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Abstract. The structure of amorphous In2–2xZnxSnxO3 (a-ZITO, x =
0.2, 0.3, 0.4) was investigated with transmission electron microscopy
(TEM), the total scattering pair-distribution function (PDF) and X-ray
absorption spectroscopy (XAS), which revealed a well-defined short-
range structure that differed from the crystalline bixbyite and corun-
dum ZITO polymorphs. The X-ray absorption near edge structure
(XANES) and extended X-ray absorption fine structure (EXAFS) were
used to detect InO6 and SnO6 octahedra and ZnO4 tetrahedra in a-

Introduction
Amorphous transparent conducting oxides (TCOs) and trans-
parent oxide semiconductors (TOS) are important materials for
flat-panel displays, optoelectronic devices and advanced
electronics.[1–3] TCOs and TOSs are integrated into devices as
thin films commonly by physical vapor deposition and chemi-
cal vapor deposition methods. Deposition conditions, such as
temperature, partial oxygen pressure (pO2) and substrate tem-
perature will influence the film phases, crystallinity and result-
ing properties.[4–8] Common n-type TCOs, such as tin-doped
In2O3 (ITO),[9] zinc and tin co-substituted In2O3 (ZITO),[10,11]

(ZnO)kIn2O3 (IZO)[12] and ZnO·SnO2 (ZTO),[13,14] exhibit
comparable optical and electrical properties for crystalline and
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ZITO, which differ from the InO6, SnO6 and ZnO6 pseudo-octahedra
that are observed in the bixbyite and corundum ZITO polymorphs. The
formation of the ZnO4 tetrahedron likely inhibits the crystallization of
ZITO when synthesized under mild conditions. in situ XRD showed a
gradual transition from a-ZITO to a mixture of the bixbyite and corun-
dum ZITO polymorphs as the temperature was raised from 300 °C to
568 °C.

amorphous films. a-TCOs have several advantages over c-
TCOs, where “a-” denotes “amorphous” and where “c-” refers
to “crystalline“.[15] Mild deposition conditions are utilized such
that plastic substrates become a viable option. a-TCOs also
have low surface roughness for improved interfacial
contacts.[16–18] When mechanically stressed, a-TCOs undergo
less cracking and damage than c-TCOs so they can be used
in flexible electronic displays.[18–20] Owing to these attractive
qualities, a-TCOs are being pursued further for transparent
electronics and advanced technologies.[3]

Amorphous In2–2xZnxSnxO3 (a-ZITO) is a material of partic-
ular interest because the conductivity can be tuned from metal-
lic, for application as an a-TCO, to semiconducting, for appli-
cation as an a-TOS.[10,20] Significant progress has been made
in developing the structure-property relationships of crystalline
ITO[21] and ZITO,[7,22] but the structure-property relationships
of a-ITO and a-ZITO are poorly understood owing to a general
lack of knowledge of the amorphous structure. Amorphous ox-
ides prove to be challenging and intriguing materials to study
because a description of the structure will inevitably be statisti-
cal distributions of bond lengths, bond angles and polyhedron
connectivities.[23,24] Condensed matter can be described at
three structural length scales: short-range order (SRO, < 5 Å),
medium-range order (MRO, 5–20 Å), and long-range order
(LRO, > 20 Å). The SRO refers to the atomic connectivity
and individual polyhedral units, MRO describes the polyhedra
connectivities and LRO describes the topology and periodicity.
An “amorphous” material, by definition, has no long-range or-
der, but it can exhibit well-defined short-range order.[25–27]
Prior studies have characterized a-In2O3,[28] a-In-Zn-O,[29]
and a-In-Ga-Zn-O[30,31] thin films using the extended X-ray
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absorption fine structure (EXAFS) and the pair distribution
function (PDF) coupled with computational modelling such as
molecular dynamics (MD), reverse Monte Carlo (RMC) and
density functional theory (DFT). The characterization of the a-
In2O3 films[28] revealed InO6 octahedra with an average In-O
distance of 2.12 Å compared to the InO6 octahedra in bixbyite
In2O3 with an average In–O bond length of 2.18 Å. The In-In
distances between the edge and corner-sharing octahedra were
close to the In–In distances observed in the bixbyite In2O3
structure, but a distribution of In–O–In bond angles was ob-
served in a-In2O3. Three a-In-Zn-O films[29] had been exam-
ined with compositions of 10 %, 17 % and 50 % zinc (cation
basis). Each composition exhibited the shortened In–O bond
length of 2.12 Å that was present in a-In2O3. The local struc-
ture was characterized with InO6 octahedra and ZnO4 tetrahe-
dra. Single-phase compounds with compositions of 10 % zinc
and 17 % zinc are unknown and In2Zn2O5 only forms in the
bulk at temperatures above 1550 °C. Both InGaZnO4[30,31] and
In2Ga2ZnO7[31] are known crystalline compounds that have
also been prepared as amorphous films. Nomura et al.[30] ex-
amined a-InGaZnO4 films by EXAFS and reported that zinc
preferentially formed tetrahedral coordination environments
while gallium and indium occupied fivefold and sixfold coor-
dination sites. Cho et al.,[31] however, investigated the local
structural of a-InGaZnO4 and a-In2Ga2ZnO7 films and con-
cluded that ZnO5 bipyramids formed as a result of adjacent
InO6 and GaO5 polyhedra. This work will focus on probing
the short-range structure of a-ZITO using local probes that in-
clude the total scattering pair distribution function (PDF) and
X-ray absorption spectroscopy (XAS). The formation of tetra-
hedral zinc in this work is significant because, unlike the re-
ports cited above, crystalline ZITO exhibits two polymorphs,
both of which adopt ZnO6 polyhedra.

Results and Discussion

Long-range Structure: Powder X-ray Diffraction

Powder XRD patterns of a-ZITO (x = 0.2, 0.3, and 0.4),
collected at the J.B. Cohen X-ray facility, showed several dif-
fuse diffraction peaks that varied slightly for each composition.
High-resolution XRD patterns of a-ZITO (x = 0.2, 0.3, and
0.4), collected at the 11-BM station at the APS, showed prima-
rily diffuse peaks with minor sharp peaks indicative of an
amorphous structure with minor crystalline grains present. The
positions of the broad peaks coincide with the d-spacings ob-
served for the crystalline bixbyite and corundum polymorphs
as shown in Figure 1. The XRD patterns, however, could not
be described as a simple physical mixture of poorly crystalline
bixbyite and corundum. The average grain size was calculated
to be ~14 Å using the Scherrer equation[32] for the most intense
peak in a-ZITO for x = 0.2 (d = 2.75 Å, K = 0.9), only slightly
larger than the bixbyite In2O3 unit cell (a = 10 Å) demonstrat-
ing the limitation of the information obtained by Rietveld re-
finement for a poorly crystalline material.
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Figure 1. High-resolution XRD of a-ZITO with the reflections for bix-
byite (#06–0416) and corundum (#22–0336) In2O3 drawn in.

Long and Medium-Range Structure: Electron Nanodiffrac-
tion and Microscopy

TEM images of a-ZITO for x = 0.3 showed irregular aggre-
gated particles that appeared to be approximately 20–50 nm in
size (Figure 2a and Figure 2c). The particles were analyzed
by selected-area electron diffraction (shown in Figure 2b) and
nano-beam diffraction (shown in Figure 2d). Both diffraction

Figure 2. (a, c) TEM images of a-ZITO (x = 0.3) and (b, d) the corre-
sponding diffraction patterns such that the beamspot is outlined with a
grey circle. (e, f) HREM images of slices of a-ZITO (x = 0.3) particles
immersed in epoxy resin. Figure 2f is the expansion of the dotted box
in Figure 2e. The grey box in e and f is drawn in to show the fringes.
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patterns (Figure 2b and Figure 2d) consisted of several diffuse
halos, characteristic of an amorphous structure. High-resolu-
tion TEM images (Figure 2e and Figure 2f) show lattice frin-
ges in small regions. The average distance (± standard devia-
tion) between the fringes for two separate regions was 2.9 ±
0.2 Å and 3.1 ± 0.1 Å while fringes separated by distances of
4–5 Å were also measured. The images show a large number
of defects disrupting the lattice fringes preventing long-range
order and periodicity.

Medium and Short-Range Structure: Total Scattering Pair
Distribution Function

The experimental X-ray pair distribution functions of a-
ZITO (x = 0.2, 0.3, and 0.4) are plotted in Figure 3 with the
calculated PDFs of crystalline bixbyite In2O3 (bix-In2O3) and
corundum In2O3 (cor-In2O3). A PDF shows a peak for every
pair of atoms separated by the distance r. The PDF of a-ZITO
showed well-defined short-range structure for atomic pairs
separated by distances less than 5 Å. Broadened peaks are evi-
dent beyond 5 Å, showing continually decreasing order at
higher distances, which is consistent with the broad XRD
peaks and diffuse ED rings. PDF captures the average structure

Figure 3. (top) PDF of a-ZITO for x = 0.2, x = 0.3 and x = 0.4 in
comparison with the calculated PDF of bixbyite In2O3 and corundum
In2O3. (bottom) Expansion of the top plot for the short-range ordered
regime, R = 1–5 Å.
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of the entire sample while TEM shows individual regimes.
Variations of the individual distances between the fringes ob-
served by TEM will appear as a broad distribution in the PDF.
The diminishing amplitude with increasing distances between
atomic pairs is a result of the increasing structural disorder.
The average particle size determined by small angle X-ray
scattering (SAXS, see Supporting Information) was 181 Å, us-
ing a spherical particle approximation, so particle size will not
have a significant effect on the PDF intensity up to 20 Å.
The PDFs of a-ZITO for x = 0.2, 0.3, and 0.4 are very similar
with minor differences in the peak intensities that appear to be
systematic. The first peak in a-ZITO (x = 0.3) corresponds to
the In–O, Sn–O and Zn–O pairs and occurs at an average dis-
tance of 2.14 Å. The second and third peaks in a-ZITO (x =
0.3) are located at 3.29 Å and 3.73 Å, distances expected for
edge and corner-sharing M–M pairs (M = In, Sn, Zn), respec-
tively. The area of the two peaks appears approximately the
same implying a similar amount of edge- and corner-sharing
polyhedra. The total scattering data of crystalline bix-ZITO
(x = 0.2, 0.3 and 0.4) were collected under the same conditions
to confirm that the broad peaks observed for a-ZITO were rep-
resentative of the structure rather than the measurement condi-
tions. The broadened peaks visible for a-ZITO indicate a distri-
bution of M–M distances and O–M–O angles compared to the
crystalline analogues. It is likely that this distribution of bond
angles associated with the packing of adjacent polyhedra leads
to the loss of ordering on the long-range length scale.

Short-Range Structure: X-ray Absorption Spectroscopy

Several restraints were imposed on the EXAFS fits to reduce
the number of correlations between the parameters. Constraints
were chosen such that they were consistent with the chemical
nature of ZITO. Some of the constraints are based on the
known crystalline structures. The amorphous structure will in-
herently exhibit deviation from the crystalline structure, but the
degree to which the deviations occur is unknown. Therefore,
constraints were chosen in cases where the amorphous struc-
ture would be expected to be similar to the crystalline struc-
tures. Parameters that were expected to differ between the
amorphous and crystalline structures were allowed to float dur-
ing the fitting routine. The presented fits are first-approxima-
tions of the amorphous structure and in order to elucidate fur-
ther details, more data and experiments would be necessary.
It is further emphasized that this is one proposed structural
description that is consistent with the EXAFS analysis, but
there may be other equally valid representations. Discussion of
the parameters and restraints used in each fit is included in the
Supporting Information.

In K Edge

The EXAFS is plotted as the k2·χ(k) vs. the modulus of the
wavevector and its Fourier transform for bix-ZITO, cor-ZITO
and a-ZITO at the In K edge (Figure 4). Previous work con-
firmed that these EXAFS spectra of bix-ZITO[33] and cor-
ZITO[34] were consistent with the crystallographic structures.
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Figure 4. In K edge: (a) Plot of k2·χ(k) and (b) Fourier transform of bix-ZITO, cor-ZITO and a-ZITO. (c) Plot of k2·χ(k) and (d) Fourier
transform of a-ZITO for x = 0.3 (black dots) with the best-fit overlaid (solid line).

The amplitudes of the k2·χ(k) and Fourier transform for bix-
ZITO decrease with increasing zinc and tin substitution.[33]

There is little change visible for the a-ZITO spectra between
x = 0.2, 0.3, and 0.4, which suggests the local structure of
indium is not dependent on the percentage of zinc and tin.
Four chemical restraints were applied to the fit to reduce
correlations between the many EXAFS parameters. The In K
edge EXAFS data were fit with only indium neighbors, i.e.,
zinc and tin were not included in any secondary shells, al-
though it should be mentioned that indium and tin are indistin-
guishable neighbor types. Although it is unlikely that the sec-
ond shell is composed only of indium neighbors, the low
concentration of zinc and tin and the uncertainty associated
with an amorphous structure would prevent zinc and tin from
having a significant effect on the indium edge EXAFS signal.
This assumption is confirmed by the nearly identical spectra at
the indium edge for the compositions at x = 0.2, 0.3, and 0.4.
The first In–O shell coordination number was set to 6 because
indium is preferentially six-coordinate with O, evident by bix-
In2O3 and cor-In2O3. The total number of cation neighbors in
the second shell (3–4 Å) was set to 12 because it is the number
of cation neighbors in the bixbyite structure. The number of
edge-sharing and corner-sharing indium neighbors were set
equal to each other, which is consistent with the PDF. Further-
more, a total of 12 cation neighbors, half edge-sharing and half
corner-sharing, is necessary to maintain charge balance with
an InO6 octahedron.
The best fit k2·χ(k) and Fourier transform of a-ZITO (x =

0.3) at the In K edge are plotted in Figure 4 with the best fit
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values listed in Table 1. The fitting of the first In-O shell re-
sulted in a distance of 2.14 Å, which is slightly shorter than
the average In–O bond length of 2.16 Å in bixbyite ZITO[33]

and consistent with the average value of the nearest neighbors
detected by the PDF. The edge-sharing neighbors were fit with
3.2 indium at 3.28 Å and 2.8 indium at 3.41 Å. The corner-
sharing indium neighbors were fit with 3.2 indium at 3.64 Å
and 2.8 indium at 3.88 Å. It should be emphasized that EX-
AFS detects the average local environment, so the coordination
numbers should be interpreted as the relative weighting of an
indium neighbor at the given distance. The average distance of
the edge-sharing and corner-sharing In-In neighbors is 3.34 Å
and 3.75 Å, respectively. The In–In distances determined by
EXAFS are close to the M–M distances observed by PDF with
3.29 and 3.73 Å. The average distances determined from the
two spectra are expected to differ because PDF includes every
combination of atomic pairs (In–In, In–O, O–O, etc.) while
EXAFS previously assumed only In-In pairs.

Table 1. Best fit values of a-ZITO (x = 0.3) at In K edge. S02 = 1.0,
ΔE0 = 0.6(7) eV, R-factor = 0.005.

Neighbor R /Å C.N. σ2 /Å2

O 2.140(4) 6 0.0083(3)
In 3.28(1) 3.2(4) 0.016(2)
In 3.41(2) 2.8(4) 0.016(2)
In 3.64(1) 3.2(4) 0.016(2)
In 3.88(2) 2.8(4) 0.016(2)
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Sn K Edge

The EXAFS is plotted as the k2·χ(k) and Fourier transform
for bix-ZITO, cor-ZITO and a-ZITO at the Sn K edge for x =
0.2, 0.3, and 0.4 (Figure 5). Prior work demonstrated that the
tin local coordination environment for bix-ZITO was consistent
with the bixbyite structure[33] and cor-ZITO was consistent
with the corundum structure.[34] The tin substituent exhibited
a first shell Sn–O bond contraction in bix-ZITO and cor-ZITO
owing to the small Sn4+ radius.[33,34] The EXAFS of crystalline
bix-ZITO at the Sn edge exhibited an amplitude reduction as
a function of x, which has been attributed to increased zinc
substitution in the neighboring cation shells.[33] The EXAFS
of a-ZITO, on the other hand, shows minor variations as a
function of x, which suggests the local structure has a mild
sensitivity to the composition.
The best fit k2·χ(k) and Fourier transform are plotted in Fig-

ure 5 and the best fit values of the Sn K edge EXAFS are
listed in Table 2. The EXAFS of a-ZITO (x = 0.3) was fit with
only indium neighbors for r = 3–4 Å. It is unlikely that tin has
only indium neighbors, but the low concentration of zinc and
tin coupled with the distribution of bond lengths associated
with an amorphous structure will prevent zinc and tin from
having a significant effect on the net EXAFS signal. The coor-
dination number of the first Sn–O shell was set to 6 because
Sn4+ is preferentially octahedral with O, as demonstrated by
rutile SnO2. The first shell Sn–O distance in a-ZITO was found
to be 2.06 Å, which is close to that of bix-ZITO at 2.08 Å,
cor-ZITO at 2.08 Å and SnO2 at 2.06 Å.[33,34] The cation

Figure 5. Sn K edge: (a) Plot of k2·χ (k) and (b) Fourier transform of bix-ZITO, cor-ZITO and a-ZITO. (c) Plot of k2·χ(k) and (d) Fourier
transform of a-ZITO for x = 0.3 (black dots) with the best-fit overlaid (solid line).
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neighbors were composed of 4.1 indium at 3.27 Å, 3.0 indium
at 3.48 Å and 3.9 indium at 3.72 Å. It is notable how the a-
ZITO short-range structure of tin is quite different from the
short-range structure of indium.

Table 2. Best fit values of a-ZITO (x = 0.3) at Sn K edge. S02 = 1.0,
ΔE0 = 1.2(5) eV, R-factor = 0.002.

Neighbor R /Å C.N. σ2 /Å2

O 2.058(3) 6 0.0045(2)
In 3.265(6) 4.1(4) 0.0091(7)
In 3.48(1) 3.0(2) 0.0091(7)
In 3.724(9) 3.9(4) 0.0091(7)

Zn K Edge

The X-ray absorption near edge structure (XANES) of the
Zn K edge for a-ZITO was first examined because zinc can
exhibit octahedral coordination, as in bix-ZITO and cor-ZITO,
and tetrahedral coordination, as in ZnO. The XANES spectra
of the Zn K edge for bix-ZITO, cor-ZITO, ZnO and a-ZITO
are plotted in Figure 6. The XANES regime shows the empty
density of states of the absorbing element coupled with oscilla-
tions that are caused by single and multiple scattering of the
photoelectron. The peak at the Zn K edge is attributed to the
1s → 4p transition.[35] The peak shape will depend on the
neighboring elements, arrangement and ligand distance.[35,36]

Waychunas et al.[37] simulated the XANES spectra at the Zn K
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edge of clusters with ZnO4 or ZnO6 polyhedra. The XANES
spectrum of an isolated ZnO4 tetrahedron showed less intensity
for the peak at the edge (the “white line”) and a broader decay
compared to an isolated ZnO6 octahedron. The XANES spec-
trum of a-ZITO at the Zn K edge shows a low-intensity white
line followed by a broad decay, which suggests zinc is tetrahe-
drally coordinated by oxygen atoms. Furthermore, the XANES
spectrum of the Zn K edge is featureless, meaning the extended
structure is too disordered to generate significant single or
multiple scattering resonances.
The EXAFS are plotted as the k2·χ(k) and Fourier transform
for bix-ZITO, cor-ZITO and a-ZITO (Figure 7). Prior work

Figure 6. X-ray absorption near edge structure (XANES) of bix-ZITO,
cor-ZITO, ZnO and a-ZITO at the Zn K edge.

Figure 7. Zn K edge: (a) Plot of k2·χ(k) and (b) Fourier transform of bix-ZITO, cor-ZITO and a-ZITO. (c) Plot of k2·χ(k) and (d) Fourier
transform of a-ZITO for x = 0.3 (black dots) with the best-fit overlaid (solid line).
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demonstrated that the zinc local coordination environment for
bix-ZITO was consistent with the bixbyite structure[33] and cor-
ZITO was consistent with the corundum structure.[34] The EX-
AFS of crystalline bix-ZITO at the Zn edge exhibited an ampli-
tude reduction as a function of zinc and tin substitution (x),
which had been attributed to increasing zinc substitution in the
neighboring cation shells.[33] The EXAFS of a-ZITO, on the
other hand, shows a strong first shell and no coherent coordi-
nation shells past 2 Å for x = 0.2, 0.3, and 0.4, consistent with
the featureless XANES. The Zn–O first shell of a-ZITO (x =
0.3) was fit with 4 O at 1.97(2) Å where S02 = 1.0, σ2 =
0.010(1) Å2 and ΔE0 = 0.2(1.8) eV (R-factor = 0.011). The
Zn–O bond length of 1.97 Å is consistent with that of four-
coordinate zinc. Longer bond lengths of 2.06 Å or 2.12 Å,
would suggest a five- or six-coordinate environment,
respectively.[38] The EXAFS data are consistent with a Zn–O
coordination number of 4 and not 6, which corroborates the
tetrahedral coordination of zinc inferred from the XANES
spectrum.

Crystallization of a-ZITO: in-situ and ex-situ X-ray Diffraction

The precursor was heated from room temperature to 568 °C
while the phases were monitored in situ by powder X-ray dif-
fraction (Figure 8). Room temperature XRD verified that the
precursor was In0.7Zn0.15Sn0.15(OH)3 (x = 0.3). Upon heating,
the peaks indicative of the precursor diminished and once the
sample reached 300 °C the amorphous structure was observed.
The temperature was held at 300 °C for 1 hour and no change
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was observed in the XRD pattern. As the temperature rose to
568 °C the XRD patterns showed the gradual transition from
an amorphous to a crystalline structure with peaks forming and
sharpening indicative of growing grains. The sample was held
between 560–570 °C for an hour while the grain size started
to plateau. The final diffraction peaks corresponded to a mix-
ture of bixbyite and corundum ZITO.

Figure 8. XRD patterns measured in-situ as a function of temperature
starting with In0.7Zn0.15Sn0.15(OH)3 precursor at 55 °C and heating to
a-ZITO at 300 °C (black trace) followed by crystallization to a mixture
of bixbyite and corundum ZITO at 568 °C.

a-ZITO for x = 0.2, 0.3, and 0.4 were heated to 700 °C to
examine the products upon crystallization. A mixture of the
bixbyite and corundum polymorphs was observed by XRD as
shown in Figure 9. As the percentage of zinc and tin increased,
a higher percentage of corundum formed over bixbyite. Gurlo
et al.[39] reported increased formation of the corundum poly-
morph with increased Fe substitution when In2–yFeyO3 was
synthesized by co-precipitation and calcination. The addition
of smaller cations has been attributed to stabilization of the
more dense corundum structure,[39,40] consistent with increas-
ing corundum ZITO for increasing x.

Figure 9. XRD patterns of crystallized products after heating a-ZITO
to 700 °C for 2 hours for x = 0.2, x = 0.3 and x = 0.4.

The appearance of the four-coordinate zinc could suggest
that a-ZITO is a physical mixture of a-ITO and a-ZnO. The
experimental evidence, however, does not support the presence
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of a-ZnO. The Zn edge EXAFS, shown in Figure 10, is not
consistent with a-ZnO. The EXAFS spectrum of crystalline
ZnO has a strong second shell, which consists of 12 zinc
neighbors, as shown in Figure 10. A reduced coordination
number and increased MSRD would still lead to a noticeable
second shell. The EXAFS spectrum of a-ZITO, on the other
hand, shows a trace second shell indicating that ZnO is not
present as a secondary amorphous phase. It should also be
noted that separate syntheses of ITO and ZnO under these syn-
thesis conditions yield crystalline ITO and ZnO. Therefore, it
is unlikely that the structure of a-ZITO is a physical mixture
of a-ITO and a-ZnO.
The presence of the ZnO4 unit is the distinguishing differ-

ence between the a-ZITO local structure and the crystalline
bix-ZITO and cor-ZITO local structures. The formation of the
ZnO4 tetrahedron likely stabilizes the amorphous structure and
prevents crystallization to a mixture of bixbyite and corundum
ZITO. The necessity of zinc to stabilize the amorphous struc-
ture is evident as the calcination of In(OH)3 at 300 °C led to
crystalline bix-In2O3. Calcination of In(OH)3 at lower tempera-
tures, such as 250 °C, yielded a mixture of In(OH)3 and bix-
In2O3; amorphous In2O3 was not observed. The direct conver-
sion of unsubstituted In(OH)3 to bix-In2O3 has been confirmed
by in situ XRD.[41]

Conclusions
A summary of the different characterization techniques and
the results is listed in Table 3. The primary structural units in
a-ZITO were InO6, SnO6 and ZnO4 polyhedra in contrast to
the InO6, SnO6 and ZnO6 units that are observed in crystalline
bix-ZITO and cor-ZITO. The XRD, PDF and EXAFS all sug-
gest that the structure of a-ZITO differs from a physical mix-
ture of bix-ZITO and cor-ZITO. The unique short-range struc-
ture of a-ZITO is consistent with the formation of ZnO4
tetrahedra, which inhibit nucleation of the bix-ZITO and cor-
ZITO phases. Furthermore, structural order on the long range
was prohibited by the formation of a wide distribution of O–
M–O bond angles (M = In, Sn, Zn). Higher temperatures fa-
vored a crystalline structure, which led to the formation of
the bixbyite and corundum polymorphs characterized by ZnO6
octahedra. The structural information learned from this study,
in particular the formation of tetrahedral ZnO4 to stabilize the
amorphous structure, can be used as a basis to begin to under-
stand the origin of the optical and electrical properties ob-
served for a-ZITO.

Experimental Section
Synthesis

The synthesis of a-ZITO is a two-step process: precipitation followed
by calcination. Aqueous stock solutions of each metal were prepared
by dissolving In(NO3)3·xH2O, SnCl4 or ZnCl2 in deionized water and
determining the precise concentration with ICP-AES. The synthesis
was carried out for three [In]:[Sn]:[Zn] ratios: 0.8:0.1:0.1 (x = 0.2),
0.7:0.15:0.15 (x = 0.3) and 0.6:0.2:0.2 (x = 0.4). The solution was
diluted such that the total metallic concentration ([In]+[Sn]+[Zn]) was
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Figure 10. k2·χ (k) spectra and (b) k2-weighted Fourier transform of a-ZITO at x = 0.3 (black) compared to ZnO (grey).

Table 3. Summary of results from structural characterization tech-
niques.

Method Length Scale Degree of Order Results
XRD > 20 nm Disordered –
ED 50 nm Disordered –
TEM > 2 nm Disordered –
TEM 1–2 nm Ordered regimes –
PDF (MRO) 5–20 Å Decreasing order –
PDF (SRO) 1–5 Å Ordered M–O 2.14 Å

M–M 3.29 Å
M–M 3.73 Å

EXAFS (In edge) 1–4 Å Ordered In–O 2.14 Å
In–In 3.28 Å
In–In 3.41 Å
In–In 3.64 Å
In–In 3.88 Å

EXAFS (Sn edge) 1–4 Å Ordered Sn–O 2.06 Å
Sn–In 3.27 Å
Sn–In 3.48 Å
Sn–In 3.72 Å

EXAFS (Zn edge) 1–2 Å Ordered Zn–O 1.97 Å
EXAFS (Zn edge) 2–4 Å Disordered –

0.08 m. For the solutions with high concentrations of tin and zinc it
was necessary to add several drops concentrated HCl or HNO3 to keep
the cations dissolved. The metal solution (10 mL, 0.08 m) was added
dropwise to NaOH(aq) (100 mL, 6 mM, pH ≈ 11) in air while the pH of
the solution was maintained above 10.3 by small additions of NaOH(aq)
(1.2 m) using a pH-stat based on an ABU9x autotitrator (Radiometer).
A white precipitate formed instantly upon addition of the metal solu-
tion to the NaOH(aq) solution. After the addition of the entire metal
solution the reaction beaker was covered with Parafilm™ and left to
stir overnight. The mixture was then centrifuged to separate the precip-
itate from the mother liquor. The precipitate was rinsed with deionized
water three times, separated by centrifugation and the solid was dried
at 80 °C overnight to obtain the precursor (see Supporting Information
for characterization of the precursor). The dried precursor was ground
to a powder and calcined at 300 °C overnight to obtain amorphous
ZITO, which was a yellow color. Thermogravimetric analysis of the
precursor verified that a weight loss occurred just above 200 °C (see
Supporting Information). The O-H stretch that was observed for the
precursor by attenuated total reflection infrared (ATR-IR) spectroscopy
was absent for the amorphous oxide (see Supporting Information).
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X-ray Diffraction

Powder X-ray diffraction (XRD) patterns were collected at the J.B.
Cohen X-ray Facility at Northwestern University using a Rigaku dif-
fractometer (Tokyo) with Ni-filtered Cu-Kα radiation over the range
2θ = 15–70° with a 0.05° step size and 1 second dwell time. High-
resolution powder XRD (HR-XRD) patterns were obtained from Sec-
tor 11 BM-B at the Advanced Photon Source at Argonne National
Laboratory (ANL-APS) using an average wavelength of 0.4586 Å.
Discrete detectors covering an angular 2θ range from –6 to 16° were
scanned over a 34° range, with data points collected every 0.001° 2θ
at a scan speed of 0.01°/s. Two NIST standard reference materials, Si
(SRM 640c) and Al2O3 (SRM 676) were used to calibrate the instru-
ment, where the Si lattice constant determines the wavelength for each
detector.

High-energy total X-ray scattering data, which were used for PDF
analysis, were collected at Sector 6 ID-D of the APS at ANL. The
beam energy was selected at 87.06 keV and the data were collected
in transmission on a Mar345 Image plate. The detector distance was
calibrated with a Si-NIST standard. The sample was loaded into a
Kapton capillary tube with a 1 mm diameter. A background pattern
was collected from an empty Kapton capillary tube and used for the
correction. Each measurement was replicated 5 times to improve
counting statistics. The 2-D XRD patterns were merged and integrated
with Fit2D[42,43] to 1-D patterns. PDFgetX2[44] was used to removed
the background and convert the integrated XRD pattern to the structure
function S(Q), where S(Q) = 1+|Icoh(Q)–Σicif

2
i (Q)|/|Σicif

2
i (Q)| such that

Icoh(Q) is the coherent X-ray scattering, ci is the atomic concentration
of species i and fi(Q) is the X-ray scattering factor. The pair distribution
function, G(r), is extracted by a Fourier transform of Q[S(Q)–1] from
Q = 0.5–26.0 Å–1. The pair distribution function can also be expressed
as G(r) = 4πr[ρ(r)–ρ0] where r is the interatomic distance, ρ(r) is the
local electron density and ρ0 is the average electron density.

Powder XRD was obtained in situ while heating a pellet of precursor
from room temperature to 568 °C. The data were collected at the ANL-
APS Sector 5-BM-D. The wavelength was selected as 0.654 Å with a
double-crystal Si(111) monochromator and a sagittal bender was in-
serted up-stream to focus the beamspot to a 2 mm diameter. The
In0.7Zn0.15Sn0.15(OH)3 precursor was mixed with a 10 % aqueous solu-
tion of polyvinyl alcohol to act as a binder and pressed into a pellet
1.3 cm in diameter and approximately 0.38 mm thick. The pellet was
placed in a Linkam Optical DSC Thermatica system and heated from
room temperature to 568 °C. Transmission XRD data were obtained
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with a selected energy beam and Mar165 Image plate detector. The
2D XRD patterns were calibrated and integrated with the program
Fit2D.[42,43] The wavelength and detector distance were calibrated with
a LaB6-NIST standard to be 0.654 Å and 160.7 mm, respectively.

X-ray Absorption Spectroscopy

The ZITO samples and In2O3, SnO2 and ZnO standards were prepared
for EXAFS measurements by spreading a uniform layer of the powder
onto low-absorbing adhesive tape and adjusting the number of stacked
layers to obtain μ ≈ 2 and Δμ0(E) ≈ 1. The XAS data for the crystalline
bixbyite and corundum polymorphs of ZITO (bix-ZITO and cor-ZITO)
have been previously reported.,[33][34]

The X-ray absorption spectra were measured at the ANL-APS facility
operating at 100 mA and 7.0 GeV. The double-crystal monochromator
consisted of parallel Si(111) crystals, which were detuned to 70 % of
the maximum beam intensity to reject higher order harmonics. Each
measurement included an indium, tin or zinc metal foil reference to
calibrate the absorption edge energy. The edge energy was chosen at
the inflection point – where the second derivative equals zero. The
edge energies were set at 27940 eV for indium, 29200 eV for tin and
9659 eV for zinc. The standards and the samples at the In, Sn, and Zn
edges were measured in transmission mode using Oxford ionization
chambers with a path length of 30 cm. The chambers were filled with
gas mixtures of He, N2, and Ar to obtain 10 % absorption for the
incident beam, I0, 20 % absorption for the sample transmitted beam,
IT, and 60 % absorption for the reference foil transmitted beam, IT2.
The Sn measurements were replicated 25 times and the Zn measure-
ments were replicated 5 times to improve counting statistics (See Sup-
porting Information for details of the background removal and fitting
procedure).

Background removal was performed using the AutoBK algorithm[45,46]

as implemented in Athena,[47] a graphical front-end for the
IFFEFIT[47–49] software package. The data were normalized to an edge
step height of one. The first inflection point of the absorption edge
defined the edge energy, E0, which was used to determine the modulus
of the photoelectron wave number: k = √2me(E–E0)/ħ2 where me is the
electron mass, ħ is the reduced Planck’s constant, and E is the incident
X-ray energy. Both the samples and standards were measured from
250 eV below the edge to 1230 eV above the In and Sn K edge (k =
18 Å–1). The samples and standards were measured from 150 eV be-
low the edge to 1230 eV above the Zn K edge. The χ(k) spectra was
Fourier transformed with a sine window over the region k = 3.3–
12.5 Å–1 for the In data, k = 3.6–12.25 Å–1 for the Sn data and k =
2.4–9.8 Å–1 for the Zn data. Fitting and simulations of the EXAFS
spectra were performed using the FEFF 6.0 code[50] as implemented
in Artemis. The goodness-of-fit was determined by minimizing the
residual component, R = Σi(datai–fiti)2/ Σidatai2, between the model and
experimental values. The fitting was carried out in real space over the
ranges R = 1.1–3.6 Å for indium, R = 1.1–4.0 Å for Sn and R = 1.1–
2.1 Å for the Zn data. All Fourier transforms are shown uncorrected
for phase shifts.

Electron Diffraction and Microscopy

The a-ZITO (x = 0.3) powder was embedded in epoxy resin and sec-
tioned using a LKB 2188 Ultratome Nova microtome and glass knife.
Sections were cut at about 100 nm thick and loaded onto holey-carbon
copper grids. A JEOL JEM-2100F transmission electron microscope
(Tokyo, Japan) was used to study the structure and composition distri-
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bution of a-ZITO. The microscope is operated at 200 kV with a
Schottky field emission gun. EDS analysis was performed in the scan-
ning transmission electron microscopy (STEM) mode to reveal the
composition distribution. The structure was characterized by selected
area-electron diffraction and nano-beam diffraction.

Supporting Information (see footnote on the first page of this article):
X-ray diffraction, thermogravimetric analysis and attenuated total re-
flectance infrared spectroscopy of the precursor; energy dispersive
spectroscopy mapping of a-ZITO (x = 0.3); small angle X-ray scatter-
ing of a-ZITO (x = 0.4); discussion of EXAFS fitting constraints and
analysis.
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