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Abstract— This letter reports an enhancement-mode
(E-mode) GaN transistor technology which has been
demonstrated to operate in a simulated Venus environ-
ment (460 ◦C, ∼ 92 atm., containing CO2/N2/SO2 etc.) for
10 days. The robustness of the W/p-GaN-gate AlGaN/GaN
high electron mobility transistor (HEMT) was evaluated by
two complementary approaches, (1) in-situ electrical char-
acterization, which revealed proper transistor operation
(including E-mode VTH with <0.09 V variation) in extreme
environments; and (2) advanced microscopy investigation
of the device after test, which highlighted the effect of the
stress conditions on the epitaxial and device structures.
To the best of the authors’ knowledge, this is the first
demonstration and comprehensive analysis of E-mode GaN
transistors in such harsh environments, therefore estab-
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lishing the proposed GaN technology as a strong contender
for harsh environment mixed-signal electronics.

Index Terms— GaN, transistor, enhancement-mode,
mixed-signal, harsh environment, Venus, high temperature,
high pressure, corrosive gas, degradation, microscopy.

I. INTRODUCTION

ELECTRONICS operating at high temperature (HT), well
above the effective 250–300 ◦C rating of silicon-on-

insulator (SOI) technology, are critical in extreme industrial
applications (e.g. jet engines, nuclear reactors, deep oil well
drilling), as well as in outer space, from the solar system
to exoplanetary exploration [1], [2]. A promising solution,
which avoids the thermal generation of carriers in conven-
tional Si electronics, is the use of GaN and other wide band
gap materials. Thanks to their wide band gap, and superior
electrical, mechanical, and chemical properties, these materials
have enabled a wide range of devices including transistors,
MEMS and solar cells [3], [4], [5]. GaN electronics have
demonstrated excellent performance in extreme environments
(from cryogenic to high temperatures) across RF [6], [7], [8],
power [9], [10] and mixed-signal applications [11].

Although initial experiments have highlighted the promising
potential of E/D-mode GaN n-FETs (E: enhancement; D:
depletion) [12] and complementary (GaN n-FET and GaN
p-FET) configurations [13], [14] for GaN HT integrated
circuits, more work is needed to improve the performance
and robustness of the E-mode GaN transistor. These devices,
as exemplified by p-GaN-gate AlGaN/GaN HEMTs, are of sig-
nificant interest thanks to their possibility of monolithic inte-
gration in both E/D-mode and complementary platforms [15].
Given the rapid advancement of GaN HT technology, in par-
ticular in mixed-signal circuits [11], [16], [17], [18], it is an
opportune time to examine the robustness of E-mode GaN
technology under harsh environments to further optimize these
transistors.

This letter presents advancements in GaN HT electronics
in the following aspects, when compared to other works
and the authors’ earlier report [19]: (1) an E-mode GaN
transistor technology has been demonstrated, characterized,
and analyzed up to 500 ◦C; (2) testing of the transistor
in harsh environment beyond SOI rating (simulated Venus
environment), therefore revealing the unexplored potential of
E-mode GaN technology for these applications; (3) in-situ
electrical measurement confirms the continuous operation of
the DUT over a prolonged period in harsh environment; (4)
after harsh environment testing, a comprehensive microscopy
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Fig. 1. Temperature dependency of the Tungsten/p-GaN-gate
AlGaN/GaN HEMT up to 500 ◦C. (a) Device structure. (b) ID vs. VGS.
(c) VTH. (Inset: A simple two-diode model for the gate region.) (d)

∣∣IG∣∣
vs. VGS. (e) 2D-VRH model. IG (linear scale) vs. VGS near VGS = 0
V bias is shown in the inset. (f) ID and IG vs. temperature normalized
to their room temperature values, for VGS = 5 V, corresponding to the
ON-state of the transistor.

investigation of the p-GaN-gate HEMT structure was con-
ducted. This reveals the intactness/degradation of various
device components and offers insights on areas of improve-
ment in device design and fabrication.

II. TRANSISTOR TECHNOLOGY

The process flow of the proposed p-GaN-gate AlGaN/GaN-
on-Si HEMTs [Fig. 1(a)] begins with the RF magnetron sput-
tering of tungsten (W, 200 nm) on p-GaN. W and p-GaN are
patterned using an optimized low-damage GaN/AlGaN selec-
tive etch recipe, while maintaining self-alignment between
the two layers [20]. A combination of gate-first process,
a refractory metal gate, and self-alignment in metal/p-GaN-
gate distinguish the proposed transistor from a conventional
p-GaN-gate HEMT. It is noted that, sputtering of W has been
reported to cause some damage under the gate for an AlGaN
MESFET [21], while its specific effect in p-GaN-gate HEMTs
remains to be studied. Nevertheless, the above-mentioned
device features have resulted in improved thermal stability,
reduced hysteresis [22], and high scaling potential [15]. Next,
Ti/Al/Ni/Au (20/100/25/50 nm) ohmic metal stack is deposited
by electron beam evaporation and alloyed at 825 ◦C in N2
ambient. As an improvement to [19], a SiO2 layer (200 nm)
was deposited using tetraethoxysilane (TEOS) precursor to
passivate the device. After via opening, Ti (20 nm)/Au
(300 nm) bonding pads were formed.

III. TEMPERATURE DEPENDENCY

The bare die was characterized in a probe station with
a thermal chuck (rating of 500 ◦C) in air. As shown in
Fig. 1(b)–(c), VT H is relatively stable below 300 ◦C. The
small initial increase of VT H from room temperature to 200 ◦C
could be attributed to a higher acceptor (Mg) ionization ratio
in p-GaN at increasing temperature. Above 300 ◦C, a decrease
in VT H is observed. The gate region may be modeled as two

Fig. 2. (a) Setup which allows for the in-situ measurement of the
DUT in a simulated Venus environment. (b)–(c) Transfer and output
characteristics of the DUT for the initial measurement and the final
measurement of the DUT in the simulated environment. (d) Variation
of (i)–(ii) chamber conditions and (iii)–(vii) key transistor performance
metrics during the reported duration of the test. For each metric, the
absolute peak-to-peak value (in parenthesis: percentage of the peak-to-
peak value with respect to the initial value, unless otherwise stated) are
labelled.

back-to-back junctions [Fig. 1(c) inset] [23]. The trend of VT H
can be explained by the lower forward turn-on voltage of p-i-n
junction, and the reduced Schottky barrier height.

The gate leakage current characteristics is shown in
Fig. 1(d). Below the turn-on voltage of the p-i-n junction,
the vertical junction current is blocked by the p-i-n junction.
The gate leakage current is dominated by the surface current
(two-dimensional variable range hopping, 2D-VRH), as shown
in the good fit of σ ∝ exp

(
−T −1/3) [Fig. 1(e)] [23].

Therefore, IG increases with temperature. Here, a reasonable
approximation for 2D-VRH was made using ID-VGS data at a
small VDS = 0.5 V. At highly positive VGS , which corresponds
to the ON-state of the transistor and the forward bias regime of
the p-i-n junction, the vertical junction current dominates. The
turn-on current IG decreases with increasing temperature due
to increased resistance in the drift region of p-i-n junction. IG
shows a similar trend as ID up to 500 ◦C due to the reduced
mobility [Fig. 1(f)] [24].

IV. ROBUSTNESS IN HARSH ENVIRONMENT

The device under test (DUT) was packaged using HT-
rated components [2], [19] and placed in a simulated Venus
environment (460 ◦C, ∼ 92 atm., mainly CO2/N2, traces
of SO2 [25]) for 11 days in the NASA Glenn Extreme
Environments Rig (GEER) [Fig. 2(a)] [26]. The length of
11 days excludes ramp up and cool down times, and is
pre-determined by the test facility. A burn-in effect was
observed in the transistor characteristics over the first day of
the test, where ID,max started from 5 mA/mm (first instance
of Venus surface conditions being met) and experienced large
fluctuation before settling down at 30 mA/mm (at the time
instance defined as day 0). In this letter, the data presented is
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Fig. 3. Advanced microscopy investigation of the device after
test. (a) FIB cross-sectional image of the DUT after the testing.
(b) Zoom-in view of an intact region of the W/p-GaN/AlGaN/GaN struc-
ture (HAADF-STEM). The interfaces are shown in the insets (TEM).
(c) Crystallinity (reciprocal lattice) of p-GaN (FFT of TEM). The inset
shows the corresponding HRTEM image. (d) Sidewall of the p-GaN-
gate region (TEM). (e) Drain contact located on the AlGaN/GaN surface
(SEM). The original p-GaN on top of AlGaN was etched to expose
the AlGaN surface for formation of ohmic contacts. (f) Small crack
in the SiO2 layer (top view, SEM). The inset shows the amorphous
SiO2 (TEM). All images are cross-sections unless otherwise stated.
(FIB: focused ion beam; SEM: scanning electron microscope; TEM:
transmission electron microscope; HAADF-STEM: high-angle annular
dark-field scanning TEM; FFT: fast Fourier transform; HRTEM: high
resolution TEM; UID: unintentionally doped).

taken from the remaining 10 days. An automated setup ensured
that in-situ measurements of the DUT could be made at
regular time intervals (≈ 70 min.). Given that the measurement
setup was shared among several devices (through a switching
matrix), the DUT of this work was left unbiased during
each measurement. A comparison of the DC characteristics
[Fig. 2(b)–(c)] reveals that good transistor operation was
maintained at the end of the test. The chamber temperature
and pressure were accurately maintained over the duration
of the test [Fig. 2(d)(i)–(ii)]. ID,max of the packaged DUT
(30 mA/mm) was lower than that of the bare die DUT (50
mA/mm), likely due to the degradation of the packaging (e.g.
bond pad) [19].

The transistor performance metrics over time during the
harsh environment stress are presented in Fig. 2(d)(iii)–(vii).
A stable VT H of 0.9∼1 V (E-mode) was maintained. Assum-
ing VDD = 5 V operation and no VSS [22], the peak-to-peak
variation (<0.09 V) corresponds to 1.8 % of the rail-to-rail
voltage. The current decreased by <5.3 mA/mm (18 %),
and RO N increased by 9 �·mm (12 %), likely caused by
degradation of the intrinsic transistor (e.g. ohmic contacts,
two-dimensional electron gas channel) and bond pad in the test
environment. A stable gate leakage (<0.1 mA/mm variation,
12 %) and current ON-OFF ratio (<5 % variation in terms of
order of magnitude, limited by gate leakage) was maintained.

At the end of the test, the DUT was characterized
using advanced microscopy. The device structure was
found to be largely intact [Fig. 3(a)]. The p-GaN-gate
region deserves special attention because it enables E-mode
operation of the DUT, but the effect of harsh environ-
ment conditions has not been well studied. A p-GaN/
AlGaN/GaN heterostructure was maintained, as reflected in
the smooth interface between the epitaxial layers [Fig. 3(b)],
and the crystallinity in p-GaN [Fig. 3(c)]. No noticeable

TABLE I
ROBUSTNESS STUDIES OF GAN HEMTS IN HARSH ENVIRONMENT

degradation was found in the etched sidewall and AlGaN sur-
face (etch stop layer) [Fig. 3(d)]. Similarly, the Ti/Al/Ni/Au
contacts remained structurally intact [Fig. 3(d)–(e)], though it
has been noted in other works that prolonged HT exposure
might lead to degradation [27]. A small crack (width 70 nm)
was found in the SiO2 layer [Fig. 3(f)], likely resulting from
a mismatch in the thermal expansion coefficient between W
(gate metal) and the surrounding SiO2. As compared to [19],
W remained intact despite the presence of corrosive gases (e.g.
SO2), which could be attributed to the passivation.

The robustness of the proposed transistor [Fig. 2(d)] was
benchmarked against similar studies of GaN HEMTs in
Table I [2], [6], [7], [19], [28], [29], [30], [31], [32], and [33].
To the best of the authors’ knowledge, this is the first study of
an E-mode GaN transistor working above 300 ◦C, in high
pressure and under a highly harsh environment (simulated
Venus atmosphere). The reported transistor features competi-
tive robustness, as reflected in the relatively small degradation
in both ID,max and VT H .

V. CONCLUSION

An E-mode GaN transistor technology was proposed and
characterized up to 500 ◦C. Its robustness in harsh environment
was evaluated through both in-situ electrical characterization,
and comprehensive microscopy of the epitaxial and device
structures. This work demonstrated continued operation of the
transistor over 10 days in simulated Venus condition, while
slight degradations of transistor operation and structure were
observed. The results establish the proposed GaN technology
a strong contender for harsh environment mixed-signal elec-
tronics. This study also offers insights to p-GaN-gate HEMTs
for harsh environment power electronics.
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