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Abstract
Thin films of V2O5 doped WO3 were coated using sputtering target by varying RF power between 100 and 250 W and by keeping the
source to substrate distance as 60 mm at room temperature. X-ray diffraction studies revealed that the as-deposited films were
amorphous. Morphological studies using AFM exhibited uniform growth of films. The optical transmittance was measured over the
wavelength range of 300 to 2500 nm. The films showed transmittance in the range of 70 to 90% in the visible region. Optical band
gaps were calculated for indirect transitions. FT-IR and electrochromic studies were also carried out.
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Introduction
Transition metal oxides are the widely used inorganic
electrochromic (EC) materials owing to the persistent and reversible
changes in optical properties by the electrochemical oxidation or
reduction process [1]. Tungsten oxide (WO3) is the most thoroughly
investigated and commonly used material for the preparation of EC
devices because of its highly stable and fully reversible colouration
characteristic. Electrochromic materials can offer optical modulation
by the combinational injection and extraction of electrons and ions
upon the application of an external voltage or current. The optical
absorption in amorphous tungsten oxide ﬁlms is due to the electron
exchange caused between adjacent W5+ and W6+ ions. The inserted
electrons are localized in W5+ sites and polarize their neighboring
lattice to form small polarons [2]. This small polaron transition
mechanism is responsible for the coloration in amorphous ﬁlms. WO3
thin ﬁlms are also photocatalysts (PCs) and ﬁnd application as a
photo-anode in the puriﬁcation of polluted air, anti-bacterial activity
and deodorizing agent [3-6]. By coalescing these EC and PC
properties, low maintenance smart glass windows can be realized [7].
Optical, structural and electrochromic properties of metal oxides
are alterable with respect to the preparation method, the mixture
content and concentration. Several works have been made on WO3
[8-10], V2O5 [11-13] and their mixtures [14-16]. These materials have
already demonstrated to be promising for the expansion of the solar
energy devices such as counter electrodes for the electrochromic
windows and thin ﬁlm layers for the antireﬂective ﬁlters.
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The bright blue colour of WO3 films in the reduced state is not
favorable for building applications. According to the literatures,
proper proportion of V2O5 doping can provide the neutral grey
coloured films that are suitable for buildings. Moreover, the V2O5
doped WO3 thin films exhibit photocatalytic property as well which
helps them to be used in self-cleaning smart window applications [7].
Different chemical and physical deposition techniques like PLD, EB,
DC sputtering and sol-gel were used so far to prepare V2O5 doped
WO3 thin films. Among these techniques RF magnetron sputtering
has the advantage of depositing uniform films on large area substrates.
In this present work, V2O5 doped WO3 thin films deposited under
different RF powers were studied for their electrochromic applications.

Experimental
V2O5 doped WO3 (98 wt % WO3 and 2 wt % V2O5) target having
thickness of 5 mm and diameter of 50 mm was prepared from high
purity (99.9% Sigma Aldrich) V2O5 and WO3 powders. Thin films
were coated using planar magnetron RF sputtering unit (HindHivac,
Model-12 MSPT). The base pressure in the chamber was maintained
at 2 x 10 – 6 torr. High purity argon was introduced through mass flow
controller. RF power was varied from 100 to 250 W. Thin films were
deposited on pre-cleaned glass substrates and fluorine-doped tin oxide
(FTO) coated glass substrates with source to substrate distance of 60
mm at room temperature under a constant chamber pressure of 2 x
10-3 mbar. Argon was used as a sputtering gas.

Results and Discussions
(a). Structural and Morphological Studies
The structural identification of the sputtering target and deposited
films was carried out using X-ray diffractometer (MPD Diffractometer, PANalytical X’Pert Pro, The Netherlands). X-ray diffraction
pattern in Figure 1 showed crystalline peaks and compound formation
for the target and it showed amorphous nature of the as-deposited
films for all RF powers [7]. For the fabrication of electrochromic
devices, WO3 should be in the amorphous state since it has been
reported that crystallographically oriented WO3 ﬁlms demonstrated
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inferior performance characteristics in electrochromic devices [17].
All films had approximately the same thickness of 1 μm which was
measured by Stylus Profilometer.

(c) Optical Studies
The transmittance spectra of the films carried out in the
wavelength range of 300-2500 nm using JASCO UV Vis NIR (Model
V-670) spectrophotometer shown in Figure 3 depicts a reduction in
transmittance in the visible range with the increase in RF power. This
could be due to the large scattering taking place at the defects in the
film [20]. The optical band gap calculated using Tauc plot for indirect
transition for the doped film decreases as 3.33, 3.09, 2.98 and 2.87 eV
with increase in RF power from 100 to 250 W. Gyorgy et al. [21]
observed this kind of band gap narrowing for their WO3 films with
the decrease of oxygen pressure, and assigned that behavior to the
oxygen deficient sub–stoichiometric WO3-y which may be correlated
to the formation of deep localized states in the band gap.

Figure 1. XRD patterns of V2O5 doped WO3 thin films.

(b) Atomic Force Microscopy
Figure 2 shows the 3D AFM micrographs of V2O5 doped WO3 thin
films deposited at 250 W RF power. The atomic force microscopy
analysis shows a porous free morphology with homogeneity and
uniformity on the films surface, which is a characteristic for equal
nucleation and growth rates during deposition. The surface morphology of the as-deposited film is related to the thickness and crystallinity which depends on the processing parameters such as substrate
temperature, RF power and gas pressure [18]. The as-deposited film
surface is free of cracks or holes that result from the optimal
deposition and parameters. The sample exhibits large nicely separated
conical columnar grains throughout the surface. It shows individual
columnar grains sticking out from the surface, with the rather small
size forming a smooth and homogenous surface with an average
roughness varying as 4.1, 7.4, 9.3 and 9.8 nm. The electrochemical
intercalation is a reversible process, making the materials very
interesting in applications where the control over the ability of
insertion/extraction of an ion in a structure is essential. The electrophysical-chemical properties of intercalation materials are strongly
dependent on surface roughness. The surface roughness acts as a
gateway to allocate the ions in the network structure of the material
[19].

Figure 2. AFM micrograph of V2O5 doped WO3 thin films deposited at 100
W RF power.
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Figure 3: Transmission spectra of films.

FT-IR Study
FT-IR measurements performed in the spectral range of 400-4000
cm-1 by Shimadzu FT-IR Spectro-photometer. Figure 4 shows some
characteristic bands such as: ν(HOH) and ν(OH) in the region of
3500-2800 cm-1. The low range of spectra shown in the inset of Figure
3 also reveals the presence of less intense peaks of V-O stretching
bond at 415 cm-1, V-O-V bending vibrations at 459 cm-1, ν(W-OinterW) and ν (W-Ointra-W) at 600-800 cm-1. ν(W=O) around 1000-970
cm-1, δ H2O around 1660-1550 cm-1 and a clear Si-O bond due to Si
substrate at 1070 cm- 1 [22, 23].

Figure 4: FT-IR spectra of doped films
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(d)

Electrochromic Studies

The potential was cycled from +1.5 to -1.5 V (versus SCE) at a
potential sweep rate of 100 mV/s in 0.1 M (LiClO4 + PC). During the
potential sweep, the current resulting from ion intercalation and
deintercalation was recorded and the variation is shown in Figure 5.
At the cathodic potential (-1.5 V), the film is in the coloured state and
at the anodic potential (+1.5 V), it returns to its bleached state. The
dark blue coloration (more neutral grey) observed in films indicated
the reduction of W6+ ionic state to the W5+ caused by Li+ ions
intercalation.

calculated from the ratio of amount of charge deintercalated (Qdi) to
charge intercalated (Qi) in the ﬁlm. From the chronocoulometry and
iono-optical studies the reversibility, optical density and coloration
efficiency are calculated and tabulated in Table 1. Literatures revealed
the presence of several defect states in amorphous WO3 thin films,
including W–O–H and W=O sites, which may act as intercalated ion
trapping sites [28]. Since the structural, morphological and optical
studies carried out in the present study confirmed such amorphous
nature of the films with the presence of W–O–H and W=O sites, the
as-deposited films showed good electrochromic performance.
Noonuruk et al. in their studies on WO3 thin films, reported that the
sputtering power had considerable influence on the structural
properties and electrochromic efficiency [29]. Similarly, in our studies
it is observed that the film deposited with 100 W RF power revealed
better electrochromic performance among all the as-deposited films.

Figure 5: Cyclic Voltammograms and Chronocoulometry (inset) of the films.

During the anodic scan, oxidation of WO3 (W5+ to W6+ states
takes place with simultaneous deintercalation of Li+ ions and e- from
the film and a transparent (bleached) state is obtained. The CV curves
display typical amorphous WO3 character of similar shape,
with different area under the curves. Thus, it is inferred that all the
samples undergo reduction–oxidation processes. Moreover, the
one maximum and minimum in the redox currents suggested that
the films have single intercalation site for Li+ ion [24]. Ozer and
Lampert [25] made similar observations in 0.1 M LiClO4 /PC
solution and reported that the shape of the CV curves for films with
< 3.5 mol% V2O5 were similar to WO3. Richardson et al., [26]
stated that for compositions between 0 % and 10 % vanadium,
the CVs resemble those of amorphous, pure tungsten oxide thin
films. The observations made in our W-V-O films with 2 at%
V2O5 agreed well with the literature reports.
The diffusion coefficient D for Li+ ion intercalation is calculated
from Randles – Servick equation [27]. The reversibility of the ﬁlms is

Figure 6: Transmittance spectra recorded at the bleached and colored states
for the films at various RF powers.

Conclusion
V2O5 doped WO3 thin films were deposited by RF magnetron
sputtering technique at different RF powers. Structural and morphological studies revealed the amorphous homogenous nature of the
films. Band gap narrowing was observed from the optical studies.
Electrochromic measurements revealed a decrease in the reversibility
and coloration efficiency with the increase in RF power. Mixed
tungsten-vanadium oxide (WO3:V2O5 – 98:2 %) thin films deposited
at 100 RF power unveiled maximum coloration efficiency (75.63
cm2C-1) suitable for smart window applications to meet out today’s
energy management.

Table 1: Various electrochromic parameters calculated from CV and CC studies.
RF
Power
(W)

Anodic peak
current ipa (A)
x10-4

Diffusion
Coefficient D
(cm2/s) x10-14

Qi (C)

Qdi (C)

%
Reversibility

Optical density
(ΔOD)

(Qdi/Qi)

= ln(Tb/Tc)

Coloration
efficiency =
ΔOD/Qi
(cm2C-1)

100

3.9572

8.5251

0.00705

0.00625

88.65

0.5336

75.63

150

3.1219

5.3043

0.00873

0.00715

81.90

0.6262

71.61

200

3.0381

4.9912

0.00861

0.00637

73.98

0.3921

45.54

250

4.3812

10.379

0.00938

0.00693

73.81

0.3805

40.55
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