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The structural variation in the x(LiGaO2)1/2(1�x)ZnO alloy system was studied by powder XRD,

TEM-SAD and Raman spectroscopy. It was elucidated that the phase varied upon increasing the alloying

level was the wurtzite-type for 0rxo0.2, the Zn2LiGaO4-type for 0.2rxr0.5 and the b-LiGaO2-type

for 0.8rxr1, and the 0.5oxo0.8 region was the immiscible region of ZnO with LiGaO2. The solubility

limit of LiGaO2 in ZnO was explained by the c0/a0 ratio based on the fact that there is no binary wurtzite

phase for a c0/a0 less than 1.6. The optical phonons of wurtzite and its derived phase were simply

explained by the lattice shrinkage and reduced mass upon reduction the alloying of ZnO with LiGaO2.

The bowing parameter of the optical band gap of y(Zn2LiGaO4)1/4(1�y)ZnO was determined to be

0.67 eV. The value was very low, and it was related to the small lattice and chemical mismatches

between the Zn2LiGaO4 and ZnO.

& 2012 Elsevier Inc. All rights reserved.
1. Introduction

Zinc oxide (ZnO) is a direct semiconductor oxide possessing a
wide band gap (3.37 eV) and large exciton binding energy
(60 meV) [1]. These very attractive physical properties enable its
use as a material for light-emitting devices in the ultraviolet (UV)
region and transparent electrodes for visible (Vis) light. The
higher abundance of zinc in natural resources than indium and
gallium for nitride semiconductors of (In,Ga)N has also recently
received attention in addition to the above mentioned physical
properties.

In order to use ZnO in light-emitting devices, adjusting its
energy band gap, i.e., band gap engineering, is generally required.
Band gap engineering is usually conducted by the alloying of ZnO
with MgO for band gap widening and with CdO for band gap
narrowing [2, 3]. However, the controllable region is limited,
because their alloying regions are limited due to the structural
difference between the wurtzite-type hexagonal ZnO and the
rock-salt-type cubic MgO and CdO. When we get oxide semicon-
ductors that are applicable to the band gap engineering of ZnO,
the ZnO is expected to have broader applications. Based on this
perspective, we have investigated the alloying of ZnO with
b-LiGaO2 that possesses a wurtzite-derived structure and wide
band gap of 5.6 eV [4]. A new quaternary oxide semiconductor,
ll rights reserved.

Omata).
Zn2LiGaO4, with a wurtzite-derived structure was recently dis-
covered [5, 6], and the alloys x(LiGaO2)1/2(1�x)ZnO were success-
fully obtained in the region of xr0.5 for the bulk and thin
films [7].

On the other hand, the x(LiGaO2)1/2(1�x)ZnO alloy system is
attractive from a structural aspect. There are many structural
studies of alloyed semiconductors of III–V or II-chalcogen
systems. Among them, the alloy systems of the simple zincblende
phase with the cation-ordered chalcopyrite phase, such as the
ZnS–CuInS2 alloy system, are involved [8–14]. However, such
studies have not been demonstrated in oxide semiconductors
until now; the studies have been limited to the simple wurtzite
phase, such as the MgO–ZnO and BeO–ZnO alloy systems [2, 15].

In the present paper, the structural variation of the x(LiGaO2)1/2

(1�x)ZnO over a whole pseudo-binary composition range by the
X-ray diffraction (XRD) and selected area electron diffraction (SAD)
was first investigated. The obtained results were discussed based on
a comparison with the MgO–ZnO system. The optical properties of
the Raman spectra and optical band gap depending on the alloying
level were studied.
2. Experimental

x(LiGaO2)1/2(1�x)ZnO semiconductor alloys were prepared by
a solid state reaction between b-LiGaO2 and ZnO. The starting
b-LiGaO2 was prepared by a solid state reaction using Li2CO3

(99.99%; Kojundo Chemical Laboratory) and Ga2O3 (99.99%;
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Kojundo Chemical Laboratory) as the starting materials. The
starting Li2CO3 and Ga2O3 were weighed in the molar ratio of
x(Li2CO3):x(Ga2O3)¼1.06:1 and mixed. The mixed powder was
pressed into 17.2 mm diameter disks at 256 MPa, and then
calcined at 600 1C for 48 h. The calcined disks were crushed and
washed using ultrapure water in order to eliminate any excess
and unreacted Li2CO3. The dried powder was pressed into disks,
and then sintered at 1100 1C for 20 h. The obtained b-LiGaO2 and
ZnO (99.99%; Sigma–Aldrich) were weighed and mixed in the
appropriate alloying ratio. The mixed powder was pressed into
disks and calcined at 1000 1C for 20 h, then sintered at 1100 1C for
20 h.

The LiGaO2 concentration, x, in x(LiGaO2)1/2(1�x)ZnO was
determined by inductively-coupled-plasma atomic emission
spectrometry (ICP-AES; SII Nanotechnology SPS7800). The
obtained crystalline phases were identified by powder XRD
(Rigaku, RINT2500, Cu-Ka radiation using a curved graphite
receiving monochromator). The SAD images using a 50-mm
selector aperture were obtained using a transmission electron
microscope (Hitachi H8100) operating at 200 kV. The Raman
spectra of the samples were studied using an NRS-3100 laser
Raman spectrometer (JASCO Co., Ltd.) at the 532 nm excitation
wavelength. In order to obtain spectra that are not dependent on
the crystal orientation, the spectra were recorded for an area of
approximately 0.2 mm in diameter of the ceramic sample. We
checked that the spectra did not change depending on the
position in the specimen. The optical properties were studied by
diffuse reflectance, photoluminescence (PL) and photolumines-
cence-excitation (PLE) spectroscopies. The diffuse reflectance
spectra for the powdered sample were recorded by a double-
beam spectrophotometer (Hitachi U4000) equipped with a white
coated (MgO) integrating sphere. MgO powder was used as the
reference material. The PL and PLE spectra were recorded by a
JASCO FP6500 spectrometer using a monochromated xenon dis-
charge lamp as the excitation light source.
Fig. 1. Powder X-ray diffraction profiles of x(LiGaO2)1/2(1�x)ZnO alloys. The open circles a

to cation-ordering of Zn, Li and Ga. The closed squares indicate the diffractions due to b-
3. Results and discussion

3.1. Structure of x(LiGaO2)1/2(1�x)ZnO

Fig. 1(a) and (b) shows the XRD profiles of the
x(LiGaO2)1/2(1�x)ZnO specimens. In Fig. 1(a), all the diffraction
peaks were identified as those of the hexagonal wurtzite structure
in the composition range of xo0.2. When the LiGaO2 concentra-
tion increased to x¼0.20, an extremely broadened diffraction
appeared at 2y�221 (indicated by the open circle in Fig. 1) in
addition to the diffractions indexed as those of the hexagonal
wurtzite phase. This extra diffraction became slightly sharper and
its intensity increased with the increasing LiGaO2 concentration.
At the composition of x¼0.50, the broad diffraction split into
three diffractions at 2y¼20.7, 22.7 and 27.11 and many super-
lattice diffractions indicated by the open triangles appeared. The
XRD profile accompanying by many superlattice diffractions was
identified as that of the wurtzite-derived Zn2LiGaO4 as described
in a previous paper [6]. From these observations, the extremely
broadened diffraction at 2y�221 for the sample with 0.2rxr0.5
must be an indication of the start of cation-ordering. According to
the additional experiments, in which the Zn2LiGaO4 samples were
annealed at various temperatures and then it was quenched and
supplied to XRD measurements, those superlattice diffractions
diffused for the samples after annealing above 1000 1C, and the
XRD profile became very similar to that of the sample with
0.2rxr0.4 as indicated in Fig. 1(a); however, the diffused
superlattice diffraction at 2y�221 did not disappear for the
sample annealed at 1400 1C. The results indicate that the
cation-ordering develops in lower temperatures blow 1000 1C,
and the ordering does not disappear even at as high temperature
as 1400 1C.

Fig. 2 shows the SAD images of the sample with 0rxr0.5. All
the SAD patterns were recorded at the /2̄ 2 1S zone axis of the
hexagonal wurtzite structure. For the samples with x¼0 and 0.10,
nd triangles indicate diffuse diffraction and superlattice diffractions, respectively, due

LiGaO2 phase. The asterisks indicate ZnGa2O4 impurity.
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intense diffractions that are indexed as /1 1 0S,/1 0 2S and
/0 1 2̄S based on the hexagonal wurtzite lattice were clearly
observed. In the images for x¼0.20 and 0.30, some faint and
diffuse satellite spots indicated by the arrows in the images
appeared in the direction of /1 1 0S. For x¼0.40, some satellite
spots indicated by arrows were clearly observed in the direction
of /1 1 0S in addition to the intense fundamental diffractions;
and the position of the diffractions almost agreed with that for the
Zn2LiGaO4 (x¼0.50) [6].

For the composition of 0.5oxo0.8, another set of diffractions
indicated by the closed squares due to the b-LiGaO2-type phase
appeared in addition to the diffractions due to the Zn2LiGaO4
Fig. 2. TEM-SAD patterns of x(LiGaO2)1/2(1�x)ZnO alloys of (a) x¼0, (b) 0.10,

(c) 0.20, (d) 0.30, (e) 0.40 and (f) 0.50. All the patterns were recorded at /2̄2 1S
zone axis of hexagonal wurtzite structure.

Fig. 3. Variation in lattice parameters of x(LiGaO2)1/2(1�x)ZnO alloys depending on th

and (c) c0/a0 for wurtzite and Zn2LiGaO4 phases. Hexagonal wurtzite lattice is assume
phase as shown in Fig. 1(b). This indicated that the mixture of the
two phases of Zn2LiGaO4- and b-LiGaO2-types is stable for
0.5oxo0.8. Above xZ0.8, the b-LiGaO2-type phase only
appeared. Based on these XRD and SAD observations, the phases
that appeared are the simple wurtzite-type phase for 0rxo0.2,
the cation-ordered Zn2LiGaO4- type phase for 0.2rxr0.5 and
b-LiGaO2-type phase for 0.8rxr1. The composition region of
0.5oxo0.8 is two-phase region of the mixture of Zn2LiGaO4- and
b-LiGaO2-type phases.

Fig. 3(a), (b) and (c) show variations in the lattice parameters
and the c0/a0 ratio of the x(LiGaO2)1/2(1�x)ZnO alloy system
depending on the alloying level, x. For the lower LiGaO2 concen-
tration, the wurtzite-type phase was transformed into the cation-
ordered Zn2LiGaO4-type phase above xZ0.2 as already described.
The detailed structural parameters of the Zn2LiGaO4 phase are
still unclear; therefore, we assumed the pseudo-hexagonal lattice
for the Zn2LiGaO4 phase in the present study. In the wurtzite- and
Zn2LiGaO4-type phase region, 0rxr0.5, both the lattice para-
meters, a0 and c0, decreased with the increasing LiGaO2 concen-
tration as indicated in Fig. 3(a). Because the average ionic radius
of Liþ and Ga3þ is 530 pm, and is smaller than that of Zn2þ

(600 pm) [16], the lattice shrinkage upon replacing Zn with Li and
Ga is definitely acceptable. In the xMgO(1�x)ZnO system, the
lattice parameter a0 increases with the increasing alloying level,
while c0 decreases upon increasing the alloying level [17, 18].
Such a different behavior of the lattice parameters upon alloying
between the x(LiGaO2)1/2(1�x)ZnO and xMgO(1�x)ZnO can be
explained by the local structure of the MO4 tetrahedra in the
wurtzite structure as follows. Fig. 4 schematically shows the
interatomic distances and bond angles of the MO4 tetrahedra in
the wurtzite structure (M¼Zn and Mg) and wurtzite-derived
b-LiGaO2 structure (M¼Li and Ga). In the wurtzite-type MgO
phase evaluated by the DFT-LDA and DFT-GGA calculations [19,
20], the Mg atom significantly deviated from the center of the
regular tetrahedron, and expanded the basal oxygen triangle in
the ab-plane. According to the calculations study, the side length
of the basal regular triangle for the MgO4 tetrahedron is 326.1 pm
from LDA and 338.2 pm from GGA that is slightly larger than that
for ZnO4, 324.9 pm, in the wurtzite ZnO [21]. On the contrary, the
246.9 pm (LDA) and 260.0 pm (GGA) heights of the MgO4 tetra-
hedron (along the c-axis) is slightly smaller than that of 260.3 pm
for ZnO4. We expect the real parameters lie within the boundaries
given by the LDA and GGA calculations. Therefore, the experi-
mental observation in xMgO(1�x)ZnO system that the substitu-
tion of Zn by Mg results in shrinkage of c0 and expansion of a0 can
be explained based on the shape of the nearest neighbor tetra-
hedron of constituent cation.
e LiGaO2 concentration, x. (a) wurtzite and Zn2LiGaO4 phases, (b) b-LiGaO2 phase

d for the Zn2LiGaO4 phase. The b-LiGaO2 phase is orthorhombic b-LiGaO2 phase.



Fig. 4. Schematic illustration of (a) ZnO4 and (b) MgO4 tetrahedra in wurtzite

phase and (c) LiO4 and (d) GaO4 in b-LiGaO2 phase. The interatomic distances and

angles in the tetrahedra are indicated in the figure. The MgO4 tetrahedron is

theoretically calculated in Ref. 19. The unit for the interatomic distance is

picometer.

Table 1
Lattice parameters, a0 and c0, their ratio, c0/a0, and the oxygen parameter, u, for

various wurtzite phases.

Compound a0 c0 c0/a0 u Ref.

AlN 311.117 498.017 1.6007 0.3866 23

ZnO 324.94 520.54 1.6020 0.3820 21

InN 353.77 570.37 1.6123 0.3769 29

BeO 269.79 437.72 1.6224 0.3786 24

CdS 413.70 671.44 1.6230 0.375 25

GaN 318.94 518.61 1.6260 0.3789 28

CdSe 429.82 700.84 1.6305 0.37586 26

ZnTe 427.3 698.9 1.6356 0.375 32

CdTe 457 748 1.637 0.375 27

ZnS 382.27 626.07 1.6378 0.3748 30

ZnSe 399.6 626.6 1.6582 0.375 31

Fig. 5. Raman spectra of x(LiGaO2)1/2(1�x)ZnO alloys.
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For the GaO4 and LiO4 tetrahedra in b-LiGaO2, the average side
lengths of the basal triangle are 303.4 pm and 327.8 pm, respec-
tively, and the heights of GaO4 and LiO4 are 239.4 pm and
261.3 pm, respectively [22]. These values indicate that the GaO4

tetrahedron is 7–8% smaller in both the basal plane and height
than ZnO4, while the LiO4 tetrahedron is almost the same size as
ZnO4. Therefore, the shrinkage of both the a0 and c0 upon the
substitution of Zn by Li and Ga is reasonable from the viewpoint
of the size of the coordination polyhedra.

We also observed the monotonic decrease in the c0/a0 ratio
upon increasing the LiGaO2 concentration in Fig. 3(c); the c0/a0

reached 1.593 at the solubility limit of x¼0.50. Table 1 sum-
marizes the c0/a0 values for the various binary wurtzite phases
[21, 23–32]. The c0/a0 is 1.633 for the ideal wurtzite structure, and
it ranges from 1.601 for AlN to 1.658 for ZnSe. There is no
wurtzite compound with a c0/a0 lower than 1.6. For the poly-
crystalline and powdered xMgO(1�x)ZnO system reported by
Kim et al., the c0/a0 decreased from 1.602 for x¼0 to 1.600 for
x¼0.15 that is the solubility limit of MgO in ZnO [17]. Based on
these results, the wurtzite structure, of which c0/a0 is lower
than 1.6, is considered to be unstable. Because the c0/a0 ratio of
1.593 for the Zn2LiGaO4 is very close to 1.6, but is lower than 1.6,
the solubility limit of LiGaO2 in ZnO of x¼0.5 may be phenom-
enologically understandable by the fact that the c0/a0 ratio
decreased smaller than 1.6. Generally, the large anion position
parameter, u, that is 0.375 for the ideal wurtzite structure, results
in a lower c0/a0 ratio. It is very interesting whether or not the
situation may be applicable to the present system. Consequently,
the structural refinement of the Zn2LiGaO4 phase is strongly
required in order to understand the solubility limit of LiGaO2 in
ZnO from a structural aspect, and we are now studying the
detailed structure of Zn2LiGaO4.

For the higher LiGaO2 concentration region (0.8rxr1), all the
lattice parameters decreased with the increasing alloying level as
indicated in Fig. 3(b). Such a variation is acceptable based on the
ionic radii of the constituent cations as described above.

According to the previous studies of alloys of the cubic
zincblende phase with a cation-ordered tetragonal chalcopyrite
phase, such as the ZnSe–CuInSe2 system, that is the chrcogenide
analogy of the present ZnO–LiGaO2 system, the two-phase region,
in which the zincblende and chalcopyrite phases co-exist, usually
appears except for ZnS–CuM0S2 with M0 ¼ In, Ga and Al [8–14].
This situation is similar to the present ZnO–LiGaO2 system;
however, the presence of the cation-ordered I–II2–III–VI4 qua-
ternary compound has not yet been reported for the zincblende
and chalcopyrite alloy system. The presence of the cation-ordered
Zn2LiGaO4 phase in the present system should originate from the
higher ionicity of the oxide than the chalcogenides, i.e., the higher
Madelung energy term.

3.2. Raman spectroscopy

Fig. 5 shows the Raman spectra of the x(LiGaO2)1/2(1�x)ZnO
alloys. Upon the alloying of ZnO with LiGaO2, most of the
observed bands were broadened and the spectral intensity was
significantly altered. However, the wurtzite ZnO-like optical
phonons are only observed in 0rxr0.2; Zn2LiGaO4-like and b-
LiGaO2-like optical phonons are observed in 0.2rxr0.5 and



Fig. 6. Schematic illustration of atomic motions for the Raman active optical

modes A1, E1 and E2
low and E2

high for wurtzite structure.
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0.8rxr1, respectively. For 0.5oxo0.8, both the b-LiGaO2- and
Zn2LiGaO4-like optical phonons appeared. These changes in the
spectral features depending on the alloying level, x, support the
structural variation evaluation based on the XRD and TEM-SAD
observations.

In the Raman spectra of the alloyed semiconductors, optical
phonons dependent on the composition are denoted by the one-
mode or two-mode behavior [33, 34]. As seen in Fig. 5, the alloy
systems of wurtzite- (0rxo0.2), Zn2LiGaO4- (0.2rxr0.5) and
b-LiGaO2-type (0.8rxr1) exhibit a one-mode behavior in the
respective alloy regions. The one-mode behavior in the wurtzite-
type region of the present alloy agrees with the previously
reported xMgO(1�x)ZnO alloy case [35]. The modified random-
element-isodisplacement model gives an approximate prediction
whether the ternary AB1�xCx or A1�xBxC alloys exhibit a one-
mode or two-mode behavior [36]. According to the phenomen-
ological model, the alloy exhibiting the one-mode behavior must
not have one substituting element whose mass, m, is smaller than
the reduced mass, m, of the compound formed by the other two
elements. As an example of the A1�xBxC alloy,

mB4mAC and mA4mBC ð1Þ

where mAC¼mAmC/(mAþmC) and mBC¼mBmC/(mBþmC). In the
xMgO(1�x)ZnO alloy case, its one-mode behavior was explained
by meeting the above condition (1). Returning to the present
pseudo-binary x(LiGaO2)1/2(1�x)ZnO alloy case, when the aver-
age mass, mLi,Ga, is assumed to be 0.5mLiþ0.5mGa, the relation-
ships between the atomic mass and reduced mass are

mLi,Ga ¼ 36:24mZnO ¼ 12:84 and mZn ¼ 65:394mðLiGaO2Þ1=2 ¼ 11:1

ð2Þ

The one-mode behavior is expected from the relationships,
and it is consistent with the observed behavior of the alloys.

We next discuss the shift in the optical phonon frequency
upon changing the alloying level. The group theory predicts the
following G-point optical phonons for the wurtzite structure.
A1þE1þ2E2þ2B1, which are all Raman active except for the
silent B1 modes [37]. According to previous studies, the observed
Raman bands a–i for the pure ZnO in Fig. 5 are attributed to the
respective modes as summarized in Table 2 [38–41], and the
atomic motions for the Raman active A1, E1 and E2 modes are
schematically shown in Fig. 6 [42]. Fig. 7 shows the composition
dependence of the Raman shift of bands a, d and f. For the bands a
and f attributed to the E2

low and E2
high modes, the Raman shifts

increased with the increasing x. The vibrations corresponding to
both the E2

low and E2
high modes are associated with the atomic

motions in the ab-plane as shown in Fig. 6. In the present alloy
system, both the a- and c-axes shrank with the increasing alloying
level, x. This suggests that the bond strength for the MO4

tetrahedra increases with the increasing alloying level. Therefore,
the blue-shift in the E2

low and E2
high modes is reasonably
Table 2
Assignments of characteristic Raman modes for pure ZnO (x¼0).

Band Raman shift (cm�1) Mode

a 99 E2
low

b 203 E2
low(m)a

c 331 E2
low(m)

d 380 A1(TO)

e 409 E1(TO)

f 438 E2
high

g 541 E2
low(m)

h 579 A1(LO), E1(LO)

i 657 E2
low(m)

a E2
low(m) indicates multi-phonon scattering related to E2

low

mode.

Fig. 7. Variation in the Raman shift for the a, d, f, j and k bands of the alloy

depending on the LiGaO2 concentration x in x(LiGaO2)1/2(1�x)ZnO.
understood. In addition, the replacement of Zn with Li and Ga
decreases the reduced mass as described by Eq. (2); it reasonably
increases the energy of the vibrations. In the xMgO(1�x)ZnO case,
the reduced mass is also decreased by the substitution of Zn by
Mg, but the E2

high mode exhibited a red-shift upon increasing the
light Mg concentration. Such a situation was explained by the
phonon softening caused by the in-plane lattice expansion as
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reported by Kim et al. [43]. However, in the present case, both the
a- and c-axes decreased with the increasing alloying level, x;
therefore we do not have to consider the condition, such as the
phonon softening, in the wurtzite-type x(LiGaO2)1/2(1�x)ZnO
alloys unlike the xMgO(1�x)ZnO alloys.

The d band that is attributable to the A1(TO) mode associated
with the atomic motion parallel to the c-axis exhibited a blue-
shift in the wurtzite phase region (xo0.2). The blue-shift is
explained by the same situation for the E2

low and E2
high modes as

described above. The band exhibited a red-shift in the Zn2LiGaO4

region (0.2rxr0.5). The red-shift may be due to the partial
cation-ordering effect. In the Raman spectra for the higher LiGaO2

concentration region of the Zn2LiGaO4 phase (0.4rxr0.5), the
f band is clearly split into two bands. Of course, the splitting
should be due to the lower symmetry of the Zn2LiGaO4 structure
than the wurtzite structure. The structural refinement of the
Zn2LiGaO4 phase is definitely expected in order to provide a
more detailed discussion.

For the b-LiGaO2 phase, Kabelka et al. studied the Raman
spectrum of the b-LiGaO2 phase and indicated that the G-point
optical phonons for this phase is 11A1þ12A2þ11B1þ11B2 [44,
45]. Recently, Boonchun and Lanbrecht theoretically studied the
vibrational mode and reported that the k band attributed to the
A1 mode corresponds to the atomic motions in the ab-plane
similar to the E2

high mode for the wurtzite phase [46]. The j band
should also correspond to the motions in the ab-plane because of
its very close energy to the E2

low mode of the wurtzite phase. Both
the j and k bands exhibited a blue shift with the increasing LiGaO2

concentration, x, in the b-LiGaO2 phase region (0.8rxr1). This
situation is also explained by the lattice shrinkage and the
reduction of the reduced mass upon substitution of Zn with
Li and Ga.

The Raman shifts of the bands indicated in Fig. 7 are depen-
dent on the alloying level in 0rxr0.5 and 0.8rxr1, and they
are almost constant in 0.5oxo0.8. This observation strongly
supports the phase variation evaluated on the basis of the XRD
and TEM-SAD observations.

3.3. UV–Vis and PL spectra

Fig. 8 shows the diffuse reflectance spectra in the UV–Vis
region of x(LiGaO2)1/2(1�x)ZnO with 0rxr0.5. For the pure ZnO
(x¼0), the onset of reflectance was observed at �380 nm that
corresponds to the fundamental absorption edge. With the
increasing LiGaO2 concentration to x¼0.10, the absorption edge
slightly shifts to the longer wavelength region, although the shift
was very small. The red-shift is an indication of band gap bowing.
A further increase in the LiGaO2 concentration greater than
x¼0.10 resulted in a blue-shift of the absorption edge up to
Fig. 8. UV–Vis diffuse reflectance spectra of x(LiGaO2)1/2(1�x)ZnO alloys.
�310 nm for x¼0.50, i.e., Zn2LiGaO4. Fig. 9(a) and (b) shows the
PL and PLE spectra of the alloys. In the PL spectra, a broad visible
emission for the pure ZnO centered at 580 nm is attributable
to the electron-hole pair recombination via the Li-acceptor level
according to previous studies [47, 48]. The band exhibited a
red-shift up to x¼0.10 and a blue-shift for x40.1 similar to that
observed in the UV–Vis spectra. In the PLE spectra of the visible
emission (Fig. 9(b)), we observed a clear local maximum that is
explained as the inter-band transition of the electron from the
valence band to the conduction band, i.e., the energy of the local
maximum corresponds to the energy band gap of the alloys. The
maximum is located at 367 nm (3.38 eV) for ZnO (x¼0) and at
307 nm (4.04 eV) for Zn2LiGaO4 (x¼0.50); these energies agree
well with the energy band gap of the pure ZnO and Zn2LiGaO4

[1–6]. Fig. 10 shows the energy band gap that is determined based
on the PLE of the alloys depending on the LiGaO2 concentration. In
the figure, pure ZnO and Zn2LiGaO4 are employed as terminal
components. The energy band gap of the intermediate composi-
tion slightly deviated downward from the linear relationship as
indicated by the dashed line, for instance, band gap bowing is
clearly observed. However, the bowing is not very significant as
compared to xBeO(1�x)ZnO and the other II–VI alloys. Generally,
the energy band gap of a pseudo-binary alloyed semiconductor,
such as the present y(Zn2LiGaO4)1/4(1�y)ZnO is described by

EgðyÞ ¼ yEgðZn2LiGaO4Þþð1�yÞEgðZnOÞ2bð1�yÞy ð3Þ

where Eg(Zn2LiGaO4) and Eg(ZnO) are the energy band gaps of
4.04 and 3.38 eV for Zn2LiGaO4 and ZnO, respectively, and b is the
optical bowing parameter [49]. From the fitting our data to Eq. (3)
(solid line in Fig. 10), the bowing parameter was determined to be
Fig. 9. (a) PL and (b) PLE spectra of x(LiGaO2)1/2(1�x)ZnO alloys for 0rxr0.5.



Fig. 10. Variation in optical band gap of y(Zn2LiGaO4)1/4(1�y)ZnO alloys for

0rxr0.5. The solid line indicates the curve calculated using Eg¼3.38(1�y)þ

4.04y�0.67y(1�y).
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0.67 eV. This value is very close to that for xMgO(1�x)ZnO, 0.8–
0.9 eV [50–52], and much lower than that for xBeO(1�x)ZnO,
5.6 eV [53], and the other II–VI alloys, 2–20 eV [49]. The magni-
tude of the bowing is usually related to the lattice mismatch and
band offset (chemical mismatch) [49]. The lattice parameters a0

and c0 for ZnO are 325.0 and 520.5 pm, respectively, and for
Zn2LiGaO4, they are 320.8 and 511.0 pm as shown in Fig. 3. These
values show that the lattice mismatch of the two phases is less
than 2%.

Because the band offset between the ZnO and Zn2LiGaO4 has
not been clarified at this time, a theoretical discussion regarding
the band offset is given here. The valence bands for these two
phases are mainly composed of the oxygen 2p component. This
means that the energies of the valence band for the two phases
should be close. Consequently, the valence band offset is expected
to be small. The difference in the energy band gap between the
ZnO and Zn2LiGaO4 is only 0.66 eV; the situation suggests that
the conduction band offset is not very significant when taking the
small valence band offset into account. Thus, both the valence and
conduction band offsets are expected to be small in addition to
the small lattice mismatch. The small band gap bowing is a
natural consequence based on these situations.
4. Summary

Structural variation of the x(LiGaO2)1/2(1�x)ZnO alloy system
was studied by powder XRD and TEM-SAD. It was elucidated that
the phase that appeared in the system varied upon increasing the
alloying level as the wurtzite-type from 0rxo0.2, the Zn2LiGaO4-
type from 0.2rxr0.5 and the b-LiGaO2-type from 0.8rxr1. The
intermediate composition of 0.5oxo0.8 is a mixture of the
Zn2LiGaO4 and b-LiGaO2 phases. In the low LiGaO2 concentration
region, the hexagonal c0/a0 ratio decreased to 1.593 for Zn2LiGaO4

(x¼0.50). The solubility limit of LiGaO2 in ZnO is phenomenologi-
cally explained by the low c0/a0 ratio based on the fact that there
is no binary wurtzite phase with a c0/a0 value less than 1.6.
The optical phonons studied by Raman spectroscopy in the system
were explained by the lattice shrinkage and the reduced mass
reduction upon the alloying of ZnO with LiGaO2. No special
condition, such as a phonon softening, has to be considered unlike
the MgO–ZnO system. Based on the UV–Vis and PL spectro-
scopies, the bowing parameter of the optical band gap of
y(Zn2LiGaO4)1/4(1�y)ZnO was determined to be 0.67 eV. Such a
small bowing parameter was related to the small lattice and
chemical mismatches between the Zn2LiGaO4 and ZnO. For further
detailed analyses of the structural and optical properties of the
present alloy system, a structural analysis of the Zn2LiGaO4 is
strongly required.
Acknowledgment

This work was supported in part by a Grant-in-Aid for Scientific
Research of Challenging Exploratory Research (Grant No. 23656402).

References
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