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ABSTRACT

The performance of vertical Schottky and NiO/β-Ga2O3 p-n heterojunction rectifiers in which the Ga2O3 was grown by metalorganic chem-
ical vapor deposition (MOCVD) is reported. The Si-doped Ga2O3 drift layers employed in the study had a doping concentration of
7.6 × 1015 cm−3 with a thickness of approximately 6 μm. High-angle annular dark-field scanning transmission electron microscopy imaging
revealed an absence of interfacial features or extended defects around the drift layer region, indicating that MOCVD provides high-quality
β-Ga2O3 epitaxial films for fabrication of vertical rectifiers. Both Schottky and NiO/Ga2O3 p-n heterojunction rectifiers attained the highest
reported breakdown voltage of 486 and 836 V, respectively, for this growth technique. The heterojunction rectifiers showed an on/off ratio
surpassing 109 within the voltage range of 0 to −100 V. Additionally, the Schottky barrier diodes demonstrate an on/off ratio of up to
2.3 × 106 over the same voltage range. These findings highlight the promise of MOCVD as a growth method for the type of rectifiers needed
in power converters associated with an electric vehicle charging infrastructure.

Published under an exclusive license by the AVS. https://doi.org/10.1116/6.0002884

I. INTRODUCTION

β-Ga2O3 is a wide bandgap semiconductor (4.6–4.9 eV) with a
number of attractive properties for electronic applications, includ-
ing high breakdown voltage (breakdown field >8MV/cm, leading
to breakdown voltages above 8 kV),1–3 and high radiation hardness.
These properties make Ga2O3 a promising material for next-
generation power rectifiers, which are used to convert alternating
current (AC) to direct current (DC).1

One of the most promising methods for growing high-quality
Ga2O3 films is metalorganic chemical vapor deposition
(MOCVD).4–17 This technique has been used to grow high-quality
Ga2O3 films with a range of properties, including high carrier con-
centration, high mobility, and good crystallinity. To grow thick
Ga2O3 films for power rectifier applications, it is important to
control the growth rate and morphology of the films. The growth
rate can be controlled by adjusting the deposition parameters, such
as the growth temperature, pressure, and molar flow rate of the
metalorganic precursors. The morphology of the films can be

controlled by using a variety of techniques, such as substrate
biasing, surface texturing, and postgrowth annealing. By controlling
the growth rate and morphology of Ga2O3 films, it is possible to
grow thick films with excellent properties for the type of break-
down voltages needed for power rectifier applications.6–15 The
control of morphology means that there is no need for the type of
postgrowth mechanical polishing required for halide vapor phase
epitaxy. Similarly, molecular beam epitaxy is generally considered
to be better suited to thinner device structures, such as high elec-
tron mobility transistors because of its relatively slow growth rate.

To overcome the lack of p-type doping capability in β-Ga2O3,
heterojunctions with p-type NiO have been demonstrated with
kilovolt-class performance and a new class of bipolar operation of
β-Ga2O3 power electronics.

4,18–25 So far, Ga2O3 in those structures
has been grown by Halide Vapor Phase Epitaxy (HVPE), which
has drawbacks in terms of rough surface morphology, requiring sig-
nificant amounts of the grown layer to be planarized by chemical
mechanical polishing. By contrast, MOCVD requires no such post-
growth processing.
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In this paper, we present our findings on the growth and fab-
rication of vertical geometry NiO/Ga2O3 rectifiers with a high
breakdown voltage (VB) of 836 V, while Schottky rectifiers fabri-
cated on the same drift layers exhibited a breakdown voltage of
486 V. These values represent record-breaking numbers among ver-
tical Ga2O3 rectifiers grown using MOCVD technology.

II. EXPERIMENT

We fabricated both NiO/β-Ga2O3 heterojunction and Schottky
rectifiers on the same wafer to compare their characteristics.
Figure 1 shows the schematic of our vertical devices. The Si-doped
β-Ga2O3 epitaxial layers were grown at Agnitron Technology using
their Agilis 100 MOCVD reactor on Sn doped (010) β-Ga2O3 sub-
strates (Novel Crystal Technology) of size 15 × 10mm2. The sub-
strate was etched in an HF for 30 min before loading into the
reactor for the epilayer growth to remove native oxide and any
other surface contamination. The etch rate of the substrate is negli-
gible for this step. Triethylgallium (TEGa), pure oxygen (O2), and
silane balanced in N2 (SiH4/N2) were used as precursors, and argon
(6 N) was used as a carrier gas. The growth pressure, substrate tem-
perature, and O2/TEGa ratio used to grow the layers were 15 Torr,
810 °C, and ∼400. The entire structure consisted of a 0.1 μm-thick
n + β-Ga2O3 current spreading layer (ND = 5 × 1018 cm−3), followed
by ∼6 μm thick lightly doped β-Ga2O3 drift layers
(ND = 7.6 × 1015 cm−3), measured by capacitance-voltage (C-V)
data. This was consistent with the Hall effect data, showing a
similar electron density to the donor density and a mobility of
∼150 cm2/V s, as described in detail previously.26 This indicates
that there is little compensation by acceptors. The drift layer was
grown at a ∼1 μm/h growth rate, and the doping concentration in
the layer was achieved by introducing silane with a molar flow rate
of 4 × 10−12 mol min−1 into the reactor. The growth rates were
obtained from the film thicknesses measured on β-Ga2O3 films
grown on coloaded sapphire substrates by cross-sectional field
emission scanning electron microscopy imaging. No N2 was incor-
porated into the films to the sensitivity of secondary ion mass spec-
trometry (1017 cm−3).

Figure 2 shows the surface morphology of the film as mea-
sured by atomic force microscopy (AFM). The AFM image was

taken from a 5 × 5 μm2 scan area and showed typical surface mor-
phology obtained from MOCVD-grown β-Ga2O3 epitaxial
films.4,5,7 The film is smooth with an RMS roughness of 0.6 nm.
The obtained smoothness of the film for such a thick layer is attrib-
uted to the low growth pressure used in this work that likely mini-
mized gas phase reaction in the reactor and reduced the formation
of particles that can cause the nucleation of defects.26

Ti/Au (=20 nm/80 nm) was deposited for Ohmic contact on
the whole rear side of the Ga2O3 substrate by an e-beam evapora-
tor, followed by annealing at 550 °C for 3 min under N2. The front
side of the sample was cleaned by UV/ozone exposure for 15 min
before NiO deposition. The NiO bilayer was fabricated on the epi
layer utilizing RF magnetron sputtering employing NiO targets at a
pressure of 3 mTorr and a frequency of 13.56MHz. The doping level
in the NiO was controlled within the range of 1.0 × 1018 to
2.6 × 1019 cm−3 (Hall measurement) by adjusting the Ar/O2 gas ratio
during sputtering. The mobility, as also determined by Hall measure-
ments, was found to be less than 1 cm2 V−1 s−1. After NiO deposi-
tion, we annealed the sample at 300 °C for 1 min under O2. The gas
flow rate governs the stoichiometry of the film and the abundance of
point defects that determine the effective carrier concentration. An
extensively comprehensive analysis of the characteristics of NiO
deposited on Ga2O3 has been previously provided.27 Last, we depos-
ited Ni/Au (20 nm/80 nm) as the contact metal on the top of the
NiO layer. The details on the fabrication of the Schottky and hetero-
junction rectifiers have been given previously.3,24,25

A cross-sectional microscopy sample of the β-Ga2O3 sample
was prepared along the [001] zone axis using a FEI Helios Nanolab
600i Dual Beam focused ion beam (FIB) system for scanning trans-
mission electron microscopy (STEM). High-angle annular dark-
field imaging in STEM (HAADF-STEM) was performed using a
200 kV Themis Z (Thermo Scientific) at 25 pA with a semiconver-
gence angle of 22 mrad.

The current density–voltage (J–V) characteristics were mea-
sured on a Tektronix 370A curve tracer and Agilent 4156C. The
Glassman high voltage power supply was used for breakdown
voltage measurement. The high bias measurements were performed
in Fluorinert. The on-resistance values were calculated as the slope
of forward current density. We also subtracted the resistance of the
cable, probe and chuck, which was around 10Ω. In addition, the

FIG. 1. Schematic of Ga2O3 SBD and HJD.
FIG. 2. 2D AFM image of the MOCVD-grown (010) β-Ga2O3 epitaxial film
taken from a scan area of 5 × 5 μm2 with an RMS surface roughness of 0.6 nm.
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capacitance-voltage (C-V) measurement of the β-Ga2O3 HJD was
performed to get the carrier concentration of the buffer layer by
Agilent 4284A. We set the capacitor and resistor as parallel for the
measurement. The oscillator frequency is 1.00 × 106 Hz, and the
voltage level is 1 V. The setup has been described in detail
previously.28,29

III. RESULTS AND DISCUSSION

According to the known stack structure of the device,
HAADF-STEM imaging was focused on the drift layer region
around 6 μm below the surface of the device. An appropriately
sized microscopy sample along the [001] zone axis was prepared to
allow for ample room around the drift layer for thorough imaging.
A low-magnification HAADF-STEM image in Fig. 3(a) reveals no
indication of the drift layer 6 μm below the surface. The contrast
around that section of the lamella, marked by the orange arrow, is
relatively uniform. Figures 3(b) and 3(c) progressively portray
higher-magnification HAADF-STEM images revealing the pristine
atomic structure of the drift layer. Figure 3(d) shows the atomic
model of the [001] zone axis of β-Ga2O3 for comparison. Overall,
no interfacial features or extended defects were observed around
the drift layer region, thus indicative of a high-quality β-Ga2O3 epi-
taxial film grown by the MOCVD growth technique. We have pre-
viously published detailed images of the NiO/Ga2O3 region.

24

Figure 4 shows the 1/C2-V and C-V plots. The carrier concen-
tration of the buffer layer is 7.6 × 1015 cm−3. Figure 5 illustrates the
forward current densities and on-state resistances (Ron) for both
the Schottky barrier diode (SBD) and the heterojunction diode
(HJD). The forward current density is 25 and 2 A/cm2, respectively.
The Ron value for the Schottky barrier diode is measured at
259 mΩ cm2, whereas the heterojunction diode exhibits a Ron of
2130 mΩ cm2. While the on-resistances are higher than for
state-of-the-art HVPE devices, they show an advance over previous
MOCVD results.

In Fig. 6, we present the diode on/off ratio for both SBD and
HJD. The on/off ratio is another figure of merit in that having high
on-current and low leakage current in a reverse bias is desirable

FIG. 3. (a) Low-magnification HAADF-STEM image showing an entire TEM
lamella with an orange arrow marking the region 6 μm below the surface where
the drift layer is expected. Note that the intensity variation near the top of the
TEM lamella arises from the thickness variation during the ion milling process.
(b) Medium-magnification HAADF-STEM image about the top of the drift layer.
(c) High-magnification HAADF-STEM image of the β-Ga2O3 atomic structure
projected along [001]. (d) Atomic model of the β-Ga2O3 structure for compari-
son. Note that no interfacial features or extended defects were observed in
(a)–(c), thus indicating pristine growth quality.

FIG. 4. C-V characteristics for determining carrier concentration of the drift
layer.

FIG. 5. Forward current density and on-state resistance for both Ga2O3 SBD
and HJDs.
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and is defined as the ratio observed when transitioning from a
forward voltage of +10 V to reverse voltages ranging from 0 to
−100 V, as indicated on the x axis. The heterojunction diode dem-
onstrates an impressive on/off ratio of over 109 within the voltage
range of 0 to −100 V. Similarly, the Schottky barrier diode exhibits
a substantial on/off ratio of up to 2.3 × 106.

The breakdown voltages can be derived from the reverse I-V
plots, as shown in Fig 7. The breakdown voltages were also mea-
sured by Glassman, which is different from the one we measured

from the reverse I-V. Due to the limitation of the instrument, we
combined the result from a Tektronix 370A curve tracer and
Glassman to perform the whole figure. These values are higher
than previous reports for MOCVD devices, signifying improvement
in achieving thick layers with low carrier density and smooth mor-
phology. However, they still lag behind the HVPE results.

The maximum breakdown voltage we obtained for SBD is
486 V and for HJD is 836 V. The breakdown voltages of both SBD
and HJD are the highest compared to the best reported value of
MOCVD-grown β-Ga2O3 rectifiers. Jiao et al.30 reported the break-
down voltage as 380 and 740 V for SBD and HJD, respectively.
Figure 8 is the compilation of reported Ron-VB values from differ-
ent institutions for Ga2O3-based devices.4,12,24,25,30–37 In this figure,
the MOCVD-grown Ga2O3 devices were classified as squares, while
the HVPE devices were represented by triangles. Different colors
were assigned to the Schottky barrier diodes (SBDs) and hetero-
junction diodes (HJDs) for easy differentiation. Notably, the
research findings revealed the highest reported breakdown voltages
for both MOCVD-grown Ga2O3 SBD and HJD devices. Note that
the results for currently available MOCVD devices are significantly
lagging the HVPE devices, but the interest in the development of
the former stems from the much better morphology; removing the
need for postgrowth chemical mechanical polishing that is a
requirement to planarize HVPE films would have significant
advantages. This polishing leaves cracks and defects on the surface,
which limit device yield, as recently reported by Sdoeung et al.38

IV. SUMMARY AND CONCLUSIONS

Our results show that Ga2O3 epitaxial films grown by
MOCVD are promising for next-generation power rectifiers.

FIG. 6. On/off ratio when switching from +10 V to the voltage shown on the
x axis.

FIG. 7. Reverse I-V characteristics of rectifiers, showing the associated break-
down voltages.

FIG. 8. Compilation of reported Ron-VB values for recent Ga2O3-based vertical
rectifiers. The MOCVD growth Ga2O3 devices are labeled as squares, while the
HVPE devices were triangles. The SBD and HJD were also labeled with differ-
ent colors. This work shows the highest reported breakdown voltages for both
MOCVD growth Ga2O3 SBD and HJD devices.
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HAADF-STEM images showed that no interfacial features or
extended defects were observed around the drift layer region, indi-
cating the exceptional film. We performed both Schottky and NiO/
Ga2O3 p-n heterojunction rectifiers to show outstanding character-
istics of MOCVD-grown Ga2O3 devices. The forward current den-
sities of our devices are 25 and 2 A/cm2 for SBD and HJD,
respectively. The heterojunction diode showcases a remarkable on/
off ratio exceeding 109 across the voltage spectrum of 0 to −100 V.
Likewise, the Schottky barrier diode displays a significant on/off
ratio of up to 2.3 × 106. Significantly, we have successfully attained
impressive breakdown voltages of 486 V in SBD and 836 V in HJD.
These achievements represent the highest reported breakdown volt-
ages observed to date among Schottky and NiO/Ga2O3 heterojunc-
tion rectifiers, where the Ga2O3 drift layers were grown using
MOCVD. Moreover, among all MOCVD-grown Ga2O3-based p-n
diodes, our study introduces a highly desirable design strategy for
NiO/Ga2O3 structures, resulting in the attainment of the highest
achievable breakdown voltage.
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