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Amorphous indium zinc oxide (IZO) thin film structures of varying amounts of Zn content were investigated using X-ray
diffraction measurements and molecular dynamics (MD) simulations. The characteristic amorphous structure having
high oxygen coordination number and edge-shared polyhedra were confirmed using both techniques. Detailed
analysis of the structural model revealed that the oxygen close-packed structure was almost realized in the nanometer
range. It was also found that the number of Zn ions occupying the tetrahedral site of the oxygen close-packed structure
increased with increasing ZnO content although In ions occupied the octahedral site. We conclude that the amorphous
structure stability of the indium zinc oxide thin films is enhanced by the existence of Zn ions in the tetrahedral site, which
block In ions in the octahedral site ordering similar to that in an In2O3 crystal.

1. Introduction

Transparent conductive oxide (TCO) thin films are widely
usedas electrodes in various applications such as liquid crystal
displays, plasma displays, solar cells, and organic light emit-
ting diodes.1-5 Among many TCOs, amorphous indium zinc
oxide (a-IZO) thin filmshave receivedmuchattentionbecause
of their very smooth surface, availability of plastic substrate,
and good chemical etchability.6-12 Electrical properties of
a-IZO thin films have been reported as functions of their

composition and their preparation conditions.13-20 For ex-
ample, the carrier density and Hall mobility were varied from
6 �1020 to 2.65 �1016 cm-3 and from 10 to 51 cm2/(V s),
respectively, by varying the deposition parameters such as O2

or H2 flow ratios.21 It has also been reported that amorphous
phase stability was enhanced with increasing ZnO content.22

In order to understand and control physical properties and
structural stability, additional information about the atomic
arrangement of the a-IZO thin films is required. The grazing
incident X-ray scattering (GIXS) technique is well suited for
structural analysis of thin films because it can obtain structur-
al information of a thin film without any contribution from
the substrate. Utsuno and co-workers obtained the radial
distribution functions (RDFs) of amorphous In2O3 and
a-IZO thin films using theGIXS technique.23,24 Using RDFs,
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they estimated that the average coordination numbers around
In and Zn ions in those films were 6 and 4, respectively. They
also found that there were not only corner-shared InO6

octahedra but also edge-shared ones. On the basis of their
results, they suggested that the atomic arrangement around In
ions in the amorphous In2O3 and a-IZO thin films resembled
that in the bixbyite In2O3 crystal. However, the effect of an
increase of ZnO content on the amorphous structure stability
remains unclear. The characteristic structure observed in
those films, which have high oxygen coordination number
and edge-shared polyhedra, is rarely evident in conventional
amorphous oxides, and therefore it is important to figure out
the remaining problems of a-IZO thin films. It is now
necessary to derive additional information beyond the co-
ordination number or linkage patterns of polyhedra from the
characteristic structure of a-IZO thin films.
In this study, we investigated the structure of a-IZO

thin films using a combination of X-ray diffraction (XRD)
measurements and molecular dynamics (MD) simulations.
The characteristic amorphous structure constituted by oxy-
gen octahedra was confirmed both experimentally and by
calculation, and the structural properties clearly showed
dependency on the ZnO content in a-IZO thin films. The
first sharp diffraction peak (FSDP) in the interference func-
tions demonstrated the existence of a local layer-like struc-
ture in the films. Detailed analysis on the structural model
indicated the presence of a nearly close-packed structure of
oxygen ions. It is suggested that the close-packed structure is
responsible for the amorphous structure stability in a-IZO
thin films.

2. Experimental Procedures

2.1. Sample Preparation and X-ray DiffractionMeasurement.
Amorphous indium zinc oxide thin films of more than 500 nm
thickness were prepared using the r.f. sputtering method at
1.0 Pa in pure Ar gas. The targets used were three different
indium-zinc compositions: 5In2O3 3 2ZnO, 7In2O3 3 6ZnO, and
In2O3 3 2ZnO. The substrate was silica glass of dimensions
20 � 20 � 1 mm3, located beside the target without heating. It
was confirmed using X-ray diffraction that there were no
crystalline phases in the thin films. Compositions of the thin
films were determined by energy dispersive X-ray (EDX) spec-
troscopy and the thicknesses of the thin films were measured
using a surface profiler (DEKTAK3, Sloan Tech.). The densities
of the thin films, about 30 nm thick, were estimated by grazing
incidence angle X-ray reflectivity (GIXR) measurements in the
2θ range from 0.4 to 5�.25

Diffraction experiments were carried out using a Rigaku
RINT2500 V with Mo KR radiation. The incident angle δ was
fixed at 1.0� and 2θ scans were taken from 3 to 146�. The
diffraction intensity from a-IZO thin films Ifilm was given by

Ifilm ¼ Iobs - Isub exp - μf tf
1

sin δ
þ 1

sin 2θ

� �� �
ð1Þ

where Iobs and Isub are diffraction intensities of the sample and
the substrate, respectively, μf is the absorption coefficient of the
thin film, and tf is the thickness of the thin film. The contribution
from the substrate can be removed according to eq 1. After
correcting the influence of the film thickness and polarization, a
Krough-Moe-Norman normalization method was used to
obtain coherent X-ray scattering intensity, i(Q). Total correla-

tion function, T(r) = 4πrF(r), was obtained from the experi-
mental amplitude function Qi(Q) using Lorch function.26

2.2. Molecular Dynamics Simulations. Born-Mayer intera-
tomic potential functions used are given by

ΦijðrijÞ ¼ e2

4πε0

ZiZj

rij
þBij exp -

rij

Fij

 !
ð2Þ

whereZi is the effective charge of the ith ion, rij is the interatomic
distance, Bij is the empirical constant, and Fij is the softness
parameter. The effective charges of In and Zn ions were fixed
and the charge of oxide ions was set to fill the charge neutrality.
These initial parameters were given from the MD simulations
for bixbyite In2O3 and wurtzite ZnO crystals.27,28 Configura-
tions containing 640 particles for In2O3 and 360 particles for
ZnO were initially located at ideal atomic coordinates and then
were evolved over 20 000 time steps at 293 K, using a time step
of 1 fs. Some parameters sets maintained the crystal structure
of bixbyite or wurtzite. From them, an optimal parameter set
was determined so that the vibration frequencies obtained by
Raman and infrared (IR) spectra could be produced. The final
parameters are listed in Table 1. The effective charges of In and
O ions in an In2O3 crystal were þ1.95 and -1.3, respectively,
and those of Zn and O ions in ZnO crystal wereþ1.5 and-1.5,
respectively. Interatomic potential functions obtained for In-O
and Zn-O reached a minimum at 1.79 and 1.71 Å, respectively.
The calculated highest frequencies of Raman and IR active
modes of bixbyite In2O3 using these parameters were 629 and
584 cm-1, and the calculated frequencies of A1 TO, E1 TO,
and two E2 modes of ZnOwurtzite structure were 376, 418, 432,
115 cm-1, respectively. These frequencies were in close agree-
ment with previous experimental values of 637 and 602 cm-1,29

and 380, 407, 437, and 101 cm-1,30 respectively.
Structural models for a-IZO thin films were constructed

using optimal parameters under the following conditions. The
summations of the Coulombic interactions were evaluated
using the Ewald summation method. Initial coordinates of the
ions were given randomly in a cubic basic cell with periodic
boundary conditions. The systemwas relaxed at 4000Kunder a
constant volume condition. The system was then quenched
from 4000 to 293 K in 200 000 time steps, using a time step of
1 fs. After 20 000 time steps at 293 K, the atomic arrangement
was evaluated from the coordinates. Five models for each
composition were prepared from different initial coordinates.
Structural models for the amorphous In2O3 thin films were also
prepared for reference.

Table 1. Interatomic Potential Parameters Used in MD Simulationsa

ion Zi

In 1.95
Zn 1.5
O -1.30 ∼ -1.3744

pair B (J) F (Å)

In-O 1.02� 10-15 0.23
Zn-O 6.06� 10-16 0.23
O-O 8.63� 10-17 0.36

aZi is effective charge, B is empirical constant, and F is softness
parameter.
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3. Results

3.1. Sample Characterization. The composition, thick-
ness, and density of the films are listed in Table 2. Accord-
ing to EDX measurements, ZnO content of the films ten-
ded to decrease in comparison with the composition of
the target. Here, a-IZO thin films are labeled Z24, Z44,
and Z64 according to the ZnOmol%. The In2O3 film for
simulation is labeled Z00.

3.2. X-ray Diffraction Measurements. Figure 1 shows
the X-ray scattering intensities of Z24, Z44, and Z64, and
the intensities separated into Ifilm and Isub due to eq 1. The
main peaks from silica substrate anda-IZO thin filmswere
observed at 1.5 and2.2 Å-1, respectively. Thepeakheights
of a-IZO thin films varied according to the film thickness.
In Figure 2, X-ray interference functions Qi(Q) that are
obtained from the experiment are given.Therewere strong
and sharp peaks at 2.2 Å-1 in Qi(Q)’s, and the heights
decreased with an increase in the ZnO content. Figure 3
shows the total correlation functions T(r) obtained from
the Fourier transformation of the Qi(Q)’s. The heights of
all peaks decreasedwith an increase inZnOcontent. Three
T(r)’s had almost the same shape, and the first peak was
located between 2.12-2.14 Å; however, the curve of the
Z24 film was a little sharper than the others. This value is
close to the In-O distance in the In2O3 bixbyite crystal
and the Zn-O distance in the ZnO wurtzite crystal. The
In2O3 bixbyite crystal structure consists of InO6 octahe-
dra, in which the In-O distance is in the range 2.12-
2.23 Å, with an average of 2.18 Å. ZnO wurtzite crystal
consists of Zn-O tetrahedra and the Zn-O distance is in
the range 1.97-1.99 Å. Therefore, the initial set of peaks
of the T(r)’s could be indexed as In-O and Zn-O pairs.
The second set of peaks, with a shoulder between 3.38-
3.42 Å, could correspond to cation-cation pairs such
as In-In, In-Zn, and Zn-Zn pairs. This was also con-
firmed by considering bond lengths in the In2O3 and
ZnO crystals. In the In2O3 crystals, the InO6 octahedron
is surrounded by 12 octahedra. Six of the 12 octahedra
share two oxygen ions with the central octahedron and
the other six share one oxygen ion with it. Thus, two
kinds of In-In pairs are formed with distances in the
range 3.35-3.36 Å and 3.82-3.84 Å in In2O3 crystals.
The shorter distances are between In ions in the edge-
shared octahedra and the longer ones are between In
ions in the corner-shared octahedra. In the ZnO crystal,
the distances between Zn-Zn pairs are 3.21-3.25 Å,
which is shorter than the In-In distance in the In2O3

crystal. That the second peaks in the T(r)’s shifted to the
shorter distance side as the ZnO content increased is con-
sidered a result of increases in the contributions of Zn-
Zn andZn-In pairs. The third peak overlaps the peaks at
5.8 and 6.7 Å.

3.3. Molecular Dynamics Simulations. The number of
ions in basic cells and the cell sizes are listed in Table 3.
Table 4 shows the oxygen coordination number distribu-
tion of In and Zn ions in the structural models for the
In2O3 and the a-IZO thin films. The distributions of the
In-O and Zn-O length have the first peaks at 2.11-2.13
and 2.02-2.03 Å, respectively, with FWHMs of 0.2 Å.
The cutoff distance that determines the oxygen coordina-
tion number was 2.9 Å for both In-O and Zn-O pairs.

Table 2. Contents of ZnO, Densities and Thicknesses of In2O3 and a-IZO Thin
Films

ZnO (mol %) density (g/cm3) thickness (nm)

Z00 0 7.1a

Z24 24 7.0 500
Z44 44 6.8 1100
Z64 64 6.5 950

aDensity is taken from bixbyite In2O3 crystals.

Figure 1. X-ray scattering intensities obtained from X-ray diffraction
measurements for (a, b) Z24, (c, d) Z44, and (e, f) Z64. Thin solid lines are
for measured intensities Iobs, dashed lines are for Si substrate Isub, and
bold solid lines are for thin films Ifilm.
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The oxygen coordination numbers were found to vary
widely from 4 to 7 and their distribution shifted to lower
coordination numbers with an increase in ZnO content.
The average oxygen coordination numbers of In and Zn
ions were 5.8-5.6 and 5.3-5.0, respectively.
In Figure 4, the total correlation function T(r) calcu-

lated byMD simulations are shown together with experi-

mental results. Wright31 proposed that the agreement
between experimental and simulated total correlation

Figure 2. Interference function curves for (a) Z24, (b) Z44, and (c) Z64.
Solid lines and dotted lines are obtained using lorch function and without
lorch function, respectively.

Figure 3. Total correlation functions T(r) of Z24 (solid line), Z44
(dashed line), and Z64 (dashed-dotted line).

Table 3.Numbers of Ions and Cell Sizes in Basic Cells for In2O3 and a-IZO Thin
Films

sample In Zn O cell size (Å3)

Z00 1200 1800 33.8990
Z24 1044 156 1722 33.4379
Z44 864 336 1632 33.0079
Z64 636 564 1518 32.4844

Table 4. Fraction of 4-, 5-, 6-, and 7-Fold Coordinated In and Zn Ions by Oxygen
Ions, and Average Oxygen Coordination Number of In and Zn Ions in Structural
Models for In2O3 and a-IZO Thin Films

fraction of n-fold In and Zn (%)

sample
coordinated

ion 4 5 6 7

average oxygen
coordination

number

Z00 In 1 23 70 6 5.81
Z24 In 1 25 70 4 5.77

Zn 12 50 36 2 5.28
Z44 In 1 31 65 3 5.70

Zn 17 52 31 0 5.14
Z64 In 2 37 60 1 5.60

Zn 24 52 24 0 5.00

Figure 4. Total correlation functions T(r) of (a) Z24, (b) Z44, and
(c) Z64. Solid lines are from MD simulations and dotted lines are from
experimental results.

(31) Wright, A. C. J. Non-Cryst. Solids 1993, 159, 264–268.
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functions is quantified by the calculation of an Rχ factor,
defined as follows:

Rχ ¼
P
i

ðTexpðriÞ-TsimðriÞÞ2P
i

ðTexpðriÞÞ2

2
664

3
775
1=2

ð3Þ

The Rχ factors calculated over the range 0-10 Å were
5.5, 4.1, and 3.9% for Z24, Z44, and Z64, respectively.
These small Rχ values indicate close agreement between
experimental T(r)’s and calculated values. The observed
and calculated total correlation functions increasingly
improved as the content of ZnO increased. However,
apparent discrepancies at 3.4 and 6.7 Å were seen in the
T(r) of Z24. Partial correlation functions can be used to
find the origin of discrepancies. Figure 5 shows the calcu-
lated partial interference functions for Z24, Z44, and Z64.
It is clearly seen that the In-In pair had the biggest contri-
bution in the total correlation function at 3.4 and 6.7 Å.
This indicated that the apparent discrepancies in Z24 were
caused by a slightly higher order arrangement of In ions in
real films than that of MD simulations.
The proportions of linkage patterns between a central

polyhedron and coordinating polyhedra are listed in
Table 5. An In or Zn polyhedron was found to be surro-
unded by 11 or 12 polyhedra, as seen in the column of
total coordination number. It shared its corners with 7
or 8 polyhedra and its edges with four polyhedra, which
are the total numbers of InOn and ZnOn polyhedra. It
is clearly seen that the numbers of InOn polyhedra sur-
rounding an In or Zn ion decreased with increasing ZnO
content for corner-, edge-, and face-sharing linkages,
while those of ZnOn polyhedra increased, depending on
the chemical composition. The proportion of the edge-
and corner-sharing linkages, however, was hardly chan-
ged by the composition. For example, the total number of
InOn and ZnOn corner-sharing with In ions of Z24, Z44,
and Z64 are 7.7, 7.8, and 7.8, respectively. Those edge-
sharing with Zn ions of Z24, Z44, and Z64 are 3.8, 3.9,
and 3.8, respectively.

The proportions of the number of In and Zn ions
around an oxygen ion are listed in Table 6. Seventy-six
percent of oxygen ions are surrounded by four In ions in
Z00. In Z24, the proportion of 4-fold oxygen ions de-
creased, while that of 3-fold or lower-fold oxygen ions in-
creased. The number of Zn ions coordinating an oxygen
ion is zero or one because of the low concentration of ZnO
in Z24. With increasing ZnO content, the numbers of In
ions coordinating an oxygen ion decrease. In contrast,
those of Zn ions increased and they are distributed at the
center of 3-fold oxygen ions. It is noted that in all cases
the average coordination number of In þ Zn is about 4,
although the coordination number slightly increased with
an increase in ZnO content. This means that one oxygen
ion is surrounded by four cations and the value was
hardly changed by the composition, although the ratios
of In, Zn, and In þ Zn did change by the compositions.

4. Discussion

In the structural models for the a-IZO thin films, we
accurately found the composition dependence of coordina-
tion numbers and their distributions. Considering that the
framework of the a-IZO structure is constructed by the In-O
and Zn-O bonds, the a-IZO structures obtained both
experimentally and through simulation are obviously incom-
patible with the well-known Zachariasen’s rules of glass
formation. For example, the average coordination numbers

Figure 5. Partial interference function curves for (a) Z24, (b) Z44, and (c) Z64.

Table 5.Numbers of InOn and ZnOn Polyhedra Coordinating an In or Zn Ion in
Structural Models for In2O3 and a-IZO Thin Filmsa

InOn ZnOn

sample central ion corner edge face corner edge face total

Z00 In 7.3 4.2 0.4 11.9
Z24 In 6.7 3.6 0.3 1.0 0.5 0.1 12.2

Zn 6.4 3.4 0.3 0.9 0.4 0.0 11.4
Z44 In 5.7 3.1 0.3 2.1 1.1 0.1 12.4

Zn 5.3 2.9 0.3 2.0 1.0 0.1 11.6
Z64 In 4.2 2.4 0.2 3.6 2.0 0.1 12.5

Zn 4.1 2.2 0.2 3.5 1.6 0.1 11.7

aLinkage patterns between central polyhedron and neighborhood
polyhedra are corner-, edge-, and face-sharing.
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of In and Zn ions were 5.8 to 5.0, while that of conventional
glass is about 3 or 4. There were not only corner-sharing
linkages between the coordinated polyhedra but also edge-
sharing ones. The cation coordination number around the
oxygen ions was about 4, which is too high for conventional
glasses. Even though Zachariasen’s rules are inapplicable in
a-IZO thin films these films are still stable. Therefore, we
need to reconsider the structure of a-IZO thin films beyond
the coordination numbers and the linkage patterns of
polyhedra.
The first sharp diffraction peak (FSDP) on the interference

functionQi(Q) gives us one of the solutions for this question.
In Figure 2, there were relatively large peaks on the inter-
ference functions for Z24, Z44, and Z64 films located at
2.22, 2.28, and 2.34 Å-1, respectively. These values are con-
verted to d values of 2.83, 2.76, and 2.69 Å, respectively, using
d =2π/Q. However, there are no definite peaks on the total
correlation function at 2.83, 2.76, and 2.69 Å, respectively.
Therefore, FSDPs show the existence of a plane that sepa-
rates the intervals. The partial interference functions for each
pair, which is obtained from each calculated partial correla-
tion function, are shown in Figure 5. It is clearly seen that
there are positive or negative peaks at about 2.3 Å-1 in all
partial interference functions for Z24, Z44, and Z64. The
peak positions in Z24, for example, were varied from 2.28
Å-1 on In-In pairs to 2.52 Å-1 on O-O pairs, which also
indicated the existence of the layer structure of intervals from
2.76 to 2.49 Å.
The distribution of O-O pairs gives us another solution

for our question. Figure 6 shows the distribution of O-O
pairs and oxygen coordination number around an oxygen
ion in the structural models for Z64. The distribution and
coordination number were almost the same as those of other
a-IZO thin films. It is clearly seen from the distribution curve
that the nearest neighboring oxygen ions around an oxygen
ion are located within a broad distribution of 2.5-3.9 Å. The
coordination number accumulated in the range up to 3.9 Å is
about 12. A previous report about our MD simulations
revealed that a drastic structural change occurred when the
radius of the cation increases over a certain value.32When the
radius of the cation is small, the atomic arrangement consists
of the coordinated polyhedron and their corner-sharing link-
age. In that case, the coordination number of the cation shows

a constant value for any value of cation radius. However,
when the radius of the cation increases over a certain value,
the structure composed of the polyhedra is collapsed and a
quasi close-packed structure of the oxygen ions is formed.
The large value of 12 for the oxygen coordination number in
the structural models for a-IZO thin films indicates that the
atomic arrangement may be similar to that of the close-
packed structure of oxygen ions.
The oxygen close-packed structure can be seen in the

reduced atomic arrangement described below. In the struc-
tural model produced by MD simulation, any three neigh-
boring oxygen ions are selected and put on an xy plane. The
origin of the plane is the center of gravity of the three oxygen
ions.Oneof the three oxygen ions is put on the positive x axis.
The same operations for 455 313 other combinations of oxy-
gen ions were also carried out and all of them were placed on
the same xy plane. Figure 7a is the plot of oxygen ions in Z64
as dots on the xy plane. Some oxygen ions neighboring the
three oxygen ions within the z-direction distance from the xy
plane of(0.5 Å are also plotted. The oxygen ion plot on the x
axis is a straight line because the distance between the origin
and the oxygen ion is varied. The other two oxygen ions are
placed at the second quadrant and the third quadrant with a
certain value of expanse, respectively. Those positions are
labeled as A, B, and C. In Figure 7a, it is clearly seen that

Table 6. Fraction of Numbers of In, Zn, and In þ Zn Ions Coordinating an
Oxygen Ion in the Structural Models of In2O3 and a-IZO Thin Filmsa

fraction of n-fold O(%)

sample 0 1 2 3 4 5 6

average
coordination

number

Z00 In 0 0 0 18 76 6 0 3.9
Z24 In 0 1 7 38 50 4 0 3.5

Zn 60 33 6 1 0 0.5
In þ Zn 13 77 10 0 4.0

Z44 In 0 4 22 43 29 2 0 3.0
Zn 31 40 22 6 1 0 1.1
In þ Zn 10 74 16 0 4.1

Z64 In 3 16 37 32 11 1 2.4
Zn 10 29 35 19 6 1 1.9
In þ Zn 6 69 23 2 4.2

aAverage coordination number of cations surrounding anoxygen ion
are also shown.

Figure 6. Distribution of O-O pairs. Accumulated oxygen coordina-
tion number (left side) and number of O-O pairs (right side).

Figure 7. (a) Reduced atomic arrangement of Z64 with the xy range
of 10 � 10 Å and (0.5 Å in the z direction. Dots represent oxygen ions
and the origin isO.A,B, andCare places of the three selectedoxygen ions.
(b) Illustration of oxygen close-packed structure appearing in reduced
atomic arrangement. Each sphere corresponds to the place of high
concentration of dots in (a) and was labeled as from A to L.

(32) Inoue, H.; Utsuno, F.; Yasui, I. J. Non-Cryst. Solids 2004, 349,
16–21.
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there are some positions in which the density of oxygen ion
dots is relatively high except at A, B, and C. These are labeled
from D to L, indicating the high probability of oxygen ion
existence. It is clearly shown that BCDEFG, CAGHIJ, and
ABJKLD form a hexagonal shape, suggesting the existence
of the quasi close-packed structure of oxygen ions. Accord-
ingly, any 12 oxygen ions make a close packed structure on a
plane as illustrated in Figure 7b. Next, let us see the z axis
direction. Figure 8 shows the distribution of the ions along
the z-axis, which existed within 1 Å from the origin of the xy
plane for Z24, Z44, and Z64. The In and Zn ions located at a
height of about(1.2 Å from the xy-plane, while oxygen ions
were at a height of about (2.5 Å. This also confirmed the
local layer structure in the a-IZO thin films. The distribution
of the oxygen ions with the height from 2.25 to 2.75 Å of Z64
is shown in Figure 9a. We can see hexagonally arranged
positions having high dot concentration. This arrangement
can be explained as follows: When oxygen ions form an
almost close-packed structure on the xy plane at z=0, there
are two types of stacking oxygen ions above the first layer.

Three of six possible positions are occupied by the second
layer oxygen ions at a height of about 2.5 Å (Figure 9b).
In our reduced atomic arrangement, these two types cannot
be distinguished because they are placed on the same xy
plane. Therefore, in the oxygen ion dot map, we only see
the overlapped picture of these two types of configuration
(Figure 9c), which causes a hexagonal arrangement of posi-
tions having high dot concentration.
Using the reduced atomic arrangement, we can discuss the

oxygen coordination number of In and Zn ions. Both In and
Zn ions are at the planewith the height of about 1.25 Å above
the xy plane, as seen inFigure 8. This height value agrees with
that in the case of an octahedral site of the close-packed
structure in which a cation is coordinated by three oxygen
ions on the xy plane and three oxygen ions located on the
plane at a height of 2.5 Å. InFigure 8, In ion distribution does
not change, meaning that almost all of the In ions are located
at the octahedral site for Z24, Z44, and Z64. On the other
hand, the Zn ion distribution curve shows a peak growing at
the lower positions with increasing ZnO content. The tetra-
hedral site in the close-packed structure of oxygen is coordi-
nated by three oxygen ions on the xy-plane and one oxygen
ion at height of 2.5 Å. The position of the cation is 0.6 Å
above the xy-plane, which is lower than that of the cation
in the octahedral site. Accordingly, the peak growing at the
lower position means that a certain number of Zn ions
occupy the tetrahedral site and the number depends on the
ZnO content. When a Zn ion is in a tetrahedral site, In ions
can hardly occupy the nearest-neighbor octahedral site due to
the cation charge repulsion. This indicates that the area
around the tetrahedral site occupied by a Zn ion is disar-
ranged, preventing In ions from being ordered as in the
bixbyite In2O3 crystal. As a result, it is suggested that the
increase of ZnO content improves the stability of the amor-
phous phase in the a-IZO thin films by obstructing the
regular arrangement of octahedral In ions.

5. Conclusion

The structures of a-IZO thin films were investigated using a
combination of X-ray diffraction measurements and MD
simulations. The characteristic amorphous structure having
high oxygen coordination number and edge-shared polyhedra
was confirmed both experimentally and through calculation.
It was found that the structural properties such as coordina-
tion numbers and linkage patterns of polyhedra depended on
the ZnO content in a-IZO thin films. FSDP in the interference
functions revealed that there was a layer-like structure in the
films. The reduced atomic arrangement for the structural
model was introduced, and it demonstrated that the oxygen
close-packed structure was realized in the nanometer range.
From the discussion of site selective occupancy of In and Zn
ions in the oxygen closed-packed structure, we conclude that
the enhancement of the amorphous structure stability of
a-IZO thin films could be explained by the effect of Zn ions
obstructing In ions ordering in the octahedral site. These
results that were reached using the reduced atomic arrange-
ment provided considerable insight into the structure of the
a-IZO thin films at an atomic level.
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Figure 8. Ion distribution along the z-axis, which existed within 1 Å
from xy plane origin for Z24, Z44, and Z64. Solid lines, dotted lines,
and dashed-dotted lines represent O, In, and Zn, respectively.

Figure 9. (a) Distribution of oxygen ions of Z64 with height from 2.25
to 2.75 Å on xy plane with xy range of 10 � 10 Å. Dot represents an
oxygen ion. (b) Illustrations of two types of oxygen stacking at second
layer above closed-packed structure of first layer. (c) Overlapped picture
of two types of oxygen stacking layer.


