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Abstract

Tungsten oxide (WO3) films prepared by annealing electrochemically anodized metallic tungsten (W) films deposited by radio-

frequency sputtering were characterized. Tungsten oxide films of various morphology, crystallinity, and porosity can be prepared by

carefully altering the anodization time (20–50 min) and annealing temperature (450–550 1C). The film obtained after 40 min of

anodization, and that annealed at 500 1C shows the best electrochromic performance with optical modulation of 43.6% and coloration

efficiency of 42.8 cm2/C. The effects of anodization time and annealing temperature on microstructure and electrochromic properties

were addressed.

& 2012 Elsevier Ltd and Techna Group S.r.l. All rights reserved.

Keywords: Tungsten oxide film; Electrochemical anodization; Electrochromism
1. Introduction

Electrochromism refers a reversible and persistent change
of optical properties of a material induced by the applica-
tion of an external voltage, and is an active area of basic
and applied research in last few decades. Tungsten trioxide
(WO3) has received considerable attention among research-
ers because of its versatility in applications in electrochromic
(EC) devices [1–9], EC displays [10–12], smart windows
[13–16], self-dimming rear mirrors [17] and other applica-
tions such as gas sensors [18,19], photocatalytic systems [20],
photovoltaic devices and photo-electrochemical devices
[21,22]. Many transition metal oxides such as tungsten,
nickel, iridium, vanadium, titanium, cobalt and molybde-
num, show EC properties [23, 24]. However, WO3 is a key
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material of choice because of its multiple valence states,
high coloration efficiency, good stability and its application
in EC device has been reviewed extensively [5,25–27].
It is well known that the electrochromism of WO3 is

caused by the double injection/extraction of electrons and
ions, which modify the band structure of WO3 and change
the film color. There is a significant variation in the EC
property with the variation in the crystallinity of WO3. For
example, crystalline and ordered WO3 structures may be
considered to show better device property [4,9], and in
nanostructured form having large surface area and porous
structure, it is expected to show a significantly improved
EC property [28]. Apart from that the electrochromic
properties of WO3 films are influenced by microstructure,
porosity, chemical composition, as well as the synthesis
process [29]. Various synthesis strategies have been realized
for the fabrication of WO3 thin films such as sputtering
[30], pulsed laser deposition [31], thermal evaporation [32],
chemical vapor deposition [4,33], electrodeposition [2],
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sol–gel synthesis [34–37], hydrothermal method [38–40]
and electrochemical anodization of tungsten foils and films
[41–43]. Amongst those methods, electrochemical anodiza-
tion process is advantageous in producing ordered nano-
porous structures having high surface to volume ratio and
enhanced electro-optical properties and the anodized
surfaces have great potential for the fabrication of optical
and electronic devices. Nah et al. [41] prepared porous
WO3 films by anodizing W foil and obtained higher
photoelectrochemical current, as compared with sputtered
WO3 film. Watcharenwong et al. [43] described the synth-
esis of WO3 by electrochemical anodization in different
anodization media and at different applied voltages,
showing enhanced photocatalytic activity. Recently, Zhang
et al. [8] have prepared porous WO3 films by electroche-
mical anodization with direct current (DC)-sputtered
W film as the initial material and found improved electro-
chromic performance. However, the effects of processing
parameters on the structure and electrochromic properties
remained ambiguous. The present study investigates the
effects of anodization time and annealing temperature on
the microstructure and electrochromic properties of
WO3 films.
2. Experimental details

The thin film preparation involved a three-step process:
(i) deposition of metallic tungsten (W) film on indium tin
oxide (ITO) coated glass by radio-frequency (RF) sputtering,
(ii) electrochemical anodization of metallic W film, and
(iii) annealing of anodized W film. Metallic W films were
deposited onto an ITO/glass substrate (15 O/sq., AimCore
Technology Co., Ltd, Taiwan) by RF magnetron sputtering
using a W target (99.95% purity, 2 in. diameter). The vacuum
chamber was pumped to a base pressure of o2.6� 10�4 Pa
and pre-sputtering was performed at 25 W for 10 min to clean
the target surface prior to deposition. The W films were
deposited at a working pressure of 6.65 Pa with a power of
75 W. During deposition, the substrate was heated to 300 1C
and positioned at a distance of 7 cm vertical to the target.
Electrochemical anodization was performed using a DC
Table 1

Sample codes and electrochromic properties of WO3 films fabricated w

Sample code Anodization

time (min)

Annealing

temperature

(1C)

n550 rrel (%)

Variation of annealing temperature (anodization time fixed)

TO1 40 450 1.53 55.4

TO2 40 500 1.67 65.2

TO3 40 550 1.76 70.7

Variation of anodization time (annealing temperature fixed)

TO4 20 500 1.84 75.1

TO5 50 500 1.68 65.8

Tb and Tc: transmittance values of films at bleached and colored state

DT633: difference of transmittance between bleached and colored states
power supply (Agilent 6634B, USA) with an applied voltage
of 60 V with a conventional cathode–anode configuration
[8,42], where the working electrode was the as-deposited W
film and the counter electrode was Pt foil. The anodization
duration was varied from 20 to 50 min. After anodization
treatment, the as-anodized films were annealed at various
temperatures (450, 500, and 550 1C) for 4 h in the ambient
atmosphere. The heating/cooling rate was fixed at 5 1C/min.
Experiments were carried out by varying the anodization time
and annealing temperature to determine their effects on the
microstructure and electrochromic properties of WO3 films.
Five WO3 films, namely TO1, TO2, TO3, TO4, and TO5
(TO—tungsten oxide), were used. Table 1 summarizes the
details of the samples and their corresponding processing
parameters.
The crystalline structure of as-deposited, as-anodized,

and annealed films were examined by X-ray diffraction
(XRD, Rigaku Multiflex 2 kW, Japan) with Cu Ka radia-
tion (l¼1.54 Å) and Raman spectroscopy (Labram HR,
Jobin–Yvon, France) with 633 nm laser as the excitation
source. The surface morphology and cross-sectional view
of annealed WO3 films were examined by field-emission
scanning electron microscopy (FE-SEM, Hitachi S4800,
Japan). The refractive index of WO3 film was measured by
n & k analyzer 1280 (n & k Technology, Inc., USA) and
used to calculate the relative density of the film by
Lorentz–Lorenz formula [44,45]:

rrel ¼
rf
rb
¼

n2
bþ1

� �
n2
f�1

� �

n2
b�1

� �
n2
f þ1

� �

where rrel is the relative density, rf is the film density, rb is
the bulk density, nb is the bulk refractive index of WO3 at
550 nm and is equal to 2.5, and nf is the refractive index of
WO3 film. The electrochromic properties were investigated
by ultraviolet–visible (UV–vis) spectroscopy and a poten-
tiostat. The transmission spectra of bleached and colored
states of WO3 films were examined by a UV–vis spectro-
photometer (V650, Jasco, Japan). The coloration/bleach-
ing reactions were performed by applying a step potential
of �1/1.5 V for 3 min with a potentiostat (PAR VersaStat II,
Princeton Applied Research, USA) in a three-electrode
ith various anodization times and post-annealing temperatures.

Tb at 633 nm Tc at 633 nm DT633 Coloration

efficiency

(cm2 C�1)

66.5 43.8 22.7 40.5

56.9 13.3 43.6 42.8

41.2 11.7 29.4 19.1

36.2 5.6 30.6 31.5

57.7 29.2 28.5 20.4

s, respectively.

.
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Fig. 2. Raman scattering spectra of WO3 films anodized for 40 min and

annealed at (a) 450, (b) 500, and (c) 550 1C.
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configurations, where the working, counter, and reference
electrodes were the WO3 film, Pt foil, and a saturated
Ag/AgCl electrode, respectively. The cyclic voltammograms
were obtained in the same electrode configuration in the
potential range of �1 to 1.5 V with a scan rate of 50 mV/min.
The electrolyte was 1M LiClO4/propylene carbonate solution.

3. Results and discussion

The as-prepared tungsten film had a metallic sheen and
did not show any electrochromic behavior. After anodiza-
tion, the color of the tungsten oxide film changed to pale
brown, showing limited transmittance (o20%) and poor
electrochromic performance in the visible range. A similar
trend has been previously reported [8].

X-ray diffraction (XRD) was used to investigate the
phase formation and crystallographic structure of WO3

films at various stages (as-deposited, as-anodized, and
annealed films) of processing. Fig. 1a shows the XRD
pattern of the as-deposited film of metallic tungsten
(JCPDS 04-0806). After anodization, crystalline W was
oxidized but the absence of any diffraction peaks in Fig. 1b
reveals that the film transformed into amorphous tungsten
oxide. The films became crystalline after annealing at 450,
500, and 550 1C, as shown by the sharp diffraction peaks
of monoclinic tungsten trioxide (JCPDS 43-1035) in
Fig. 1c, d, and e, respectively. The structure is similar to
that reported in the literature [46]. It should be pointed out
that although the same crystalline phase was observed, the
intensity ratio between (002) and (200) peaks increased
with increasing annealing temperature.

Fig. 2 shows the Raman spectra of WO3 films annealed
at 450, 500, and 550 1C, respectively (anodization time is
40 min). The spectra show the presence of very distinct
Raman peaks at wave-numbers of 273, 328, 715, and
807 cm�1 for all annealed WO3 films. The characteristic
positions of these peaks are in agreement with the
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Fig. 1. XRD patterns of (a) as-deposited W film, (b) as-anodized WO3

film, and WO3 films anodized for 40 min and annealed at (c) 450, (d) 500,

and (e) 550 1C.
fundamental mode of vibrations corresponding to the
monoclinic phase of WO3 [47]. A careful observation
reveals that there is systematic increase in the intensity of
the Raman peaks with increasing annealing temperature.
This indicates that the crystallinity of WO3 films was
improved by annealing at higher temperature, which agrees
well with XRD results.
Fig. 3 shows FE-SEM images of as-anodized and

annealed WO3 films. The W film after anodization has a
porous microstructure (pore diameter �100 nm) formed by
irregularly shaped grains. The thickness of the pore wall was
estimated to be in the range of 40–80 nm. A similar wall size
has been reported previously [8,41,43]. A significant change
in the microstructure of WO3 films was observed with
increasing the annealing temperature. There was a gradual
increase in the grain size and neck formation which may
be attributed to the grain growth caused by sintering. The
morphology of WO3 films annealed at 450 1C (Fig. 3b)
shows a porous microstructure with elongated grains.
Similar microstructures were observed for all WO3 samples
annealed at 500 1C, as shown in Fig. 3c. The morphology of
the WO3 film annealed at 550 1C (Fig. 3d) shows a plate-like
structure, which is due to the obvious sintering effect at
higher annealing temperature.
The as-deposited tungsten film and as-anodized tungsten

oxide films showed a poor electrochromic property. Fig. 4
shows the transmission spectra of WO3 films annealed at
450, 500, and 550 1C, respectively (anodization time is
40 min). The solid and dotted lines represent the bleached
and colored states, respectively. Optical modulation is the
difference between the transmittance for bleached and
colored films at 633 nm, and was estimated from the
transmission spectra. The WO3 film annealed at 500 1C
had the largest optical modulation (43.6%) and that
annealed at 550 1C had the lowest value (22.7%). The
coloration efficiency (CE) is an important measure of the
performance of electrochromic materials. It is calculated
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Fig. 3. SEM images of (a) as-anodized WO3 films and films annealed at (b) 450, (c) 500, and (d) 550 1C (all samples were anodized for 40 min). Insets

show the corresponding SEM cross-section images.

200 300 400 500 600 700 800 900
0

10

20

30

40

50

60

70

80

Tr
an

sm
itt

an
ce

 (%
)

Wavelength (nm)

 450
 450
 500
 500
 550
 550

Fig. 4. Transmission spectra of bleached state (solid lines) and colored

state (dashed lines) of WO3 films anodized for 40 min and annealed at
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by following equation [48],

CEðZÞ ¼ DODðlÞ= q=A
� �

¼ log Tb=Tc

� �
= q=A
� �

where Tb and Tc are the transmittance values of the WO3

films in the bleached and colored states, respectively. The CE
at a given wavelength is the variation of the optical density
(DOD) for the charge (q) applied per unit electrode area (A).
Table 1 shows the values of CE obtained for WO3 films
annealed at 450, 500, and 550 1C respectively. The film
annealed at 500 1C shows the highest CE (42.8 cm2 C�1).
Generally, the electrochromic performance of tungsten oxide
films is affected by several factors, including crystallinity,
microstructure, and surface morphology. The as-anodized
film was amorphous (Fig. 1a) and showed poor electro-
chromic performance, which was improved by post-
annealing treatment. The enhancement of electrochromism
for tungsten oxide films annealed at 450, 500, and 550 1C
can be attributed to the improvement in crystallinity [47].
The surface morphology, however, was different due to the
sintering effect. The structures, shown in Fig. 3b, c and d for
WO3 films are annealed at 450, 500, and 550 1C, respectively,
influence the diffusion of Liþ ions within the electrochromic
material and thus affects the electrochromic property. The
pore structure of the 500 1C-annealed WO3 film exhibits the
optimal pore network for the diffusion of Liþ ions and
possesses the superior electrochromic property.
In order to optimize the electrochromic performance the

anodization time of WO3 film was varied and the anneal-
ing temperature was fixed at 500 1C. The samples were
characterized using XRD, SEM, refractive index, and
Raman analysis. Fig. 5 shows the transmittance spectra
at colored and bleached states for porous WO3 films
anodized for 20, 40, and 50 min, respectively, and annealed
at 500 1C. The coloration efficiency and optical modula-
tion were estimated. The results are listed in Table 1. The
WO3 film anodized for 40 min exhibited the best electro-
chromic performance, with a high optical modulation
(DT633—43.6%). This value is higher than those for WO3

films anodized for 20 min (30.6%) and 50 min (28.5%).
The coloration efficiency of the WO3 film anodized for
40 min (42.8 cm2 C�1) is significantly higher than those of
films anodized for 20 min (31.5 cm2 C�1) and 50 min
(20.4 cm2 C�1) even though these films have similar
morphologies. Furthermore, the film relative density of
WO3 films, calculated by Lorentz–Lorenz formula is
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shown in Table 1, decreases with the increase of anodiza-
tion time as well as the decrease of annealing temperature.
The relative density of TO2 shows the lowest value,
65.2%., as compared to TO4 and TO5, and may result
in the difference of DT633.

The stability of TO2 was examined by cyclic voltammetry
(CV) tests for up to 1000 cycles in the applied voltage range
of �1 to 1.5 V and Fig. 6 shows the results. It is noted that
the TO2 exhibits the smallest loop area at the 2nd cyclic
voltammograms that increased gradually with the increasing
cycle number, reached its maximum at the 100th cycle, and
decreased slightly thereafter. This indicates that the inser-
tion of lithium ions may expose more active sites of the
porous structure during cyclic voltammogram [49,50]. At
the end of 1000 test cycles, the CV curve of TO2 did not
show obvious variation. Only a slight decrease in the loop
area and an anodic peak shift from 0.2 to 0.3 V was noticed.
4. Conclusion

Porous tungsten oxide films were prepared by the
electrochemical anodization of RF-sputtered tungsten
films. Annealed tungsten oxide films exhibited the mono-
clinic tungsten trioxide phase. The film morphology and
crystallinity were influenced by the annealing temperature
and porosity. The sintering effects include grain growth
and neck formation. With increasing anodization time, the
porosity of WO3 film increased, but the crystallinity
decreased. The WO3 film anodized for 40 min and
annealed at 500 1C exhibited the optimal pore structure
for Liþ ion diffusion and thus the best electrochromic
performance.
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