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The band alignment of Atomic Layer Deposited SiO2 on (InxGa1−x)2O3 at varying indium concentrations is reported before and
after annealing at 450 °C and 600 °C to simulate potential processing steps during device fabrication and to determine the thermal
stability of MOS structures in high-temperature applications. At all indium concentrations studied, the valence band offsets (VBO)
showed a nearly constant decrease as a result of 450 °C annealing. The decrease in VBO was −0.35 eV for (In0.25Ga0.75)2O3,
−0.45 eV for (In0.42Ga0.58)2O3, −0.40 eV for (In0.60Ga0.40)2O3, and −0.35 eV (In0.74Ga0.26)2O3 for 450 °C annealing. After
annealing at 600 °C, the band alignment remained stable, with <0.1 eV changes for all structures examined, compared to the
offsets after the 450 °C anneal. The band offset shifts after annealing are likely due to changes in bonding at the heterointerface.
Even after annealing up to 600 °C, the band alignment remains type I (nested gap) for all indium compositions of (InxGa1−x)2O3

studied.
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Besides β-Ga2O3’s ultra-wide band gap (4.6–4.8 eV) and high
theoretical breakdown field, alloying with Al or In can be used to
tune this band gap to be larger or smaller and thereby form
heterostructures.1–6 Over the range of alloy compositions reported
in the literature, this allows realization of bandgaps between
∼3.9–5.9 eV, as shown in Fig. 1.3,5–11 In order to grow
(InxGa1−x)2O3, various methods have been reported, such as pulsed
laser deposition (PLD), sputtering, molecular beam epitaxy, organic
chemical vapor deposition, and sol-gel processing.7,12–22 Most of the
previous research has focused on native defect behavior, miscibility
gaps, and crystal phase structure as the cubic phase of In2O3 is
alloyed with monoclinic Ga2O3.

7,12–15,23–32 In device applications,
the (InxGa1−x)2O3 layers can be used as channels in heterostructure
transistors and also to tune the wavelength response of
photodetectors.7,13,15,17,26,29

For heterostructure transistors to operate with a low gate leakage
current, thin dielectric layers can be deposited prior to gate
formation to form a metal-oxide-semiconductor (MOS) structure.
There are many possible dielectrics one can choose, however, the
dielectric’s band gap must be large enough such that it offsets the
(AlxGa1−x)2O3/(InxGa1−x)2O3 by ideally >1 eV on both the con-
duction band and valence band.33,34 Another application for these
dielectrics is as a passivation layer to prevent surface conductivity
changes common to electronic oxides exposed to humid ambient
conditions. Atomic layer deposited SiO2 is one of the most common
dielectrics for these applications due to its large band gap and well-
established deposition conditions.34–37 Another benefit of SiO2 is
that has been shown to be a thermally stable dielectric on Ga2O3 up
to 1000 °C.31,38 By sharp contrast, the Al2O3–Ga2O3 phase system
does not possess the same thermal stability as SiO2.

7,8

Understanding a dielectric’s thermal stability on (InxGa1−x)2O3

based devices is useful for several applications. During device
processing, it is necessary to anneal the structures at temperatures

between 500 °C and 600 °C to form Ohmic contacts.39,40

Additionally, if ion implantation is utilized for device isolation in
(InxGa1−x)2O3 based systems, annealing will be required to optimize
sheet resistance. After the devices have been fabricated, the junction
temperature of Ga2O3 based devices can see large temperature
swings under high-current operation due to the marginal thermal
conductivity of Ga2O3.

41,40,42,43 Thus far, there have been no reports
on how high temperatures affect the band offset between SiO2 and
(InxGa1−x)2O3. There have been a few previous studies done
examining the annealing effects of dielectrics or other semiconduc-
tors on Ga2O3 and (AlxGa1−x)2O3,

44–50 but no work has been done
on (InxGa1−x)2O3 based systems. Yadav et al.45 found that the
valence band offset between Ga2O3 and Si increased with annealing
at 600 °C. In general, annealing of dielectrics on other semiconduc-
tors such as Si, SiC and InGaAs leads to changes in band offsets due

Figure 1. Band gap tunability of Ga2O3 by incorporating In or Al to form
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to formation of interfacial layers.46–50 In this study, we report the
effects of post-deposition annealing at 450 °C and 600 °C on the
band alignment of ALD SiO2 on (InxGa1−x)2O3. We should point
out that we are only examining the change in band alignment and not
the important issue of changes in interface state density as a result of
this annealing. For example, the diffusion of Indium at high
annealing temperature has been addressed as a critical problem
which degrades the interface quality of oxide/high k MOS
structures.51 Our structures are thin and undoped and not amenable
to capacitance-voltage measurements for obtaining the interface
state density, which obviously important in actual device structures
and should be the focus of future studies.

Experimental

Continuous composition spread Pulsed Laser Deposition (CCS-
PLD) was used to grow (InxGa1−x)2O3 from segmented targets of
Ga2O3 and In2O3 targets onto a 2-inch Magnesium Oxide
substrate.7,19,21,22,26,52–54 The indium concentration was varied
from 16% incorporation to over 86% incorporation along the length
of the wafer. The oxygen pressure in the growth chamber was 0.08
mbar and the temperature was 650 °C. The measured In concentra-
tion followed an S-shaped profile along the length of the sample,
which corroborates previous theoretical calculations.20 During pre-
vious studies focused on growth optimization, the composition of the

In incorporation across the wafers was verified using Energy-
Dispersive X-ray spectroscopy (EDX).20,26 The concentration of In
was found to be uniform along the perpendicular direction of the
growth gradient. The (111) oriented cubic bixbyite phase is
dominant for the In-rich portion of the wafer, while the monoclinic
phase is dominant for the Ga-rich compositions.12 After the
(InxGa1−x)2O3 films were grown, the wafer was diced into smaller
pieces in order to study specific compositions of the film. The In
compositions used in this work were 25, 42, 60, and 74%. These
compositions were determined and verified using the EDX growth
map along with X-ray Photoelectron Spectroscopy (XPS). Once the
compositions of interest were located on the samples, alignments
marks were placed in order to mark exact measurement locations for
XPS measurements before and after annealing XPS measurements
were taken at three points at each composition of interest to ensure
the band alignment did not vary spatially due to potential phase or
compositional differences. Uncertainty in spatial variation is less
than 50 μm after dicing, which corresponds to a possible composi-
tional variation of ±2% for all structures examined. The bandgap was
measured for each sample and was 4.55 eV for (In0.25Ga0.75)2O3,
4.35 eV for (In0.42Ga0.58)2O3, 4.2 eV for (In0.60Ga0.40)2O3, and
4.05 eV for (In0.74Ga0.26)2O3. Further details can be found
elsewhere.55

Prior to dielectric deposition onto the (InxGa1−x)2O3 samples,
acetone and isopropyl alcohol rinses were used to clean the wafer

Figure 2. High-resolution TEM images and corresponding fast Fourier transforms (FFT) from (a)–(b) the bottom of the gallium-rich portion and (c)–(d) the
bottom of the indium-rich portion of the (InxGa1−x)2O3 wafer.
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surface. After solvent cleaning, dry N2 gas was used to dry the
samples which were subsequently exposed to ozone for 15 min to
remove residual carbon contamination. After cleaning, the IGO
pieces were loaded into the Atomic Layer Deposition chamber
located in a cleanroom. The deposition temperature of the SiO2 was
200 °C in a Cambridge Nano Fiji 200 using a remote plasma mode.
A thin (1.5 nm) layer of SiO2 was deposited onto the (InxGa1−x)2O3

samples to measure the band alignment within the heterostructure.
Thick (200 nm) layers of SiO2 were deposited as a reference to
measure the dielectric’s core levels and its respective bandgap. The
ALD precursors for the SiO2 deposition were a Tris (dimethylamino)
silane and a 300 W inductively coupled plasma (ICP) to generate
atomic oxygen.35,55,56

A rapid thermal annealing system was utilized to anneal the
SiO2/(InxGa1−x)2O3 heterostructures at 450 °C and 600 °C under N2

ambient for 5 min. The band alignment of the heterostructures was
measured as deposited and after each annealing cycle. The annealing
temperatures were chosen to replicate potential device processing
steps for IGO based device fabrication. The two separate tempera-
ture anneals were performed to examine the thermal stability of the
heterostructure band alignment.

For the XPS measurements, a Physical Instruments ULVAC PHI
system was utilized. The XPS system operated using a monochro-
matic Al X-ray source (1486 eV, source power 300 W) at a take-off
angle of 50°, acceptance angle of 7°, and analysis area of 100 μm in
diameter. XPS survey scans were used to verify the SiO2,

(InxGa1−x)2O3, and heterostructures of the two were free from
impurities and contamination.57 The electron pass energy was
93.5 eV for survey scans and 23.5 eV for high-resolution scans.
The energy resolution of the XPS system was approximately 0.5 eV
and binding energy accuracy was within 0.03 eV. The C 1s core
level of adventitious carbon (284.8 eV) was used to calibrate the
binding energy on all samples. Binding energy calibration plays no
effect on the final band alignment values since the offsets are
determined using only relative energy positions. To avoid sample
charging during the measurements, an electron flood gun and ion
beam were used simultaneously. To prevent uneven charge dissipa-
tion from the samples to the chuck, the samples were electronically
insulated from the platen. The bandgap of the ALD deposited SiO2

was measured using Reflection Electron Energy Loss Spectroscopy
(REELS) utilizing a 1 kV electron beam and hemispherical analyzer.

An aberration-corrected FEI Titan 80–300 electron microscope
operated at 300 kV was used to record TEM images of the
(InxGa1−x)2O3 films. Samples were prepared for cross-sectional
observation using an FEI Nova 200 focused-ion-beam system.

Results and Discussion

The SiO2/(InxGa1−x)2O3 samples were examined before and after
annealing by TEM to study the effect of In concentration on the
IGO’s crystal structure and uniformity. Figure 2 shows high-
resolution TEM images and corresponding fast Fourier transforms
(FFT) from (a–b) the bottom of the gallium-rich portion and (c–d)
the bottom of the indium-rich portion of the (InxGa1−x)2O3 film. The
TEM and FFT photos indicate that the IGO sample is crystalline in
nature for both the gallium rich and indium rich portions of the
wafer. No threading dislocations or major defects in the crystal
structure are detected for the studied compositions of (InxGa1−x)2O3.

The (InxGa1−x)2O3 growth is primarily normal and parallel to the
MgO substrate. When observing the FFTs of the indium and gallium
rich portions of the (InxGa1−x)2O3, there are clear crystallographic
differences. Two main phases are present, namely the monoclinic
phase of β-Ga2O3 and the cubic phase of bixbyite In2O3, which
agrees with previously taken XRD measurements.12,22 The indium-
rich portion of the film shows columnar grains extending through the
film but is still crystalline and epitaxial with regards to the MgO
substrate. In a previous TEM analysis of various regions of the IGO
film, the presence of grain boundaries became evident towards the
upper portion of the deposited In-rich film. The Ga-rich portion

shows homogenous growth throughout the entire thickness of the
film. At higher In compositions than those studied in this report, the
rhombohedral InGaO3 (II) phase was also present. The extent of
phase separation significantly decreases as the In concentration is
reduced.

XPS survey scans were taken on the (InxGa1−x)2O3 samples at
each In concentration, the reference bulk ALD SiO2, and the
SiO2/IGO heterostructures. Figure 3 shows that only lattice con-
stituents are present in the survey scans and no contamination is
detectable for any of the samples. The bandgap of the ALD
deposited SiO2 was measured to be 8.7 eV using Reflection
Electron Energy Loss Spectroscopy (REELS), which is similar to
previous reports.34,58

High resolution XPS spectra for the as-deposited (InxGa1−x)2O3

to SiO2 core delta regions are shown in Figs. 4a, 4b. After these
measurements were taken, the SiO2/(InxGa1−x)2O3 heterostructures
along with reference SiO2 and bulk ALD deposited SiO2 were
annealed at 450 °C for 5 min in N2 ambient. High resolution XPS
measurements were repeated after 450 °C annealing of the same
heterostructure core delta regions and are shown in Figs. 4c, 4d. A
final anneal at 600 °C was performed and post-anneal XPS data is
shown in Figs. 4e, 4f. After annealing, peak broadening is evident in

Figure 3. XPS survey scans of (a) (InxGa1−x)2O3 at the aluminum
concentrations studied and (b) thick ALD SiO2 and its heterostructure on
IGO. The intensity is in arbitrary units (a.u.).
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the Ga3p1/2, Ga3p3/2, and Si2p peak locations. This is most likely
due to disorder and non-uniformities causing an energy distribution
broadening of the orbitals of interest. Additionally, Fig. 4 shows that

annealing causes the diversification of various Si suboxides at the
IGO/SiO2 interface. These trends have been shown in several other
reports as well.59,60 Bai et al.59 reported that a 760 °C annealing step

Figure 4. High resolution XPS spectra for the (a)–(b.) (InxGa1−x)2O3 to SiO2 core delta regions as deposited, (c)–(d.) after annealing at 450 °C for 5 min in N2

ambient, and (e)–(f.) after annealing at 600 °C for 5 min in N2 ambient. The intensity is in arbitrary units (a.u.).
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Table I. Summary of the measured reference and heterostructure peaks for SiO2 on (InxGa1−x)2O3 (eV) before and after annealing at 600 °C for 5 min in N2 ambient.

Thin SiO2 on (InxGa1−x)2O3

Reference (InxGa1−x)2O3 Reference SiO2 As Deposited Annealed at 450 °C Annealed at 600 °C

Indium
Concentration

Core Level Peak
(In 3d5/2) VBM

Core -
VBM

Core Level Peak
(Si 2p) VBM

Core -
VBM

Δ Core Level (In 3d5/2
- Si 2p)

Valence Band
Offset

Δ Core
Level VBO

Δ Core
Level VBO

(In0.25Ga0.75)2O3 444.65 2.50 442.15 103.40 4.80 98.6 341.6 1.95 341.95 1.6 341.9 1.65
(In0.42Ga0.58)2O3 444.40 2.25 442.15 — — — 341.45 2.1 341.9 1.65 341.9 1.65
(In0.60Ga0.40)2O3 444.35 2.25 442.10 — — — 341.3 2.2 341.7 1.8 341.65 1.85
(In0.74Ga0.26)2O3 444.20 2.10 442.10 — — — 341.2 2.3 341.55 1.95 341.5 2
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causes an interdiffusion layer between a Ga2O3/SiO2 interface, also
evident in XPS spectra. Table I lists the reference and heterostruc-
ture peak locations before and after both annealing steps. The
valence band offsets increased after 450 °C annealing for all studied
In compositions but showed little additional change after the further
600 °C annealing.

For the ALD deposited thick SiO2 and reference (InxGa1−x)2O3

sample, the elemental peak locations and valence band maximum
values remained constant after both annealing steps. The valence band
maximum (VBM) was determined by finding the intersection between
the linear fits of the flat energy bad distribution and leading edge of
the valence band from high resolution XPS scans.57 For the
(InxGa1−x)2O3 reference samples, the valence band maxima are 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. After measuring the VBMs of the reference samples
along with the core delta regions of the SiO2/(InxGa1−x)2O3 hetero-
structures, the valence band and conduction band offset can be
calculated.60–62 The potential deviation in the overall valence band
offset was determined by combining the error bars in different binding
energies. The valence band offsets for the SiO2 on (InxGa1−x)2O3

before annealing are 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)2O3,
and 2.30 ± 0.35 eV for (In0.74Ga0.26)2O3.

The change in valence band offsets after annealing the
SiO2/(InxGa1−x)2O3 heterostructures at 450 °C and 600 °C is shown
in Fig. 5. After annealing at 450 °C, the change in the band
alignment was between 0.3 and 0.45 eV for all compositions studied.
After 600 °C annealing, the band alignment remained essentially the
same as the 450 °C annealed values across the entire composition
range. The shift shown in this study is fairly constant as a function of
composition in the (InxGa1−x)2O3 and is likely to be due to changes
in interfacial chemistry between the SiO2 and (InxGa1−x)2O3, with
the change in chemical composition and dipole formation leading to
changes in valence band offset, as commonly reported in other
systems.45–50 TEM of the annealed (InxGa1−x)2O3 showed changes
in crystallinity that were more pronounced for Ga-rich compositions,
but it is the interfacial bonding that controls the band offsets. It is
worth noting that crystallinity differences along with the diversifica-
tion of sub-oxides after annealing may contribute to slight error
within the final band alignment measurements. Due to the lack of
band alignment studies on Indium based Ga2O3, additional work
should be completed to fully understand this material system.

The band diagrams for the SiO2/(InxGa1−x)2O3 heterostructures
before annealing (a) and after 600 °C annealing for 5 min in N2

ambient (b) are shown in Fig. 6. For the as-deposited samples, the
SiO2 has large offsets in both the valence band and conduction band.
Figure 6b shows a slight shift in band alignment in all the
heterostructure examined after the 600 °C anneal. Despite the shift
in the offset, the confinement is still type I and greater than 1 eV for
all compositions studied. These offsets allow for good carrier
confinement at all compositions of (InxGa1−x)2O3 and reinforce
the acceptable thermal stability of SiO2 as a potential dielectric for
this material system.

Conclusions

SiO2/(InxGa1−x)2O3 heterostructures over a range of In concentra-
tions (x = 0.25–0.74) were annealed at 450 °C and 600 °C to
determine the thermal stability of SiO2 as a dielectric to IGO. After
annealing at 450 °C, the valence band offset shifted between 0.3 to
0.45 eV across the entire In composition range studied. After the
450 °C anneal, the same samples were annealed again at 600 °C and
showed no significant change in band alignment to the 450 °C annealed
values. The decrease in VBO after 600 °C from the initial values is
−0.3 eV for (In0.25Ga0.75)2O3,−0.45 eV for (In0.42Ga0.58)2O3,−0.35 eV
for (In0.60Ga0.40)2O3, and −0.3 eV (In0.74Ga0.26)2O3. Even after the

Figure 5. Valence band offsets for the as-deposited and annealed
SiO2/(InxGa1−x)2O3 heterostructures as a function of indium concentration.

Figure 6. Band diagrams for the SiO2/(InxGa1−x)2O3 heterostructure (a) as
deposited and (b) after annealing at 600 °C for 5 min in N2 ambient.
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anneals, the band alignment is type I across the full composition range
studied. Future work should be done to determine interface state
densities of common dielectrics on (InxGa1−x)2O3 before and after
annealing.
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