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ABSTRACT

This Letter reports the device and material investigations of enhancement-mode p-GaN-gate AlGaN/GaN high electron mobility transistors
(HEMTs) for Venus exploration and other harsh environment applications. The GaN transistor in this work was subjected to prolonged
exposure (11 days) in a simulated Venus environment (460 �C, 94 bar, complete chemical environment including CO2/N2/SO2). The mecha-
nisms affecting the transistor performance and structural integrity in harsh environment were analyzed using a variety of experimental, simu-
lation, and modeling techniques, including in situ electrical measurement (e.g., burn-in) and advanced microscopy (e.g., structural
deformation). Through transistor, Transmission Line Method (TLM), and Hall-effect measurements vs temperature, it is revealed that the
mobility decrease is the primary cause of reduction of ON-state performance of this GaN transistor at high temperature. Material analysis of
the device under test (DUT) confirmed the absence of foreign elements from the Venus atmosphere. No inter-diffusion of the elements
(including the gate metal) was observed. The insights of this work are broadly applicable to the future design, fabrication, and deployment of
robust III-N devices for harsh environment operation.
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Owing to inherent limitations of Silicon technologies [e.g., bulk
CMOS and silicon-on-insulator (SOI)], Gallium Nitride (GaN) elec-
tronics have been identified as a leading candidate, along with silicon
carbide (SiC), for harsh environment applications in industry, plane-
tary exploration, and hypersonic vehicles.1–3 In addition to demonstra-
tions of discrete III-N transistors across extreme temperatures (from
4K to 1000 �C),4–7 much attention has also been paid to GaN-based
circuits, mostly for high temperature, based on D-mode n-FETs,8,9

E/D-mode n-FETs,10–13 and E-mode complementary (nþ p) FETs14–16

(D: depletion; E: enhancement; FET: field-effect transistor).
Long-term robustness and reliability studies are much needed to

evaluate the performance of GaN electronics in practical harsh envi-
ronments and to provide insights for their thermal hardening.17,18

Many works have examined the degradation mechanisms of D-mode
III-N HEMTs at high temperature (HT).19–25 Preliminary robustness
studies of E-mode p-GaN-gate HEMTs (typically< 300 �C, the SOI
rating) have indicated promising potential of these transistors,26–28 in
addition to their demonstrated performance in power29–32 and RF
applications.33,34 Considering that E-mode transistors are key in
GaN-based integrated circuits (ICs)35,36 and are more complex
than D-mode HEMTs, more efforts are required to investigate the
performance and degradation of these transistors in extreme envi-
ronments beyond the SOI rating.

This Letter reports the investigations of E-mode p-GaN-gate
AlGaN/GaN HEMTs for harsh environment operation from device and
material perspectives. The proposed transistor [Fig. 1(a)] features a self-
aligned refractory metal (tungsten, W)/p-GaN gate and is based on a p-
GaN platform, which could support state-of-the-art GaN n-FET-based
HT ICs,37,38 an experimentally calibrated IC simulation framework,39

and GaN complementary transistors.40,41 Furthermore, the proposed
transistor has been demonstrated to operate in a simulated Venus ambi-
ent (460 �C, 94 bar, complete chemical environment including CO2/N2/
SO2) for more than 10days.42 Building upon the initial promising dem-
onstrations,42,43 a comprehensive investigation of the proposed transis-
tor would be highly valuable to understand the mechanisms affecting its
performance and structural integrity in such operating conditions. To
this end, the following aspects are investigated in this work: (1) the ori-
gins of the temperature-dependent electrical characteristics of the pro-
posed transistor, specifically the ON-resistance RON; (2) packaging for in
situ electrical testing; (3) microstructural characterization of the transis-
tor (gate region) after the test;44 and (4) chemical composition and
structural integrity of the DUT after the test.

Three different epitaxial samples were used in this study. Sample
1 was optimized for E-mode transistor fabrication, and its epitaxial
structure is presented in Fig. 1(a). In addition, the impact of the sub-
strate at HT was studied in Samples 2 and 3. Sample 2 consists of

AlxGa1�xN (25nm, x¼ 0.25)/GaN epitaxy on high resistivity (HR,
rated> 5 kX�cm at room temperature) Si (111) substrate. Sample 3
consists of AlxGa1�xN (18nm, x¼ 0.25)/GaN epitaxy on semi-
insulating (s.-i.) 4H-SiC substrate. Sample 1 was used for the fabrica-
tion of the proposed transistor [Fig. 1(b)], while Samples 2 and 3 were
used for transport studies using Transmission Line Method (TLM)
and van der Pauw structures, respectively. Details of the epitaxial struc-
tures and the process flow of the transistor are available in the supple-
mentary material, Sec. I. The breakdown voltage of a similar transistor
structure (on a similar epitaxial layer, without the inclusion of electric
field management structures) is 50V for LGD¼ 450 nm.41

The comprehensive study of the proposed transistor (fabricated
on Sample 1) begins with the analysis of the temperature dependency
of electrical performance. Figure 2(a) presents the output characteris-
tics of a representative transistor (bare die measured on a thermal
chuck in a probe station) vs temperature. RON, a key metric for power
switches and analog mixed-signal circuits, increases monotonically
with temperature [Fig. 2(b)].

To understand the temperature dependency of RON, TLM struc-
tures were fabricated on Sample 2. Despite the slight difference in the
alloy composition and thickness of the AlGaN barriers between
Samples 1 and 2, the temperature dependency trends are expected to
be similar. This is considering that polar optical phonon (POP) scatter-
ing is the dominant mechanism with temperature dependency [as will
be shown in Fig. 2(h) inset], and POP scattering is a weak function of
the Al composition.45,46 TLMs were measured on a thermal chuck in a
probe station (in Earth atmosphere) [Figs. 2(c) and 2(d)].

In addition, Hall-effect measurement (in vacuum) was conducted
using van der Pauw structures fabricated simultaneously on Samples 2
and 3. Details of the Hall-effect measurement are reported in the sup-
plementary material, Sec. II. Hall-effect measurement data based on
Sample 2 was not used in this study because of the significant increase
in the thermal generation of carriers in HR (room temperature-rated)
Si substrate at HT. The free carriers in the substrate would flow to the
Ohmic contacts located at the edges of the sample (in a van der Pauw
structure geometry), therefore contributing to the measured Hall cur-
rent and resulting in a “measurement artifact.”

On the other hand, this measurement artifact is not observed in
van der Pauw structures fabricated on Sample 3 (s.-i. SiC substrate). As
shown in Fig. 2(e), at HT (at least up to 400 �C), the sheet charge den-
sity nsh remains largely constant (variation of < 5� 1011 cm–2) and is
consistent with other reports.47 The comparison between Samples 2
and 3 (similar AlGaN/GaN epitaxy but different substrates) suggests
that the substrate is the likely cause of the discrepancy in the Hall-
effect measurement. Future improvements to the van der Pauw struc-
ture, e.g., by moving the Ohmic contacts slightly inwards of the sample
would likely circumvent this issue.47 The mobility l from Hall-effect
measurements of this work shows a significant decrease. Excellent
agreement was obtained between the sheet resistance Rsh values
extracted from TLM and Hall-effect measurements [Fig. 2(f)].

The (ON-)resistance values extracted by the three above-mentioned
methods were compared in Fig. 2(g). Given that the transistor is long-
channel (LSD¼ 6lm), the contact resistance constitutes a small
percentage of the total resistance (<10%) and could be neglected for the
purpose of this analysis. Furthermore, this work focuses on the relative
trends of Rsh. Both the gated region and the non-gated (access) region
experience mobility decrease at HT primarily by POP scattering. These

FIG. 1. (a) Schematic of the p-GaN-gate AlGaN/GaN HEMT studied in this work.
(b) Scanning electron microscopy (SEM) image of the fabricated transistor.
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considerations are reinforced by the close fit among the HT trends of
RON of the transistor, and the Rsh extracted from TLM and Hall-effect
measurements (normalized by their respective values at 25 �C) (e.g., at
500 �C, 12% discrepancy between the transistor and TLM values).

A similar comparison was conducted on electron mobility l.
Here, the transistor and TLM values are extracted assuming l / 1=R
[from Figs. 2(b) and 2(f)] and constant nsh vs T. The Hall values are
taken from the raw data [Fig. 2(e)]. At HT, a close fit is obtained in the
values of lðTÞ=lð25�CÞ: between the transistor and TLM, 10.6% dis-
crepancy at 500 �C; between the transistor and Hall, 6.9% discrepancy
at 400 �C. The close fit among these datasets suggests that mobility
decrease is the primary cause of the increase in RON and, consequently,
decrease in ID;max in the transistor at HT. It should be noted that there
is a slight change in threshold voltage VTH of the transistor (by
� 0:32V);42 therefore, RON was used and extracted at high gate over-
drive (VGS � VTH > 3:5V). Furthermore, other non-idealities in the
gated region of the transistor, e.g., surface states, may lead to changes
in the current conducting capability at HT.

It is insightful to verify the key scattering mechanisms affecting
electron mobility in the sample. The Hall measurement data were used
in a basic modeling of the scattering mechanisms, which include impu-
rity scattering (assumed to be independent of temperature) and POP
scattering. An excellent fit was obtained from 25 to 400 �C, as shown
in Fig. 2(h), inset. The result verifies that POP scattering is the domi-
nant mechanism for temperature dependency of mobility at HT and is
in agreement with earlier studies.48 The modeling is presented in detail
in the supplementary material, Sec. III. Using the mobility model, the
mobility trend lðTÞ=lð25�CÞ was extrapolated to 500 �C (highest
temperature measured of the transistor) (not shown). A good fit was
again obtained among the datasets, therefore suggesting that increased
POP scattering is the major cause for RON increase in the reported
transistor at HT.

The DUT was exposed to a simulated Venus environment in the
NASA Glenn Extreme Environments Rig (GEER).49 In situ electrical
measurement of the DUT was enabled by a custom-built measurement
setup.43 The bare die was packaged using HT rated components (e.g.,
alumina printed circuit board (PCB), 10mil gold wires shielded by
ceramic beads), as shown in Figs. 3(a)–3(c). As illustrated in Fig. 3(d),
at the beginning of the test, the ID;max of the packaged DUT does not
vary smoothly with increasing temperature. Three representative time
instances (i)–(iii) are identified in Fig. 3(d), with the corresponding I–
V curves presented in Fig. 3(e). It should be noted that a fresh device
was used as the DUT. Other devices fabricated in the same batch
showed similar performance in the intrinsic transistor (as measured in
a probe station), with good uniformity in the devices located across the
sample.38,42 Therefore, the cause of the above-mentioned behavior in
the DUT at the beginning of the test [Fig. 3(d)] was attributed to
“burn-in.”

Initially, when the chamber was at room temperature, the mea-
sured ID;max hovered at�10 mA/mm, as is represented by time instance
(i) [Fig. 3(e)(i)]. The triode regime (low VDS) exhibited a Schottky turn-
on behavior. As the temperature was increased linearly over time
(together with pressure which also increased linearly over time), ID;max

decreased, as represented by time instance (ii) [Fig. 3(e)(ii)]. The wire
bonding had not been exposed to sufficiently high temperature and/or
for a sufficiently long duration for the wire bonds to form the best con-
tact. The decrease in measured ID;max is attributed to the decrease in
ID;max of the intrinsic transistor, due to a decrease in mobility. However,
the non-ideal wire bond still remained, leading to the extremely low
current. At time instance (iii), or day �1.5, the current suddenly
increased, and good transistor I–V behavior was observed

FIG. 2. Investigation of transistor characteristics vs temperature. (a) Output charac-
teristics of the transistor (Sample 1) measured in the probe station. (b) Transistor
(Sample 1) RON extracted at ðVGS; VDSÞ ¼ ð5; 0:2Þ V. (c) I–V characteristics of a
TLM structure (Sample 2) measured in the probe station. (d) TLM (Sample 2) R vs
L (solid symbols). The line of best fit (drawn as a guide to the eye) is used to extract
Rsh. (e) Hall-effect measurement of van der Pauw structures (Sample 3). (f)
Comparison of Rsh extracted from TLM and Hall-effect measurements. (g)
Comparison of resistance R(T) (normalized by the value at 25 �C) extracted by vari-
ous measurements. (h) Comparison of lðTÞ (normalized by the value at 25 �C)
extracted by various measurements. A basic modeling of the scattering mecha-
nisms for mobility is shown in the inset.
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[Fig. 3(e)(iii)]. The improvement in performance of the DUT is attrib-
uted to the completion of the burn-in, where excellent electrical contact
has been formed between the gold pad (of the DUT) and the bonding
wire. After the test, the Ti/Au bonding pad was alloyed, and some metal
segregation was observed [Figs. 3(f)–3(g)]. For the future work,

annealing pretreatment could be applied to the packaging to ensure
that a low-resistance electrical connection is achieved in the wire
bonding.

At the end of the simulated Venus test (cooldown from 460 �C),
ID;max of the DUT rose by 3.9 times at 50 �C (compared to 460 �C),
whereas the probe station measurements (in Earth atmosphere) would
predict an increase by five times. The discrepancy, as illustrated in Fig. 4,
implies some level of degradation in the DUT. Therefore, besides the
alloying of the bond pad, other potential sources of degradation will be
investigated next. It should be noted that the probe station measurements
were done in a much shorter duration (2 h) because the small thermal
chuck heated up and stabilized quickly; for the simulated Venus test, the
GEER is a large vessel, and simulated Venus exposure took place for
11days. Therefore, the gate degradation is not expected to be a significant
issue for the DUT during the probe station measurements.

A major issue is the partial structural degradation of the gate
region, which was reported in the authors’ earlier study.42 Figure 5(a)
depicts the gate region of a fresh device. The gate metal (W) exhibits
good adhesion to the surface of p-GaN. On the other hand, after expo-
sure to the simulated Venus environment, the gate metal in the DUT
is partially detached, leaving behind only the middle portion intact to
the p-GaN [Fig. 5(b)]. Furthermore, cracks were found in the SiO2 sur-
rounding the gate metal [Figs. 5(c) and 5(d)]. The intrinsic stress in
the deposited material is expected to contribute to the degradation. To
circumvent this issue, the SiO2 deposition was optimized for zero
stress, and the W deposition recipe was optimized for a combination
of low resistivity and reasonable (tensile) stress.

The observed crack in the gate region is largely attributed to the
difference in the coefficients of thermal expansion (CTEs) between
SiO2 and W. For reference, the reported CTE values for SiO2 and W
are 0:6� 10�6/�C and 4:45� 10�6/�C, respectively (over the range of
25–400 �C).50,51 Finite-element method (FEM)-based simulation of
the gate structure was conducted using COMSOL Multiphysics. As
illustrated in Fig. 5(e), the gate structure is deformed after being exposed
to the simulated Venus atmosphere (from the Earth atmosphere).
Similarities in the shape of the deformation are observed between the
simulation [Fig. 5(e)] and the device after test [Figs. 5(b)–5(d)]. It is

FIG. 3. Wire bonding of the DUT and the burn-in effect. (a) Optical image of the
DUT. Gold wires are bonded to each of the three electrodes. (b) Attachment of the
sample containing the DUT on the alumina PCB. The other end of the bond wire is
connected to the electrodes on the PCB. (c) Overview of the alumina PCB. The
wires of the PCB are connected to the rest of the measurement setup. (d)
Temperature and ID;max of the DUT (from the GEER measurement setup) over time.
Day 0 refers to the stabilization of DUT performance and start of robustness study,
in accordance with the authors’ earlier report.42 (e) Output characteristics of the
DUT at various time instances, as indicated by the red dots in (d). (f) and (g) SEM
images of the gold bonding pad before and after the test, respectively.

FIG. 4. Rise in ID;max (normalized) of DUT after simulated Venus conditions (DUT
was cooled down from 460 �C). The value of ID;max (interpolated and normalized) as
measured in the probe station (DUT was heated up from 25 �C) is overlaid. The dis-
crepancy in ID;max values reveals that the DUT could not achieve full recovery to its
ID;max at room temperature. (Note: The spikes in ID;max vs temperature in the simu-
lated Venus test correspond to the purges during the cooldown of the chamber.
After 150 �C, the chamber was purged of the Venus gas mixture and subjected to
natural cooling.)
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likely that the exposure to harsh environment (Venus) induced nonre-
versible degradation to the structure (e.g., inelastic degradation of the
SiO2 layer). Therefore, after the device was cooled down to room tem-
perature, the structure could not be recovered to the initial state in Earth
atmosphere [Fig. 5(a)]. Instead, bending and cracks were found in the
device [Figs. 5(b)–5(d)]. The results indicate the need for minimal-stress
thin films in the device (especially for structures with surface topology,
like the SiO2 layer which surrounds the p-GaN island), choice of films
with less CTE mismatch, and high quality films (e.g., dense SiO2 films)
with good adhesion to surfaces, to avoid cracks as much as possible.
Details of the simulation of the gate structure are presented in the sup-
plementary material, Sec. IV.

The DUT was investigated for any chemical change occurred in
the material, either the addition of foreign elements (e.g., from the
ambient43) or the spatial diffusion of the elements due to the pro-
longed exposure to high temperature and pressure. Energy-dispersive
x-ray spectroscopy (EDS) of the DUT indicates that the common ele-
ments are found, as expected [Fig. 6(a)]. A detailed EDS of each ele-
ment and the EDS integrated spectrum are found in the
supplementary material, Sec. V.

The presence of highly reactive gases (e.g., SO2) poses significant
challenges to the device. In an earlier report regarding the exposure of
GaN p-n diodes in a simulated Venus environment (same conditions
as in this work), significant sulfurization of Pd/Ni/Au (anode metal)

FIG. 5. Investigation of the structural degradation in the gate region. (a) Cross-
section (focused ion beam cut) of the gate region of a similar device immediately
after fabrication, without the simulated Venus exposure. (b) SEM of the gate region
of the DUT after the simulated Venus exposure. (c) and (d) Zoom-in views of the
gate region of the DUT. (e) Simulation of the structural change in the gate region at
simulated Venus temperature and pressure (“deformed”), as compared to (Earth)
room temperature and pressure (“original”). The black lines indicate the original
structure. The position of the corresponding colored regions indicates the displace-
ment in the deformed structure, while the color map indicates the magnitude of
stress.

FIG. 6. Chemical composition of the DUT. (a) EDS image (false color) of DUT with
the colored dots indicating the dominant element (EDS images of all elements and
the EDS integrated spectrum are available in the supplementary material, Sec. V).
(b) XPS of the surface of the DUT. (c) Cross-section of the DUT for EELS analysis.
(d) EELS mapping of the gate region. (e) EELS mapping of the access region.
Insets of the spectrum (integrated intensity) show the signals of the individual ele-
ments (Si, N, O, and Ga) and the absence of an S peak. Note that the intensity val-
ues of the main EELS spectrum (but not the insets) are plotted in logarithmic scale.
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was observed. Degradation of electrical performance was, thus,
observed.52 In this work, the intrinsic DUT (source, drain, and gate
metals and the transistor channel) was protected by a SiO2 layer. No
trace of S was detected by EDS at the currently used EDS parameters.
Note that the detection range of EDS is >1.5lm (well into the GaN
buffer region) for an accelerating voltage of 15 kV.

In order to further trace the presence of S in the device after test,
x-ray photoelectron spectroscopy (XPS) and electron energy loss spec-
troscopy (EELS) were employed. XPS could provide intricate informa-
tion about the surface elemental composition because XPS has a
significantly higher detection limit than EDS.53–55 As shown in
Fig. 6(b), the obtained XPS results clearly show peaks of Si and O cor-
responding to the protective layer of SiO2 covering the intrinsic DUT
and indicate the absence of S element. Similarly, EELS is another
promising elemental analysis technique owing to its high spatial reso-
lution and sensitivity,56,57 and has been routinely used to study struc-
tural degradation in GaN and other devices.23,58 Therefore, EELS
analysis was conducted on the cross-sectional region [Fig. 6(c)], which
includes the gate region and access regions [Figs. 6(d) and 6(e), respec-
tively]. No inter-diffusion of the layers was observed. This absence of
inter-diffusion in the gate metal is attributed to the use of refractory
metal, whereas significant inter-diffusion occurred in non-refractory
metal electrodes of devices after harsh environment exposure.23,52 The
combined elemental study (XPS and EELS) confirms that no trace of S
was found in the DUT. The results indicate the importance of a protec-
tive layer for effective shielding of the device from foreign material/
environment (e.g., SO2, a highly reactive gas).

In conclusion, the enhancement-mode p-GaN-gate AlGaN/GaN
HEMT was investigated for harsh environment operation from the
device and material perspectives. A variety of mechanisms affecting
the performance and structural integrity of the proposed transistor
were analyzed. Through a comparison of transistor, TLM, and Hall-
effect measurement results, it is revealed that reduced mobility (from
increased POP scattering) is the primary cause of reduction of ON-state
performance of the proposed transistor at HT. Several sources of non-
idealities were analyzed, e.g., burn-in of wire bonding and microstruc-
tural degradation in the gate region (verified by simulation). Extensive
material characterization (EDS, XPS, and EELS) confirmed the effec-
tiveness of SiO2 in protecting the intrinsic transistor and the absence
of inter-diffusion among the elements. The insights of this work are
broadly applicable to the future design, fabrication, and deployment of
III-N devices for harsh environment operation.

See the supplementary material for detailed information on (1)
the epitaxial structure and process flow of the DUT, (2) Hall-effect
measurements, (3) analysis of mobility decrease at HT through model-
ing of scattering mechanisms, (4) simulation of gate deformation at
HT, and (5) the microscopy and material analysis of the DUT.
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