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1. Introduction

The discovery of high carrier mobility in 
oxide films deposited at room temperature, 
ZnO[1] and amorphous InGaZnO 
(a-IGZO),[2] stimulated intense academic 
and industrial research efforts aimed 
at exploring a-IGZO as a channel layer 
material for thin film transistors (TFTs).[3] 
The wide band gap and ionic bonding of 
amorphous transparent conducting oxides 
(a-TCOs) sets this class of materials apart 
from other amorphous materials.[4] The 
isotropic conduction orbitals of a-IGZO 
provide a marked charge transport advan-
tage over the heretofore most common 
low-temperature semiconductor, amor-
phous (a-)Si. This advantage is rooted in 
the resilient s-state conduction manifold 
of a-IGZO; mobility is only minimally 
degraded by the bond disorder of the 
amorphous state. By contrast, a two to 

three order-of-magnitude decline in mobility occurs upon the 
transition from crystalline Si to a-Si.[3c,5] Note that amorphous 
indium oxide (a-IO) often serves as the matrix material for 
oxide semiconductors, but is not a viable TFT device material 
on its own. a-IO has low thermal stability and high carrier con-
centrations, which lead to unacceptably high off-state currents 
for TFT channel layer applications.[6] To optimize the properties 
of a-IO the common practice, originating empirically, has been 
to add both Ga and Zn.[4b,7] Although these modifying cations 
improve the TFT performance of a-IO, a fundamental mecha-
nistic understanding of how these cation modifiers influence 
amorphous oxide properties is currently unresolved.

This study focuses on isolating the influence of Ga, which 
is rarely studied in the absence of Zn. The simpler two-cation 
system a-InGaO (a-IGO) is employed here to elucidate 
the role of Ga in the thermal stability, carrier formation, and 
carrier mobility of a-IGO. Each property is explored across a 
range of a-IGO compositions to illuminate composition-prop-
erty trends. These property trends are then understood in the 
context of an in-depth structural study. Although amorphous 
oxides lack long-range order, previous studies have established 
the persistence of local-scale order,[8] and the use of element-
specific local structure techniques, specifically X-ray absorption 
spectroscopy and X-ray scattering, has proven to be an incisive 
tool for understanding the structures of amorphous mate-
rials.[9] The present investigation successfully couples these 
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X-ray techniques with ab initio molecular dynamics (MD) 
simulations. The close agreement achieved between theory and 
experiment surpasses previous reports[10] and provides a com-
prehensive understanding of the a-IGO structure, which in 
turn provides an unprecedented description of how Ga influ-
ences the structure–property relationships at play in a-IGO.

Thermal stability in amorphous oxides refers to the ten-
dency of these materials to resist the onset of crystallization. 
To maintain competitive TFT mobility, amorphous oxide semi-
conductors (AOSs) must avoid nano- or microinclusions of 
crystallites that act as scattering centers.[8a,c] Small inclusions 
of crystalline phase always occur at the onset of crystallization. 
Thus, a sufficiently high crystallization temperature (Tcryst) is 
important to provide a thermal window for postdeposition pro-
cessing without initiating crystallization. Substitutional cations 
have been shown to inhibit crystallization during postdeposi-
tion annealing as well as crystalline-phase growth from vapor 
or solution phases.[8d,11] However, an understanding of which 
cations inhibit crystallization and why, is lacking. The results of 
the present study show that Ga substitution alone is capable of 
significantly increasing the Tcryst of a-IO. The present structural 
studies clearly reveal that substitutional Ga cations displace 
the amorphous structure farther away from thermodynamic 
equilibrium, and that to undergo crystallization, large changes 
must occur in the oxygen coordination and bonding around the 
Ga cations.

The channel layer of a TFT requires a semiconductor with 
low carrier density, so that control of carrier concentration is 
imperative. There is a growing consensus that the predomi-
nant point defect species responsible for carrier generation in 
a-TCOs are doubly charged oxygen vacancies.[9,22–25] Experi-
mental studies of a-IZO[22,23] and a-IGZO[25] have shown 
that in both cases the d(log conductivity)/d(log pO2) slope is 
observed to be −1/6, which is consistent with doubly charged 
oxygen vacancies as the carrier generating species. The modi-
fying role of Ga is typically defineded in reference to the reduc-
tion of free carriers due to its high ionic potential and strong 
oxygen binding affinity.[4b,12] Here, using theoretical modeling, 
we probe deeper to show that the true role of Ga in carrier 
production is twofold: (1) Ga decreases carrier density because 

the GaO polyhedra do not contribute to carrier generation, 
and (2) Ga cations impede the clustering of undercoordinated 
InO polyhedra, the source of free carriers. In addition, Ga2O3 
has a larger optical band gap (4.8 eV) as compared to that in 
In2O3 (3.6 eV), hence, the band gap, as well as the location of 
the band edge, are tunable in IGO.[13]

Several different models have been proposed to simulate the 
nature of carrier mobility in amorphous oxide films.[12e,14] The 
challenge is that those factors which limit mobility can vary 
with growth conditions, such as temperature,[8d] and affect film 
quality.[2,14d,15] As this work emphasizes, film quality and TFT 
performance are tied to the structure of the film. Here we use 
the well-developed experimental and theoretical understanding 
of structure to discuss the nature of conduction and the role of 
Ga in the mobility of a-IGO. The agreement between experi-
mental results and our model structure provides confidence in 
the electronic calculations. We show that Ga increases percola-
tion barriers and trap states, as well as increases the range of 
hopping centers, which negatively affect both band conduction 
and variable range carrier hopping in the system. By focusing 
on the relationship between structure and transport barriers, 
we provide insight into the role of Ga in the mobility of not 
only the films in this work, but also the trends seen a-IGO TFT 
device performance.[11b,16]

2. Results and Discussion

2.1. Thermal and Structural Properties

In the present study, measurements of Tcryst were performed 
for a series of a-IGO films with varying levels of Ga substitu-
tion. The Tcryst of a-IO is found to be 125 °C (Figure 1A), which 
agrees well with previously published results.[6] With 8 at% Ga 
substitution (IGO8), the Tcryst rises to 250 °C. The maximum 
measured Tcryst is 425 °C for 51 at% Ga (IGO51), with the trend 
of increasing Tcryst with increasing Ga substitution clearly estab-
lished. All films crystallize in the cubic-Ia3 bixbyite phase, 
labeled c-In2O3 (Figure S1, Supporting Information). No sec-
ondary phases, such as β-Ga2O3, are evidenced in the final 
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Figure 1. A) Crystallization temperature as a function of at% Ga substitution determined through 1 h anneal/quench/GIXRD cycles spaced 25 °C apart. 
Error bars represent the 25 °C window of uncertainty between pre- and postcrystallization runs. B) GIXRD determined lattice constant of the bixbyite 
unit cell for fully crystallized IGO samples as a function of Ga substitution. The solid line is a linear least-squares fit to the four data points. Error bars 
are smaller than the data points.
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diffraction patterns. The lattice constants (Figure 1B) of the 
crystalline phases decrease linearly, in accord with Vegard’s law, 
further suggesting that Ga is fully incorporated in the InO 
matrix and does not phase-separate. The present lattice contrac-
tion, observed experimentally in this work, is in a good agree-
ment with previous single-phase simulations of crystalline (c-)
IGO films.[17]

The lack of secondary phases in the present crystalline 
IGO films is surprising from a thermodynamics perspective. 
In the In2O3-Ga2O3 phase diagram[24] the solubility of Ga in 
the bixbyite phase is only 5 at% at 1000 °C. This bulk phase 

diagram suggests that given enough heat and time, the present 
films would devolve into two-phase structures. The absence 
of β-Ga2O3 in our high Ga-content (>5 at%) films highlights 
the difference between amorphous oxide thin films and bulk 
oxides. Clearly the amorphous films are only kinetically stable, 
not thermodynamically stable.

2.1.1. Experimental Structure

Anomalous-grazing-incidence wide angle X-ray scattering 
measurements (A-GIWAXS) also reveal the absence of phase 
separation in the IGO amorphous state (Figure 2A, green). 
From the difference pair distribution function (d-PDF)[18] we 
see the structure around Ga does not correspond to that of 
β-Ga2O3 (Figure 2A, black). The position of the second shell 
peak is considerably larger than the Ga···Ga distance found 
in β-Ga2O3 (Figure 2A, black). In addition, the number and 
shape of the density fluctuations around Ga bear great simi-
larity to those of the X-ray scattering derived PDF for the aver-
aged structure (Figure 2A, red). These consistencies between 
the PDF and d-PDF results argue that a homogeneous distri-
bution of Ga ions is achieved by the pulsed laser deposition 
(PLD) growth technique. These distributed Ga ions increase 
the overall structural disorder of the system. A comparison of 
the PDF of IGO8 (blue) and IGO17 (red) (Figure 2B) shows 
that as the Ga content increases from 8 to 17 at% there is a 
broadening of the PDF features, indicative of increased dis-
order. This disorder affects M···M distances and beyond.

Extended X-ray absorption fine structure (EXAFS) analyses of 
the present a-IGO samples were performed at both the Ga and 
In K-edges (Table 1). The fits reveal average coordination num-
bers (N) and bond distances (R). The local first shell structure 
of bixbyite (In2O3)[19] and β-gallia (Ga2O3)[20] derived from X-ray 
diffraction are presented as references. Crystalline In2O3 has 
a first shell (metal–oxygen, MO) coordination number of 6.  
Crystalline β-gallia has two GaO coordination sites, half are 
N = 4 tetrahedral sites and the other half are N = 6 octahedral 
sites (Figure S3, Supporting Information). In a perfect crystal of 
β-gallia, this results in an average N of 5.

In the present study, all a-IGO samples show significant 
undercoordination of both In and Ga, compared to their 
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Figure 2. A) Pair distribution function (PDF) data for a-IGO with 17 at% 
Ga (red). Difference PDF of the structure around Ga in a-IGO17 (green). 
Calculated PDF for β-Ga2O3 is shown for reference (black dotted line). 
B) Measured PDF for a-IGO with 8 at% Ga (blue) and 17 at% Ga (red). 
Calculated PDF for bixbyite In2O3 is shown for reference (black dotted). 
The first and second peaks are produced by MO and M···M distances, 
respectively. The first peak is weaker because O is a weak scatterer.

Table 1. First shell (metal–oxygen) EXAFS fitting results of experimental samples compared with room temperature MD simulations. N = Coordina-
tion number, R = bond distance, ECN = effective coordination number.

Samples N R [Å] Simulations ECN R [Å]

Ga local structure c-Ga2O3 (from XRD) 5 = 1
2

4 + 1
2

6 1.93 = 1
2

1.85 + 1
2

2.01

a-IGO8 4.25 ± 0.29 1.88 ± 0.014 a-IGO11 4.28 1.92

a-IGO17 3.69 ± 0.28 1.90 ± 0.015 a-IGO19 4.38 1.93

a-IGO51 4.14 ± 0.22 1.88 ± 0.011 a-IGO41 4.66 1.95

In local structure c-In2O3 (from XRD) 6 2.17

a-IO 5.11 ± 0.53 2.16 ± 0.018 a-IO 5.30 2.17

a-IGO8 5.26 ± 0.56 2.16 ± 0.023 a-IGO11 5.20 2.17

a-IGO17 5.11 ± 0.53 2.16 ± 0.026 a-IGO19 5.13 2.17

a-IGO51 4.76 ± 0.53 2.17 ± 0.026 a-IGO41 5.13 2.17
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respective pure crystalline references (Table 1). In addition, 
despite Ga being well dispersed in the InO matrix, there is 
dissimilarity in the oxygen coordination around Ga versus 
In. In the amorphous films, the oxygen coordination number 
around In is ≈5 but around Ga it is much closer to 4. This trend 
is echoed in the fitting results of MO bond distance. The 
average length of the GaO bond, 1.88 Å, is far shorter than 
the average InO bond length, 2.16 Å. Note that the present 
EXAFS-derived 1.88 Å GaO bond length lies much closer to 
that for tetrahedral Ga (1.85 Å) than to that for octahedral Ga 
(2.01 Å). Assuming bond distance increases as average coor-
dination number increases,[21] a 1.88 Å GaO bond distance 
suggests <20% of the Ga sites are sixfold coordinate. All of the 
a-IGO films studied here show a minority of sixfold Ga sites. 
Note that Ga prefers the local coordination of its native oxide, 
β-Ga2O3 (a mixture of fourfold and sixfold coordination), over 
that of the amorphous indium oxide matrix, which clearly has a 
bixbyite-like structure at local- (Table 1; Figure S2A, Supporting 
Information) and medium-range distances (Figure 2).

The X-ray scattering measurements in this study provide 
independent experimental confirmation of the EXAFS results 
in Table 1. Figure 2B shows the PDFs obtained for two of the 
amorphous films, which are compared with the PDF calculated 
for the c-In2O3 reference. The first peak positions of the PDFs 
(Figure 2B) are composed of the weighted sum of the GaO and 
the InO bond distances. The downward shift of the first peak 
from 2.14 Å for IGO8 to 2.12 Å for IGO17 is consistent with 
the increasing quantity of short GaO bonds as the Ga content 
increases. Figure 2A compares the PDF of IGO17, the d-PDF 
of IGO17 (the structure surrounding Ga), and the reference 
PDF of c-Ga2O3. The comparison highlights the departure of 
the Ga first-shell structure from the first-shell structure of the 
surrounding InO matrix. The A-GIWAXS d-PDF (Figure 2A, 
green) demonstrates an average GaO bond length is 1.88 Å, in 
agreement with Table 1. Thus, both the EXAFS and A-GIWAXS/
GIWAXS results find a departure of the Ga first-shell structure 
from the first-shell structure of the InO matrix: both support 
the presence of low GaO coordination.

The tendency to maintain lower coordination within a higher 
coordinated matrix may contribute to the increased thermal sta-
bility of a-IGO over that of a-IO. Increased thermal stability has 
been reported in systems with Zn substituting for In, such as in 
a-IZO or a-ZITO (amorphous zinc indium tin oxide),[11d,22] and 
systems with Zn substituting for Sn, a-ZTO (amorphous zinc 
tin oxide).[23] The capacity of both Ga and Zn to raise the Tcryst of 
amorphous oxides suggests that the presence of distinctly low- 
coordinated sites suppresses long-range order. Additionally, as 
a-IGO films crystallize, Ga transitions to a significantly higher 
average coordination number and the GaO distance increase 
(Table 2). This observation strongly suggests that fourfold and 
fivefold coordinated sites must transition to sixfold coordinated 
sites for crystallization to occur. This transition is supported 
by the crystal structure of the crystalline films, bixbyite, which 
consists entirely of sixfold coordinated metal sites (Figure 1B). 
This increase in coordination number (∆N), and the resultant 
increase in bond distance (∆R), is far larger for Ga than for In. 
The increase in Ga coordination number upon crystallization 
is almost twice that of In. Additionally, the ∆R for the InO 
bond distance is negligible, especially in comparison to the ∆R 

of the GaO bond. Thus, because of the capacity to maintain a 
unique local structure within a more highly coordinated matrix, 
Ga substitution creates a barrier to crystallization.

2.1.2. MD-Simulated Structure

The results of ab initio MD simulations support our experi-
mental observations and provide further insight into the effect 
of Ga substitution on the structural properties of amorphous 
IGO. Specifically, in excellent agreement with our EXAFS 
results, Table 1, an analysis of the calculated first-shell structural 
characteristics shows, (i) the average InO distance remains 
the same in all three a-IGO structures, 2.17 Å; and (ii) the 
average InO coordination decreases slightly with increasing 
Ga content: 5.30, 5.20, 5.13, and 5.13 for amorphous In2O2.96 
(IO), In1.78Ga0.22O2.96 (IGO11), In1.63Ga0.37O2.96 (IGO19), and 
In1.19Ga0.81O2.96 (IGO41), respectively. The calculated distribu-
tion of InO coordination numbers (Figure 3A) reveals that 
the presence of Ga suppresses the population of In atoms coor-
dinated by 6 oxygen, i.e., those with the effective coordination 
number (ECN) = 5.7–6.0; whereas the number of undercoordi-
nated In atoms (ECN = 4.0–5.0) increases with the Ga content. 
In agreement with the Ga K-edge EXAFS measurements, the Ga 
atoms in amorphous IGO are primarily fourfold-coordinated: 
the calculated average GaO coordination is 4.28, 4.38, and 
4.66 for Ga substitutions of 11, 19, and 41 at%, respectively. The 
calculated distributions of GaO coordination (Figure 3B) sug-
gest that with increasing Ga fraction, Ga atoms coordinated to  
5 oxygen atoms (ECN = 4.5–5.0) begin to prevail, while Ga atoms 
coordinated with 6 oxygen atoms remain negligible. Accord-
ingly, the GaO distances increase slightly, from 1.92 to 1.93 Å 
and to 1.95 Å for 11, 19, and 41 at% of Ga, respectively. These 
values are in agreement with the average GaO distance in 
β-gallia, 1.93 Å (Table 1), again showing that, in the amorphous 
phase, Ga prefers the local oxygen environment of pure Ga2O3 
to that of the InO matrix. Note that the effect of Ga on the local 
structure opposes the formation of nanocrystallites, composed 
of all MO octahedra, observed at the onset of crystallization; 
the GaO octahedral population remains negligible while the 
InO octahedra decrease in response to the Ga substitution.[8a,c]
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Table 2. Comparison of first-shell (metal–oxygen) EXAFS fitting results 
of as-deposited (amorphous) versus annealed (crystallized) films, 
showing changes in coordination numbers and bond lengths. N = 
metal–oxygen coordination number. R = bond distance. ∆N and ∆R = 
the difference in coordination and bond distance between as-deposited 
and air-annealed samples.

Samples N R [Å] ∆N ∆R [Å]

Ga K-edge As-dep IGO8 4.25 ± 0.29 1.88 ± 0.014 1.39 0.15

Anneal IGO8 5.64 ± 0.48 2.03 ± 0.021

As-dep IGO51 4.14 ± 0.22 1.88 ± 0.011 1.16 0.13

Anneal IGO51 5.30 ± 0.63 2.01 ± 0.028

In K-edge As-dep IGO8 5.26 ± 0.41 2.16 ± 0.023 0.53 0.01

Anneal IGO8 5.79 ± 0.53 2.17 ± 0.020

As-dep IGO51 4.76 ± 0.56 2.17 ± 0.026 0.82 0.01

Anneal IGO51 5.58 ± 0.53 2.18 ± 0.021
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Evolution to 6-coordinate Ga may in principal impede crystal-
lization for thermodynamic and/or kinetic reasons. A thermody-
namic argument can be made using the In2O3-Ga2O3 phase dia-
gram[24] in which bulk In2−xGaxO3 has very limited solubility at 
the bixbyite/In2O3 side of the phase diagram,[24] with only 5 at% 
Ga known to incorporate into bixbyite In2O3 before reaching the 
phase boundary, i.e., the solubility limit. Thus, having a large 
fraction of the Ga sites in a-IGO sixfold coordinated is ther-
modynamically unfavorable. A kinetic argument can also be 

made by suggesting that there may be an activation barrier to 
the transition of GaO tetrahedra to octahedra. For this tran-
sition, from tetrahedral coordination to octahedral coordina-
tion, the film can either undergo a rearrangement of polyhedral 
connectivity or uptake oxygen (see the Supporting Information 
for elaboration). Previous work has shown that both oxygen 
uptake[25] and structural rearrangement[8c] are possible in In-
based amorphous oxide films. Additionally, the multicoordinate 
nature of Ga cations renders the GaO coordination geometry 
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Figure 3. Distribution of calculated ECN values in a-IO and three a-IGO compositions as obtained from room termperature MD simulations for 
A) InO and B) GaO. Spread of polyhedra edge-shared (solid line), corner-shared (dotted line), and lack of sharing (dashed line). C) M···M distances 
and D) Ga···M distances shown for a-IGO11 (orange), a-IGO19 (blue), and a-IGO41 (green). Black lines show the sharing distributions for a-IO in (C) 
and for β-Ga2O3 in (D). Distribution of calculated bond angle distribtuions for E) OInO and for F) OGaO.
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more sensitive to the O stoichiometry than does InO coor-
dination. From additional MD simulations of the amorphous 
oxide with lower O stoichiometry, In1.19Ga0.81O2.92 (see the Sup-
porting Information), it is found that the GaO coordination is 
reduced to 4.45, whereas the InO coordination decreases only 
slightly to 5.09—as compared to ECN (GaO) = 4.66 and ECN 
(InO) = 5.13 in In1.19Ga0.81O2.96. These results are in accord 
with the observed higher sensitivity of the GaO coordination 
to annealing (Table 2)—the additional energy from heating 
the samples may promote O diffusion and enable long-range 
structural reconstruction; both factors facilitate the higher coor-
dination of Ga. Clearly, additional energy is required for IGO 
versus IO crystallization because the system must dramatically 
increase MO coordination to form the bixbyite phase.

Moreover, in accord with the observed trend in IGO crys-
tallization temperature (Figure 1), the calculated distor-
tions in the InO polyhedra become more pronounced with 
increasing Ga fraction: the average variance of the first-shell 
InO distances is 8.42 × 10−3 Å2, 9.55 × 10−3 Å2, 10.74 × 10−3 Å2,  
and 11.64 × 10−3 Å2 for amorphous IO, IGO11, IGO19, and 
IGO41, respectively. The GaO polyhedra are also strongly 
distorted with the average variance for the GaO distances 
of 1.40 × 10−2 Å2, 1.89 × 10−2 Å2, and 1.66 × 10−2 Å2 for 
IGO11, IGO19, and IGO41, respectively, being larger than 
those for the corresponding InO distances reported above. 
The OInO and OGaO angle distributions given in 
Figure 3E,F also illustrate the strong polyhedral distortions. 
This result may at first appear counterintuitive given the fact 
that the GaO bonding is stronger than the InO bonding. 
However, we believe that the strong local distortions in 
GaO polyhedra stem from their intrinsic multicoordinate 
nature (4- and 6-coordinate in monoclinic β-Ga2O3); in addi-
tion, the weaker metalO bonding of the host In atoms 
facilitates the coordinative transformations for Ga. Thus, the 
presence of Ga increases disorder in the MO bonding and 
moves the system farther away from an ordered crystalline  
lattice.

Medium-range structural characteristics, i.e., how the MO 
polyhedra combine to form a network, plays a crucial role in 
amorphization.[8c] Connectivity or O sharing between the MO 
polyhedra having different coordination patterns and degrees 
of distortion determines their spatial distribution and, hence, 
governs the structural reorganization, crystallization, and phase 
formation phenomena. In bixbyite In2O3, the second and third 
shells of In are associated with 6 In neighbors at 3.3 Å that share 
two O atoms with the central In atom (i.e., the corresponding 
polyhedra are edge-shared) and 6 In neighbors at 3.8 Å that 
share one oxygen atom (corner-shared polyhedra). In the amor-
phous phase, a significant amount of edge-shared connections 
become corner-shared, Figure 3C: out of the total number of all 
InIn pairs that share 1, 2, or 3 O atoms, as many as 80% share 
only a single O atom.[8c,26] As a result, the distance distribution 
for the corner-sharing connections in undoped a-IO is nearly 
twice as wide as that in crystalline In2O3, overlapping signifi-
cantly with the distance distribution for the edge-shared In···In 
pairs (Figure 3C). In a-IGO, both the edge- and corner-shared 
distributions shift toward shorter metal–metal (M···M) dis-
tances in agreement with the small ionic size of Ga. Signifi-
cantly, addition of Ga broadens the edge-sharing distribution so 

that it overlaps completely with the corner-sharing distribution 
for the Ga fraction of 19% and above (Figure 3D). Experimen-
tally, the second and third shells cannot be distinguished in this 
case but, the comparatively shorter Ga···M distances, as com-
pared to M···M distances, can be seen in the comparison of 
the PDF and d-PDF (Figure 2A). Thus, the stronger local distor-
tions caused by the capacity of Ga cations to assume different 
O environments than the surrounding InO matrix and the 
higher medium-range disorder in a-IGOs with increased Ga 
content contribute to the observed increase in the crystallization 
temperature in these oxides.

2.2. a-IGO Electrical Properties

To investigate the influence of Ga substitution on the electrical 
properties of the present PLD-deposited a-IGO films, a system-
atic Hall effect study as a function of Ga content was carried out 
at room temperature, and the results are shown in Figure 4A. 
Note that the growth conditions of all films represented in 
Figure 4 were identical. The ≈75% fall electrical conductivity 
is consistent with the relatively modest decline in carrier con-
tent (≈25%) and the drop in carrier mobility of ≈50%. All three 
properties approach constancy beyond a Ga content of 18 at%.

2.2.1. Carrier Generation: Experimental

The change in the n-type carrier content upon Ga substitu-
tion is less than one order of magnitude, indicating that Ga is 
not a major source of carriers. At 10 at% doping and beyond, 
the Ga concentration is ≈1022 cm−3, two orders of magnitude 
greater than the measured carrier density. The lack of car-
rier response is in contrast to crystalline systems, such as 
ZnGaO where Ga is an effective dopant.[4a,27] Additionally, 
In and Ga K-edge XANES (X-ray absorption near-edge) data 
(Figure S2, Supporting Information) comparing a-IGO films 
with reference oxides shows that both Ga and In maintain the 
same formal valence (3+). Thus, Ga is isovalent with In and 
produces neutral “defects” that do not affect the electroneu-
trality condition. Next, a 51 at% Ga-substituted film (IGO51) 
was annealed at progressively higher temperatures, quenched 
to room temperature at each point (the same annealing pro-
cess used for the crystallization study), and characterized by 
Hall effect measurements. Note that above 150 °C there is 
a rapid fall in carrier content to a level one to two orders of 
magnitude below that of the as-deposited film. Note also that 
the crystallization temperature for this film is ≈450 °C (see 
Figure 1). Therefore, the decline in carrier content between 
150 and 250 °C is not associated with crystallization. Instead, 
we interpret this behavior as the onset of O exchange/equili-
bration of defects, similar to the equilibration of O vacancies 
seen in defect studies of a-IZO[28] and a-IGZO.[25] Additionally, 
a decline in carrier concentration of a-IGO has been seen with 
increased oxygen content during sputtering.[16c] Oxygen tracer 
diffusion measurements show that O exchange and diffusion 
can take place at 200 °C in a-IGZO films;[25] theoretical calcu-
lations have also shown that vacancies can be neutralized at 
200 °C in a-IGZO.[29]

Adv. Electron. Mater. 2017, 1700189
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2.2.2. Carrier Generation: MD Simulations and Density Functional 
Theory (DFT) Calculations

As discussed in Section 2.2.1 above, Ga does not serve as a 
carrier donor in amorphous InGaO. This is supported by 
the present DFT calculations for stoichiometric amorphous 
InGaO oxides; independent of the level of fractional Ga sub-
stitution, the electronic band structure of a-IGO corresponds to 
an insulator, i.e., the conduction band is empty. Furthermore, it 
can be argued that the carrier-producing entities in a-IGO films 
are only the InO polyhedra. As discussed in Sections 2.1.1 
and 2.1.2, all Ga atoms satisfy their natural coordination with 
O atoms—in marked contrast to In atoms, the large fraction 
of which are undercoordinated, ECN < 5.0, Figure 3A and 
Table 1. The assertion that only InO polyhedra contribute to 
carrier production is consistent with the observed behavior of 
the end-member films in the a-IGO series; a-IO is highly con-
ductive (see Figure 4A), whereas a-GaO is known to be highly 
resistive, i.e., having immeasurably small carrier densities.[30] 
Note that, although the undercoordination of InO polyhedra 
suggests a role in carrier production, there is not a direct cor-
relation between undercoordination and carrier concentration. 
Indeed if each instance of undercoordination was the site of a 
charged O vacancy, the carrier concentration would exceed the 
experimental values by two orders-of-magnitude.

Accurate DFT calculations on nonstoichiometric a-IO and 
a-IGO, with the same O stoichiometry of 2.96 for each structure, 
provide additional insight into the carrier generation mecha-
nism in these materials. It is found that low coordination of 
In is a necessary, but not a sufficient condition to form a donor 
defect. The charge density distribution (Figure 5) calculated for 

the partially occupied conduction band in 
a-IO and a-IGO reveals that a notable charge 
density accumulates in the interstitial region 
between two or three In neighbors that not 
only have low coordination (ECN = 4.4–5.0 
for all four compositions considered), but 
are also undershared, i.e., lack an O atom to 
form a connection that is expected based on 
the distance between the corresponding In 
atoms. In a-IO and in three a-IGO structures 
with variable Ga content, low-coordinate 
In polyhedral pairs are separated by a short 
distance of 3.1–3.5 Å and are corner-shared, 
missing the additional O atom expected at 
this separation. Hence, despite the large frac-
tion of low-coordinate In atoms (Figure 3A), 
only undershared In atoms located at short 
distances show charge accumulation. Struc-
turally, the pair of undershared, undercoor-
dinated In atoms resembles an O vacancy 
defect in a crystalline oxide. The difference 
between what is observed as an O vacancy 
in crystalline materials and what is observed 
in our a-IGO models is seen in the range of 
structural rearrangement that accompanies 
the O defect. Owing to the many degrees 
of freedom in the amorphous structure, the 
entire cell adjusts to accommodate the O 

defect during the MD quench process for a-IO and a-IGO—in 
marked contrast to the local atomic relaxation, i.e., within the 
nearest and next nearest neighbors only, which occurs around 
O vacancies in crystalline oxides.

The long-range reconstruction of the amorphous structure 
in nonstoichiometric oxides limits the influence of secondary 
cations on carrier production. The theoretical results suggest 
the cation composition has little effect on the conduction states 
below the Fermi level. In Figure 6, the calculated inverse par-
ticipation ratio (IPR) for the occupied states in the conduction 
band is low, signifying that the defect is shallow and the delo-
calized nature of the occupied states in the conduction band 
persists in all 3 a-IGO simulations. This finding is supported 
by the fact that the Burstein–Moss (BM) shift, i.e., the Fermi 
level shift into the conduction band, calculated to be 1.41, 1.46, 
and 1.55 eV in IGO11, IGO19, and IGO41, respectively, is 
only slightly smaller than the BM shift in a-IO, 1.61 eV, with 
the same oxygen stoichiometry. Thus, Ga does not change the 
source of carriers in a-IGO.

The electron concentration calculated from integrated den-
sity of states within a 0.2 eV window below the Fermi level is 
2.80 × 1020 cm−3, 2.03 × 1020 cm−3, and 2.30 × 1020 cm−3 for 
11%, 19%, and 41% of Ga, respectively. The values as well 
as the trend for the a-IGO series are in excellent agreement 
with those observed experimentally (Figure 4A). Based on the 
results of these calculations, the carrier concentration behavior 
in a-IGO can be explained as follows. In undoped a-IO, the 
majority of In atoms form a long-range network of octahedrally 
coordinated InO polyhedra[8c] leaving behind O-depleted 
areas. These oxygen-depleted areas facilitate the formation 
of the remaining undershared low-coordinated In into pairs, 
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Figure 4. A) Hall effect data for a series of a-IGO thin films as a function of at% Ga. Error 
bars represent the standard deviation between three samples of the same composition, grown 
under the same conditions. The error bars are the size of the data points for conductivity and 
mobility. Dashed lines represent exponential fits of the data and are provided as visual guides 
for the observed trends. B) Room temperature Hall effect data on IGO51 (blue), as a function 
of annealing temperature. As-deposited results are plotted at −25 °C. The sample was cycled 
through air annealing (at increasing temperatures), quench, and room temperature Hall meas-
urements. Error bars are calculated as the standard deviation of 10 consecutive measurements.
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which generate charge carriers (Figure 5A). Introduction of 
Ga suppresses the number of six-coordinate InO polyhedra 
(Figures 3A and 5A–C,E–G) and also dilutes the InO lattice; 
both factors hamper the ability of two or more undercoordinate 
In atoms to cluster and form a donor defect. When the frac-
tion of Ga increases above 17 at%, a long-range network of fully 
coordinated GaO polyhedra emerges (Figure 6D,H). While 
not as efficient as the InO6 chains, this network does re-enable 
the formation of the O-depleted areas associated with under-
shared low-coordinate In pairs. At high Ga concentrations, the 
source of carriers (pairs of low-coordinate InO polyhedra) is 
still diluted but it is no longer disrupted. As a result, the carrier 
concentration is minimally affected by Ga substitution in the 
range of 17–40 at%, Figure 4A.

2.2.3. Carrier Mobility: Experimental

The observed concomitant reduction of both carrier mobility 
and carrier concentration as a function of Ga content (Figure 4; 
Figure S11, Supporting Information) suggests that a-IGO trans-
port is not limited by ionized impurity scattering.[31] Additional 
support is seen in the lack of a carrier mobility response to the 
drop in carrier concentration, occurring upon air annealing 
between 150 and 250 °C (Figure 4B). There is, however, a 
sharp fall in mobility above 325 °C; this is attributable to the 
nucleation of the crystalline phase,[8c] in the form of nanoscale 
inclusions, beginning ≈100 °C before the observation of strong 
diffraction peaks. Previous microscopy studies on a-IO[8c] and 
a-IGZO[32] demonstrated the presence of nanoscale regions of 
ordering before the onset of X-ray diffraction peaks.

The observation of a well-developed Hall effect suggests that 
band conduction is at play in the a-IGO system.[2,14a,d,e] The 
proposed transport models which incorporate band-conduc-
tion typically consider a combination of trap states and perco-
lation barriers as the factors limiting mobility in amorphous 
oxide semiconductors.[14a,b,e] From the above discussion, Ga is 
expected to affect the number and energy of percolation bar-
riers and trap states by changing the O bonding and medium-
range order of MO polyhedra in a-IGO. The first shell 
structure around Ga is dissimilar to the surrounding InO 
matrix (Sections 2.1.1 and 2.1.2), suggesting GaO polyhedra 
may have a higher energy barrier associated with them.[5a,6,8d,14] 
Ga also increases the overall structural disorder of the system. 
A comparison of the PDF of IGO8 (blue) and IGO17 (red) 
(Figure 2B) illustrates Ga-induced disorder affecting the M···M 
distances and beyond. Greater disorder and a less relaxed 
structure has been associated with a greater number of trap 
states.[2,8d] The creation of barriers and traps by the addition of 
Ga is consistent with the observed fall in a-IGO mobility with 
increasing Ga content observed through Hall measurements 
(Figure 4C) and in a-IGO TFT performance (Chiang et al.[11b]  
and Park et al.).[16b]

2.2.4. Carrier Mobility: DFT Computation

Electronic structure calculations on amorphous oxides provide 
microscopic insights into the origins of the complex transport 
behavior in materials such as a-IGO. Although the presence of 
additional cations in In-based AOSs does not directly govern the 
free carrier generation (see Section 2.2.3), composition-induced 
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Figure 5. A–D) Calculated charge density distribution in the conduction band of a-IGO. Independent of Ga presence or content, the shallow defect 
state is associated with the charge accumulation between undershared, low-coordinated, InIn pairs in A) a-IO, B) IGO11, C) IGO19, D) IGO41. In all 
cases, the charge avoids octahedrally coordinated InO polyhedra (purple) as well as GaO polyhedra (green). For the undershared, low-coordinated 
In atoms (no polyhedra), the InO bonds are shown (red-purple). E–H) 2D simplification of the structures for E) a-IO, F) IGO11, G) IGO19, H) IGO41. 
InO octahedral, represented as purple squares, form chains (I), which organize undercoordinated InO polyhedra, represented as purple circles. 
This organization produces the yellow conduction manifold of high electron density. The conduction manifold begins to break up in the presence of 
GaO tetrahedra (II), represented as green triangles. Traps (III) form when GaO tetrahedra surround low-coordinated In atoms. At high Ga content, 
chains of GaO tetrahedra begin to form (IV), negating Ga’s disrupting effect on the conduction manifold.
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differences in the O-sharing and medium-range spatial distri-
bution of the differently coordinated MO polyhedra affect 
the carrier mobility. First of all, Ga suppresses the number of 
octahedrally coordinated In atoms, and hence hampers the 
formation of shared InO6 polyhedral chains. The latter have 
been shown to contribute to high mobility in a-IO:[8c] Chain 
formation organizes polyhedra with similar energy states and 
creates conducting paths along the chains (see Section 2.2.3). 
Accurate DFT-based hybrid-functional calculations of under-
stoichiometric a-IGO reveal that the electron localization above 
the Fermi level increases significantly in all three a-IGO struc-
tures, as compared to a-IO. This increased localization supports 
the assertion that Ga inclusion adds to the density of traps. The 
calculated charge density distribution for the energy slice of 
0.5 eV above the Fermi level (unoccupied states) demonstrates 
(Figure 6) that an extra free electron is likely to be trapped at 
an undercoordinated In atom surrounded by three fully coor-
dinated Ga atoms. The empty states of the four-coordinate Ga 
atoms have a higher energy and, hence, are not available for 
conduction electrons. When the substitutional doping level in 

a-IGO increases, clustering of fully coordinated Ga atoms leads 
to a nonuniform charge density distribution in the conduction 
states, rendering variable range hopping (VRH),[29,32] through 
the states of different energy, the primary conduction mecha-
nism. Indeed, the calculated electron velocity for the states 
above the Fermi level (the states that form conductivity paths 
for the free electrons to hop through) decreases from 9.44 × 105,  
to 9.35 × 105, 8.96 × 105, and 8.42 × 105 m s−1, for amorphous IO 
and IGO11, IGO19, and IGO41, respectively. Thus, the intro-
duction of Ga affects VRH by increasing the range (distance) 
between hopping centers.

Once the Ga content approaches 20 at%, Ga has a greater 
role in the conduction manifold.[43] At higher Ga contents, the 
charge localization above the Fermi level decreases as evident 
from the comparison of the IPR values for IGO19(blue) and 
IGO41(green): the IPR(IGO19) = 4.6 is nearly two times larger 
as compared to the IPR(IGO41) = 2.5 within 0.5 eV above EF 
(Figure 5). The weaker localization of the conduction states in 
a-IGO with higher Ga content is associated with the formation 
of an extended network of shared GaO-GaO polyhedra within 
the InO matrix. As with the long chains of InO6 that organize 
the low-coordinate InO polyhedra together (Figure 6A,E  
and Buchholz[13]), the formation of shared GaO polyhedral 
chains within the predominantly low-coordinate InO matrix 
(Figure 5D,H) again organizes the electron density and estab-
lishes two interwoven networks with dissimilar energies. 
Therefore, it can be argued that above 20 at% Ga in a-IGO, 
when the structure begins to transform from isolated GaO 
polyhedra to long-range GaO chains, the hopping between 
the low-coordinate InO states is maintained. This explains 
the observed unchanged mobility in a-IGO with Ga 20% and 
above (Figure 4). Thus, the energy and the long-range spatial 
distribution of the polyhedra ultimately determine the complex 
behavior of mobility in amorphous IGO.

2.3. Optical Properties: DFT Calculations

Accurate DFT-based hybrid-functional calculations of the real 
and imaginary dielectric function for amorphous understoi-
chiometric InGaO show that all three compositions demon-
strate low optical absorption within the visible range, i.e., for 
1.8–3.0 eV. Compared to amorphous indium oxide obtained 
with the same MD quench rate and the same oxygen stoichiom-
etry up to 18% of substitutional Ga has no effect on the optical 
absorption edge and the gap remains to be equal to 3.2 eV (see 
Figure S12, Supporting Information). As expected, larger sub-
stitutional fraction of Ga opens up the transparency window: 
the optical band gap for amorphous In1.19Ga0.81O2.96 is 3.5 eV 
(see Figure S12, Supporting Information).

3. Conclusions

A systematic investigation of the thermal, electrical, and struc-
tural properties of a series of amorphous Ga- substituted InO 
thin films was performed. Strong agreement between experi-
mental results and theoretical simulations are demonstrated. 
The results reveal that the thermal instability of a-IO can be 
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Figure 6. A) The calculated inverse participation ratio for a-IO and a-IGO. 
The valence band tail states are more localized in IGO than in IO owing to 
the presence of undercoordinated oxygen atoms. The conduction states 
below the Fermi level (at 0 eV) are delocalized suggesting the formation 
of a shallow defect even at high Ga content. Localization of the empty 
conduction states above the Fermi level associated with nonuniform 
charge distribution explain the observed mobility drop in a-IGO as com-
pared to a-IO. Above the Fermi level, the charge density is localized at 
low-coordinate In atom surrounded by fully coordinated Ga atoms as in 
B) a-IGO19.
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overcome by Ga addition, and the mechanism underlying this 
effect is identified as the tendency of Ga to maintain the lower 
coordination, seen in pure GaO, even when surrounded by a 
more highly coordinated InO matrix. While the coordination 
and bonding of pure a-IO is fairly close to that of crystalline 
bixbyite, Ga must undergo significant changes in coordination 
and bonding before crystallization occurs. The drop in carrier 
concentration and mobility coincident with Ga substitution was 
explored. The decline in both properties is shown to wane at 
Ga >20 at%. Ga dilutes carrier production because it inhibits 
the formation of undershared low-coordinated InO polyhe-
dral pairs; these pairs, which are the amorphous equivalent of 
an O vacancy, are identified as the source of carriers. Ga inter-
rupts carrier mobility because it introduces disorder that leads 
to increased trap states. In addition, Ga dilutes the InO poly-
hedral matrix increasing both the energy and range between 
variable range hopping centers. At high Ga contents the forma-
tion of GaO polyhedral chains limits the disrupting effects 
of Ga on both carrier production and carrier mobility. From a 
structure–property analysis of a-IGO it is clear that changes in 
the local and medium-range structure affect all three properties 
explored here. Future modifications of AOSs through substitu-
tional cations must balance such subtle interwoven effects.

4. Experimental Section
Film Growth: A series of a-IGO thin films was grown by PLD, 

employing a 248 nm KrF excimer-laser with a pulse duration of 25 ns 
and a beam energy of 200 mJ per pulse. The beam was focused to a 
1 × 2 mm2 spot on the target material. Films were grown in a 7.5 mTorr 
O2 environment and deposited onto quartz substrates (1 × 1 cm2 and 
1 × 2 cm2 for local structure measurements). A deposition temperature 
of −25 °C was chosen to ensure all films would be grown amorphous[8c] 
(Figure S1, Supporting Information). Various Ga: In ratios were achieved 
by alternating ablation between an In2O3 target and a Ga2O3 target. Less 
than one monolayer was deposited during each In2O3/Ga2O3 PLD cycle 
to insure mixing at the atomic-layer level. To prevent localized heating, 
the targets were rotated at 5 rpm and the laser beam was rastered 
radially. The target–substrate distance was fixed at 10 cm.

X-ray fluorescence spectroscopy (XRF) was performed to verify 
the correct In:Ga atomic ratio achieved in each film. The Ga K and In 
L fluorescence yields were corrected for their respective XRF cross-
sections and detector efficiencies (see Equation S1 of the Supporting 
Information). Ellipsometry (J. A. Woollam M2000U Ellipsometer) 
indicated that the films were between 250 and 350 nm thick.

Electrical Characterization: The carrier concentration, carrier mobility, 
and conductivity of the a-IGO films were measured at room temperature 
using an Ecopia HMS-3000 Hall measurement system. Gold spring 
contacts were used in 4-point Van der Pauw configuration. A 0.58 T field 
was applied using a permanent magnet. I–V curves were collected before 
each Hall measurement to ensure that Ohmic contact was achieved.

Crystallization Study: Grazing incidence X-ray diffraction (GIXRD) 
was performed using a Rigaku Smartlab instrument with a multilayer 
monochromated Cu rotating anode source. GIXRD was used to study 
the thermally induced film crystallization process. The incident angle of 
the 8.04 keV X-ray beam was set at 0.4°. The critical angle for In2O3 is 
0.37° at this energy. A GI geometry was used to avoid scattering from 
the substrate. To determine the Tcryst each film was subjected to a heat–
quench–measure cycle. Samples were heated in air for 1.0 h and then 
quenched to 25 °C. Heating began at 50 °C and was increased in each 
cycle by 25 °C until strong crystalline diffraction peaks could be observed 
(Figure S1, Supporting Information). This was used to define the Tcryst, 
above which no further change in the diffraction pattern is observed.

Short and Medium-Range Structural Characterization: The structures 
of the a-IGO films were studied using X-ray absorption spectroscopy 
(XAS) and X-ray scattering techniques. Both X-ray absorption and X-ray 
scattering measurements were carried out using synchrotron X-rays 
delivered from the bending magnet 5-BM-D beamline of the DuPont-
Northwestern-Dow Collaborative Access Team at the Advanced Photon 
Source (APS) of Argonne National Laboratory. XAS data were collected 
in fluorescence mode at the In and Ga K-edges, respectively, using a 
4-element Si-drift detector (Vortex-ME4) with DXP-XMAP electronics 
(XIA LLC). The samples were held vertically and the X-ray incidence 
angle was set at 54° to ensure that the best average structure was 
measured. See the Supporting Information for further details on the 
experimental set up.

For amorphous materials, the XAS measurements reveal, in most 
cases, only the structure of the nearest neighbor surrounding the atom 
of interest. In order to probe the structure beyond the first neighbor, 
GIWAXS measurements at a photon energy of 15.00 keV and anomalous-
GIWAXS (A-GIWAXS) measurements around the Ga K edge were carried 
out. The former produces a PDF of the averaged structure. The latter 
produces a PDF of the structure around the Ga atoms in the form of a 
differential (d-)PDF. The grazing incidence angle was set between 0.4° 
and 0.5°, which was sufficient to remove substrate scattering. See the 
Supporting Information for further details on the experimental set up.

At 15.00 keV, the GIWAXS data were measured up to q = 15 Å−1. 
For the A-GIWAXS the q-range was limited by the absorption edge 
energy to ≈10.4 Å−1. The A-GIWAXS technique takes advantage of the 
significant change in the atomic scattering factor [f (q, E) = f0 (q) − f′ 
(E) + if″ (E)] around the absorption edge of an element of interest, i.e., 
Ga in the present work.[18] Two scattering measurements are needed at 
different photon energies, one is 100 eV below the Ga K absorption edge 
(10367 eV) and the other is 2 eV below the edge. The difference of these 
two measurements yields a difference-pair distribution function (d-PDF) 
that describes the structure around Ga. Therefore, the A-GIWAXS 
provides element-specific local structure, similar to XAS.

Data Reduction: For XAS, the data analysis and EXAFS fitting were 
done using the iXAFS package.[33] Several photoelectron wavenumber, k, 
ranges were explored to test the persistence of the results. Fittings of 
the first shell structure were carried out in real space in the R-range of 
1.0–2.3 Å and 1.0–2.4 Å for the Ga and In K-edges, respectively. Data in 
the k-range of 2.59–13.31 Å−1 for the Ga K-edge and in the k-range of 
2.29–12.43 Å−1 for the In K-edge, were used. The amplitude reduction 
factors, S02, of 0.98 for the Ga K-edge and 1.04 for the In K-edge were 
determined from fits of the two crystalline reference samples (In2O3 and 
Ga2O3).

For GIWAXS, the measured scattering intensities, Im, were scaled 
(using scaling factor B) to the atomic scattering intensity, f2, in electron 
units [Im × B = (  f  2 + Iine)] using the so-called high-angle method[34]—the  
region where scattering modulations are vanishing. From here, the 
structure factor, S(q), or interference function was obtained [S(q) − 1 = 
[Ie − {(  f  2) + Iine}]/(  f  )2] whose Fourier transform yields the PDF. Ie and 
Iine are the elastic and inelastic intensities, respectively. Both f0 and Iine 
were obtained using tabulated values[35] while f′(E) was obtained by 
performing the Kramers–Kronig inversion of f″(E), which was measured 
on the a-IGO film through the absorption channel. For A-GIWAXS, 
the data processing procedure is similar, except that the Kβ emission 
intensity is removed from the measured scattered intensity, since it is 
unresolved when the measuring energies are close to the absorption 
edge. After that it is straightforward to obtain a differential structure 
factor, d-S(q), the Fourier transform of which yields the d-PDF, which is 
the probability of finding an atom at distance R from a Ga atom.

Theoretical Methods: The amorphous oxide structures were generated 
using first-principles MD liquid-quench simulations as implemented 
in the Vienna ab initio simulation package (VASP).[36] The calculations 
are based on the DFT[37] with periodic boundary conditions and employ 
the PBE (Perdew-Burke-Ernzerhof) functional[38] within the projector 
augmented-wave method.[39] A bixbyite cell of In2O3 with crystalline 
density of 7.12 g cm−3 and with 134 atoms per cell was used as initial 
structure which was melted at 3000 K to eliminate any crystalline 
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memory. For Ga-doped indium oxide, random In atoms were substituted 
with a specific fraction of Ga (11%, 19%, or 41%) and the cell density 
was adjusted prior to additional melting at 3000 K for 10 ps to randomize 
the multicomponent configuration. To model nonstoichiometric 
structures, oxygen atom(s) were randomly removed from the melt prior 
to additional melting. Next, liquid quench simulations were performed 
as follows. Each structure was cooled to 1700 K at the MD rate of 
100 K ps−1 and then rapidly quenched to 100 K at 200 K ps−1 rate. An 
energy cut-off of 260 eV and single Γ point were used during melting 
and quenching processes. Finally, each structure was equilibrated at 
300 K for 10 ps with a cut-off energy of 400 eV. All MD simulations were 
carried out in the NVT (canonical) ensemble with the Nose–Hoover 
thermostat using an integration time step of 2 fs.

To compare the structural characteristics of the theoretically modeled 
amorphous oxides to those observed experimentally, room-temperature 
InGaO structures were used. For an accurate structural analysis of 
the theoretically modeled amorphous oxides, the average pair correlation 
function and the average ECN were calculated according to ref. [40]. 
ECN is calculated for every metal atom by assigning weight to each bond 
with respect to the shortest MO bond in the given MO polyhedron. 
The resulting atomic structures were plotted using VESTA software.[41]

Next, the atomic configurations obtained from the ab initio MD 
simulations were optimized at 0 K using the PBE functional. For 
the optimization, the cut-off energy of 500 eV and the 4 × 4 × 4  
Γ-centered k-point mesh were used; the atomic positions were 
relaxed until the Hellmann–Feynman force on each atom was below 
0.01 eV Å−1. The electronic and optical properties of the optimized 
amorphous In-based oxides were calculated using the hybrid  
Heyd–Scuseria–Ernzerhof (HSE06) approach[42] with a mixing 
parameter of 0.25 and a screening parameter μ of 0.2 Å−1. To 
characterize the localization of the electronic states within the 
band gap and near the band edges, the IPR was calculated. Optical 
absorption was derived from the frequency-dependent dielectric 
function, ε(ω) = ε1(ω) + iε2(ω), calculated within independent 
particle approximation as implemented in VASP. The imaginary part, 
ε2(ω), is related to the optical absorption at a given frequency, ω, 
and is determined based on the electronic transitions of the hybrid 
functional solution. The real part of the complex dielectric function is 
obtained using Kramers–Kronig relations.
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