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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 environment (460 °C, ~ 92 atm.,
containing CQO,/N,/SO, etc.) for 10 days. The robustness of
the W/p-GaN-gate AlIGaN/GaN high electron mobility transistor
(HEMT) was evaluated by two complementary approaches, (1) in-
situ electrical characterization, which revealed proper transistor
operation (including E-mode Vyy with < 0.09 V variation) in
extreme environments; and (2) advanced microscopy investiga-
tion 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 establishing 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 pres-
sure, corrosive gas, degradation, microscopy

I. INTRODUCTION
LECTRONICS operating at high temperature (HT), well

above the effective 250-300 °C rating of silicon-on-
insulator (SOI) technology, are critical in extreme industrial

This work was supported in part by the National Aeronautics and Space
Administration (NASA) Hot Operating Temperature Technology (HOTTech)
Program under Grant 8ONSSC17K0768, in part by Lockheed Martin Cor-
poration under Grant 025570-00036, in part by the Air Force Office of
Scientific Research (AFOSR) under Grant FA9550-22-1-0367 in part by
Samsung Electronics Company Ltd. under Grant 033517-00001, in part by
Qualcomm Inc. under Award MAS-492857, and in part by the Advanced
Research Projects Agency-Energy (ARPA-E) under Grant DE-AR0001591.
(Mengyang Yuan, John Niroula, and Qingyun Xie contributed equally to this
work.) (Corresponding authors: Qingyun Xie; Tomds Palacios.)

Mengyang Yuan was with the Microsystems Technology Laboratories,
Massachusetts Institute of Technology, Cambridge, MA 02139, USA. He is
now with Apple Inc., Cupertino, CA 95014, USA.

John Niroula, Qingyun Xie, Minsik Oh, and Tomds Palacios are with
the Microsystems Technology Laboratories, Massachusetts Institute of
Technology, Cambridge, MA 02139, USA (e-mail: qyxie@mit.edu; tpala-
cios@mit.edu).

Nitul S. Rajput is with the Advanced Materials Research Center, Technol-
ogy Innovation Institute, Abu Dhabi, United Arab Emirates.

Kai Fu was with the Department of Electrical and Computer Engineering,
Rice University, Houston, TX 77005 USA. He is now with the Department
of Electrical and Computer Engineering, The University of Utah, Salt Lake
City, UT 84112, USA.

Shisong Luo and Yuji Zhao are with the Department of Electrical and
Computer Engineering, Rice University, Houston, TX 77005, USA.

Sagar Kumar Das, Abdullah Jubair Bin Igbal, Bejoy Sikder, and Nadim
Chowdhury are with the Department of Electrical and Electronic Engineer-
ing, Bangladesh University of Engineering and Technology, Dhaka 1205,
Bangladesh.

Mohamed Fadil Isamotu is with the Department of Computer Science, Johns
Hopkins University, Baltimore, MD 21218, USA.

Savannah R. Eisner and Debbie G. Senesky are with the Department of
Aeronautics and Astronautics, Stanford University, Stanford, CA 94305, USA.

Gary W. Hunter is with the Smart Sensing and Electronics Systems Branch,
NASA Glenn Research Center, Cleveland, OH 44135, USA

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]-[5]. GaN electronics have demon-
strated excellent performance in extreme environments (from
cryogenic to high temperatures) across RF [6]-[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
significant interest thanks to their possibility of monolithic
integration in both E/D-mode and complementary platforms
[15]. Given the rapid advancement of GaN HT technology,
in particular in mixed-signal circuits [11], [16]-[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
investigation of the p-GaN-gate HEMT structure was con-
ducted. This reveals the intactness/degradation of various de-
vice components and offers insights on areas of improvement
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
sputtering of tungsten (W, 200 nm) on p-GaN. W and p-GaN
are patterned using an optimized low-damage GaN/AlGaN
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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) Ip vs. Vgs. (c) Vry. (Inset: A
simple two-diode model for the gate region.) (d) |Ig| vs. Vgs. (¢) 2D-VRH
model. I (linear scale) vs. Vs near Vg =0 V bias is shown in the inset. (f)
Ip and Ig vs. temperature normalized to their room temperature values, for
Ves =5V, corresponding to the ON-state of the transistor.

selective etch recipe, while maintaining self-alignment be-
tween 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 Np ambient. As an improvement to [19], a SiO,
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), Vry is relatively stable below 300 °C. The small initial
increase of Vry 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 Vrgy
is observed. The gate region may be modeled as two back-
to-back junctions [Fig. 1(c) inset] [23]. The trend of Vyg 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
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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.

the good fit of o o exp (—T’1/3) [Fig. 1(e)] [23]. Therefore,
I increases with temperature. Here, a reasonable approxi-
mation for 2D-VRH was made using Ip-Vgs data at a small
Vps = 0.5 V. At highly positive Vg, 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 I decreases with increasing temperature due
to increased resistance in the drift region of p-i-n junction. I
shows a similar trend as Ip 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 envi-
ronment (460 °C, ~ 92 atm., mainly CO,/N,, traces of SO,
[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 Ip 4y 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 taken from the remaining 10
days. An automated setup ensured that in-sifu 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



(Tilted view at 52°)
FIB coating =

rain  Sio, Ry

p-GaN Gate ,Gate Metal (W)
~“Source

T

UID-GaN

p-GaN

AlGaN
20 nm

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 structure (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 SiO, layer (top view, SEM). The inset shows the amorphous
SiO, (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.)

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)(1)—(i)]. Ip 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 Vry of 0.9 ~ 1 V (E-mode) was maintained. Assuming
Vop =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 Roy increased by 9 Q-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 environment 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 degradation was found in the etched
sidewall and AlGaN surface (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

TABLE I
ROBUSTNESS STUDIES OF GAN HEMTS IN HARSH ENVIRONMENT.
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E | /AlGaN [19] 500 N, 24 35 0.05

/GaN This Venus (complete

Work 460 chemical env.) 240 18 0.09

@ Duration of in-siru measurement at the specified HT. @ Peak-to-peak
data across the duration of test at the specified temperature. Values, if not
explicitly reported, are based on best estimates from the published data.

prolonged HT exposure might lead to degradation [27]. A
small crack (width 70 nm) was found in the SiO, layer
[Fig. 3(f)], likely resulting from a mismatch in the ther-
mal expansion coefficient between W (gate metal) and the
surrounding SiO;. As compared to [19], W remained intact
despite the presence of corrosive gases (e.g. SO;), 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]-[33]. To the best of the authors’
knowledge, this is the first study of an E-mode GaN tran-
sistor working above 300 °C, in high pressure and under a
highly harsh environment (simulated Venus atmosphere). The
reported transistor features competitive robustness, as reflected

in the relatively small degradation in both Ip j, and Vrg.
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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