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Abstract

We report the effect of inert gas (argon and helium) along with different concentrations of oxygen on the structural and optical properties of the
rf magnetron sputtered nanocrystalline tungsten oxide thin films. The crystal structure and surface morphology were studied by X-ray diffraction
(XRD) and atomic force microscope (AFM), respectively. We find that the atomic mass of the sputtering gas significantly affects the primary
crystallite size as well as the surface morphology and texture. We were able to relate the higher oxidation of the tungsten atoms with low partial
pressure of oxygen when films are deposited in helium instead of argon. It was also observed that the bandgap of the WO3 films increases with
increase in the partial pressure of oxygen.
© 2008 Elsevier B.V. All rights reserved.
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1. Introduction

Thin films of transition metal oxides have attracted a great
deal of attention because of their important applications such as
electrochromic devices and solid sate sensors. Recently the
electrochromic devices made by using the electrochromic
oxides like tungsten oxide have been extensively studied to
regulate the radiated energy through glass with modifying their
optical properties for the application in ‘smart windows’ [1–6].
Physical properties (e.g., electrical conductivity) of WO3

depend on surrounding gaseous atmosphere because of
physisorption, chemisorption and catalytic reactions between
gases and material surface. For this reason, thin films of such
material were tested for gas sensing application [5].

WO3 thin films have been prepared by various methods
including vacuum evaporation [7], anodic oxidation [8], spray
pyrolysis [9], sol–gel [10], pulsed laser ablation [4], molecular
beam deposition [11] and sputtering [5]. The physical properties
of a material are seriously affected by structural order and
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morphology. Different preparation methods have respective
advantages in film quality and production cost in viewpoint of
material applications. A profound knowledge of the structure and
stability of WO3 thin films is of importance for their effective use
in practical device applications. We have used rf magnetron
sputtering for the synthesis of nanocrystalline tungsten oxide thin
films by varying oxygen ratio with argon and helium. Similar
studies for other sputter-deposited nanocrystalline films are quite
rare. In this paper we have shown how the nature of the sputtering
gas (argon and helium) along with oxygen concentration affects
the surface morphology, texture and the optical properties of the
nanocrystalline tungsten oxide films.

2. Experimental details

Tungsten oxide nanocrystalline thin films were deposited by
rf magnetron sputtering in a custom designed 12″-diameter
chamber (Excel Instruments). The chamber was initially
evacuated to about 10−6 Torr by a turbomolecular pump
backed by a rotary pump. Thereafter, a high purity (99.9%) inert
gas (He and Ar) with different oxygen partial pressures ranging
from 10 to 40% was bled into the chamber. The ratio of the gas
mixtures was controlled and measured using mass flow
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controller and capacitance manometers (MKS) respectively.
The gas pressure was kept at 15 mTorr for all depositions.
During each sputtering experiment, the gas pressure was
carefully monitored and kept constant since the sputtering
current is extremely sensitive to the pressure of the sputtering
gas. Sputtering was done for a set period of time at a fixed
power of 100 W and the substrates (glass plates) were kept at
400 °C. The substrates were kept 50 mm away from the 2″
diameter tungsten target of 99.97% purity. Other than the
sputtering gas, all parameters were kept constant during the set
of experiments reported here.

The WO3 films were characterized by XRD for the structural
properties by using X-ray Diffractometer (Bruker D8 Advance).
The coherently diffracting domain size (dXRD) was calculated
from the integral width of the diffraction lines using the well
known Scherrer equation after background subtraction and
correction for instrumental broadening. The surface morphology
and the microstructure of the films were studied using Atomic
Force Microscope (NT-MDT Ntegra). Optical reflectance and
absorption were measured in the 200–800 nm wavelength range
using UV–Vis–NIR spectrophotometer (Cary 5000 Varian).
Samples A, B, C and D were deposited in Ar–O2 mixture with
oxygen partial pressure of 10, 20, 30 & 40% respectively while
samples E, F, G and H were deposited in He–O2 mixture with
oxygen partial pressure of 10, 20, 30 and 40% respectively.

3. Results and discussion

Nanocrystalline WO3 films were deposited using two
different inert gases with different partial pressures of oxygen
at same temperature and sputtering power. Fig. 1 shows the
XRD pattern of the nanocrystalline thin films of WO3 deposited
in Ar–O2 mixture with different oxygen partial pressures.
Samples A, B, C and D were deposited in Ar–O2 mixture with
oxygen partial pressure of 10, 20, 30 and 40% respectively. It is
evident from Fig. 1 that at low oxygen partial pressure the film
(sample A) is a randomly oriented mixed phase (W and WO3)
Fig. 1. XRD patterns of the WO3 films in Ar–O2 at different oxygen partial
pressures.
while with an increase in oxygen partial pressure the film
(samples B, C and D) becomes single phase (WO3). This clearly
indicates that the oxidation of the tungsten atoms is incomplete
in oxygen partial pressure of 10% and it results in traces of
tungsten metal atoms in the film (sample A).

Fig. 2 shows the XRD pattern of the nanocrystalline thin
films of tungsten oxide deposited in He–O2 mixture with
different oxygen partial pressures. Samples E, F, G and H were
deposited in He–O2 mixture with oxygen partial pressure of 10,
20, 30 and 40% respectively. It is evident from Fig. 2 that at low
oxygen partial pressure the film (sample E) is amorphous while
with increase in oxygen partial pressure the samples become
crystalline with (002) orientation.

It is observed that there is no tungsten peak in the sample
deposited in He–10%O2 atmosphere (Sample E). This means
that oxidation of tungsten atoms can be achieved at low partial
pressure of oxygen by replacing argon with helium. A potential
reason for this is the process of penning ionization that occurs in
plasma. In penning ionization process, some particles in the
ground state, such as O2 are ionized by transfer of the energy of
rare gas atoms in neutral excited metastable states. Among the
rare gases, helium in neutral excited metastable state (He⁎) has
the highest energy i.e. helium can easily ionize O2 since the
energy of He⁎ (19.82 eV) is higher than the first ionization
potential of O2 (12.06 eV) while Ar⁎ cannot ionize O2 through
the penning ionization process because it has lower energy
(11.55 eV) [12,13]. Thus during the preparation of the oxide
films by reactive sputtering using helium gas, there is a
possibility of enhancement of the reaction of metal atoms with
oxygen because of an increase in activated particles of oxygen
through the penning ionization process. We have calculated the
thickness of the samples using the optical data. We have
observed that by replacing the Ar–O2 mixture with He–O2 the
thickness gets decreased by a factor of ~5. This decrease in
deposition rate for a given partial pressure of oxygen would lead
to an increase in the ratio of oxygen molecules and ions
impinging on the surface per each Watom. Thus we can say that
decrease in deposition rate by replacing the Ar–O2 mixture with
He–O2 is also one of the potential reasons for the oxidation of
tungsten atoms at low partial pressure of oxygen in helium
along with penning ionization.

In order to calculate the particle size, d of the samples we
have used the Scherrer formula [14]

d =
0:9k

BcoshB

where λ, θB and B are the X-ray wavelength (1.54056 Å),
Bragg diffraction angle and line width at half maximum. The
calculated particle sizes are shown in Table 1. It was observed
that the films deposited in He–O2 gas mixture have smaller
particle size as compared to those deposited in Ar–O2 gas
mixtures. This can be explained on the basis of mean free path.
The mean free path of the atoms in a gas is given by [15]:

k =
2:33� 10�20T

Pd2m
� �



Fig. 3. AFM images of the WO3 deposited in 10% O2 in (a) argon (b) helium.

Fig. 2. XRD patterns of the WO3 films in He–O2 at different oxygen partial
pressures.
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where T is the temperature, P is the pressure and δm is the
atomic (or molecular) diameter of the sputtering gas. Thus as the
size of the sputtering gas atoms increases the mean free path of
the inert gas atoms decreases and hence the collision frequency
increases. We can therefore expect that as the diameter of the
gas molecule increases the sputtered tungsten atoms would also
undergo multiple collisions leading to a higher probability of
agglomeration and growth even before arriving at the substrate.
In such a case, we would expect an increase in the particle size
with increase in atomic mass of the sputtering gas [16].

The AFM micrographs of the films deposited in argon and
helium with 10% O2 partial pressure are shown in Fig. 3. It is
evident from the AFM figures that the particle size is large in
case of sample deposited in argon as compared to that deposited
in helium atmosphere and hence confirms the XRD result.
However the overall particle size shown by AFM is much
higher as compared with that calculated from the XRD line
broadening. This is because of the fact that the XRD gives the
average mean domain size while AFM shows agglomeration of
the particles.

The transmittance spectra for the samples deposited in Ar
and He atmospheres with different concentrations of O2 are
shown in Fig. 4a and b respectively. The oscillations in the
Table 1
Calculated parameters of the tungsten oxide thin films

Sample
name

Sputtering
gas

dXRD
(nm)

Band gap
(eV)

Refractive
index

Thickness
(nm)

A Ar+10% O2 15.2 2.76 – –
B Ar+20% O2 14.5 2.87 2.91 902
C Ar+30% O2 14.9 2.93 2.93 1395
D Ar+40% O2 14.7 3.07 2.99 1298
E He+10% O2 – 2.98 2.85 197
F He+20% O2 9.3 3.04 2.97 297
G He+30% O2 9.7 3.13 2.99 257
H He+40% O2 9.5 3.22 2.98 342
spectrum with wavelength are due to interference effect. It was
observed that the transmittance of the WO3 films increases with
increase in the oxygen partial pressure. From literature it was
evident that the optical transmittance of the WO3 film depends
on the oxygen content of the films [1]. Thus the increase in
transparency of the films deposited at elevated oxygen pressure
is attributed to the fall in the density of oxygen ion vacancies in
the oxygen rich films. No effect of the inert gas used was seen
on the transparency except the one deposited with 10% oxygen
concentration in argon atmosphere.

The transparency of the sample deposited in argon atmo-
sphere with 10% oxygen concentration [Fig. 4a] is almost zero
in the visible region except 20% transparency in the wavelength
range of 400–500 nm. Due to this the sample appears blue in
color while all other are transparent [4]. The origin of this blue
color is due to the presence of oxygen vacancies (i.e. WO3− y)
associated with tungsten ions in lower oxidation states than the
6+ expected in WO3 stoichiometry.



Fig. 4. a Optical transmission curve of WO3 films deposited at 400 °C in Ar–O2

at different oxygen partial pressures. b Optical transmission curve of WO3 films
deposited at 400 °C in He–O2 at different oxygen partial pressures.

Fig. 5. a Optical absorption curve of WO3 films deposited at 400 °C in Ar–O2 at
different oxygen partial pressures. b Optical absorption curve of WO3 films
deposited at 400 °C in He–O2 at different oxygen partial pressures.
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The transmission data is used to obtain the refractive index of
the film by using a model proposed by Manifacier et. al. [17].
According to this model the refractive index can be given by the
equation

n = N + N2 � n20n
2
1

� �1=2h i1=2
ð1Þ

where

N =
n20 + n21

2
+ 2n0n1

Tmax � Tmin

TmaxTmin

where n0 and n1 are the refractive indices of air and the
substrate (glass here) respectively. Eq. (1) shows that the re-
fractive index, n of the nanocrystalline WO3 films can be
explicitly determined from Tmax, Tmin, n0 and n1 at the same
wavelength. The refractive index calculated using these
formulas is given in Table 1. We have also calculated the
thickness of the deposited films using the relation

t =
Mk1k2

2 n k1ð Þk2 � n k2ð Þk1½ �

where M is the number of the oscillations between the two
extrema (M=1 between two consecutive maxima or minima).
λ1, n(λ1) and λ2, n(λ2) are the corresponding wavelength and
indices of refraction. We saw that the films deposited in Ar–O2

mixture are 4–5 times thicker than the ones deposited in He–O2

mixture. Generally the average grain size of films grown by
sputtering increases as a function of film thickness. Thus an
increase in the particle size is expected by replacing He–O2

mixture with Ar–O2 mixture. The same is observed in the
results obtained from both XRD and AFM.
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The absorption spectra of the nanocrystalline WO3 was
recorded as a function of the photon energy, hν, in the
wavelength range 200–800 nm. The indirect optical bandgap
(Eg) of nanocrystalline WO3 was determined from the
absorption coefficient (α) using the Tauc relation [18].

Y = ah� = B h�� Eg

� �m

where hυ is the energy of the incident photons and Eg is the
value of the optical band gap corresponding to transitions
indicated by the value m which is 2 for indirect band gap
semiconductor. The factor B depends on the transition
probability and can be assumed to be constant within the
optical frequency range. An extrapolation of the linear region of
a plot of (αhν)1/2 on the y-axis versus photon energy (hν) on the
x-axis gives the value of the optical bandgap Eg since Eg=hν
when (αhν)1/2 =0. Graphs between (αhν)1/2 and hν for the
samples deposited in different oxygen concentrations in argon
and helium atmospheres are shown in Fig. 5a and b respectively.
The bandgap values are shown in Table 1.

It is observed that the bandgap values of nanocrystalline
films of WO3 deposited in He+O2 atmosphere are greater than
that of in Ar+O2 atmosphere. This can easily be explained on
the basis of the XRD data and the AFM micrographs. Both
XRD and AFM show that the particle size is bigger in argon
than that of in helium and calculated bandgap values indicate
the same. It is also observed that with increase in oxygen
concentration the bandgap of the WO3 films increases
irrespective of the inert gas used. The reason for this may be
attributed to the increase of oxygen concentration in the samples
with increase in the oxygen percentage in the sputtering gas.

4. Conclusion

We have reported a systematic study of the optical and
structural properties of the nanocrystalline tungsten oxide thin
films deposited by rf magnetron sputtering in the presence of two
different inert gases (argon and helium) with different
concentrations of oxygen at same pressure, substrate tempera-
ture and sputtering power. XRD data indicates that the primary
crystallite size in the nano-WO3 films increases with increase in
the thickness of the deposited samples (replacing helium by
argon) and also with increase in the atomic mass of the sputtering
gas. The results on the tungsten oxide films show that oxidation
of tungsten atoms can be achieved at low partial pressure of
oxygen by replacing argon with helium. It is also interesting to
remark that the bandgap of the films increases with increase in
the oxygen partial pressure.
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