Structural and mechanical properties of
nanostructured tungsten oxide thin films
M. M. Hasan*1, A. S. M. A. Haseeb2 and H. H. Masjuki2
This study presents structural and mechanical properties of WO3 thin films deposited on glass
substrates at different temperatures by radio frequency reactive magnetron sputtering. WO3 films
deposited at temperatures up to 200uC are found as amorphous, but crystalline at 300 and 400uC.
Chemical analysis reveals the overstoichiometry of the films. The diffusion of sodium ions from
glass substrates occurs at higher temperatures. The adhesion critical loads of WO3 films
deposited at room temperature and at 200, 300 and 400uC are found to be 670, 990, 1080 and
830 mN respectively using microscratch tests with a 25 mm probe. Scratch hardness increases
with the rise of temperature. The depth of penetration and wear track width decrease with
temperature, indicating an improved penetration and wear resistance at temperatures up to
300uC. Scanning electron microscopy images reveal that the coatings fail due to wedge and
recovery spallation during scratch and wear tests respectively.
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Introduction
Tungsten trioxide (WO3) is a wide band gap metal oxide
semiconductor having outstanding properties for a variety
of applications including electrochromic materials1–6
and gas sensors.7,8 WO3 films also possess hydrophilic,9
gasochromic10 and photochromic properties.11 Tungsten
trioxide is one of the most widely studied electrochromic
materials used as films. A promising application for these
coatings is a switchable glazing for a smart window, which
can save energy for air conditioning. Recently, WO3 films
have been considered for use as dielectric layers in
multilayer heat mirror coatings on building and automotive glasses.12 For most of these applications, thin films
of WO3 with nanometre thickness are usually deposited
onto glass or polymeric substrates. A variety of conventional deposition methods have been used to prepare WO3
films, such as dc or radio frequency (rf) magnetron
sputtering,4,5,13–19 sol–gel methods,6,20,21 plasma spraying
method,7 chemical vapour deposition methods,11,22,23
electron beam evaporation,24,25 thermal evaporation12,14
and hydrothermal methods.2
Sputter deposition technique is popular to produce
adherent and uniform film over wide areas with better
stoichiometric control. A number of studies on the
deposition of WO3 films by sputtering appear in the
literature recently.4,5,13–19 Most of the studies investigated electrochromic and gas sensing properties of WO3
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films. As the films are exposed to adverse environments,
scratch and wear resistance play a significant role for
their mechanical stability and durability. Few reports
are available in the literature on the hardness, scratch
resistance and wear behaviour of WO3 films.13–16,25–27
These studies attempted to evaluate mechanical and
tribological properties of WO3 films deposited mostly on
metal substrates prepared by a variety of deposition
techniques. Few reports are found to study tribological
behaviour of WO3 films deposited on metallic substrates
using ball on plate or pin on disc tests.14,25,26 These
studies evaluated mechanical and/or tribological properties for tungsten oxide films of micrometre scale
thickness using micro- and macroscale measurements.
Maillé et al.13 reported hardness of rf sputtered WO3
films with a nanoscale thickness of 350 nm deposited on
silicon substrates using nanoindentation technique. The
adhesion critical loads were reported for WO3 films
deposited on high speed steel using dc reactive magnetron sputtering.14–16 In these works, a conventional
scratch testing machine with an indenter tip radius of
200 mm was employed to evaluate adhesion critical loads
of micrometre scale films. Evaluation of mechanical
properties of such thin films requires measurement
techniques with control capability. Besides, a majority
of the transparent functional tungsten oxide films are
necessarily deposited on glass substrates as thin films.
The investigations dealing with the mechanical properties of tungsten oxide thin films on glass substrates are
scarce in the literature. From the past literatures, the
mechanisms of wear and coating failures using SEM
observations are also found scarce for tungsten oxide
films.
Hence, in order to predict the durability of thin tungsten
oxide films on glass substrate and a coating/substrate
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1 X-ray diffraction patterns of WO3 ﬁlms deposited at
different substrate temperatures

system of great practical interest, it is important to have
adequate data on their mechanical properties. In the
present work, tungsten oxide thin films have been
deposited on glass substrates by rf reactive magnetron
sputtering at a constant sputtering pressure of 2 Pa. The
main objective of this study is to evaluate mechanical
properties such as scratch adhesion and wear resistance
for WO3 thin films deposited at different substrate
temperatures on glass substrates. The effects of substrate
temperatures on the structural properties have also been
evaluated. In the present work, the mechanisms of wear
and coating failures have been investigated under SEM as
well.

Experimental
WO3 thin films were deposited on microscope glass
slides at room temperature and at 200, 300 and 400uC by
rf reactive magnetron sputtering (without substrate bias)
of tungsten target (purity of 99?95% and diameter of
100 mm). Before each deposition, the tungsten target
was presputtered for 10 min in an argon atmosphere
to remove oxide layers. The sputtering chamber was
evacuated down to 561024 Pa by a turbomolecular
pump. The sputter deposition was performed in a
mixture of 40 sccm of Ar (99?999%) and 20 sccm of
O2 (99?999%) atmosphere supplied as working and
reactive gases respectively through an independent mass
flow controller. During sputtering, the working pressure
and rf power were kept constant at 2 Pa and 200 W
respectively. Before deposition, the glass slides were
sequentially cleaned in an ultrasonic bath with acetone
and ethanol. Finally, they were rinsed with deionised
water and dried with the blow of dry nitrogen (purity,
99?999%).
The phases present in the WO3 films were analysed by
an X-ray diffractometer (model D5000, Siemens) using
Cu Ka radiations (l50?15406 nm) and operating at an
accelerating voltage of 40 kV and an emission current of
40 mA. The crystallite size of the films was calculated
using the Scherrer equation28
0:89l
(1)
d~
B cosh
where d is the crystallite size, l is the wavelength of Xray, B is the full width at half maximum of diffraction
peak and h is the diffraction angle. The chemical
composition of samples was measured by means of an
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energy dispersive X-ray (EDX) analysis using an INCA
400 EDX energy analyser (Oxford Instruments) at an
accelerating voltage of 10 kV. The thicknesses of the as
deposited films at different temperatures were evaluated
with the SEM cross-sectional images captured by a field
emission SEM (FESEM) (FEI Quanta 200 FEG-SEM).
The surface and cross-sectional morphologies of the as
grown films were characterised under the FESEM.
The NanoTest platform of Micro Materials Ltd, UK,
was used for the microscratch and wear testing. The
system has a depth and load resolution better than
0?2 nm and 1 mN respectively. A 25 mm radius spherical
diamond indenter (Rockwell sharp diamond) was used
for the tests. The microscratch test was performed with a
constant indenter velocity of 5 mm s21. An initial load of
1 mN was applied during the first 100 mm of the scratch,
and the load was then increased to 1200 mN over a
distance of 1400 mm at a fixed rate of 3 mN s21. Optical
micrographs for the scratch tracks were captured under
an optical microscope Olympus BX61, Japan. To
observe the coating failure modes, the part of scratch
tracks was investigated under a SEM (Philips XL30
SEM, Japan). The scratch hardness, which is a measure
of the resistance of the material to normal penetration, is
defined as29
8N
(2)
pd 2
where SH is the scratch hardness in GPa, N is the
applied normal force in N and d is the corresponding
scratch width in mm. In this investigation, scratch
hardness of the studied films is measured at three
positions on the scratch tracks before the coating failure,
and the average value was taken into consideration.
The procedure for wear tests involved a set of five
topography scans and four wear scans at a constant
velocity of 1 mm s21 along the same surface on the films
unidirectionally. In each topography scan including the
first scan, the indenter moves at a constant load of
2 mN. In each wear scan, an initial load of 2 mN was
applied during the first 200 mm, and then a constant load
of 500 mN was abruptly applied for the further scan of
800 mm. Each wear scan is followed by a topography
scan. The wear tracks were investigated under the SEM.
The wear track width was measured at three different
locations along the wear tracks of the studied films.
SH~

Results and discussion
Structural and morphological properties
Figure 1 shows the XRD patterns of WO3 films
deposited at different temperatures. The films deposited
at lower temperatures, i.e. at room temperature and at
200uC, are observed to be amorphous. On the other
hand, higher substrate temperatures of 300 and 400uC
yield the mixed monoclinic and orthorhombic phases in
WO3 films with the predominance of former phase. The
preferential orientation of the diffraction peak corresponding to the lattice reflection plane of (002) for
monoclinic phase is clearly observable (Joint Committee
on Powder Diffraction Standards card no. 431035). The
peak at the 2h range of 22?6 to 23?9u can be attributed to
the combinations of two lattice planes of (002) and
(020) for monoclinic phase. A weak peak of (202) for
orthorhombic phase is also observable (Joint Committee
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on Powder Diffraction Standards card no. 710131).
Dimitrova and Gogova22 observed amorphous structure
in the WO3 film deposited at 200uC by chemical vapour
deposition. Their films on glass substrates showed
crystalline phases at higher deposition temperatures of
300 and 400uC. Akl et al.18 obtained preferentially
oriented monoclinic structured films prepared by rf
sputtering at a substrate temperature of 350uC. Using
the Scherrer formula, the calculated crystallite sizes of
the WO3 films deposited at 300 and 400uC in the present
study are found to be 9 and 13?5 nm respectively.
Apparently, it shows an increase in crystallite size with
the increase in substrate temperatures. The crystallite
sizes obtained in the present study are in good
agreement with the results found by Akl et al.18 Wang
et al.19 reported that the crystallite size was found to
increase from 30 to 45 nm with the increase in substrate
temperature from 170 to 250uC for their rf sputtered
WO3 films at an elevated pressure of 4 Pa.
Table 1 shows the concentrations (at-%) of different
elements from chemical analysis by EDX. Energy
dispersive X-ray analysis indicates that the as grown
film at room temperature contains mainly W and O.
The absence of any silicon peak confirms that oxygen
content found by EDX is not affected by the glass
substrate. The film is observed to be overstoichiometric
having the atomic ratio (O/W) of 3?56 as shown in
Table 1. In general, the overstoichiometry of the present
samples (Table 1) may be due to the presence of water or
hydroxyl groups within the films, which typically occur
for amorphous structures. At higher substrate temperatures of 300 and 400uC, the crystalline films possess
lower stoichiometry. Moreover, a sodium peak tends to
appear in the spectra for the films deposited at higher
temperatures. The presence of sodium in the films
indicates that diffusion of Na atoms from the soda lime
glass substrate occurs at higher substrate temperatures.
Blackman and Parkin11 reported overstoichiometric
monoclinic tungsten oxide (atomic ratio, 3?3) prepared
on SiCO coated soda lime glass substrate by APCVD.
Sivakumar et al.30 also reported atomic concentrations
for monoclinic tungsten oxide films deposited at
different temperatures on fluorine doped tin oxide
coated glass substrates using X-ray photoelectron
spectroscopy spectral analysis. They found higher
atomic ratio (O/W) of 3?72 for the film deposited at
room temperature. The effects of substrate temperatures
on ratios of O/W (at-%) are nearly comparable to the
present work. In this present research, overstoichiometric WO3 films are also thought to be due to the
higher oxygen content inside the vacuum chamber.
Surface morphologies of the as grown WO3 films at
different substrate temperature are shown in Fig. 2. The
film prepared at room temperature exhibits a relatively
flat topography. A careful look at the film reveals
network of minute crack-like features. The cracks tend
to disappear as the substrate temperature increases. The
morphology also becomes granular as the substrate
temperature increases. The size of the granular features
also increases with the increase in substrate temperature.
The size of the granules is found to be in the range of 10–
50 nm for the film deposited at 300uC (Fig. 2c). The film
deposited at 400uC shows larger granules of 20–80 nm.
Blackman and Parkin11 reported a granular morphology
for WO3 film deposited at 450uC on glass substrates using
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atmospheric pressure chemical vapour deposition. The
cross-sectional views of the WO3 film deposited at
different temperatures are shown in Fig. 3. Under an
SEM, the film thicknesses are observed to be about 335,
420, 420 and 425 nm for the films deposited at room
temperature and at 200, 300 and 400uC respectively. The
cross-sectional morphology for the films grown at room
temperature and 400uC tends to be granular in nature and
possesses more or less dense structure. However the film
deposited at 200uC exhibits a columnar cross-sectional
morphology. Besides, both films deposited at lower
temperatures seem to have either transverse or vertical
cracks. Such fine cracks were also found on plane views of
the films deposited at lower temperatures (Fig. 2a and b).
Both plane and cross-sectional views (Figs. 2d and 3c) of
the films deposited at 400uC show that the film possesses
dense and granular morphology without any distinct
cracks. Figueroa et al.17 observed columnar structure in
their WO3 films deposited on indium tin oxide coated
glass by rf reactive magnetron sputtering. They prepared
the films at a sputtering pressure of ,0?5 Pa, which is
lower compared to the present work.

Adhesion behaviour
The adhesion critical load of the studied tungsten oxide
films was determined by the microscratch tests combined
with the observation of the scratch tracks under the
optical microscope. Three different microscratch tests
were performed on the as received blank glass at room
temperature. Triplicate tests were also carried out on
each of the tungsten oxide films. Tests carried out in
triplicate gave consistent results. Optical micrographs of
the scratch scars are shown in Fig. 4. It is observed that
the width of each scratch track increases as the load is
progressively increased. At a certain point (shown by
arrows), a widely damaged area appears representing a
complete delamination of the films, which can be defined
as the critical load for adhesion. Two types of failure are
mainly encountered in scratch tests, namely, cohesive
and adhesive failures of the coating/substrate interface.29
The former occurs having a narrow region of slightly
damaged films, and then the film remains undamaged.
On the other hand, for the adhesive or interfacial failure,
the complete delamination of the films starts and
continues for the rest of the scratch track. The cohesive
values are difficult to quantify because either coatings do
not exhibit such failure or the values are very close to the
adhesive ones. From Fig. 4, it is observed that no
significant cohesive failure mode appears and adhesive
critical load is found as larger for the films deposited at
a higher temperature up to 300uC. However the film
prepared at 400uC exhibits earlier damages indicating
cohesive failures. Moreover, it also shows earlier
adhesive failure compared to the other films. The critical
Table 1 EDX results of WO3 ﬁlms deposited at different
substrate temperatures
Concentration/at-%
Substrate
temperature/uC
Room
temperature
200
300
400

Atomic ratio

W

O

Na

O/W

21.92

78.08

0

3.56

21.41
23.38
22.13

78.26
75.34
74.55

0.33
1.28
3.32

3.65
3.22
3.37
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2 Images (SEM) of WO3 ﬁlms deposited at a room temperature, b 200uC, c 300uC and d 400uC

loads of the films deposited at room temperature and at
200, 300 and 400uC were estimated from the scratch
curves and found to be 670, 990, 1080 and 830 mN
respectively. It is thus seen that the increase in substrate
temperatures up to 300uC leads to improved adhesion
of tungsten oxide films on glass substrates. There are
suggestions that interdiffusion of film/substrate interface
can cause enhanced film adhesion.31 The increase in
adhesion critical load may be due to interdiffusion of
atoms in the film/substrate interface and densification of
the films at higher substrate temperatures up to 300uC.
The lower critical load for the film grown at 400uC may
be attributed to a clear change in coating structure,
composition and morphology (Table 1 and Fig. 2).
Besides, there was a significant amount of Na atom
incorporation into the film (Table 1) as well. At higher
substrate temperatures, Na is thought to diffuse from
glass substrates to the films. Higher residual stress resulting
from mismatch of coefficients of thermal expansion of
the substrate and films deposited at 400uC might also
contribute to this.
Parreira et al.15 reported a critical load of ,15 N for
tungsten oxide films. They investigated tungsten oxide
films (2?5–6 mm thick) deposited on stainless steel at

350uC by dc magnetron sputtering. Polcar and
Cavaleiro16 also reported a critical load of 9 N for
WO3 films having similar thickness deposited by dc
magnetron sputtering on high speed steel. Both works
evaluated critical loads by the scratch tests using a
diamond indenter of tip radius 200 mm. In the present
study, a spherical diamond indenter tip of radius 25 mm
was used to generate scratch on thin WO3 films (335–
425 nm thick) during microscratch tests. The smaller
radius of the indenter tip used in this study produces a
high contact pressure on the films. This is likely to be a
reason for the coating failures at lower values of critical
loads in the present investigation. There are suggestions
that critical load increases with the increase in film
thickness.29 As a result, it can be inferred that the lower
values of critical loads obtained in this work may be
attributed to the combined effects of nanoscale film
thickness, indenter tip radius, substrate materials and
coating/substrate interfaces.

Scratch hardness
The values of scratch hardness are calculated using
equation (2). The scratch hardness and critical loads are
given in Table 2. From the table, the values of scratch
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3 Cross-sectional views (SEM) of WO3 ﬁlms deposited at a room temperature, b 200uC and c 400uC

hardness are found to be 10?8, 15?2, 16 and 19?5 GPa for
WO3 films prepared at room temperature and at 200,
300 and 400uC respectively. Because of the nanoscale
thickness of the films, it is likely that the substrate also
contributes to the measurements of scratch hardness. In
addition, the values might be exaggerated due to the
evenly supported sliding probe during microscratch tests

as well as the errors associated with the scratch width
values estimated using optical microscopy. However,
scratch hardness is found to increase with the increase in
substrate temperatures. Table 2 shows that the critical
load and scratch hardness values have the same
increasing trend except for the film grown at 400uC.
Particularly, the sudden decrease in critical load for that

4 Optical micrographs of scratches made under progressively increasing load on blank glass and WO3 ﬁlms deposited
at different temperatures
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5 Wear tests for WO3 ﬁlms deposited at a room temperature, b 200uC, c 300uC and d 400uC

sample may be due to the effects of significant Na
diffusion and higher residual stress. Parreira et al.15 and
Polcar and Cavaleiro16 reported a decrease in surface
hardness from 25 to 7 GPa with the increase in oxygen
content for W1002xOx films (determined by nanoindentation) of 2?5–6 mm thick. They both found a hardness
of ,7 GPa for WO3 films having amorphous phase.
Maillé et al.13 reported hardness of 4 GPa for amorphous tungsten oxide film (350 nm) deposited on silicon
substrates by rf magnetron sputtering. The scratch
hardness values found in the present study are nearly
comparable to the surface hardness values found in
those studies. Besides, Lugscheider et al.27 observed a
decrease in hardness from 28 to 13 GPa for tungsten
oxide films as substrate temperature increases. In that
work, the films investigated were XRD amorphous with
different stoichiometries.

Tribological properties
In tribological tests, a spherical diamond indenter of
radius 25 mm of NanoTest high load head equipment is
drawn unidirectionally along the same surface using a
load of 500 mN at a sliding speed of 1 mm s21 for a wear
track distance of 800 mm. Figure 5 shows the surface
profiles recorded after five successive wear passes. The

surface profiles of the as grown films are also shown for
comparison. Data extracted from Fig. 5 are plotted in
Fig. 6 as penetration depth versus substrate temperature. Here, any value for the total penetration depth has
been considered as the vertical distance moved by the
diamond probe at the point of loading (indicated by
arrow in Fig. 5) with respect to the as grown film
surface. It is observed that upon the application of load,
the penetration depth suddenly increases. From Fig. 6,
it is seen that the films deposited at higher substrate
temperatures exhibit lower penetration. Thus, higher
deposition temperature results in tungsten oxide film
with improved resistance to penetration. This result
correlates well with the increase in scratch hardness
for higher substrate temperatures as discussed earlier.
Noteworthy, the change in wear tracks of the films is
thought to occur by the combined effects of wear and
initial plastic deformation. Figure 7 presents FESEM
images of the wear tracks after five passes on films
deposited at room temperature and at 200 and 400uC.
From the SEM images in Fig. 7, the wear debris and
delaminated films along the side of the wear tracks are
also observed for all the films. From the FESEM images
at a high magnification (6280 and 64000), it is seen
that wear resistance improves with the increase in

Table 2 Scratch hardness, adhesion critical load and wear track width of WO3 ﬁlms deposited at different substrate
temperatures
Substrate temperature/uC

Film thickness/nm

Critical load/mN

Scratch hardness/GPa

Mean wear track width/mm

Room temperature
200
300
400

335
420
420
425

670
990
1080
830

10.8
15.2
16.0
19.5

22.3
17.4
10.9
10.4
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as the effects of adhesion strength at different substrate
temperatures as well. Moreover, amorphous tungsten
oxide films show higher amount of wear than crystalline
films. In this regard, Greenwood et al.25 and
Lugscheider et al.26 observed that amorphous WO3
films exhibited a higher degree of wear compared to
crystalline films. Polcar et al.14 also reported that
abrasive wear for amorphous W1002xOx (15–75 at-%)
films having higher oxygen (x) contents is found higher
than that of crystalline films with lower oxygen contents.
The similar trend of wear is nearly comparable to the
studied films of different stoichiometry. In the present
work, the change of wear resistance may be attributed to
the total contribution from the change in crystallinity,
critical load, scratch hardness and sodium ion diffusion
for films deposited at higher substrate temperatures.
6 Total depth of penetration after each wear pass for
WO3 ﬁlms deposited at different temperatures

substrate temperature up to 300uC. However, the film
deposited at 400uC shows deterioration of wear resistance. This is supported by the lower value of adhesion
critical load observed (Table 2). It may also be
attributed to its structural and morphological change
as stated earlier. From the SEM images, it is also seen
that amount of wear debris is smaller for the films at
higher substrate temperature except for the sample
grown at 400uC.
The mean width of the wear tracks of WO3 films
deposited at different substrate temperatures is given in
Table 2. It is observed that the width of the wear track is
found to decrease with increasing substrate temperature,
which is consistent with the penetration data. Thus, it
can be inferred that wear resistance is found to improve
at higher substrate temperatures (up to 300uC). The
change in the tribological properties may be interpreted

Coating failures
The failure modes in the scratch testing of coatings can
broadly be split into three categories: through thickness
cracking, spallation ahead or behind the indenter and
chipping in the coating.32–34 From the optical micrographs (Fig. 4), it seems that all as grown films have
similar failure mode during scratch tests. That is why
SEM images for the tungsten oxide films grown at room
temperature and at 400uC have been shown in Fig. 8 to
depict the mode of coating failures. From Fig. 8, the
failure modes encountered in both films during scratch
test can be considered as wedge spallation in front of the
indenter. The wedge spallation failure mode occurs only
when a compressive shear crack forms and then
interfacial detachment takes place.35 First, compressive
shear cracks form ahead of the indenter through the
thickness, which propagate to the surface and interface
generating shapes like a wedge. As the extent of
interfacial failure increases, the wedge lifts the coating

7 Image (SEM) of wear scars on WO3 ﬁlms deposited at a, b room temperature, c, d 200uC and e, f 400uC after ﬁve
passes
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8 Images (SEM) for scratches on WO3 ﬁlms deposited at
a room temperature and b 400uC (61000)

further away from the substrate. In wear tests, all the as
received films are also found to fail along the edge of the
wear tracks as shown in Fig. 7. The failure modes
encountered in the studied films during wear tests can be
considered as recovery spallation behind the indenter. It
is associated with the elastic recovery, which occurs
behind the stylus as it travels over the coated surface.

Conclusion
Mechanical properties along with structural and morphological properties of WO3 films deposited at different
temperatures have been studied in details. The films
deposited at lower temperature are found as amorphous,
whereas the films at 300 and 400uC exhibit a mixed
monoclinic and orthorhombic phase having nanograins
of 9 and 13?5 nm respectively. The overstoichiometry
of the films may be due to the presence of water or
hydroxyl groups. Energy dispersive X-ray results reveal
that the diffusion of sodium ions from glass substrates
occurs for high deposition temperatures. The adhesion
critical load, scratch hardness and wear resistance are
seen to have significant dependence on the substrate
temperature. The critical loads of adhesion of WO3 films
grown at room temperature and at 200, 300 and 400uC
are found to be 670, 990, 1080 and 830 mN respectively.
The values of scratch hardness are also found to increase
with the increase in substrate temperatures. From wear
tests, the combined decrease in penetration and wear
track width results in an enhanced wear resistance for
the films deposited at higher temperatures. This
improvement of wear properties is likely to be attributed
to the improved scratch hardness, densification and
compositional change. The failure modes of wedge and
recovery spallation have been observed for the films
during scratch and wear tests respectively.
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23. F. Chávez, C. Felipe, E. Lima, V. Lara, C. Ángeles-Chávez and
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