
confined in the InGaAs-side quantum well. As HPM radi-
ation is applied to the device, the energy band changes
from Fig. 3(a) to Fig. 3(b): the Schottky barrier drops to
q (φB−VHPM), the Fermi level is lifted in AlGaAs and low-
ered in InGaAs to Quasi-Fermi levels, �Ec is compressed
while �Ev is expanded in the heterojunction, and the quan-
tum well is deeper, with a higher 2DEG concentration in the
channel. When the “stable” transient response is induced by
radiation, the energy band is shown in Fig. 3(b). The concen-
tration of the 2DEG reaches saturation under the y-direction
interference field, along with the velocity saturation caused
by the x-direction HPM field, leading to the “stable” response
of the device. The band structure during the “re-rise” process
of the nonlinear transient response is shown in Fig. 3(c). In
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FIGURE 4. Schematic diagram of the testing circuit in the experiment.

FIGURE 5. (a) The schematic experiment setup. (b) Photograph of the
tested chip during the experiments. (c) SEM observation of the three-stage
LNA MMIC chip. (d) SEM observation of the first pHEMT in the LNA MMIC
chip.

addition to the energy band changing further as the trend in
Fig. 3(b), extra carriers are generated by the tunneling and
impact ionization induced breakdown across the Au/AlGaAs
Schottky junction. Then the strong y-direction radiation field
drives the extra carriers to cross the heterojunction, resulting
in an abnormal current path from the gate to the channel.
This explains the “re-rise” of the transient response.

III. RESULTS AND DISCUSSION
A. EXPERIMENTAL SETUP AND RESULTS
Corresponding experiments are implemented to verify the
mechanism. The device under test (DUT) is a WFD320370-
L20 GaAs pHEMT Ka-band LNA MMIC chip. Fig. 4 shows
the simplified schematic diagram of the testing circuit used
in the HPM experiments. The chip is biased to its general
working state @ Vdd = 3.3 V. The HPM interference injec-
tions are from 0 dBm to 50 dBm @ 10 GHz, with pulse
widths of 1 μs and 10 μs. The experimental setup and the
microanalysis of the DUT are given in Fig. 5, and the SEM
shows the surface morphology in detail.
Fig. 6(a) exhibits the experimental results for the nonlinear

transient response. The output power shows a “rise – stable
– re-rise” tendency, which is consistent with the mechanism
analysis. Moreover, the pulse width has little influence on the
nonlinear response under these test conditions. For further
confirmation, similar test results with different interference
frequencies reported in [24] are shown in Fig. 6(b).

B. SIMULATION VERIFICATION AND DISCUSSION
Hydrodynamic, high-field saturation, Auger, avalanche, bar-
rier tunneling, and thermodynamic models are utilized in

FIGURE 6. (a) The test results under 10-to-50 dBm HPM injection @
10 GHz with 1 µm and 10 µm pulse widths. (b) The reported test results
in [24].

FIGURE 7. (a) Schematic diagram of the HPM simulation circuit.
(b) Simulated drain current response from 0 ns to 5 ns under 1 GHz
radiation.

TCAD for more accurate simulations [25]. The testing cir-
cuit used in the simulation is shown in Fig. 7(a), which
indicates good agreement with the experiments. Simulation
results from 0 ns to 5 ns are plotted in Fig. 7(b), and the
HPM frequency is fixed at 1 GHz. Under different radiation
levels (with 6 V and 11 V selected as examples), the transient
response Id shows a periodic tendency. A detailed response
(with 10 ns to 12 ns selected as examples) is plotted in Fig. 8.
The “rise” process of the nonlinear response is observed in
Fig. 8(a), the drain current rises with the increase of the
radiation. Then, the “stable” process is shown in Fig. 8(b);
as the radiation increases from 6 V to 8 V, the response
current remains unchanged. Fig. 8(c) plots the “re-rise” pro-
cess. The breakdown happens when there is a sudden surge
in the drain current. Subsequently, the current continues to
increase until the interference field declines. Moreover, the
drain current changes its orientation (Id changes its positive
and negative) twice each radiation period in every stage of
the nonlinear response process. The simulation results are
in good consistency with the experiments and theoretical
analysis above.
Fig. 9(a) and (b) present the current density distribution

inside the device at 11 ns (point A in Fig. 8(b)) and 11.25 ns
(point B in Fig. 8(b)) under 6 V interference. It can be seen
that the drain current changes its direction and approaches
saturation. For the breakdown process, the internal states of
the device under 13 V interference at points C (11.15 ns) and
D (11.35 ns) in Fig. 8(c) are plotted in Fig. 9(c) and (d). The
simulations imply that the “two-part” channel remains at the
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FIGURE 8. Simulated drain current response from 10 ns to 12 ns under (a)
2 V to 3 V, (b) 6 V to 8 V, (c) 10 V to 13 V HPM radiation; the frequency is
1 GHz as shown as (a).

beginning of the breakdown. Then, a significant additional
current is injected into the channel and eventually flows to
the source, which is consistent with the mechanism analysis.
Fig. 10 shows the simulated transient output power of the

AlGaAs/InGaAs pHEMT under HPM radiation with different
frequencies. A “rise – stable – re-rise” nonlinear response can
be found. The output power drops slightly with increasing
frequency. Moreover, the knee points in the simulations are
reached earlier than in the experiments. This is caused by
the packaging and peripheral circuit differences between the
simulation and actual ICs.
The phenomenon of nonlinear transient response can bring

different disturbances to the RF front-end circuits. Here we
use pHEMT-based LNAs to explain. In the first “rise” condi-
tion, the HPM is regarded as noise and is amplified together
with the useful signal. Therefore, there is an output signal
distortion in the LNA, and the output signal-to-noise ratio
(SNR) decreases significantly. As the transient response of
the device enters into the “stable” status, the LNA loses
the function of signal amplification. Furthermore, the gain
of the LNA drops as Ig continues to increase. The break-
down occurs when the “re-rise” of the drain current is
observed. The HPM power is transmitted straight to the
next level of the circuit, resulting in more negative effects.
Knowing our mechanism analysis to the nonlinear transient

FIGURE 9. The current density distribution of the pHEMT at (a) 11 ns
under 6 V HPM, (b) 11.25 ns under 6 V HPM, (c) 11.15 ns under 13 V HPM,
and (d) 11.35 ns under 13 V HPM.

FIGURE 10. Simulation results of pHEMT’s output power under
1-to-10 GHz HPM radiation.

response process, targeted solutions are used to deal with
the circuit disorders. The “rise” process upset is an over-
noise upset, which can be mitigated by using pHEMTs
with better performance and shielding the transmission line
between the LNA and the antenna [33]. In contrast, the
“stable” and “re-rise” process disturbances are overpower
disturbances, and adding a limiter at the LNA input is a fea-
sible solution [34]–[36]. Moreover, if the “re-rise” process
is observed in circuits, the LNA should be diagnosed as a
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failure because the breakdown is unrecoverable in a short
time.

IV. CONCLUSION
This study has discussed the physical mechanism of the HPM
induced nonlinear response in AlGaAs/InGaAs pHEMT. We
view the phenomenon as a “rise – stable – re-rise”İ process.
During the first “rise” stage, the pHEMT functions normally.
The following “stable” is due to the electron velocity sat-
uration in the channel. Lastly, the HPM field breaks the
Schottky gate and the heterojunction under the mechanisms
of tunneling and impact ionization, generates an extra cur-
rent path to the channel. This abnormal current causes the
“re-rise” of the pHEMT’s transient response. TCAD sim-
ulations confirm these physical processes. Experiments are
carried out using a GaAs-based Ka-band LNA chip to sup-
port our analysis. This paper has provided a deeper insight
into the HPM radiation reliability of the pHEMT. In future
investigations, it might be possible to have a device-level
hardening design based on this study.
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