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HTRB Stress Effects on Static and Dynamic
Characteristics of 0.15 um AlGaN/GaN HEMTs

P. Vigneshwara Raja, Jean-Christophe Nallatamby, Mohamed Bouslama, Jean-Claude Jacquet, Raphael Sommet,
Christophe Chang, and Benoit Lambert

Abstract—High temperature reverse bias (HTRB) stress effects
on static and dynamic characteristics of 0.15 pm AlGaN/GaN
high-electron mobility transistors (HEMTs) are reported. The
HEMTs were stressed to off-state bias (Vgs =-7 V, Vps =30 V) at
a high temperature of 175 °C for 1000 hours of duration. The
HTRB induced changes in drain current (Ips) are analyzed. The
I-V characteristics are evaluated at Vps = 0 V (emulating gate
Schottky diode leakage) before and after the stress to examine the
Schottky gate diode properties upon aging. The gate leakage
current variations are further inspected with V' and Vp sweeps.
After aging test, a considerable drift in the output power (P,.) is
observed during the interim RF measurement of the stressed
HEMTs. The pulsed Ips-Vps characteristics reveal the reduction
in Ips, particularly in the transition between linear and
saturation regions; which is referred as knee-voltage smoothing.
The output-admittance (¥22) and drain current transient (DCT)
measurements are conducted to track any new defects created in
the stressed HEMT and also assess the evolution of the
preexisting trap parameters. Especially, physical location of the
traps responsible for the knee-voltage smoothing and output
power drift is identified by TCAD simulations.

Index Terms— AlGaN/GaN HEMT, buffer trap, drain current,
gate leakage, HTRB, power drift, reliability.

I. INTRODUCTION

HE ultra-submicrometer AlGaN/GaN HEMT
devices have been proved to be effective for
monolithic microwave integrated circuits (MMIC), RF

power amplifiers (RFPA), and high power switches. The GaN-
based HEMT process technology has been optimized to
deliver high output power and power-added efficiency (PAE)
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up to 40 GHz, along with high linearity. Nevertheless, the
long-term reliability of the HEMT still needs further
improvement to extend the operational lifetime, in certain
targeted  applications  like  radar, satellite, and
telecommunications. Before delivering the product to the
market, the performance and reliability of the HEMT must be
thoroughly checked to verify if the device will sustain the real-
world environmental stresses and remain to meet future
demands [1]-[3]. The accelerated bias aging test such as high
temperature reverse bias (HTRB) encompasses eclevated
temperature storage and high gate-drain reverse bias to
aggravate the various device failure modes with the Arrhenius
acceleration factor; thus mean-time-to-failure (MTTF) of the
device may be anticipated [1]-[3]. The reliability studies are
useful to identify the root cause of the degradation
mechanisms and some hidden failure modes, thereby allowing
us to prevent those device failures. Moreover, some specific
application areas of the HEMTs demand high power and
temperature operation. These points signify the importance of
the aging test. Therefore, this work is motivated to study the
HTRB stress effects on the state-of-the-art 0.15 pm
AlGaN/GaN HEMT characteristics.

The high gate leakage current of the AlIGaN/GaN HEMT is
a crucial factor in affecting standby power dissipation, gate
voltage swing, and device reliability [2]-[4]. So, a special
emphasis is devoted to investigate the HTRB induced changes
in the gate current. The gate leakage current variations are
analyzed at Vps = 0 V bias state (imitating gate Schottky
barrier diode) to inspect the metal/GaN/AlGaN Schottky gate
interface properties, compared to the pre-stress condition.

The electron trapping due to the deep-level defects in the
HEMT restricts the maximum achievable drain current during
the dynamic operation [5]-[7]. The electrically active traps
may also promote the gate-leakage current conductions
through trap-assisted tunneling and Poole-Frenkel emission
mechanisms [3], [4]. Alamo et al. [2] reported that the off-
state electrical stress produces electrically active traps in the
AlGaN barrier layer, near the gate edge region towards the
drain side. The authors hypothesized that the stress produced
defects are responsible for the drain current reduction and the
gate current increase due to the defect-induced leakage paths.
For this reason, low-frequency (LF) output-admittance (Y22)
and drain current transient (DCT)  spectroscopy
characterizations are performed to track whether any new trap
is created or not in the stressed HEMTs. In our earlier work
[7]-[9], an acceptor-type electron trap at Ec - 0.5 eV was
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identified in the 0.15 um AlGaN/GaN HEMT with Fe-doped
buffer; a similar HEMT structure is used in this study.
Moreover, our earlier simulation results [6], [7], [9], [10]
reveal the presence of the acceptor trap at Ec - 0.5 eV in the
GaN buffer layer. Hence, the Y22 and DCT measurements are
also intended to quantify the emission time constant
evolutions of the Fe-related acceptor trap at Ec - 0.5 eV in the
AlGaN/GaN HEMT after the HTRB stress.

Recently, Magnier ef al. [11] observed a significant drop in
the output power (Pour) during the interim RF measurement of
the stressed AIGaN/GaN HEMTs, along with the reduction in
the drain current during the transition between the linear and
saturation regions of the pulsed Ips-Vps characteristics (knee
voltage smoothing). Several authors investigated the stress-
induced changes in the drain current [2], [3], [11-22] and gate
leakage current [2], [15]-[19], trap parameters [20]-[22], and
RF power [11], [23], [24] of the GaN-based HEMTs.
However, there is no solid evidence in the literature, reporting
the physical location of the HTRB stress produced defects
accountable for the output power drift. To extend the work of
Magnier et al. [11], the spatial location of the traps responsible
for the knee voltage smoothing effect and output power drift is
identified through TCAD simulations. In addition to that, the
HTRB stress effects on the drain and gate currents (Ips and /)
of the AlGaN/GaN HEMTs are analyzed. Therefore, these
preliminary HTRB test results are expected to provide a
fundamental understanding of the device failure mechanisms
in the HEMT due to the aging in actual operating conditions.

The HEMT structure details, HTRB stress experiment, and
HEMT characterization methods are given in Section II. The
HTRB stress effects on the drain and gate current, and output
power are discussed in Sections III-A to III-C. The post-stress
Y22 and DCT results are described in Section II-D. The TCAD
simulation results are presented in Section III-E.

II. EXPERIMENT

The AlGaN/GaN HEMT structure incorporates Fe-doped
GaN buffer layer grown on silicon carbide substrate, followed
by GaN channel layer, AlGaN barrier layer, and GaN cap
layer. The HEMT features an ultra-short gate length of
0.15um with a gate width of 4x50 um, and silicon nitride
passivation layer at the ungated surface.

A. HTRB Stress Test

The HTRB stress tests were performed at IMS from the
University of Bordeaux and then at UMS by Florent Magnier
[11]. In HTRB experiment, the HEMTs were stressed to a
profound off-state bias condition of Ves=-7 V and Vps= 30V
(i.e. effective reverse gate-drain voltage Vep = -37 V) at an
elevated temperature of 175 °C for a longer time duration of
1000 hours. The Lakeshore cryogenic probe station TTPX was
used for the HTRB experiments.

B. HTRB Characterization

The drain current (Ips) and gate leakage current (/) of the
AlGaN/GaN HEMTs were measured before and after the
stress test by using the Agilent BISO0A Semiconductor device

parameter analyzer. The RF output power (Pou) of the HEMT
was measured at a bias condition of Vps = 20 V and Ips =
200mA/mm with an input signal frequency f = 9 GHz, in
various time intervals during the HTRB stress test [11]. This
short interim characterization procedure was proposed to
quantitatively evaluate the power drift phenomenon with time
due to the aging test. The output power of the HEMT was
recorded at 5 dB gain compression. The RF power
measurements were conducted for different operating
temperatures of 25 °C, 75 °C, and 125 °C to probe the thermal
impacts on the output power drift.

Pulsed Ips-Vps measurements were carried out at three
different quiescent points (Vesg, Vpsg) = (0 V, 0 V), (-7 V,
0V), and (-7 V, 30 V) to quantify the trapping effects in the
dynamic performance of the stressed HEMTs, in relative to
the unstressed devices. The pulse period and duty cycle for the
pulsed /- characterization were chosen 30 pus, and 1 ps.

The experimental setup for LF Y22 and DCT spectroscopy is
given elsewhere [6]-[9]. After the aging test, the Y22
parameters were acquired at the same bias point of Vpsg = 10V
and Ipsp = 50 mA/mm in the low-frequency range of 100 Hz
to 1 MHz for different temperatures from 25 °C to 125 °C. In
DCT spectroscopy, a drain-lag pulsing scheme (Vps switched
from 10V to 20 V for 100 ms pulse width) was employed to
populate the traps in the HEMT. Consequently, Vps was
reverted to its initial bias point (Vpa = 10 V), and the emission
transient was measured over 1 ps to 1 s for temperatures
ranging from 25 °C to 125 °C.

III. RESULTS AND DISCUSSION

A. Drain Current Characteristics

Figures 1(a) and 1(b) show the output (/ps-Vps) and transfer
(Ips-Vs) characteristics (at 7 = 25 °C) of the AlGaN/GaN
HEMT before and after the HTRB stress. The drain current
(Ips), and threshold voltage magnitude |Vru| are reduced after
the HTRB test. The on-resistance (Ron) of the HEMT
increases after the stress, as identified from the linear region of
the output drain current properties. Moreover, a positive shift
in Vru is noted from the transfer characteristics of the stressed
HEMT, as seen in Fig. 1(b). These observations are consistent
with the literature reports [11]-[22].

The reasons for Ips reduction are discussed as follows:
During the HTRB test, the HEMTs were subjected to
thermally accelerated aging (with Arrhenius rate) and off-state
electrical stress. The lattice phonon scattering effects are more
pronounced at elevated temperatures [25]-[27], so channel
electron mobility (low field mobility) is affected by the HTRB
stress. Zhao et al. [28] observed a reduction in Ips after the
thermal storage of the HEMT due to the attenuation in the
2DEG density, caused by the interface relaxation and defect
creation during the aging test. Wang et al. [25] found that the
2DEG density drops at higher temperatures due to the
conduction band offset shrinking at the AlGaN/GaN
heterointerface. The Ips reduction in the saturation region of
the output characteristics is attributed to the alleviated high-
field velocity, caused by the optical phonon scattering [26].
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Therefore, the possible reasons for the Ips decline after the
stress are decreased 2DEG density, low-field mobility, and
high-field velocity. The static drain current characteristics
reveal that the HTRB aging test deteriorates the current
driving capability of the AlGaN/GaN HEMTs.
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Fig. 1. (a) Output (Ips-Vps) and (b) transfer (Ips-Vss) characteristics
of the AIGaN/GaN HEMTs before and after the HTRB stress test.

B. Gate Leakage Current

To analyze the gate Schottky contact properties, gate current
(Ic) is inspected at Vps = 0 V bias condition. The unstressed
HEMT characteristics are discussed first. The forward /6-Ve
properties for Vps =0V at 25 °C are shown in Fig. 2(a). Three
different regions of current transport mechanisms are
identified in the forward /6-Ve. As the diode saturation current
may only govern the current transport in Region-1, nearly
constant and low current (< 10 pA) is observed. Beyond that,
two linear regions (R2 and R3) with different slopes are
noticed in the forward I6-Vs. In general, the series resistance
effect comes into the picture at higher current levels (at higher
forward voltages) of the Schottky barrier diode characteristics
[29], [30]. However, the series resistance combination may not
produce a linear region in the semilog forward I-V plot. The
region-3 characteristics are fitted by using the standard
thermionic emission (TE) model [29], [30], specifying that
two different Schottky barrier heights exist at metal/GaN
Schottky interface [31], [32]. So, it is considered that the gate
Schottky contact consists of two diodes positioned in a back-
to-back series arrangement [31]. The Schottky barrier height
(SBH) and ideality factor (n) for the two linear regions are
calculated as per the standard TE model expressions [29],
[30], [32]

SBH = (kT /q) In(A'T?/J,) (1)

n=(q/kT)[dVp/d(nJ )] )
where 4" is the effective Richardson’s constant for GaN (4" =
269 A cm? K2 [33]), Js is the reverse saturation current
density, 7T is the temperature, & is the Boltzmann’s constant, g
is the electric charge, Vr and Jr represent the forward gate
voltage and current density, respectively. The SBH at 25 °C
for the diode-1 and 2 is extracted as 1.15 eV (SBH-1) and
0.72eV (SBH-2) using Eqns. 1 and 2. The ideality factor (n)

for the two diodes is found to be 1.66 (nl) and 4.36 (n2) at 25
°C. The two-diode model of Greco et al. [31] suggests that the
first diode is associated with the typical metal/GaN cap
interface. While the second diode may be related to the
AlGaN/GaN interface. In this case, SBH-2 indicates the
energy difference between the Fermi level of AlGaN/GaN
interface and the GaN conduction band [31].
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Fig. 2. (a) The forward Is-V properties at Vps =0 V (T = 25 °C)
show three different regions of operation. (b) The forward I-Vs of
the unstressed and stressed HEMTs at 25 °C, 75 °C, and 125 °C.
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Fig. 3. Temperature dependence (25 °C to 125 °C) of Schottky
barrier height (SBH) and ideality factor (n) extracted from thermionic
emission theory for two-diode model, before and after the stress.

The temperature dependence of SBH and n for the two-
diode model is extracted [29], [30], [32] from forward I-V
characteristics at different temperatures (25 °C to 125 °C) and
are plotted in Figs. 3 (a) and (b). It is perceived that the SBH-1
(1.15 eV to 1.26 eV) increases and nl (1.66 to 1.4) decreases
with the increasing temperature (opposite to the expected
variation [33]); this behavior can be attributed to the
inhomogeneous Schottky barrier existing [29]-[33] at
metal/semiconductor interface on the GaN/AlGaN/GaN
heterostructure. The second-diode parameters such as SBH-2
(0.72-0.71 eV) and n2 (4.36-4.79) have shown a weak
temperature dependency from 25 °C to 125 °C. But the
ideality factor (~4.4) of the second diode largely deviates from
the ideal value (n = 1) even at room temperature.
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Figure 2(b) shows forward Ic-V of the unstressed and
stressed HEMTs at different temperatures (25 °C to 125 °C).
A small reduction in the forward /s is noticed after the HTRB
test. From Fig. 3(a), it is noted that the SBH-1 increases after
the stress. Whereas, there is no considerable change in the
SBH-2 for the second diode. The electron mobility is reduced
during the HTRB stress test owing to the lattice phonon
scattering, defect-induced scattering, and conduction band
offset shrinking. Accordingly, the slight decrease in the
forward /¢ is attributed to the mobility degradation and the
corresponding increase in the SBH-1 upon the stress test, since
the standard TE theory controls the forward current transport
of the gate Schottky barrier diode.
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Fig. 4. (a) The reverse Ig-V at Vps =0V (T =25 °C) indicate three
different regions of operation. (b) The reverse /6-V of the unstressed
and stressed HEMTs at 25 °C and 75 °C.

The reverse I6-V properties (at Vps = 0 V) in Fig. 4(a)
demonstrate three different regions of operation. Since the
reverse saturation current conduction may only occur for the
bias voltage > -2 V, the leakage current is found to be too low
(<-1013 A) in Region-4; the negative values are ignored in the
semilog reverse I6-Ve plot. The electric field versus the gate
voltage has to be estimated to identify the reverse gate current
transport mechanisms. So, the electric field profile is
computed from the TCAD simulation of AlIGaN/GaN HEMT
and is used for the curve fitting analysis of the measured gate
current. Figure 4(a) illustrates that trap-assisted tunneling
(TAT) [34] is responsible for the current conduction in
Region-5. The TAT leakage current (/747) generation due to
the electron tunneling from the gate metal to the GaN channel
through the band localized traps in the AlGaN barrier can be
symbolized as follows [34], [35]:

kS
8zy2qm 35

wE 7 ©)

Iryr = AxCryrxexp| —
where 4 is the diode active area, Crar is the constant, m" is the
electron effective mass, 4 is the Planck’s constant, E is the
electric field, ¢, is the energy level of the trap positioned
below the conduction band at Ec - Er. In Region-6, the reverse
gate current is entirely governed by the Fowler-Nordheim
tunneling (FNT) [4], [36] process, as identified from the curve

fitting of the experimental data (refer to Fig. 4). Triangular
barrier formation occurs at higher reverse gate voltages,
resulting in a penetration of electrons along the gate metal
Fermi level from the gate edge to the GaN channel (through
the AlGaN barrier). The resultant FNT current (/rn7) can be
modeled by [4], [29], [36]

Teng = Ax Cryy x E* exp(-B/ E) 4)
872m" (q®, ;)
p=— VT (5)
3qh

where Crnr is constant, and ey is the effective barrier height.
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Fig. 5. (a) I6-V for various drain voltages of 6 V, 8 V and 10 V and
(b) Gate current vs. drain voltage for different Vs (-2 V, -3V, -4 V)
for unstressed and stressed HEMTs at 25 °C.

In many reports [4], [36], [37], the electric field variation
was considered to be constant beyond the threshold voltage (<
-Vru) because of the depletion of 2DEG under the gate. On the
contrary, it is noticed from Fig. 4 that the leakage current
increases rapidly beyond V'rm due to the increase in the surface
potential, as similar to the observations of Ghosh et al. [38].
Figure 4(b) shows the reverse I6-Ve of the unstressed and
stressed HEMT for two temperatures 25 °C and 75 °C; only a
minor change in the gate leakage current is noted after the
aging test. It is reported [39], [40] that the Ohmic
(Ti/AUNi/Au) and Schottky (Ni/Au) contacts of the
AlGaN/GaN HEMT system have a good thermal stability up
to an elevated temperature of 300 °C. These points suggest
that the gate Schottky contact properties were not affected by
the HTRB stress test.

Figure 5(a) depicts the HTRB stress-induced changes in /6-
Ve characteristics for various drain voltages (Vps =6 V to 10
V) at 25 °C. It is clear that gate current increases with respect
to Ve for different Vps upon the aging test, supporting the
literature reports [17]-[19]. The Ic increase is more
pronounced at higher V'ps values. The gate current versus drain
voltage properties for different Ve (-2 V to -4 V) are
considerably increased in the stressed HEMTs, as illustrated in
Fig. 5(b). The increase in the gate leakage current with the Ve
and Vp sweep suggests that the HTRB stress may induce
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leakage current paths through the creation of electrically
active defects in the barrier layer, referring to the work of
Alamo et al. [2], [13]. From gate current characteristics, it is
concluded that there is no significant change in the gate
Schottky barrier diode properties after the aging test. At the
same time, the gate leakage current increases with
augmentation in the gate and drain voltages due to the HTRB
stress produced defects in the AlGaN barrier layer.

C. Output Power Drift

Figure 6 shows the changes in the output power (at 5 dB
gain compression and for signal frequency /= 9 GHz) of two
HEMTs (named A and B) measured in various time intervals
during the HTRB stress testing. The output power is
considerably decreased (i.e. power drift) after the first interim
measurement at 5 minutes. The output power continues to
decline with the subsequent interim measurement time (15, 30,
and 60 minutes) during the stress experiment. The output
power variation with the time is plotted at different
temperatures (25 °C, 75 °C, and 125 °C) in Fig. 6. It is seen
that the power drift phenomenon is more pronounced when the
temperature is increased from 25°C to 125 °C. Hence, the
temperature is an acceleration factor for aggravating power
drift behavior in the stressed HEMTs, analogous to the
readings of Magnier ef al. [11]. Overall, the RF output power
is significantly reduced about 0.6 dB upon the first hour of the
HTRB stress test, thereby degrading the RF and microwave
performance of the AlGaN/GaN HEMTs.

00 C T T T T T T T T v T
V=20V —=— Stressed: A (T =25°C) 7
0.1k 1,,=200 mA/mm —o— Stressed: B (T =25 °C)
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Fig. 6. Output power (at 5 dB gain compression and for signal
frequency =9 GHz) of the two HEMTs (A and B) measured in various
time intervals (5, 15, 30 and 60 minutes) during the HTRB aging test
and for different temperatures 25 °C, 75 °C, and 125 °C.

The pulsed Ips-Vps characteristics of the stressed HEMTs
are analyzed to correlate the trapping-induced dynamic
reduction in drain current with the output power drift [11].
Figure 7 depicts pulsed Ips-Vps characteristics (at Ves = 0 V)
of unstressed and stressed AlIGaN/GaN HEMTs measured at
different quiescent points (Vaso, Vpsg) = (0 V, 0 V), (-7 V,
0V), and (-7 V, 30 V). Negligible electron trapping in the
HEMT is anticipated at the initial quiescent point (Vas, Vbso)
=(0V, 0V)[41]; as a result, no notable change in the drain

current is noticed in Fig. 7. Exposure to the negative gate
quiescent bias condition (Vas, Vbsg) = (-7 V, 0 V) may
promote electron trapping mechanism in the HEMT [8], [42].
For this reason, Ips is decreased from its reference value, as
perceived in the pulsed output characteristics. On the other
hand, the deeper off-state quiescent reverse bias (Vopo = -37
V) can induce strong trapping phenomena in the buffer and
barrier layers of the AlIGaN/GaN HEMT [41]; so that a drastic
reduction in /ps is noticed in the case of (Vaso, Vpso) = (-7 V,
30 V), i.e. displaying typical trapping behavior in the HEMTs.
Nonetheless, for all these cases, the drain current reduction is
found to be larger in the stressed HEMTs, than in the
unstressed devices. Particularly Ips is substantially reduced
during the evolution between the linear and saturation regions
of the pulsed output properties for (Veso, Vpso) = (-7 V, 30 V).
Moreover, the transition between the linear and saturation
regime becomes smoother; this effect is referred to as knee-
voltage smoothing. The knee-voltage and current (Vinee and
Tinee) are interlinked with the RF output power (Pour), as per the
following expression [11]
1;:)”[ — Ignee 2¢ — 2Sin(2¢) VCL — anee (6)
7 1—cos(p) 4

where ¢ denotes the conduction angle, viz. ratio between

maximum /ps extracted from pulsed /-V curve, and the drain
bias current considered for the load-pull characterization. Ve
indicates the peak voltage during the load cycle [11]. Eqn. 3
denotes that the observed reduction in the knee voltage and
current (knee-voltage smoothing) and the output power drift
are the consequences of the HTRB stress-induced effects in
the HEMT. The literature reports [2], [11], [16] suggest that
the stress-produced defects in the AlGaN/GaN HEMT are
primarily responsible for the output power drift and knee-
voltage smoothing effects. To check whether any new trap is
created or not in the stressed HEMTs, LF Y2> and DCT
characteristics are analyzed and are presented below.
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Fig. 7. Pulsed Ips-Vps characteristics (at Vgs =0 V) of unstressed and
stressed AlIGaN/GaN HEMTs measured at different quiescent points
(VGSQ, VDSQ) = (O V, 0 V), (-7 V, 0 V), and (-7 V, 30 V)
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D. LF Y22 and DCT Spectroscopy

Figure 8 shows the LF Y2, parameters of the Fe-doped
AlGaN/GaN HEMT measured before and after the aging test
for different temperatures (25 °C to 125 °C). Arrhenius plots
for the Fe-related trap [7]-[10], [42] identified from the Y22 and
DCT spectroscopy for unstressed and stressed HEMTs are
plotted in Fig. 9. Prior to the HTRB stress test, Arrhenius
analysis [5]-[10] of the Y2» frequency dispersion properties
yields the trap activation energy of Ec - 0.47 eV and capture
cross-section (ox) of 1.2x107'® c¢m?, based on the following
equation [6], [7]

In(z,T%) = E, /kT - n(c,v;,N¢ /T?) (7)
where E, is activation energy, 7 is the emission time constant,
T is the temperature, Nc is the effective density of states in the
conduction band, vi is the carrier thermal velocity, and & is the
Boltzmann’s constant. Figure 8 shows that the emission rate of
the trap is reduced at each temperature upon the stress.
Accordingly, a small increase in the trap energy (Ec - 0.49 eV)
is obtained with an identical o, = 1.7x10'5 ¢m? from the post-
stress Y22 experiments. This suggests that the potential barrier
for the electron emission from the trap level is bit increased
upon aging; thus a little higher thermal activation energy is
computed for the Fe-related acceptor trap in the buffer. The
decrease in the Y22 signal magnitude after the aging test is due
to the corresponding reduction in the drain current (see Fig. 1).
However, no new traps are detected in the stressed HEMTs by
the Y22 parameters.
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Fig. 8. LF Y», parameters of the HEMT measured before and after the
HTRB stress test at different temperatures (25 °C to 125 °C).

Figure 10(a) shows the DCT spectroscopy of the unstressed
and stressed Fe-doped AlGaN/GaN HEMTs in the temperature
range of 25 °C to 125 °C and their DCT derivative spectra are
plotted in Fig. 10(b). From DCT spectroscopy, a small
increase in the emission time constant is noted after the stress
experiments. However, almost the same trap parameters are
attained for the unstressed (Ec - 0.5 €V, 3.5x1071¢ ¢cm?) and the
stressed (Ec - 0.51 eV, 4.5x107'® ¢m?) HEMTs, from the
Arrhenius plot analysis. One point is evident from Y22 and
DCT that the emission time constant of the trap slightly
increases after the HTRB stress test, but that is not sufficient
enough to change the trap activation energy noticeably.

Our earlier findings [5]-[10], [42] indicate that the Y2 and
DCT techniques are effective in identifying traps in the GaN
buffer layer. In this work, no new trap is determined after the
aging test. Hence, the traps responsible for the knee-voltage
smoothing behavior in the stressed HEMT are not identified
by means of Y22 and DCT characterizations. Alamo [2], [16]
and Magnier et al. [11] hypothesized that the off-state
electrical stress can produce electronic trap levels in the
AlGaN barrier layer through inverse piezoelectric effect, and
those defects are more detrimental in undermining the HEMT
performance. Bearing these points in mind, TCAD simulations
are performed by including acceptor traps in the barrier layer.
The resultant changes in the /I-V characteristics for the
AlGaN/GaN HEMT are investigated and presented below.
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Fig. 9. Arrhenius plots for the Fe-related trap identified from the Y
and DCT spectroscopy for unstressed and stressed HEMTs.
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Fig. 10. (a) DCT spectroscopy of the unstressed and stressed Fe-
doped AlGaN/GaN HEMTs in the temperature range of 25 °C to 125
°C and (b) the corresponding DCT derivative spectra.

E. TCAD Simulation Results

It should be noted that the knee-voltage smoothing (/ps
reduction in between linear and saturation zones) is the prime
reason for the power drift phenomenon [11]. So, the objective
of the simulation is to identify the physical location of the
traps responsible for the knee-voltage smoothing arising upon
the HTRB test. The typical 2D cross-section of the 0.15 um
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AlGaN/GaN HEMT structure is taken for the Sentaurus
TCAD simulation. The physical models used in the simulation
are discussed elsewhere [6], [7], [9], [10]. Three different
electron trap energies such as Ec — 0.53 eV, Ec — 0.73 eV, and
Ec — 0.93 eV with a trap concentration of 10'® c¢m? are
selected from the literature data [5], [7], [43]-[46]. During the
stress test, the power drift is induced by the reduction in the
drain current due to the electron capturing process associated
with the traps. For this reason, acceptor-like traps are
considered in the AlGaN barrier. As represented in Fig. 11, the
acceptor traps (one trap at a time Ec —0.53 eV /Ec—0.73 eV /
Ec — 0.93 eV) are placed at four different locations of the
AlGaN barrier layer in a rectangular spatial arrangement (size
25 nm x 22 nm): (i) drain side of the gate, (ii) drain side of the
gate-edge, (iii) source side of the gate, and (iv) source side of
the gate-edge. The traps have a discrete energy level, with a
uniform concentration, placed at four different locations, but
taken one position at a time. Subsequently, the changes in the
output and transfer drain current characteristics of the HEMTs
are analyzed.

GATE
25nm.

w

o =]
3 2
o z
L nterlays

s Inthe AIGaN Barrier:
Source & Drain Side of the Gate

Fig. 11. Acceptor traps (Ec — 0.53 eV / Ec —0.73 eV / Ec — 0.93 eV)
are placed (one trap at a time) at four different locations of the
AlGaN barrier layer with a rectangular fashion (size 25 nm x 22 nm):
(1) drain side of the gate, (ii) drain side of the gate-edge, (iii) source
side of the gate, and (iv) source side of the gate-edge.
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Fig. 12. Simulated output (/ps-Vps) characteristics of the AlIGaN/GaN
HEMT at different barrier trap energies show the knee-voltage
smoothing behavior for the spatial locations (a) drain side of the gate
and (b) drain side of the gate edge.

Figures 12(a) and (b) show the simulated output (/ps-Vbps)
characteristics of the AlIGaN/GaN HEMT at different barrier
trap energies for the spatial locations (i) drain side of the gate
and (ii) drain side of the gate edge. The knee-voltage
smoothing is observed in the simulated output characteristics
after including the acceptor trap in the barrier layer at the drain

side of the gate and the gate edge, especially for deeper trap
energies (> 0.73 eV). Due to the knee-voltage smoothing
effect, the output conductance (gus) of the HEMT is reduced,
which can decrease the RF output power. The on-resistance
(Ron) of the HEMT is almost unaffected for these two cases,
as seen in Figs. 12(a) and (b). There is no notable change in
the threshold voltage of the HEMT, as observed (in Fig. 13)
from the simulated transfer (I/ps-Ves) properties at different
barrier trap energies for the first two cases. Whereas the knee-
voltage smoothing is not observed by placing the trap in the
following locations: (iii) source side of the gate, and (iv)
source side of the gate edge. The same behavior is displayed
in Figs. 14(a) and (b), simulated output characteristics for the
other two cases. Therefore, the simulation results indicate that
the defects located in the AlGaN barrier layer at the drain side
of the gate and the gate edge regions, smooth the drain current
transition between linear and saturation regions of the output
characteristics.
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Fig. 13. Simulated transfer (Ips-Vs) properties of the AlIGaN/GaN
HEMT at different barrier trap energies for the cases (a) drain side of
the gate and (b) drain side of the gate edge.
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Fig. 14. Simulated output characteristics of the AlGaN/GaN HEMT
at different barrier trap energies for the cases (a) source side of the
gate and (b) source side of the gate edge.

According to the simulation results, the observed power
drift after the stress is attributed to the defect creation in the
AlGaN barrier at the drain side of the gate and the gate edge
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regions, which can be explained as follows: During the HTRB
test, a peak electric field occurs near the drain side of the gate
vicinity due to the high gate-drain reverse voltage (Vop = -37
V) [47]. The strong off-state electric field and high-
temperature induced Arrhenius acceleration effect may
generate traps in the AlGaN barrier layer, specifically near the
gate edge region towards the drain side [2], [16]. At this sub-
threshold operation, the gate tunneling current injects
electrons into the AlGaN barrier layer, and they get trapped by
the stress-produced acceptor traps in the barrier layer. The
barrier traps near the drain side of the gate edge may capture
electrons from the 2DEG located around the source-drain
access region. Thus, when the HEMT instantaneously
switches from off-state to on-state during the RF operation,
the drain current reduces due to the electron trapping in the
barrier traps. This dynamic reduction in the drain current is
visualized as knee-voltage smoothing in the pulsed output
characteristics. Eventually, the RF output power of the HEMT
is decreased by ~0.6 dB during the first hour of the HTRB
aging experiment.

IV. CONCLUSION

The HTRB stress effects on the AlGaN/GaN HEMTs are
reported. The static drain current is reduced upon the aging
test due to the reduction in 2DEG density, low-field mobility
and high-field velocity. The forward /6-Ve at Vps = 0 shows
that the gate interface comprises two different Schottkt barrier
heights. There is no significant change in reverse /6-V at Vos
= 0 after the HTRB test, indicating that the gate Schottky
contact properties are retained. No new trap is created in the
GaN buffer layer after the stress test, as found from post-stress
Y22 and DCT measurements. Moreover, only a small reduction
in the emission rate of the Fe-related trap at Ec — 0.5 eV is
detected; still, typically the same trap parameters are obtained.
The simulation results reveal that the off-state electrical and
thermal stresses may create electrically active defects in the
AlGaN barrier at the drain side of the gate and the gate edge
regions, thereby smoothing the /ps transition in between the
linear and saturation region of the pulsed Ips-Vbs
characteristics. As a result, the output power drifts up to 0.6dB
during the interim RF measurement of the stressed
AlGaN/GaN HEMTs. These preliminary HTRB test results
are useful to understand the fundamental failure mechanisms
of the HEMT due to the aging in actual operating conditions.
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