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a b s t r a c t

Systematic investigations of ternary In-based amorphous oxides, IneXeO with X ¼ Sn, Zn, Ga, Cd, Ge, Sc,
Y, or La, are performed using ab-initio molecular-dynamics liquid-quench simulations. The results reveal
that the local MeO structure remains nearly intact upon crystalline to amorphous transition and exhibit
weak dependence on the composition. In marked contrast, the structural characteristics of the metal
emetal shell, namely, the MeM distances and MeOeM angles that determine how MO polyhedra are
connected into a network, are affected by the presence of X. Complex interplay between several factors
such as the cation ionic size, metaleoxygen bond strength, as well as the natural preference for edge,
corner, or face-sharing between the MO polyhedra, leads to a correlated behavior in the long-range
structure. These findings highlight the mechanisms of the amorphous structure formation as well as
the specifics of the carrier transport in these oxides.

© 2014 Elsevier Ltd. All rights reserved.
1. Introduction

Although the unique properties of transparent amorphous oxide
conducting and semiconducting materials were first demonstrated
almost a decade ago [1,2], basic structural properties of these oxides
e namely, the structural characteristics associated with the
crystalline-to-amorphous transition e are far from understood.
Most of the experimental characterization of the transparent
amorphous oxides deal almost exclusively with the first shell, i.e.,
the coordination of oxygen atoms around metal cations [3e9].
Similarly, available theoretical models derived from molecular dy-
namics (MD) simulations of the amorphous oxides focus primarily
on the MetaleOxygen data with no or limited information on the
MetaleMetal distances and coordination [10e18]. However, the
first-shell remains nearly intact upon the crystalline-to-amorphous
transition, owing to the strong oxygen electronegativity. Instead,
integration of the MetaleOxygen polyhedra into a continuous
network e governed by the MetaleMetal distances, coordination,
and oxygen sharing e plays a key role in the formation and prop-
erties of the amorphous oxides. Indeed, recent experimental and
theoretical investigations of amorphous indium oxide [19] revealed
that interconnectivity and spatial distribution of the InO polyhedra
).
determines the electron transport limited by charge scattering: the
observed peak in the electron mobility was found to correspond to
the structure with long chains of InO6 polyhedra connected pri-
marily via corner sharing.

To gain a thorough systematic understanding of the role of
composition in the structural properties of amorphous In-based
oxides, eight ternary IneXeO structures with X ¼ Sn, Zn, Ga, Cd,
Ge, Sc, Y, or La, denoted below as a-IXO, were modeled using liquid-
quench MD simulations. The choice for X cations in this study
covers the typical compositional chemistry in both crystalline and
amorphous transparent conducting and semiconducting oxides: all
cations are pre- or post-transition metals with ns0 electronic
configuration. The structural characteristics of the first, second, and
third shells as well as the connectivity between the MO polyhedra
are compared for amorphous indium oxide (a-IO) and a-IXO. The
results highlight the importance of the spatial distribution of the
InO6 and XO polyhedra from the point of view of amorphization
and charge transport and facilitate the progress in fundamental
understanding of amorphous oxides.

2. Computational method

The amorphous a-InO and a-InXO structures were generated
using first-principles molecular dynamics as implemented in the
Vienna Ab Initio Simulation package (VASP) [20e23]. The calcula-
tions are based on the density functional theory (DFT) [24,25] with
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PBE functional based on the projector augmented-wave method
[26e28]. For the initial structure, we used a cubic 130-atom cell of
bixbyite In2O3 with density 7.12 gm/cm3. To obtain ternary IXO
structures, we randomly replaced 20% of the In atoms in the initial
structure by respective metal X (Sn, Zn, Ga, Cd, Ge, Sc, Y or La) and
adjusted (i) the number of oxygen atoms to maintain stoichiom-
etry; and (ii) the cell volume tomaintain the density in the In-based
samples. The resulting lattice parameters that we have used in our
studies are: 11.898 Å for InO; 12.11 Å for InSnO; 11.78 Å for InZnO;
11.80 Å for InGaO; 12.06 Å for InCdO; 11.86 Å for InGeO; 11.66 Å for
InScO; 11.91 Å for InYO; and 12.17 Å for InLaO.

For each initial IO or IXO structure, we performed molecular
dynamics simulations of liquid quench as follows. First, to remove
any crystalline memory, each initial structure was melted at 3000 K
for 6 ps. The melt was then cooled to 1700 K at the rate of 100 K/
1.2 ps, and then rapidly quenched to 100 K at the rate of 200 K/
1.2 ps. In order to make the calculations computationally efficient,
we used low cut-off of 260 eV and restricted the k-point sampling
to G point only during melting and quenching processes. Finally,
each structure was equilibrated at 300 K for 6 ps with a cut-off
energy of 400 eV. All simulations were carried out within NVT
ensemble with Nose'-Hoover thermostat using integration time
step of 2 fs.
3. Results and discussion

3.1. IneO and XeO distances in amorphous IO and IXO

To understand the role of composition in the structural prop-
erties of amorphous In-based oxides, first, the local structure of the
InOx polyhedra in a-IO and a-IXO with X ¼ Sn, Zn, Ga, Cd, Ge, Sc, Y,
or La, is analyzed. For this, the distribution of the IneO distances
and the In coordination with oxygen atoms in a-IXO are compared
to the corresponding IneO values in a-IO as well as those in crys-
talline In2O3. For an accurate comparison of the average IneO dis-
tances in a-IO and a-IXO, the average pair correlation function
[29,30] was calculated according to:
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where the summation runs over all oxygen neighbors of a partic-
ular In atom and lmin is the smallest IneO distance in the i-th InOx

polyhedron. The results, shown in Fig.1, reveal that the average pair
Fig. 1. (Left) Calculated average IneO pair correlation function, lav, in Å, for amorphous IO an
in Å2, for amorphous IO and IXO. The horizontal dash lines represent the corresponding va
correlation function increases for X ¼ Sn, Zn, Ga, or Ge, and de-
creases for X ¼ Cd, Sc, La, or Y, with respect to the IneO value in a-
IO. The average IneO distance in all In-based oxides remains to be
below the corresponding value in crystalline In2O3, namely, 2.18 Å.
The shortest average IneO distance in case of a-IYO is in accord
with the short IneO distance in crystalline hexagonal YInO3,
namely, 2.10 Å.

The above trends in the average IneO distance in a-IXO, Fig. 1,
reveal no correlation with the ionic radii of the X cations. Indeed,
the IneO distance cannot be affected directly by the presence of X
cation since the IneOeM bond angle (M ¼ In or X) is significantly
less than 180� (on average, the IneOeM angles are equal to 98� and
116� for edge- and corner-shared IneM pairs, respectively.) For all
X, the changes in the average IneO correlation function are insig-
nificant, i.e., less than 1%. Moreover, the presence of X appears to
have little effect on the radial IneO distance distribution: the
calculated standard deviation, s2, shows only a small variationwith
composition, Fig. 1. The standard deviation increases for X ¼ Ga or
Ge which may be explained by their small ionic radii and the
strength of the XeO bonds. A different mechanism should be
sought for X ¼ Sn in order to explain the increase of the average
IneO distance and the distance distribution in a-ITOwith respect to
a-IO, c.f., Fig. 1. We believe that spatial distribution and connectivity
of SnOx and InO6 polyhedra in a-ITO are important in determining
the structural characteristics, as described below.

It is important to stress that local changes in the InO structure
averaged out by the standard characterization procedures, Fig. 1,
may be important from the crystallization and charge transport
points of view. In particular, the strength of the XeO bonds with
respect to that of the IneO bond (the so-called “oxygen-getter”
behavior of X cation [31]) may affect the local IneO structure: (i) by
introducing a “ripple” effect when the IneO bond distance fluctu-
ates with the number of X neighbors [32]; and (ii) by changing the
relative contributions from the differently coordinated In atoms
(discussed below). Clearly, the spatial distribution of XO polyhedra
within the InO framework (e.g., clustering vs uniform distribution
of XO) becomes critical in determining the crystalline to amor-
phous transition as well as the transport properties (conductivity
paths and scattering) in multicomponent oxides and will be
addressed below.

The calculated average pair correlation function lav(XeO), Eq.
(1), for each a-IXO structure is given in Fig. 2. The results reveal that
for X ¼ Sn, Cd, Ge, Sc, or Y (for X ¼ Zn, Ga, or La), the average XeO
distance is shorter (longer) than the natural XeO distance, i.e., the
distance in the corresponding crystalline binary oxides. Interest-
ingly, the XeO distances in the available crystalline ternary In-
containing oxides (we considered In4Sn3O12, In2ZnO4, GaInO3,
d IXO. (Right) Calculated standard deviation of the radial IneO distance distribution, s2,
lues in amorphous IO.



Fig. 2. (Left) Average XeO correlation function, lav, in Å, in amorphous IXO. Also, the XeO distance in the corresponding crystalline binary (cross) and In-containing ternary (plus)
oxides are given for comparison. (Right) Calculated standard deviation of the radial XeO distance distribution, s2, in Å2, for amorphous IXO.
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CdIn2O4, In2Ge2O7, YInO3, and LaInO3; all structural properties
found in the Inorganic Crystal Structure Database), in general,
predict the average XeO distances in a-IXO rather well (e.g., for
X ¼ Sn, Zn, Cd, or La). However, the preference of the X cation to
have a particular oxygen coordination should be taken into
consideration. For example, about a half of Ge atoms are found to be
six-coordinated in a-IGeO (similar to rutile GeO2) whereas Ge is
four-coordinated with oxygen atoms in In2Ge2O7; hence, the GeeO
distance in a-IGeO deviates significantly from that in In2Ge2O7,
Fig. 2.

In marked contrast to the small variation in the standard devi-
ation for the IneO distances in a-IXO, Fig. 1, the XeO distance dis-
tribution is narrow only for X¼ Sn, Ga, and Ge, Fig. 2. (Note that the
the standard deviation for the IneO distances is large for these
three cases, Fig. 1). The calculated standard deviation, s2, is above
0.015 Å2 for X ¼ Cd, Sc, and Y, that is notably larger than the cor-
responding IneO value in a-IXO (c.f., Fig. 1). Most significantly, the
standard deviation is above 0.04 Å2 and 0.05 Å2 for X ¼ La and Zn,
respectively. The corresponding radial XeO distributions are
asymmetric towards longer distances, i.e., there is an appreciable
amount of long-distance ZneO and LaeO bonds. This finding may
be explained by the Zn and La tendency to be over-coordinated:
many Zn and La atoms acquire higher than natural coordination
in a-IXO (see below). This is in accordwith crystalline oxides: La has
8 oxygen neighbors in InLaO3 and Zn is 5-coordinated in crystalline
multicomponent oxides [33,34]. The presence of the long-distance
XeO bonds may favor connectivity between the XO polyhedra via
Fig. 3. Average effective coordination number of In and X with oxygen atoms in
amorphous IO and IXO.
corner-sharinge as opposed to isolated short-bonded polyhedra or
clusters of edge-shared polyhedra.
3.2. IneO and XeO coordination in amorphous IO and IXO

Based on the obtained pair correlation function (Eq. (1)), the
effective coordination number (ECN) can be calculated as follows:

ECN ¼
X
i
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The average effective coordination numbers calculated for a-
IXO, Fig. 3, reveal that indium is under-coordinated with oxygen
atoms in all In-based amorphous oxides e as compared to the
crystalline In2O3 with 6-coordinated In atoms. Moreover, at 20%
substitution, all X additions considered in this work have little ef-
fect on the average IneO coordination changing it only slightly as
compared to <ECN>¼5.0 in a-IO: Sn, Zn, Ga, and Y result in
<ECN> ~ 5.1, whereas Ge and Sc increase it to <ECN> ~ 5.3. La has
the smallest effect on the average In coordination whereas Cd de-
creases it to 4.98.

Although the average IneO coordination remains nearly un-
changed in a-IXO, the statistical distribution of the In coordination,
i.e., the relative number of differently coordinated In atoms, reveals
a strong dependence on the composition. Within a radial distance
of 2.36 Å from a central In atom (to be compared to the longest
IneO distance in the first shell in crystalline In2O3, 2.25 Å), there are
3, 4, 5, and 6-coordinated In atoms, denoted below as InOx, Fig. 4. In
Fig. 4. Relative number of differently coordinated indium atoms in amorphous IO and
IXO calculated within 2.36 Å around a central In atom.
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a-IO and all a-IXO except for IGeO and IScO, most of the In atoms
(around 50% or above) are 5-coordinated. The number of 6-
coordinated In atoms in a-IXO suggests a particular grouping of
the addition elements. Specifically, Sn stands apart from the other X
additions since it has the least effect on the In coordination sta-
tistics. X ¼ Cd, Y, and La result in an increase of both the 5- and 6-
coordinated In atoms. In contrast, for X ¼ Zn, Ga, Ge, and Sc, only
the number of 6-coordinated In increases e up to 30% for Zn or Ga
and up to 40% for Ge and Sc. Hence, addition of Ge or Sc leads to the
most pronounced tendency to fulfill the natural In coordination. As
discussed below, spatial distribution and connectivity of the InO6
plays the key role during amorphization of In-based oxides and
may also govern the charge transport.

In contrast to under-coordinated In, the average coordination of
all the addition elements except for Cd and Sc is close to their
natural coordination, i.e., the coordination in the corresponding
crystalline binary oxides. In a-IXO, Ga and Ge are, on average, 5-
coordinated (both can be found 4 and 6-coordinated in binary ox-
ides); Y and La reach or exceed their natural coordination of 6; Sn
and Zn are close to being 6- or 4-coordinated, respectively, in
accord with their coordination in binary oxides. Only Sc and
especially Cd are notably under-coordinated; both have the natural
coordination of 6 in the corresponding binary oxides. We note that
the low coordination of Cd in amorphous ICdO (4.5) is in accord
with crystalline ternary oxide In2CdO4 where Cd is four-
coordinated. This may be explained by weaker CdeO bonds as
compared to the IneO bonds.
3.3. IneM coordination and distances

Amorphous oxide structure can be considered as a network of
distorted MO polyhedra. A thorough understanding of the IneM
shell structure, i.e., the average IneM distances and IneOeM an-
gles, provides valuable information about interconnectivity be-
tween the MO polyhedra. However, characterization of the IneM
shell is challenging. The proximity of the second and third shells in
the crystalline In2O3 associated with six edge-shared IneIn bonds
at ~3.35 Å and six corner-shared IneIn bonds at ~3.83 Å, respec-
tively, leads to significant overlap of the corresponding distribution
functions in amorphous indium oxide [19]. Hence, it is hard to
distinguish between the second and third shells from a measured
general pair distribution function. Moreover, the total IneM dis-
tance distribution becomes over 1 Å wide, making the exponential
Fig. 5. Radial distance, in Å, from a central In atom at which the average IneM coor-
dination number becomes 6.0 (triangles) and 12.0 (diamonds) in a-IO and a-IXO. The
horizontal dash line corresponds to the values for a-IO and is given to guide the eye.
fit in the lav and ECN calculations, Eqs. (1) and (2), inapplicable in
this case.

Independent of the type of sharing (edge vs corner), the total
IneM coordination (or running coordination) can be calculated as a
function of the distance from a central In atom. In amorphous IO, it
reaches the expected 6.0 (12.0) at ~3.6 Å (4.3 Å), i.e., above the
crystalline In2O3 value of 3.4 Å (3.8 Å). Addition of Ga, Zn, Ge, Sc, Y
or Cd increases the total IneM coordination as compared to that in
a-IO, whereas Sn or La slightly reduces it, Fig. 5. These results do not
correlate with the ionic size of the X cation: the ionic radius of La
(1.17 Å) is the largest among all X cations considered, while the
ionic radius of Sn (0.83 Å) is smaller than that of In (0.94 Å) as well
as of Sc (0.89 Å), Y (1.04 Å), or Cd (1.09 Å). The Sn- or La-induced
decrease of the total IneM coordination is in accord with the
longest average IneO distance in a-ITO, Fig. 1, and the strong ten-
dency of La toward over-coordination in a-ILaO, Fig. 3.

To distinguish between the edge- and corner-shared IneMpairs,
we determine the number of metal neighbors (In or X) that share
one, two, or three oxygen atoms with a central M atom. The
resulting IneM coordination numbers represent the number of
corner, edge, or face-shared metal atoms, respectively, for every M
atom. In this analysis, one should choose a maximum metaleO
distance to be considered asMeO bond in themetalemetal sharing
e this cut-off value should ensure that the first shell MeO distances
in the corresponding pair distribution function (i.e., those that
belong to the first IneO or XeO peak) are included into consider-
ation. In our analysis, we set the cut-off values to 2.36 Å for IneO
bond and SneO bond; 2.20 Å for ZneO bond and GaeO bond; 2.10 Å
for GeeO bond; 2.27 Å for SceO bond; 2.44 Å for YeO bond; 2.55 Å
for CdeO bond; and 2.75 Å for LaeO bond. As a result, average
MeM distance and MeOeM angle for edge-, corner-, and face-
shared MeM pairs are derived for each oxide.

First of all, we find that addition of X¼ Sn or Cd does not change
the relative number of the edge-vs corner-shared IneIn pairs which
is 15% vs 85%, respectively, of the total shared IneIn pairs in a-IO as
well as in a-ITO and a-ICdO. The number of edge-shared IneIn pairs
increases to 19e21% for all other X cations. The low number of
edge-shared IneIn pairs in In-based oxides (about a half of the
edge-shared pairs become corner-shared upon amorphization)
does not translate into a lowmobility in amorphous oxides. Indeed,
the observed mobility peak in a-IO was found to correspond to the
structurewith the smallest edge-shared IneIn coordination number
[19]. This counter-intuitive result was explained by the abundance
of long-distance corner-shared IneIn pairs that enables formation
of long chains of connected InO6 polyhedra [19]. The extended InO6
chains (as opposed to InO6 clusters of edge-shared polyhedra) are
believed to be responsible for lower scattering and, hence, an
improved mobility.

The average IneIn distance and IneOeIn angle for both edge-
and corner-shared IneIn pairs in a-IO and a-IXO are given in Fig. 6.
There is a correlation between the average IneIn distance for edge-
shared and corner-shared IneIn pairs: a shorter edge-shared dis-
tance generally correspond to a longer corner-shared distance, and
vice versa. Accordingly, the average IneOeIn angles for the edge-
shared and corner-shared IneIn pairs show a clear correlation,
Fig. 6(b). However, the effect of X is more complex: only X ¼ Sn, Sc,
or Y reduce the average edge-shared IneIn distance, whereas all X
additions increase the average corner-shared IneIn distance as
compared to those in a-IO. The longest corner-shared IneIn dis-
tance in a-ITO and a-ILaO is in accord with the increased total IneM
coordination which may be explained by the Sn and La tendency
toward overcoordination and clustering. Therefore, owing to the
higher degree of freedom, the corner-shared IneIn pairs serve to
compensate changes in the edge-shared shell (if any) as well as to
adjust to the presence and spatial distribution of XO polyhedra.



Fig. 6. Average IneIn distance, in Å (left) and average IneOeIn angle, in degrees, (right) for edge-shared (circle) and corner-shared (square) IneIn pairs in amorphous IO and IXO.
For comparison, the crystalline In2O3 edge-shared and corner-shared IneIn distances are 3.4 Å and 3.8 Å, respectively, and average IneOeIn angles are 99e101� and 126� ,
respectively.
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3.4. InO6 connectivity and spatial distribution

The reduced number of edge-shared IneIn pairs in the amor-
phous In-based oxides signifies changes in the connectivity be-
tween InO polyhedra upon crystalline-to-amorphous transition.
For amorphous InO, it has been shown that the size and distribution
of nanocrystalline In2O3 inclusions which are present in the
amorphous oxide samples even below the transition to the so-
called “X-ray amorphous” state, limit the transport properties via
scattering [19]. Nucleation of such nanocrystallites was found in
amorphous InO structures obtained via MD simulations at slow
cooling rates (5 K/ps), and it was shown that the spatial distribution
of the InO6, i.e., homogeneous distribution of separate-standing
(i.e., not connected) InO6 polyhedra vs chains vs clusters, depends
strongly on the deposition temperature in PLD-grown samples or
quench rates in MD simulated structures and ultimately de-
termines the properties of amorphous indium oxide [19]. In this
work, the MD quench rates employed for a-IO and a-IXO (170 K/ps)
are expected to be fast enough to prevent InO6 clustering and,
hence, to avoid nucleation of In2O3 nanocrystallites. Indeed, in a-IO
obtained at this cooling rate, only 13% of In atoms are 6-
coordinated, and these InO6 are distributed uniformly throughout
the cell volume: the number of connected InO6 (via edge or corner-
sharing) is small, Fig. 7, and the average distance between shared
InO6 polyhedra is 3.68 Å which is greater than the average shared
IneIn distance in crystalline In2O3, 3.6 Å. The latter is primarily due
Fig. 7. (Left) Number of edge-shared and corner-shared In6eIn6 pairs in amorphous IO and I
the InO6 polyhedra connected via edge- and corner-sharing in amorphous IO and IXO. The
third shells in crystalline In2O3.
to the presence of long-distance corner-shared InO6eInO6 pairs
that result in the average corner-shared In6eOeIn6 angle of 138� (to
compare, the average corner-shared IneOeIn angle in crystalline
In2O3 is 126�).

Significantly, all X cations considered in this work except for Sn
increase the number of 6-coordinated In atoms, Fig. 4. The number
of connected InO6 polyhedra increases accordingly, Fig. 7, but
composition also affects the way the InO6 polyhedra connect with
each other, i.e., the relative number of edge-vs corner-shared
In6eIn6 pairs is different in a-IXO, Fig. 7. In particular, although Sn
has little effect on the fractional number of 6-coordinated In atoms,
Fig. 4, it affects the spatial distribution of the In6 atoms by sup-
pressing the number of edge-shared InO6 polyhedra, Fig. 7. At the
same time, Sn leads to the formation of short-distant edge-shared
In6 pairs (~3.1 Å) that results in the smallest average distance be-
tween connected In6eIn6, Fig. 7. The effect of composition is
manifested clearly when the InO6 features are compared for a-IZO
and a-IGO. In these oxides, the relative number of 6-coordinated In
atoms is nearly the same (and doubled as compared to a-IO and a-
ITO, Fig. 4); however, Zn promotes edge-sharing between the InO6
polyhedra whereas Ga favors their corner-sharing, Fig. 7. Such dif-
ferences in the InO6 connectivity are likely to reflect different
charge transport in a-IZO and a-IGO.

The average In6eIn6 distance for the connected InO6 polyhedra
in a-IXO varies with composition: it increases for X ¼ Ga or La;
decreases for X ¼ Sn, Zn, or Sc; and remains similar to that in a-IO
XO. (Right) Average In6eIn6 distance, in Å, and average In6eOeIn6 angle, in degrees, for
horizontal dash line represents the corresponding values averaged for the second and



Fig. 8. The probability of the number of In6 neighbors calculated within a radial cut-off
distance of 3.8 Å from a central In6 in a-IO and a-IXO. The oxides are grouped according
to the fractional number of the 6-coordinated In atoms, c.f., Fig. 4, that is ~20% for a-IO,
a-ITO, and a-ICdO; ~30% for a-ILaO, a-IYO, a-IGO, and a-IZO; ~40% for a-IScO, and a-
IGeO.
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for X¼ Ge, Y, or Cd, Fig. 7. The variation does not follow the trend in
the fractional number of In6 (c.f., Fig. 4) and does not correlate with
the ionic size of X. This finding highlights that different
composition-dependent mechanisms are responsible for the for-
mation of the amorphous oxide structure, and also may signify a
tendency toward InO6 clustering in some a-IXO. To verify this
assumption, the number of In6 neighbors was calculated within a
radial cut-off distance of 3.8 Å from a central In6. (Note that oxygen
sharing, i.e., connectivity between the InO6 polyhedra, was not
taken into account in these calculations, and the distance of 3.8 Å is
simply to include the IneIn distance of the second and third shells
in crystalline In2O3). The results are grouped according to the
fractional number of 6-coordinated In atoms (c.f., Fig. 4) for com-
parison. One can see, Fig. 8, that addition of Cd increases the
probability of finding 5 In6 neighbors as compared to a-IO. For
X¼ Y, La, Ga, and Zn, the fractional number of In6 increases to about
30%, yet the spacial distribution of the InO6 polyhedra is different:
in a-IGO and a-IYO, the number of In6 neighbors does not exceed 5,
whereas in a-ILaO there is a cluster of as many as 9 In6 neighbors.
Amorphous IZO has a bell-shape distribution of In6 neighbors,
Fig. 9. (Left) Number of edge-shared and corner-shared XeX pairs in amorphous IXO. (R
polyhedra connected via edge- and corner-sharing in IXO.
Fig. 8, with 4 In6 neighbors to be the most likely arrangement.
Finally, the spatial distribution of InO6 polyhedra in a-IGeO appears
to be more uniform than that in a-IScO: the probability to find a In6
cluster of any size (no or 1 to 8 neighbors) is nearly the same in a-
IGeO, whereas presence of Sc results in the largest InO6 cluster of 10
neighbors, Fig. 8. We must stress here that the role of oxygen-non-
stoichiometry and deposition temperatures (or cooling rates) on
the structural properties of a-IXO was not taken into account in this
work. Such investigations are ongoing and are expected to elabo-
rate the effect of X addition.

3.5. XO connectivity and spatial distribution

At 20% fraction of X, the spatial distribution and connectivity of
XO polyhedra are expected to play a more important role in charge
scattering than the distribution of InO6 polyhedra discussed above.
In Fig. 2, a tendency toward the XeO natural distances (i.e., those
found in the crystalline binary counterparts) has been demon-
strated. Here, the second and third shells, i.e., XeX distances and
XeOeX angles, as well as the type of sharing between the con-
nected XO polyhedra are analyzed. First, we find that the number of
shared XO polyhedra correlates with the X ionic radius: for X ¼ Zn,
Ga, Ge, or Sc with a small ionic radius, there are 12e14 connections
per cell, whereas for X¼ Sn, Cd, Y, or Lawith a large ionic radius, the
total number of connections increases to 20e24, Fig. 9. Further-
more, the average XeX distances and average XeOeX angles for the
connected XO polyhedra in a-IXO, Fig. 9, resemble those found in
the corresponding crystalline counterparts.

In addition to the expected cation size effect on the connectivity
between XO polyhedra, we find that some X cations have a strong
preference for either corner or edge sharing of the XO polyhedra.
Specifically, no edge-shared ZneZn or GeeGe pairs are found in a-
IZO and a-IGeO, in excellent agreement with crystalline binary
(wurtzite ZnO and cristobalite GeO2) as well as ternary (In2ZnO4
and In2Ge2O7) oxides. On the other hand, Ga and La favor edge
sharing so that the fractional number of the edge-shared GaeGa or
LaeLa is significantly larger than that of corner-shared, Fig. 9. In a-
ILaO, La also promotes face-sharing between LaO polyhedra (four
LaeLa pairs were found to share three oxygen atoms) that is likely
to be associated with La strong tendency toward over-coordination.
In a-IGO, the strong preference for edge-sharing leads to the for-
mation of GaO clusters, Fig. 10 e in marked contrast to a homo-
geneous distribution of ZnO and GeO polyhedra with a similar
number of connected XO polyhedra in amorphous IZO, IGO and
IGeO, Fig. 9. Similarly, a larger number of edge-shared SneSn
connections as compared to X ¼ Cd, Fig. 9, signifies SnO polyhedra
ight) Average XeX distance, in Å, and average XeOeX angle, in degrees, for the XO



Fig. 10. Atomic structures of a-IXO, X ¼ Zn, Ga, Sn, or Cd, highlighting the XeO bonds and XO polyhedra only. Small spheres represent oxygen atoms, and large spheres that are not
connected with oxygen atoms represent In atoms.
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clustering: indeed, five SnO6 polyhedra connected via edge-sharing
with the rest of the SnO6 polyhedra attached via corner-sharing are
found in a-ITO, Fig. 10. This finding may be explained by the Sn
strong ability to attain full coordination with oxygen atoms as
compared to In atoms that are more adaptable to distortions (this is
opposite to Cd atoms that accept very low coordination with oxy-
gen atoms, Fig. 3). Indeed, in the crystalline In4Sn3O12, a fraction of
Sn atoms form regular SnO6 polyhedra, whereas all In atoms have a
low symmetry coordination with the IneO distances ranging from
2.07 Å to 2.31 Å. Therefore, Sn addition may help to attain amor-
phous In-based oxide structure by distorting the InO polyhedra
and, hence, preventing InO6 clustering and the subsequent for-
mation of In2O3 nanocrystallites. On the other hand, Sn has a strong
tendency to cluster itself which ultimately limits the electron
mobility as the fraction of Sn increases. Further investigations of the
role of oxygen-non-stoichiometry and cooling rates on the spatial X
distribution in amorphous In-based oxides are expected to shed
additional light on the tunable properties of oxides and are in
progress.

4. Conclusions

The results of ab-initio molecular-dynamics liquid-quench
simulations for eight ternary In-based amorphous oxides, a-IXO
with X ¼ Sn, Zn, Ga, Cd, Ge, Sc, Y, or La, reveal that several factors,
ranging from local (ionic size and metaleoxygen bond strength) to
long-range (natural preference for connectivity between MO
polyhedra), play an important role in the structural properties of a-
IXO and result in a complex composition-dependent behavior.

The local structure of the MO polyhedra remains, on average,
nearly unchanged upon the transition from crystalline to amor-
phous state. Moreover, the average IneO coordination is 5.0e5.2 in
a-IO and all a-IXO considered in this work. Such aweak dependence
of the In coordination on composition may signify that In atoms
remain to serve as a main source of oxygen defects upon fractional
substitution with X. However, charge transport in a-IXO is likely to
be affected strongly by the composition-dependent distribution of
the InO6 and XO polyhedra. Presence of X may result in a random
distribution of the MO polyhedra or facilitate the formation of
corner-shared chains or edge-shared clusters of the InO6 and XO
polyhedra that, in turn, will affect (i) the degree of amorphization of
the In-based framework, and (ii) the carrier mobility controlled by
scattering on large XO clusters or nanocrystalline inclusions.
Preferred long-range distribution of MO polyhedra may also affect
the mechanical properties of amorphous oxides.

Further investigations of the role of oxygen non-stoichiometry
and deposition temperatures (or cooling rates) on the structural
properties of a-IXO are expected to elaborate the effect of X addi-
tion on the carrier concentration and carrier transport.
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