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ABSTRACT

NiO/Ga2O3 heterojunction diodes have attracted attention for high-power applications, but their high temperature performance and reliabil-
ity remain underexplored. Here, we report the time evolution of the electrical properties in the widely studied p-NiO/n-Ga2O3 heterojunction
diodes and formation of NiGa2O4 interfacial layers at high temperatures. Results of our thermal cycling experiment show an initial leakage
current increase which stabilizes after sustained thermal load, due to reactions at the NiO–Ga2O3 interface. High-resolution TEM microstruc-
ture analysis of the devices after thermal cycling indicates that the NiO–Ga2O3 interface forms a ternary compound at high temperatures,
and thermodynamic calculations suggest the formation of the spinel NiGa2O4 layer between NiO and Ga2O3. First-principles defect calcula-
tions find that NiGa2O4 shows low p-type intrinsic doping and hence can serve to limit electric field crowding at the interface. Vertical NiO/
Ga2O3 diodes with intentionally grown �5 nm thin spinel-type NiGa2O4 interfacial layers show an excellent device ON/OFF ratio of >1010

(6 3 V), VON of �1.9 V, and increased breakdown voltage of �1.2 kV for an initial unoptimized 300lm diameter device. These p–n hetero-
junction diodes are promising for high-voltage, high temperature applications.

VC 2024 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license (https://
creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0194540

The promise of electrical functionality at much higher tempera-
tures compared to existing silicon technologies is one of the major
drivers of development in several ultrawide bandgap (UWBG) semi-
conductor based electronic devices.1 High temperature operation capa-
bility is especially desirable in power devices which find applications in
several extreme environmental conditions. Among known ultrawide
bandgap semiconductors, b-Ga2O3 with a bandgap in the range of
4.5–5.0 eV, and theoretical predicted breakdown electric field of
8MV/cm, shows remarkable potential for high power, high tempera-
ture applications.2 However, practical development of robust UWBG
based power devices capable of reliable operation at high temperatures
(>500 �C) requires device interface, contact, and interconnect optimi-
zation to eliminate thermal induced premature breakdown, leakages,
and possible device failure. Increase in junction temperatures due to
Joule self-heating at higher power levels also presents another chal-
lenge for>10 A high-power devices, even if operated close to ambient

temperature. These considerations are especially important for
b-Ga2O3-based devices due to the relatively low thermal conductivity
in b-Ga2O3 compared to other UWBGmaterials.3,4

Testing of the device characteristics at the desired operating tem-
perature can provide insight on the stability of the electrical properties.
b-Ga2O3 heterojunction devices utilizing p-type nickel oxide (NiO)
have been most widely explored due to nickel oxide’s favorable band
alignment with b-Ga2O3 leading to high energy barrier height. Hence,
remarkable room temperature (RT) breakdown voltages and corre-
spondingly high Baliga figures of merit have been reported for
NiO/b-Ga2O3 heterojunctions with various thicknesses of b-Ga2O3

drift layer.5–17 While NiO–Ga2O3 based devices have shown excep-
tional breakdown characteristics, their application in high temperature
environments has not been widely explored. Previously, our team
showed I–V–T characterization on a NiO–Ga2O3 diode with potential
for operation up to 400 �C with �106 current rectification.18
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Other groups have also shown NiO/Ga2O3 high breakdown voltage
devices capable of operating between 200 and 275 �C.19–21 However,
continuous operation of these NiO–Ga2O3 devices at high tempera-
tures is yet to be studied.

In this work, we explore the potential of an interfacial NiGa2O4

layer to enable NiO/b-Ga2O3 vertical heterojunction diodes with
robust continuous operation at high temperature. The NiO/b-Ga2O3

diodes measured for >200h and 25 thermal cycles up to 550 �C show
significant degradation of electrical properties, which from transmis-
sion electron microscopy can be attributed to chemical reaction and
intermixing at the NiO–Ga2O3 interface at high temperatures.
Thermodynamic calculations suggest a high likelihood for the forma-
tion of a ternary compound at this interface—likely the Ni-Ga-O spi-
nel of the form AB2O4. Defect calculations show that NiGa2O4 is
intrinsically weakly p-type with predicted O-rich acceptor carrier den-
sity of �1011–1014 cm�3 at equilibrium conditions, which can help
reduce field crowding, thus promoting improved device breakdown.22

To realize this promise, we intentionally grow spinel-type NiGa2O4 as
a �5 nm thin interlayer at the NiO/Ga2O3 interface. Fabricated NiO/
NiGa2O4/Ga2O3 vertical heterojunction diodes on a 5-lm thick
HVPE-Ga2O3 sample show a rectification ratio of >1010 (63 V).
Breakdown voltage (Vbr) of 1.2 kV for a large area (300lm) device
without optimized electric field management techniques is obtained,
compared to a Vbr of 700 for a similar NiO/Ga2O3 device without the
intentionally grown thin NiGa2O4 layer. This NiO/NiGa2O4/Ga2O3

structure is promising for optimizing the device breakdown by
spreading the peak electric field and for passivating interfacial reac-
tions to achieve high voltage devices that can be operated continu-
ously at high temperatures.

The vertical NiOx/b-Ga2O3 heterojunction diode sample used for
thermal cycling experiment was fabricated on a 1-lm lightly Si-doped
(3 � 1016 cm�3) n-type b-Ga2O3 drift layer grown on a conductive
bulk (001) b-Ga2O3 substrate (NCT). The schematic of the device
cross section is shown in Fig. 1(a). Ohmic contact of Ti/Au
(5/100nm)23 was deposited on the backside of the substrate via
e-beam evaporation, followed by a rapid thermal annealing (RTA) in
N2 ambient at 550 �C for 1min. Next, NiO was grown by pulsed laser
deposition as described previously.18 An acceptor concentration in the

range �0.8–1.0 � 1018 cm�3 was obtained on a reference NiO layer
grown on c-Al2O3 similar to previous reported values.24 For the front-
side ohmic contact on NiO, contact aligner lithography was used to
make circular contact patterns of 50–300lm diameter followed by e-
beam evaporation of Ni/Au (30/100 nm). To test the device stability
under sustained thermal stress, the fabricated NiO/b-Ga2O3 vertical
heterojunction diodes were subjected to multiple temperature cycle
between 25 and 550 �C (up to 25 cycles over >200h) with in-
operando I–V characterization. An automated thermal cycling process
was performed using a Keithley 2635A SMU in an Instec HCP621G-
PMH high temperature probe station. A single thermal cycle consists
of ramping from 25 to 550 �C in 75 �C steps. At each step, the temper-
ature was allowed to equilibrate for 15min before electrical measure-
ments were taken.

Device J–V characteristics measured during the thermal cycling
experiment conducted on a 300lm diameter NiO/b-Ga2O3 hetero-
junction diode are shown in Fig. 1(b) before and after 25 thermal
cycles conducted between 25 and 550 �C. We observe �1 order of
magnitude increase in the leakage current density at �20V bias for
measurements at 25 �C after 25 thermal cycles, but the change is less
pronounced for measurements at 550 �C. Figure S1 (supplementary
material) shows the expanded forward bias data from Fig. 1(b) of the
NiO/b-Ga2O3 heterojunction diode at different cycling temperatures.
Similar degradation in the forward current is observed for the different
temperatures after the 25 cycles. This difference (increase in leakage
current and decrease in forward current) points to the presence of a
thermal induced degradation process, likely an interfacial reaction that
saturates at 550 �C. An indication of this self-limiting temperature-
induced interfacial reaction can be seen in the analysis of the leakage
current density at �20V for the different temperatures across the 25
cycles as shown in Fig. S2 (supplementary material). We observe that
the increase in the leakage current with cycling present in Fig. 1(b) was
only up to the 5th cycle. After the 5th cycle, the changes in the leakage
current became negligible, suggesting the saturation of the interfacial
reaction. We focus on the NiO–Ga2O3 interfacial reaction, because our
previous work found that Ti/Au (5/100nm) ohmic contacts to
b-Ga2O3 show stable electrical properties for operation at 600 �C.23

To explore the NiO/b-Ga2O3 interfacial reaction, cross- sectional
scanning transmission electron microscopy (STEM) was performed on
the NiO/b-Ga2O3 device after the thermal cycling experiment. The
TEM foil was prepared using the Helios NanoLab 600 DualBeam
focused ion beam (FIB) and ion milled at 900V with a Fischione
Nanomill to clean the surface of the foil. The STEM investigation was
performed on an aberration-corrected Themis-Z from Thermo Fisher
Scientific. Figure 2(a) shows the cross section of the NiO and b-Ga2O3

interface. Between the NiO and b-Ga2O3 interface is a layer approxi-
mately 2 nm in thickness where cubic spinel NiGa2O4 begins to form.
The atomic models of NiGa2O4 along the [110] direction match the
atomic structure of the measured NiGa2O4 region. There appears to be
some level of disorder within the NiGa2O4 layer as the NiGa2O4 struc-
ture is not uniform, showing different possible rotations or orienta-
tions of the NiGa2O4 structure within the 2 nm region of NiGa2O4.
We also note that these layers might be Ni-substituted c-phase Ga2O3

(Ref. 25) defective spinel. Previous reports showed formation of inter-
facial state due to Ni diffusion produces interfacial (NixGa1�x)2O3

between the Ni and the b-Ga2O3 after annealing at high temperature26

and demonstrated that solid solutions of (NixGa1�x)2O3 can be formed

FIG. 1. (a) Schematic cross section of the NiO/b-Ga2O3 heterojunction diode device
stack. (b) J–V curves of the device taken at selective operating temperatures before
and after the completion of 25 high temperature thermal cycles between 25 and
550 �C. Solid lines are measured at the start of cycle 1 and dashed lines are
recorded at the end of cycle 25.
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by co-sputtering NiO–Ga2O3 with the alloy crystallizing in the rock
salt structure for x> 0.3.27 In Fig. 2(b), we present the crystal structure
diagram of this heterostructure showing the expected atomic arrange-
ment in the interfaces.

To explain the possible outcomes of interfacial reactions in the
NiO–Ga2O3 heterostructure during operation at high temperature, as
observed in electrical data from the thermal cycling experiment in
Fig. 1(b) and the microstructure analysis using TEM in Fig. 2(a), we
study the thermodynamic phase diagram of the Ni–Ga–O system. We
follow the approach recently developed28 and calculate the oxygen par-
tial pressure vs temperature (pO2-T) phase diagrams using a density
functional theory dataset (NRELMatDB29) and correction scheme,30,31

which ensures chemical accuracy (�50meV/atom) and captures tem-
perature dependency. Details of the calculations are described in the
supplementary material. Figure 3 shows the calculated phase diagram
of Ga–Ni–O system for a wide range of temperatures and oxygen par-
tial pressures (pO2). For the typical experimental synthesis and high
temperature operating conditions, the NiO/Ga2O3 interface is chemi-
cally unstable based on this calculation. Instead, these conditions in
the experimental range favor the formation of NiGa2O4 with the spinel
structure shown in the inset of Fig. 3, supporting the observed spinel
NiGa2O4 (or Ni-substituted c-phase Ga2O3) found from TEM analysis
of the NiO–Ga2O3 interface after thermal cycling.

To better understand the potential impact of NiGa2O4 on the
device performance as an interlayer in NiO–Ga2O3 heterojunction, we
investigate the native charged point defect energetics of NiGa2O4 using
density functional theory (DFT) calculations. Details of the calcula-
tions are described in the supplementary material. We model the
ordered inverse spinel (P4122) NiGa2O4 crystal structure with anti-
ferromagnetic spin since this is the lowest energy configuration accord-
ing to our calculations. Its calculated GW bandgap is �3.3 eV. The
formation energies of the lowest energy native defects are shown in
Fig. 4(a) for the most oxygen-rich synthesis condition (see supplemen-
tary material Table S1 for associated chemical potentials, Dl). The
most relevant defects for p-type doping are those with low formation
energy near the valence band edge (EF¼ 0 eV). GaNi substitutional is a
shallow compensating donor, while the NiGa substitutionals on both
the tetrahedral and octahedral sites are deep acceptors. The appearance
of low energy octahedral cation anti-sites suggests that NiGa2O4 will

likely be a disordered inverse spinel (Fd3m space group), which is con-
sistent with the findings of previous computational studies.33 Due to
its deep (0/�1) charge transition level, NiGa cannot act as an intrinsic
dopant. However, Ni vacancies (VNi) can provide acceptors.
Altogether, this sets an equilibrium Fermi level about 1.1 eV above the
valence band edge, indicating that this material is weakly intrinsic p-
type. In addition, there may be room to increase the number of holes
beyond those provided from VNi with an extrinsic acceptor dopant.
While thin films of NiGa2O4 have seldom been reported, microstruc-
tured NiGa2O4 samples have been demonstrated as p-type materials
useful for gas sensing, water splitting, and energy storage applica-
tions,34–38 which is consistent with results of our theoretical
calculations.

FIG. 3. Predicted thermodynamic phase diagram of Ni–Ga–O system as a function
of oxygen partial pressure (pO2) and temperature. The “Experimental Range” box
highlights the typical experimental synthesis and operation conditions for devices
made from these materials. The parentheses in the figure indicate that depending
on the synthesis condition, Ga2NiO4 can form as a single phase or coexist with
either Ga2O3 or NiO/Ni. The inset shows a Vesta32 image of inverse spinel
NiGa2O4 crystal structure (P4122). Darker and lighter colors indicate unique sites
for Ga and Ni cations. “Up” and “down” refer to applied electron spins.

FIG. 2. (a) Atomic scale STEM cross-
sectional image of the NiO/b-Ga2O3 heter-
ojunction diode after thermal cycling
showing the [010] zone for b-Ga2O3, NiO,
and the [110] zone for NiGa2O4. The inset
shows a larger view of the NiGa2O4 layer,
where the atomic model for [110] NiGa2O4

is overlaid on the STEM image to show
the structural match. (b) Crystal structure
diagram of the NiO/NiGa2O4/b-Ga2O3

system.
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We also use thermodynamic modeling39 to estimate the net
acceptor concentration for a given temperature and chemical poten-
tials, assuming a standard effective density of states for intrinsic carrier
concentrations and an Arrhenius relationship for charged defects.
Figure 4(b) shows the achievable net acceptor concentration for intrin-
sic NiGa2O4 within the bounds of its thermodynamic stability from
decomposition. See supplementary material Table S1 for the chemical
potentials associated with the most O-rich and most O-poor synthesis
conditions. Considering thermodynamic equilibrium, we would expect
net acceptor concentrations to range from below 1010–1018 cm�3

depending on the synthesis conditions. For the conditions used in our
experiments (T¼ 873K and pO2¼ 10�3Torr), we predict an equilib-
rium net acceptor concentration �1011–1014 cm�3 in our NiGa2O4

layer.
Next, we demonstrate vertical heterojunction NiO/NiGa2O4/

n�b-Ga2O3/n
þGa2O3 diodes [Fig. 5(a)] employing thin NiGa2O4 thin

films intended as a passivation layer at the NiO–Ga2O3 interface for
high temperature applications. Band-offsets in the NiO–Ga2O3 hetero-
structure have been experimentally reported, with the NiO conduction
band minimum (CBM) and valence band maximum (VBM) �0.9 and
2.1 eV, respectively, above that of Ga2O3, enabling the widespread
application of this heterojunction.5 However, the band alignment of
NiGa2O4-Ga2O3 heterostructures has not been reported and it is a sub-
ject of our future work. However, previous results suggest that the

CBM in NiO is �0.7 eV higher compared to NiGa2O4.
40–42 Following

these literature values, this indicates that the NiO–NiGa2O4–Ga2O3

heterostructure is suitable for charge transport and the heterostructure
will provide better voltage blocking in reverse bias with a slight on-
state resistance penalty due to the electron barrier.

For these devices, NiGa2O4 and NiO layers were grown by pulsed
laser deposition on�5lm lightly doped n-type Ga2O3 drift layer with-
out breaking vacuum to facilitate a high quality NiO/NiGa2O4 hetero-
interface. This was done to achieve a homogeneous NiGa2O4 layer of
the same orientation and thickness throughout the device, rather than
randomly nucleated NiGa2O4 islands observed in TEM (Fig. 2). Then,
devices were fabricated and characterized as described above. The
room temperature semi-logarithmic current–voltage (J–V) curves for
the fabricated heterojunction p–n diode are shown in Fig. S3 (supple-
mentary material) for different values of the device diameter. The
diode turn-on voltage (VON) defined at the forward current density of
�10A cm�2 is 1.9V for the NiO/NiGa2O4/Ga2O3 diode and a low
leakage current enabling excellent diode rectification (ION/IOFF) ratio
�1010 (6 3V) is for this diode. Figure 5(a) shows semi-logarithmic
I–V characteristics for a typical 300lm diameter device for the two
architectures, i.e., with and without a thin NiGa2O4 interlayer. The
device with the thin interlayer (red curve) show �1 order of magni-
tude lower reverse leakage current density and lower forward current
density attributed to this thin low p-doped NiGa2O4 layer. However,

FIG. 4. (a) Defect formation energy for
lowest-energy native defects of inverse
spinel NiGa2O4 under the most oxygen-
rich condition plotted from VBM (EF¼ 0)
to CBM (EF¼ bandgap). The subscripts
indicate different Wyckoff sites.
Equilibrium Fermi level of 1.1 eV above
VBM is indicated for a synthesis tempera-
ture of 873 K. (b) Native net acceptor con-
centrations [NiGa(oct) – 2VNi(oct)] as a
function of synthesis temperature and oxy-
gen environment. Experimental synthesis
temperature for the NiGa2O4 layer is
indicated.

FIG. 5. (a) Semi-logarithmic I–V charac-
teristics for a typical 300lm diameter
device for the two geometries, i.e., with
and without a thin NiGa2O4 interlayer. The
device with the thin interlayer (red curve)
shows �1 order of magnitude lower
reverse leakage current density and lower
forward current density attributed to this
low p-doped NiGa2O4 layer. The NiO/
Ga2O3 device forward current at higher
forward bias is limited by the instrument
current compliance. (b) Reverse J–V char-
acteristics of 300 lm diameter NiO/
NiGa2O4/b-Ga2O3 and NiO/b-Ga2O3 p–n
heterojunctions diodes showing a break-
down voltage of �1.18 kV and 703 V,
respectively.
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the minimum differential specific on-resistance, Ron,sp obtained for the
NiO/NiGa2O4/Ga2O3 device is 0.15 X-cm2 as shown in Fig. S4 (sup-
plementary material), which is higher compared to 0.02 X cm2 for the
NiO/Ga2O3 device without the NiGa2O4 layer. This is expected given
the expected on-resistance penalty due to the assumed band offset
described above as well as the low doping in the NiGa2O4.

Breakdown voltages (Vbr) at which the devices show catastrophic
failure are shown in the reverse J–V characteristics in Fig. 5(b) for
NiO/5lm n�b-Ga2O3/n

þGa2O3 heterojunction devices with and
without a thin NiGa2O4 layer. The breakdown voltage (Vbr) at room
temperature was measured with the samples fully immersed in FC-40
Fluorinert dielectric liquid using a Keysight B1505A power device ana-
lyzer with a reverse current limit of 1mA. Measurement results show
that the NiO/NiGa2O4/Ga2O3 devices have lower leakage current and
a higher breakdown voltage, Vbr � 1.2 kV compared to 700V for the
NiO/Ga2O3 devices. This is attributed to the thin NiGa2O4 serving to
provide improved edge termination resulting in suppressed electric
field crowding in the device. Figure S5 (supplementary material) shows
the temperature dependent I–V characteristics of a NiO/5lm
n�b-Ga2O3/n

þGa2O3 heterojunction device. The leakage current at
each temperature is lower compared to the values obtained for the
NiO/Ga2O3 device. The leakage current of this NiO/NiGa2O4/Ga2O3

p–n junction device measured at �20V during 25 thermal cycles is
shown in Fig. S6 (supplementary material). We observe a stable leak-
age current at each temperature across all cycles. More interestingly,
early results show a decrease in the leakage current with cycling which
is very favorable unlike the observed increase in the leakage current for
the NiO/Ga2O3 device. Hence, NiGa2O4 is promising for a combined
role of the passivation layer for stable high temperature operation and
voltage blocking layer for electric field management in NiO/NiGa2O4/
Ga2O3 heterojunction p–n devices.

In summary, we showed NiGa2O4 as a p-type interfacial layer to
improve the stability of the electrical properties in the NiO/b-Ga2O3

heterojunction diode, as motivated by observed degradation in the
electrical properties due to temperature induced interfacial instability.
We found that the controlled thin film growth of the NiO/b-Ga2O3

reaction product (NiGa2O4) as an interfacial layer integrated in NiO/
NiGa2O4/b-Ga2O3 heterojunction vertical power diodes contributes to
their enhanced device reverse blocking capability. Non-field plated
NiO/NiGa2O4/b-Ga2O3 heterojunction with ION/IOFF ratio and VON

of 1010 (63 V) and 1.9V, respectively, supports a high breakdown
voltage of 1.2 kV for 300lm device compared to 700V for the NiO/
Ga2O3 devices, due to the NiGa2O4 layer providing improved edge ter-
mination and reduced electric field crowding. Optimization of the con-
ductivity and the carrier density of the NiGa2O4 layer through defect
engineering and extrinsic doping should further improve device per-
formance. The integration of thin NiGa2O4 layers between NiO and
b-Ga2O3 is promising for realizing high performance b-Ga2O3 based
vertical p–n devices with stable electrical performance at extreme envi-
ronments, such as at high temperatures.

See the supplementary material for analysis of the NiO/Ga2O3

heterojunction device leakage current at�20V during thermal cycling,
details of the thermodynamic and DFT calculations, and plot of the
J–V characteristics and specific on-resistance of the NiO/NiGa2O4/
Ga2O3 heterojunction diode as well as the high temperature
performance.
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