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ABSTRACT

There is increasing interest in the alpha polytype of Ga2O3 because of its even larger bandgap than the more studied beta polytype, but in
common with the latter, there is no viable p-type doping technology. One option is to use p-type oxides to realize heterojunctions and NiO
is one of the candidate oxides. The band alignment of sputtered NiO on -Ga2O3 remains type II, staggered gap for annealing temperatures
up to 600 °C, showing that this is a viable approach for hole injection in power electronic devices based on the alpha polytype of Ga2O3.
The magnitude of both the conduction and valence band offsets increases with temperature up to 500 °C, but then is stable to 600 °C. For
the as-deposited NiO/-Ga2O3 heterojunction, ΔEV=−2.8 and ΔEC= 1.6 eV, while after 600 °C annealing the corresponding values are
ΔEV=−4.4 and ΔEC= 3.02 eV. These values are 1−2 eV larger than for the NiO/-Ga2O3 heterojunction.

Published under an exclusive license by the AVS. https://doi.org/10.1116/6.0002257

I. INTRODUCTION

The thermodynamically stable form of Ga2O3 is the monoclinic
-phase (C2/m), but there are at least five other phases identified.
The monoclinic - polymorph has attracted the most attention of
the six different polymorphs of Ga2O3, but there is increasing interest
in metastable corundum -Ga2O3 due to its even larger bandgap
and compatibility with growth on isomorphous sapphire (-Al2O3)
substrates.1–25 The corundum -Ga2O3 belongs to the trigonal R3c
space group (a = 5.059 52 Å, c = 13.624 80 Å,  =  =  = 120°).3–5

This highly asymmetric monoclinic structure leads to anisotropic
materials properties and challenges in crystal growth, leading to
more attention on the -polytype, which has higher symmetry and
more facile epitaxial growth conditions than -Ga2O3.

1–5 It is known
that epitaxial films of -polytype Ga2O3 grown on m-plane sapphire
are stable up to 600 °C anneal temperatures but are metastable and
converts to the -phase after annealing at 800 °C,26 but this allows a
practical window for device processing and many reports of alpha-
polytype devices exist.

To overcome the absence of conventional p-type dopants
for -Ga2O3 and be able to realize p-n junction devices, a
variety of p-type oxides have been integrated with n-type Ga2O3.
For the alpha polytype, these have included Ir2O3, which can be
lattice-matched to -Ga2O3.

27 The band alignment of the
-Ga2O3/a-Ir2O3 heterojunction is a staggered gap, type-II, with
valence- and conduction-band offsets of 3.34 and 1.04 eV, respec-
tively.28 Similarly, the band alignment of atomic layer-deposited
BeO and -Ga2O3 has been reported.28 However, for hole injec-
tion purposes, it is not necessary to have a lattice-matched layer
and more common alternatives such as NiO can be considered for
devices such as vertical p–n heterojunction rectifiers.29–33 Several
previous studies reported that NiO has a staggered type II align-
ment on -Ga2O3, allowing for efficient hole injection.29–33

However, to date, there has been no measurement of band align-
ments of NiO on the other polytypes of Ga2O3 and especially this
is important for the alpha polytype due to its large bandgap and
exceptional promise for power devices with high figures-of-merit.
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In this paper, we carry out a similar study for NiO on
-Ga2O3 and establish that there is also a type II alignment, and
this remains the case up to annealing temperatures of 600 °C. This
is important since it covers the thermal budget of most common
device processing steps and establishes NiO as a potential p-type
oxide for heterojunction power devices based on -Ga2O3. The
thermal stability of NiO/-Ga2O3 heterointerfaces is also of interest
from comparing with conventional metal contacts used for
Schottky rectifiers since this is also a factor in their potential device
applications.

II. EXPERIMENT

The -Ga2O3 layers were grown by hydride vapor phase
epitaxy on (0001) sapphire substrates. The growth temperature was
470 °C.34 The gaseous precursors were HCl and O2. Pure Ga metal
was used to form GaCl and GaCl3 as precursors for Ga2O3. These
gases were transported to the reactor using N2 carrier gas. The
thicknesses of the -Ga2O3 epilayers were 1.2 m, at a growth rate
of ∼6 m/h, or growth times of the order of 10 min.

The properties of NiO depend on controlling the stoichiome-
try during deposition for as-deposited films. Our films were
6–60 nm thick and deposited by magnetron sputtering at 3 mTorr
and 150W of 13.56 MHz power using two targets to achieve a dep-
osition rate around 0.2 Å s−1. For calibration experiments, the
depositions were performed onto quartz substrates. Since the depo-
sitions were done at room temperature where the surface mobility
is small, it is not expected that there will be much difference in the
structure of the NiO deposited on quartz or Ga2O3. This was done
to avoid complications from possible defect-related absorption
in the Ga2O3. The Ar/O2 ratio during sputtering was used to
control the doping in NiO at 5 × 1018 cm−3, with hole mobility
<1 cm2 V−1 s−1. The temperature of the sample during deposition
was <100 °C. The bandgaps were determined for as-deposited and
annealed films using UV-Vis (Perkin-Elmer Lambda 800 UV/Vis
spectrometer). The absorbance spectrum was collected and Tauc
plots were used to calculate the bandgap of the NiO. As summa-
rized in a recent review,35 conflicting previous reports have inter-
preted the bandgap as either direct36 or indirect.37 Since band
structure calculations show the presence of both,35 we calculated
the values for both using the usual power law, (αh)n = C(h− Eg),
where α is the absorption coefficient, h is the photon energy, Eg is
the bandgap, and C is a constant. For indirect bandgaps, the expo-
nent n is 0.5, while for direct gaps it is 2.38,39 The extrapolation of a
linear fit on these respective Tauc plots provides the bandgap.39 As
will be seen, we found better fits for the assumption of a direct gap.

The band alignments were determined from the standard
x-ray photoelectron spectroscopy (XPS) method,40–43 in which the
core levels and valence band maxima (VBM) positions are mea-
sured from a thick (60 nm) NiO layer and in the epitaxial
-Ga2O3. These same core level locations were re-measured in a
NiO/-Ga2O3 heterojunction consisting of 6 nm NiO sputtered
on -Ga2O3. The shift of the core level binding energy locations
(ΔECL) within the heterostructure determines the valence band
offset (ΔEV) from

44,45

ΔEV ¼ ΔECL þ (ECore  EVBM)Ref :Nio  (ECore  EVBM)Ref :Ga2O3

The XPS system has been described in detail previ-
ously,29,44,45 but in brief is a Physical Instruments ULVAC PHI,
with an Al x-ray source (energy 1486.6 eV, source power 300 W),
an analysis size of 100 m diameter, a take-off angle of 50°, and
an acceptance angle of ±7°. The electron pass energy was
23.5 eV for high-resolution scans. The total energy resolution of
this XPS system is about 0.5 eV, and the accuracy of the observed
binding energy is within 0.03 eV. When applied correctly,41–43

the XPS method is a reliable one for determining band offsets
and avoids issues of the influence of defects states on alternative
current or capacitance-based methods.

For high-angle annular dark-field (HAADF) imaging in scan-
ning transmission electron microscopy (STEM), cross section
microscopy samples of a 300 °C annealed NiO/-Ga2O3 hetero-
structure were prepared along the [�1000] zone axis of -Ga2O3

using a FEI Helios Dual Beam Nanolab 600 focused ion beam
(FIB) system. HAADF-STEM imaging of the NiO/-Ga2O3 inter-
face structure was carried out using a 200 kV Themis Z (Thermo
Scientific) equipped with a probe aberration corrector and a
HAADF detector with an inner collection angle of 58 mrad.

III. RESULTS AND DISCUSSION

Figure 1 shows the HAADF-STEM imaging results for a
300 °C annealed NiO/-Ga2O3 heterostructure. Figure 1(a) is a
HAADF-STEM image of the full diode structure, consisting of the
top p-type NiO and bottom n-type -Ga2O3, recorded along the

FIG. 1. (a) HAADF-STEM image of NiO/-Ga2O3 heterostructure. (b) High
magnification HAADF-STEM image from the dashed green box in (a) showing
that the interface between NiO/-Ga2O3 is atomically sharp. (c) HAADF-STEM
image and (d) schematic of the atomic structure of -Ga2O3 outlined in the
dashed orange box in (b) revealing the [�1000] zone axis and the (0001) growth
surface of -Ga2O3. Ga atoms are the larger ones(green) while O atoms are
small (red).
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[�1000] projection with respect to the trigonal -Ga2O3. The high
magnification HAADF-STEM image in Fig. 1(b) reveals that the
NiO/-Ga2O3 interface is atomically abrupt and that -Ga2O3 near
the heterointerface is pristine without extended defects. The anneal-
ing strategy employed in this study is shown to be effective at
relieving previously observed, sputtering-induced damage at the
interface.46 Figures 1(c) and 1(d) are a high magnification
HAADF-STEM image and schematic of the -Ga2O3 atomic struc-
ture viewed along [�1000], demonstrating that the growth plane of
the -Ga2O3 film is (0001). Note that due to the relatively low
atomic number of oxygen (Z = 8) as compared to Ga (Z = 31), only
Ga atomic columns are visible in HAADF-STEM images.

The valence band offsets were obtained from the XPS core
level shifts in the heterostructure samples, while the bandgaps of
the NiO and -Ga2O3 were obtained from Tauc plots and XPS and
core-valence band maxima (VBM) measurements, respectively.
Knowing both the bandgaps and valence band offsets, then allowed
the calculation of the conduction-band offsets. This was done for
separate layers of NiO annealed for 5 min at temperatures from 300
to 600 °C under an O2 ambient using rapid thermal annealing. We
kept the annealing ambient constant and chose O2 to avoid possi-
bly creating oxygen vacancies, which are known to strongly influ-
ence the electrical properties of many oxides. Figure 2(a) shows
Ultraviolet-Visible Spectroscopy (UV-Vis) absorption data, while
the corresponding Tauc plots are shown in Fig. 2(b) for power law
of 2 (direct gap) and in Fig. 2(c) for a power law of 0.5 (indirect
gap). There is a better fit for the former. The extracted direct
bandgap decreased with annealing temperature, from 3.90 eV for
as-deposited films to 3.72 eV for those annealed at 600 °C, as tabu-
lated in Table I. For completeness, we also include the results
extracted if the gap is indirect and where there was a reasonable
straight section of the plot to extrapolate from, with the values
being ∼0.5 eV smaller than the direct gaps. The bandgap of the
as-deposited NiO and the small changes with annealing are consis-
tent with the range of values reported in the literature.36 Changes
with annealing could be due to the fact that with increasing anneal-
ing temperature, more oxygen escapes from the film, corresponding
to a decrease in the Ni2O3/NiO ratio. With an increase in annealing
temperature, the bandgap decreases due to more NiO being formed
relative to Ni2O3

The bandgap of -Ga2O3 was determined using the onset of
the plasmon loss feature in O 1s photoemission spectrum, as
shown in Fig. 3(a). The XPS spectra of core levels to valence band
maximum for -Ga2O3 are shown in Fig. 3(b) and the values are
also tabulated in Table I. Our value for the bandgap is within the
reported ranges for -Ga2O3.

1,35 We did not calculate the bandgap
of -Ga2O3 using a Tauc plot, because this method is less accurate
for large bandgap materials, and thus we preferred the onset of
the plasmon loss feature in O 1s photoemission spectrum. The
-Ga2O3 bandgap was independent of annealing temperature.

The high-resolution XPS spectra for the vacuum-core delta
regions of Ga2O3 are shown in Fig. 4 for heterojunction samples
annealed at different temperatures up to 600 °C. The ΔEV values
are then extracted from the shift of the core levels for the hetero-
junction samples with the thin NiO overlayers.38,39 The XPS spec-
trum indicated that nickel was in the 2+ oxidation state in NiO.
We used the Kraut method described earlier to measure the

FIG. 2. (a) NiO absorbance spectrum measured by UV-vis. Tauc plot for the
extrapolation of (b) direct bandgaps of NiO and (c) indirect bandgaps of NiO
as-is and annealed at different temperatures.
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valence band offsets by observing the shift of the core levels from
-Ga2O3 when NiO was deposited. The XPS spectra from which
we extracted the core energy differences to VBM for thick NiO
layers after different annealing temperatures are shown in Fig. 5.
The valence band maxima values were determined by linear extrap-
olation of the leading edge to the baseline of the valence band
spectra. The corresponding VBMs are shown in Table II. The error

bars in the different binding energies were combined in a root sum
square relationship to determine the overall error bars in the
valence band offsets.33 Note that sample charging is not an issue
when determining band offsets since we only need peak core shift

FIG. 3. (a) Bandgap of -Ga2O3 determined using the onset of the plasmon
loss feature in O 1s photoemission spectrum. (b) XPS spectra of core levels to
valence band maximum for -Ga2O3.

FIG. 4. Δ Core level energies for interfaces of thin NiO/-Ga2O3 as-is and
annealed at different temperatures.

TABLE I. (Top) NiO bandgap measured by UV-vis and fitting to either direct or indirect bandgap. (Bottom) Valence band maximum and core level data used to calculate the
bandgap of -Ga2O3.

As-is 300 °C 400 °C 500 °C 600 °C

Direct energy bandgap (eV) 3.90 3.84 3.76 3.74 3.72
Indirect energy bandgap (eV) N/A N/A 3.28 3.26 3.25

-Ga2O3

VBM Core level peak (Ga2p3/2) Core-VBM Bandgap (eV)
3.5 1117.1 1113.6 5.1
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deltas, which will shift all binding energies by the same amount.
We also did not observe any differential charging, which could
shift peaks by different amounts and could potentially be a large
source of error.

Figure 6 shows the band alignment of NiO on -Ga2O3 after
the different annealing temperatures. Note that there is a staggered
type II alignment across the entire annealing range investigated,
which is advantageous for hole injection The valence band offsets
were 2.8 ± 0.30 eV for the as-deposited heterojunction,
3.8 ± 0.35 eV after annealing at 300 °C, 4.0 ± 0.35 eV after annealing
at 400 °C, and 4.4 ± 0.4 eV for annealing at 500 and at 600 °C. The
respective conduction-band offsets vary from 1.6 to 3.04 eV. Note
that the band offsets increase monotonically with annealing tem-
perature and will not provide any barrier to electrons moving into
the Ga2O, suggesting that NiO may not work as an effective
guard-ring material on - Ga2O3 rectifiers. Thus, it would be nec-
essary to have separate electrode materials for hole injection (NiO)
and mitigation of peak electric fields. Standard metals such as Au
or Ni might be superior choices for the guard-ring fabrication.47

While both vertical Schottky rectifiers and heterojunction diodes
with Rh2O3,

48 Ir2O3,
24,25 or (IrxGa1−x)2O3

49,50 based on -Ga2O3

have been reported, there has been little development of edge ter-
mination methods for alpha-polytype devices.47

It is also important to note that the band alignment results
were independent of the NiO thickness over the range we exam-
ined, which was 3–7 nm. Of course, this is limited the need to
probe through the layer to measure the core levels in the underly-
ing Ga2O3.

While annealing a sputtered material may change its crystal-
linity, preliminary STEM measurements on the NiO did not
show significant structural changes with annealing, and it is diffi-
cult to quantify interfacial changes due to both materials being
oxides so that the diffusion of oxygen cannot be quantified.
However, this does suggest that changes in point defect popula-
tion play a strong role in the changes in band alignment. This is
reflected in the changes in bandgap of the NiO with annealing.
The crystallinity and defect and carrier concentrations under dif-
ferent annealing temperatures could also play an important role
in determining the band alignments, as in the -Ga2O3/a-Ir2O3

heterojunction.29 However, such a study is beyond the scope of
the current work, which focusses on the XPS results and some
TEM after 300 °C annealing. Future work will focus on the struc-
tural and electrical changes in the NiO under different annealing
temperatures.

FIG. 5. Core-VBM energies for thick NiO film as-deposited and annealed at dif-
ferent temperatures.

TABLE II. Core level data measured by XPS data as a function of postdeposition annealing temperature.

Reference NiO Thin NiO on -Ga2O3

VBM Core level peak (Ni 2p3/2) Core-VBM Core level peak (Ga 2p3/2) Core level peak (Ni 2p3/2) △Core level Valence band offset

As-is −0.6 853.4 854 1116 853.6 262.4 2.8
300 °C −1.8 853.2 855 1115.2 852.8 262.4 3.8
400 °C −1.9 853.1 855 1115.4 852.8 262.6 4
500 °C −1.9 853.4 855.3 1115.7 853 262.7 4.4
600 °C −1.7 853.7 855.4 1116.4 853.8 262.6 4.4
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IV. SUMMARY AND CONCLUSIONS

The band alignment of NiO/-Ga2O3 interfaces and how this
varies with annealing temperature has been determined and shows
potential for realizing p-n junction power devices based on the
alpha polytype of Ga2O3. The type II staggered alignment is
retained up to 600 °C, which is a practical thermal budget for fabri-
cation of power rectifiers. The results for the NiO on -Ga2O3

show the same general trends as for the same heterojunction on
-Ga2O3, but an added issue with the former is the limited thermal
stability of the alpha polytype. IrOx also has a staggered gap,
type-II alignment with -Ga2O3 with valence- and conduction-
band offsets of 3.34 and 1.04 eV, respectively, of the same general
magnitude as NiO. It will be interesting to see valence band offsets
for other p-type oxides on -Ga2O3.
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