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ABSTRACT: Wide-bandgap semiconductor indium sesquioxide
(In2O3) thin films were grown on yttria-stabilized-zirconia (YSZ)
substrates with (100), (110), and (111) orientations using a previously
unexplored growth method: low pressure chemical vapor deposition.
High purity metallic indium (In) and oxygen (O2) were used as
precursors, and argon (Ar) was used as the carrier gas. The growth
condition was optimized to balance the precursor vapor pressure and
the suppression of the gas phase reaction to facilitate the growth of
high crystalline quality In2O3 films. The crystal structures of the as-
grown films were determined to be body centered cubic bixbyite. By
tuning the O2 flow rate, In2O3 epitaxial growth rates of 21 μm/h, 11 μm/h, and 9.2 μm/h were obtained for films grown on YSZ
(100), (110), and (111) substrates, respectively. Representative surface roughness values determined by atomic force
microscopy ranges between 0.73 and 10.5 nm. Room temperature electron Hall mobility of 139 cm2/V·s, 77 cm2/V·s, and 97
cm2/V·s for (100), (110), and (111) oriented In2O3 films respectively were obtained with electron concentrations of (∼1.0−
1.3) × 1018 cm−3. Secondary ion mass spectroscopy suggests H as a possible contributor to the observed free carrier
concentrations in the as-grown films. A room temperature photoluminescence peak was observed at ∼2.16 eV, which is related
to the transition involving deep-level defects. Optical bandgap was determined to be ∼3.35−3.41 eV via photoluminescence
excitation spectroscopy.

1. INTRODUCTION
Indium sesquioxide (In2O3) is a semiconducting oxide with a
fundamental bandgap of Eg ≈ 2.9 eV and optical bandgap of
Eop ≈ 3.7 eV.1 In2O3 has been found to be inherently n-type
due to the presence of oxygen vacancies and/or indium
interstitials.2 Hydrogen (H) has also been proposed as a
potential shallow donor in as-grown In2O3.

3−5 The most stable
phase of In2O3 is the body center cubic (bcc) bixbyite
structure, whereas the corundum-like rhombohedral (rh)
phase can also be stabilized at high pressure and high
temperature.6 In2O3 was commonly used as a transparent
conductive oxide as well as gas sensing material. Only recently,
In2O3 has been investigated as a true semiconductor material
and used as an active semiconductor material for field effect
transistors.7 Moreover, alloying or heterostructures of In2O3
with group-III sesquioxides Ga2O3 (Eg ≈ 4.9 eV) and Al2O3
(Eg ≈ 9 eV) will provide new opportunities of bandgap
engineering for electronic and optoelectronic device applica-
tions.8

Essential for semiconductor device performance is the
availability of high crystalline quality material with smooth
surface morphology and reasonable growth rate.9 Bulk single
crystalline In2O3 has been synthesized by melt10,11 and flux12

growth techniques. Thin film In2O3 has been reported to be
grown by pulsed laser deposition (PLD),13,14 molecular beam
epitaxy (MBE),15,16 metal−organic chemical vapor deposition
(MOCVD),17 mist-chemical vapor deposition (mist-CVD),8

and halide vapor phase epitaxy (HVPE)9 methods. Epitaxial

In2O3 films have been grown on yttria-stabilized zirconia
(YSZ),15,16 sapphire,18 and most recently on Ga2O3 sub-
strates.9 Since single crystalline In2O3 substrates are not
commercially available, YSZ substrates have been used as the
best lattice-matched substrate (1.3% lattice mismatch between
2 × 2 YSZ and 1 × 1 In2O3 unit cells) for epitaxy of In2O3
films.2

To date the reported fastest growth rate (5.1 μm/h) of the
In2O3 epitaxial layer was obtained by HVPE; however, the as-
grown film surfaces were rough with the prevalence of
pyramidal structures.9 Epitaxial In2O3 films grown via MBE
typically have growth rates of ∼0.72 μm/h18 and MOCVD
growth of In2O3 reported a growth rate of ∼0.072 μm/h.19

Electron hall mobility of ∼190 cm2/V·s and ∼150 cm2/V·s was
achieved for as-grown unintentionally doped (UID) In2O3
films on YSZ (100) and YSZ (111) substrates via MBE.2,18

However, the electron mobilities of UID In2O3 films grown by
other techniques were typically lower than the reported bulk
mobility (180 cm2/V·s).10 For instance, in the case of bcc
In2O3, electron Hall mobility of ∼28 cm2/V·s19 in MOCVD
grown film on (100) YSZ, 110 cm2/V·s in PLD grown film on
(111) YSZ,14 and 16 cm2/V·s and ∼23 cm2/V·s in HVPE
grown films on (001) β-Ga2O3 and (0001) Al2O3 substrates

9

have been reported.
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The low pressure chemical vapor deposition (LPCVD)
technique has been recently demonstrated as a feasible
approach to produce high quality β-Ga2O3 thin films on
both native and foreign substrates, with controllable n-type
doping and fast growth rates.20−24 High purity metal and
oxygen were used as the precursors, and Ar was used as the
carrier gas. The growth temperature and pressure were
optimized by considering the balance between the precursor
vapor pressure and the gas phase reaction.
In this work, for the first time, we report the growth of bcc-

In2O3 thin film on YSZ substrates with (100), (110), and
(111) crystal orientations by LPCVD. The effects of O2 flow
rate on the film growth rate, unintentional doping level, and
electron Hall mobility were investigated. Continuous In2O3
films with smooth surface morphology were achieved with
growth rates as fast as 21 μm/h, 11 μm/h, and 9.2 μm/h on
(100), (110), and (111) YSZ substrates, respectively. Under
the current investigated growth conditions for In2O3 grown on
YSZ substrates, electron Hall mobilities of 139 cm2/V·s, 77
cm2/V·s, and 97 cm2/V·s were obtained on (100), (110), and
(111) YSZ substrates with a measured electron concentration
of 1.24 × 1018 cm−3, 1 × 1018 cm−3, and 1.3 × 1018 cm−3,
respectively. H was identified as one of the possible
contributors to the unintentional doping in the as-grown
films by secondary ion mass spectroscopy. Optical properties

of the as-grown In2O3 films were investigated by photo-
luminescence (PL) and PL excitation (PLE) spectroscopy.
The PL peak at ∼2.16 eV was observed in In2O3 films grown
on YSZ substrates, whereas PLE peaks occur at 3.35, 3.38, and
3.41 eV, respectively, for (100), (110), and (111) oriented
In2O3 films.

2. EXPERIMENTAL SECTION
In2O3 films were grown on (100), (110), and (111) oriented YSZ
substrates in a custom-built tube furnace with programmable
temperature and pressure controller. High purity In (Alfa Aesar,
99.998%) and O2 (5N purity) were used as source materials, whereas
argon (Ar) was used as the carrier gas. The metal source was placed in
a quartz crucible inside the tube furnace in such a way that the
substrates were at a horizontally downstream location with respect to
it. Prior to loading into the growth chamber, the substrates were
sequentially cleaned with acetone and isopropanol, rinsed with
deionized water, and blow dried using nitrogen. The growth
temperature was set as 950 °C. Five sets of samples were grown for
30 min with a fixed Ar flow rate of 300 sccm and varied O2 flow rate
of 10, 15, 20, 25, and 30 sccm.

The crystal structures and crystalline qualities of the as-grown
In2O3 films were evaluated by X-ray diffraction spectroscopy (XRD)
using Bruker D8 Discover XRD. The surface morphology and
roughness were characterized by field emission scanning electron
microscopy (FESEM) using Helios Nanolab 600 and atomic force
microscopy (AFM) using Bruker Icon 3. Film thicknesses were

Figure 1. XRD spectra of In2O3 films grown on YSZ substrates with different orientations. (a, c, e) 2θ−ω scan of In2O3 films grown on YSZ (100),
(110), and (111) substrates, respectively. (b, d, f) ω-rocking curve of bcc-In2O3 (400), (440), and (222) peaks for films grown on YSZ (100),
(110), and (111) substrates, respectively. The samples were grown with a 2/30 O2/Ar flow rate ratio.
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determined from cross-sectional FESEM images. The carrier transport
properties were characterized by room temperature Van-der-Pauw
Hall measurement using the Ecopia HMS-3000 Hall effect measure-
ment system. Room temperature PL and PLE spectroscopy were
performed using the Horiba Fluorolog 3 system equipped with a high
power continuous wavelength xenon lamp.

3. RESULTS AND DISCUSSION

XRD spectroscopy was performed to determine the crystalline
structures of the as-grown In2O3 films. Figure 1a,c,e plots the
2θ−ω scan profiles for In2O3 films grown on (100), (110), and
(111) oriented YSZ substrates. The observed diffraction peaks
confirmed that the In2O3 films have bcc crystal structure with
identical out-of-plane orientations as those of the YSZ
substrates; i.e., In2O3 films were grown along [100], [110],
and [111] directions on YSZ (100), (110), and (111)
substrates, respectively. The 2θ−ω peaks exclusively corre-
spond to the {200}, {220}, and {222} plane families of the
bcc-In2O3 films grown on YSZ (100), (110), and (111)
substrates, respectively. The absence of any 2θ−ω peaks
corresponding to rh-In2O3 crystal planes suggests phase purity
in the as-grown films. To further evaluate the crystalline quality
of the In2O3 films, ω-rocking curves around the (400), (440),
and (222) XRD peaks were measured from the same set of
samples, as shown in Figure 1b,d,f. The full width at half
maxima (fwhm) of the diffraction peaks are 299 arcsec, 308
arcsec, and 358 arcsec, respectively. The fwhm values of these
LPCVD grown In2O3 films are narrower than those reported
previously. For example, 396 arcsec fwhm of the In2O3 (400)
peak was reported for an MBE grown film,18 and 756 arcsec
fwhm of the In2O3 (222) peak was reported for an MOCVD
grown film19 on YSZ substrate.
Figure 2 shows the XRD Φ-scan profiles of off-axis (222),

(400), and (440) planes obtained from (100), (110), and
(111) oriented In2O3 films, respectively. For (100) In2O3 film,
four (222) peaks separated by ΔΦ = 90° have been observed
(Figure 2a), which indicate 4-fold rotational symmetry of
(222) planes along the [100] direction. Similar Φ-scan profiles
of off-axis (222) planes in (100) oriented bixbyite YSZ have
been reported in the literature.25 On the other hand, 2-fold
rotational symmetry of (110) In2O3 surfaces

26 are evident from
two off-axis (400) peaks in Φ-scan profile of (110) In2O3 film
as shown in Figure 2b. For In2O3 film with (111) orientation,
as can be seen from Figure 2c, three off-axis (440) peaks (ΔΦ
≈ 120°) were observed in Φ-scan profile. This is consistent
with 3-fold rotational symmetry of (111) In2O3 surfaces.
Therefore, XRD Φ-scan profiles reveal the absence of
rotational domains in the In2O3 films being reported here.
Figure 3a−c represents the cross-sectional FESEM images of

the as-grown In2O3 films on YSZ (100), (110), and (111)
substrates, respectively. As indicated in the figures, the
thicknesses of the films are 10.5, 5.5, and 4.6 μm. The
corresponding growth rates for the films are 21 μm/h, 11 μm/
h, and 9.2 μm/h, respectively. Figure 4 plots the In2O3 growth
rates on YSZ (100), (110), and (111) substrates as a function
of the O2/Ar flow rate ratio. For each growth orientation, the
growth rate can be affected and controlled by various growth
parameters including the growth temperature, growth pressure,
precursor flow rates, and ratio. Under the same growth
condition, the observed different growth rate for In2O3 films
grown on zirconia substrates with different crystal orientation
can be due to several possible factors including the substrate
surface energy, surface morphology, defects such as dis-

locations intersecting the surface, and unintentional wafer
miscut.23,27 From Figure 4, the epitaxial In2O3 growth rate
increases with an increase of the O2/Ar ratio up to a certain
value beyond which the growth rate decreases with further
increase in the O2/Ar ratio. Under the investigated conditions,
the fastest growth rates of 21 μm/h (on (100) YSZ substrate),
11 μm/h (on (100) YSZ substrate, and 9.2 μm/h (on (111)
YSZ substrate) were obtained with an O2/Ar flow rate ratio of
0.05. We believe that the In2O3 films were grown in In-rich
condition, and therefore, an increase in the O2 flow rate
increases the growth rate. The observed reduction in the
growth rate with a further increase in the O2/Ar ratio beyond
the peak value can be attributed to the reduced In vapor due to
the increased vapor phase reaction of precursors.28

As shown in Figure 5, both FESEM and AFM were used to
characterize the surface morphology of the as-grown In2O3
films on YSZ (100), (110), and (111) substrates. The
continuous In2O3 film grown on YSZ (100) substrate (Figure
5a) has a relatively flat surface although with the presence of

Figure 2. XRD Φ-scan of off-axis bcc-In2O3 (a) (222), (b) (400), and
(c) (440) planes obtained from In2O3 films grown on (100), (110),
and (111) YSZ substrates, respectively. The samples were grown with
an O2/Ar rate ratio of 2/30.
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steps. The average height of the steps is ∼0.5 nm. The RMS
determined from AFM scanning over 3 μm × 3 μm area is 2.53
nm (Figure 5d). For the In2O3 film grown on YSZ (110)
substrate, the SEM image (Figure 5b) shows the surface having
corrugated morphology with [1̅10] being the direction of
corrugation. The corresponding AFM image (Figure 5e) shows
the RMS of 10.5 nm. To identify the orientation of the
corrugated side facets on the (110) In2O3 surface, we
estimated the angle δ between the sidewall and substrate
surface via the AFM line scan as shown in Figure 5f. The δ

angle was estimated to be ∼35° from the relatively prominent
groove structures. Therefore, the side facet is determined to be
{111} orientated. Corrugated In2O3 (110) surface with {111}
or {100} oriented side facets have also been observed in the
case of MBE growth under moderately In-rich condition.26

Relative surface energies (γ) of low indexed In2O3 surfaces
have been experimentally shown to be γ(111) < γ(100) <
γ(110). However, it has been predicted that in highly In-rich
condition, γ(110) may become smaller than γ(100) and
γ(111).26 The facet control of LPCVD growth of In2O3 (110)
films still require further studies. In the case of the In2O3 film
grown on YSZ (111) substrate, the surface of the as-grown film
is featureless at the scale used in the FESEM image as shown in
Figure 5c. The corresponding AFM image in Figure 5g reveals
the atomic step of 0.2 nm and RMS of 0.73 nm. Overall, the
surface morphologies suggest continuous In2O3 films were
grown on YSZ substrates with all three investigated
orientations. The surface morphologies are smooth considering
the fast growth rates for these films.
Room temperature Van-der-Pauw Hall measurements were

performed to characterize the carrier concentrations and
carrier mobilities for the as-grown UID In2O3 films. Figure
6a,b plots the measured carrier concentrations and Hall
mobilities in In2O3 films grown with different O2/Ar ratios.
The measured electron concentrations in (100), (110), and
(111) oriented films vary in the range of (1.8−7.4) × 1018

cm−3, (1.0−5.1) × 1018 cm−3, and (1.3−9.8) × 1018 cm−3,
respectively. The corresponding mobility values range from 68
to 97 cm2/V·s, 65−77 cm2/V·s, and 42−97 cm2/V·s,
respectively. Besides, for (100) oriented In2O3 films, electron
Hall mobility of 139 cm2/V·s was achieved with further tuning
of the growth condition. Within the range of the measured
Hall electron concentrations, the mobility values have been
described in the literature to be limited by scattering due to
polar optical phonons.29 However, detailed investigation of
transport mechanisms requires temperature-dependent Hall
measurements as part of our future works.
As indicated in Figure 6, both electron concentration and

Hall mobility are highly dependent on the O2/Ar flow rate
ratio. In general, the electron concentration initially decreases
with an increase in the O2/Ar ratio, reaching a minimum value,
and then increases with a further increase in the O2/Ar ratio.
The mobilities show the opposite trend as it is expected that
the highest mobility values occurred in the films with the
lowest electron concentrations for all three In2O3 films grown
on YSZ substrates. However, the free carrier concentrations in
the films grown with an O2/Ar flow rate ratio of 2.5/30 show
deviations from the general trend. As reported previously, the
unintentional doping in the In2O3 films has been ascribed to

Figure 3. Cross-sectional FESEM images of In2O3 films grown on (a)
(100), (b) (110), and (c) (111) oriented YSZ substrates. These
samples were grown for 30 min under the same growth condition with
an O2/Ar flow rate ratio of 1.5/30.

Figure 4. Growth rates of In2O3 film on YSZ (100), (110), and (111)
substrates as a function of the O2/Ar flow rate ratio.
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various mechanisms including the incorporation of impurities,
for example, hydrogen from the growth environment and
native point defects (oxygen vacancies and/or In intersti-
tials).2−5 In both cases, the observed deviation may arise from
several factors including nonuniformity of the substrate and
surface preparation. To better understand the origin of
background electron concentration in LPCVD grown In2O3

films, Secondary ion mass spectroscopy (SIMS) was performed

on differently oriented In2O3 films grown with an O2/Ar flow
rate ratio of 2.5/30. Figure 7 presents the measured SIMS
depth profiles of H and C obtained from In2O3 (100), (110),
and (111) films. From Figure 7a, we observe significant
incorporation of H impurity in all the samples, particularly,
within the top 300−500 nm region. Moreover, H concen-
tration in the (111) oriented film is substantially higher than
those in (110) and (100) oriented films, which is consistent

Figure 5. (a−c) Top-view FESEM and (d, e, g) 3 μm × 3 μm AFM images of as-grown In2O3 films on (100), (110), and (111) oriented YSZ
substrates. (f) AFM scan profile of the (110) In2O3 film along the white dashed line marked in the inset. [1̅10] corrugation direction is marked by
white arrows in b and e. The samples were grown with an O2/Ar flow rate ratio of 2/30.
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with the free carrier concentration results obtained by Hall
measurement (Figure 6). On the other hand, as shown in

Figure 7b, C incorporation is not significant in any of the
samples. On the basis of these measurements, H can serve as a
possible contributor to the unintentional electron concen-
trations in LPCVD grown In2O3 films. However, H
incorporation does not discard native point defects as another
source of free carriers in the as-grown In2O3 films. Further
investigation including both experiment and theory are still
required to obtain the complete picture.
In order to investigate the optical properties of different

oriented In2O3 epitaxial layers, room temperature PL and PLE
spectroscopy were performed. A near band-edge emission peak
is typically not observable in PL spectra for In2O3 films.2

Theoretical calculations suggest that the transition from
valence band maxima (VBM) to the conduction band minima
(CBM) is dipole forbidden30,31 and the VBM is slightly shifted
from the CBM at Γ-point rendering the bandgap to be slightly
indirect.32 Moreover, in the literature the onset of weak
absorption around the fundamental bandgap has been
attributed to weak forbidden direct transition,31 phonon-
assisted indirect transition, or combination of both.32 On the
other hand, PLE spectroscopy has been used as a technique to
measure the absorption edge of semiconductor materials.33,34

Figure 8 plots the PL and PLE spectra of the as-grown In2O3

films grown on (100), (110), and (111) YSZ substrates. The
excitation wavelength of 400 nm was used for the PL spectra
measurements, and the PL peak appeared at ∼2.16 eV (575
nm), which is consistent with the greenish-yellow appearance
of the samples. The PL peak energy is substantially lower than
that of the fundamental or optical band gap energy of In2O3.

1

Such below band gap emissions from cubic In2O3 has been
ascribed to the radiative recombination involving deep level
defect states created by oxygen vacancies.2,35 On the other
hand, the PLE spectra, which were collected for emission
wavelength of 575 nm, show the absorption peaks at 3.35, 3.38,
and 3.41 eV for (100), (110), and (111) oriented In2O3 films,
respectively. These values are in good agreement with the
theoretically predicted optical band gap of In2O3 films.30 The
Hall carrier concentrations of these samples are 1.24 × 1018

cm−3, 1.7 × 1018 cm−3, and 2.14 × 1018 cm−3, respectively.
Within the parabolic dispersion approximation, Moss-Burstein
shifts at these concentrations36 are not sufficient to account for
the observed variation between the obtained optical bandgaps
in (100), (110), and (111) In2O3 films. However, actual band
structure of In2O3 is much more complicated,37,38 and to probe

Figure 6. (a) Electron concentration, and (b) Hall mobility in (100),
(110), and (111) oriented In2O3 films grown with different O2/Ar
flow rate ratios.

Figure 7. SIMS depth profile of atomic (a) H and (b) C
concentrations in (100), (110), and (111) In2O3 films. Detection
limit is 1017 atoms/cm3 for both impurity elements. The samples were
grown with 2.5/30 O2/Ar flow rate ratio. From cross-sectional SEM
image, the thicknesses of (100), (110), and (111) oriented films are
∼1.5 μm, ∼1.1 μm, and ∼0.7 μm, respectively.

Figure 8. PL and PLE spectra of the as-grown In2O3 epitaxial films on
YSZ (100), (110), and (111) oriented substrates. The samples were
grown with an O2/Ar flow rate ratio of 2/30.
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the fundamental properties will require both experimental and
theoretical investigations.
The demonstrated LPCVD growth of single crystalline

In2O3 films with fast growth rates, smooth surface morphology,
and reasonable carrier transport properties will promote its
potential as a wide bandgap semiconductor material for device
applications. With our previously developed LPCVD growth of
β-Ga2O3, it is promising to develop In2O3/Ga2O3 alloys and
heterostructures for high performance electronic and opto-
electronic devices.

4. CONCLUSION
In summary, In2O3 thin films were grown on (100), (110), and
(111) YSZ substrates via LPCVD using high purity metallic In
and O2 gas as precursors. XRD spectroscopy has revealed that
the grown films are single crystalline with bcc crystal structure.
By tuning the O2 flow rate, In2O3 film growth rates of 21 μm/
h, 11 μm/h, and 9.2 μm/h were achieved for the films grown
on YSZ (100), (110), and (111) substrates, respectively. Room
temperature Hall mobility of 139 cm2/V·s, 77 cm2/V·s, and 97
cm2/V·s were obtained with carrier concentrations in the range
of (1−2) × 1018 cm−3. Obvious H incorporation was
determined from the SIMS depth profile, which can contribute
to the observed free carriers in the as-grown In2O3 films. PL
peak was observed at ∼2.16 eV for each type of film due to
transitions involving deep level defects. The measured PLE
peaks at ∼3.35−3.41 eV agree with the theoretically predicted
optical band gap of In2O3. The investigation of LPCVD growth
and transport properties of In2O3 as a true semiconductor
material will pave a new way for its potential application in
electronic and optoelectronic devices.
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