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ABSTRACT: This work unfolds the fundamental mechanisms and demonstrates
the tunable optical properties derived via chemical composition tailoring in
tungsten (W)-doped gallium oxide (Ga2O3) compounds. On the basis of the
detailed investigation, the solubility limits of tungsten (W6+) ion and associated
effects on the crystal structure, morphology, and optical properties of W-doped
Ga2O3 (Ga2−2xWxO3, 0.00 ≤ x ≤ 0.25, GWO) compounds are reported. GWO
materials were synthesized via a conventional solid-state reaction route, where a
two-step calcination is adopted to produce materials with a high structural and
chemical quality. X-ray diffraction analyses of sintered GWO compounds reveal the
formation of a solid solution of GWO compounds at lower concentrations W (x ≤
0.10), while unreacted WO3 secondary phase formation occurs at higher
concentrations (x>0.10). Insolubility of W at higher concentrations (x ≥ 0.15) is
attributed to the difference in formation enthalpies of respective oxides, i.e., Ga2O3
and WO3. GWO compounds exhibit an interesting trend in morphology evolution
as a function of W content. While intrinsic Ga2O3 exhibits rod-shaped morphology, W-doped Ga2O3 compounds exhibit nearly
spherical-shaped grain morphology. Increasing W content (x ≥ 0.10) induces morphology transformation from spherical to
faceted grains with different facets (square and hexagonal). Relatively larger grain sizes in GWO compounds might be attributed
to vacancy assisted enhanced mass transport due to W incorporation and/or WO3 induced liquid phase sintering. Our findings
demonstrate a substantial red shift in band gap (Eg), which is evident from the optical absorption spectra, enabling the wide
spectral selectivity of GWO compounds. W 5d orbitals induced sp−d exchange interaction between valence band and
conduction band electrons accounts for the substantial red shift in Eg of GWO compounds. Also, with increasing W, Eg
decreases linearly, obeying Vegard law up to x = 0.15 and, at this point, an abrupt Eg drop prevails. The nonlinearity (bowing
ef fect) behavior in Eg beyond x = 0.15 is due to insolubility of W at higher concentrations. The fundamental scientific
understanding of the interdependence of synthetic conditions, structure, chemistry, and band gap could be useful to optimize
GWO materials for optical, optoelectronic, and photocatalytic device applications.

■ INTRODUCTION

Among the wide band gap transparent semiconducting oxides,
Ga2O3 has gained considerable interest due to its unique
properties and great potential to be applicable in modern
electronic, optical, photocatalytic, and optoelectronic device
technologies.1−3 Gallium oxide is known to exhibit multiple
polymorphs, viz. α, β, γ, δ, ε.4,5 Among all of these polymorphs,
β-phase Ga2O3 with its exceptional chemical and thermal
stability to high temperatures is quite interesting and has been
the subject of extensive recent investigations.6−8 The crystal
symmetry of β-Ga2O3 is monoclinic (space group: C2/m) with
cell parameters, a = 12.214 Å, b = 3.0371 Å, c = 5.7981 Å, and
β = 103.83°.9 In the monoclinic unit cell (Figure 1), Ga
occupies two different lattice positions Ga(I) with tetrahedrally
coordinated oxygens and Ga(II) with octahedrally coordinated
oxygens,9,10whereas oxygen occupies three different lattice sites

[denoted as O(I), O(II), and O (III)] in distorted cubic close
packed arrangement around Ga sites.9

β-Ga2O3 is the second largest wide band gap material among
the available semiconductors after diamond with an optical
band gap of ∼4.8 eV.11 β-Ga2O3 exhibits a high dielectric
breakdown voltage (8 MV) due to it high chemical and
thermal stability.6,12 Ga2O3 exhibits n-type electrical con-
ductivity due to the presence of intrinsic oxygen defects. These
unique properties make β-Ga2O3 materials interesting for
various technological applications including, but not limited to,
high power electronic devices,13,14 solar blind UV photo-
detectors,15,16 light emitting diodes,2,17−19 photocatalyst,20

transparent conducting oxides (TCOs),21−23 gas sensors,24−26

etc. However, doping of Ga2O3 has been widely considered
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either to realize new applications and/or to improve the
performance efficiencies in these practical device applica-
tions.13−16,20 Doping Ga2O3 with suitable metal ions plays a
vital role in altering/enhancing its characteristic physical,
chemical, optical, and electronic properties.27,28 The effect of
various donor and acceptor dopants was explored in the form
of both bulk and thin films to alter their optical properties,
nature of electrical conductivity (n-type to p-type), and defect
chemistry for realizing a wide range of aforementioned
applications.
There are quite a number of both experimental and

theoretical (density functional theory calculations) reports
exploring the doping effects in β-Ga2O3.

5,29,30 Villora et al.31

demonstrated control over electrical conductivity of β-Ga2O3
by doping Si ions. Si4+ is an effective electron donor when it is
substituted at a Ga site; hence, Si-doping increases the n-type
conductivity due to increase in free carrier concentration about
3 orders of magnitude, as compared to undoped Ga2O3. Sn-
doped Ga2O3 single crystals grown by the Float Zone method
exhibit controlled carrier density and electrical resistivity with
varying concentration.16 It has been proposed that Sn-doped
Ga2O3 ceramics could be viable candidates for GaN-based
optical devices as transparent conducting oxides from the
visible to deep UV region.16 Formation energy and defect
nature of n-type transition metal dopants, such as W, Mo, Nb,
Re, were studied using density functional theory calculations.32

The study reports that W, Mo, and Re act as deep donors,
whereas Nb acts as a shallow donor with the lowest formation
energy.32 Wang et al.33 reported that Zn2+-doping remarkably
enhances the photocatalytic activity of β-Ga2O3 due to doping-
facilitated charge separation associated with heterojunction
(ZnGa2O4-β-Ga2O3) induced band alignment, whereas doping
Pb2+ deteriorates photocatalytic activity which is attributed to
dopant generated charge recombination centers.33 The optical
band gap of as-deposited and post-annealed Cu-doped β-
Ga2O3 polycrystalline thin films fabricated through RF
magnetron sputtering decreases due to impurity energy level
of Cu.34 Also, the optical band gap of Nb-doped β-Ga2O3
decreases compared to intrinsic β-Ga2O3, the reduction in
band gap of Nb-doped β-Ga2O3 polycrystalline in thin films
associated with resultant Nb unoccupied new energy levels
below the conduction band edge.35 Similarly, a red shift in
optical band gap was observed in W- and Ti-doped β-Ga2O3
polycrystalline thin films.15,27,28,36 However, there are only few
limited studies which demonstrate band gap engineering of
Ga2O3 through doping so as to produce materials suitable for
integration into optical devices with a spectral selectivity across
the visible to UV spectral range. Specifically, there exist very
few studies on W-doped Ga2O3 thin films with a clear red shift

observed in the optical band gap. To the best of our
knowledge, there are no studies available on the W-doped
Ga2O3 bulk ceramic system, which is the focus of the present
work.
Tungsten-doped Ga2O3 ceramics with variable W concen-

tration were studied in detail in the present work. The GWO
system is interesting to explore due to the following reasons.
Shannon ionic radii of W6+ (tetrahedral - 0.040 nm and
octahedral - 0.060 nm) and Ga3+ (tetrahedral - 0.047 nm and
octahedral - 0.062 nm)37 in both tetrahedral and octahedral
coordinations are closely in match with each other, in addition
to comparable electronegativity (Ga-1.82,38 W-2.3639) values,
and it suggests that the electronic properties can be tuned
while retaining the parent crystal structure unperturbed.
However, despite comparable ionic radii and electronegativity,
studies available in the literature on the W-incorporated Ga2O3
thin films reported on that amorphization occurs even for
relatively lower W content and complete solid solution is
possible only for a limited W concentration.16,29 It must be
noted that the ability to tune the processing conditions,
particularly the deposition temperature required to produce
crystalline materials in either chemical (CVD) or physical
vapor deposition (PVD) methods of thin film fabrication, is
limited. Furthermore, the CVD and PVD methods rely on
nonequilibrium processes, where energetic ions will be taking
part in thin film material production.40−42 Therefore, the true
solubility limits of the compound material system and required
processing temperatures required may not reflect the efficient
means to understand the fundamental limits of solid solution
formation. On the other hand, the high-temperature solid-state
chemical reaction method is a simple, versatile method to
produce chemical compounds, where the solubility limits and
component mixtures can be easily understood and/or
manipulated. Hence, W-doped Ga2O3 ceramics provide a
deeper, fundamental understanding into these materials in
terms of solubility limit of W and provide efficient means to
tailor the structure and electronic properties. Therefore, in the
present work, the effect of W-doping on the structural,
morphological, and optical properties of Ga2O3 ceramics
(Ga2−2xWxO3, 0≤ x ≤ 0.25) and their correlation to solubility
limit of W ions has been studied in detail.

■ EXPERIMENTAL METHODS
Synthesis. Ga2−2xWxO3 (GWO) compounds were synthesized by

conventional solid-state reaction method by varying the composition
in the range 0 ≤ x ≤ 0.25. High purity metal oxide powder precursors
Ga2O3 (99.99%) and WO3 (99.9% purity) were procured from Sigma-
Aldrich. To synthesize GWO compounds, procured high purity
precursors were weighed in stoichiometric proportion with respect to
desired composition. The weighed powders were collected in an agate
mortar and pulverized using acetone as wetting medium to obtain
homogeneously mixed GWO compounds. The homogeneously mixed
powders were calcined at different temperatures (1050 °C, 12 h and
1150 °C, 12 h) in a muffle furnace by intermediate grinding to reach
the complete solid-state reaction. Calcined powders are again ground
to reduce the particle size to enhance the sinterability. Polyvinyl
alcohol (PVA) was added to pulverized powders after calcination, and
they were pelletized into circular discs (8 mm diameter; 1 mm
thickness) using a uniaxial hydraulic press by applying a load of 1.5
ton. The obtained green pellets were sintered at 1250 °C for 6 h with
a ramp rate of 5 °C, and binder burnout of pellets was ensured by
holding at an intermediate temperature (500 °C) for 30 min. The
crystal structure, morphology, and optical properties of sintered
pellets were further characterized using X-ray diffraction coupled with

Figure 1. Monoclinic unit cell of β-Ga2O3.
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Reitveld refinement, scanning electron microscopy, and UV−vis
spectrophotometry.
Characterization. X-ray Diffraction (XRD). The phase composi-

tion and crystal structure of synthesized GWO ceramics (calcined and
sintered) were verified by XRD analysis, and the patterns were
collected using a Rigaku Benchtop powder X-ray diffractometer (Mini
Flex II). Scanning parameters were: 10−80° (2θ range), step size -
0.02° and scan rate - 0.6°/min. Reitveld structural refinement of
experimental diffraction patterns was carried out using Fullprof
Software.
Scanning Electron Microscopy (SEM). Microstructural features of

sintered pellets were analyzed using Scanning Electron microscopy
(Hitachi - 4800). Prior to imaging, the samples were sputter coated
with silver to avoid the charging effect, a common problem in imaging
insulating samples.
UV−Visible−NIR Spectroscopy. The energy band gap between

valence and conduction bands can be determined from the optical
absorption edge associated with charge transfer from the valence band
to conduction band. The optical absorption spectra are highly
sensitive to crystal symmetry, nature of hybridization between atomic
orbitals in a given compound, impurities, and defects. Understanding
the optical absorption spectra gives more insight into elemental
doping in the parent phase than X-ray diffraction analysis. The optical
absorption spectra of GWO sintered powders were collected using a
UV−vis spectrophotometer (PerkinElmer, Model: Lambda 1050).

■ RESULTS AND DISCUSSION

Crystal Structure and Refinement. The XRD patterns of
GWO powders calcined at 1050 and 1150 °C for 12 h are
shown in Figure 2 (a) and (b), respectively. The XRD patterns
of GWO calcined at 1050 °C clearly reveal insolubility of WO3
even at lower concentrations. The XRD peaks corresponding
to unreacted WO3 precursor are as indicated in Figure 2a. The
insolubility of WO3 in Ga2O3 at 1050 °C is attributed to two
factors. The first is that, commonly, solid-state reaction is

associated with a high temperature diffusion limited process,
and the GWO system may require temperatures higher than
1050 °C to stimulate the diffusion process and form a stable
solid solution. Another factor may be the difference in
chemical potentials which accounts for the limited solubility
of WO3 in Ga2O3, though the ionic radii of W6+ and Ga3+ are
comparable. However, to further confirm the solubility limit of
W6+ at Ga lattice sites of monoclinic Ga2O3, another
calcination of powders was done at 1150 °C. The XRD data
of powders calcined (Figure 2b) at 1150 °C show diffraction
peaks corresponding to WO3 at x = 0.25. The observed
solubility of W in Ga2O3 is consistent with that recently
reported W-doped Ga2O3 thin films.36 However, to the best of
our knowledge, there are no studies aimed at the
determination of tungsten solubility in Ga2O3-WO3 ceramics.
Exploring the solubility limit in GWO ceramics gives insight
into functional properties of the GWO system. Hence, after
two-step calcination at relatively higher temperatures (1050
and 1150 °C), the samples were sintered at 1250 °C for 6 h.
Figure 3 shows the XRD patterns of GWO compounds

sintered at 1250 °C. The diffraction peaks indexed in reference

to the crystallographic information file obtained from Rietveld
refinement of diffraction patterns will be discussed in the
following sections. Interestingly, after sintering, in contrast to
calcined compounds, a trace amount of unreacted WO3 phase
is found only for x ≥ 0.15. The diffraction peaks appeared due
to WO3 are indicated by asterisks. Figure 4 shows enlarged
profiles of (400), (110), and (111) peaks. Due to smaller ionic
radius of W6+, as compared to Ga3+, the XRD peaks are shifting
toward higher angle until tungsten concentration of x = 0.1.
This is due to the shrinkage in unit cell volume upon W ion
incorporation into Ga-oxide. The peak shift magnitude is not
uniform for different Bragg planes that clearly indicates the
formation of GWO solid solution for x ≤ 0.1. Whereas, at x ≥
0.15, such behavior of peak shift could not be observed that
might be due to compensating compressive strains owing to
the presence of unreacted WO3 phase. In order to derive a
comprehensive understanding and quantification of solubility
limits, volume fraction of unreacted WO3 phase is calculated
using43,44

I

I I

Volume fraction of unreacted WO
WO

Ga O WO
100

3

(112) 3

(111) 2 3 (112) 3
=

+
×

(1)
Figure 2. X-ray diffraction of patterns of Ga2−2xWxO3 (0 ≤ x ≤ 0.25)
compounds calcined at (a) 1050 °C for 12 h, (b) 1150 °C for 12 h.

Figure 3. X-ray diffraction of patterns of Ga2−2xWxO3 (0 ≤ x ≤ 0.25)
compounds sintered at 1250 °C for 6 h.
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The amounts of unreacted WO3 in GWO compositions with
x ≥ 0.15 are 2.5%, 8.4%, and 9.3%, respectively. The unreacted
phase is approximately corroborated with calculated stochio-
metric proportions of the reacted and unreacted GWO system.
Hence, there is a solubility limit of WO3 in Ga2O3 to form a
clear GWO solid solution without any traces of unreacted
WO3. Though ionic radii of W6+ and Ga3+ are comparable, the
formation energy of W6+ in the Ga2O3 lattice determines the
solubility limit of W. The formation energy and/or enthalpy of
formation of solid solution is discussed as follows.
The concentration of doping in a given compound is

determined by the formation energy of a specific defect or
impurity at the parent lattice site.30,32 In accordance with
recent reports on metal doping in Ga2O3 using hybrid density
functional theory (DFT), the formation energy of W on a Ga
site is given by32

E E E

q E E

(W ) (W ) (Ga O ) ( )

( ) ( )

q q

q

f
Ga tot Ga tot 2 3 W W

o

Ga Ga
O

F VBM

μ μ

μ μ

= − − +

+ + + + + Δ (2)

where Etot(WGa
q ) - total energy of one WGa in charge state q,

Etot(Ga2O3) - the formation energy of undoped Ga2O3, EF -
Fermi energy, EVBM - valence band maximum. Moreover, μW
and μGa are the chemical potentials with reference to total
energy of the metal bulk and μO is chemical potential of O
atom with reference to an O2 molecule.32

Ga2O3 is formed when Ga and O chemical potentials fulfill
the thermodynamic stability of Ga2O3 bulk compound as
follows

H2 3 (Ga O )Ga O f 2 3μ μ+ = Δ (3)

where ΔHf (Ga2O3) - enthalpy of formation of bulk Ga2O3;
the reported formation enthalpy of Ga2O3 is −10.73 eV.32

Substitutional doping of W at a Ga site in bulk Ga2O3 and its
solubility in the lattice is determined by W chemical potential
and formation enthalpy of ΔHf (WO3), which is given by

H2 3 (WO )W O f 3μ μ+ = Δ (4)

The calculated formation enthalpy of WO3 is −7.93 eV.32

Hence, due to the relatively higher difference in formation
enthalpies of WO3 and Ga2O3, W solubility at the Ga site in
Ga2O3 is limited to 10 at %. The crystallite size of the GWO
compounds was determined using Scherrer’s relation

D
0.9
cos

λ
β θ

=
(5)

where D - crystallite size, λ (CuKα) - 1.5406 Å, β - full width at
half-maximum, θ - diffraction angle. The estimated crystallite

size was found to be increasing with W incorporation.
However, at the very initial concentration (x = 0.05), there
is a considerable increment in the crystallite size, which
increased from ∼40 nm (intrinsic Ga2O3) to ∼50 nm (5 at %
W-doped Ga2O3). No appreciable variation in crystallite size is
noted with a further increase in W concentration.
Figure 5 shows the refined XRD patterns, where the

experimental, simulated, and difference curves are shown. The

monoclinic crystal symmetry model with C2/m space group
was used to refine the experimental patterns. Experimental
XRD patterns were simulated with the Pseudo Voigt peak
shape function using Fullprof Software.45 The simulated and
experimental patterns were fitted with a low-intensity differ-
ence curve. The goodness of fit (χ2) values determine the
quality of refinement, and the obtained χ2 values for refined
compounds include: 1.50 (x = 0), 2.36 (x = 0.05), and 4.32 (x
= 0.10). The goodness of fit values and smaller difference
intensities of simulated and experimental patterns reveal that
W-doped compounds were stabilized in monoclinic symmetry,
i.e., similar to intrinsic Ga2O3. The refined structural
parameters are summarized in Table 1.

Morphology and Microstructure. Figure 6 shows the
SEM images of GWO compounds sintered at 1250 °C for 6 h.
Parent Ga2O3 exhibits a rod-shaped grain morphology, with
rod sizes varying approximately from 0.5−2.0 μm (width) and
1.0−4.0 μm (length). Interestingly, W incorporation into
Ga2O3 drastically changed the grain morphology even at
smaller concentrations. At lower concentrations of W (x =
0.05), grains are nearly spherical. With increasing W
concentration (x ≥ 0.1), a change in morphology was noticed
from spherical to faceted grains with different facets (square
and hexagonal). The faceted morphology is more visible and

Figure 4. Enlarged diffraction profiles of (400), (110), and (111) peaks.

Figure 5. Refined X-ray diffraction of patterns of Ga2−2xWxO3 (0 ≤ x
≤ 0.1) compounds sintered at 1250 °C for 6 h.
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significant in GWO compositions with x ≥ 0.15.46−48 Also, the
grain size increases with increasing W concentration from x =
0.05 to x = 0.1, and beyond x = 0.1, the grain growth is almost
hindered without considerable change. The grain growth in W-
incorporated Ga2O3 compounds may be due to vacancy
assisted enhanced mass transport or WO3 induced liquid phase
sintering. Liquid phase sintering might be possible in the
Ga2O3-WO3 system due to the low melting point of WO3
[1473 °C]49 compared to Ga2O3 [1795 °C].50 It has been
reported in the literature that WO3 addition as a sintering aid
to refractory ceramics reduces the sintering temperature
significantly and enhances the sinterability of the samples.51,52

WO3 will lead to the formation of a eutectic composition with
respective material with a lower melting, and hence, liquid
phase assisted sintering behavior was found in some WO3
added compounds.51,52 However, in the present case, we
propose the liquid phase sintering as one of the possible
reasons for grain growth if the Ga2O3-WO3 system will form a
eutectic composition with low melting. The hindering of grain
growth beyond x > 0.1 of W concentration is associated with
grain boundary pinning due to segregation of unreacted WO3
at grain boundaries. The red circles in Figure 6 (x = 0.20 and x
= 0.25) indicate the unreacted WO3 phase. The unreacted
WO3 is evident at higher concentrations from X-ray diffraction
analysis. In addition, grain growth was not uniform and an
abnormal growth in a few grains was observed. Abnormal grain

growth of some grains in W-doped Ga-oxide compounds is
attributed to the growth of large particles at the expense of
small particles in order to minimize the overall free energy.
Such abnormal grain growth in solid-state sintering is mainly
driven by the difference in mass transport of different species,
which arises from the difference in chemical potentials of
constituent elements. Interestingly, W-doped Ga-oxide com-
pounds exhibit twin lamellas within a grain; such twin lamellae
are more predominant at higher concentrations. In Figure 7,

the enlarged images of high concentration compounds are
shown to reveal the W induced twin lamellae. The formation of
twin lamellas is attributed to abnormal grain growth driven by
WO3 induced enhanced vacancy diffusion or liquid phase
sintering. The similar abnormal grain growth induced twin
lamellas were found in donor-doped BaTiO3 ceramics.53

Phase Equilibria of the Ga-W-O System. An attempt is
made to establish the phase equilibria in the Ga-W-O ternary
system from the calculations. Although the doping of W into
Ga2O3 was ≤ 0.1 mole fraction, the phase equilibria for the Ga-
W-O system was briefly examined for understanding the
mechanisms involved in GWO compound formation. Wreidt54

assessed the W-O phase diagram with WO2 melting
incongruently at 1530 °C to a two-phase field of W-W18O49
and WO3 melting congruently at 1474 °C as W melts at 3422
°C. Between the WO2 and WO3, the liquidus and eutectic
temperatures occur between 1430 and 1600 °C for a number
of W oxides (e.g., W18O49 and WnO3n−2). A calculated Ga-W-O
ternary phase diagram indicates a two-phase field of W and
Ga2O3 with FactSage,55 as shown in Figure 8. Three W oxides
are shown on the Ga-W-O phase diagram, although the series

Table 1. Structural Parameters of GWO Compounds

atomic coordinates

W
concentration atoms X y Z Uiso

0.00 Ga1 0.08954 0.00000 0.79383 0.00832
Ga2 0.15852 0.50000 0.31006 0.01348
O1 0.15196 0.00000 0.10012 −0.045(5)
O2 0.17226 0.00000 0.56402 −0.039(5)
O3 −0.00800 0.50000 0.26455 −0.058(5)

0.10 Ga1 0.09206 0.00000 0.79531 0.00191
Ga2 0.15634 0.50000 0.30981 0.01188
O1 0.16045 0.00000 0.09886 0.00916
O2 0.16528 0.00000 0.56417 −0.0056
O3 −0.0045 0.50000 0.24983 −0.0325
W1 0.09206 0.00000 0.79531 0.00191
W2 0.15634 0.50000 0.30981 0.01188

Figure 6. Microstructural features of Ga2−2xWxO3 (0 ≤ x ≤ 0.25) compounds sintered at 1250 °C for 6 h.

Figure 7. Enlarged SEM images of selected GWO compositions (x =
0.20, 0.25).
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of WnO3n−2 phases are avoided to focus on WO3. Liquid Ga
occurs in a small region on the lower right side of the Ga-W-O
system and bounded by a three-phase field of Ga2O3-W-liquid.
The two-phase field of Ga2O3-WO3 indicated by the line
connecting the oxides of Ga2O3 and WO3 on the calculated
ternary phase diagram does not show a liquid region. However,
if the WO3 forms, it is possible to form a liquid phase with the
oxidation of tungsten within a grain boundary upon the
diffusion of oxygen.
Optical Properties. Figure 9 shows the optical absorption

spectra of Ga2−2xWxO3 compounds. Intrinsic Ga2O3 shows

optical transparency in the visible and near-UV regions and
exhibits an absorption edge at ≈280 nm in the UV region in
accordance with the literature.56 A clear trend and red shift of
the absorption edge is noted in W-doped Ga2O3 compounds.
A red shift observed in the optical absorption edge is
prominent in GWO compounds with higher W content (x ≥
0.20). While red shift is also reported for W-doped Ga2O3

polycrystalline thin films,36,57 the observed shift in these GWO
ceramics is substantially higher compared to that reported for
GWO thin films. We believe that understanding the optical
properties of W-doped Ga2O3 ceramics, therefore, gives more
insights into fundamental scientific aspects and enhances our
ability to engineer the GWO compounds with desired
properties and performance. Optical absorption is an atomistic
phenomenon where hybridization of atomic orbitals of
different elements and specific phases of the compound
(crystal structure) play a crucial role in determining the optical
band gap of a chemical compound. In GWO compounds, the
solubility of W in the Ga2O3 lattice is limited, as evident from
XRD analyses and structure refinement. Hence, we believe that
there is a clear distinction and behavioral contrast in optical
absorption features of phase pure GWO compounds versus
GWO compounds with secondary phase formation. Therefore,
to further understand the optical properties, the band gap of
GWO compounds was calculated from the absorption spectra
using a well-known Tauc method.58,59 The Tauc relation is
given by

hv A hv E( )n
gα = − (6)

where α - an absorption coefficient, hν - incident photon
energy, A - proportionality constant, Eg - band gap, n - index
determining the electronic transitions type (n takes values of
1/2 for direct allowed transition, 2 for indirect allowed
transition, 3/2 for direct forbidden transition, and 3 for
indirect forbidden transition). In UV−vis reflectance/absorp-
tion spectra, absorbance is equivalent to the Kubelka−Munk
function [F(R)].60−62 The absorption coefficient is directly
proportional to the Kubelka−Munk function, and the relation
is expressed as63

F R
R

R
K
S

( )
(1 )

2

2

= − =
(7)

Figure 8. Ternary phase equilibria of W-Ga-O@1523K (Factsage7.2).

Figure 9. Optical absorption spectra of Ga2−2xWxO3 (0 ≤ x ≤ 0.25)
compounds sintered at 1250 °C for 6 h.
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where R - reflectance, K - absorption coefficient, and S -
scattering factor.
The Tauc method was used to calculate the band gap values

by considering the experimentally obtained absorbance
equivalent to the Kubelka−Munk function. Figure 10 shows
the Tauc plots (a) [F(R)*hν]2 vs hν and (b) [F(R)*hν]1/2 vs
hν, used to determine the direct and indirect band gaps of
GWO compounds, respectively. The extrapolation of the linear
portion of these curves to zero absorption (x-axis) provides the
band gap value. Tauc plots for both direct and indirect
transitions exhibit a linear relationship, which clearly indicates
that GWO compounds exhibit both direct and indirect band
transitions. Theoretical and experimental findings show that β-
Ga2O3 is known to exhibit both direct and indirect band gaps
with the indirect band gap value being lower than direct band
gap values.56 The reported direct and indirect band gaps
calculated using hybrid density functional theory are 4.88 and
4.84 eV,11 while experimentally determined direct and indirect
band gaps in β-Ga2O3 single crystals are 4.48 and 4.43 eV.64

Both theoretically and experimentally, a small energy difference
was noticed between direct and indirect band transitions
(theoretical - 0.04 eV, experimental - 0.05 eV). In the present
study, the determined direct and indirect band gap values are
4.60 and 4.27 eV, respectively. Interestingly, we have observed
relatively higher energy difference (0.33 eV) between direct
and indirect transitions in β-Ga2O3 ceramics. The observed
direct band gap was in accordance with the literature, whereas
a lower indirect band gap was found to be comparable with
literature studies.11,64 The lower indirect gap in β-Ga2O3 bulk

ceramics than the reported values might be associated with (a)
high temperature processing (solid-state reaction method)
induced lattice strain65 and (b) relatively higher point defects
in bulk ceramics than that in single crystals. However, such
energy difference is higher in W-doped compounds and the
difference increases with increasing W concentration. A
significant energy difference (0.9 eV) between direct and
indirect transitions is noted for GWO compounds with the
highest W concentration (x = 0.25).
In Figure 11, the variation of direct (a) and indirect band

gap (b) of GWO compounds is shown as a function of W
content. Both direct and indirect band gaps decrease with
increasing W concentration. At lower W concentrations (x ≤
0.15), the band gap decreases gradually; however, an abrupt
change associated with a significant drop in band gap occurs
for x = 0.2. The band gap reduction noted in GWO
compounds is due to sp−d exchange interaction arising from
the localized electrons of W 5d orbitals. In pure Ga2O3, the O p
orbitals contribution to valence and conduction bands is
predominantly due to Ga 4s character, whereas, in W-doped
compounds, the conduction band is dominated by W 5d along
with Ga 4s character. Hence, the contribution of W 5d orbitals
to the conduction band leads to sp−d exchange interaction
between valence band delocalized electrons (O s and p
orbitals) and conduction band localized electrons (W 5d
orbitals) in GWO compounds. The sp−d exchange interaction
makes positive and negative corrections to the valence band
and conduction band, respectively, that results in band
narrowing of GWO compounds.66−68

Figure 10. Tauc plots of Ga2−2xWxO3 (0 ≤ x ≤ 0.25) compounds. (a) Direct band gap, (b) indirect band gap.

Figure 11. Optical absorption spectra of Ga2−2xWxO3 (0 ≤ x ≤ 0.25) compounds sintered at 1250 °C for 6 h. (a) Direct band gap, (b) indirect
band gap.
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The abrupt change with a substantial drop in band gap
noted in GWO at x = 0.2 can be explained as follows. In a
complete solid solution of two parent compounds (Ga2O3 and
WO3 in the present study), Eg and concentration x follow the
Vegard law (linear relation) similar to semiconductor alloys.69

In the present case, the Vegard law is expressed as

E x E x E(GWO) (1 ) (Ga O ) (WO )g g 2 3 g 3= − [ ] + [ ] (8)

where Eg(Ga2O3) is the band gap of intrinsic Ga2O3 while
Eg(WO3) is that of intrinsic WO3.
The calculated band gap (direct and indirect) variation from

the parent compounds [Ga2O3; 4.60 eV (direct), 4.27
(indirect) taken from this work) and for WO3, 3.52 eV
(direct) and 2.62 (indirect)]29,70 in accordance with the
Vegard expression is shown in the inset of Figures 11a and 12b.

It can be clearly observed from these plots that both direct and
indirect band gap values show a linear variation with
concentration x (W at %). However, in the present study, a
nonlinear band gap variation with W concentration and sudden
drop (x = 0.2) is attributed to insolubility of W in Ga2O3
lattice at higher concentrations.
Finally, to correlate the structural modifications and band

gap (direct) with varying W concentration, the schematic
representation of band gap variation coupled with structure
evolution is presented in Figure 12. As discussed, intrinsic
Ga2O3 is monoclinic, and, with W doping at x ≤ 0.1, a clear
solid solution is formed, whereas the Ga2O3 + WO3 composite
appeared at higher concentrations (x ≥ 0.15). The band gap
changes corroborate with the corresponding structural and
chemical composition variations as a function of W content in
GWO compounds. However, an abrupt and significant drop in
band gap found at x = 0.20 is in direct correlation with the
formation of a Ga2O3 + WO3 composite instead of a single-
phase compound. This abrupt change specifically at x = 0.20,
as opposed to x = 0.15 or lower concentration of W, can easily
be understood from XRD analysis. The unreacted or secondary
WO3 phase is only a fraction (2.5%), and hence, it shows
minimal influence on band gap. The minimal influence on
band gap at low concentration (2.5%) of unreacted phase
might be attributed to a discontinuous WO3 phase on the
surface. The electronic structure changes, thus, become
dominant once the secondary phase (WO3) content in the
Ga2O3-WO3 composite increases to a reasonable amount.

■ SUMMARY AND CONCLUSIONS
A systematic and detailed investigation performed on the W-
doped Ga2O3 (Ga2−2xWxO3, 0.00 ≤ x ≤ 0.25) ceramic
materials provided fundamental insights into the solubility
limits and effect of W-doping on the crystal structure,
morphology, and optical properties of Ga2O3. The GWO
materials were synthesized via a conventional solid-state
reaction route, where involving a two-step calcination process
can produce materials with a high structural and chemical
quality. W ions enter into the intrinsic β-Ga2O3 lattice without
any perturbation. That is, a solid solution of GWO compounds
is readily possible up to a W concentration of x ≤ 0.10, and
above this point, the unreacted WO3 secondary phase
formation occurs. The insolubility of W at higher concen-
trations (x ≥ 0.15) with a secondary WO3 phase is primarily
derived from the difference in formation enthalpies of
respective oxides, i.e., Ga2O3 and WO3. Interestingly, W-
doping predominantly alters the Ga2O3 microstructure from
rod-shaped morphology to nearly spherical grains consisting of
square and hexagonal facets. This aspect assures that there may
be further options to modify the chemical synthetic procedures
and obtain morphologies that can enhance the properties and
performance of doped Ga2O3 compounds at the nanoscale
dimensions. The GWO compounds exhibit relatively large
grain sizes due to WO3 assisted vacancy enhanced mass
transport or liquid phase sintering. Abnormal grain growth
induced twin lamellae found in GWO compounds, which are
particularly predominant at higher concentrations. The W-
doping induced changes in the electronic structure and band
gap are evident in the optical absorption spectra. All the GWO
compounds exhibit a red shift with W-doping. The structural
transformation sequence, i.e., from monoclinic Ga2O3 to GWO
solid solution and then to finally Ga2O3-WO3 composite with
increasing W content, induces changes in band gap. Further,
the crystal structure analysis provides fundamental insights into
such red shift GWO compounds; the sp−d exchange
interaction between valence band and conduction band
electrons originating from W 5d orbital electrons accounts
for such red shift. In addition, the band gap shows linear
behavior (Vegard law) with increasing W concentration up to
x ≤ 0.15 at %, whereas, at x = 0.2 at %, band gap decreases
considerably and deviates from Vegard law. The nonlinearity
(bowing ef fect) in band gap might be due to insolubility of W at
higher concentrations. Similar to Ga2O3, both direct and
indirect band transition behavior was found in GWO
compounds. In contrast to Ga2O3, a relatively higher energy
difference between direct and indirect band transitions was
found in W-doped compounds. The fundamental scientific
understanding of the interdependence of synthetic conditions,
crystal structure, chemistry, and optical properties observed in
GWO compounds may be applicable to a large class of
refractory metal-doped Ga2O3 and could be useful to optimize
such Ga2O3-based materials for optical, optoelectronic, and
photocatalytic device applications.
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