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Abstract

The n-type tungsten oxide (WO3) polycrystalline thin films have been prepared at an optimized substrate

temperature of 250 8C by spray pyrolysis technique. Precursor solution of ammonium tungstate ((NH4)2WO4)

was sprayed onto the well cleaned, pre-heated fluorine doped tin oxide coated (FTO) and glass substrates with a

spray rate of 15 ml/min. The structural, surface morphological and optical properties of the as-deposited WO3

thin films were studied. Mott–Schottky (M–S) studies of WO3/FTO electrodes were conducted in Na2SO4

solution to identify their nature and extract semiconductor parameters. The electrochromic properties of the as-

deposited and lithiated WO3/FTO thin films were analyzed by employing them as working electrodes in three

electrode electrochemical cell using an electrolyte containing LiClO4 in propylene carbonate (PC) solution.

# 2004 Elsevier Ltd. All rights reserved.
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1. Introduction

Electrochromic materials with semiconducting nature are capable of changing their optical properties
under the action of an applied electric field or an electric current. The great interest on the study of
electrochromic effect shown by thin films of transition metal oxides are due to their possible
applications in ‘smart windows,’ elements for information display, light shutters, variable-reflectance
mirrors and variable-emittance thermal radiators [1,2]. Among them tungsten oxide (WO3) is the
extensively studied layered semiconductor oxide material and a technologically important transition
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metal oxide because of its excellent electrochemical stability and electrochromic behavior. WO3 thin
films were largely used as photo anodes in photoelectrochemical (PEC) cells [3] and the intrinsic
reaction mechanism at WO3/electrolyte interfaces in various electrolytes has been studied for the
possible application for an effective utilization in the field of solar energy conversion. PEC cells offer a
simple and efficient means of converting light into dc electricity. When coupled in a suitable manner, it
may be possible to develop a ‘rechargeable’ solar cell and thus store electrical energy ‘in situ.’
Photoelectrochemical methods can also be used as a powerful tool for the evaluation of materials
properties of a semiconductor of interest [4].

Thin films of WO3 with electrochromic properties can be prepared by different techniques like
evaporation [5], electrodeposition [6], sputtering [7], sol–gel deposition [8], and chemical vapor
deposition [9]. However, literature survey shows that spray pyrolysis has been used very rarely for WO3

film preparation. This method is probably the most economical method for making thin films in
addition to its relative ease in preparing large area films. Earlier, electrochromic WO3 films have been
prepared by spray pyrolysis technique using a precursor solution of WCl6 dissolved in ethanol or N,N-
dimethylformamide [10] and a solution of tungstenic acid in liquid ammonium [11]. Recently, Patil
et al. [12] and also in the present work of Sivakumar et al. [13], WO3 films were grown from a
precursor solution of aqueous ammonium tungstate ((NH4)2WO4) solution.

Electrochromic effects are realized by introducing the ions (Hþ, Liþ, Naþ) into the crystal lattice of
electrochromic oxide films from an adjacent medium like electrolyte (liquid, solid, and dielectric layer)
or via an ionic conductor [1]. When a voltage is applied between the electrically conducting
electrochromic oxide electrode and the platinum electrode, a distributed electrical field is setup and the
ions are forced uniformly into and released out of the electrochromic oxide film. The charge balancing
counter flow of electrons will then evoke a persistent change of their optical properties. Arakaki et al.
[11] reported the electrochromic properties of the WO3 films in H2SO4 electrolyte. In the present
investigation the electrochromic properties of the spray deposited WO3 films have been studied in the
LiClO4/PC (propylene carbonate) electrolyte solution employing the cyclic voltammetry technique.
Various electrochemical parameters like cathodic spike current, anodic peak current and diffusion
coefficients were calculated. The structural, surface morphological and optical properties of the as-
deposited WO3 thin film were studied. The semiconducting parameters of the film such as band gap
energy (Eg), doping density (ND), and flat band potential (Vfb) are calculated and reported here.

2. Experimental

Tungsten oxide thin films were prepared by employing the precursor solution of aqueous ammonium
tungstate. The precursor solution was prepared by dissolving WO3 powder (Aldrich, 99.99%) in a
mixture of hot ammonia solution and distilled water and then heated to 90 8C (prior to spray) at which
temperature the formation of ammonium tungstate is completed. This solution was then sprayed onto the
well cleaned, pre-heated fluorine doped tin oxide (FTO) coated glass substrates and microscopic glass
plates through a carrier gas. The substrate temperature was maintained constant at 250 8C through out
the entire process. At this temperature ammonium tungstate was pyrolytically decomposed into tungsten
oxide and got deposited as thin films on the substrates according to the following reactions [14]:

WO3 þ 2NH3 þ H2O !90 �CðNH4Þ2WO4 ðammonium tungstateÞ

1480 R. Sivakumar et al. / Materials Research Bulletin 39 (2004) 1479–1489



ðNH4Þ2WO4 !250 �C
WO3

ðtungsten oxideÞ
þ H2O " þ 2NH3 "

WO3 films (0.6 mm thickness) were obtained by performing the experiment using a freshly prepared
0.2 M solution (50 ml) with a spray rate of 15 ml/min. The deposited films were observed to be yellow
in color, well adherent to the substrate, pin hole free, and uniform. These films were used as working
electrodes in a three-electrode electrochromic cells and also used for studying their semiconducting
properties by Mott–Schottky (M–S) experiments.

The deposited WO3 films have been confirmed by X-ray diffraction analysis using a Philips
analytical diffractometer (PW1710) with Cu Ka radiation (l ¼ 1:5418 Å). Optical absorption spectrum
was recorded in the wavelength range of 300–900 nm using UV–Vis–NIR spectrophotometer (Hitachi
3400). Surface morphology of the film was analyzed by a scanning electron microscope (JEOL JDX).
The electrochemical studies of the WO3/FTO thin films were carried out by scanning potentiostat (Bio
Analytical System make, BAS, USA: Model IM6) using 0.3 M LiClO4/PC solution. A platinum and a
saturated calomel electrode (SCE) were used as counter and reference electrode, respectively.

The Mott–Schottky studies were performed by employing SCE as a reference electrode and graphite
as counter electrode in 0.1 M Na2SO4 electrolyte solution. The capacitance versus voltage
measurements were carried out by using the LCR meter (VLCR7) and the corresponding voltages
were noted with respect to the SCE.

3. Results and discussion

3.1. Structural and surface morphological characterization

Fig. 1 shows the X-ray diffractogram of WO3 thin film deposited on glass substrate at 250 8C. The
diffraction peaks were indexed by using JCPDF data file (no. 83-0951). The diffractogram shows broad
peaks with highest intensity along (0 0 2) direction. Table 1 gives a comparison of observed data and
JCPDF data and they are in good agreement. The XRD data reveal the presence of single phase WO3.
The pre-dominant triplet, i.e., (0 0 2), (0 2 0), and (2 0 0) peaks confirm the monoclinic phase of the as-
deposited WO3 film, which indicate that the films do not need any post-heating/annealing treatment.
Regragui et al. [15] reported the spray pyrolyzed WO3 films are having monoclinic phase with
preferred growth along (2 0 0) textured orientation for a substrate temperature 300 8C and further
annealed at 500 8C. The lattice constants calculated from the positions of the peaks are found to be
a ¼ 7:3009(3) Å, b ¼ 7:5379(2) Å, and c ¼ 7:6889(3) Å. The larger full-width at half-maximum
(FWHM) observed for all the XRD peaks shows that the WO3 films have grains made of nano-
crystallites and the calculated crystallite size is of the order of 50 nm. The crystallite size of the film
was calculated by Scherrer’s formula [16] and their corresponding dislocation densities (d) are
estimated. Table 2 shows the calculated crystallite size and dislocation density with their corresponding
peak width (b) (FWHM) and ‘2y’ values.

The surface morphology of the WO3 film deposited at 250 8C is shown in Fig. 2. From SEM
micrograph, it is observed that the surface of the film is uniform and netted with crystal grains. The regular
distribution of grains all over the surface is attributed to the uniform temperature gradient maintained on
the substrate. Under such controlled heating and maintaining a constant temperature gradient, crack free
WO3 films could be formed even at a higher temperature of about 250 8C with device quality nature.
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3.2. Optical characterization

The intrinsic absorption in a semiconductor occurs in the vicinity of its energy band gap. The light
absorbed in an absorbing medium obeys the Lambert’s law given as [17,18]:

T ¼ e�at

Fig. 1. X-ray diffraction pattern for as-deposited WO3 thin film at 250 8C.

Table 1

Comparison of observed data with JCPDF data for monoclinic WO3 thin film

JCPDF ‘d’ value (Å) Observed ‘d’ value (Å) Miller indices

h k l

3.844 3.848 0 0 2

3.769 3.777 0 2 0

3.650 3.659 2 0 0

3.349 3.349 1 2 0

3.117 3.100 �1 1 2

2.691 2.695 0 2 2

2.622 2.629 2 2 0

2.177 2.161 �2 2 2

1.922 1.916 0 0 4

1.825 1.829 4 0 0

1.651 1.652 �1 4 2

1.611 1.610 �4 2 1

1.542 1.551 2 2 4
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where a is the absorption coefficient; T, fraction of transmittance and t, thickness of the film. The
optical absorption coefficient, a is related with the energy band gap and it is given by the following
equation [19]:

ahn ¼ Bðhn� EgÞn

where B is a constant; Eg, optical band gap energy and n is the exponent. For crystalline
semiconductors, n is 1/2, 3/2, 2, and 3 when the transition is direct allowed, direct forbidden, indirect
allowed and indirect forbidden, respectively. The plot of (ahn) against (hn) provides the nature and Eg

value of a particular semiconductor film.
Fig. 3 shows the optical absorption spectrum of spray deposited WO3 thin film recorded in the

wavelength range 300–900 nm. The absorption beyond 340 nm increases steeply confirming the highly
oriented and monophase nature of WO3. The variation of energy (hn) versus (ahn)1/2 is shown in Fig. 4.

Table 2

Calculated crystallite size and dislocation density for the monoclinic WO3 thin film

Bragg peak ‘2y’ (8) Peak width (FWHM) ‘b’ (8) Crystallite size (nm) Dislocation density d (	1014 m�2)

23.090 0.160 50.68 3.89

23.535 0.140 57.96 2.97

24.300 0.180 45.15 4.90

26.595 0.320 25.51 15.36

28.775 0.400 20.50 23.79

33.215 0.120 69.09 2.09

34.075 0.240 34.62 8.34

41.765 0.560 15.18 43.39

47.405 0.120 72.30 1.91

49.800 0.320 27.37 13.34

55.560 0.120 74.83 1.78

57.165 0.120 75.39 1.75

59.520 0.120 76.26 1.71

Fig. 2. SEM micrograph of WO3 thin film.
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Extra and linear portion seen in the high energy region of this curve shows the indirect transition nature
of the WO3 films prepared in the present work. Eg of the film has been obtained as 3.50 eV from the
intercept by extrapolating the linear portion. It is in good agreement with the value of 3.55 eV reported
earlier [15] for WO3 films prepared by spray pyrolysis technique.

Fig. 3. Optical absorption spectrum for WO3 thin film.

Fig. 4. Variation of energy (hn) vs. (ahn)1/2.
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3.3. Electrochromic characterization

The electrochromic properties of the WO3 electrodes were studied by recording the cyclic-
voltammograms (CV) of 0.3 M LiClO4 dissolved in PC electrolyte solution. The CV studies were
performed for both the as-deposited WO3 films and films stored for 24 h in the electrolyte.

The process of coloration and decoloration was observed during the cycling. This is attributed mainly
to the electrochemical process involved with the reaction represented by:

WO3 þ xLiþ þ xe� , LixWO3

This reaction confirms that the WO3 films have electrochromic properties, which is associated with the
electrochemical intercalation and deintercalation of Liþ ions and electrons into the WO3 lattice. The
experiments were recorded for different scan rates like 100, 200, and 300 mV/s in the electrolyte.
During coloration (i.e., cathodic scan) the WO3 film becomes blue color and turns into colorless during
the bleaching (i.e., anodic scan). The diffusion coefficients of Liþ ions during intercalation and
deintercalation can be calculated by employing the Randles–Servcik equation [12],

ip ¼ 2:72 	 105n3=2D1=2C0n1=2

where D is the diffusion coefficient of Liþ ions; n, scan rate; C0, concentration of active ions in the
solution; n, number of electrons and it is assumed to be 1 and ip is the peak current density (anodic ipa

and cathodic ipc). Figs. 5 and 6 show the CV curves recorded for the Liþ ion intercalation–
deintercalation process occurring in the as-deposited and WO3 film stored for 24 h in electrolyte,
respectively. Tables 3 and 4 show the various electrochemical parameters like scan rate, anodic peak

Fig. 5. Cyclic-voltammograms for as-deposited WO3/FTO thin films at different scan rates.
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current, cathodic spike current and diffusion coefficient extracted from Figs. 5 and 6, respectively. It is
observed that the magnitudes of both anodic peak current, ipa and cathodic spike current, ipc are
increased with the increasing scan rates and also the 24 h stored films in the electrolyte. This attributed
that the extent of Liþ ions intercalation and deintercalation increases in WO3 film with increasing scan
rate and also the stored films in the LiClO4�PC containing electrolytes.

Fig. 6. Cyclic-voltammograms for WO3/FTO thin films stored for 24 h in LiClO4 þ PC electrolyte at different scan rates.

Table 3

Electrochemical parameters of the as-deposited WO3/FTO thin film

Scan rate

n (mV/s)

Anodic peak

current ipa (mA)

Cathodic spike

current ipc (mA)

Diffusion coefficient

for ipaD (	10�11 cm2/s)

Diffusion coefficient

for ipcD (	10�11 cm2/s)

100 1.12 2.18 1.88 7.13

200 1.4 2.4 1.47 4.32

300 1.6 2.58 1.28 3.33

Table 4

Electrochemical parameters of WO3/FTO thin film stored for 24 h in the LiClO4 þ PC electrolyte

Scan rate

n (mV/s)

Anodic peak

current ipa (mA)

Cathodic spike

current ipc (mA)

Diffusion coefficient

for ipaD (	10�11 cm2/s)

Diffusion coefficient

for ipcD (	10�11 cm2/s)

100 1.24 2.35 2.30 8.29

200 1.58 2.7 1.87 5.47

300 1.8 2.88 1.62 4.15
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The diffusion coefficient (D) value of an ion in a particular semiconductor crystal lattice is an
important factor in the electrochromic studies. In the present case, during the intercalation and
deintercalation process the calculated D values vary from 1:28 	 10�11 to 8:29 	 10�11 cm2/s for both
the as-deposited and WO3 films stored for 24 h in the electrolyte. Baudry and Aergerter [20] reported a
value of D ¼ 2:5 	 10�11 cm2/s for vacuum evaporated WO3 films cycled in lithium ion containing
electrolyte. Diffusion coefficient values for the Hþ ion intercalation and deintercalation process
using different concentrations of H2SO4 electrolyte were of the order of ð0:8�2:7Þ 	 10�11 and
ð1:35�3:10Þ 	 10�11 cm2/s for spray pyrolyzed [12] and electrodeposited [6] WO3 films, respectively.
Generally for Liþ ion, the value of D is of the order of 10�11 cm2/s for the oxide films produced under
normal conditions [21]. It is concluded that the extracted D values in the present work are in agreement
with the earlier reports. From the electrochemical analysis it is observed that the films have changed
their colors (blue $ colorless) in accordance with the applied external potential (i.e., with the
coloration–bleaching process). Also the films have the capability to with stand in the electrolyte
through out the entire scan rates; it confirms the better reversibility of the films in the electrochromic
coloration–decoloration process. From this, WO3 films prepared in the present work will be suitable to
develop a low cost electrochromic device.

3.4. Electrochemical characterization of semiconductor/electrolyte interface

The semiconducting properties of the films were analyzed and the related parameters have been
calculated by using the Mott–Schottky studies. It is found that the capacitance is inversely proportional
to the applied electrode voltage. The Mott–Schottky plot (1/C2 versus VSCE) of WO3/FTO electrode in

Fig. 7. Mott–Schottky plot (1/C2 vs. VSCE) for WO3 electrode.
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0.1 M Na2SO4 solution is shown in Fig. 7. From the slope it is found that the WO3 film belongs to n-
type semiconductor, which is supported by the earlier work [22]. The flat-band potential (Vfb)
calculated from the M–S plot (intercept of the straight line along voltage axis) is 0.35 VSCE. Su et al.
[23] reported a value of Vfb ¼ 0 V (with respect to AgCl reference electrode) for electrodeposited WO3

film in LiClO4 þ PC electrolyte solution. The value of Vfb ¼ 0:15 and 0.04 VSCE for spray deposited
and post-heated WO3 film was reported by Patil and Patil [14,22] in Na2SO4 electrolyte. It is concluded
that the flat-band potentials of the WO3/FTO electrodes show scattered values depending on the
electrolytes, which were used for M–S studies, the conditions and the methods of preparation of the thin
film electrodes. The donor density, ND (concentration of carrier, i.e., electron) calculated from the slope
of the straight line region in the M–S plot is 1:45 	 1020 cm�3 and it is well agreed with the values
reported by Su et al. [23] (ND ¼ 1:4 	 1020 cm�3) and by Patil and Patil [22] (ND ¼ 2 	 1020 cm�3).
This is also found in good agreement with the ND values of 6:4 	 1020 and 12:3 	 1020 cm�3 for
illumination with 375 and 425 nm incident light, respectively, reported by Patil and Patil [14].

4. Conclusions

The highly oriented, monoclinic n-type WO3 thin films were deposited by the spray pyrolysis
technique onto the glass and FTO coated glass substrates. XRD studies reveal the polycrystalline nature
of the films. From the optical studies, it is observed that the deposited films possess wide band gap
nature and show sharp absorption behavior in the UV region. The sharp absorption in the UV region
confirms the formation of monophase and well oriented crystal lattice. It is observed that the extent of
Liþ ions intercalation and deintercalation increased in the WO3/FTO films with increasing scan rate
values and also with the storage time of the films in LiClO4 containing electrolyte. The perfect
coloration–bleaching characteristics observed in the deposited films indicate that the film can be used
for efficient electrochromic devices.
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