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ABSTRACT
The incorporation of In2O3 into Ga2O3 allows for tailoring of the bandgap over a wide range in (InxGa1−x)2O3, and this material is emerging
as a candidate in transparent electrodes on optoelectronic devices, heterostructure transistors, photodetectors, and gas sensors. We have
measured the band alignments for atomic layer deposited SiO2 and Al2O3 over the composition range x = 0.25–0.74 for (InxGa1−x)2O3 grown
by pulsed laser deposition. The valence band offsets from 1.95 to 2.30 eV for SiO2 and 0.88 to 1.23 eV for Al2O3 over this composition range.
The bandgaps of (InxGa1−x)2O3 spanned from 4.55 to 4.05 for x = 0.74–0.25. This led to nested band alignments for SiO2 and Al2O3 for the
entire composition range of (InxGa1−x)2O3 investigated.

© 2019 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(http://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/1.5110498., s

INTRODUCTION

Solid solutions between the binary transparent oxides In2O3
and Ga2O3 are of interest in establishing miscibility gaps, the
behavior of charge accumulation layers, and native defect behav-
ior as the cubic symmetry In2O3 is alloyed with the monoclinic
Ga2O3.

1–24 Alloys of indium and gallium oxides were reported
for the rhombohedral α-phase, the cubic bixbyite phase, and the
monoclinic β-phase.1–4,7–9 There have been several reviews of the
crystal structures and phase stability of (InxGa1−x)2O3, which
can show 4-, 5-, or 6-fold coordinated cation sites.1,8 The abil-
ity to tune the wavelength response of photodetectors and the
mobility and carrier confinement in heterostructure transistors
based on the (InxGa1−x)2O3 system offer new possibilities in these
technologies.1,8,13,14,21,25 For example, it is expected that a two-
dimensional electron gas of high sheet carrier density can be induced
by the polarization differences at ε-(In,Ga)2O3/ε-(Al,Ga)2O3 het-
erointerfaces.11 A variety of synthesis methods for this ternary
system have been reported, including molecular beam epitaxy,
metal organic chemical vapor deposition, sputtering, pulsed laser

deposition (PLD), and sol-gel processing, each presenting different
phase stabilities.1,3,5,8,13,15,21–32

An important aspect for any of these applications is the band
alignment of the alloys with common dielectrics used for MOS gates
on transistors or surface passivation. For carrier confinement in
MOS transistors, the conduction and valence band offsets (VBOs)
should be ideally >1 eV.33 Figure 1 shows a compilation of bandgaps
for common dielectrics, along with the expected range of bandgaps
for (InxGa1−x)2O3 with x = 0–0.7. Two attractive options are SiO2,
with its large gap and well-established deposition conditions, and
Al2O3—both of these are readily deposited by Atomic Layer Deposi-
tion (ALD), which provides a controlled, low damage process. While
there have been numerous reports on band alignments for different
dielectrics on (AlxGa1−x)2O3,34–36 there are few comparable stud-
ies on (InxGa1−x)2O3 in part due to the difficulty in preparing high
quality samples.

In this paper, we report on the measurement of valence
band offsets for ALD SiO2 and Al2O3 on (InxGa1−x)2O3 for
x = 0.25–0.74, obtained by X-Ray Photoelectron Spectroscopy (XPS).
The samples were grown by continuous composition spread
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FIG. 1. Dielectric constant and bandgap of candidate dielectrics on (InxGa1−x)2O3.

PLD.1,8,28–31 The bandgaps of the (InxGa1−x)2O3 were measured
from the photoemission spectra, and this allowed derivation of
the conduction band offsets for both dielectrics. The band align-
ments are nested (type I) in both cases, with valence band offsets

FIG. 2. (a) False-color representation of the In concentration within a 2 in. diameter
(In1−xGax )2O3 thin film grown with continuously varying composition on (100) MgO
and (b) line scan of In content as a function of position along the wafer determined
by EDX. The scan was obtained along the gradient direction depicted with black
arrow in (a).

FIG. 3. False-color representation of θ–2θ X-ray diffractograms acquired along
the compositional gradient of an (InxGa1−x )2O3 CCS-PLD sample deposited on
(100) MgO substrates at about 650 ○C. Peaks labeled β belong to the monoclinic
Ga2O3 phase, while bcc denotes reflections of the cubic bixbyite In2O3 structure.
Intense peaks marked with an asterisk are due to the (100) MgO substrate. No
thin film reflections occur in the composition range between the white solid lines
corresponding to X-ray amorphous growth.

FIG. 4. XPS survey scans of (a) (InxGa1−x)2O3 at the indium concentrations stud-
ied in this report and (b) thick ALD Al2O3, thick ALD SiO2, and heterostructures of
each oxide on IGO. The intensity is in arbitrary units (a.u.).
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FIG. 5. XPS spectra of core levels to the valence band maximum (VBM) for (a)
reference (InxGa1−x)2O3 with 25% and 42% indium, (b) reference (InxGa1−x)2O3
with 60% and 74% indium, and (c) thick ALD films Al2O3 and SiO2.The intensity is
in arbitrary units (a.u.).

FIG. 6. Bandgap of (a) (InxGa1−x)2O3 determined using the onset of the plasmon
loss feature in the O 1s photoemission spectrum and (b) ALD SiO2 and (c) ALD
Al2O3 where both deposited films’ bandgap was determined by reflection electron
energy loss spectra. The intensities are in arbitrary units (a.u.).

APL Mater. 7, 071115 (2019); doi: 10.1063/1.5110498 7, 071115-3

© Author(s) 2019

https://scitation.org/journal/apm


APL Materials ARTICLE scitation.org/journal/apm

1.95–2.30 eV for SiO2 and 0.88–1.23 eV for Al2O3 over the compo-
sition range we investigated.

EXPERIMENTAL

The continuous composition spread PLD technique was used
to grow (InxGa1−x)2O3 thin films using a target consisting of semi-
circular In2O3 and Ga2O3 segments.1,8,28–31,37–39 The sample was
deposited at a growth temperature of 650 ○C and an oxygen pres-
sure of 0.08 mbar on a 2 in. diameter (100) MgO substrate. The
indium concentration varied between 0.16 and 0.86 and showed a
slight S-shaped dependence along the gradient direction, in agree-
ment with calculation.29 Along lines perpendicular to the gradi-
ent direction, the In concentration was constant. Energy-dispersive
X-ray spectroscopy (EDX) was used for the spatially resolved chem-
ical analysis.8,29 Figure 2 shows the variation of In content as both a
compositional map (a) and a lateral line scan (b). Detailed charac-
terization of similar films is discussed elsewhere.1,3,8 Figure 3 shows
a false color representation of x-ray diffractograms along the com-
positional gradient. The monoclinic phase is dominant for Ga-rich
compositions, with (100) oriented growth, while for In-rich condi-
tions, the (111) oriented cubic bixbyite phase is predominant.3 Four
sections from this sample with composition x = 0.25, 0.42, 0.60, and
0.74 determined by XPS were diced to provide specific composi-
tions for dielectric ALD. The sample positions were identified with
alignment marks in a photoresist and mapped to the compositional
data. The uncertainty in the spatial correlation was less than 50 μm
after dicing. This corresponds to a compositional variation of ±2%
in absolute value. Note that for x > 0.75 (z > 15 mm), the sample

has a cubic bixbyite structure, but we did not investigate if there was
a systematic change of bandgap as the Ga-content in the cubic phase
decreased in order to avoid edge effects in the samples.

The ALD layers were deposited at 200 ○C in a remote plasma
mode in a Cambridge Nano Fiji 200 using a trimethylaluminum
precursor or Tris(dimethylamino)silane and an inductively coupled
plasma (ICP) at 300 W to generate atomic oxygen.34,35 For substrate
cleaning prior to deposition, a rinse sequence consisting of acetone
and IPA was followed by drying in filtered N2 and finally ozone
exposure for 15 min. After this substrate cleaning, samples were
directly loaded into the deposition systems within a cleanroom envi-
ronment to avoid contamination of the deposited films. Both thick
(200 nm) and thin (1.5 nm) layers of the dielectrics were deposited
for measuring both bandgaps and core levels on the (InxGa1−x)2O3.

We used XPS survey scans to establish the chemical state of the
SiO2, Al2O3, and (InxGa1−x)2O3 samples.40 The XPS system was a
Physical Instruments ULVAC PHI, with an Al x-ray source (energy
1486.6 eV, source power 300 W), an analysis size of 100 μm diame-
ter, a take-off angle of 50○, and an acceptance angle of ±7○. The elec-
tron pass energy was 23.5 eV for high-resolution scans and 93.5 eV
for survey 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. The most common method of measuring the valence
band offset involves using X-ray photoelectron spectroscopy (XPS)
to measure the core levels of a system.40 The basic method is to first
measure the energy difference between a core level and the valence
band maximum (VBM) for both a single layer dielectric and the
(InxGa1−x)2O3.

40

FIG. 7. Variation of bandgap determined by XPS, show-
ing good fits to the cubic phase. The results expected from
monoclinic and the bowing reported over the large composi-
tion range are also shown. Reference 1 has a full discussion
of the effects of how bandgap was determined and the
impact of different growth methods.

TABLE I. Summary of the measured reference and heterostructure peaks for SiO2 on (InxGa1-x)2O3 (eV).

Reference (InxGa1−x)2O3 Reference SiO2 Thin SiO2 on (InxGa1−x)2O3

Indium Core level peak Core level peak ∆ core level Valence band
concentration (In 3d5/2) VBM Core-VBM (in Si 2p) VBM Core-VBM (In 3d5/2-Si 2p) offset

(In0.25Ga0.75)2O3 444.65 2.50 ± 0.15 442.15 103.40 4.80 98.60 341.60 1.95
(In0.42Ga0.58)2O3 444.40 2.25 ± 0.15 442.15 . . . . . . . . . 341.45 2.10
(In0.60Ga0.40)2O3 444.35 2.25 ± 0.15 442.10 . . . . . . . . . 341.30 2.20
(In0.74Ga0.26)2O3 444.20 2.10 ± 0.15 442.10 . . . . . . . . . 341.20 2.30
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TABLE II. Summary of the measured reference and heterostructure peaks for Al2O3 on (InxGa1-x)2O3 (eV).

Reference (InxGa1−x)2O3 Reference Al2O3 Thin Al2O3 on (InxGa1−x)2O3

Indium Core level peak Core level peak ∆ core level Valence band
concentration (In 3d5/2) VBM Core-VBM (in Al 2p) VBM Core-VBM (In 3d5/2-Al 2p) offset

(In0.25Ga0.75)2O3 444.65 2.50 ± 0.15 442.15 74.32 3.25 71.07 370.20 0.88
(In0.42Ga0.58)2O3 444.40 2.25 ± 0.15 442.15 . . . . . . . . . 370.10 0.98
(In0.60Ga0.40)2O3 444.35 2.25 ± 0.15 442.10 . . . . . . . . . 369.90 1.13
(In0.74Ga0.26)2O3 444.20 2.10 ± 0.15 442.10 . . . . . . . . . 369.80 1.23

Heterojunction samples, consisting of the thin (1.5 nm) layer
of dielectric deposited on the (InxGa1−x)2O3, were then pre-
pared in which the separation between reference core levels in
each material is measured.40 The separation between the refer-
ence core levels can be translated directly into a value for the

valence band offset (VBO) using the previously measured sin-
gle layer sample core-level to VBM energies. The primary source
of uncertainty in XPS measurements of band offsets arises from
determining the position of the valence band maximum. The most
used method produces a highly precise technique by linearly fitting

FIG. 8. High resolution XPS spectra for [(a) and (b)] the (InxGa1−x)2O3 to SiO2 core delta regions and [(c) and (d)] the (InxGa1−x)2O3 to Al2O3 core delta regions. The intensity
is in arbitrary units (a.u.).
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the leading edge of the valence electron spectrum to the flat band
energy.

To avoid sample charging, charge compensation employed an
electron flood gun and a simultaneous ion beam. C 1s core lev-
els of the surface adsorbate (284.8 eV) were used to calibrate the
binding energy.33 Only the relative energy position is needed to
determine the valence band offsets, so the absolute energy calibra-
tion for a sample has no effect on that number. The samples were
electrically insulated from the chuck to avoid uneven charge disper-
sion along the sample. All electron analyzers and equipment were
grounded. Differential charging was not observed in any of the sam-
ples with the use of the electron gun. The SiO2 and Al2O3 bandgaps
were obtained from Reflection Electron Energy Loss Spectroscopy
(REELS)41,42 using a 1 kV electron beam and hemispherical elec-
tron analyzer. The bandgaps of the (InxGa1−x)2O3 for each compo-
sition were obtained from XPS energy loss measurements of the O
1s peak.43

RESULTS AND DISCUSSION

XPS survey scans from the four different compositions of
(InxGa1−x)2O3 are shown in Fig. 4(a), and all of them show only
the lattice constituents being present. The survey spectra for the
thick (200 nm) dielectrics of ALD SiO2 and Al2O3 and thin (1.5 nm)
dielectrics of ALD SiO2 and Al2O3 on (InxGa1−x)2O3, labeled IGO,
and the (In0.24Ga0.76)2O3 sample for reference are shown in Fig. 4(b).

The high resolution XPS spectra for the vacuum-core delta
regions of (InxGa1−x)2O3 with x = 0.25 and 0.42 are shown in
Fig. 5(a), (InxGa1−x)2O3 with x = 0.60 and 0.74 in Fig. 5(b), and
the SiO2 and Al2O3 in Fig. 5(c). As discussed earlier, the valence
band offsets are extracted from the shift of the core levels for the
heterostructure samples with the thin dielectric on top of different
compositions of (InxGa1−x)2O3.34,35,43 Once the valence band offsets
are known, to determine the conduction band offset, it is neces-
sary to measure the bandgap of each composition. We measured
the bandgaps of the four (InxGa1−x)2O3 compositions, as shown in
Fig. 6(a), from the separation between the core level peak energy
and the onset of inelastic (plasmon) losses in each O 1s photoemis-
sion spectrum.36 To find the band-gap energy, a linear fit is made
to the measured loss spectrum curve near the approximate location
of onset of inelastic losses. Next, by subtracting the background, the
“zero” level is determined. The energy corresponding to the onset
of inelastic losses is found by extrapolating the linear-fit line and
calculating its intersection with the “zero” level.33,40 The bandgap
energy is equal to the difference between the core-level peak energy
and the onset of inelastic losses. The respective bandgaps were
4.55 eV for (In0.25Ga0.75)2O3, 4.35 eV for (In0.42Ga0.58)2O3, 4.20 eV
for (In0.60Ga0.40)2O3, and 4.05 eV for (In0.74Ga0.26)2O3. These are in
general agreement with the reported values for PLD films in a similar
composition range.1,8 A compilation of values obtained for different
growth methods and conditions is given elsewhere.1,8,12 Figure 6(b)
shows the REELS spectra to determine the bandgap of the SiO2 and
Al2O3, with values of 8.7 eV and 6.9 eV, respectively. These are
consistent with previously reported values.34–36

Figure 7 shows that the bandgaps determined by XPS follow
the relation EG = 4.855–1.16x, where x is the In composition in
these cubic films. von Wenckstern1,8 has given a detailed discus-
sion of the effect of the growth method, phase, and technique in

FIG. 9. Band diagrams for the SiO2/(InxGa1−x)2O3 heterostructure in which the
SiO2 was deposited by ALD.

determining bandgaps on the compositional dependence of
bandgaps in (In,Ga)2O3 films.

Tables I and II show the valence band maximum (VBM)
for the SiO2 and Al2O3 and the (InxGa1−x)2O3 from linear fitting
of the leading edge of the valence band. The XPS spectra from
which we extracted the core energy differences as a function of
Al composition are shown in Fig. 8. The core energy levels and
the differences between Ga 2p3/2 and Si 2p or Al 2p core energy
levels, respectively, are shown in the figure. The corresponding
VBMs were 2.5 ± 0.15 eV for (In0.25Ga0.76)2O3, 2.25 ± 0.15 eV for
(In0.42Ga0.58)2O3, 2.25 ± 0.15 eV for (In0.60Ga0.40)2O3, and 2.10 ±
0.15 eV for (In0.74Ga0.26)2O3. The error bars in different binding
energies were combined in a root sum square relationship to deter-
mine the overall error bars in the valence band offsets.33 The valence
band offsets for SiO2 were 1.95 ± 0.30 eV for (In0.25Ga0.75)2O3, 2.10
± 0.30 eV for (In0.42Ga0.58)2O3, 2.20 ± 0.30 eV for (In0.60Ga0.40)2O,

FIG. 10. Band diagrams for the Al2O3/(InxGa1−x)2O3 heterostructure in which the
Al2O3 was deposited by ALD.
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and 2.30 ± 0.35 eV for (In0.74Ga0.26)2O3. The conduction band off-
sets were then 2.20 eV (x = 0.25), 2.25 eV (x = 0.42), 2.30 eV
(x = 0.6), and 2.30 eV (x = 0.74). SiO2 therefore provides excellent
confinement of electrons in (InxGa1−x)2O3 samples over the entire
composition range, and the SiO2/InxGa1−x)2O3 band alignment is
type I, as shown in the schematic of Fig. 9.

The valence band offsets for Al2O3 were 0.88 ± 0.20 eV for
(In0.25Ga0.75)2O3, 0.98 ± 0.20 eV for (In0.42Ga0.58)2O3, 1.13 ± 0.25 eV
for (In0.60Ga0.40)2O3, and 1.23 ± 0.25 eV for (In0.74Ga0.26)2O3. Based
on the measured bandgap of Al2O3, the conduction band offsets
were then 1.47 eV (x = 0.25), 1.57 eV (x = 0.42), 1.57 eV (x = 0.60),
and 1.62 eV (x = 0.74). The band alignments are also type I, as
shown in the schematic of Fig. 10. Basically, both the conduction
and valence band offsets are adequate for good carrier confinement
for both dielectrics at all compositions of (InxGa1−x)2O3.

SUMMARY AND CONCLUSIONS

The valence band offsets of SiO2/(InxGa1−x)2O3 and Al2O3/
(InxGa01−x)2O3 heterojunctions were measured over a range of In
contents (x = 0.25–0.74). The band alignments are type I in all
cases, with valence band offsets >1.95 eV for SiO2 and >0.88 eV
for Al2O3 across the composition range of (InxGa1−x)2O3 exam-
ined. Both of these common dielectrics will provide effective carrier
confinement in heterostructures with (InxGa01−x)2O3. Future work
should examine the thermal stability and interface state densities of
these systems.
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