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Stable High Temperature Operation of p-GaN
Gate HEMT With Etch-Stop Layer
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Abstract— High-temperature operation of the p-GaN gate
high-electron-mobility transistor (HEMT) was investigated,
specifically up to 500 ◦C. The p-GaN gate HEMT demon-
strated stable behavior with normally-off operation, steep
increase of drain current in the subthreshold region, and
suppressed off-state current. By adding Al2O3 etch-stop
layer, the device showed significant reduction in subthresh-
old swing when measured at 500 ◦C, effectively mitigating
hysteresis in the transfer characteristics. Additionally, the
lifetime of the gate stack with the etch-stop layer was
estimated to be much longer than that of the stack with-
out the etch-stop layer. Through the integration of the
depletion-mode (D-mode) metal-insulator-semiconductor
HEMT (MIS-HEMT) device with the p-GaN gate device,
a direct-coupled field-effect transistor logic (DCFL) inverter
was fabricated. This inverter showed stable logic opera-
tion up to 500 ◦C, featuring rail-to-rail operation and large
gain. A long-term reliability test conducted at 500 ◦C for
100 hours revealed stabilized on-state and off-state values
after about 50 hours of operation.

Index Terms— GaN, HEMT, p-GaN, high temperature,
enhancement-mode, depletion-mode, direct-coupled FET
logic, inverter, reliability.

I. INTRODUCTION

H IGH temperature electronics have gained significant
attention across industries, including aerospace, automo-

tive, and energy production [1], [2], [3]. Challenges faced by
conventional electronics under high temperature conditions,
such as increased leakage current and poor stability, have
prompted extensive research into wide bandgap materials [3],
[4], [5]. Among these materials, GaN has demonstrated sig-
nificant promise due to many advantages, including large
bandgap, high breakdown field, excellent thermal stability, and
high saturation velocity [3], [4], [5], [6].

AlGaN/GaN Schottky HEMTs have been tested for high
temperature electronics, but gate metal diffusion into the
barrier layer and large gate leakage severely degraded device
characteristics at high temperatures [7], [8]. MIS-HEMT
devices, with gate dielectric layer between the gate metal and
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AlGaN barrier, showed potential for reducing gate leakage
current and improving gate stack stability. However, achieving
stable high temperature operation with MIS-HEMT structures
has been challenging due to threshold voltage instability
caused by AlGaN strain relaxation and interface traps [8],
[9], [10], [11], [12], [13], [14]. Most studies have focused on
operation up to 200 ◦C, whereas industry applications often
require higher temperatures [10], [11], [12], [13]. Furthermore,
there is limited research on normally-off high temperature
HEMTs, which are more practical and versatile for real-world
applications.

In this study, we demonstrated stable high temperature oper-
ation of the p-GaN gate HEMT up to 500 ◦C. By incorporating
etch-stop layer, the p-GaN interface was effectively protected
from dry etching induced damage, resulting in longer gate
stack lifetime and reduced hysteresis. The device showed
stable normally-off operation for 100 hours without significant
degradation or breakdown at 500 ◦C. Furthermore, we tested
the operation of DCFL inverter utilizing the p-GaN gate
HEMT up to 500 ◦C, demonstrating the feasibility of high
temperature logic operation.

II. DEVICE FABRICATION

The p-GaN gate HEMT device was fabricated on the p-
GaN/AlGaN/GaN heterostructure grown on silicon substrate.
The substrate consists of 70 nm p-GaN, 15 nm Al0.2Ga0.8N,
0.7 nm AlN, 200 nm unintentionally doped GaN, 5.8 µm GaN
buffer, and silicon substrate from top to bottom. The schematic
of the device is shown in Fig. 1(a), and the top-view scanning
electron microscopy (SEM) image of the fabricated device is
shown in Fig. 1(b). The length of gate electrode/p-GaN contact
area was 1.5 µm, and the width was designed to be slightly
smaller than the width of the mesa-isolated AlGaN/GaN block
to prevent the electrodes from directly contacting the sidewall,
which may have dry etching induced damage. The fabrication
process is shown in Fig. 1(c). The p-GaN layer on top of the
substrate was removed, and mesa isolation was carried out
by dry etching performed using inductively coupled plasma
reactive ion etching (ICP-RIE) with Cl2 and BCl3. Ti/Al/Ni/Au
(20 nm/120 nm/60 nm/ 50 nm) stack was then deposited as
the source/drain electrode using e-beam evaporator, followed
by rapid thermal annealing at 900 ◦C for 30 seconds in N2 to
form the ohmic contact. 10 nm of Al2O3 etch-stop layer was
deposited using atomic layer deposition (ALD), and 200 nm
of Si3N4 layer was deposited using plasma-enhanced chem-
ical vapor deposition (PECVD). Gate stack and source/drain
contact windows were opened by ICP-RIE using SF6, and the
ALD Al2O3 etch-stop layer was removed by wet etching using
buffered oxide etch (BOE). Ni/Au (50 nm/150 nm) layer was
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Fig. 1. (a) Schematic of a p-GaN gate HEMT. (b) SEM image of the
p-GaN gate HEMT device. (LG = 4 µm, LGS = 4 µm, LGD = 9 µm,
W = 100 µm) (c) Fabrication process of the p-GaN gate HEMT.

Fig. 2. (a) Transfer characteristic and (b) gate leakage current of a
p-GaN gate HEMT with etch-stop layer at various temperatures up to
500 ◦C. (c) Temperature dependence of the peak transconductance
(gm), on-state current at VGS = 5 V, and off-state current at VGS =

0 V. (d) VTH hysteresis (∆VTH) of the transfer curve with VGS sweep
range of −3 V ∼ 8 V measured at various temperatures for the p-GaN
gate HEMT with and without the etch-stop layer. Here, VTH hysteresis
was extracted as ∆VTH = VTH-F – VTH-B where VTH-F is the threshold
voltage in the forward sweep and VTH-B is the threshold voltage in the
backward sweep. Inset shows subthreshold swing (SS) of the p-GaN
gate HEMT with and without the etch-stop layer at 500 ◦C.

deposited as the gate electrode using the e-beam evaporator,
and post-metallization annealing was performed at 500 ◦C for
5 minutes in N2.

III. RESULTS AND DISCUSSION

Temperature dependence of the transfer characteristic and
gate leakage current of p-GaN gate HEMT with etch-stop
layer are shown in Fig. 2(a) and 2(b), respectively. For the
high temperature measurements, the device was measured in
vacuum environment, with contact made using probe tips.
The gate voltage was increased and decreased in steps of
0.1 V, with time interval of approximately 0.2 seconds between
each gate voltage value, and there was no delay introduced
between the forward and backward sweeps. The device showed
stable high temperature operation with suppressed off-state
current and sharp subthreshold slope. Normally-off operation
was maintained with slight threshold voltage shift towards
the negative direction, from 1.4 V at 25 ◦C to 0.9 V at
500 ◦C, estimated by the gate bias at which the drain current
is 10−2 mA/mm. The gate leakage current gradually increased
with increasing temperature, but the gate stack demonstrated

stable operation without breakdown, even with large gate bias
of 8 V up to 500 ◦C. Fig. 2(c) shows temperature dependence
of the on-state current, off-state current, and peak transcon-
ductance. As the temperature increases, the on-state current
gradually decreased, off-state current gradually increased, and
the transconductance decreased. As the temperature increases,
the mobility of the channel formed at the AlGaN/GaN inter-
face decreases primarily due to increased phonon scattering,
leading to a decrease in the on-state current and transconduc-
tance [8], [14], [15], [16]. The off-state drain current can be
attributed to the carrier hopping current flowing through the
dry etching induced traps on the AlGaN and GaN surfaces,
which can be further suppressed by optimizing the dry etching
recipe [17], [18].

To investigate the effect of etch-stop layer, another batch
of devices without the etch-stop layer was fabricated by
depositing PECVD Si3N4 layer directly on the p-GaN layer
and then etching it away by SF6 ICP-RIE. The subthreshold
swing measured at 500 ◦C and VTH hysteresis of the transfer
curve are shown in Fig. 2(d). The VTH hysteresis (1VTH)

was extracted using the equation 1VTH = VTH−F – VTH−B,
where VTH−F is the threshold voltage in the forward sweep and
VTH−B is the threshold voltage in the backward sweep. The
device with etch-stop layer had more suppressed hysteresis,
especially starting from 475 ◦C. The minimum subthreshold
swing of the device with and without the etch-stop layer
measured at 500 ◦C were 283 mV/dec and 619 mV/dec,
respectively, indicating sharper increase of the drain current
in the subthreshold region with the etch-stop layer. Since the
ALD Al2O3 layer showed extremely low etch rate with SF6
dry etching and could be easily removed using BOE, addition
of this layer effectively prevented dry etching induced damage
on the p-GaN layer. We believe that the reduction of hysteresis
and subthreshold swing is attributed to the incorporation
of etch-stop layer. Hole injection through the gate metal/p-
GaN Schottky junction was suppressed by maintaining intact
interface with fewer traps, especially at high temperatures and
with large gate bias, which led to smaller hysteresis. Fur-
thermore, gate controllability over the channel was enhanced
by improving the uniformity of p-GaN layer under the gate,
resulting in reduced subthreshold swing.

Lifetime of the device was estimated by applying the gate
bias on the array of devices with LGS = LGD = 4 µm while
source/drain electrodes were grounded. Weibull plots of the
time to breakdown (tBD) distribution and lifetime predictions
for the devices are shown in Fig. 3(a) and 3(b), indicating
lifetime of 10 years for the device without the etch-stop layer
at VGS = 4.3 V, and lifetime of 10 years for the device with
the etch-stop layer at VGS = 5.9 V. Therefore, the addition
of the etch-stop layer, which serves to protect the p-GaN
surface, significantly improves the lifetime of the gate stack,
highlighting the importance of preserving the intact p-GaN
interface.

High temperature operation of the DCFL inverter was thor-
oughly tested. The circuit diagram and schematic of the DCFL
inverter are illustrated in Fig. 4(a) and 4(b), respectively. The
enhancement-mode (E-mode) p-GaN gate HEMT device and
D-mode MIS-HEMT device were integrated with channel
width ratio of 100:1. For the D-mode device, the p-GaN
layer was completely removed, and 20 nm ALD Al2O3 layer
was used as the gate oxide. Temperature dependent transfer
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Fig. 3. Lifetime prediction of the gate stack (a) without etch-stop
layer and (b) with etch-stop layer at the failure rate of 63.2 % at room
temperature (25 ◦C). Inset of the figures illustrate Weibull plot of tBD
distribution for the gate stack at various stress voltages.

Fig. 4. (a) Circuit diagram and (b) device schematics of a DCFL inverter
based on p-GaN gate E-mode HEMT and D-mode MIS-HEMT devices.
(c) Transfer characteristics and (d) gain of the DCFL inverter measured
at various temperatures.

characteristics and gain of the DCFL inverter are shown in
Fig. 4(c) and 4(d), respectively. The transfer curve showed
stable operation up to 500 ◦C, maintaining sharp transition
region and consistent rail-to-rail operation with output voltage
range from approximately 0 V to 5 V. This inverter demon-
strated high gain that gradually decreased as the temperature
increased, ranging from peak gain of 30.8 V/V at 25 ◦C to
9.1 V/V at 500 ◦C.

Long-term reliability was tested by measuring a p-GaN gate
HEMT device with the etch-stop layer for 100 hours at 500 ◦C.
Throughout the 100-hour testing at 500 ◦C, all terminals of
the device were grounded between each I-V measurement
sweep. The time-dependent transfer characteristics and gate
leakage current are shown in Fig. 5(a) and 5(b), respectively.
At 500 ◦C, the off-state current gradually increased, while the
on-state current decreased. Additionally, the threshold voltage
showed slight leftward shift, and the gate leakage current
increased over time. These time-dependent degradations can
be attributed to diffusion in the gate stack. Fig. 5(c) shows
the on-state current, off-state current, and gate leakage current
measured over time, all of which seem to stabilize after about
50 hours of operation.

The primary mechanism for the time-dependent degradation
of the p-GaN gate HEMT has been reported to be the forma-
tion of a percolation path in the passivation dielectric near the
p-GaN sidewall [19], [20], [21], [22]. In this study, the device
was deliberately designed to have large gate metal retraction
structure in both the vertical and lateral directions, aiming to
enhance the lifetime of the device by reducing the sidewall
leakage current. Additionally, for the p-GaN gate HEMT
with etch-stop layer, the ALD Al2O3 layer serves as surface
passivation, which has been reported to successfully suppress
surface trapping and percolation path formation within the

Fig. 5. (a) Transfer characteristic and (b) gate leakage current of a
p-GaN gate HEMT measured for 100 hours with 500 ◦C thermal stress.
(c) On-state current at VGS = 5 V, off-state current at VGS = 0 V,
and gate leakage current at VGS = 5 V measured for 100 hours at
500 ◦C. (d) Lifetime prediction of the gate stack with etch-stop layer at
the failure rate of 63.2 % at 500 ◦C. Inset figure illustrates Weibull plot of
tBD distribution for the gate stack with etch-stop layer at various stress
voltages.

passivation layer [21], [22], [23]. Moreover, impact ionization
near the gate metal/p-GaN metal interface under forward gate
bias is another contributing factor to the degradation of the
p-GaN gate HEMT [24], [25], [26], [27]. We believe that the
etch-stop layer preserves the intact p-GaN surface, thereby
preventing early breakdown of the device caused by impact
ionization. These degradations are expected to be further mit-
igated by the p-GaN surface reinforcement process, involving
several treatments before the gate electrode deposition and the
use of refractory metal for the gate [27], [28], [29], [30].

Lifetime estimation of the gate stack at 500 ◦C is illustrated
in Fig. 5(d) with the Weibull plot of tBD distribution. Based on
these results, the lifetime of the gate stack at 500 ◦C with the
failure rate of 63 % was estimated to be 5 years at VGS = 1.0 V
and 1 year at VGS = 1.6 V. Considering that the threshold
voltage was 0.9 V at 500 ◦C, these findings indicate that
the p-GaN gate HEMT device has great potential as the high
temperature logic device with reliable long-term operation.

IV. CONCLUSION

In summary, the p-GaN gate HEMT with the etch-stop layer
demonstrated stable operation up to 500 ◦C, and long-term
reliability was further confirmed by the consistent perfor-
mance observed during 100 hours of device characterization
at this temperature. By utilizing the etch-stop layer to pre-
serve the intact p-GaN surface and avoiding direct contact of
the gate electrode on the mesa sidewall, the device showed
suppressed off-state current, steep subthreshold slope, and
improved hysteresis. Additionally, long-term reliability test
confirmed reasonably long device lifetime with appropriate
supply voltage, and stable high temperature operation of the
DCFL inverter was also examined. We believe that this p-GaN
gate device with the etch-stop layer is a strong candidate
for high temperature logic device, opening another path for
development of high temperature electronics.
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