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Transparent conducting oxides �TCO� are widely used in technological applications ranging from photovol-
taics to thin-film transparent field-effect transistors. In this work we report a first-principles investigation, based
on density-functional theory, of the atomic and electronic properties of Ga2O3�ZnO�6 �GZO6�, which is a
promising candidate to be used as host oxide for wide band gap TCO applications. We identify a low-energy
configuration for the coherent distribution of the Ga and Zn atoms in the cation positions within the experi-
mentally reported orthorhombic GZO6 structure. Four Ga atoms are located in four-fold sites, while the
remaining 12 Ga atoms in the unit cell form four shared Ga agglomerates �a motif of four atoms�. The Zn
atoms are distributed in the remaining cation sites with effective coordination numbers from 3.90 to 4.50.
Furthermore, we identify the natural formation of twin-boundaries in GZO6, which can explain the zigzag
modulations observed experimentally by high-resolution transmission electron microscopy in GZOn �n=9�.
Due to the intrinsic twin-boundary formation, polarity inversion in the ZnO tetrahedrons is present which is
facilitated by the formation of the Ga agglomerates. Our analysis shows that the formation of fourfold Ga sites
and Ga agglomerates are stabilized by the electronic octet rule, while the distribution of Ga atoms and the
formation of the twin-boundary help alleviate excess strain. Finally we identify that the electronic properties of
GZO6 are essentially determined by the electronic properties of ZnO, i.e., there are slight changes in the band
gap and optical absorption properties.
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I. INTRODUCTION

Transparent conducting oxides �TCOs� are unusual mate-
rials. They are both transparent �with an average transmit-
tance above 80% in the visible spectrum range� and conduc-
tive �with resistivity less than 10−3 � cm�,1–3 therefore, they
are used in a wide range of technological applications such
as solar cells, display panels, thin-film transparent field-
effect transistors.4–13 Although indium-oxide doped by tin
�ITO�, In2O3:Sn,14 has been the TCO of choice in industrial
applications, alternative host oxides, consisting of combina-
tion of two or more binary oxides such as In2O3, Ga2O3,
Al2O3, SnO2, ZnO, and CdO, have been investigated as to
improve the material quality and reduce the cost by decreas-
ing the amount of In.15–18 These multiternary compounds can
be synthesized either in the amorphous phase19–23 or crystal-
line phases.24–34 Recently, nanostructures of these oxides
have also been reported,35–38 which opens the possibility for
technological applications. Among several reported multi-
compounds, the combination of Ga2O3 and ZnO
�Ga2O3�ZnO�n� has been widely studied because it has a
wide band gap and high stability, thus suitable for short
wavelength applications.5,39

Crystalline Ga2O3�ZnO�n �GZOn , n=integer� com-
pounds can be synthesized by solid state reactions using stoi-
chiometric proportions of Ga2O3 and ZnO and heated at high
temperatures �about 1200–2000 K�.25,29,34,40,41 So far, com-
positions with n=1,40,41 n=6,34 n=7,8 ,9 ,16,25 and n
=9,13 �Ref. 29� have been reported. Experimental character-
izations using x-ray diffraction �XRD� have found that GZOn
crystallizes in orthorhombic structures for n�1 and the cu-
bic normal spinel structure for n=1. However, the internal

structural parameters �atomic positions� have been reported
only for n=1 and 6.34 Thus, in contrast to the crystalline
In2O3�ZnO�n �IZOn� compound for which there are several
available experimental25,30,38,42–48 and theoretical49–52 stud-
ies, GZOn has not been well characterized, and hence, sev-
eral questions remain open �see below�.

Employing XRD, Michiue et al.34 identified an ortho-
rhombic structure for GZO6, Fig. 1, in which the cations
indicated by M are four- and five-fold coordinated with re-
spect to the oxygen anions. It can be seen in Fig. 1 that the
M4 and M9 cations form trigonal-bipyramidal structures
with their neighbor oxygen atoms, while the remaining cat-
ions form tetrahedron structures such as Zn in the binary
wurzite structure.53 Almost all O atoms are four-fold coordi-
nated with the cations, although some O atoms are threefold
coordinated. It can be noticed in Fig. 1 that the M7 and M8
sites are very close to each other �1.70 Å�, while most of the
cations are separated by at least 3.10 Å, and hence, as
pointed out by Michiue et al., the M7 and M8 sites cannot be
simultaneously occupied by two cations. Thus, the sum of
the occupation of the M7 and M8 sites was fixed at unity in
the XRD analysis. Because XRD cannot clearly distinguish
between the Ga and Zn atoms as their atomic numbers differs
only by one, it was assumed by Michiue et al. that the 16 Ga
atoms occupy the M4 and M9 sites, and the Zn atoms oc-
cupy the remaining cation sites. These assumptions lead to
the assignment of space group Cmcm for GZO6, which is
shown in Fig. 1.

The pioneering work reported by Michiue et al.34 pro-
vided a basis for the understanding of the atomic structure of
GZOn compounds �n�1�, but several questions still remain:
Is there a preferential occupation of the M7 or M8 sites by
Zn or Ga atoms? Is the trigonal bipyrimidal sites occupied
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only by Ga atoms? Is there a preference for a homogeneous
distribution of the Ga atoms in the M sites or the formation
of local Ga motifs is favored. To address these questions we
have performed first-principles calculations based on
density-functional theory �DFT�. We identified the occupa-
tion of the cation sites by Ga and Zn atoms that leads to the
lowest energy configurations, as well as the underlying
mechanisms that lead to the structural stability. We show that
the formation of a natural twin grain boundary in GZO6
plays a similar role as the zigzag modulations in IZOn to
release stress energy.51 Furthermore, we have also calculated
the electronic properties of GZO6 at its ground state struc-
ture. It is important to point out that although this study is
performed only for n=6 and its parent compounds Ga2O3
and ZnO, the insights obtained in this study can be used to
understand structural stability at other concentrations. The
remainder of the paper is organized as follows: in Sec. II, the
theoretical approach and computational details are described.
in Sec. III, the structural, energetics, and electronic proper-
ties of GZO6 are presented and discussed.

II. THEORETICAL APPROACH AND
COMPUTATIONAL DETAILS

Our total energy calculations are performed using the all-
electron projected augmented wave �PAW� method54,55 and

DFT �Refs. 56 and 57� within the generalized gradient ap-
proximation �GGA� formulated by Perdew, Burke, and Ern-
zerhof �PBE�,58 as implemented in the Vienna ab initio simu-
lation package �VASP�.59,60 For Ga and Zn, the 3d states
were included as valence electrons. Plane-wave cutoff ener-
gies of 400 and 800 eV were used for the total energy and
stress tensor calculations, respectively, while for the Bril-
louin zone integration k-point grids of �6�1�1� �four k
points�, �2�6�4� �24 k points�, and �7�7�4� �24 k
points� were used for the orthorhombic GZO6, monoclinic
�-Ga2O3, and wurtzite ZnO, i.e., all total energy and stress
tensor calculations were performed using approximately the
same k density for all systems.

The ground state total energies and equilibrium volumes
for all structures were obtained by full relaxation of the vol-
ume, shape, and atomic positions �forces �0.01 eV /Å� of
the unit cell to minimize the quantum mechanical stresses
and forces. To obtain the electronic and optical properties,
e.g., density of states and absorption coefficients, we employ
higher k point densities, which is required to obtain smooth
DOS and converged optical properties. For example, we em-
ploy 62, 616, and 1920 k points for GZO6, �-Ga2O3, and
ZnO, respectively. In order to obtain a better understanding
of charge reorganization upon the multicompound formation,
we employed Bader analysis within the implementation pro-
vided by Henkelman and co-workers,61–63 which reads the
total charge density calculated by VASP including the core
electron density. For the Bader analysis, a denser double fast
Fourier transformation mesh was used.

III. RESULTS AND DISCUSSION

A. Structural properties

In contrast to the IZOn compounds, which crystallize in
modulated-layered structures with hexagonal
lattices,25,28,30,50,51,64 GZO6 has an orthorhombic structure
with space group Cmcm.25,29,34 Structures with the “V”
shape modulations have also been reported for GZOn,29 how-
ever, their formation mechanism and the local structural ar-
rangements are unclear. The experimental lattice constants
obtained by XRD for GZO6 are a0=3.25 Å, b0=19.64 Å,
c0=24.78 Å, and the unit cell contains 8 f.u. �16 Ga, 48 Zn,
and 72 O atoms�. However, as mentioned in the introduction,
to determine the crystal structure, two assumptions were em-
ployed, namely, all Ga atoms occupy the bipyrimidal fivefold
sites, while the M7 and M8 sites are fractionally occupied by
Zn atoms. The remaining cation sites are occupied by Zn
atoms.34 In the Cmcm structure, Fig. 1, the unit cell contains
7 sites �M1, M2, M4, M5, M6, M9, and M10�, each has 8
equivalent positions. The other three sites �M3, M7, and
M8�, each have four equivalent positions. The M7 and M8
sites cannot be simultaneously occupied due to the short dis-
tance between both sites.

To search the atomic configuration of the lowest-energy
structure, first, we assumed that all the 16 Ga atoms are
distributed in the M4 and M9 sites as suggested by the XRD
study,34 while the remaining M sites are occupied by Zn
atoms. We found that the occupation of the M7 sites �Fig.
2�c�� by Zn atoms is only 6 meV/f.u. lower in energy than
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FIG. 1. �Color online� Atomic structure of the orthorhombic
GZO6 compound obtained by x-ray diffraction. �Ref. 34� All 10
nonequivalent cation sites M are indicated by numbers. The large
�green�, medium �brown�, and small �red� balls denote Ga, Zn, and
O atoms, respectively. The unit cell and polyhedrons are indicated
as well.
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the M8 sites �Fig. 2�b��. Thus, due to the small energy dif-
ference, both sites might be occupied at room temperature by
Zn atoms, which is consistent with the results reported by
Michiue et al.34

A simple inspection of the coordination of the M8 and M7
sites indicates that they would not be energetically favorable
to be occupied by Zn atoms because the resulting structures
would not satisfy the electronic octet rule. For example, the
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(b) Structure I (478 meV/f.u.) (c) Structure II (472 meV/f.u.)

(e) Structure IV (177 meV/f.u.) (f) Structure V (143 meV/f.u.)

(i) Structure VII (0 meV/f.u.)(h) Structure VI (3 meV/f.u.)

(a) Experimental XRD structure

(d) Structure III (278 meV/f.u.)

(g) Structure VI (8 meV/f.u.)
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FIG. 2. �Color online� Structure models for the atomic distribution of the Ga and Zn atoms in the cation sites �M� of the orthorhombic
GZO6 structure. �a� Experimental XRD structure. �Ref. 34� The structure models shown in �b�, �c�, �d�, �e�, �f�, �g�, �h�, and �i� have different
distributions for the Ga and Zn atoms in the cation sites. The large �green�, medium �brown�, and small �red� balls indicate Ga, Zn, and O
atoms, respectively. The relative total energies per f.u. are given with respect to the lowest energy structure �i�, in which the Ga atoms occupy
the M4, M7, and half of the M9 sites and Zn atoms occupy the remaining M sites.
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M8 and M7 sites are five- and four-fold coordinated, respec-
tively. On the other hand, cations at M8 and M7 sites are
surrounded by oxygen atoms with coordination equal or less
than four. Thus, it implies that the occupation of M8 and M7
sites by Zn atoms cannot satisfy the electronic octet rule,
which is known to play an important role to lower the crystal
energy of multicomponent oxides.51 In order to satisfy the
electronic octet rule, the M7 sites should be occupied by
cations with high valence, i.e., Ga atoms, while the M8 sites
might be empty. In this case, two electrons are donated to the
two three-fold O atoms, while the last electron is shared by
the remaining two four-fold O atoms. In order to keep the
Cmcm space group, the occupation of the M7 or M8 sites
implies that the M3 sites should also be occupied by Ga, Fig.
2�d�. However, this implies that the electronic octet rule for
the Ga atoms at the M3 sites is not fully obeyed. Despite
that, this configuration lowers the total energy by about 200
meV/f.u. compared with structure I �Fig. 2�b�� and structure
II �Fig. 2�c��, where the M7 or M8 sites are occupied by Zn
atoms.

In order to satisfy the electronic octet rule for the M3
sites, we relaxed the condition that the space group is Cmcm,
i.e., lower crystal symmetry. In the lower symmetry configu-
ration, the M3 sites are occupied by Zn atoms, while the 16
Ga atoms are distributed as follows: eight in the M4 sites,
four in the M7 or M8 sites, and four Ga atoms occupy other
sites. These configurations are shown in Figs. 2�e�, 2�h�, and
2�i�, which substantially lower the total energy. However, we
found a clear energy difference between the M8 and M7
sites. The occupation of the M7 sites is about 177 meV/f.u.
lower in energy than the occupation of the M8 sites by Ga
atoms. Therefore, due to the large energy difference, only the
M7 site is occupied by Ga atoms. Thus, the assumption used
by Michiue et al. in their XRD analysis that both M8 and M7
sites are simultaneously occupied by Zn atoms is not sup-
ported by our calculations and analysis.

Thus, our calculations indicate clearly that the M7 sites
are occupied by 4 Ga atoms. However, there are still 12 Ga
atoms need to be distributed in the cation sites. Several con-
figurations were calculated in which the 12 Ga atoms were
distributed over different sites. We found that the 12 Ga at-
oms favor four Ga motifs in which the Ga atoms form five-
fold trigonal-bipyramidal structures. All configurations con-
taining those Ga motifis have similar energies, i.e.,
differences of less than 10 meV/f.u. The configurations indi-
cated in Figs. 2�g�–2�i� differ by less than 8 meV/f.u.. Thus,
it suggests that the M9 positions are simultaneously occupied
by Ga and Zn atoms. The 12 Ga atoms form four motifs
equally spaced in the unit cell, in which the Ga atoms form
trigonal-bipyramidal structures and the Zn atoms are four-
fold coordinated with the O atoms. The remaining Zn atoms
occupy the remaining four-fold M sites. In the low energy
configuration, there are no fivefold Zn atoms in GZO6. As
discussed above, we found that the occupation of the M7
sites and the formation of the fivefold trigona-bipyramidal
Ga motifs are mainly driven by conservation of the elec-
tronic octet rule.

At zero temperature, the predicted occupation of the M9
sites by Ga and Zn atoms imply a different space group than
Cmcm, however, at room temperature, the M9 sites might be

randomly occupied by Ga and Zn atoms. Furthermore, XRD
cannot easily separate between Ga and Zn atoms. Thus, the
Cmcm space group is consistent with our calculations taking
into account a random distribution of Ga and Zn atoms in the
M9 sites, which can be expected at room temperature due to
the small energy difference among those structures, Fig. 2.

The equilibrium lattice parameters of the lowest-energy
structure are a0=3.28 Å, b0=19.79 Å, and c0=25.45 Å,
which differ by 0.92%, 0.76%, and 2.73% compared with the
experimental results �a0=3.25 Å, b0=19.64 Å, and c0
=24.78 Å�, respectively. Those deviations are within the ex-
pected margins of the DFT-PBE framework.65,66 Thus, our
results provide an excellent description of the structural
parameters.

1. Natural formation of twin-boundaries in GZO6

In this section, we will discuss the natural formation of
twin boundaries in GZO6, Fig. 3. The �0001�-ZnO direction
can be easily identified in the GZO6 unit cell in which the
majority of ZnO units are aligned, which forms an angle of
about 55° with the c axis of the GZO6 unit cell. The Ga sites
are distributed in the �0001�-ZnO planes, in which their local
coordination ranges from 4 to 5. Insertion of Ga atoms in the
ZnO wurtzite lattice induces the formation of unexpected
features. It can be clearly seen that the five-fold Ga atoms in
the �0001�-ZnO planes induces a polarity inversion in those
planes, i.e., the tetrahedrons formed by ZnO inverts the ori-
entation once a fivefold Ga site is present. Thus, the forma-
tion of a twin boundary is to convert the polarity, and hence,
preserve the periodicity of the system as indicated in Fig. 3.

(a)

(b)

FIG. 3. �Color online� Lowest-energy DFT-PBE orthorhombic
GZO6 structure with the indication of the �a� layered structure and
�b� twin-boundary formation. The zigzag blue lines indicate the
twin boundary and the vertical blue-dashed lines indicate the posi-
tion of the mirror symmetry plane. The continuous black lines in-
dicate the underlying orthorhombic unit cell.
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The twin boundary has an angle of about 106° and it is
located between the mirror planes as shown in Fig. 3�b�.
Thus, the modulations with “V” shape observed by high-
resolution analytical transmission electron microscopy29

�HRTEM� in GZO9 can be explained by the natural forma-
tion of the twin grain boundaries. As noticed for the forma-
tion of zigzag modulations in the layered IZOn compounds,51

the formation of twin boundaries in GZO6 �modulations� is
mainly due to the existence of Ga atoms with coordination of
about 4 and 5. The electronic octet rule plays an important
role in the formation of those features. We want to point out
that those features present in GZO6 might also be present in
ZnO with high Ga doping concentration, which contributes
to the formation of extended defects such as grain bound-
aries. The presence of such boundaries can also provide sites
in which the valence states of the Ga ions �3+� is satisfied,
i.e., they will not contribute electron donors to the lattice.
This could be verified experimentally by monitoring the rate
of increase in carriers as a function of Ga concentration.

2. Structure similarities among Ga2O3(ZnO)6, �-Ga2O3, and
wurtzite ZnO

A comparison between crystal structures of GZO6 and its
parent Ga2O3 and ZnO compounds can provide insights into
the mechanism that drives its formation and stability. Fur-
thermore, it yields a route to generalize the construction of
model structures for different compositions. The optimized
structures of GZO6, Ga2O3, and ZnO are shown in Fig. 4. To
help in our analysis, we will employ the effective coordina-
tion concept,67,68 in which the effective coordination number
�ECN� is calculated by taking into account the deviation of
bond lengths, li, with respect to the weight-averaged bond
length, lav, in the polyhedral structures.69 For example, for li

smaller �larger� than lav, we obtain a contribution to the ECN
larger �smaller� than 1.0 according to the following
equations,

ECN = �
i

exp�1 − �li/lav�6� , �1�

with

lav =

�
i

li exp�1 − �li/lmin�6�

�
i

exp�1 − �li/lmin�6�
, �2�

where lmin is the smallest bond length in the polyhedral.
Thus, for a perfect polyhedra, the ECN is equal to the tradi-
tional coordination number �CN�. Furthermore, we will use
the changes in the polyhedral volumes, vp, as a measure of
local transferability among the different structures.70

ZnO crystallizes in the wurtzite structure with space
group P63mc, in which the Zn atoms are surrounded by four
O atoms and form a near perfect tetrahedron �vp=4.14 Å3�,
i.e., ECN=CN=4.0. The calculated lattice and internal pa-
rameters �a0=3.29 Å, c0=5.31 Å� are in good agreement
with experimental results �a0=3.25 Å, c0=5.21 Å�.53

Thus, the Zn-O bond length is 2.00 Å. At room temperature
conditions, Ga2O3 crystallizes in a monoclinic structure with
space group C2 /m and 4 f.u. in the primitive unit cell,71,72

which is known as �-Ga2O3, Fig. 4. At high temperature,
Ga2O3 adopts the corundum Al2O3 and bixbyite In2O3
structures,73,74 which have been studied recently by first-
principles calculations.75 We found a0=12.44 Å, b0
=3.08 Å, c0=5.88 Å, and �=103.80°, which deviates by
1.85%, 1.32%, 1.41%, −0.03% from the experimental re-
sults, a0=12.21 Å, b0=3.04 Å, c0=5.80 Å, and �
=103.83°.71 The internal lattice parameters are summarized
in Table I, which show an excellent agreement with the ex-
perimental results.71

In contrast to ZnO, �-Ga2O3 has a more complex struc-
ture. The eight Ga atoms are separated in two groups com-
posed by four slightly distorted octahedron �vp=10.86 Å3�
and four tetrahedron �vp=3.31 Å3� sites, while there are
eight three-fold and four four-fold O atoms. In particular, it
should be noticed that a pair of octahedrons are surrounded
by six tetrahedrons, which can be seen as a basic motif in
�-Ga2O3. Due to the coordination environment, the polyhe-
drons are slightly distorted with different bond lengths, e.g.,
octahedron sites are surrounded by three O at 1.97 Å and

TABLE I. Internal lattice parameters of the �-Ga2O3 structure.
The numbers in parentheses are experimental results from Ref. 71.

x y z

Ga1 0.0900�0.0905� 0 0.7947�0.7946�
Ga2 0.1584�0.1587� 1/2 0.3140�0.3140�
O1 0.1633�0.1645� 0 0.1093�0.1098�
O2 0.1736�0.1733� 0 0.5646�0.5632�
O3 −0.0041�−0.0041� 1/2 0.2566�0.2566�

4.43

4.83

4.13

4.46

4.84

4.77

4.00

O

5.77

3.99

4.79

4.14

3.57 3.58

3.60

3.59

Ga

Zn

(a) (c)

(b)

FIG. 4. �Color online� �a� Lowest-energy DFT-PBE orthorhom-
bic GZO6 structure �8 f.u.�. �b� Monoclinic �-Ga2O3 structure
�4 f.u.�. �d� Wurtzite ZnO structure �2 f.u.�. The Ga, Zn, and O
atoms are indicated by large �green�, medium �brown�, and small
�red� balls. The octahedron �sixfold�, trigonal-bipyramidal �five-
fold�, and tetrahedral �fourfold� polyhedrals are shown. The primi-
tive unit cells are indicated by dashed lines. The ECN is given for
the most important polyhedrals. In GZO6, all Zn atoms without
indication of the ECN have an ECN from 3.90 to 4.00.
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three at 2.04 Å, while there are three O at 1.86 Å and one O
at 1.89 Å for the tetrahedron sites. Thus, those distortions
give rise to differences between the calculated ECN and the
nominal CN. We found ECN=5.77 and 3.99 for the octahe-
dron �CN=6� and tetrahedron �CN=4� sites, respectively. As
expected, the electronic octet rule is satisfied for both ZnO
and �-Ga2O3, and the existence of threefold O atoms is a
consequence of the presence of four-fold Ga sites. Due to the
coordination, we would expect a slight difference in the local
charge between both octahedron and tetrahedron sites. In-
deed, we find through Bader analysis that the net charges for
the Ga atoms at the tetrahedron and octahedron sites are
+1.80 and +1.90, respectively, i.e., a difference of 0.10 be-
tween both sites. Thus, we expect a deviation in the charge
state of 0.10, which is consistent with previous analysis.76

In the orthorhombic GZO6 structure, the Ga atoms assume
a wide range of coordinations. For example, the four Ga
atoms in the M7 sites have ECN=3.59 and volume of vp
=3.51 Å3, which is due to the local environment, e.g., two
three-fold O atoms at 1.81 Å and two four-fold O atoms at
2.00 Å. Based on the electronic octet rule, the bond lengths
difference �about 10%� reflect that Ga donates two electrons
to the two threefold O and the remaining one electron is
shared by the two four-fold O atoms. Thus, compared with
the Ga tetrahedrons in �-Ga2O3, the tetrahedrons in GZO6
have a volume expansion of about 6%. The remaining 12 Ga
atoms are distributed in four trigonal-bipyramidal motifs,
which are not present in �-Ga2O3. We obtained ECN=4.43,
4.78, and 4.82 for the Ga trigonal-bipyramidal structures
�vp=6.45–6.47 Å3�, while ideal trigonal-bipyramidal units
have CN=5. For all Zn sites, ECN=3.94–3.99 and vp
=4.00–4.25 Å3 which differ slightly from the wurtzite ZnO
structure. Thus, the introduction of Ga atoms in the wurtzite
ZnO lattice in the proportion of one Ga2O3 to six ZnO units
disturb only slightly the local tetrahedron motifs, however, it
introduces extended defects such as the formation of twin-
boundaries and polarity inversion. Therefore, for large ZnO
to Ga2O3 ratio such as n=6, the motifs present in �-Ga2O3
are not preserved in the final ternary compound. We would
expect that for larger Ga:Zn ratio, more Ga2O3 features and
less ZnO wurtzite features would be preserved

B. Stability

The stability of the GZOn compounds with respect to the
�-Ga2O3 and ZnO compounds can be studied by calculating
the respective formation energies, �E, i.e.,

�E = Etot
GZOn − Etot

�-Ga2O3 − nEtot
ZnO, �3�

where Etot
system indicates the total energy per f.u. for the GZOn,

�-Ga2O3, and ZnO systems. We found a positive formation
energy for GZO6 of 0.25 eV/f.u., which indicates that GZO6
is unstable with respect to phase separation at T=0. How-
ever, coherent GZO6 could be stabilized using nonequilib-
rium epitaxial growth with appropriate substrate.77

C. Electronic structure properties

In this section, we will discuss the electron density reor-
ganization upon the multicompound formation using Bader

analysis, the electronic density of states, and optical absorp-
tion coefficients of GZO6. In order to gain a better under-
standing of its electronic structures, we also compared them
with those of ZnO and �-Ga2O3.

1. Bader partial charge analysis

In order to obtain insights into the electron density reor-
ganization upon the GZO6 formation, we calculated the ef-
fective Bader charges, ZB, for ZnO, �-Ga2O3, and GZO6 in
their respective lowest-energy structures. The Bader charges,
within the Bader volume, are given with respect the total
number of valence electrons, i.e., ZB=Zvol−Zval. Zvol is the
total charge within the Bader volume and Zval=13,12,6 for
Ga, Zn, and O. The results are summarized in Table II. Using
Bader analysis, we found that Ga and Zn atoms donate elec-
trons to the O atoms in ZnO, �-Ga2O3, and GZO6, which is
expected due to the difference in electronegativity. As ex-
pected, in �-Ga2O3 the two nonequivalent Ga atoms, with
different coordination environments, show a difference of
about 0.10 electrons in the Bader analysis, which indicates a
slight difference in the charge states of both Ga atoms. We
found very similar Bader charges for Ga, Zn, and O atoms in
the GZO6 compound. The fourfold Zn atoms GZO6 have
about the same Bader charge �−1.31� as in ZnO �−1.32�,
while a slightly smaller Bader charge �−1.28� is found for Zn
atoms with coordination larger than four. A similar trend is
found for the Ga and O atoms as can be seen in Table II.
Thus, it is important to notice that quite large changes in the
local motifs lead to very slight changes in the Bader analysis,
which stresses the importance of well converged calculations
in order to study such slightly differences. Therefore, this
analysis indicates that the local environments in GZO6 pre-
serve important electron density features present in the
parent compounds.

2. Density of states and band gaps

The total and local density of states �LDOS� are shown in
Fig. 5 for the GZO6, �-Ga2O3, and ZnO. The LDOS of the
Ga, Zn, and O atoms were obtained by average the LDOS of
all respective atoms in the unit cell. The vertical dashed lines
indicate the valence-band maximum �VBM�. The ZnO
LDOS show the well-known features of ZnO, i.e., the VBM
consists mostly the O p and Zn d states.78 For �-Ga2O3 the
VBM is dominated by the O p state. There are two non-

TABLE II. Bader charges, ZB, given with respect the total va-
lence charge for the ZnO, �-Ga2O3, and GZO6 compounds. The
numbers in parentheses indicate the standard coordination number
of the respective atoms, i.e., number of O atoms surrounded it.

System Ga Zn O

ZnO −1.32�4� +1.32

�-Ga2O3 −1.91�6� +1.25

−1.80�4� +1.23

GZO6 −1.82�5� −1.31�4� +1.29

−1.74�4� −1.28�5� +1.23
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equivalent Ga atoms in �-Ga2O3, in which the Ga atoms are
four- and five-fold coordinated. Thus, we would expect that
Ga at the two sites would show large differences in their
LDOS. However, surprisingly, we found similar LDOS for
both Ga environments. This is because despite the coordina-
tion is different for the two type of Ga, the oxidation state is
similar in both cases due to the presence of threefold O at-
oms and the satisfaction of the electronic octet rule. Indeed,
Bader analysis yields charge states of 2.9+ and 3.1+ for Ga
atoms in the tetrahedron and octahedron sites.

The LDOS of GZO6 shows the main features present in
the �-Ga2O3 and ZnO compounds. The valence band is
dominated by O and Zn states, while there is a very small
contribution from the Ga states, which is expected taking
into account the concentration of Ga atoms in GZO6. The
Zn d states are composed by a broadened peak, which is due
to wide range of coordination environments from 3.90 to
4.50 in GZO6. Furthermore, due to the presence of Ga atoms,
we observe a large bandwidth in GZO6 compared with ZnO.

The DFT-PBE �experimental� fundamental band gaps at
the � point, Eg, are 0.88, 2.03 �5.2�, and 0.73 �3.4 eV� for the
GZO6, �-Ga2O3, and ZnO compounds. Thus, our results in-
dicate that the band gap of GZO6 is dictated by the band gap
in ZnO, there is only a marginal increase of 0.15 eV above
the host ZnO band gap. This is expected due to the high
concentration of ZnO in GZO6 and the band alignment be-
tween ZnO and �-Ga2O3. However, due to the well known
deficiencies in DFT-PBE, our calculated band gaps are sub-
stantially smaller than the experimental results.65,78

3. Absorption coefficients

Recent theoretical and experimental studies found that the
fundamental and optical band gap of In2O3 in the bixbyite
structure differs by about 0.80 eV,79 which plays an impor-
tant role in explaining the high performance of In2O3 as the
material of choice for TCO applications. Therefore, similar
analysis was performed in this work by calculating the ab-
sorption coefficients. The absorption coefficients of GZO6,
�-Ga2O3, and ZnO are shown in Fig. 6.

The absorption coefficients, A		, were calculated from the
imaginary and real parts of the optical dielectric functions,80

i.e.,

A		 =

�2���		�
�� − Re �		�
��

c
, �4�

where 
 is the angular frequency of the light, �		 is the
complex dielectric function of polarization 		, and c is the
speed of light.

The dielectric function �imaginary and real parts� were
calculated using the longitudinal pseudopotential approach
as implemented in VASP.81,82 In this approach, the transition
matrix elements between the valence and conduction bands
are used to derive the imaginary part of the dielectric func-
tion, while the real part is obtained from the imaginary part
through the Kramers-Kronig relations.83 In order to obtain
consistent and accurate dielectric functions, the sum of oc-
cupied and unoccupied states was set to equal the number of
valence electrons in the supercell for all calculations.

In contrast to In2O3, we found that the fundamental and
optical band gaps of GZO6 are the same, which can be veri-
fied by comparing our calculated band gaps with the onset of
the nonzero absorption coefficients. As mentioned above, the
electronic properties of GZO6 is dominated by ZnO. It can
be seen clearly that the absorption coefficients have similar
shape for GZO6 and ZnO. Thus, in order to obtain large band
gaps for GZO, we have to choose GZO with high Ga/Zn
ratios such as 1:1 or 2:1.
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FIG. 5. �Color online� Total and local electronic density of states
of ZnO, �-Ga2O3, and Ga2O3�ZnO�6 in the wurtzite, monoclinic,
spinel, and orthorhombic structures.
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IV. SUMMARY

In this work, using first-principles methods, we investi-
gated the structure and electronic properties of GZO6. For
comparison, the parent compounds, namely, �-Ga2O3 and
ZnO were also calculated. We identified a low-energy atomic
configuration for the coherent distribution of the Ga and Zn
atoms in the GZO6 structure. Using XRD analysis, Michiue
et al.34 suggested that the Ga atoms are located in the M4
and M9 sites, while the Zn atoms occupy the remaining sites.
Michiue et al. also suggested that both M7 and M8 are oc-
cupied by Zn atoms, although, due to the short distance be-
tween M7 and M8, the two sites cannot be occupied simul-
taneously. In this work, we show that the M7 site is
preferentially occupied by Ga, not by Zn atoms, while the
M8 site is empty. Therefore, there is no fractional occupation
of the M7 and M8 sites. Furthermore, we found that the
remaining 12 Ga atoms in the unit cell form four Ga agglom-
erates �a motif of four atoms� in which the Ga atoms form
trigonal-bipyramidal structures with a wide range of coordi-
nations. Thus, Ga atoms do not distribute uniformly in ZnO
matrix, which would be desirable for high Ga doping in
ZnO.

We also identified the natural formation of twin bound-
aries in GZO6, which can explain the zigzag modulations

observed by HRTEM experiments in GZOn compounds for
n=9. A consequence of the twin-boundary formation is the
polarity inversion of the ZnO tetrahedra within the unit cell.
The polarity inversion occurs at the Ga agglomerates, i.e.,
the existence of the trigonal-bipyramidal sites provide the
conditions for the occurrence of the polarity inversion, which
have also been observed in IZO6.51 Thus, the location of the
Ga agglomerates play a very important role in the formation
of the polarity inversion, and hence, in the twin-boundary
formation. A simple analysis shows that the occupation of
the M7 site by Ga atoms is driven by the electronic octet
rule, which is completely satisfied by Ga atoms, while the
occupation by Zn atoms leads to an incomplete electronic
distribution in the local motif. Thus, its occupation by Zn
atoms leads to higher-energy configurations. It can be no-
ticed that the Ga agglomerates are distributed in the ZnO
matrix in such a way that it forms almost layered structures,
which plays a role to reduce strain energy and satisfy the
electronic octet rule. Finally, we reported the electronic
structure properties of GZO6. We found that the electronic
properties, density of states and absorption coefficients of
GZO6, are dictated by the electronic properties of ZnO.
Thus, in order to obtain TCOs with higher band gaps than
ZnO, low ZnO concentration should be used.
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