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Undoped and Sn-doped WO3 thin films were grown on cleaned glass substrates by chemical spray
pyrolysis, using ammonium tungstate (NH4)2WO4 as the host precursor and tin chloride (SnCl4Æ5H2O) as
the source of dopant. The XRD spectra confirm the monoclinic structure with a sharp narrow peak along
(200) direction along with other peaks of low relative intensities for all the samples. On Sn doping, the
films exhibit reduced crystallinity relative to the undoped film. The standard deviation for relative peak
intensity with dopant concentration shows enhancement in heterogeneous nucleation growth. As evident
from SEM images, on Sn doping, appearance of island-like structure (i.e., cluster of primary crystallites
at few places) takes place. The transmittance has been found to decrease in all the Sn-doped films. The
optical band gap has been calculated for both direct and indirect transitions. On Sn doping, the direct
band gap shows a red shift and becomes 2.89 eV at 2 at.% doping. Two distinct peaks, one blue emission
at 408 nm and other green emission at 533 nm, have been found in the PL spectra. Electrical conductivity
has been found to increase with Sn doping.

Keywords electrical properties, Sn-doped WO3 thin films,
spray pyrolysis, structural and optical properties

1. Introduction

The prospective use of semiconductor metal oxide
nanostructures in present and future technological field is
highly attractive due to their excellent optical and elec-
tronic properties. Tungsten oxide (WO3) is among a few
of them, which is expected to play an important role in
future technology due to its outstanding electrochromic
(Ref 1), thermochromic (Ref 2), photochromic (Ref 3),
gaschromic (Ref 4), gas sensor (Ref 5), fuel cell (Ref 6),
super-hydrophilic (Ref 7, 8), photocatalytic (Ref 9), and
photoluminescence properties (Ref 10). WO3 has been
extensively used in large scale as a photoanode for pho-
toelectrochemical water-splitting systems since the mid-
1970s. It can easily be grown in thin film form with high
optical transparency within the visible region and good
transport properties. WO3 thin films have already been
used to prepare newly invented gadgets and devices like
smart-window, anti-dazzling rear view mirrors for cars,

eye wear, electronic nose, non-emissive displays, and solid
state gas and temperature sensors (Ref 11-14).

WO3 is an n-type wide band gap (2.6-3.6 eV) semi-
conductor (Ref 13). Various techniques have been used to
fabricate WO3 thin films which include vacuum evapora-
tion (Ref 15), pulse laser deposition (Ref 16), RF sput-
tering (Ref 17), electron beam evaporation (Ref 18),
anodic oxidation (Ref 19), sol-gel (Ref 20), hydrothermal
(Ref 21), spray pyrolysis (Ref 11), and so forth. Here, we
have used chemical spray pyrolysis technique for our film
growth as it is a simple and straightforward technique that
does not require complicated and expensive instrumen-
tations and is ideal for large area coating. Spray pyrolysis
also provides good reproducibility in terms of thickness,
crystallinity, and stoichiometry for the thin films.

To develop successful semiconducting technology for
the future and to cope with the increasing demand for new
devices, emphasis must be given to the characterizations
and measurement of various physical parameters of
semiconducting materials. One of the important tools to
tailor the characteristics and to get the desired properties
of the films is the inlay of dopants into the parent system.
For practical applications, various dopants such as Li (Ref
22), Fe (Ref 18), Al (Ref 23), Au (Ref 24), Ti (Ref 25),
and Nb (Ref 26) have been used to improve the desired
characteristics of WO3 materials. The structure, surface
morphology, optical, and electrical properties of WO3

films are very important for electrochromic, gas sensor,
and catalytic applications. To the best of our knowledge,
the effect of Sn doping on the structural, optical, and
electrical properties of spray-deposited Sn-doped WO3
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thin films has not yet been reported in the literature.
Keeping these in view, a detailed study of the structural,
morphological, optical, and electrical properties of Sn-
doped WO3 thin films have been carried out and pre-
sented in this paper.

2. Experimental

2.1 Preparation of WO3 Thin Film

Undoped WO3 thin films were prepared using the
precursor solution of ammonium tungstate (NH4)2WO4.
The precursor solution was prepared by dissolving
(NH4)2WO4 in hot deionized water (60-65 �C). For Sn-
doped films, tin chloride (SnCl4Æ5H2O) was taken as the
source of dopant. Dopant concentration (Sn/W ratio) was
varied from 0 to 2 atomic percent (at.%). The solution
concentration was optimized after several depositions and
was fixed at 0.1 M throughout this work. The atomization
of the solution into a spray of fine droplets was carried out
by a glass nozzle, with the help of compressed air as the
carrier gas. Details of the spray system and other process
parameter have been described elsewhere (Ref 27). The
solution was sprayed onto the ultrasonically cleaned, pre-
heated micro glass substrates. During the course of
spraying, the substrate was kept at a constant temperature
of 400 ± 10 �C. (NH4)2WO4 decomposed pyrolytically
into WO3 at this temperature and got deposited onto
micro glass substrates, according to the following endo-
thermic reaction (Ref 13, 28):

NH4ð Þ2WO4 !WO3 þ 2NH3 þH2O

The thickness of the deposited films was measured using
gravimetric weight difference method and found to be in
the range of 500-550 nm. The film thickness was also
estimated from the cross-sectional SEM view of the film,
and the results were in good agreement to those measured
using gravimetric weight difference method.

2.2 Characterizations

Both undoped and doped WO3 thin films were char-
acterized using different techniques. The structure of
deposited films has been confirmed by x-ray diffraction
analyses using a Bruker AXS C-8 advanced diffractometer
with CuKa radiation (k = 1.5406 Å) as an x-ray source.
Surface image analyses of the films were carried out using
a JEOL scanning electron microscope (SEM) and a
NTEGRA atomic force microscope (AFM). Composi-
tional analysis of the films was done through energy-dis-
persive x-ray spectroscopy (EDX) attached to SEM. The
optical properties of the films were studied using Perkin
Elmer Lambda 35 UV-Vis spectrometer (UK) in the
spectral range 300-800 nm. The measurements were per-
formed in the wavelength scanning mode with the beam
being in the normal incidence setup. The photolumines-
cence (PL) spectra were carried out with VARIAN
CARY eclipse fluorescence spectrophotometer. The
excitation source was a Xenon-lamp (290 nm), and the

sample temperature was kept at room temperature. The
temperature dependence of the electrical conductivity of
the films was studied using an indigenously designed
experimental setup equipped with Keithley System Elec-
trometer (Model: 6517B). High conducting colloidal silver
was used to make ohmic contacts on both ends of the films
for electrical measurements.

3. Results and Discussion

In spray pyrolysis technique, when the fine droplets of
precursor solution arrive close to the heated substrate, the
reactant molecules undergo chemical decomposition
which leads to nucleation, crystal growth, and finally film
formation. The films thus prepared are now undertaken
for further characterizations.

3.1 Structural Characterization

3.1.1 XRD Analyses. Figure 1 shows x-ray diffraction
patterns of the films with various Sn concentrations. All
the reflection peaks have been indexed with the pure
monoclinic WO3 with lattice constants a = 7.297 Å,
b = 7.539 Å, c = 7.688 Å, and b = 90.91� (JCPDS card no.
24-0747). No other phase corresponding to Sn or other
compound has been found in the XRD spectra. Similar
XRD results were reported by Yoon et al. (Ref 29). The
diffractogram shows a narrow peak with the highest
intensity along (200) direction for all the samples, which
indicates that the film has favorable minimum surface-free
energy for oriented growth along that direction (Ref 30).
The diffractogram also shows many broad and less intense
peaks throughout the region, which is the characteristic of
nanoscale materials. The small peak at 23.14� for (020)
plane in undoped films has been found to be totally sup-
pressed with doping. The lattice parameters (a and b)
somewhat decrease with the Sn doping. This decrease in
the lattice parameter may be due to substitution incor-
poration of Sn ions into the lattice network. Also the
average crystallite size has been found to decrease with Sn
doping. This may be due to the increase in the density of
nucleation centers at the time of film growth which, in
turn, increases lattice strain of the films. The other out-
come of Sn doping in the film is the shifting of the (200)
peak position toward higher values of 2h compared to the
peak position in undoped film. This may be due to
incorporation of Sn ions into WO3 lattice as the ionic radii
of W6+ and Sn4+ are 0.062 nm and 0.069 nm, respectively.
The lattice parameters (a, b, c, and b), the crystallite size
(D), and the lattice strain (e) of the films, listed in Table 1,
have been determined using the monoclinic equation (Ref
27), the Debye-Scherrer formula (Ref 27), and the tangent
formula (Ref 27). The standard deviation (SD) for relative
peak intensity is calculated from the equation (Ref 30):

SD ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

PN
N¼1 I2

hkl �
PN

N¼1
I

hkl

� �2

N

N

v

u

u

t

; ðEq 1Þ
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where Ihkl is the relative intensity of an (h k l) plane, and
N is the number of peaks observed in the XRD spectra of
the films. It has been found that SD increases with the
increase of doping concentration, indicating increase in
heterogeneous nucleation. The texture coefficient (TC) of
the films has been determined using the equation (Ref 27).
The higher value of TC in all the films indicates good
textured growth. The variation of SD and TC with doping
concentration is shown in Fig. 2.

3.1.2 SEM and AFM Analyses. The surface morphol-
ogy using SEM images of the undoped and Sn-doped films
is presented in Fig. 3. The undoped film has uniform and
homogeneous surface having fine crystallites without any
faulty zones on the film. On Sn doping, appearance of
island-like structure (i.e., cluster of primary crystallites at
few places) takes place. However, no visible holes or
faulty zones over the film surface are observed in
the doped films. The EDX results of the films are shown
in Fig. 4 which confirms the presence of tin ions into
WO3 films. The scanned area on film for EDX is
300 lm 9 300 lm, which has been chosen at different
locations of film to know the uniformity of atomic distri-
bution. The two-dimensional (2D) and three-dimensional
(3D) AFM images of the undoped and Sn-doped WO3

thin films are shown in Fig. 5(a) and (b), respectively,
scanned over an area of (1 lm 9 1 lm). The 3D images of
the samples exhibit coalescence of grains, and the extent
of coalescence begins to decrease on Sn doping. In the
case of 2 at.% Sn-doped sample, large nicely separated
conical columnar grains are observed throughout the

surface. The average surface roughness of the films is lis-
ted in Table 1.

3.2 Optical Studies

3.2.1 UV-Visible Spectra Analyses. The knowledge of
optical parameters of thin films is of great importance for
successful application in optoelectronics devices. The
transmittance and reflectance spectra of the undoped and
doped films in the wavelength range 320-800 nm are
shown in Fig. 6. The transmittance has been found to
decrease in all the Sn-doped films. This is due to the fact
that with Sn doping, defects, and island-like structures (as
evident from SEM images) in WO3 develop. Therefore,
the incident light interacting with them gets scattered
which results in low transmittance for the doped samples.
Also, the transmittance in transparent metal oxides
semiconductors depends on the metal to oxygen ratio. A
film shows less transparency when the amount of metal
increases (Ref 31).

The optical band gap has been calculated for both di-
rect and indirect transitions, because regarding the nature
of transition, some authors consider it to be direct
(Ref 13, 32), while some others believe it to be indirect
(Ref 28, 33), and some reported both the values
(Ref 11, 26). From the absorption spectra, the optical band
gap, Eg, has been determined on the basis of the
well-known relation (Ref 34)

ahm ¼ K hm� Eg

� �p
; ðEq 2Þ

Fig. 1 XRD spectra of the undoped and Sn-doped WO3 thin films
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where p has discrete values like 1/2, 3/2, 2, or more
depending on whether the transition is direct or indirect,
and allowed or forbidden. In the direct and allowed cases,
p = ½, whereas for direct but forbidden cases, it is 3/2. But
for the indirect and allowed cases, p = 2, and for the for-
bidden cases, it will be 3 or more. K is a constant given by
equation (Ref 34):

K ¼ e2= pnem�eh2
� �� �

2mrð Þ
3
2; ðEq 3Þ

where me* and mr are the effective and reduced masses of
charge carriers, respectively. Eg is the optical band gap.

The direct optical band gap (Eg) has been determined
by extrapolating the linear portion of the plot (Ahm)2 to
the energy axis (hm), shown in Fig. 7(a). The optical band
gap of undoped WO3 thin film has been found to be
3.34 eV, which lies in between 3.65 and 3.27 eV for the
amorphous and the crystalline WO3 films, respectively, as
reported by Deb (Ref 35). On Sn doping, the band gap
shows a red shift and becomes 2.89 eV at 2 at.% doping.
This band gap narrowing with doping is a common phe-
nomenon in most oxide semiconductors (Ref 36, 37). It
has been explained by considering that near the conduc-
tion band edge and valence band edge, the sub energy
levels are created by donor and acceptor impurities. As
doping percentage increases, the number of defect levels

increases due to which the band edge is shifted deep into
the forbidden gap, resulting in reduction in the band gap
energy (Ref 38). This band gap reduction with doping is a
good criterion for its application in solar cells (Ref 39).

Figure 7(b) shows the plot of (Ahm)1/2 versus (hm) for
indirect band gap (Egind). The indirect band gap energy

Table 1 Structural parameters of WO3 thin films

XRD Analyses

AFM analyses

WO3 film Position
d-Spacing
observed

d-Spacing
JCPDS hkl TC

Crystallite size, nm Lattice
strain, % a, Å b, Å c, Å b, �

Average
roughness, nm

Undoped 23.144 3.840 3.769 020 0.7051 16.89 Average crystallite
size: 13.97

0.0102 7.434 7.680 7.453 96.885 6.46
24.098 3.690 3.648 200 1.3431 24.18 0.0069
28.140 3.169 3.117 �112 1.8141 17.06 0.0084
34.033 2.632 2.621 220 0.6111 07.21 0.0164
36.813 2.440 2.516 122 1.4035 14.54 0.0076
41.788 2.160 2.154 222 0.7356 11.07 0.0088
49.621 1.836 1.824 400 0.5762 09.12 0.0091
55.922 1.643 1.642 420 0.8112 11.71 0.0063

1.0 at.% Sn 24.312 3.658 3.648 200 1.2030 18.81 Average crystallite
size: 13.82

0.0088 7.320 7.598 7.305 88.091 1.46
28.950 3.082 3.083 112 0.4444 17.09 0.0081
33.995 2.635 2.621 220 0.6984 10.82 0.0120
41.920 2.153 2.154 222 0.8264 12.66 0.0077
45.661 1.985 1.996 �312 1.2311 11.22 0.0080
49.724 1.832 1.824 400 0.5335 08.29 0.0099
55.673 1.650 1.651 �142 2.1448 15.60 0.0048
61.293 1.511 1.502 422 0.9183 16.03 0.0042

1.5 at.% Sn 24.186 3.677 3.648 200 1.4620 13.02 Average crystallite
size: 12.17

0.0127 7.400 7.601 7.462 83.587 3.89
28.248 3.157 3.117 �112 1.2592 17.07 0.0083
33.896 2.643 2.621 220 0.7703 10.81 0.0110
36.890 2.435 2.516 122 0.8675 14.54 0.0075
41.843 2.157 2.154 222 0.9053 11.07 0.0088
45.738 1.982 1.996 �312 1.2524 11.23 0.0079
49.410 1.843 1.824 400 0.5914 07.59 0.0109
61.118 1.515 1.502 422 0.8919 12.01 0.0057

2.0 at.% Sn 24.199 3.675 3.648 200 1.5017 18.81 Average crystallite
size: 12.46

0.0088 7.352 7.498 7.698 88.635 2.08
28.980 3.079 3.083 112 0.4805 10.68 0.0130
34.137 2.624 2.621 220 0.7462 09.62 0.0123
41.964 2.151 2.154 222 0.8929 14.77 0.0066
45.657 1.985 1.996 �312 1.4366 08.98 0.0099
49.493 1.840 1.824 400 0.5384 11.39 0.0073
55.776 1.647 1.642 142 1.4750 13.38 0.0055
61.322 1.511 1.502 422 0.9286 12.03 0.0057

Fig. 2 Variation of texture coefficient and standard deviation
with dopant concentration
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Fig. 3 SEM images of WO3 thin films (Inset shows cross-sectional SEM image)

Fig. 4 EDX images of the undoped and Sn-doped WO3 thin films
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Fig. 5 (a) 2D AFM images of WO3 thin films. (b) 3D AFM images of WO3 thin films
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Fig. 6 Transmittance and reflectance spectra of the undoped
and Sn-doped WO3 thin films

Fig. 7 (a) Plot of (Aht)2 vs. ht. (b) Plot of (Aht)1/2 vs. ht

Fig. 8 Plot of lnA vs. ht

Fig. 9 Variation of refractive index and Cauchy�s fit with
wavelength

Fig. 10 Wavelength dependence of real and imaginary parts of
dielectric constant of WO3 thin films
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and the phonon energy (Ep) have been calculated by
resolving the plot into two distinct straight line portions.
The straight line corresponding to phonon absorption
process occurred at lower photon energies cuts the energy
axis at (Egind � Ep), whereas the straight line in the rela-
tively higher energy range corresponding to phonon
emission process cuts the energy axis at (Egind + Ep)
(Ref 30, 40). The values of Egind for the undoped and the
doped films have lower value than Eg. Also, here Egind

shows the red shift on doping.
It has been found that near the fundamental absorption

edge, the absorption coefficient a exponentially varies on
the incident photon energy and follows the well-known
Urbach relation expressed as (Ref 27)

a ¼ ao exp
hm
Eo

� �

; ðEq 4Þ

where ao is a constant, and Eo is Urbach energy describing
the width of the localized states in the band gap. In terms
of absorption, the above equation can be written as

A ¼ Ao exp
hm
Eo

� �

; ðEq 5Þ

where Ao is another constant. Eo is estimated from the
slope of the linear relationship ln A versus hm, shown in
Fig. 8. Spectral variation of refractive index (n) of the
films in the wavelength range 450-650 nm is presented in
Fig. 9. From the reflectance data, refractive index has
been calculated using the relation (Ref 34):

n ¼ Rþ 1

1� R

� �

þ
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

4R

R� 1ð Þ2
� k2

s

; ðEq 6Þ

where R and k are reflectance and extinction coefficient,
respectively. And the dispersion of the refractive index is
fitted to the Cauchy�s relation using the equation (Ref 34):

n ¼ A0 þ B0

k2
; ðEq 7Þ

where A0 and B0 are the Cauchy�s constants, and k is the
wavelength of light. Both the undoped and doped films are
found to be well fitted into the Cauchy�s relation. The
refractive index satisfies the relations (2.38 + 89413.99/k2),
(2.37 + 114057.98/k2), (2.41 + 102995.30/k2), and (2.34 +
114281.04/k2) for the undoped, 1, 1.5, and 2 at.% doped
films, respectively. Thus, all the films show normal dis-
persion in the wavelength range of 450-625 nm.

The complex dielectric constant is a fundamental
intrinsic property of any material. The real part of the
dielectric constant implies the degree of retardation in
the velocity of light that passes through the material, while
the imaginary part implies how a dielectric material
absorbs energy from an electric field due to dipole motion.
The real and the imaginary parts of the dielectric constant
also provide the loss factor which is the ratio of the
imaginary part to the real part of the dielectric constant
(Ref 41). The complex dielectric constant ec is given by the
relation (Ref 34):

ec ¼ er þ ei ¼ n þ ikð Þ2; ðEq 8Þ

where real part er is the normal dielectric constant, and
imaginary part ei represents the absorption associated with
free carriers. The spectral variation of the real and imag-
inary part of dielectric constant is shown in Fig. 10.

3.2.2 Photoluminescence Studies. The PL spectra of
nanocrystalline tungsten oxide thin films are less investi-
gated. Manfredi et al. (Ref 42) have reported that pho-
toluminescence in tungsten oxide does not appear at room
temperature. But in the present investigation, we have
observed photoluminescence in nanocrystalline WO3 thin
films at room temperature. Figure 11 shows the room
temperature PL emission spectra of undoped and doped
WO3 thin films. Two distinct peaks, one blue emission at
408 nm and other green emission at 533 nm, are observed
in the PL spectra. The emission peak at 408 nm is due to
the recombination of free excitons and referred to as near

Fig. 11 Room temperature PL spectra of WO3 thin films

Fig. 12 Variation of electrical resistivity of the WO3 films with
temperature (inset shows room temperature resistivity as a
function of dopant concentration.)
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band edge emission (NBE), whereas the emission at
533 nm may be attributed to the various luminescent
centers such as defect energy levels arising due to oxygen
vacancies or defects in the nanostructures. Still, there exist
different controversial explanations about the PL spectra,
specially the green emission. According to Groenink and
Blasse (Ref 43) and Korzhik and co-workers (Ref 44-46),
the green emission originates from (WO3 + F) centers.
Sinelnikov et al. (Ref 47) have concluded that the WO4

tetrahedra distorted upon the formation of oxygen
vacancies are responsible for the green luminescence
band. On the other hand, several authors attribute the
green photoluminescence to defect centers associated with
interstitial oxygen (Ref 48).

The NBE emission peak intensity in the doped films
has been found to enhance relative to that of the undoped
film. Density of free excitons is the major factor affecting
the intensity of NBE emission (Ref 49). We observe a
variation in intensity throughout the spectrum with vary-
ing Sn content.

3.3 Electrical Studies

The knowledge of electrical conductivity of WO3 thin
films is important and essential for making successful
practical devices. Hence a detail study of electrical
behavior of undoped and Sn-doped films has been carried
out through resistance versus temperature measurements.

In the present investigation, the room temperature elec-
trical resistivity of undoped WO3 thin films has been
found to be 4.11 X-m which decreases significantly on Sn
doping (shown in inset of Fig. 12). Decrease in resistivity
with Sn dopant concentration may be attributed to
incorporation of tin ions into WO3 lattice, resulting in
increase in oxygen vacancy/carrier concentration. Also,
based on the size effects of electrical conductivity, when
the crystallite size is below ~25 nm, the grain boundary
scattering decreases significantly and therefore increases
the conductivity (Ref 50). Lethy et al. (Ref 39) have
reported room temperature electrical resistivity of laser
ablated nanostructured pure WO3 thin film to be 17 X m,
which increases with increase in titania content up to
5 wt.%, and on further doping to 10 wt.%, the resistivity
decreases significantly. Whilst Patil et al. (Ref 51) have
reported decrease in room temperature electrical resis-
tivity of spray-deposited WO3 thin films on TiO2 doping.
Authors have studied the effect of In doping on the
electrical conductivity of spray-deposited WO3 thin films
prepared using WCl6 dissolved in N-N dimethylformam-
ide and found the room temperature conductivity in-
creases on In doping (Ref 27).

Temperature dependence of electrical resistivity of
WO3 thin films in the temperature range 303-723 K is
shown in Fig. 12. The decrease in resistivity with tem-
perature indicates the semiconductor behavior of the
films. In fact, resistivity is the result of trade-off between
two competing processes occurring simultaneously,
namely, thermal excitation of electrons and adsorption of
atmospheric oxygen on the film surface.

The electronic transport of WO3, in general, is believed
to be controlled by the hopping conduction process, and
the electrons are the major carriers via the oxygen
vacancies (Ref 52). The electrical conductivity r can be
expressed as

r ¼ ro exp
�Ea

kBT

� �

; ðEq 9Þ

where Ea and kB are the activation energy and Boltzman
constant, respectively. The activation energies are ob-
tained from the slope of plot showing ln r versus 1/T
(Fig. 13) and are listed in Table 2. All the films exhibit two
activation energies in different temperature regions. The
results indicate the presence of two defect energy lev-
els—one deep and one shallow near the bottom of the
conduction band.Fig. 13 Plot of lnr with 1/T

Table 2 Optical and electrical parameters of undoped and Sn-doped WO3 thin films

WO3 film
Direct

band gap Eg, eV
Indirect

band gap Egind, eV

Phonon
energy

Ep, meV

Urbach
energy

Eo, meV
Reflective

index n at 550 nm

Activation energy at
temperature range Ea,

eV Room
temperature

resistivity q, X-m303-403 K 523-723 K

Undoped 3.34 2.62 98.50 665.91 2.6149 0.0526 0.7635 4.1125
1.0 at.%_Sn 3.04 2.53 65.00 469.50 2.7437 0.0757 0.5992 3.3425
1.5 at.%_Sn 3.07 2.43 60.00 584.99 2.7444 0.0690 0.6021 1.4408
2.0 at.%_Sn 2.89 2.34 35.00 704.08 2.7090 0.0741 0.6635 0.9217
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4. Conclusion

Undoped WO3 and Sn-doped thin films were prepared
using chemical spray pyrolysis, with dopant concentration
(Sn/W ratio) varying from 0 to 2 atomic percent (at.%).
XRD analyses confirm the monoclinic phase of the pre-
pared films with the highest intensity along (200) direction
for all the samples. The average crystallite size has been
found to decrease with Sn doping. EDX results confirm
the presence of tin ions into WO3 films. The 3D AFM
images of the films exhibit coalescence of grains, and the
extent of coalescence begins to decrease on Sn doping.
The UV-visible spectroscopy studies show a direct optical
band gap of 3.34 eV and an indirect band gap of 2.62 eV
in the undoped film. From the reflectance data, refractive
index has been calculated, and all the films exhibit normal
dispersion in the wavelength range of 450-625 nm. PL
spectra shows enhancement in intensity throughout the
spectrum with the increase of Sn content. The films exhibit
two activation energies in different temperature regions,
corresponding to two defect energy levels.
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