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Abstract We report on the effect of oxygen partial
pressure and vacuum annealing on structural and
optical properties of pulsed laser-deposited nanocrys-
talline WO5 thin films. XRD results show the hex-
agonal phase of deposited WOj; thin films. The
crystallite size was observed to increase with increase
in oxygen partial pressure. Vacuum annealing
changed the transparent as-deposited WOj5 thin film
to deep shade of blue color which increases the
optical absorption of the film. The origin of this blue
color could be due to the presence of oxygen
vacancies associated with tungsten ions in lower
oxidation states. In addition, the effects of VO,
content on structural, electrochemical, and optical
properties of (WO3);_,(VO,), nanocomposite thin
films have also been systematically investigated.
Cyclic voltammogram exhibits a modification with
the appearance of an extra cathodic peak for VO,—
WO; thin film electrode with higher VO, content
(x > 0.2). Increase of VO, content in (WO3);_,
(VOy), films leads to red shift in optical band gap.
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Introduction

Tungsten trioxide (WO3) as a metal oxide semicon-
ductor has attracted considerable interest because of
its vast technological applications in smart windows,
gas and humidity sensors. and other optoelectronic
devices as reported by Granqvist (1990; 1991). In
thin film form, tungsten oxide has found unique
application in electrochromic devices because of their
excellent voltage-modulated optical properties
(Grangvist et al. 2003; Jelle and Hagen 1999).
Recently, tungsten oxide thin films have been used
as gas sensors, transparent conducting electrodes,
photochromic devices. and as a catalyst (Qu and
Wlodarski 2000; Lee et al. 2000; Robert and Ivan
2004). WOj3 is quite a complicated material with
respect to the crystal structure. There are reports on
monoclinic (Poirier et al. 2009), orthorhombic (Pec-
quenard et al. 1998), cubic, triclinic, tetragonal
(Walkingshaw et al. 2004), hexagonal WO; (Kuma-
gai et al. 1996), and several oxygen-deficient phases,
for instance, WO, 99, W;gOy9, etc. (Pickering and
Tilley 1976). Among various crystal structures of
WOs;, hexagonal form of tungsten trioxide (h-WO3) is
of great interest owing to its known tunnel structure
which serves as intercalation host to obtain hexagonal
tungsten bronzes MxWO; (M = H', Lit, Na™, KT,
etc.). The structure of 71-WO; belongs to the space
group P6/mmm in which every six [W-Og] octahedra
linked by corner sharing from hexagonal channels
oriented along the c-axes (Gerand et al. 1979).
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Various physical and chemical vapor deposition
techniques such as magnetron sputtering (Kaneko
et al. 1988), sol-gel (Ozer and Lampert 1998), spray
pyrolysis (Regragui et al. 2001), electron beam
evaporation (Sivakumar et al. 2007), and pulsed laser
deposition (PLD) (Mitsugi et al. 2003) have been used
to deposit single or mixed metal oxide films. The
properties of WO; films were found to be influenced
by various deposition methods, such as the deposition
techniques resulting in different properties of these
films in terms of composition, structure, morphology
etc. In this study, (WO3);_,(VO,), nanocomposite
thin films of different VO, contents ranging from
x = 0.0 to x = 0.4 have been synthesized by PLD.
PLD has been recognized as a promising versatile
technique for the deposition of stoichiometric films of
mixed metal oxides at high deposition rate (Kaur et al.
2005; Kumar et al. 2006). Takami et al. (2010) have
recently reported on W-doped VO, thin films via hard
X-ray core-level photoemission spectroscopy. Doping
of a transition metal ion, like vanadium, may introduce
impurity levels in the band gap of WO; and aid in
preventing the recombination of the photo-generated
carriers (Ashokkumar and Maruthamuthu 1989) and
may also influence the band gap. Moreover, the ionic
radius of W (0.64 A) are somewhat larger than that
of V¥ (0.63 A), therefore doping of VO, in WOs thin
films may enable vanadium ion to be substituted
(V —> W) because of structural adjustment. This
substitution may lead to variation in various properties
of WOgj thin films. Therefore, WO; thin films were
grown on quartz substrate to investigate the effect of
VO, on optical and electrochemical properties of WO;
thin films. Rougier et al. 1999, 2001) have reported on
electrochemical properties of WOj3 thin films depos-
ited on SnO,: F-coated glass via PLD. In the exper-
imental system the stability of hydrogen intercalation
is slightly difficult to maintain, as it is quite mobile
because of its small size (Ingham et al. 2005). Both
Hydrogen and Lithium are ions that are too small in
size to be able to occupy the small triangular sites
between the hexagonal tunnels. We report on H' ion
intercalation in hexagonal WOj thin films. To get the
desired hexagonal phase of WOj thin films, the oxygen
partial pressure (Po,) was optimized by varying in the
range from 10 to 100 mTorr. Fumiaki et al. (2003)
explored the effect of oxygen partial pressure on the
structure properties of WOj3 films and have reported
that there is no considerable change in grain size with
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oxygen partial pressure. Gyorgy et al. (2005) have
investigated the effect of ambient gas pressure and
substrate temperature on compositional and optical
properties of WO; thin films. Hussain et al. (2005)
have reported on the influence of high oxygen partial
pressure of 100, 200, and 300 mTorr on laser-ablated
WOj; thin films at 600 °C. They have observed a
decrease in grain size with increase in oxygen partial
pressure. Despite the numerous scientific investiga-
tions, many of the results are conflicting, and addi-
tional study remains to be done to elucidate the
influence of process parameters on microstructure and
physical properties of these films. Therefore, in this
study, WOj thin films were grown on quartz substrate
using pulsed laser deposition technique and the
influence of varying oxygen partial pressure (Po,) in
the range from 10 mTorr to 100 mTorr and post-
annealing on WOj; thin films has been investigated. In
addition, attempts have been made to investigate the
effect of VO, on structural, optical, and electrochem-
ical properties of WOj3 thin films.

Experimental details

Nanocrystalline WO5 thin films were grown on quartz
substrate using pulsed laser deposition technique. The
excimer laser KrF (Lambda Physik) with wavelength
of 248 nm was used for deposition. The pulse repe-
tition rate was kept constant to 10 Hz with fixed laser
energy of 350 mJ. Three sets of samples were grown to
study the effects of (i) oxygen partial pressure (ii) post-
annealing in WO3 thin films, and (iii) VO, content in
(WO3);_(VO,), films. In the first set, WO5 thin films
were grown at different Po,of 10, 30, 50, and 100
mTorr. In the second set of samples, WO; thin films
were deposited at substrate temperature of 600 °C, and
oxygen partial pressure of 30 mTorr were post-
annealed in vacuum for 30 min at the same temper-
ature. In the third set of samples, (WO3),_,(VO,), thin
films of different VO, contents in the range from
x = 0.0 to x = 0.4 were synthesized. Various depo-
sition parameters of deposited films are listed in
Table 1. The targets were prepared by the conven-
tional solid-state reaction method. High-purity WO;
and VO, powders were thoroughly mixed and calcined
at 400 °C for 6 h in air. After calcination, the powders
were pressed into pellets and sintered at 700 °C for
8 h. The substrates were cleaned sequentially in
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acetone, methanol, and de-ionized water before depo-
sition. The target-to-substrate distance was kept at
40 mm. The thickness of the films was measured using
surface profiler. The orientation and crystallinity of
these films were studied using a Bruker diffractrometer
of CukK, (1.54 A) radiations in a 6-20 geometry.
The morphology of the outermost surface layer was
studied by means of atomic force microscopy in a
tapping mode. Optical properties were studied using
Cary 5000 UV-VIS/NIR spectrometer in the wave-
length range of 200-800 nm.

Electrochemical properties of these films were
studied in cyclic voltammetric mode using Bioana-
Iytical System CV-50W voltammetric analyzer. The
electrode of the thin films were made by making a
contact of the film with a copper strip and then the
whole assembly was wrapped with a good quality
scotch tape keeping a hole of 3-mm diameter in the
tape just above the film to expose that particular area
of the film to be in contact with the electrolyte
solution. Cyclic Voltammetric (CV) analysis was
carried out using Bioanalytical System (BAS, West
Lafayette, IN, USA) CV-50W voltammetric analyzer
in a single-compartment three-electrode glass cell
with the exposed part of deposited samples as working
electrode, a platinum wire as counter electrode, and
Ag/AgCl electrode as reference (Model MF-2050 RB-
5B) electrode. Phosphate buffer solution of 1.0 M
concentration and pH value of 7.2 was used as
electrolyte. Phosphate buffer solution was prepared in
double distilled water as per Christian and Purdy

Table 1 Various optimized parameters for deposited films

method (Christian and Purdy 1982). All the experi-
ments were carried out at an ambient temperature.

Results and discussion

Effect of oxygen partial pressure on structural
and optical properties of WOj5 thin films

Figure 1 shows the XRD pattern of WOj3 thin films
deposited at different oxygen partial pressure (Po,)
ranging from 10 to 100 mTorr. It can be clearly seen
from the XRD pattern that the crystallinity of the films
increases with increase in oxygen partial pressure. The
pattern revealed that the films deposited at low oxygen
partial pressure of 10, 30, and 50 mTorr exhibit a
dominant (201) diffraction peak corresponding to
hexagonal phase of WO3 (JCPDS card No. 75-2187).
However, the film deposited at higher oxygen partial
pressure of 100 mTorr shows several X-ray diffraction
peaks along (001), (111), (112), (202), (004), (114),
(204), and (442) lattice reflection planes correspond-
ing to orthorhombic phase of WO; (JCPDS card No.
71-0131) with a preferred oriented growth along (001)
plane. Hence, a structural phase transition from
hexagonal to more stoichiometric orthorhombic phase
has been observed with increase in oxygen partial
pressure from 50 to 100 mTorr, which could be a result
of the modification in mechanism of thin film growth
due to the presence of sufficient oxygen pressure. It has
been reported that at higher oxygen pressure,

PLD parameters

Ist set

2nd set

3rd set

Laser

Laser wavelength
Laser energy
Repetition rate
Target used

Base pressure

Gas used
Background oxygen pressure
Substrate

Substrate temperature
Post annealing

Target to substrate distance

KrF excimer

248 nm

350 mJ

10 Hz

WO,

1 x 107 Torr

High purity oxygen (99.7%)
10-100 mTorr

Quartz

600 °C

40 mm

KrF excimer

KrF excimer

248 nm 248 nm

350 mJ 350 mJ

10 Hz 10 Hz

WO, (WO3)1_«(VOy,), (x = 0.0-0.4)
1 x 107° Torr 1 x 107° Torr

High purity oxygen (99.7%)
30 mTorr

High purity oxygen (99.7%)
30 mTorr

Quartz Quartz
600 °C 600 °C
600 °C for 30 min -

40 mm 40 mm
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Fig. 1 XRD pattern of WO; thin films deposited at various
oxygen partial pressures

the reactive scattering between evaporated materials
and ambient oxygen gas molecules is significantly
large thereby providing the oxide precursors required
for the growth of films with the stoichiometric WO;
phase (Ohring 2002). The lattice parameters of these
films were calculated using XRD data, which are listed
in Table 2. The a-axis and c-axis length of the films
deposited at 10, 30, and 50 mTorr were found to be
7.11, 4.01 A; 7.16, 3.99; and 7.21, 3.94 A, respec-
tively, which were in close agreement with the lattice

parameters of bulk hexagonal WO;5 (a = 7.298 Aand
¢ = 3.899 A; JCPDS card No. 75-2187). Similarly, a,
b and c—the lattice parameters of the orthorhombic
phase—were found to be 7.39, 7.63, and 7.76 A
respectively, which were also in close agreement with
the bulk orthorhombic phase of WO; (@ = 7.341 A,
b = 17.570, and ¢ = 7.754 z&; JCPDS card No. 71-
0131).

The crystallite size (d) of these films was calcu-
lated using Scherrer’s formula (Cullity and Stock
2001) given by

0.9
i Bhia €08 Ona M)
where 1 is the X-ray wavelength, f3; is the full width
at half maximum (FWHM) of the Bragg diffraction
(in radians) on the 20 scale, and 0 is the Bragg
diffraction angle. Hussain et al. (2005) have reported
a decrease in grain size from 206 nm to 90 nm for the
WO; films grown on Pyrex glass substrate with an
increase in oxygen partial pressure from 100 to
300 mTorr. However in this study, the average grain
size is found to increase from 13.2 nm to 24.8 nm
with corresponding increase in oxygen partial
pressure from 10 to 100 mTorr. The increase of
crystallite size can be explained in terms of mean free
path. In the presence of background oxygen gas, the
molecular and atomic species in the ablated plume
undergoes frequent collisions. As increase in oxygen
partial pressure leads to decrease in mean free path,
the number of collisions, undergone by molecular and
atomic species in the plume with background oxygen
atoms, increases. Owing to large number of collisions,
the initially formed clusters have the tendency to
coalesce with each other resulting in the formation of

Table 2 Various calculated

. Oxygen partial Crystallite size Lattice Phase present E, (eV
g?ssrn:ftzrisffzi:vmoé;;}ggn pre}sl;gure FZmTorr) d (};1m) (from XRD) parameters (A) b e (V)
partial pressure 10 132 a=1711, Hexagonal 3.32

c =401

30 16.5 a=717.16, Hexagonal 3.39
c=3.99

50 19.8 a=1721, Hexagonal 3.48
c =394

100 24.8 a = 17.39, Orthorhombic 3.52
b =17.63,
c=1776
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clusters of bigger size before deposition on the
substrate.

Figure 2a shows the optical transmittance spectra
of WO; thin films deposited at different oxygen
partial pressures of Po, = 10, 30, 50, and 100 mTorr.
Optical transmittance of these films was found to
increase with increase in oxygen partial pressure that
could be because of the improvement in stoichi-
ometry of the films. A similar trend of optical trans-
mittance has also been reported by several research
groups (Lethy et al. 2008; Gyorgy et al. 2005). A
gradual shift of absorption edge toward a lower
wavelength was observed with corresponding
increase in oxygen partial pressure implying a blue
shift in optical band gap. The indirect optical band
gap of the film was calculated using the Tauc
relationship (Tauc 1974) as follows:

n

oahv = A(hv — Ey) (2)

where o is the absorption coefficient, A is a constant,
h is the Planck’s constant, v is the photon frequency,
E,is the energy band gap, and n is 2 for indirect band
gap semiconductor. The indirect band gap of the WO;
film was evaluated by extrapolating the linear region
of the curves (ahv)'/? = 0 as shown in inset of Fig. 2b.
The calculated values of the band gap (E,) were found
to increase from 3.32, 3.39, 3.48 to 3.52 eV with
increase in oxygen partial pressure from 10, 30, 50 to
100 mTorr, respectively (Table 2). The reason of
increase in bandgap could be attributed to the fact
that increased oxygen partial pressure leads to reduc-
tion of oxygen vacancies, which is correlated with the
formation of deep localized states in the bandgap.

Effect of post annealing on optical properties
of WOs thin films

In order to study the annealing effect, the WOj; films
deposited at substrate temperature of 600 °C and
oxygen partial pressure of 30 mTorr were post
annealed in vacuum for 30 min at the same temper-
ature and compared with as-deposited film. Optical
transmittance of as-deposited film was found to be
higher as compared to the annealed WOj; films as
shown in Fig. 3a. It was observed that the film color
changed from transparent to a deep shade of blue
color. The origin of this blue color is the presence of
oxygen vacancies (i.e. WOj_,) associated with

2489
(a) 100
Po,= 50 mTorr
80
_ Po,= 100 mTorr
s ;
3 \
S 60 4
g Po,= 30 mTorr
=
g
& 40 A
<
=
==
20
Po,= 10 mTorr
e
0

T T T T T T T T T T T
200 300 400 500 600 700 800
Wavelength (nm)

(b)
4
3 -
aQ
-
>
=
E 2 4 Po,= 30 mTorr
Po,= 50 mTorr
1 Po,= 10 mTorr
Po,=100 mTorr
f—
0 T T T T T T T

hv (eV)

Fig. 2 a Transmission spectra and b («v)""? versus hv plot for

band gap calculation of WO; thin films deposited at different
oxygen partial pressures (Po,)

tungsten ions in lower oxidation states than the 6+
expected in WOj3 stoichiometry. The creation of
oxygen vacancies can be expressed by the chemical
equilibrium as follows (Gillet et al. 2003):

OF & Vi +1(02) 1 o)

where Og represents the neutral oxygen atom in an
oxide site, and V{§ represents the neutral oxygen
vacancy with two trapped electrons. The indirect
optical band gap (Fig. 3b) of the films was calculated
using the Tauc relationship, which was found to
decrease from 3.39 to 3.15 eV with vacuum anneal-
ing, which could be because of the increase of oxygen
vacancies. A similar trend in optical band gap with
change in annealing temperature has also been
recently reported by Gondal et al. (2009, 2010) in
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Fig. 3 a Transmission spectra and b (ohv)'"?

the as-deposited and annealed WOj thin film

versus hv plot of

case of ZnO and SnO, nanoparticles synthesized by
PLD.

Effect of VO, content on structural, optical,
and electrochemical properties of (WO3);_(VO,),
thin films

Our main focus in this section will be to examine the
effect of VO, doping on structural, optical, and
electrochemical properties of hexagonal WO3 (k-
WO3) thin films. The hexagonal form of WO5; was
chosen because of its well-known tunnel structure
that has attracted much interest, and thus, being
widely investigated as an intercalation host for
obtaining hexagonal tungsten bronzes M,WO;
(M = Li*, Na™, K*, H*, etc.). Figure 4 shows the
XRD pattern of (WO;3);_«(VO,), thin films of
different VO, contents ranging from x = 0.0, 0.1,
0.2, 0.3 to 0.4. It was observed that h-WO; film
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Fig. 4 XRD pattern of (WOj3);_(VO,), thin films for
different x = 0.0, 0.1, 0.2, 0.3 and 0.4

doped with low VO, content of x = 0.1 exhibited
highly oriented (201) diffraction peak with a slight
shift toward lower 20 value, which revealed the
substitution of vanadium ions in WOj. Further
increase in VO, content to x = 0.2, 0.3, and 0.4
leads to the formation of additional WVO, phase with
dominant (002) diffraction peak along with (201)
peak of --WOj; phase (indexed from JCPDS card No.
38-0012). The presence of WVO, phase along with
pure WO; phase at x = 0.2, 0.3 and 0.4 in XRD
spectra shows a segregation of the W-—V-O compos-
ite. The crystallite size of these films was calculated
along (201) h-WOj3 phase using Scherrer’s formula
and was found to be decreasing from 16.5 nm, 14.46,
13.73, 12.65 to 11.86 with increasing VO, content
from x = 0.0, 0.1, 0.2, 0.3, to 0.4, respectively
(Table 3). The decrease in crystallite size could be
due to the structural adjustment of A-WOj3 with the
substitution of vanadium as the ionic radius of W'
(0.64 A) is larger than that of ionic radius of V**
(0.63 A). The presence of V in the WOj3 thin films
was confirmed by EDAX measurement. Figure 5
shows the EDAX spectra for the films with x = 0.1.
EDAX pattern gives values of 79.56 and 8.87 wt% of
W and V element, respectively, which shows an
evidence of the presence of both W as well as V in
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Table 3 Various

parameters of VO,-WOs VO, content Crystallite size (nm) Lattice . Eg (eV) Phase present
thin films of different VO, XRD AEM parameters (A)
content
x=0 16.5 55 a = 17.163, 3.39 h-WO;
¢ =3.991
x=0.1 14.46 45 a = 17.147, 2.96 h-WO;
¢ =3.954
x =02 13.73 36 a = 17.135, 2.89 h-WO5; + WVO,
c=3.927
x=03 12.65 29 a=17.128, 2.78 h-WO5; + WVO,
c=3913
x=04 11.86 26 a=17.119, 2.61 h-WO3 + WVO,
¢ = 3.906

the composite. The spectra show somewhat smaller
value of the W:V ratio than the ratio present in the
targets. This could be attributed to the different
ablation mechanism of tungsten and vanadium oxides
during the thin films growth.

Figure 6a—e shows the AFM micrographs of
(WO3),_(VO,), films corresponding to various val-
ues of x from 0.0 to 0.4. The average grain size
calculated from these micrographs follows the same
trend as observed in case of crystallite size calculated
from XRD data and is found to decrease with increase
in VO, content (Table 3). Figure 7a and b depicts a
histogram showing grain size distribution and plots
for crystallite size (calculated from Eq. 1) and grain
size (observed from AFM images) variations with
different values of x. It has been found that the grain
size obtained from AFM is larger by about a factor of
4 compared to that determined from XRD results. This
difference is mainly caused by the different grain size
criteria underlying the different methods. The AFM
grain sizes are measured by the distances between the
visible grain boundaries, whereas the XRD methods
determines the extension of the crystalline that
diffract the X-rays coherently, which is more stringent
criteria, thus leading to smaller size. It can also be
clearly seen that the density of grains increases with
increase in VO, content.

Figure 8a shows the optical transmittance spectra
of these films. A systematic decrease in percentage of
transmission was observed with increase in VO,
content, which could be because of the enhancement
of (a) light absorption by increase of W>*/W®™ ratio
and (b) light scattering by increase of grain density

(Ranjbar et al. 2008). Indirect optical band gap
(Fig. 8b) of these films calculated from transmission
spectra was found to decrease from 3.39 eV
(x =0.0), to 296 eV (x =0.1), 2.89 eV (x = 0.2),
278eV (x=0.3), and to 2.61eV (x=04)
(Table 3). The reason for the red shift in optical
band gap could be attributed to the fact that the
substitution of vanadium with tungsten ions exhibited
a lower oxidation state, which is associated with the
oxygen vacancies. Therefore, an increase in vana-
dium content is correlated to the increase in oxygen
vacancy that creates donor levels below the conduc-
tion band of WO; leading to a progressive overlap
and decrease in band gap.

The refractive index (n) was estimated from the
transmission spectrum using the envelope method,
and the following expression was used to calculate
the refractive index:

1/2
n= [N + (N2 - n(z)n%)l/z} , 4)
where
n2 + n? Tmax — Tmi
N — 0 1 2 max min 5
2 + nort Tmamein ( )

and ny and n;(1.46 in our case) are the refractive
indices of air and substrate, respectively. T,,.x and
Tomin are the corresponding maximum and mini-
mum transmittance values at the same wavelength.
Figure 9 represents the refractive indices (n) calcu-
lated at different wavelengths for deposited thin films
of different x. The average value of refractive indices
(n) evaluated at different wavelengths was found to
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Fig. 5 EDAX spectra for film with x = 0.1

increase with increase in x. Figure 10a shows the
variation of refractive index (n) (at fixed wavelength of
550 nm) and optical band gap for films with different
values of x. The calculated values of refractive index
were found to be 1.90 (x = 0.0); 1.93 (x = 0.1); 1.96
(x =0.2);2.0(x = 0.3); and 2.03 (x = 0.4). In general,
the refractive indices of the oxides can be related to the
dispersion energy parameters £, and E, using the single
term Sellmeier dispersion relation (Didomenico and
Wemple 1969, Wemple and Didomenico 1971):

E4Ey

2 __
n _1+(E(2)—h2v2)

(6)

where, hv is the photon energy, and E, is the single
oscillator energy. The parameter Ej is the dispersion
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energy, which is a measure of the strength of
interband optical transitions. The optical band gap
value can be derived from Wemple—Didomenico
dispersion parameters using the relation E, ~ Ey/2
(Marquez et al. 1999), which is directly proportional
to refractive index (n). The strength of interband
transitions depends on the mass density and the
degree of the packing density in the interfaces
(Benthem et al. 2004, 2006). The possible reasons
for the variation of refractive index are a variation of
binding states of WO; due to oxygen vacancies which
causes an alteration of the single oscillator energy in
Wemple-Didomenico model and secondly, a possible
variation of the packing density (Ito and Nakzaewa
1983). AFM images of deposited films shows an
increase of packing density and physical density with
increase in VO, content which results in correspond-
ing increase in refractive index. The film porosity is
directly related to the index of refraction by the
expression

p=(1="5) ™

where ngy,, is the index of refraction measured for
films, and ny, is the index of refraction for bulk
WO;. From the expression, an increase in index of
refraction of the films translates to a decrease in
porosity of the films which can be clearly seen from
the AFM images with increase in VO, content.
Variations of refractive index (n) and optical band
gap (E,) with grain size have also been plotted in
Fig. 10b which show a decrease of refractive index
with increase in grain size.

Figure 11 shows the cyclic voltammogram of the
as-deposited (WO3);_(VO,), thin films of different
VO, contents ranging from x = 0.0 to x = 0.4 at a
scan rate of 100 mVs~' between initial and final
switching potentials gf +1000 and —1000 mV,
respectively. As the potential varied from 41000 to
—1000 mV, the film electrodes with x = 0.0 and 0.1
show the current density as being close to zero until
the potential drops below 0 at which the current
density becomes progressively negative. This branch
corresponds to intercalation, where ions from the
electrolyte are coinserted into the WO; films. This
progressive increase in the cathodic current indicates
the reduction of the W®" jonic state to W' state
(Rougier et al. 2002). The following one-electron
process occurs as follows (Hersh et al. 1975):
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Fig. 6 AFM images of
(WO3);_«(VOy), thin films
of different VO, contents
ax=00bx=0.1,
cx=0.2,dx=0.3, and
ex=04

xH" +xe” + WO; & HWOse™ (8)

As the current density changes from negative to
positive values, after reversing the scan direction at
—1000 mV, deintercalation starts. The deintercala-
tion current passes through a maximum and finally
becomes approximately zero at potential beyond
0 mV. With increase in VO, content to x = 0.2,
0.3. and 0.4, a modification has been observed in the
shape of the cyclic voltammogram in the form of the
appearance of an extra cathodic peak at —300, —450,
and —650 mV, respectively. The intensity of the peak

increases with increase in VO, content. The observed
cathodic peak may be attributed to the reduction of
WVO, phase as depicted from XRD results. The
behavior of cyclic voltammogram is in consistence
with reported results. They attributed this peak to V>
reductions. Moreover, as the VO, increases, the film
electrodes show a poor deintercalation capacity as
anodic peak intensity decreases. The absence of any
extra cathodic peak in case of 10% VO, electrodes
indicates that the electrochemical behavior of these
electrodes cannot be described as simultaneous
behavior of individual WO5; and VO,, favoring the
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Fig. 7 a Histogram showing grain size distribution and b plots
for crystallite and grain size variations with different values
of x

solid solubility limit of VO, in WOj3;, which is in
agreement with the XRD results obtained.

Conclusion

In summary, the effects of oxygen partial pressure,
post-annealing and VO, content on various properties
of nanocrystalline WOj; thin films have been sys-
tematically investigated. XRD studies reveal the
hexagonal phase for WO; thin films deposited at
600 °C with lower oxygen partial pressure of 10, 30,
and 50 mTorr. An increase in oxygen partial pressure
leads to increase of crystallite size and optical trans-
mittance of these films. In situ vacuum annealing of
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WOj; thin film changed the color from transparent
as-deposited to deep shade of blue color which
increases the optical absorption of the film. The origin
of this blue color could be due to the presence of oxygen

vacancies associated with tungsten ions in lower
oxidation states. Increase in VO, content (x > 0.2) in
(W0O3)1_(VO,), films exhibited the formation of
WVO, phase as revealed by XRD pattern. Red shift
in optical band gap was observed that could be because
of an increase in vanadium content and was correlated
to the oxygen vacancies. The average value of refrac-
tive indices (n) was found to increase from 1.90 to 2.03
with corresponding increase in VO, content ranfing
from x = 0.0 to 0.4. Cyclic voltammogram exhibited a
modification with the appearance of an extra cathodic
peak with increase in vanadium content. The absence of
any extra cathodic peak in the case of 10% VO,
electrodes favors the solid solubility limit of VO, in
WO; in agreement to XRD results.
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