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ABSTRACT

This Letter reports the performance of vertical GaN-on-GaN p–n diodes with etch-then-regrown p-GaN after exposure to a simulated Venus
environment (460 �C, �94 bar, containing CO2/N2/SO2 etc., atmosphere) for over 10 days, and compared them to the performance of GaN
p–n diodes without the etch-then-regrow process. After the above-mentioned Venus test, temperature-dependent I–V and microscopy inves-
tigation were conducted to study the robustness of etch-then-regrow p-GaN and vertical GaN p–n diodes under harsh environments and
operation up to 500 �C. p-electrode degradation is found to be the main issue of the device’s performance. This is the highest temperature at
which such characterization has been conducted for vertical GaN p–n diodes, therefore establishing a critical reference for the development
of p-GaN regrown and vertical GaN-based electronics for extreme environments.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0173535

Electronics operating in extreme environments are important
in many industrial applications and outer space exploration.1

Many applications (e.g., electrified automotive transportation and
electric aircraft) of extreme environment electronics involve high
power management.2,3 Compared with silicon, GaN is a promising
solution for the operation of electronic devices in extreme envi-
ronments due to its superior thermal, electrical, and chemical
properties.4–6 For power electronics, GaN vertical devices already
show excellent performance at room temperature and standard
environmental conditions, because they offer a higher breakdown
voltage for a given device footprint, higher current density, and
lower dislocation density.7–9 Due to their potentially superior
immunity to surface degradation and enhanced thermal manage-
ment, GaN vertical power devices are promising for operation in
extreme environments.10–12

A major challenge for GaN vertical devices is the formation of
local GaN p–n junctions, which are critical building blocks for both
devices and edge terminations.13 Selective area regrowth has been
demonstrated to be a promising technology for fabricating patterned
GaN p–n junctions. Dry etching before regrowth is necessary for form-
ing selectively regrown areas, which is referred to as the etch-then-
regrow process in this paper. In the past few years, researchers have
extensively analyzed the etch-then-regrow process and related power
devices.14–21 Therefore, it is worth studying the performance of GaN
vertical power devices with etch-then-regrow p-GaN operation in
extreme environments.

This Letter presents progress in vertical GaN power devices in the
following aspects: (1) experiment of the properties of vertical GaN-on-
GaN p–n diodes with regrown p-GaN operation up to 500 �C after
over 10 days’ simulated Venus environment exposure; (2) with
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electrical characterization and microscopy investigation, we
demonstrated the robustness of regrown p-GaN and discovered that
p-electrode degradation is the main degradation mechanism for such
devices after extreme environment exposure. This is the highest tem-
perature at which such characterization has been conducted for vertical
GaN p–n diodes. These results are an important reference for GaN ver-
tical power devices’ operation in extreme environments with high tem-
perature, high pressure, and corrosive gas.

Figure 1 shows the vertical GaN-on-GaN p–n diode structures
used in this study. Epitaxy layers were grown by metalorganic chemical
vapor deposition (MOCVD) on c-plane nþ-GaN free-standing sub-
strates with a Si doping concentration of �1018 cm�3. 9-lm-thick
unintentionally doped (UID) GaN drift layers were first grown on the
substrates. A chlorine-based inductively coupled plasma (ICP) dry

etching recipe was used for device A’s 500-nm-thick GaN etching
(ICP/RF power¼ 400/75 W, pressure¼ 5 mTorr, Cl2/BCl3/Ar¼ 32/8/
5 sccm). For device B, no such dry etching process was used, and it
was placed in a plastic sample container for a couple of days before
regrowing p-GaN. Both samples are cleaned in an ultrasonication bath
of acetone, isopropanol, and de-ionized water, respectively, and then
re-loaded into the MOCVD chamber. A thin UID GaN layer was
grown by MOCVD as an insertion layer followed by a 500 nm p-GaN
layer. The source materials for Ga and N were, respectively, TMGa
and NH3. The precursor for p-type dopants was Cp2Mg. Then, mesa
isolation was performed using dry etching technology. Metal stacks of
Pd/Ni/Au (20/30/50 nm) were deposited by electron-beam evapora-
tion and then annealed at 400 �C for 5min in N2 ambient to form an
Ohmic contact to the p-GaN.22 Metal stacks of Ti/Al/Ni/Au (20/130/
50/150nm) were deposited to form a backside Ohmic contact. The
properties of regrown p-GaN before exposure to harsh environments
have been characterized by atomic force microscopy, x-ray diffraction,
electroluminescence, secondary-ion-mass spectrometry (SIMS), trans-
mission electron microscopy (TEM), scanning Kelvin probe force
microscopy and scanning capacitance microscopy in the authors’ pre-
vious report.23–27 According to the SIMS results, the Mg dopant’s con-
centration in regrown p-GaN is on the order of 1019–1020 cm�3, while
the Si dopant’s concentration in UID GaN is on the order of
1015–1016 cm�3.23,24 These SIMS results has been used in the calcula-
tion of hole concentration [Fig. 2(h)], and the calculation methods are
based on the charge neutrality condition.28,29

The devices were placed in a simulated Venus environment
(460 �C, �94 bar, mainly CO2/N2, traces of SO2 atmosphere) over
10days in the NASA Glenn Extreme Environment Rig (GEER).30 The
temperature and pressure conditions during the Venus test is

FIG. 1. Schematic cross section of (a) device A with the etch-then-regrow process
and (b) device B with the regrown process.

FIG. 2. (a) J–V curves of devices A and B at 25 �C. (b) J–V between two p-electrodes on p-GaN at 25 �C. (c) Top: schematic of the energy band structure in the devices with-
out bias. Bottom: schematic of the equivalent circuit consisting of two diodes with bias. Forward bias I–V curves at 25–500 �C after the Venus test for (d) device A and (e)
device B. (f) Total ideality factor as functions of temperature. (g) Extracted J–V characteristic of Schottky junction based on data in (a). (h) Calculated activation efficiency of Mg
and hole concentration at 25–500 �C in regrown p-GaN.
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described in our previous work,31 where the variation of temperature
is less than 0.3 �C and that of pressure is less than 0.65 bar. After stress-
ing the devices in a Venus-like atmosphere, the devices were character-
ized by a temperature-dependent I–V test. Figure 2(a) shows a
dramatic decrease in forward current after exposure to the simulated
Venus environment for both devices. Furthermore, we found nonlin-
ear, asymmetric, and low-magnitude I–V curves between two p-
electrodes on p-GaN, presenting a Schottky contact characteristic after
the Venus test [Fig. 2(b)]. Therefore, a Schottky/p–n diode model is
proposed to explain the devices’ dramatic decrease in forward current
and high ideality factor after the Venus test [Fig. 2(c)]. This model
assumes that the contact between p-electrode and p-GaN is a Schottky
contact, and that the p-GaN, p-GaN/n-GaN interface, n-GaN and n-
GaN/ n-electrode contact does not change obviously after the passive
test. The p–n diode I–V characteristics can approximate to
I1 ¼ IS1exp qV1=n1kTð Þ. For p-electrode/p-GaN junction, it could be
treated as a Schottky diode under reverse bias. Since the current has a
strong dependence both on temperature and voltage [Figs. 2(d) and
2(e)], the reverse current is expressed as I2 ¼ IS2exp qV2=n02kT

� �
in

the thermionic-field emission regime.32 We have

n02 ¼ 1� n�1
2

� ��1
; (1)

where n02 and n2 are the ideality factor for reverse and forward bias,
respectively. Therefore, the I–V characteristics of the devices under for-
ward bias could be expressed as

lnI ¼ qV
ntotkT

þ n1lnIS1 þ n02lnIS2
ntot

; (2)

where ntot ¼ n1 þ n02, named as total ideality factor.
Fitting the curves in Figs. 2(c) and 2(d), the temperature-

dependent total ideality factor is attained [Fig. 2(e)]. After the Venus
test, ntot decreases dramatically in the range of room temperature to
300 �C and then remains close to 2.0 for both device A and device B at
temperatures higher than 300 �C. Based on Fig. 2(a), I–V characteristic
of Schottky junction is extracted [Fig. 2(g)]. The n02 is 26.7 for device A
and 6.9 for device B at 25 �C after the Venus test. This p-electrode/p-
GaN Schottky contact could explain such anomalously high ideality
factors at temperatures below 200 �C after the Venus test. Due to the
higher thermal activation of acceptors in p-GaN at higher temperature
[Fig. 2(h)], the contacts between p-electrode/p-GaN display more
Ohmic behavior. Consequently, n02 and ntot decrease rapidly. The same
trend has been reported in similar GaN p–n junctions.33

A microscopy investigation of device A was conducted after the
above-mentioned test. Excellent crystal quality was observed in the p-
GaN regrown on the etched surface. The contact morphology with the
same anneal recipe for similar devices without harsh environment
exposure has been reported.22,24 Compared with the p-GaN’s TEM
before the Venus test as reported in our previous work,23 no noticeable
degradation was found in the etched surface [Figs. 3(a) and 3(c)–3(e)],
which demonstrates the robustness of etch-than-regrown p-GaN
operation in extreme environments. Meanwhile, p-electrode degrada-
tion is discovered. The profile of metal elements is different from
that of the annealed p-electrode without the simulated Venus environ-
ment exposure.34,35 The Pd/Ni/Au metal stack of p-electrode occurred
interdiffusion and was deformed and oxidized. Au and Pd were mutu-
ally dissolved, and sulfur elements could also be found on the top of

the electrode [Figs. 3(f)–3(h)], indicating that sulfur from the SO2

reacted with Pd during the simulated Venus environment exposure. A
similar phenomenon has been reported in the Pt/Au electrode after
exposure to the simulated Venus environment.36,37 The existence of
sulfur could also explain the black color of p-electrode under optical
microscopy [Fig. 3(b)]. Ni sinks to the bottom of the electrode and is
oxidized [Figs. 3(f)–3(h)]. These degradations of p-electrode might
severely affect the Ohmic contact with p-GaN. In summary, the
microscopy investigation indicates the Schottky contact after the

FIG. 3. Microscopy investigation of device A after the Venus test. (a) FIB cross sec-
tion image of the device. (b) Optical image of p-electrode. (c) Zoom-in view of p-
electrode contacts with regrown p-GaN. (d) Crystallinity (reciprocal lattice, FFT of
TEM) of etch-then-regrow p-GaN. (e) HRTEM image of etch-then-regrow p-GaN. (f)
EDX spectra along the pink dash line in (a). (g) HAADF-STEM of p-electrode con-
tacts with p-GaN. (h) Compositional EDX elemental mapping of Au, Ni, Pd, Ga, N,
S, and O (FIB: focused ion beam; FFT: fast Fourier transform; HRTEM: high resolu-
tion TEM; HAADF-STEM: high-angle annular dark-field scanning TEM; EDX:
energy-dispersive x-ray spectroscopy).
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Venus test is mainly due to p-electrode’s degradation, which further
supports the Schottky/p–n diode model proposed in this work.

Despite the existence of the Schottky contact after the Venus test,
both devices maintain rectification behavior up to 500 �C. Specifically,
a current density of �12.5A/cm2 and a rectification factor of �106 at
6V are achieved [Fig. 4(a)]. Meanwhile, the reverse leakage current is
larger in device A than that in device B. C–V measurements at various
frequencies after the Venus test provide a possible explanation for this
phenomenon. The capacitance decreases with increasing frequency
[Figs. 4(b) and 4(c)], which has been reported in similar GaN p–n
diodes.23 The frequency dispersion of the capacitance is an indicator of
defects or interfaces distributed in the devices. Defects or interfaces’
effects on capacitance are negligibly small at high frequency since most
of them cannot follow the ac signal.

For reverse bias, a larger frequency dispersion is observed in
device A than device B, indicating much higher defect density in the
etch-then-regrow device [Fig. 4(c)]. The C–V trends are different at
negative bias between device A and device B, and the capacitance of
device A is larger. The authors have reported that the etch-then-regrow
interface could have a high positive charge concentration on the order

of 1017–1020 cm�3.23 Such high charge concentration contributes to
the large reverse leakage currents, which could explain a larger reverse
leakage current in device A under high temperature [Fig. 4(a)].

Using the parallel-plate capacitor model, the relationship between
capacitance and depletion width is Cd ¼ e0eGaN

Wd
; where Cd is the capaci-

tance per unit area, e0 is the vacuum dielectric constant, eGaN is the rel-
ative dielectric constant of GaN and is assumed to be 8.9 in this work,
andWd is the depletion width. For device A, since its etched surface is
heavily doped, the depletion width is shorter than that of device B
under the same bias [Fig. 4(d)]. Consequently, the capacitance of
device A is larger under the same bias. The decreased capacitance at
forward bias occurs in both devices, which could be attributed to p-
electrode/p-GaN Schottky junction capacitance [Fig. 4(d)]. This fur-
ther supports the Schottky/p–n diode model proposed in this work.
Using a one-side abrupt junction model for device B, the relationship
between capacitance and doping concentration is expressed as
d 1=C2

dð Þ
dV ¼ �2

qe0eGaN Nþ
D�Nþ

AþNtð Þ, where Nþ
D is the ionized donor concen-

tration, Nþ
A is the ionized acceptor concentration, and Nt is the equiva-

lent charge concentration of traps.38 According to the above-
mentioned equation, the charge concentration of UID GaN is on the
order of 1015 cm�3 in device B, which proves that the one-side abrupt
junction model is reasonable for device B [Fig. 4(f)]. This charge con-
centration is of the same order as mentioned in our previous report
without exposure to extreme environments.23 For device A, the deple-
tion width is approximately 1.1lm at 10kHz and negative bias
[Fig. 4(e)]. The space charge region is mainly located at the p-GaN
layer and the etch-then-regrow interface. Since the etch-then-regrow
interface is equivalent to nþ doping, the length of the space charge
region increases slowly at reverse bias [Fig. 4(e)].

This work investigates the robustness of the vertical GaN devices
at a highest temperature of 500 �C.39–43 Specifically, this work reports
the 500 �C properties of vertical GaN p–n diodes with regrown p-GaN
after extreme environment exposure. Sulfurization of the p-electrode,
which leads to a Schottky/p-GaN interface, has been identified as the
main degradation mechanism after exposure to extreme environments.
In the broader context, this result has significant implications for GaN
devices for operation in extreme environments. Suitable passivation,
such as SiO2 and multilayer dielectrics (Al2O3/SiO2/SiON), for the
metallization regions could be introduced.31,44 These improvements
would allow for further study of the thermal robustness of the intrinsic
p–n diodes. Furthermore, for vertical GaN p–n diodes, an improved
etch-then-regrow processes (e.g., reducing etching rate13,14) would fur-
ther improve the performance of these devices and their reliability in
harsh environments.

In summary, this work investigates the high-temperature per-
formances of the vertical GaN p–n diodes with regrown p-GaN
after exposure to the simulated Venus environment. Comprehensive
electrical characterization and microscopy investigation revealed that
p-electrode degradation is the main degradation of the device perfor-
mance after extreme environment exposure. These results are an
important reference for GaN vertical power devices’ operation in
extreme environments.

This work was supported in part by NASA HOTTech Program
under Award No. 80NSSC17K0768, in part by ULTRA, an Energy
Frontier Research Center funded by the U.S. Department of Energy

FIG. 4. (a) J–V characteristic of device A at 500 �C after the Venus test. (a) C–V
curves at 10 and 100 kHz for device A and B after the Venus test. (b) C–f curves at
�2 and 0 V for device A and B after the Venus test. (c) Depletion width with bias at
10 kHz for device A and B after the Venus test. (d) Doping profile extracted from the
C–V curve at 10 kHz for device B. Schematic of energy band structure and deple-
tion region at 10 kHz and negative bias for (e) device A and (f) device B.
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