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Abstract Thin films of pure and molybdenum (Mo)-doped
tungsten trioxide (WO3) were deposited on indium tin oxide
(ITO)-coated glass and Corning glass substrates by RF mag-
netron sputtering technique. The effect of Mo doping on the
structural, morphological, optical and electrochromic proper-
ties of WO3 films was studied systematically. The energy
dispersive X-ray analysis (EDAX) revealed that the films
consist of molybdenum concentrations from 0 to 2 at.%. X-
ray diffraction (XRD) studies indicated that with the increase
of Mo concentration the structural phase transformation takes
place from polycrystalline to amorphous phase. The crystallite
size of the films decreased from 24 to 12 nm with increase of
doping concentration of Mo in WO3. Scanning electron mi-
croscope (SEM) analysis revealed that Mo dopant led to sig-
nificant changes in the surface morphology of the films. The
electrochemical and electrochromic performance of the pure
andMo-dopedWO3 were studied. TheWO3 films formed with
1.3 at.% Mo dopant concentration exhibited high optical mod-
ulation of 44.3 % and coloration efficiency of 42.5 cm2/C.
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Introduction

Transition metal oxides such as tungsten trioxide, titanium
dioxide, nickel oxide, iridium oxide, vanadium oxide and

molybdenum oxide have shown considerable application in
the areas of electrochromic, gas sensors and lithium ion
batteries [1–6]. Zheng et al. [7] synthesized nanostructured
WO3 films using different methods for traditional applica-
tions like electrochromic, gas sensors and photocatalysis.
In addition, these films are also used in dye-sensitized
solar cells, optical data storage, field-emission displays
and high-Tc superconductors. Among these, tungsten triox-
ide (WO3) has been exhibited good electrochromic prop-
erties. The electrochromic effect observed in these mate-
rials has led to their use in the development of display
devices and smart windows. The development of new and
improved electrochromic devices depends on enhancement
in the color efficiency. However, the color efficiency of
the electrochromic device can also be modified by doping
suitable metal ions with lower oxidizing capacity than the
host materials. Faughnan and Crandall [8] reported that
the higher electrochromic efficiencies are expected as a
result of enhanced electron intervalence transfer between
Mo5+ and W6+ states, in addition Mo5+ to Mo6+ and W5+

to W6+ transitions. The high color efficiency depends on
the rate of intercalation that is coloration under applied
electric field and controlled by the charge transfer at the
WO3/electrolyte interface, which critically depend on the
surface texture, defect structure and dopant content of the
films. There are several reports on the titanium [8], nio-
bium and vanadium [9] and nickel [10] doped WO3 films
deposited by different techniques. Penin et al. [11] pre-
pared MoxW1−xO3 (x=0–1) films by cathodic electrodepo-
sition technique, and they reported the structure, composi-
tion and electrochemical associated lithium-insertion prop-
erties of mixed molybdenum and tungsten oxide films.
Kondrachova et al. [12] have reported that the mixed
MoO3-WO3 films exhibited better electrochromic proper-
ties compared to binary oxide films. Gesheva et al. [13]
deposited Mo-doped (0–10 at.%) WO3 films by spray
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pyrolysis and studied their electrochromic response. Rueda
de Leon et al. [14] and Kalidindi et al. [15, 16] studied the
effect of substrate temperature on crystallite structure,
phase and electrical conductivity of Ti-doped WO3 films
deposited RF magnetron sputtering technique. In this in-
vestigation, we report the influence of Mo dopant concen-
tration in WO3 films prepared by RF magnetron sputtering
technique on the structural and morphological, optical and
electrochromic properties.

Experimental

Pure and Mo-doped WO3 thin films were deposited on glass
and ITO-coated glass substrates by RF magnetron sputtering
technique. The vacuum pumping system was employed for
sputter deposition uses a combination of diffusion and rotary
pumps to achieve an ultimate pressure of 4×10−4 Pa. Pure
oxygen and argon were used as reactive and sputter gases,
respectively. Required quantities of oxygen and argon gases
were admitted into the sputter chamber through fine con-
trolled needle valves and their flow rates were monitored
individually employing Aalborg mass flow controllers. Dig-
ital Pirani and Penning gauges were used to measure the
pressure in the sputter chamber. The target to substrate
distance was kept at 5 cm. The films were deposited at a
fixed substrate temperature of 473 K, oxygen partial pres-
sure of 6×10−2 Pa and sputter pressure of 4 Pa. The RF
power applied to the sputter target was 150 W, and the
deposition time was 120 min. Molybdenum doping was
achieved by selectively masking of an erosion portion of
the tungsten target by pure molybdenum strips of different
sizes. The chemical composition of the films estimated by
using energy dispersive X-ray analyser (Philips XL 308)
attached to scanning electron microscope. Structural proper-
ties was investigated by X-ray diffraction (XRD) technique
(Siefent model 3003TT) with Cu Kα radiation source (λ=
0.15406 nm). Surface morphology was studied by scanning
electron microscopy (Hitachi SEM model S-400). The opti-
cal transmittance of the films was recorded by UV–Vis–NIR
spectrophotometer (Perkin Elmer model Lambda 950) in the
wavelength range 300–1500 nm.

The electrochromic and electrochemical properties of the
pure and Mo-doped WO3 films were studied by three-
electrode cell configuration with platinum as a counter elec-
trode and calomel electrode as a reference electrode and pure
and doped WO3 films formed on ITO-coated glass as a
working electrode. The cyclic voltammetry experiments were
performed by varying the potential in the range from +1 to
−1 V in the electrolyte solution of 1 M Li2SO4 and at a scan
rate of 50 mV/s. The colored and bleached states of the films
were recorded using the spectrophotometer.

Results and discussions

Chemical composition

The chemical composition of the pure and Mo-doped WO3

films deposited on glass substrates were determined by using
EDAX analysis. Figure 1 shows the EDAX spectra of pure
and Mo-doped WO3 films formed with different concentra-
tions. Figure 1a shows the characteristics peaks of tungsten
and oxygen. The chemical component present in the films
calculated from the intensity of the peaks was 25.9 at.% of
tungsten and 74.1 at.% of oxygen and with the ratio of oxygen
to tungsten found to be 2.96, which indicated the grown the
WO3 films of nearly stoichiometric. Figure 1b, c and d clearly
shows that the additional peaks were related to the molybde-
num along with tungsten and oxygen. It was found that the
intensity of molybdenum peak increased with the increase in
the area of the molybdenum strips fixed on the sputter target of
tungsten. The atomic percent of oxygen, tungsten and molyb-
denum present in the films are listed in Table 1. The estimated
molybdenum atomic percentages present in the WO3 films
were found to be 0.9, 1.3 and 2.0 at.%.

Structural properties

Figure 2 shows the XRD patterns of pure andMo-dopedWO3

films deposited on ITO-coated glasses substrates formed at the
substrate temperature of 473 K. From the XRD patterns, it was
observed that the pure WO3 films showed a weak diffraction
peak at 2θ=23.5o related to the (020) reflection of orthorhom-
bic phase of WO3 (JCPDS Card No. 89-4480) in the amor-
phous matrix. For the films formed with 0.9 at.% of Mo
doping, the intensity of the (020) reflection peak was in-
creased and a new weak diffraction peak seen at 2θ=22.8°
which related to the (002) reflection of WO3. For films doped
with Mo 1.3 at.%, the intensity of the (002) peak was in-
creased where as the intensity of (020) reflection was found to
decreased. The presence of two additional peaks observed at
26.7° and 35.2° related to the (120) and (122) reflections of
WO3 which indicated that the grown films were of polycrys-
talline in nature. Such orthorhombic WO3 phase was also
achieved in titanium-doped (1–10 wt.%)WO3 films deposited
by pulsed laser deposition technique [17] and nitrogen-doped
WO3 films formed by pulsed laser deposition [18]. At further
increase ofMo dopant content to 2 at.%, the films exhibited an
amorphous nature. In all films, there was no diffraction peaks
related to either metallic molybdenum orMoO3, which clearly
indicated that the molybdenum substituted in the tungsten
sites in WO3 due to the same size of their ionic radii
(73 pm for Mo+6 and 74 pm for W+6). Bathe and Patil [9]
also reported the polycrystalline to amorphous phase trans-
formation with increase of titanium doping from 2 at.% to
6 at.% in WO3 films formed by pulsed spray pyrolysis
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technique. The crystallite size (L) of the films was calcu-
lated by using Debye–Scherrer’s relation [19],

L ¼ 0:9λ=β cos θ; ð1Þ

where λ is the wavelength of the X-rays, β is the full width at
half-maximum of diffraction intensity in radians and θ is the

diffraction angle. The crystallite size of the films formed with
0.9 at.% of Mo was 24 nm, and it decreased to 12 nm for the
films doped with 1.3 at.% of Mo. The incorporated molybde-
num inhibits the grain growth inWO3 matrix. Lethy et al. [17]
also observed the suppression of the grain growth in titanium-
doped WO3 films by incorporation of titanium ions which
interfering into the intergranules and thereby introducing
sufficient pinning force. The incorporated titanium ions
can inhibit the grain boundary mobility or modify the
interfacial tension/surface energy leading to a decrease
in grain growth velocity or nucleation energy barrier,
resulting in reduction in grain size. The similar nature
of decrement in the crystallite size was observed in
lithium-doped WO3 films [20].

It is to be noted that the value of 2θ shifted to higher angle
side with the increase ofMo doping which modifies the lattice

Fig. 1 EDAX spectra of a pure
WO3, b 0.9 at.%, c 1.3 at.% and
d 2.0 at.% Mo-doped WO3 films
deposited on glass substrates
formed at substrate temperature
of 473 K

Table 1 Elemental composition of pure Mo-doped WO3 films deposited
on glass substrates determined by EDAX

Films Oxygen (at.%) Tungsten (at.%) Molybdenum (at.%)

(a)
(b)
(c)
(d)

74.1
72.9
73.3
74.1

25.9
26.2
25.4
23.9

0
0.9±0.02
1.3±0.02
2.0±0.02
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parameters. The lattice constants a, b, and c of the films are
calculated using the formula

1=d2 ¼ h2=a2 þ k2=b2 þ l2=c2; ð2Þ

where d is the interplanar distance, and h, k, l are Miller
indices. The lattice parameters are calculated from the position
of diffraction peaks are found to be a=7.409 Å, b=7.4714 Å
and c=7.788 Å for the films doped with 1.3 at.% Mo. For
WO3 films the standard values of lattice parameters are a=
7.3902, b=7.5655 and c=7.7875 (JCPDS Card number 89-
4480). It is observed that the small change in lattice parame-
ters can be attributed to the increase of cation size in the
octahedral site with the substitution of molybdenum ions into
the tungsten ion lattice.

The strain developed in the films was calculated using the
relation.

ε ¼ β cos θ=4; ð3Þ

where β is the full width at half-maximum and θ is the
diffraction angle. The strain of the films increased from
1×10−1 to 1.6×10−1 with increase of Mo concentration
from 0.9 to 1.3 at.%, respectively. There is not much
variation in the lattice strain due to the same atomic radii
of tungsten and molybdenum.

Surface morphology

The surface morphology of the pure and Mo-doped WO3

films deposited on glass substrates were examined using
SEM. Figure 3a–d shows the scanning electron microscope
images of pure and Mo-dopedWO3 films. Figure 3a confirms
the spherical grain growth in pure WO3 films, and the size
of the grains was around 70 nm. For Mo-doped (0.9 at.%)
WO3 films, the agglomeration of grains observed and the
average grain size was 45 nm as shown in Fig. 3b. The
leaf-like grain structures was observed at 1.3 at.% of Mo-
doped films with grain size of 60 nm (Fig. 3c). The films
formed with 2 at.% of Mo exhibited completely different
morphology in which agglomerated grain structure disap-
peared as shown in Fig. 3d.

Optical properties

Optical transmittance spectra of pure and Mo-doped WO3

films deposited on glass substrates in the wavelength region
of 300–1500 nm are shown in Fig. 4. All the films showed
high transmittance in the visible range with an average trans-
mittance varied between 80 % and 75 %. Papadimitropoulos
et al. [21] reported the high optical transmittance of 90 %
for pure WO3 films prepared by hotwire deposition tech-
nique. The absorption edge shifted towards the lower
wavelength with increase of Mo dopant, indicating the
increase in the optical band gap with dopant concentration
of molybdenum. The optical absorption coefficient (α) of
the films was calculated from the optical transmittance (T)
data using the relation,

α ¼ − 1=tð ÞlnT ; ð4Þ

where t is the film thickness. The optical absorption in the
films was fitted to the Tauc’s relation assuming that the
direct transitions were takes place from the top of the
valance band and bottom of the conduction band as given
by the relation,

αhυð Þ2 ¼ A hυ − Eg

� � ð5Þ

Figure 5 shows the plots of (αhυ)2 versus photon energy
(hυ) of pure and Mo dopant of WO3 films. It is observed
that the optical band gap of the films was found to
increased from 3.21 to 3.33 eV with the increase of
dopant concentration of Mo from 0 to 2 at.%, respectively.
Gullapalli et al. [22] reported the optical band gap value
3.17 eV for pure WO3 films deposited at substrate tem-
perature of 473 K. The increase in the optical band gap
with Mo dopant concentration is due to the Moss–Burstein
shift. Gaury et al. [23] also noticed such increase in the
band gap in Nb-doped WO3 films. The refractive index (n) of
the films was determined from the optical transmittance

Fig. 2 XRD profiles of pure and Mo-doped WO3 films deposited on
ITO-coated glass substrates formed at substrate temperature of 473 K
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interference data employing Swanepoel’s envelope method
[24] using the relation

n λð Þ ¼ N þ N2 − n0
2n1

2
� �1=2h i1=2

ð6Þ

and

N ¼ 2n0n1 Tmax − Tminð Þ=TmaxTmin½ � þ n0
2 þ n1

2
� �

=2; ð7Þ

where n0 and n1 are the refractive indices of air and substrate,
and Tmax and Tmin are the successive optical transmittance
maxima and minima, respectively. Figure 6 shows the wave-
length dependence of refractive index of pure and Mo-doped

WO3 films. In all films, the refractive index of the films
decreased with the increase of wavelength and remain almost
constant at higher wave length region. At a fixed wavelength
of 550 nm, the refractive index of the films increased from
2.12 to 2.25 with increase of molybdenum dopant concentra-
tion from 0 to 2 at.%, respectively.

Electrochemical properties

Figure 7 shows the cyclic voltammograms of pure and Mo-
dopedWO3 films recorded at the scan rate of 50mV/s in a 1M
Li2SO4 electrolyte solution. From the figure, it is observed
that as the potential decreased from +1 to −1 V a progressive

Fig. 3 SEM images of a pure
WO3, b 0.9 at.%, c 1.3 at.% and
d 2.0 at.% Mo-doped WO3 films
deposited on glass substrates
formed at substrate temperature
of 473 K

Fig. 4 Optical transmittance of pure andMo-dopedWO3 films deposited
on glass substrates formed at substrate temperature of 473 K

Fig. 5 Plots of (αhν)2 versus photon energy of pure and Mo-doped
WO3 films
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increase in the cathodic current peaks associated with the
reduction of W6+→W5+ due to the Li+ ion insertion in the
films. These processes lead to the coloration in the films.
Reversing the potential from −1 to +1, the anodic current
peaks are observed and the colored films transformed to
transparent due to the oxidation of W5+→W6+. Figure 7
shows that anodic potential shifted towards positive potential
from −0.05 to 0.15 V with increase of Mo dopant in WO3

films. A shift in anodic peak potential indicated that the energy
required for extracting the intercalated Li+ ions from the film
decreased with increase ofMo dopant inWO3. The magnitude
of CV curves was increased with the increase ofMo dopant up
to 1.3 at.% due to the intercalation of a greater number of Li+

ions in the films. The enhancement lies in the rearrangement

of WO3 structure by substitution of tungsten with molybde-
num. Patil et al. [25] also noticed an increase in the area of CV
plots with increase of Mo-doped V2O5 films due to easy way
to diffusion and charge transfer process of ions. Mahajan et al.
[26] also reported such an improvement in the CV perfor-
mance in Ti-doped MoO3 films may be due to the Ti4+

supported the Mo6+ to Mo5+ reaction. The anodic and cathod-
ic current densities as a function of Mo dopant in WO3 films
are shown in Fig. 8. It is clearly observed that the anodic
current density increased from 0.29 to 0.49 mA/cm2 for pure
to 1.3 at.% Mo-doped WO3 films thereafter it decreased to
0.37 mA/cm2 with further increase of Mo concentration to
2 at.% due to the fewer Li+ ions participated in the reaction.
The insertion of Li+ ions depends on the diffusion coefficient
and density of the films. The diffusion coefficient (D) of Li+

Fig. 6 Variation of refractive index with wavelength of pure and Mo-
doped WO3 films deposited on glass substrates formed at substrate
temperature of 473 K

Fig. 7 Cyclic voltammetry (CV) of pure and Mo-doped WO3 films
formed on ITO-coated glass substrates formed at substrate temperature
of 473 K

Fig. 8 Variation of anodic and cathodic peaks with Mo doping concen-
tration in WO3 films

Fig. 9 Variation of diffusion coefficient with Mo dopant concentration in
WO3 films
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ions during intercalation and de-intercalation process was
calculated using Randles–Servik equation [27],

D1=2 ¼ ip= 2:72� 105
� �

n3=2ACoν
1=2

h i
; ð8Þ

where ip is the anodic peak current density, n the number of
electrons transferred in the redox reaction (which is assumed
to be unity), Co is the concentration of active ions in the
solution, ν is the scan rate and A is the area of the film.

Figure 9 shows the dependence of diffusion coefficient on
the content of molybdenum doping concentration in the WO3

films. It is seen from the figure that the diffusion coefficient
increased from 1.85×10−11 to 8.5×10×11 cm2/s with the in-
crease of Mo dopant concentration from 0 to 1.3 at.%; there-
after, it decreased to 5.6×10−11 cm2/s with the further increase
of Mo dopant concentration to 2.0 at.%. This could be due to
the variation in the mobility of Li+ ions in the redox reaction.
Leon et al. [14] observed that the diffusion coefficient increased

from 4.07×10−12 to 6.30×10−11 cm2/s with the increase of Mo
dopant concentration.

Fig. 10 Optical transmittance spectra of virgin and colored states of a pure WO3 and b 0.9 at.%, c 1.3 at.% and d 2.0 at.% Mo-doped WO3 films
deposited on ITO-coated glass substrates formed at substrate temperature of 473 K

Fig. 11 Dependence of coloration efficiency on Mo doping concentra-
tion in WO3 films
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Electrochromic properties

Figure 10 shows the optical transmittance spectra of pure and
Mo-doped WO3 films deposited on ITO-coated glass sub-
strates in virgin and colored conditions. The optical modula-
tion is one of the important parameter to estimate the
electrochromic quality of the electrode. The change in the
optical modulation was estimated by ΔT=Tb−Tc, where Tb
and Tc are the transmittance for virgin and colored states at a
wavelength of 550 nm. Figure 11 shows the variation of
optical modulation with doping content of Mo in the WO3

films. It is observed that the optical modulation increased from
40 % to 44.3 % with the increase of Mo content from 0 to
1.3 at.% and it decreased to 41.5 % at Mo dopant of 2.0 at.%.
The coloration efficiency (η) is defined as the change in the
optical density which changes intercalated per unit area of
electrode. The coloration efficiency of the films was calculated
by using the relation

η ¼ ΔODð Þ= Q=Að Þ ¼ log T b=T cð Þ= Q=Að Þ½ �; ð9Þ

where ΔOD is the optical density, Q the charge inserted into
the films and A the area of the films. Figure 11 shows the
dependence of coloration efficiency on the Mo dopant content
in the WO3 films. It is observed that the coloration efficiency
increased from 33.8 to 42.5 cm2/C with the increase of Mo
concentration from 0 to 1.3 at.%, respectively. The enhanced
intercalation properties of Mo-dopedWO3 films was due to the
rearrangement of atoms in the WO3 crystal structure caused by
the substitution of Mo ions at the W sites. Chen et al. [28]
reported the coloration efficiency 25 cm2/C in pure WO3 films
deposited by RF magnetron sputtering. Faughnan and Crandall
[8] reported that the enhancement of electrochromic properties
in mixed oxide films due to the inter-valance charge transfer
between Mo5+ and W6+ sites. At further increase of Mo
concentration to 2 at.%, the coloration efficiency decreased
to 38 cm2/C. This indicated that an appropriate doping con-
centration of molybdenum in WO3 concentration play an
important role to improve the electrochromic properties.
Kondrachova et al. [12] reported that the coloration efficiency
was increased from 29 to 34 cm2/C with increase in Mo
concentration. Hence, it is clearly indicated that the 1.3 at.%
Mo-doped WO3 films exhibit better electrochromic properties.

Conclusions

Thin films of Mo-doped WO3 were deposited on ITO and
glass substrates held at temperature of 473 K by RF magnetron
sputtering technique. The deposited films were characterized
for their chemical composition, crystalline structure, surface
morphology, optical and electrochromic properties. The XRD
studies on pure WO3 films indicated that microcrystallites with

orthorhombic structure were in the amorphous matrix. As the
Mo dopant concentration increased the films undergo trans-
formation from polycrystalline to amorphous structure. The
crystallite size of 0.9 at.%Mo-dopedWO3 film was 24 nm and
it was decreased with increase of dopant concentration. The
scanning electron microscopy results showed different mor-
phologies as the Mo doping concentration increased. The
WO3 films composed of grain-like structure which trans-
formed to leaf-like structures with increase of doping of
molybdenum dopant concentration from 0 to 2.0 at.%,
respectively. The optical band gap and refractive index
were increased with increase of Mo dopant concentration
in WO3 films. The electrochemical studied showed high
anodic current density of 0.49 mA/cm2 and diffusion
coefficient of 8.5×10−11 cm2/s in 1.3 at.% Mo-doped WO3

films. The better electrochromic performance with high colora-
tion efficiency of about 42.5 cm2/C was obtained at 1.3 at.%
doping of Mo in WO3 films.
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