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ABSTRACT
Tungsten oxide (WO3) thin films were prepared on the GLAD DC magnetron 
sputtering (GDMS) and substrate angles were varied from 70° to 80°. The WO3 
thin films were deposited at room temperature (RT) on corning glass (CG) and 
fluorine-doped tin oxide (FTO), and substrates and annealed at 400 °C/2 h. The 
XRD, Uv–Vis spectrometer, and electrochemical analyzer were used to determine 
the structural, optical, and electrochromic (EC) properties. According to an XRD 
study, RT-deposited samples were amorphous, but annealed samples displayed 
crystalline structures. The optical transmittance of RT and annealed samples var-
ied from 59 to 71% and 14 to 28% respectively. The colored/bleached ability of the 
cyclic voltammograms was RT samples shows greater than in annealed samples. 
Since the coloration ability and diffusion coefficient of WO3 RT samples show 
greater than annealed samples.
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1 Introduction

WO3 is a transition metal oxide material and it is an 
n-type semiconductor material bandgap of 2.6–3 eV 
and it is best for EC applications [1–3]. WO3 has been 
drawn to its high coloration efficiency, high chemi-
cal stability, fast switching kinetics, and good elec-
trochemical activity. It is possible to flip between the 
transparent and dark blue states optically when ions 
and electrons are simultaneously intercalation and de-
intercalation. The following Eq. (1) could be used to 
describe the EC mechanism of WO3 films.

where WO3 is EC layer, M+ are K+, Li+, Na+ and H+. e-is 
the no of electrons. Other applications are solar cells 
[4], photodetectors [5], sensors for toxic gases [6], and 
ozone detectors [7]. Various deposition methods have 
successfully fabricated the Tungsten oxide (WO3) thin 
film such as DC/RF magnetron sputtering [8–17], Elec-
tron beam evaporation [18, 19], Thermal evaporation 
[20], GLAD [21] and hydrothermal process [22–27], 
Among the aforementioned methods, Glancing Angle 
Deposition (GLAD) is thought of as a flexible vapor-
deposition method to regulate the various nanostruc-
tures by adjusting the substrate angle and revolution 
with relation to incoming vapour flux. The depos-
ited films display various morphologies, displaying 
various physical and optical properties, depending 
on the revolution speed and substrate angle. GLAD 
Technique is the best for growing nanorods, nano-
structures, zigzag columns, and nano springs [28]. 
The growth of WO3 nanostructures from micro to 
nanoscales can be regulated using the GLAD depo-
sition method. The density, shape, and size of nano-
columnar structured WO3 films are controlled by the 
GLAD sputtering approach by modifying the process 
parameters [29–31]. The surface area for ion transport 
and electron intercalation/deintercalation is increased 
in nanostructured WO3 films, which also have higher 
colouring efficiency, greater optical contrast ratio, and 
faster switching speed [32]. Yuan et al. have reported, 
the amorphous as-deposited films shown a high col-
ouring efficiency and stable reversibility in compari-
son to annealed WO3 porous nanostructured films. 

(1)WO
3
+ xM

+
+ xe

−
= M

x
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3

They concluded that amorphous films exhibit greater 
colouring efficiency and larger optical modulation at 
500 nm thickness [33]. Rydosz et al. were deposited the 
WO3 thin films using GLAD method at various sub-
strate angles with constant power. As can be observed, 
the optical parameters such as transmission and 
reflections change after annealing [34]. Steele, Brett 
has reported explaining the fabrication of advanced 
nanostructures with the GLAD technique [35]. The lit-
erature concludes that the nanostructured films show 
a stability, high diffusion coefficient, higher coloration 
efficiency and fast response than denser films.

In this paper, WO3 films were deposited by using 
the GDMS at RT and substrate angles were varied 
from 70° to 80° and annealed at 400 °C/2 h. Optical, 
structural, and EC properties were determined by 
using a Uv–Vis spectrometer, XRD and an electro-
chemical analyzer.

2 �Experimental details

WO3 films were coated on CG and FTO substrates by 
using the GDMS. FTO and CG substrates were washed 
ultrasonically and dried with nitrogen gas. The sput-
tering chamber was evacuated 2 × 10–6 mbar by using 
the backing pump as a turbo molecular pump con-
nected to a mechanical pump as a rotary pump. The 
reactive chamber’s target was a 3-inch-diameter pure 
tungsten metal disc. In the chamber, the flow rates 
of pure oxygen as the reactive gas and argon as the 
working gas were maintained at 6 sccm and 25 sccm, 
respectively. The distance from the substrate to the 
metal target (9 cm), and the DC power were all held 
constant in this experiment. The only variable was the 
substrate angle, which varied from 70° to 80°. Both the 
base vacuum and the deposition vacuum were kept 
at 2 × 10–6 mbar and 1 × 10–2 mbar, respectively. The 
tungsten metal target was pre-sputtered in an argon 
environment for 10 min to get rid of the contaminants 
that had been adsorbed before sputtering. WO3 films 
were deposited at RT and annealed at 400 °C/2 h at 
different substrate angles from 70° to 80°.
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3 �Results and discussion

3.1 �Structural properties

The XRD plots of WO3 films were deposited on CG 
substrates by using the GDMS at different substrates 
angles from 70° to 80° are shown in Fig. 1. Figure 1a 
shows the XRD pattern of the room temperature-
deposited sample. Since no heating was applied dur-
ing the preparation process, the tungsten ions com-
bined with the oxygen ions at a lower energy level 
and reached the substrate surface. This resulted 
in the broad peaks that were seen in the XRD data, 
which confirms the film’s amorphous nature. Fig-
ure 1b shows the annealed samples with a crystalline 

structure and the majority of the peaks have a mono-
clinic crystal structure. The crystalline Peak intensi-
ties are (002), (112), (220), and (212) in the 2 � = 23.50°, 
28.36°, 34.89°, and 37.78° [36] respectively.

3.2 �Optical properties

The transmittance spectra of WO3 films deposited on 
FTO and CG substrates by using the GDMS technique 
at different substrates angles from 70° to 80° are shown 
in Fig. 2. The transmittance spectra of RT samples 
show high transmittance of 58 to 72% (at λ = 600 nm) 
and annealed samples show less transmittance of 13 to 
29% (at λ = 600 nm). The RT-deposited samples were 
showing more transmittance compared to annealed 

Fig. 1   XRD samples of a RT and b annealed WO3 films

Fig. 2   Optical transmittance spectra of WO3 films a RT and b 
annealed
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samples. This is because RT samples have a more 
porous structure compared to the annealed samples.

3.3 �Electrochromic properties

The EC properties of WO3 films have been performed 
by using an electrochemical analyzer sp300 and which 
contains working, reference, and counter electrodes. 
Cyclic voltammograms (CV) of WO3 films deposited 
at RT and annealed at 400 °C/2 h samples are shown 
in Fig. 3. The WO3 films as the working electrode, Pt 

as a counter electrode, and Hg/HgCl is a reference 
electrode. The electrolyte solution of 0.5 M H2SO4 was 
prepared. By applying voltages between − 0.5 V to 1 V 
and Voltage scan rate was maintained at 10 mV/s for 
all RT and post-annealed samples CV curves show 
when negative potential (− 0.5 V) was reached the H+ 
ions were intercalated into the Active electrode area 
of WO3 (EC layer) thin films. During this time color 
of the WO3 thin film will change from transparent 
to blue color and optical transmittance was very less 
because more H+ ions are accommodated in the WO3 
(EC layer) thin film. Again, when positive potential 
(1 V) was reached the H+ ions were de-intercalated 
into the active electrode area of WO3 (EC layer) thin 
films. During this time color of the WO3 (EC layer), 
thin-film will change from blue color to transparent 
and optical transmittance was high, because fewer H+ 
ions are accommodated in the WO3 (EC layer) thin 
film. RT sample at GLAD angle 76° shows that more 
H+ ions were intercalated and de-intercalated because 
the surface-to-volume ratio is more and porosity also 
more. An annealed sample at a GLAD angle 76° shows 
that more H+ ions were intercalated and de-interca-
lated because the surface-to-volume ratio is more and 
porosity also more compared to other GLAD angles. 
RT samples show high oxidation and reduction peak 
currents compared to annealed samples. The reason 
was that RT samples show a highly porous structure 
compared to annealed samples. It can be expected 
from the above results that RT samples show high 
transmittance due to being more porous and annealed 
samples show less transmittance due to less porosity. 
Figures 4 and 5 shows the optical transmittance spec-
tra of the as-deposited, colored and bleached state of 
WO3 thin films deposited by various substrate angles 
from 70° to 80°. GLAD Angle 76° shows the transmit-
tance of RT and bleached states are nearly the same 
due to high porosity. Optical transmittance spectra of 
annealed samples show the transmittance of RT and 
bleached states are nearly the same for all glad angles. 
Because after annealing the porosity will decrease for 
all glad angles and its forms a dense film with less 
porosity.

Figure 6 shows the coloration efficiency (CE) of 
WO3 films on variation in wavelength and comparison 
between RT and annealed samples at various GLAD 

Fig. 3   Cyclic voltammetry curves of WO3 films a RT and b 
annealed
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angles. In RT samples GLAD angle 76° shows a high 
CE from 54.5 cm2/C (at λ = 600 nm) compare to all 
GLAD angles and in annealed samples GLAD angle 

76° shows a high CE from 28.8 cm2/C (at λ = 600 nm) 
compare all GLAD angles. Diffusion coefficient vs 
GLAD angles are shown in Fig. 7 and charge vs time 

Fig. 4   Transmittance spectra of bleached, as deposited, and colored states of WO3 films deposited at RT a 70°, b 72°, c 74°, d 76°, e 
78°, f 80°
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Fig. 5   Transmittance spectra of bleached, as deposited, and colored states of WO3 films annealed at 400 °C a 70°, b 72°, c 74°, d 76°, e 
78°, and f 80°
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is shown in Fig. 8. Diffusion coefficient means how 
many H+ ions are intercalated and de-intercalated in 
the EC layer and how the charge was varying in the 
intercalation and de-intercalation process. The calcu-
lated diffusion coefficient of nanocolumnar structured 
WO3 thin film for RT and annealed samples is shown 
in Table 1. Obviously, the film with a nanocolumnar 
structure has a greater Hydrogen ion diffusion coef-
ficient, which may be attributed to the large specific 

surface area and shorter pathway. RT samples show 
the nanocolumnar structured WO3 thin film with a 
larger Hydrogen ion diffusion coefficient has higher 
capacity when colored/bleached at higher rates and 
possesses fast response performance compared to the 
annealed samples.

3.4 �Surface analysis

The SEM images of WO3 films were deposited on CG 
substrates by using the GDMS at a substrate angle 
of 76° as shown in Fig. 9. Figure 9a, b show the sur-
face and crossectional images of WO3 films deposited 

Fig. 6   CE of WO3 samples for all GLAD angles a RT and b 
Annealed

Fig. 7   Diffusion coefficient of WO3 samples for all GLAD 
angles a RT and b annealed
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at a substrate angle of 76° at RT and thickness were 
maintained at 500  nm. The RT-deposited samples 
were shown porous structure compared to Fig. 9c, d 
annealed samples. The RT WO3 film’s distinct micro-
structure efficiently increases the electrode/electrolyte 
contact areas and facilitates the transfer of electrons 
and ions during the EC process. Along with the tem-
perature increasing, the surface morphologies of the 
films change significantly. Compared to the as-depos-
ited sample, the columns are more closely packed, and 
the porosity of the sample reduces at the annealing 
temperature of 400 °C [34]. From the Figs. 9a and b, 
Fig. 9a shows the more porous structure due to this 
most of the electrolyte reacts with the WO3 material 
and Fig. 9c shows after the annealing the columns 
are more closely packed, and the porosity of the sam-
ple reduces to this less electrolyte is reacted to the 
WO3 material.

4 �Conclusions

WO3 films were obtained from the GLAD DC mag-
netron sputtering deposition method and substrate 
angles were varied from 70° to 80°. The tungsten oxide 
(WO3) thin films were deposited on FTO and CG sub-
strates.WO3 films were deposited at RT and annealed at 
400 °C/2 h. The structural, optical, and electrochromic 
properties have been studied systematically. According 
to the XRD data, RT-deposited samples exhibit an amor-
phous nature, while annealed samples exhibit a crystal-
line structure. Compared to the RT samples annealed 
samples transmittance is decreased. The coloration 

Fig. 8   Charge vs time of WO3 samples for all GLAD angles a 
as-deposited b Annealed

Table 1   Ions Intercalation 
and de-intercalation diffusion 
rates of WO3 films for RT 
and annealed samples

Glad angles Ion diffusion coefficient (cm2 s−1) of RT 
samples

Ion diffusion coefficient (cm2s−1) of 
annealed samples

Intercalation De-intercalation Intercalation De-intercalation

70° 2.898E−9 9.346E−9 3.284E−10 2.2292E−9
72° 6.106E−9 1.125E−8 2.189E−10 1.783E−9
74° 7.775E−9 1.379E−8 1.354E−10 1.512E−9
76° 6.950E−9 1.150E−8 3.862E−10 2.378E−9
78° 7.997E−9 9.299E−9 2.390E−10 1.6728E−9
80° 2.898E−9 9.346E−9 3.176E−10 2.105E−9
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efficiency and diffusion coefficient were higher for both 
RT and annealed films deposited at G-76°.
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