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Supersaturated ZnO–Al2O3 ��20 at. % Al� thin films are grown by pulsed laser deposition
technique on silica glass substrates at 600 °C. They are characterized by combining x-ray
diffraction, Al-K edge x-ray absorption near edge structures �XANESs�, high resolution
transmission electron microscope �TEM� imaging, TEM analysis, and a series of first principles
calculations. The films are composed of textured wurtzite grains with c planes parallel to the
substrate. The distance between c planes expands significantly when the Al concentration is greater
than 10 at. %. The expansion disappears after annealing the films at above 800 °C. High density of
dislocationlike defects is found in the as deposited film. Any segregation of Al cannot be detected
either at the grain boundaries or inside the grains. The lattice expansion toward c axis and the
experimental XANES can be satisfactorily explained by taking a hypothetical homologous model
with the composition of �ZnO�3�Al2O3� as the local environment of Al in the supersaturated solid
solution. Simplified substitutional models with Al at the Zn site in wurtzite ZnO cannot explain
these experimental results. First principles calculations show that the homologous phase is
energetically more favorable than the simplified substitutional models, although decomposition into
ZnO and ZnAl2O4 is more favorable than the homologous phase. The local atomic structures of the
supersaturated solid solution are therefore concluded to be analogous to the metastable homologous
phase. © 2008 American Institute of Physics. �DOI: 10.1063/1.2829785�

I. INTRODUCTION

Many kinds of wide-gap materials are synthesized in
thin films through chemical or physical deposition routes.
They are typically made at lower temperatures than those
required by a conventional solid-solid reaction route. Mate-
rials obtained in such ways are often metastable from ther-
modynamical viewpoint. High doping levels beyond solubil-
ity limit under thermal equilibrium or “supersaturated solid
solutions” can often be obtained. In many cases, however,
they are not recognized as metastable or supersaturated. In
fact, quantitative information of equilibrium solubility limits
is known only in limited systems.

Since dopants act as functional centers, information of
their local atomic/electronic structures is very important. In
dilute solid solutions, a dopant atom may be treated as iso-
lated from the other defects. In concentrated solid solutions,
which are often supersaturated, interactions among dopants
and point defects such as vacancies should not be
neglected.1–3 Systematic works by combining x-ray absorp-
tion near edge structure �XANES� or near edge x-ray absorp-
tion fine structure �NEXAFS� and first principles calculations
have been made recently in the present authors’ group.4–9

XANES provides complementary information to the other
techniques such as x-ray diffraction, since it monitors the

local environment of selected elements. Samples need not to
be large crystals. They can be either amorphous, highly dis-
torted, or nanosized crystals.

In the present study, we investigate the local structure of
Al solute atoms in ZnO. Samples are concentrated solid so-
lutions synthesized by pulsed laser deposition �PLD� tech-
nique. They are characterized by transmission electron mi-
croscopy �TEM�, x-ray diffraction �XRD�, and XANES. First
principles calculations are systematically made to evaluate
the local structures and energetics. Theoretical XANES is
also obtained by first principles calculations.

ZnO–Al2O3 system is selected in the present study, first
because of the engineering importance of Al-doped ZnO as
an n-type transparent electric conductor.10,11 Second, the
crystal structure of ZnO is wurtzite �space group: P63mc�,
which is relatively simple and therefore suitable for detailed
fundamental study. Although many works have already been
made for ZnO doped with dilute Al, no systematic work can
be found in literature for the concentrated solid solutions
with Al contents more than 5 at. % �note that at. % in the
present study always refers to cation%�. No XANES works
of the ZnO–Al2O3 alloys have been reported, either. The
reason is simple. ZnO–Al2O3 solid solutions typically show
highest electric conductivity when Al content is in between 1
and 5 at. %. The conductivity decreases dramatically with
further increase of the Al content. Researchers have not paid
much attention to concentrated ZnO–Al2O3 alloys with poor
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electric conductivity. However, the fundamental knowledge
of such systems should be important for wider application of
these alloys.

II. EXPERIMENTAL PROCEDURE

The ZnO–Al2O3 samples have been synthesized in two
ways. Two starting powders, �-Al2O3 �AKP-30, Sumitomo
Chemicals� and ZnO �Seido Chemicals�, were mixed in eth-
anol using magnetic stirrer until they dried up. The mixed
powder was cold isostatically pressed at 100 GPa and then
sintered in air at 1350 °C for 3 h, followed by furnace cool-
ing with the rate of 200 °C /h. The samples made in this way
will hereafter be called “ceramic samples.” A ZnAl2O4

sample as a reference was made in the same way as the
ceramic samples.

Thin film samples were prepared by PLD technique us-
ing an excimer KrF* laser source ��=248 nm, �=25 ns,
Lambda physik COMPex205�. Laser frequency was kept at
10 Hz. The ceramic samples were used for the targets of
PLD. Laser power was approximately 3�104 J /m2. All PLD
experiments were made in oxygen backfill pressure of pO2
=0.3 Pa. High purity SiO2 glass plates were used as sub-
strates. Substrate temperature was 600 °C.

It should be noted that the composition of the PLD film
is not always the same as that of the target. According to
Choopun et al.12 Zn-related species have a higher vapor pres-
sure and thereby easily desorbed at higher growth tempera-
ture during the PLD of ZnO–MgO. They found that the com-
position of MgO increases almost linearly with the substrate
temperature, although the film grown at room temperature
shows a composition very close to the target. In the present
study, the composition was determined via energy dispersive
x-ray analysis �EDS� of the film using a scanning electron
microscopy �SEM� and a transmission electron microscopy
�TEM�. The SEM data were supplied for the ZAF correction.
The TEM data were quantified in the thin film limit. Induc-
tively coupled plasma atomic emission spectroscopy �ICP-
AEP� analyses have also been made for cross-check.
Samples for ICP firstly soaked into hydrochloric acid. Then
nitrate acid was added to completely dissolve the thin film
before the analysis. The mixture of acid did not dissolve the
glass substrate. The results of the chemical analyses by
SEM-EDS are shown in Fig. 1. The Al concentration in the
PLD film is higher by a factor of 3–5 than that of the target.

The relationship between target composition and film com-
position is not linear. The volatility of film constituents may
be dependent on the composition.

All samples were investigated by XRD using Cu K� ra-
diation and conventional �-2� scan �Rigaku, RINT 2000�.
XANES spectra were obtained at BL1A beamline of UV-
SOR �Okazaki, Japan� by total electron yield method �TEY�
using an electron multiplier. The beamline is equipped with a
focusing premirror and a double crystal monochromator. The
KTP �110� was used as an analyzing crystal for the mono-
chromator. All measurements of XANES spectra were car-
ried out in vacuum of 1�10−4 Pa at room temperature. Thin
film samples were set with its surface 50° to the incident
x-ray beam. The angle is close to cos−1�1 /�3�=54.7°, which
should provide averaged XANES of all crystallographic
directions.13 Samples were mounted using adhesive carbon
tapes. No surface coating to avoid charging was found to be
necessary. TEM samples were made by a standard technique
including slicing, dimpling, and ion milling. Observations
were made using a TEM equipped with a field emission type
electronic gun �Philips CM200FEG�.

III. COMPUTATIONAL PROCEDURE

First principles band-structure calculations have been
made using two kinds of methods. One is the projector-
augmented wave �PAW� method14 as implemented in the
VASP code.15 This makes efficient and accurate optimization
of atomic arrangements and evaluation of total energies. The
exchange-correlation term was treated with the generalized
gradient approximation �GGA� as formulated by Perdew,
Becke, and Enzerhof �PBE�.16 Monkhorst-Pack k-point
grid17 with a spacing of �0.4 Å−1 was used for all structures.
The kinetic energy cutoff for the plane wave basis was
500 eV for all calculations. Structural optimization was trun-
cated when the forces on all ions and the stress became
�2.0�10−3 eV /Å and �5.0�10−2 GPa.

In order to obtain theoretical XANES correctly, it is nec-
essary to take into account the correlation between the core
hole and the excited electron. It can be evaluated in a
straightforward way using all electron methods. For this pur-
pose, we have employed the other theoretical method, i.e.,
the full-potential linearized augmented plane wave plus local
orbital �FLAPW+lo� technique as implemented in WIEN2K

code.18 The muffin-tin radius RMT was set to 0.86 Å for all
atoms. The product of the muffin-tin radius and the maxi-
mum reciprocal space vector Kmax, i.e., the plane wave cut-
off, RMTKmax, was fixed at 3.1 Å eV1/2 �6.0 bohrs Ry1/2�.
Theoretical XANES spectra were calculated within the
electronic-dipole transitions. The core-hole effects were
taken into account by removing one electron on Al 1s orbital
of interest and putting one additional electron at the bottom
of the conduction band. In order to avoid the artificial inter-
actions among core holes, supercell sizes were chosen to be
more than 100 atoms. Each of calculated spectra was broad-
ened by the Gaussian function of 1.0 eV full width at half
maximum. Transition energies were obtained as the differ-
ence in total energy between the ground and core-hole states.

FIG. 1. Relationships between the Al concentration of PLD thin films and
that of PLD targets measured by SEM-EDS.
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More details of the XANES calculations can be found
elsewhere.19

IV. RESULTS

A. Characterization of ceramic samples

We firstly investigate the series of ZnO–Al2O3 ceramic
samples with Al contents of 1, 3, 5, and 10 at. %. Figure 2
shows the XRD profiles of four samples. Presence of

ZnAl2O4 �space group: Fd3̄m� with a spinel structure can be
found in samples with Al contents of more than 3 at. %. No
XRD peaks of ZnAl2O4 can be detected in the 1 at. % Al
sample even when the intensity of XRD peaks is displayed in
a logarithmic scale. Figure 3 shows Al-K edge XANES of
the samples with Al contents of more than 3 at. %, together

with that of ZnAl2O4 as a reference. The spectral shape of
3 at. % Al sample is nearly the same as those of the higher
doped samples, and also of ZnAl2O4. We were unable to
measure the Al-K edge XANES from the 1 at. % Al sample
with sufficient signal to background ratio in the present ex-
perimental setup.

Two things can be learned from these two experimental
results: �1� The Al-K edge XANES of the ceramic samples
exhibits fingerprint of ZnAl2O4. The positions and intensities
of the peaks, including small ones, are nearly identical with
those in the ZnAl2O4 spectrum. The local environment of the
major part of Al atoms in these samples is, therefore, likely
to be similar or identical to that in ZnAl2O4. This will be
further confirmed by first principles calculations in this paper
�Fig. 14�. �2� The solid solubility of Al in ZnO under the
present experimental conditions is less than 3 at. %. Above
the solubility limit, phase separation to ZnO:Al and ZnAl2O4

should take place. Al-K edge XANES can discriminate Al
atoms in different environments, whereas XRD measures
only relative amounts of different crystalline phases. Assum-
ing that the solubility is 2 at. % Al, the XRD of the 3 at.%Al
sample can be given by the superposition of ZnO:Al and
ZnAl2O4 with a ratio of 63.7: 1. On the other hand, the ratio

FIG. 4. XRD profiles by �-2� method of ZnO and ZnO–Al2O3 films as
deposited at 600 °C.

FIG. 5. Cross sectional high-resolution TEM image of the as deposited
ZnO–Al2O3 film with 19 at. % Al.

FIG. 2. XRD profiles by �-2� method of ZnO–Al2O3 ceramic samples fired
at 1350 °C for 3 h. The circles and triangles denote the peaks assigned to
those of ZnO and ZnAl2O4, respectively.

FIG. 3. Al-K edge XANES spectra of ZnO–Al2O3 ceramic samples fired at
1350 °C for 3 h, together with that of ZnAl2O4 as a reference.
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for XANES is 1.9:1, since the ZnAl2O4 phase contains 33.3
times more Al than the ZnO–2 at. % Al phase. The sensitiv-
ity to detect ZnAl2O4 is roughly 30 times better in XANES.
The solubility limit of Al in ZnO was reported by Yoon
et al.20 using XRD and Raman spectra on samples synthe-
sized at 1300 °C�5 h. They have concluded that the solu-
bility limit is 2 at. % Al. The present study uses much sen-
sitive technique to find the solubility limit in the same range
under these experimental conditions.

B. Characterization of PLD thin films as deposited

Four doped and one undoped ceramic samples were used
as PLD targets. As shown in Fig. 1, the Al concentrations of
the PLD films are three to five times greater than those of the
targets. We will hereafter use the measured Al concentrations
to denote these PLD films. Figure 4 shows the XRD of five
samples deposited on SiO2 glass substrates. PLD of undoped
ZnO on the SiO2 glass has been known to produce a textured
ZnO film with c planes parallel to the substrate.21 In agree-
ment with the literature work, a single peak corresponding to
wurtzite ZnO �002� reflection can be seen in the undoped
sample. Doped samples with 4–19 at. % Al also display
single XRD peaks. The peak position clearly shifts to the

lower angle when the concentration of Al is greater than
10 at. %. At the same time the peak intensity decreases by
two orders of magnitude, and the peak width increases sig-
nificantly, as can be seen in Fig. 4.

The microstructure of the highly doped thin film was
examined by cross sectional TEM technique. The PLD film
thickness is evaluated to be 200 nm. The sample is com-
posed of wurtzite ZnO:Al grains, and the c planes of these
grains are almost parallel to each other. Typical grain diam-
eter parallel to the film surface is a few 10 nm. No secondary
phases can be found. Figure 5 shows a high resolution image
of the 19 at. % Al sample. Within the grain, high density of
dislocationlike atomic structures is observed. Any segrega-
tion of Al cannot be detected either at the grain boundaries or
inside the grains using TEM-EDS with electron-beam spot
size of 1 nm. We can therefore ascribe the XRD peak of the
19 at. % Al sample to the ZnO�002� reflection as in the case
of the undoped sample.

The interplanar distance of �002�, i.e., d�002� can be
determined from the XRD peak position following a stan-
dard procedure composed of the K�2 removal and the fitting
to a Gaussian function. The results are plotted in Fig. 6 as a
function of the Al content. d�002� of undoped ZnO in the
present sample is 2.60 Å, which is very close to that in the
JCPDS file,22 i.e., 2.603 and 2.602 Å. As can be seen in Fig.
6, d�002� is almost unchanged up to 8 at. % doped samples.
Further increase in the Al content brings about significant
increase in d�002�. The origin of the decrease and increase in

FIG. 6. Interplanar distances of wurtzite �002� for the as deposited ZnO and
ZnO–Al2O3 films obtained from XRD shown in Fig. 4. Experimental errors
are smaller than the diameter of the data point circles.

FIG. 7. �Color online� Al-K edge XANES spectra of the as deposited
ZnO-Al2O3 films.

FIG. 8. Changes in XRD profiles of the 19 at. % Al ZnO–Al2O3 film with
annealing temperature after the deposition.

FIG. 9. Changes in the interplanar distances of wurtzite �002� with anneal-
ing temperature in the 19 at. % Al ZnO–Al2O3 film. Experimental errors are
smaller than the diameter of the data point circles.
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the interplanar spacing will be discussed later with the infor-
mation obtained by first principles calculations.

Al-K edge XANES of four samples are shown in Fig. 7.
Unfortunately, the quality of the XANES of the 4 at. % Al is
poor. Smoothing operation using Savitzky-Golay algorithm23

was carried out for the spectrum. Comparison of Figs. 3 and
7 can find that the Al-K edge XANES of 4, 8, and 19 at. %
Al films do not exhibit fingerprint of ZnAl2O4. Although the
constituent peaks are much broader than those in the
ZnAl2O4 spectrum, clear differences can be found in their
positions and intensities. It should correspond to Al atoms in
the supersaturated solid solution. The atomic environment
corresponds to the XANES will be discussed later in this
paper with the aid of theoretical fingerprints of XANES �Fig.
14�. The XANES of 48 at. % Al film is different from those
of lower Al content samples. This can be interpreted as the
superposition of two spectra from ZnAl2O4 and the super-
saturated solid solution. This will also be explained in the
next chapter.

C. Characterization of PLD thin films after heat
treatments

The present PLD films were deposited at 600 °C. In
order to examine the phase separation process, the PLD
samples were treated at 700, 800, and 900 °C for 3 h in the
flow of the mixture of gas �80%Ar+20%O2�. Figure 8
shows XRD profiles of the 19 at. % Al sample after the heat
treatments. No extra peak appears by the heat treatment. The
peak width is found to decrease significantly. Figure 9 shows
d�002� evaluated by the XRD. A clear decrease in d�002� can
be recognized. After annealing at 800 °C, d�002� reaches the
value of the Al-doped ceramic samples and the as deposited
4 and 8 at. % Al films. Further increase in the annealing
temperature up to 900 °C does not change d�002�.

Evolution of Al-K edge XANES of the 19 at. % Al film
with heat treatments is shown in Fig. 10. Samples annealed
above 800 °C show clear fingerprint of ZnAl2O4. The spec-

trum of the 700 °C annealed sample can be ascribed to the
superposition of the spectra of ZnAl2O4 and the supersatu-
rated solid solution. Combining the information obtained by
the XRD results, phase separation of the supersaturated solid
solution to thermal equilibrium phases, i.e., ZnAl2O4 and
ZnO:Al at the solubility limit, is implied to occur during the
heat treatments. The absence of ZnAl2O4 phase in the XRD
profile after the heat treatment can be ascribed to tiny crys-
tallite size or poor crystallinity of the ZnAl2O4 precipitates.

V. DISCUSSION

A. Origin of lattice expansion

In the previous chapter, we have reported the formation
of the supersaturated ZnO–Al2O3 with more than 10 at. %
Al by the PLD process. The d�002� spacing was found to
increase when the Al content is greater than 8 at. % �Fig. 6�.
Similar expansion was reported in ZnO–Al2O3 films by
Mass et al.24 They made a series of films on sapphire sub-
strates by PLD using KrF* laser with O2 pressure of 0.13 Pa
and substrate temperature of 750 °C. The d�002� spacing
was found to increase by 1.5%–1.9% when the Al concen-
tration of the target was greater than 3 at. %. Although they
did not report the real Al content of the film, it should be
more than five times greater than that of the target since their
deposition temperature is 150 °C higher than the present
one. The present results should be consistent with their re-
sults when the Al content of their samples is corrected.

In order to elucidate the origin of the lattice expansion
toward the c axis, a series of first principles calculations were
made using the PAW method. When Al solutes substitute for
the cation site of ZnO, two kinds of defect equations can be
thought. One is the n-type conductor model with AlZn

·+e�,
which occurs in dilute alloys. This will be hereafter called
n-type model. In the second model the extra charge is com-
pensated by the formation of Zn vacancies as AlZn

·+1 /2
VZn�. The latter model will be called Zn-vacancy model. Al-
though the supersaturated solid solution with high Al content
may be better described by the Zn-vacancy model, we made
first principles calculations for these two cases for compara-
tive discussion. The supercell for the n-type model is com-
posed of 128 atoms with one cationic site substituted by an
Al atom. For the Zn-vacancy model, we have adopted a su-

FIG. 10. Changes in Al-K edge XANES spectra of the 19 at. % Al
ZnO–Al2O3 film with annealing temperature.

FIG. 11. Solutes and vacancy configurations in ZnO:Al substitutional alloys
for the Zn-vacancy models. Six different ways can be made to put two Al
��� and one vacancy ��� in the eight-cation-site cell with two cation c
planes. The numbers 1 and 2 correspond to the first and second layers of the
cation c planes �left panel, viewed from the direction parallel to the c axis;
right panel, viewed from a direction normal to the c axis�.
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percell of wurtzite structure composed of eight cationic and
eight anionic sites. Two of cationic sites were made to be
occupied by Al. A Zn vacancy was then generated. The for-
mula unit of the supercell is thus given by Zn5Al2O8. A
geometry analysis can find six different ways to put two Al
and one Zn vacancy in the eight-cation-site cell. They are
summarized in Fig. 11. First principles calculations were
made for all of these six configurations allowing relaxation
of unit cell dimensions and atomic positions.

The lattice parameters obtained for these models are
listed in Table I. The deviations in the angles between the
lattice vectors a, b, c from the hexagonal values are less than
2°. Theoretical cell parameters of wurtzite ZnO �w-ZnO� are
a=3.28 Å and c=5.31 Å, which are +1.3% and +2.1%
greater than those by experiment. The error is typical for first
principles calculations with the GGA. As compared to the
pure w-ZnO, none of these models shows expansion of the
cell toward the c axis. It should be noted that the coordina-
tion number �CN� of Al atoms in these models are always 4
even after the structural optimization.

The fact that the lattice expansion cannot be explained
by a simple substitutional model with CN=4 implies that the
solute Al atoms are located in different local environments. A
candidate structure can be given from the analogy to the
ZnO–In2O3 system. They are known to form a series of
ordered structures known as homologous phases
�ZnO�m�In2O3�, where m is an integer with m�3.25–29 Al-

though homologous phases have not been reported for the
ZnO–Al2O3 system, it may be present as a metastable struc-
ture.

In the present study, a model of a homologous phase
with the composition of �ZnO�3�Al2O3� is examined using

experimental �ZnO�3�In2O3� homologous structure �R3̄m� as
a prototype.30 The structure of the homologous
�ZnO�3�Al2O3� optimized in the present calculation is given
in Fig. 12. The prototype �ZnO�3�In2O3� homologous struc-
ture is composed of ZnO layers sandwiched in In2O3 layers.
In order to maintain the charge neutrality, some Zn atoms in
the ZnO layers are substituted by In atoms. The In atoms in
the In2O3 layer has CN=6. On the other hand, the In atoms
substitutionally present in the ZnO layers show CN=4 or 5.
There is an ambiguity associated with the location of the In
atoms in the ZnO layers. In the present study, we have cho-
sen a representative structure, which is shown in Fig. 12. As
can be found, the ZnO layers in the homologous structure are
analogous to the layers in w-ZnO except for the presence of
the CN=5 Al atoms. The corresponding interplanar distances
range from 2.71 to 2.99 Å in the homologous phase, which
is 2.3%–12.7% larger than the d�002� of the w-ZnO, i.e.,
2.65 Å. It is interesting that the interplanar distances around
the CN=6 Al atoms are 2.99 Å, which is 12.7% larger than
that of w-ZnO. The experimental d�002� of w-ZnO expands
by 2.0% and 3.8% with 19 at. % Al and 49 at. % Al, as

TABLE I. Lattice parameters and volume of six Zn-vacancy models for ZnO–Al2O3 shown in Fig. 11. Relative
energies 	E per Zn5Al2O8 are shown together.

Lattice parameter �Å�

Volume �Å3� 	E �eV�a b c

1 3.20 3.20 5.21 186 ¯

2 3.22 3.16 5.27 187 0.72
3 3.28 3.28 5.16 188 0.51
4 3.22 3.30 5.15 188 0.35
5 3.24 3.31 5.09 188 0.93
6 3.27 3.27 5.20 188 1.26

FIG. 12. Theoretical structure of the homologous
�ZnO�3�Al2O3� after optimization by the first principles
PAW calculation. Theoretical structure of the wurtzite
ZnO optimized in the same way is shown for
comparison.
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shown in Fig. 6. The magnitude of the expansion in the su-
persaturated solid solution can be well explained by taking
inclusion of Al of CN=5 or 6 into account.

B. Formation energy of alloy models

The formation energy of alloy models shown in Table I
and those of homologous phases are compared in Fig. 13.
They are relative to w-ZnO and ZnAl2O4 as given by

	E = Et��ZnO�m�Al2O3�� − �m − 1�Et�ZnO�

− Et�ZnAl2O4� , �1�

where m=5 for the Zn-vacancy model and m=3 for the
present homologous model. Et is the total energy per chemi-
cal formula shown in the square bracket. The formation en-
ergy for the n-type model is not shown in Fig. 13 because it

varies with chemical potentials of constituents, as deter-
mined, for example, by the oxygen partial pressure. Its direct
comparison with the formation energy of the other models
may be confusing.

The formation energy of the alloy models are all positive
values, which is consistent with the experimental results that
the supersaturated solid solutions eventually decompose into
the mixture of w-ZnO and ZnAl2O4. In the series of
�ZnO�m�In2O3� homologous compounds, the thickness of the
ZnO layer with In of CN=4 is known to increase with the
decrease of the In2O3 content without changing the In2O3

layers. The formation energy of the homologous series
�ZnO�n�Al2O3� �n�3� can therefore be roughly approxi-
mated by the line that connects w-ZnO and �ZnO�3�Al2O3�,
as displayed in Fig. 13. It is interesting that the line is located
to be lower than the lowest formation energy of the Zn-
vacancy model at the Al content of 28.6 at. % �=2 /7�. This
implies that the homologous type structure with Al of CN
=5 and 6 is energetically preferable to the Zn-vacancy model
with Al of CN=4 when the Al content is high.

C. Interpretation of Al-K edge XANES

The expansion toward c axis can be explained by the
presence of Al in the CN=5 or 6 environment associated
with the formation of homologous type structures. The for-
mation of the homologous type structures is also suggested
to be energetically more favorable than the Zn-vacancy
model with Al only of CN=4. However, the formation of
such an ordered structure has not been found by our x-ray
diffraction investigation. Here we examine the experimental
Al-K edge XANES with the aid of theoretical XANES ob-
tained by first principles calculations. Figure 14 shows theo-
retical XANES of five models, i.e., �1� �-Al2O3 �corundum�,

FIG. 13. Formation energy of the Zn-vacancy and homologous
�ZnO�3�Al2O3� models for ZnO–Al2O3 relative to w-ZnO and ZnAl2O4 as
computed by Eq. �1�. The open triangles and circle denote six Zn-vacancy
models and the homologous model, respectively.

FIG. 14. �Left� Experimental Al-K
edge XANES of �-Al2O3, ZnAl2O4

and the 19 at. % Al ZnO–Al2O3 film.
�Middle� Theoretical Al-K edge
XANES of homologous
�ZnO�3�Al2O3�, Zn-vacancy, and
n-type models for ZnO–Al2O3 to-
gether with those of �-Al2O3 and
ZnAl2O4. �Right� Theoretical Al-K
edge XANES corresponding to three
sites of Al with different coordination
numbers �CNs� in the homologous
�ZnO�3�Al2O3�. The energy ranges for
the three characteristic peaks, A, B,
and C, in the experimental spectrum of
the 19 at. % Al sample are hatched.
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�2� ZnAl2O4 �normal spinel�, �3� �ZnO�3�Al2O3� homologous
model, �4� Zn-vacancy model, and �5� n-type model. The
size of supercell was 120 atoms for �1�, 112 atoms for �2�,
132 atoms for �3� and 120 atoms for �4�, and 128 atoms for
�5�. For the homologous structure, three sets of calculations
were independently made for three Al sites �CN=4, 5, and 6�
as shown in the right panels of Fig. 14. They were summed
up with weights of 1:1:2 to make the theoretical spectrum in
the middle panel. For the Zn-vacancy model, the model 1 in
Table I was selected, which is energetically most favorable.
The energy scale of the theoretical spectra was translated by
20.4 eV in order to adjust the peak position of �-Al2O3 with
that of the corresponding experimental spectrum.

Theoretical spectra of two reference compounds, i.e.,
�-Al2O3 and ZnAl2O4, reproduce the experimental spectral
shape as well as relative peak energies satisfactorily. In the
experimental spectrum of the 19 at. % Al sample, the pres-
ence of three peaks, A, B, and C, can be clearly noted. The
peak positions are indicated by hatched bands on the theo-
retical spectra in Fig. 14. The relative energy of the highest
peak, B, is best reproduced by the homologous model. Peak
C is well reproduced as well. The position of peak A is
overestimated by 1.5 eV in the theoretical spectrum of the
homologous model. This can be well explained by the super-
position of small amount of Al with Zn-vacancy model
which shows lower onset energy than the homologous
model.

By comparison of the experimental spectrum with the
theoretical fingerprints, the presence of Al with the local en-
vironment similar to the homologous model is implied. This
is consistent with our interpretation for the c axis expansion
and first principles energetics as discussed in previous sec-
tions. Because of low signal to background ratio in the ex-
perimental spectra from PLD films, as shown in Fig. 7, it is
difficult to discuss the Al concentration dependence of the
Al-K edge XANES at the present moment. However, more
detailed XANES analysis of dependences on solute concen-
tration, deposition conditions, and heat treatments with im-
proved quality of signal should be very useful to reveal the
evolution of the atomic structures in the supersaturated solid
solutions.

VI. SUMMARY

The atomic structures of supersaturated ZnO–Al2O3

��20 at. % Al� thin films deposited by PLD on silica glass
substrates at 600 °C have been investigated in detail. Major
results can be summarized as follows:

�1� The solubility limit of Al in wurtzite ZnO in ceramic
samples sintered at 1350 °C for 3 h is determined by
combination of XRD and Al-K edge XANES. It is found
to be lower than 3 at. %, which roughly agrees with
literature.20 ZnAl2O4 phase with a normal spinel struc-
ture is found to appear when the Al concentration is
higher than the solubility limit in the ceramic samples.

�2� The PLD films are composed of textured wurtzite grains
with c planes parallel to the glass substrate surface. The
distance between c planes expands significantly when

the Al concentration is greater than 10 at. %. The expan-
sion disappears after annealing of the PLD films at
above 800 °C.

�3� High density of dislocationlike atomic structures is
found in the as deposited film by high resolution cross-
sectional TEM. Any segregation of Al cannot be de-
tected either at the grain boundaries or inside the grains
using TEM-EDS with electron-beam spot-size of 1 nm.

�4� Systematic first principles calculations are made for sim-
plified wurtzite ZnO:Al models with Al at the substitu-
tional Zn site and a Zn vacancy �Zn-vacancy model�.
The expansion toward the c axis cannot be explained by
these models. Alternatively, a homologous model with
the composition of �ZnO�3�Al2O3� is made from the
analogy to the ZnO–In2O3 system. Al atoms in this
model are CN=4, 5, and 6, which is in contrast to the
Zn-vacancy model with only Al atoms of CN=4. The
interplanar distance between c planes can be well ex-
plained using the homologous model.

�5� First principles calculations show that the homologous
structure is energetically more favorable than the Zn-
vacancy model, although decomposition into ZnO and
ZnAl2O4 is more favorable than the homologous struc-
ture. The homologous structure may therefore be meta-
stable.

�6� First principles calculations of Al-K edge XANES of
different phases are made using supercells composed of
more than 100 atoms and a core-holed Al atom. Com-
parison between experimental and theoretical spectra
implies that the supersaturated solid solution is com-
posed of Al atoms with local atomic structures similar to
the homologous phase.

In conclusion, all of experimental data for the supersatu-
rated ZnO–Al2O3 solid solutions can be consistently ex-
plained by taking the homologous model as the local struc-
ture of Al.
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