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ABSTRACT: Ga,0; is emerging as a promising wide-band-gap semiconductor for high-
power electronics and deep ultraviolet optoelectronics. Alloying Ga,O; with In,O; leads
to the modulation of the band gaps and possible carrier confinement achieved at the
heterointerface. In this work, we report a systematic study on the crystallographic phase,
electronic structure, and surface band bending of (In,Ga;_,),0; thin films over the whole
composition range of 0 < x < 1 grown on @-AL,O; (0001) substrates by pulsed laser
deposition. It was found that with In content x < 0.2, a monoclinic f-phase of an
(In,Ga,_,),0; film is epitaxially grown on Al,0; (0001), while a bixbyite phase of the
(In,Ga,_,),0; film grows when x > 0.8. When 0.2 < x < 0.8, a mixed f-phase and
bixbyite phase coexist. The evolution of electronic structures of the (In,Ga,_,),05 films
was examined by high-resolution X-ray photoemission spectroscopy (XPS) and optical
absorption spectroscopy. For the f-phase films, the optical band gaps decrease from 4.96
eV for Ga,0; to 4.43 eV for x = 0.4, while for bixbyite (In,Ga,_,),0;, the optical band
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gaps slightly increase from 3.57 eV for In,O; to 3.70 eV for x = 0.8. Detailed electronic structure study indicates that the decrease of
band gaps of (In,Ga,_,),0; with an increase of In content mainly results from the upper movement of the valence band edge
because the shallow In 4d orbitals introduce a hybridized state with O 2p at the top of the valence band. In addition, the presence of
surface electron accumulation (i.e., downward band bending) was identified at the surface region of the (In,Ga,_,),O; films with x >
0.6, which would provide an opportunity to modulate the surface electronic properties for device applications.

1. INTRODUCTION

Group-III sesquioxides In,O; and Ga,O; are wide-band-gap
semiconductors, which hold great promise for applications in
the fields of optoelectronics and power electronics."™* On the
one hand, In,0; has an optically forbidden band gap of ~ 2.8
eV, with strong optical absorption occurring from valence
bands nearly 1 eV below the valence band maximum (VBM),
resulting in the onset of strong optical absorption at around 3.6
eV.>® This property renders In,O; highly transparent in the
visible regime. Meanwhile, In,0; doped with Sn (aka ITO)
can significantly increase the electrical conductivity. ITO is the
most widely used transparent conducting oxide with
applications in flat panel displays, solar cells, and electro-
chromic devices.”® On the other hand, Ga,O; has been rapidly
emerging as the most potential wide-band-gap semiconductor
of 4.85 eV for applications in solar-blind ultraviolet (UV)
photodetectors, high-power electronic devices, and deep UV
transparent conductive electrodes in recent years.” '’
Furthermore, the two oxide semiconductors share quite a
similar electronic structure. The valence bands (VBs) of In,0,
and Ga,0; are mainly composed of the filled O 2p°® derived
state, while the conduction band (CB) is formed primarily by
the empty In Ss or Ga 4s states. The In Ss and Ga 4s orbitals
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are spherical in shape and spatially extended, which can overlap
extensively with neighboring s orbitals. Such extensive orbital
overlapping provides a facile pathway for the conduction of
electrons. Alloying In,O; with Ga,O; will offer a way to
modulate the band gaps and also other material properties and
to construct heterojunctions to enable electronic modulation
to fully exhaust their potential to facilitate the development of
electronic devices.'”"*

However, a major issue is that In,O; and Ga,O; possess
different crystalline structures. The solubility between In,O,
and Ga,0; is limited, and therefore phase segregation is
expected for (In,Ga,_,),05 alloys. In,0; has two polymorphs:
cubic bixbyite (space group Ia3) and corundum (space group
R3c). The cubic bixbyite In,O; (Figure la) is the most
thermodynamically stable structure. Ga,O; has five poly-
morphs, in which the monoclinic S-phase structure (space
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Figure 1. Crystal structure of (a) bixbyite In,O; and (b) monoclinic
$-Ga,05. (c) XRD 6—20 scans of (In,Ga;_,),0; (0 < x < 1) thin
films grown on a-AL,O; (0001) substrates.

group C2/m) is the most stable one. The crystal structure of -
phase Ga,O; (Figure 1b) has two inequivalent Ga sites,
including a distorted tetrahedrally (T3) coordinated Ga, site
and a distorted octahedrally (Oy) coordinated Ga, site. It is of
interest to understand what crystalline structure the alloys will
adopt in the (In,Ga,_,),0; alloys as a function of composition
and how the different structures influence the optical and
electronic properties. Edwards et al. established the phase
diagram of (In,Ga,_,),0; alloys usin% polycrystalline powders
synthesized by solid-state synthesis.” They found that the
solubility of In,O; in Ga,O; with a monoclinic S-phase
structure is limited at x = 0.44, while for the cubic bixbyite
In,0;, the solubility limit for Ga is only at x = 0.9. In the
composition range of 0.4 < x < 0.9, the samples are biphasic,
consisting of mixed phases of Ga-doped cubic In,0; and In-
doped monoclinic -Ga,O;. Thin films of (In,Ga;_,),0; have
been grown by different techniques such as MOCVD, PLD,
MBE, and so on, but the reported values of solubility are quite
scattered, depending on the growth techniques and growth
parameters. Oshima and Fujita grew f-phase (In,Ga,_,),0;
films on -Ga,0j layer-buffered Al,0; (0001) via MBE.'® The
films maintained a monoclinic crystal structure up to x = 0.35.
However, the crystalline quality degraded with an increase in
indium content, such that films with x = 0.35 were amorphous.
Swallow et al. studied the phase and electronic structure of
(In,Ga,_,),0; films grown by PLD and found the In content
(x) is low to maintain the monoclinic f-phase, while a
hexagonal structure mixed with monoclinic and bixbyite phases
is present when 0.35 < x < 0.7."7 Meanwhile, the indium
incorporation into Ga,O; causes a significant reduction in the
band gap.

Though previous works have reported the solubility, crystal
structures, and band gaps of the (In,Ga,_,),0; alloys, it has
not been explored yet how the epitaxial relationship and the
evolution of the electronic structures of the (In,Ga,_,),0;
alloying thin films as a function of In contents. This
fundamental knowledge is crucial to the development of
optoelectronic devices. In this work, we provide an in-depth
study of the epitaxial growth of (In,Ga,_,),05 thin films over
the whole composition range of 0 < x < 1 on ALO; (0001)
substrates grown by PLD. The evolution of the electronic
structures was studied by XPS at the VB and core level spectra.
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The results, in combination with optical spectroscopy and
transport measurement, allow us to determine the change of
the electronic structures, surface band bending, and energy
band alignment between In,O; and Ga,O; over the whole
composition range.

2. EXPERIMENTAL DETAILS

2.1. Thin-Film Growth. (In,Ga;_,),0; thin films with a thickness
of 160 nm were grown on ALO; (0001) substrates by PLD. The
(In,Ga,_,),0; targets were prepared from Ga,0; and In,0; powders
(99.999%, Alfa Aesar) by grinding, pressing, and sintering at 1350 °C
in the air for 24 h. The In content (x) in (In,Ga;_,),0; films is the
nominal In mole ratio used for target preparation. Laser ablation was
performed with an energy density of 1.5 ] cm™ and a repetition rate
of 5 Hz with a 248 nm KrF excimer laser. The deposition temperature
was 650 °C, and oxygen partial pressure was set at 10 mTorr during
growth.

2.2. Characterizations. The epitaxial relationship and crystal
structure were examined by X-ray diffraction (XRD) using a
PANalytical four-circle diffractometer. X-ray reflectivity (XRR) was
used to measure the film thickness. Atomic force microscopy (AFM)
was used to characterize the surface morphology. Optical absorption
spectroscopy was measured at room temperature using a Cary 5000
spectrophotometer. The film compositions and electronic structures
were measured by high-resolution XPS using a laboratory
monochromatic Al Ka; X-ray (hv = 1486.6 eV) at normal emission
(electron take-off angle = 90° relative to the surface plane). The
binding energy (BE) was calibrated by an Au foil placed in electrical
contact with the film surface. The XPS energy resolution was 0.5 eV.
The electrical properties of the films were characterized using Hall
measurement in a van der Pauw 4-point configuration at room
temperature. Ohmic contact pads with a metal stack of S nm Ni/100
nm Au were deposited by magnetron sputtering at the corners of the
rectangular samples.

3. RESULTS AND DISCUSSION

3.1. Thin-Film Growth. Figure 1c shows the out-of-plane
XRD patterns of the (In,Ga;_,),0; films over the whole
composition range collected by 6—26 scans. The crystal
structure gradually changes from monoclinic f-Ga,0; to
bixbyite In,O; with an increase in In content. For In content
x < 0.2, the monoclinic f-films are epitaxially grown on a-
ALO; (0001) substrates. Bragg peaks corresponding to (201)
and (402) reflections of Ga,0; can be observed at 18.89° and
38.28° respectively, indicating the out-of-plane epitaxial
relationship of Ga,0; (201)IIAL,O; (0001). However, with
an increase in In content, an extra peak emerges at ~30.6°,
corresponding to the reflection from the bixbyite In,0; (222)
plane. This indicates the phase segregation of In,0; because of
the low solubility limit of In,O; in Ga,0;. Previous work
reported that the epitaxial (In,Ga;_,),05 films have solubility
values of x < 0.35 grown by MBE and x < 0.20 grown by
PLD. 1618

It can be noticed that the Bragg peak of the (402) reflection
from the f-phase (In,Ga,_,),0; shifts to smaller angles with an
increase in In content, suggesting the increase of out-of-plane
lattice constants from 5.825 A for Ga,O; to 5.858 A for
(Ing¢Gag,),0; (see Figure 2a) because of the larger ionic
radius of In** (0.79 A) than that of Ga** (0.62 A). The larger
indium cations prefer to occupy the octahedron site of the
monoclinic structure. In addition, the bixbyite structure also
exhibits a decrease of out-of-plane lattice constants with
increasing content of Ga, e.g,, 10.171 A for In,0O; and 10.106 A
for (Ing,Gagg),03. AFM images were collected to investigate
the film morphology. Figure 2b shows the AFM images of -
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Figure 2. (a) Out-of-plane lattice parameters of bixbyite In,0; (blue
rectangle) and monoclinic f-Ga,0; (red triangle) in the
(In,Ga,_,),0; (0 < x < 1) system as a function of indium content.
(b) AFM images of the Ga,0;, (Ing5Gays),03, and In,O; with a scan
area of § X § um?, respectively.

Ga,0;, (IngsGays),0;, and In,O; thin films (x = 0, 0.5, and
1), respectively. It is found that the as-grown thin films with a
single phase (x = 0 and 1) present a quite smooth surface with
a small root-mean-square (RMS) roughness of ~1 nm. While
for the (In,Ga,_,),05 alloys with phase segregation, a granular
structure with small three-dimensional islands is observed.
To determine the epitaxial relationship between the
(In,Ga,_,),0; thin films and Al,O,, we also performed phi
scans of Ga,05 (401), In,O5 (440), and AL, O; (1126) planes
in Figure 3a. For the $-Ga,O; thin film, six strong diffraction
peaks separated by 60° are observed, which originate from the
presence of a sixfold in-plane rotational symmetry. Moreover, it
can be interpreted as the double effect of the twofold in-plane
rotational symmetry of monoclinic #-Ga,O; and three kinds of
equivalent growth directions of Ga,0O; on the AL,O; (0001)
surface.'””’ Figure 3b schematically illustrates the atomic
position relation between the unit cell of monoclinic #-Ga,0;

and that of a-Al,O; and the top-view projected geometrical
epitaxial relationship of Ga,O; (201)IIALO; (0001) with
Ga,0; [010]I1AL,0, [1100]. The Ga,O5 (201) plane consists
of distorted cubic close packing of O anions with octahedral
GaQyg and tetrahedral GaO,. The lattice mismatch between j-
Ga,0; (201) and a-AL,O; (0001) is ~6.6%.>' "> As shown in
Figure 3b, good epitaxial growth can be maintained because
the O atoms in the Ga,O; (201) plane share a very similar
arrangement with those of the AL,O; (0001) plane.”***

For bixbyite In,0;, (111) oriented films are grown on ALO,
(0001). The phi scan of the In,O; film shown in Figure 3a
indicates a sixfold in-plane symmetry, resulting from the
register of the In,O; (111) plane with the sixfold AL,O; (0001)
plane.” Figure 3c illustrates the epitaxial relationship of In,Os
(111) on ALO, (0001), with In,0, [110] IIAL,04 [1010] and
In,0, [112]IIAL,O; [1210]. There is a large lattice mismatch of
—13.2% between In,O; and AL, O;. However, it has been
shown that the large mismatch between In,O; and Al,O; can
be accommodated by the domain match epitaxy (DME)
mechanism, in which eight planes of In,O; (110) match with
seven planes of ALO; (1010).° The DME mechanism can
effectively reduce the mismatch from —13.2% to a residual
mismatch of —0.8% and thereby give rise to the epitaxial
growth of the In,O; (111) film on ALO;.

3.2. Electrical and Optical Properties. The optical band
gaps of the (In,Ga,_,),0; thin films can be calculated via the
Tauc plots, as shown in Figure 4a and the inset. For the
monoclinic structure (x < 0.2), the optical band gap
monotonically decreases with the introduction of In, eg, the
value decreases from 4.96 eV for -Ga,0; to 4.43 eV for x =
0.4. When x > 0.5, the (In,Ga,_,),0; films convert into the
bixbyite structure with band gaps of 3.6—3.7 eV.

Figure 4b shows the Hall mobility (#) and carrier
concentration (n,) of the (In,Ga,_,),O; thin films as a
function of In content (x) measured by Hall measurements.
The films with x < 0.1 do not show measurable conductivity.
Both the carrier concentration and mobility increase with the
content of In. Specifically, the Hall mobility increases from 1.8
em™ V757! for x = 0.2 to 57.9 em™' V7! s7! for In,05, and
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Figure 3. (a) XRD phi scans of the (401) reflection of 5-Ga,05 and the (440) reflection of In,O5 thin films grown on a-ALO; (0001) substrates.
Schematic diagrams of the epitaxial relationship between (b) f-Ga,0; (201), (c) In,O; (111), and Al,O; (0001) planes. -Ga,05 (201) and In,0,

(111) are parallel to ALO; (0001).
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Figure 4. (a) Optical band gaps of (In,Ga,_,),0; thin films as a
function of In content x. The insert picture is the Tauc plot of (ahv)?
vs hv for the extrapolation of band gaps of (In,Ga;_,),05 films. (b)
Carrier concentration (blue rectangle) and Hall mobility (red circle)
of (In,Ga,_,),05 thin films as a function of In content x.

the corresponding carrier concentrations increase from 1.64 X
10" cm™ to 2.74 X 10" cm™.

3.3. Evolution of the Electronic Structure and Surface
Properties. Figure Sa displays the XPS VB spectra of
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Figure S. (a) Valence band XPS spectra of the (In,Ga,_,),0; thin
film with different indium contents. (b) Energy positions of the
valence band edge from XPS referenced to E; about (In,Ga;_,),05
thin films as a function of x. (c) Schematic electronic structures of
Ga,0; and In,0;.

(In,Ga,_,),0; alloys. All of the XPS spectra are referenced
to the Fermi level (E;) as zero energy. The VB of Ga,O;
exhibits three main regions marked as “I”, “II”, and “III” at a
BE range of 5—13 eV, attributed to the occupied O 2p° states
with minor hybridization with Ga 3d at region I, Ga 4p at
region II, and Ga 4s at region II1.2%%7 Similarly, the VB of
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In,O; primarily consists of filled O 2p°® states with a minor
contribution from hybridized states with In 4d at region I’, In
5p at region II', and In Ss states at region III'*** We
determined the VBM positions relative to the E¢ by linear
extrapolation of the leading edge of the VB to the baseline.
Figure 5b shows the VBM to E; separations as a function of the
In content. The VBM position for Ga,0Oj is located at ~4.5 eV
below the E; whereas the VBM position for In,O5 is at ~ 2.7
eV below the E;. For the f-phase (In,Ga,_,),0; (x < 0.2)
films, the VBM gradually moves to lower binding energy with
an increase in In content. However, when x > 0.3 (mixed
phase), a new in-gap state (as marked as IGS) emerges at a
binding energy range of 3—4 eV. The in-gap state is attributed
to the electronic state from the top of VB of In,O; since its
intensity increases with the increase in In contents. This is
consistent with XRD results showing phase separation at x >
0.3. In another word, the VB spectra for the mixed-phase films
are the combination of VBs of f-phase and bixbyite
(In,Ga,_,),0;. With a further increase in In content to more
than 0.8, the bixbyite phase is reached, and the VB structure is
close to that of In,0;.

The above-mentioned detailed analysis of the change of VB
spectra reveals important insights into the evolution of
electronic structures of the (In,Ga,_,),0; system and the
band alignment between Ga,O; and In,0;. The fundamental
band gaps decrease from 4.85 eV for Ga,O; to 2.8 eV for
In,O;. The decrease of the band gap arises from the relative
energy difference between the VB edge and CB edge. It is
important to know the respective contribution of the change of
the VB edge and the CB edge. Figure Sc presents the
schematic energy diagrams for the electronic structures of
Ga,0; and In,0;. As indicated by the VBM positions for In,O4
and Ga,0; from Figure Sa-b, the VBM of In,0; is ~1.84 eV
lower in energy than that of Ga,O;. This indicates a VB offset
of around 1.84 eV between Ga,0O; and In,O; with respect to
E;. Furthermore, considering the fundamental band gaps of
In,0; and Ga,0;, the CB offset between In,0; and Ga,05 and
with respect to E;is around 0.21 eV (see Figure Sc). Therefore,
we can conclude that the decrease in band gaps in the
(In,Ga,_,),0; system with an increase in the indium content
(x) mainly results from the upper movement of the VB edge,
while the contribution of the downward movement of the CB
edge is relatively small. We ascribe the lower energy of the
VBM position for In,O; to the hybridization of In 4d with O
2p at the top of VB. As mentioned above, the top of VB for
Ga,0; (region I in Figure Sa) and In,O; (region I’ in Figure
Sa) is associated with the hybridization state of Ga 3d with O
2p and In 4d with O 2p, respectively. Figure 6a displays the Ga
3d and In 4d semicore levels. In 4d is located at a BE of 17.9
eV, lower than that of Ga 3d at 21.3 eV. The shallower In 4d
state would result in more hybridization with O 2p at the top
of VB. This is in agreement with recent work by Swallow et al.
on the electronic structure of (In,Ga,_,),0; alloys predicted
by using DFT, which showed a higher In 4d density of state in
In,0; than that of Ga 3d in Ga,0,."”

It has been demonstrated that there is a two-dimensional
surface electron accumulation layer (SEAL) existing on the
surface region of In,05.° "> As shown by the magnified VB
spectra around the E; in Figure 6b, for the bixbyite phase
(In,Ga,_,),0; with high In contents (x > 0.8), there is a clear
intensity feature across the Eg which confirms the presence of
SEAL on the bixbyite (In,Ga,_,),0; films. From Figure 6b, we
can determine that the SEAL still exists for the mixed phase
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Figure 6. (a) Ga 3d and In 4d core levels and (b) VB spectra with
different indium contents. Expansion of the conduction band
magnified X 30 for the spectra.

with & = 0.6. The presence of SEAL would introduce a
downward band bending at the surface region, which is an
important property for the application of In,O; as a gas-
sensing material, and it also facilitates the formation of Ohmic
contacts while making the formation of Schottky contacts
challenging.g’34 On the other hand, for the f-phase Ga,O;, it
has been demonstrated that there is an upward band bending
existing at the surface region, i.e., the surface electron depletion
layer.”*® The surface electron depletion layer makes the
formation of Ohmic contacts challenging for Ga,Oj-based
power electronic devices. Therefore, the presence of SEAL in
the (In,Ga,_,),0; system would provide an opportunity to
modulate the surface electronic properties for device
applications.

4. CONCLUSIONS

In summary, we have studied the epitaxial growth, the
evolution of the electronic structure, and surface band bending
of the (In,Ga,_,),0; thin films over the whole composition
range of 0 < x < 1 grown on @-ALO; (0001) substrates. With
In content x < 0.2, monoclinic $-phase (In,Ga,_,),0; films are
formed on AL,O; (0001), with an epitaxial relationship of
Ga,0; (201)IIALLO; (0001). For x > 0.8, the bixbyite
(In,Ga,_,),0; films are grown with an epitaxial relationship
of bee-In,O; (111)11A1,05 (0001). When 0.2 < x < 0.8, mixed
P-phase and bixbyite phase coexist. For the p-phase
(In,Ga,_,),0; films, the optical band gaps decrease from
4.96 eV for Ga,0; to 4.43 eV for x = 0.4, while for bixbyite
films, the optical band gaps slightly increase from 3.57 eV for
In,0; to 3.70 eV for x = 0.8. Detailed studies on the electronic
structure reveal that the decrease in band gaps in the
(In,Ga;_,),05 system with an increase in In content primarily
results from the upper movement of the VB edge, while the
contribution of downward movement of the CB edge is
relatively small. The upper movement of the VB edge is caused
by the significant hybridization between shallow In 4d orbitals
with O 2p at the top of VB. This results in a much shallower
valence band edge for In,O; compared with that for Ga,0;.
Based on the XPS VB spectra, we can infer that In,O; and
Ga,O; have valence band and conduction band offsets of 1.84
and 0.21 eV, respectively. In addition, we found the presence
of surface electron accumulation (i.e., downward band
bending) at the surface region of the (In,Ga,_,),0; films
with x > 0.6, which would provide an opportunity to modulate
the surface electronic properties for device applications.
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