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Highly crystalline tungsten oxide (WO3)-doped indium oxide (In2O3) films are
synthesized at room temperature by the RF magnetron sputtering technique.
The structural and morphological properties of the as-deposited films and the
films annealed at a temperature of 300�C are investigated in detail. X-ray
diffraction analysis reveals the presence of a cubic bixbyite structure with
preferred orientation along the (222) plane for both the as-deposited and an-
nealed films. Moderate WO3 doping (1 wt.%) enhances the crystallinity of the
as-deposited In2O3 films, whereas the crystallinity of the films systematically
decreases with an increase in WO3 doping concentration beyond 1 wt.%. Ra-
man spectral analysis discloses the modes of the cubic bixbyite In2O3 phase in
the films. Atomic force microscopy micrographs show a smooth and dense
distribution of smaller grains in the films. X-ray photoelectron spectroscopy
reveals the existence of W5+ in the doped films. The undoped film is highly
oxygen deficient. Variation in the concentration of oxygen vacancy can be
associated with the degree of crystallinity of the films.

INTRODUCTION

Metal oxide materials on the nanoscale have
emerged as vital components in micro-/nanoscale
devices because of their astounding physical and
chemical properties, which are dependent on their
shape, size/dimensionality, morphology, crystallo-
graphic orientation, high transmittance/reflective
properties, high conductivity, wide band gap,
etc.1–3. Among these, indium oxide (In2O3) and
indium oxide-based thin films have great techno-
logical applications owing to their various fascinat-
ing aspects including high visible transparency,
good electrical conductivity, long-term stability and
increased catalytic properties.4–6 Apart from their
widespread applications in electrooptic modulators,
low-emissivity windows, solar cells, flat-panel dis-
plays, gas sensors, electrochromic mirrors, etc.,7–9

impurity-added In2O3 is found to be suitable for
dilute magnetic semiconductors for spintronic appli-
cations.10,11 In2O3 can exist in two different crystal
structures, namely, a cubic bixbyite structure and
rhombohedral structure.12 In2O3 films prepared
using different deposition methods may be single
crystalline-like or polycrystalline, but they mostly
possess the cubic bixbyite structure independent of

the substrate used.13 The cubic bixbyite In2O3

structure is thermodynamically stable, while the
rhombohedral phase is the metastable phase.14,15

The formation of rh-In2O3 requires high tempera-
ture and pressure conditions.12 Intrinsic defects
(oxygen vacancies, interstitials, etc.) in the undoped
film can alter its properties. Doping with a suit-
able dopant material is one of the ways to improve
its properties.16 Tungsten (W) with a lower ionic
radius and higher oxidation state compared with an
In3+ cation can be a good dopant for the In2O3

lattice. It is reported that tungsten-doped indium
oxide films have high electron mobility, low electri-
cal resistivity and high transparency in the visible
and near infrared region.17–22 Structural properties
can affect the quality of thin films thereby modify-
ing their optical, electrical and sensing properties,
etc. Thus, these characteristics play a prime role in
the technological point of view as these are needed
to fabricate films with the desired properties.23 To
the best of our knowledge, there are no reports on
the effect of the tungsten oxide (WO3) doping
concentration on the structural properties of RF-
sputtered In2O3 films prepared at room tempera-
ture in argon (Ar) ambience. Yan et al. reported the
effect of RF power on tungsten and titanium-doped
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In2O3 films fabricated using RF magnetron sputter-
ing at room temperature.24 They also studied the
changes in the structural and electrical characteris-
tics of the vacuum post-annealed films. By reactive
plasma deposition, Lu et al.25 synthesized W-doped
In2O3 films at room temperature for different oxy-
gen/argon (O2/Ar) ratios. The influence of annealing
temperature on the structural, electrical and optical
properties was also investigated.25 Pan et al.
reported the role of sputtering power and thickness
on the structural, morphological and optoelectrical
properties of W-doped In2O3 films at room temper-
ature using reactive magnetron sputtering.20 Sam-
atov et al.22 investigated the effect of the tungsten
doping percentage and fraction of O2 dilution in the
sputtering gas on the optoelectrical and structural
properties of RF-sputtered In2O3 films. The free
electron concentration generated by the dopant
tungsten and due to oxygen vacancies was also
studied. Amorphous W-doped In2O3 films exhibiting
smooth surface morphology were reported.

This article reports an in-depth analysis of the
role of WO3 doping on the structural and morpho-
logical properties of highly crystalline RF-sputtered
In2O3 films at room temperature. Also, the effect of
annealing at a temperature of 300�C on the prop-
erties of In2O3 films is investigated. Structural and
morphological analyses were performed using tech-
niques such as x-ray diffraction (XRD), micro-
Raman spectroscopy, x-ray photoelectron spec-
troscopy (XPS) and atomic force microscopy (AFM).

EXPERIMENT

WO3-doped In2O3 films were fabricated by the
sputtering technique (RF magnetron). In2O3 powder
(99.99% purity) was mixed with WO3 powder
(99.99% purity in the desired proportions, namely
0 wt.%, 1 wt.%, 2 wt.%, 3 wt.% and 4 wt.%), and the
well-ground mixtures were used as sputtering tar-
gets. The deposition was carried out in a chamber
evacuated to a base pressure of 4 9 10�6 mbar and
under an argon pressure of 0.015 mbar for 40 min
with an RF power of 120 W (magnetron power
supply, Advanced Energy, MDX 500). The films
were deposited on quartz substrates kept at a
distance of 5 cm from the target. The as-deposited
films with WO3 doping concentrations (viz., 0 wt.%,
1 wt.%, 2 wt.%, 3 wt.% and 4 wt.%) are coded as
IW0, IW1, IW2, IW3 and IW4, respectively. The
films with different WO3 doping concentrations are
annealed in air at a temperature of 300�C for a
duration of 1 h in a controlled programmable fur-
nace with a heating rate of 3 degrees per minute,
and the annealed films are coded as IW0(300),
IW1(300), IW2(300), IW3(300) and IW4(300),
respectively. Both the as-deposited and annealed
films are used for characterization.

The structure of the films was studied using an x-
ray diffractometer (Bruker AXS D8 Advance) using
an x-ray wavelength of 1.5406 Å (Cu Ka1 radiation).

The measurements were done in the 2h range of
20�–70� using Bragg–Brentano geometry at a scan
rate of 0.02� per minute. Raman spectra of the film
samples were obtained using a Labram HR-800
micro-Raman spectrometer (Horiba Jobin Yvon). An
excitation radiation of 514.5 nm from the argon ion
laser was employed to record the spectra. A Bruker-
Dimension Edge atomic force microscope (Si tip on
the nitride lever having a 0.4 N/m force constant) in
ScanAsyst mode was used for surface profiling of the
films. The oxidation states of the elements are
estimated by an XPS spectrometer (Omicron Tech-
nology) with a monochromatic AlKa (1486.7 eV) x-
ray source. CASA XPS software was used for the
XPS data analysis.

RESULTS AND DISCUSSION

Figure 1 shows the XRD patterns of the as-
deposited WO3-doped In2O3 thin films with different
levels of WO3 doping. As evidenced by the presence
of intense peaks, XRD patterns suggest a polycrys-
talline nature for all the films. Earlier reports show
that In2O3 films crystallize only at a temperature of
� 150�C.26 The deposition temperature is monitored
using a thermo-couple and shows that the temper-
ature in the chamber during deposition was
between 40�C and 50�C. It is interesting to note
that in the present study, the as-deposited films,
though they are deposited on an unheated quartz
substrate, possess good crystalline quality. In sput-
tering systems, the sputtered particles may have a
high kinetic energy value (� several eV), and this
may increase the surface migration of the particles
to reach the substrate effectively to produce crys-
talline films.27 Park et al.28 reported that continu-
ous energetic ion bombardment can be the source of
crystallization of films on unheated substrates.

The XRD pattern of the IW0 film presents an
intense peak at 2h = 30.66�, a medium intense peak
at 51.12� and five weak peaks at 2h values 21.55�,
41.95�, 45.76�, 59.09� and 60.14�. These peaks
belong to the cubic bixbyite structure of In2O3 and
can be indexed to lattice reflection planes (222),
(440), (211), (332), (431), (541) and (622), respec-
tively (JCPDS file no. 71-2195). The presence of the
hump-like structure in the 2h range 20–30� and less
intensity of the XRD peaks indicate the less crys-
talline nature of the undoped film. WO3 doping in
the In2O3 lattice seems to have a profound effect on
its crystallinity, which is quite evident from the
intensity modification in the XRD patterns. The
XRD intensity exhibited by the doped films is much
higher than that of the undoped film. In all the as-
deposited films, the (222) peak shows the highest
intensity indicating that <111> is the preferred
direction of growth of crystallites in them.

A moderate doping of WO3 (i.e., 1 wt.%) enhances
the crystalline quality of the film drastically as
evidenced by the very high intensity in the XRD
pattern (Fig. 3a). The intensities of the (222) peak in
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IW1, IW2, IW3 and IW4 are respectively 8.70, 6.86,
6.69 and 2.13 times that of IW0 film. This indicates
that WO3 doping in the In2O3 lattice improves its
crystallinity even under the as-deposited condition,
and the crystallinity of the IW1 film is superior
compared with other films.

Figure 2 represents the XRD patterns of WO3-
doped films annealed at a temperature of 300�C. All
the peaks in the XRD patterns of the annealed films
can be indexed to the cubic bixbyite phase of In2O3.
Also, in the annealed films<111> is the preferred
direction of crystalline growth. Annealing of the
films in air for 1 h at 300�C enhances the intensity

of the most intense peak (222) compared with that
in the as-deposited counterparts (Fig. 3a). Some
additional peaks are also observed in the XRD
patterns of all the annealed films. The enhancement
in the XRD peak intensities as well as the appear-
ance of additional peaks in the annealed films
indicates an improvement in the crystallinity com-
pared with the as-deposited films.

Among the as-deposited films, the IW0 film shows
the least value of the XRD peak intensity. On
annealing, the intensity of the (222) peak (IW0 film)
is enhanced by 6.25 times compared with that of the
as-deposited film. In the as-deposited film, there

Fig. 1. XRD patterns of as-deposited WO3-doped In2O3 films deposited on the quartz substrate by RF magnetron sputtering technique: (a) IW0,
(b) IW1, (c) IW2, (d) IW3 and (e) IW4.
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may be defects due to oxygen vacancy and other
lattice disorders. On thermal annealing, oxygen
vacancies get filled, lattice disorders decrease, sto-
ichiometry improves and hence crystallinity
increases. Compared with In2O3, WO3 is an oxy-
gen-rich entity. Doping of In2O3 with WO3 can
provide more oxygen to the lattice, and oxygen
vacancies get filled, and the film becomes more
stoichiometric. This can be the reason for the
improvement in crystallinity of the WO3-doped
In2O3 films in the as-deposited conditions. On

thermal annealing, the stress gets released and
defects may get reduced. Among the annealed films,
IW4(300) film shows the highest intensity. The
intensity of the (222) peak in IW4(300) film is about
5.09 times that of the IW4 film. Among all the films,
IW4(300) film shows superior crystalline quality.

In the IW0 film, the (222) peak is observed at a 2h
value 30.66�. In the doped as-deposited films, this
peak shifts to lower 2h values (Fig. 3b). In the
IW0(300) film, the (222) peak is observed at a 2h
value of 30.623�. In the IW0(300) film, this peak

Fig. 2. XRD patterns of WO3-doped In2O3 films annealed at a temperature of 300�C: (a) IW0(300), (b) IW1(300), (c) IW2(300), (d) IW3(300) and
IW4(300).
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Fig. 3. (a) Variation of intensity of (222) peak in the as-deposited and annealed films with WO3 doping concentration, variation of position of (222)
peak with WO3 doping concentration for: (b) as-deposited films and (c) annealed films, (d) variation of crystallite size in the as-deposited and
annealed films with WO3 doping concentration, variation of lattice constant with WO3 doping concentration in: (e) as-deposited films and (f)
annealed films. Williamson-Hall (W-H) plot of WO3 doped In2O3 films: (g) as-deposited films and (h) films annealed at a temperature of 300�C.
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shifts to lower 2h values, while in other doped
annealed films, this peak shifts to higher 2h values
(Fig. 3c).

The lattice constant ‘a’ for a cubic system is
calculated from the interplanar spacing d of the
intense (222) peak by the following relation:29

1

d2
¼ h2 þ k2 þ l2

a2
ð1Þ

where h, k and l are the Miller indices. The
calculated values of the lattice constant for the
as-deposited and annealed films are shown in
Fig. 3e and f, respectively, and Table I. In the as-
deposited films, the value of the lattice constant
increases because of WO3 doping compared with
undoped IW0 film. However, in the annealed doped
films, the value of the lattice constant decreases
except for the IW1(300) film compared with the
IW0 film. In the IW1(300) film, the lattice constant
shows a slight increase compared with the IW0
film. The ionic radii of the different tungsten ions
are: W4+� 0.066 nm,25 W5+� 0.06230 and
W6+� 0.060 nm.25 For all these tungsten ions, the
ionic radii are less than those of indium (In) ions
(In3+� 0.081 nm).31 The crystal lattice contracts
and lattice constant decreases when dopant ions of
smaller radii are substituted for host ions of larger
radii.32 However, in the as-deposited films, the
observed values of lattice constant are not in line
with this argument. The enhancement of the
lattice constant suggests an expansion of the
lattice. Meng et al.33 observed higher values of
the lattice constant for molybdenum (Mo)-doped
In2O3 films although the ionic radius of Mo6+

(0.062 nm) is smaller than that of In3+ ions
(0.081 nm).33 Shukla et al.34 also observed an
expansion of the lattice when zinc oxide (ZnO) is
doped with Al3+ ions of lower ionic radii (0.53 Å)
compared with that of Zn2+ ions (0.72 Å) for higher
doping levels. They attributed this to the possibil-
ity of having Al3+ ions in the interstitial position.
The lattice mismatch, strain effects and mismatch
among the ions, impurities and defects can also
lead to expansion of the lattice.35–37 Since the films
are as-deposited, the dopant ions may not have
sufficient energy to diffuse into the appropriate
In3+sites. However, in the annealed films except for
the IW1(300) film, the lattice constant shows lower
values suggesting a contraction of the lattice and
substitution of In3+ sites by tungsten ions. On
annealing, tungsten ions may get sufficient energy
to diffuse into the appropriate In3+ sites and get
substituted. Also, thermal annealing reduces the
defects and strain effects in the film. The value of
the lattice constant observed for IW1(300) film is
1.0117 nm, almost identical to the bulk In2O3

[1.0118 nm, JCPDS file no. 71-2195]. All the doped
films annealed at 300�C show a lower lattice
constant value compared with their as-deposited
analogs.

T
a
b
le

I.
S
tr
u
c
tu

r
a
l
p
a
r
a
m
e
te
r
s
o
f
a
s-
d
e
p
o
si
te
d

a
n
d

a
n
n
e
a
le
d

W
O

3
-d
o
p
e
d
In

2
O

3
fi
lm

s
o
n

a
q
u
a
r
tz

su
b
st
r
a
te

b
y
R
F

m
a
g
n
e
tr
o
n

sp
u
tt
e
r
in

g

W
O

3
d
o
p
in

g
le
v
e
l
(w

t.
%
)

L
a
tt
ic
e
c
o
n
st
a
n
t
(n

m
)

C
r
y
st
a
ll
it
e
si
z
e
(n

m
)

L
a
tt
ic
e
st
r
a
in

fr
o
m

W
-H

p
lo
t

A
s-
d
e
p
o
si
te
d

fi
lm

s
A
n
n
e
a
le
d

fi
lm

s

A
s-
d
e
p
o
si
te
d

fi
lm

s
A
n
n
e
a
le
d

fi
lm

s

A
s-
d
e
p
o
si
te
d

fi
lm

s
A
n
n
e
a
le
d

fi
lm

s
F
r
o
m

S
c
h
e
r
r
e
r

fo
r
m
u
la

F
r
o
m

W
–H

p
lo
t

F
r
o
m

S
c
h
e
r
r
e
r

fo
r
m
u
la

F
r
o
m

W
–H

p
lo
t

0
1
.0

0
9
2
±

0
.0

2
5
5

1
.0

1
0
5
±

0
.0

2
4
1

3
0
±

1
.1

5
7
1
±

2
7

3
4
±

1
.4

4
7
0
±

1
3

0
.0

0
3
7
±

0
.0

0
1
0

0
.0

0
3
2
±

0
.0

3
7
7

1
1
.0

1
2
9
±

0
.0

2
1
9

1
.0

1
1
7
±

0
.0

2
2
9

3
1
±

1
.4

9
8
5
±

3
0

3
1
±

1
.4

9
6
7
±

2
5

0
.0

0
3
9
±

0
.0

0
1
0

0
.0

0
3
3
±

0
.0

0
0
9

2
1
.0

1
3
7
±

0
.0

2
1
2

1
.0

0
7
5
±

0
.0

2
7
6

3
1
±

1
.5

6
7
7
±

4
0

2
7
±

0
.9

3
6
1
±

2
8

0
.0

0
4
1
±

0
.0

0
1
7

0
.0

0
4
0
±

0
.0

0
1
2

3
1
.0

1
3
7
±

0
.0

2
1
2

1
.0

1
0
1
±

0
.0

2
4
5

3
2
±

1
.6

1
6
7
±

1
7

2
8
±

1
.1

3
4
9
±

0
6

0
.0

0
3
8
±

0
.0

0
1
0

0
.0

0
3
7
±

0
.0

4
5
2

4
1
.0

1
3
9
±

0
.0

2
1
0

1
.0

0
7
3
±

0
.0

2
7
9

3
2
±

1
.6

3
7
0
±

2
2

2
8
±

0
.9

5
4
2
±

0
2

0
.0

0
3
0
±

0
.0

0
1
2

0
.0

0
2
8
±

0
.0

2
9
4

Krishnan, Kavitha, Chalana, Prabhu, and Pillai1890



The mean value of the size of the crystallites Dhkl

can be calculated by employing the following Scher-
rer equation using the peak position (2hhkl) and the
full width at half maximum in radians bhklð Þ:38

Dhkl ¼
0:9k

bhkl cos hhkl
ð2Þ

Here k is the x-ray wavelength. The calculated
values of crystallite size in the as-deposited and
annealed films are listed in Table I, and the
observed size suggests the nanostructured nature
of the films. The effect of WO3 doping and thermal
annealing on the mean size of the crystallites is
illustrated in Fig. 3d.

The reduction in the size of the crystallites and
strain in the films can broaden the XRD peaks. The
strain free crystallite size D

0

hkl

� �
can be determined

by using the Williamson–Hall (W–H) plot analysis
by the following relation:39

bhkl cos hhkl ¼
kk
D0

hkl

þ 2g sin hhkl ð3Þ

where hhkl is half of the diffraction angle, k is the
correction shape factor, which can be taken as 0.9
for spherical grains, and g is the residual strain. W–
H plots for the as-deposited and annealed WO3-
doped In2O3 films are shown in Fig. 3g and h. The
crystallite size and strain in the films are estimated
from the linear fit of bcosh versus sinh. The size of
the crystallites and strain can be evaluated from the
y-intercept and slope, respectively. The dissimilar-
ity in the crystallite size estimated using the
Scherrer formula and W–H plot (Table I) manifests
the presence of strain-induced peak broadening in
the films.

Crystalline oxide thin films have wide applica-
tions in flat-panel displays, light-emitting diodes,
solar cells, etc.40 Our study found that the annealed
films have better crystalline quality than the as-
deposited films. Therefore, the annealed WO3-doped
films can be suitable for the afore-mentioned appli-
cations. Although amorphous oxide films are
reported to have high transparency to visible light,
good uniformity and low process temperature, they
suffer instability issues due to stress and environ-
mental conditions, such as light, humidity, temper-
ature, etc., during device operation.41 Increasing the
crystallinity, the device stability can be improved
considerably.41 The occurrence of stress/strain in
coatings and thin films is a major concern in many
technological applications as excessive stress/strain
values can affect the reliability and performance of
components/devices.42 Large levels of stress/strain
may lead to film cracking or affect the adhesion of
the films to the substrate, affecting the performance
of components in aerospace and optoelectronic
devices.42 Also, stress/strain in nanostructures and
thin films can have a useful impact on their physical
properties such as conductivity, dielectric

permittivity, enhancement in carrier mobility in
Si-based semiconductor technology, etc.42 Among
the deposited films, IW4(300) film has good crys-
talline quality and a low strain value. Hence, this
film with good structural properties is a possible
candidate for optoelectronic device applications.

The thickness of the as-deposited and annealed
films is estimated from the cross-sectional field
emission scanning electron microscopy (FESEM)
images. For the as-deposited films, the thickness is
in the range 270–371 nm, whereas for the annealed
films, it is in the range 243–297 nm.

The vibrational analyses of the as-deposited and
annealed WO3-doped In2O3 films are done using
micro-Raman spectroscopy. The micro-Raman spec-
tra of WO3-doped In2O3 films without annealing are
shown in Fig. 4a. Two very-low-frequency sets at
103 cm�1 and 130 cm�1, two low-frequency sets at
302 cm�1 and 366 cm�1 and two high frequency sets
at 494 cm�1 and 629 cm�1 are reported as the
vibrational modes for cubic bixbyite In2O3 phase
by Gan et al.43 The presence of these modes in the
Raman spectra of all the films supports the forma-
tion of the cubic bixbyite In2O3 crystalline phase.44

The band � 132 cm�1 in the undoped and doped
films can be assigned to the vibration of the In-O
bond emerging from the InO6 structural unit.43 This
mode shows the highest intensity in the IW1 film.
The medium intense � 307 cm�1 band can be
related to the d(InO6) bending vibration of InO6

octahedra.45 The weak band at 368 cm�1 can be
assigned to the stretching vibrations of In-O-In,
which manifest the presence of oxygen vacancies in
the structure.46 The stretching vibrations m(InO6) of
the InO6 octahedron result in the occurrence of
� 495 cm�1 and 628 cm�1 bands.45,46 The
� 604 cm�1 and 830 cm�1 bands may have emerged
from the quartz substrate.47,48 All the expected
vibrational modes of the cubic bixbyite In2O3 struc-
ture are observed with moderate intensity in the
Raman spectrum of the IW1 film. Also, the vibra-
tional modes obtained for the IW1 film are narrower
compared with other WO3-doped films. This shows
the better crystalline quality of the IW1 film
compared with others.

The micro-Raman spectra of WO3-doped In2O3

films annealed at a temperature of 300�C are shown
in Fig. 4b. The spectra of all the films show sharper
and more intense bands compared with those of the
as-deposited films. This supports the improved
crystalline nature of the annealed films.

Figure 5 depicts the typical 2D AFM micrographs
of as-deposited and annealed WO3-doped In2O3

films. The AFM images of all the films reveal a
smooth, dense distribution of smaller grains. The
IW1 film presents slightly bigger grains compared
with others. The AFM image of the IW4 film shows
the distribution of grains of two different sizes due
to a tendency of agglomeration of crystallites in
some regions of the film. In the IW4(300) film, the
grains are of almost same size. The root mean
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square (rms) surface roughness values calculated
using WSxM 5.0 develop 6.4 software49 are found to
be in the range 1.25–2.98 nm for the as-deposited
films and in the range 1.63–2.27 nm for the
annealed films. AFM analysis reveals a smooth
surface morphology for all the films, which is
beneficial for optoelectronic applications.

The chemical states of the elements in as-de-
posited WO3-doped In2O3 films are studied by XPS
analysis. The acquired binding energies are cali-
brated using the C 1s peak (284.8 eV).50 In 3d core-
level spectra of IW0, IW1 and IW4 films (Fig. 6a, b
and c, respectively) exhibit the spin orbital splitting
resulting in In 3d5/2 and In 3d3/2 peaks.51 CASA
XPS software is used to fit the peaks in the core
level spectra. In 3d5/2 and In 3d3/2 peaks are
observed at 444.38 eV and 451.97 eV, respectively,
in the XPS spectrum of IW0 film. These peaks are
observed at 444.51 eV and 452.08 eV, respectively,
for the IW1 film and at 444.38 eV and 451.95 eV,
respectively, for the IW4 film. The difference in
binding energy of In 3d5/2 and In 3d3/2 in these films
is found to be 7.57 eV, which is in agreement with
reported values.52,53 A slight shift in In 3d5/2 and In
3d3/2 peaks to higher binding energy positions is
observed for the IW1 film.

The O 1s core level spectra of IW0, IW1 and IW4
films are shown in Fig. 6d, e and f, respectively. For
the films, deconvolution of the peak in the O 1s
region yields two components—a low binding

energy component O(I) and high binding energy
component O(II). Beena et al. obtained two compo-
nents in the O 1s spectra � 529.49 eV and 531.05 eV
for In2O3 films prepared at a substrate temperature
of 300 K.54 For undoped film, O(I) can be related to
oxygen in the In2O3 lattice,55 and for WO3 doped
films, O(I) can be related to oxygen in the In2O3 or
WO3 lattice.56,57 O(II) can be correlated with oxygen
in oxygen-deficient regions.54,58 For the undoped
film IW0, the components are centered at 529.49 eV
(O(I)) and 531.38 eV (O(II)). O(I) and O(II) peak
positions of the IW1 film are at 530.02 eV and
531.68 eV, respectively, and for the film IW4, these
peaks are at 529.73 eV and 531.51 eV, respectively.
The O 1s peaks in the WO3-doped films are observed
at relatively higher binding energy positions com-
pared with those in IW0 film. The intensity of O(I)
and O(II) peaks and the area ratio (OII/OI) for the
films IW0, IW1 and IW4 are given in Table II.

The values of intensities of O(I) and O(II) peaks
show considerable variation with the WO3 doping
concentration. The value of the intensity of the O(I)
peak is highest for the IW1 film and lowest for the
IW0 film. The intensity of the O(II) peak is lowest
for the IW1 film and highest for the IW0 film. The
intensity variation of the O(II) peak can be an
indication of the variation of the concentration of
oxygen vacancies in the films. For the films IW0,

IW1 and IW4, the area ratio OðIIÞ=OðIÞ
h i

is found to

Fig. 4. Micro-Raman spectra of WO3-doped In2O3 films on the quartz substrate by RF magnetron sputtering technique: (a) as-deposited and (b)
annealed at 300�C.
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be 3.43, 1.11 and 2.03, respectively. The high value
of the area ratio manifests the presence of many
oxygen vacancies.59,60 In the present case, this ratio
is higher for the undoped film compared with the
doped films IW1 and IW4. This implies that the
undoped film is highly oxygen deficient. Among the

doped films, OðIIÞ=OðIÞ
h i

is the lowest for the IW1

film, and this indicates a reduction in the concen-
tration of oxygen vacancies in this film. In indium

zinc oxide films, Kumar et al.61 reported a decrease

in the area ratio OðIIÞ=OðIÞ
h i

with an increase in the

atomic ratio [Zn/(Zn + In)]. They attributed this
decrease to the enhancement in film crystallinity
with an increase in the atomic ratio. For zinc (Zn)-
doped In2O3 nanopyramids, Bartolome et al.
observed an increase in the lower binding energy
component of oxygen (O(I)) in the regions with a
high Zn concentration and attributed this to the

Fig. 5. Two-dimensional AFM images of typical WO3-doped In2O3 films: as-deposited films (a) IW0, (b) IW1 and (c) IW4 and annealed films (d)
IW0(300), (e) IW1(300) and (f) IW4(300).
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crystallinity improvement with increasing Zn con-
centration.62 The increase in the concentration of
the O(I) component and the low value of the area
ratio observed for the IW1 film imply an improve-
ment in crystallinity of this film, which is in
accordance with the XRD analysis. An enhance-
ment in the intensity of In 3d peaks is also
observed for the IW1 film compared with other
doped films. The reduction in the O(I) component

and the increase in the area ratio for the IW4 film
support the declination in crystallinity at higher
doping concentration.

Figure 6g and h shows the W 4f core level spectra
of the typical WO3-doped In2O3 films, IW1 and IW4,
respectively. By the deconvolution of the W 4f peak,
a doublet is obtained with binding energies of
35.32 eV and 37.27 eV for the IW1 film and
35.10 eV and 37.13 eV for the IW4 film,

Fig. 6. In the 3d core level spectra of typical as-deposited WO3-doped In2O3 films deposited by the RF magnetron sputtering technique: (a) IW0,
(b) IW1 and (c) IW4. O 1s core level spectra of typical as-deposited WO3-doped In2O3 films: (d) IW0, (e) IW1 and (f) IW4. W 4f XPS spectra of
typical as-deposited WO3-doped In2O3 films: (g) IW1 and (h) IW4.
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respectively. The higher binding energy component
at 37.27 eV observed for the IW1 film and that at
37.13 eV for the IW4 film (Fig. 6g and h) can be
ascribed to the W 4f5/2 level. The lower binding
energy component at 35.32 eV for the film IW1 and
that at 35.10 eV (Fig. 6g and h) for the IW4 film can
be attributed to the W 4f7/2 level. These peaks
indicate the presence of tungsten in the +5 oxidation
state.63 For the IW4 film, a slight shift in the
positions of the W 4f5/2 and W 4f7/2 peaks toward
lower binding energy is observed compared with
that of the IW1 film.

CONCLUSION

The present study focuses on the effect of WO3

doping and annealing at a 300�C on the structural
and morphological properties of In2O3 films syn-
thesized at room temperature. XRD and Raman
analysis reveals that both the as-deposited films
and annealed films possess a cubic bixbyite struc-
ture and exhibit a strong preferred orientation
along the (222) plane. WO3 doping and post-an-
nealing of the films have a profound effect on the
crystallinity of the In2O3 films. The deposition of
films with smooth morphology is illustrated by
AFM images. Incorporation of tungsten in the
In2O3 lattice is supported by XPS analysis. XPS
analysis reveals the presence of the W5+ state in
the WO3-doped films.
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