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Abstract— High performance NiO/β-Ga2O3 heterojunc-
tion pn diodes were realized by applying a sputtered p-type
NiO film onto a lightly doped n-type β-Ga2O3 epitaxial layer.
Taking advantage of the high barrier height against carri-
ers within the pn heterojunction, the demonstrated device
exhibited a high breakdown voltage (VB) of 1059 V without
optimized electric field management techniques, and before
breakdown the reverse leakage current density remained
below 1 μA/cm2. Simultaneously, a relatively low specific
on-resistance (Ron, sp) of 3.5 m� · cm2 was achieved. The
built-in potential of the heterojunction that determined by a
capacitance-voltage (C-V) measurement was around 2.4 eV.
As discussed in terms of the energy band diagram of a type-
II heterojunction, the conduction band and valence band
offsets at the NiO/β-Ga2O3 hetero-interface were estimated
to be 1.2 and 2.3 eV, respectively.

Index Terms—β-Ga2O3, breakdown voltage, heterojunc-
tion, NiO, p-n diode, reverse leakage current.

I. INTRODUCTION

GALLIUM Oxide (Ga2O3) semiconductor has attracted
great attention in developing next generation high-

voltage power electronics owing to its ultra-wide bandgap of
around 4.8 eV and high breakdown electric field (EC) [1], [2].
The theoretical EC of Ga2O3 is expected to exceed 8 MV/cm,
more than double that of SiC and GaN, which translates to far
superior power device performance predicted by the Baliga’s
figure-of-merit (BFoM) [3], [4]. Moreover, advances in single
crystalline β-Ga2O3 substrate synthesis, especially by the
cost-competitive melt growth methods [5]–[9], provide great
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benefits for the development of Ga2O3-based high-voltage
power devices with a vertical geometry. Due to the high current
handling capability, a vertical device is highly desirable for
most applications. In recent years, high breakdown voltages
(VB) exceeding 2 kV have been achieved in β-Ga2O3 Schottky
barrier diodes (SBDs) [10]–[14], while most of which had a
relatively high leakage current density exceeding mA/cm2 at
a high reverse bias level. On the other hand, β-Ga2O3-based
vertical trench SBDs with high VB and low reverse leakage
current were demonstrated [15, 16], where the advanced
Ga2O3 etching techniques have to be employed.

Although the great progress in unipolar devices has been
made, the absence of p-type doping capability remains a
major limitation to Ga2O3-based power electrons. The widely
used bipolar structures and junction-based edge termination
schemes in the commercialized Si and SiC power elec-
tronics are quite challenging for Ga2O3-based devices [17].
One possible solution is to construct p-n heterojunctions by
employing other p-type materials [18]–[21]. By sputtering
p-Cu2O on a 10 μm epitaxial n−-β-Ga2O3 drift layer, 1.49-kV
vertical heterojunction diodes have been realized, while the
potential of such device might be limited by the much nar-
rower bandgap of p-Cu2O [19]. p-NiO/n-Ga2O3 heterojunction
diodes have also been reported, but the VB was relatively
compromised [20], [21].

In this work, we demonstrated high performance vertical
NiO/β-Ga2O3 heterojunction p-n diodes by sputtering a layer
of p-NiO on an epitaxial n−-β-Ga2O3 layer. A low specific
on-resistance (Ron,sp) of 3.5 m� ·cm2 and high VB of 1059 V
were achieved simultaneously. Before breakdown the hetero-
junction diodes exhibited an ultra-low reverse leakage current
density of below 1 μA/cm2. The results pave the way for the
development of NiO/β-Ga2O3 heterojunction for future high-
voltage power electronics.

II. DEVICE STRUCTURE AND FABRICATION

Fig. 1(a) schematically illustrates the device structures of
the vertical NiO/β-Ga2O3 heterojunction p-n diode and the
Ni/β-Ga2O3 SBD fabricated on the same sample. An 8-μm
lightly doped n-type β-Ga2O3 drift layer was grown on
a conductive bulk (001) β-Ga2O3 substrate. Prior to the
device fabrication, the sample was cleaned with acetone and
isopropanol, followed by a 4-cycle deionized (DI) water
rinse. After cleaning, Ohmic metal was deposited on back
side of the sample by blanket evaporation of Ti/Al/Ti/Au
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Fig. 1. (a) Schematic device structures of the vertical NiO/β-Ga2O3
heterojunction p-n diode and the Ni/β-Ga2O3 SBD fabricated on a bulk
β-Ga2O3 substrate, (b) cross sectional TEM image showing the hetero-
interface between NiO and β-Ga2O3.

(20/150/50/80 nm). Then, 200 nm NiO was sputtered from
a NiO target onto the front side of the sample and patterned
using a lift-off process. The sputtering process was performed
at room temperature and in a mixture of Ar/O2 (15/5 sccm)
ambient with a chamber pressure of 3 mTorr and a radio-
frequency (RF) power of 150 W. The deposition rate of the
NiO is 0.75 nm/min. Finally, the anode electrodes for the
heterojunction diodes and the SBDs were formed by e-beam
evaporation of a Ni/Au (50/100 nm) metal stack. The anode
electrodes for both diodes were circular in shape with a
diameter of 200 μm. Fig. 1(b) shows the high-resolution cross
sectional Transmission Electron Microscopy (TEM) image
of the NiO/β-Ga2O3 heterojunction. It can be observed that
the sputtered NiO is polycrystalline and the hetero-interface
exhibits excellent abruptness. The quality of the hetero-
interface has profound impact on the electrical properties of
the heterojunction diodes.

To evaluate the properties of the sputtered NiO, a layer
of 200 nm NiO was deposited on a double polished sapphire
substrate using the same deposition condition as in the device
fabrication process for optical absorption and Hall measure-
ments. The NiO showed an optical bandgap of ∼ 3.7 eV.
A clear p-type conductivity was obtained with a relatively high
hole concentration of around 1×1019 cm−3 and a low hall
mobility of 0.24 cm2/V·s, although no intentionally doping
was adopted to the NiO film. The high hole concentration
mainly arises from the formation of intrinsic defects like nickel
vacancies which convert nearby Ni2+ ions into Ni3+, each ion
contributing an extra hole to the system [22]. The low hole
mobility is due to the formation of polarons through a local
distortion of the lattice around the Ni3+ sites, where the holes
are strongly localized and can only move through the crystal
by a thermally activated hopping process.

III. RESULTS AND DISCUSSION

Fig. 2 shows the capacitance-voltage (C-V ) measurement
that performed on the fabricated Ni/β-Ga2O3 SBD at 100 kHz
and 1 MHz. The net doping concentration (ND − NA)
in the epitaxial β-Ga2O3 drift layer was extracted to be
around 4×1016 cm−3 (inset of Fig. 2) according to

ND − NA = − 2

qεs

1

d
(
1
/

C2
)
/dV

where ND , NA , q and εs are donor and acceptor concentra-
tions in the β-Ga2O3 substrate, the electron charge and the

Fig. 2. C-V measurement performed on the fabricated Ni/β-Ga2O3
SBDs at 100 kHz and 1 MHz. Inset: Net doping concentration (ND − NA)
in the epitaxialβ-Ga2O3 drift layer extracted from the C-V measurement.

Fig. 3. Comparison of the forward I-V curves for the fabricated NiO/β-
Ga2O3 heterojunction p-n diodes and Ni/β-Ga2O3 SBDs in a linear
scale.

permittivity of β-Ga2O3, respectively. The Schottky barrier
height extracted from the C-V measurement was around 1.3 V,
in agreement with the reported results in the literature.

The linear plots of the forward current-voltage (I-V) curves
for the fabricated vertical NiO/β-Ga2O3 heterojunction p-n
diode and Ni/β-Ga2O3 SBD are shown in Fig. 3. The turn-
on voltage (Von) for the SBD was extracted to be around
1.2 V, in good agreement with the reported results for
β-Ga2O3 SBDs in the literatures [10]–[14]. On the other
hand, the NiO/β-Ga2O3 heterojunction p-n diode had a Von
of around 2.4 V, which means a higher barrier height against
carriers. Fig. 3 also compares the Ron,sp of the two fab-
ricated devices. Obviously, the NiO/β-Ga2O3 heterojunction
p-n diode exhibited a lower Ron,sp (3.5 m� · cm2) than the
Ni/β-Ga2O3 SBD (4.2 m� · cm2). Fig. 4 shows temperature
dependent forward I -V characteristics of the NiO/β-Ga2O3
heterojunction p-n diode in a semi-log scale. The obtained
ideality factor values were 1.22∼1.57 at elevated tempera-
tures up to 125◦, suggesting a participation of the interface
recombination mechanism in the forward conduction of the
device [23]. Since recombination centers likely exist at the
NiO/β-Ga2O3 hetero-interface, it is highly possible that large
amount of electrons and holes recombines at interface during
the device forward bias, resulting in a high forward current
and low Ron,sp.

Fig. 5 shows the breakdown characteristics of the fabri-
cated vertical NiO/β-Ga2O3 heterojunction p-n diode and
Ni/β-Ga2O3 SBD. Compared to the SBD with a VB
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Fig. 4. Temperature dependent forward I-V characteristics and ideality
factors of the NiO/β-Ga2O3 heterojunction p-n diode.

Fig. 5. Comparison of the breakdown characteristics for the fabricated
vertical NiO/β-Ga2O3 heterojunction p-n diode and Ni/β-Ga2O3 SBD.

Fig. 6. Benchmark of Ron, sp vs. VB of NiO/β-Ga2O3 heterojunction
diodes in this work and the previously reported vertical β-Ga2O3 diodes.

of ∼ 500 V, the heterojunction p-n diode yielded a much
higher VB of 1059 V and an ultra-low reverse leakage current
density below 1 μA/cm2 before breakdown, without any
optimized electric field management techniques. Low reverse
leakage current is a critical factor for the realization of
high-efficiency power rectifiers. Based on one-dimensional
Poisson’s equation (Eave

peak ≈ √
2q NDVB

/
ε and W ≈

εE peak
/

q ND), the averaged peak E-field (Eave
peak) at the het-

erojunction and the depletion depth (W ) within β-Ga2O3 were
calculated to be ∼ 3.9 MV/cm and ∼ 5.4 μm, respectively.
Fig. 6 benchmarks the Ron,sp vs. VB of our NiO/β-Ga2O3
heterojunction p-n diode with the other state-of-the-art vertical
β-Ga2O3 power diodes.

Fig. 7. 1/C2 plot for the NiO/β-Ga2O3 heterojunction p-n diode. The Vbi
is extracted to be ∼ 2.4 V.

Fig. 8. The (a) theoretically estimated and (b) experimental schematic
energy band diagrams of the NiO/β-Ga2O3 heterojunction.

Based on the difference in the electron affnities of isolated
NiO and β-Ga2O3, the conduction band offset (�EC) between
NiO and β-Ga2O3 was estimated to be 2.2 eV. Accordingly,
the valence band offset (�EV ) should be 3.3 eV based on
the bandgap values of NiO and β-Ga2O3, which are 3.7 and
4.8 eV, respectively. As a result, a type-II band alignment
occurred at the NiO/β-Ga2O3 hetero-interface [21] and the
built-in potential should be around 1.4 eV, as illustrated in
Fig. 8(a). However, the C-V measurement results did not
match with the assumption made from bulk material prop-
erties. As shown in Fig. 7, the Vbi of the NiO/β-Ga2O3
heterojunction diode in our study is extracted to be around
2.4 V. Therefore, the �EC and �EV are ∼ 1.2 and 2.3 eV,
respectively, much smaller than the above estimation. Fig. 8
schematically compares the theoretically estimated and the
experimental energy band diagrams of the NiO/β-Ga2O3 het-
erojunction p-n diodes in our study. The difference between
our experimental results and the estimation from the bulk
properties maybe due to the different crystal structures
(polycrystalline NiO in our experiments).

IV. CONCLUSION

By sputtering a p-type NiO thin film on an n-type β-Ga2O3
epitaxial layer, high performance vertical NiO/β-Ga2O3 het-
erojunction p-n diodes were realized. Compared to the
Ni/β-Ga2O3 SBDs fabricated on the same sample, greatly
enhanced reverse blocking characteristics were achieved,
including a high VB of 1059V and an ultra-low reverse leakage
current of below 1 μA/cm2 before breakdown. In addition,
a relatively lowRon,sp of 3.5 m� · cm2 was maintained. These
results demonstrated the high quality of the p-NiO/n-Ga2O3
heterojunction and its great potential for β-Ga2O3-based
power electronics.
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