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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
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/
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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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