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a b s t r a c t

Thin films of undoped and antimony doped tin oxide (SnO2 and Sb:SnO2) prepared by spray pyrolysis
technique with different antimony concentrations are found to be polycrystalline with tetragonal crystal
structure, having preferential growth along the (2 1 1) and (1 1 2) planes. Randomly oriented needle-
shaped polyhedron like grains are observed in the FE-SEM images owing to large scattering effect in the
films. From X-ray photoelectron spectroscopy (XPS) measurement, it is observed that films are oxygen
deficient. Concentration of Sb in the SnO2 films is slightly less than that of starting solution. Valence states
for Sn, Sb and O, observed from the XPS measurement are Sn4+, Sb5+/Sb3+ and O2

2−, respectively. The
-ray diffraction
E-SEM
PS
ptical
L
lectrical properties

direct optical band gap (Eg) has increased from 3.55 (undoped) to 3.60 eV with Sb concentration showing
formation of degenerate semiconductor. The strong violet and comparatively weak red emissions have
observed in room temperature photoluminescence (PL). The origin of various peaks in PL spectra can be
assigned to the combined effect of oxygen vacancies, tin interstitials or dangling bonds, singly charged
oxygen vacancies, interstitial oxygen and crystal defects present in the films. The films deposited with
2 at.% Sb exhibited lowest value of resistivity (1.22 × 10−3 � cm) and highest value of carrier concentration
(5.19 × 1020 cm−3), mobility (9.83 cm2 V−1 s−1) and figure of merit (2.11 × 10−3 �−1).
. Introduction

The significant focus of thin film technology has been the devel-
pment of transparent and conducting oxide (TCO) coatings that
erve as window layers in photovoltaic devices and also as elec-
rical contacts [1]. Now-a-days TCO materials having high mobility
nd increased conductivity with good transparency are extensively
tudied [2]. Since, last two decades, tin doped indium oxide (ITO)
nd fluorine doped tin oxide (FTO) thin films are essentially pre-
erred in the semiconductor industries in highly sophisticated fields
f science and technology [3]. In spite of excellent optoelectronic
roperties, ITO and FTO suffer from the sophistication of instabil-

ty under reducing plasma at elevated temperatures. Further, the
eficiency in supply of rare, expensive, toxic indium and fluorine
equired for the production of ITO and FTO thin films might be the

ause of disquiet to the environment. As a result, many attempts
ave been made to build the potential substitute to these well-
ecognized materials. The Sb doped tin oxide (ATO) thin films are
onsidered as an alternative to ITO and FTO due to its excellent

∗ Corresponding author. Tel.: +91 231 2609435; fax: +91 231 2691533.
E-mail address: rajpure@yahoo.com (K.Y. Rajpure).
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oi:10.1016/j.jallcom.2010.06.091
© 2010 Elsevier B.V. All rights reserved.

heat resistivity [4]. Many dopants, such as W [5], Al [6], In [7], F [8],
Si [9], La [10], Ni [11], Pt [12], Vd [13], Pd [14], Fe [15] and Sb [16]
have been used to improve the electrical properties of tin oxide thin
films. But in case of Sb doping, antimony presents a real challenge
to electronic structure calculation in order to explain its optoelec-
tronic properties [17]. Tin oxide with high doping concentration
of antimony exhibits quasimetallic conductivity while maintain-
ing its transparency in the optical region [18]. These interesting
optoelectronic properties are exploited in solar cells and optical
devices. ATO thin films are deposited by various methods viz. sput-
tering [19], vacuum evaporation [20], chemical vapour deposition
[21], DC glow discharge [22], sol–gel [16,23] and spray pyrolysis
[24–27]. Spray Pyrolysis is a promising technique for producing
sufficiently conductive Sb:SnO2 thin films in a cost-effective way.
Though numerous amount of literature is available on spray depo-
sition of ATO thin films, the efforts are made either to achieve
high values for figure of merit or to achieve higher gas sensitiv-
ity in sensor applications by tailoring its crystalline structure and

surface morphology. In the present study, we have made a spe-
cific effort to achieve the combined effect of ATO films to work
as multi task film. The effect of Sb doping on film structure and
morphology, optical and electrical properties of the films has been
reported.

dx.doi.org/10.1016/j.jallcom.2010.06.091
http://www.sciencedirect.com/science/journal/09258388
http://www.elsevier.com/locate/jallcom
mailto:rajpure@yahoo.com
dx.doi.org/10.1016/j.jallcom.2010.06.091
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Sb:SnO thin films. The films deposited by spray are found to be
ig. 1. X-ray diffraction patterns of undoped and Sb:SnO2 thin films prepared with
ifferent Sb concentrations (in starting solution).

. Experimental

Undoped and Sb:SnO2 thin films were deposited onto the ultrasonically cleaned
reheated corning glass substrates using the chemical spray pyrolysis technique.
arying amounts of SbCl3 dissolved in 1 M HCl was added to 2 M aqueous SnCl4·5H2O
olution to obtain 1, 2 and 3 at.% Sb concentration in the starting solution. This was
aken as the stock solution. Ten milliliters of propan-2-ol was added to the 10 ml of
tock solution before spraying. The other deposition parameters such as spray rate
5 cc min−1), nozzle to substrate distance (33 cm) were kept at their fixed values and
mbient compressed air was used as a carrier gas. The resulting solution (20 ml) was
prayed at an optimized substrate temperature of 748 K.

The structural properties were studied by Powder X-ray diffractometer [Bruker
8 Advance, France] using Cu K� radiation in the 2� range of 20–80o. The morphol-
gy of the films was observed by using field emission scanning electron microscopy
FE-SEM, Model: JSM-6701F, Japan). XPS studies were carried out using the model
HI-5400 type X-ray photoelectron spectroscopy (XPS, Physical Electronics PHI
400, USA) with monochromatic Mg K� (1254 eV) radiation. Optical absorption
tudy was carried out in the wavelength range 250–1100 nm using double beam
pectrophotometer (SHIMADZU UV-1700, Japan). The room temperature photolu-
inescence (PL) spectra of the annealed samples were recorded using a PerkinElmer

uminescence spectrometer (Model: LS55, USA). All spectra were measured at room
emperature with an Ar ion laser as a light source using an excitation wavelength
25 nm. The electrical measurements like resistivity (�), sheet resistance (Rsh), car-
ier concentration (n) and mobility (�) were carried out at room temperature by
sing Hall effect setup (Scientific Instruments, DHE-21, Roorkee, India) in Van der
auw configuration.

. Results and discussion

.1. X-ray diffraction (XRD) studies

Fig. 1 show the XRD patterns of undoped and Sb:SnO2 thin films
eposited for different antimony concentrations. It is seen that the
lms exhibit polycrystalline nature with tetragonal crystal struc-

ure having a preferential growth along the (2 1 1) and (1 1 2) planes,
he unique observation in the present study compared to previous
eports [28,29]. However, relative intensities of all the peaks go
n decreasing with Sb doping concentration except for (1 1 2). Peak
Fig. 2. Variation of the average crystallite size with different Sb concentrations.

intensity of (1 1 2) plane increases up to 2 at.% Sb and then decreases
slightly for higher Sb doping concentration, indicating slight reori-
entation effect. The Sb atoms substitutes to the Sn atoms up to 2 at.%
Sb doping while for higher Sb doping concentrations (>2 at.%), Sb
atoms goes to substitutional as well as interstitial sites in the SnO2
lattice. Other weak intensity peaks viz. (1 1 0), (1 0 1), (2 0 0), (2 0 2)
and (3 2 1) are also observed.

The crystallite size ‘D’ is calculated using Scherrer’s formula,

D = 0.9�

(ˇ cos �)
(1)

where D is the crystallite size, ˇ is the broadening of the diffraction
line measured at half of its maximum intensity (rad) FWHM and �
is the X-ray wavelength (1.5406 Å). From Fig. 2, it is seen that as Sb
concentration increases, the average crystallite size decreases up to
2 at.% and tends to increase afterwards. This effect can be explained,
if it is considered that antimony atoms do not substitute tin atoms;
instead they occupy interstitial sites resulting in a large number of
dislocations.

The reflection intensities from each XRD pattern contain
information related to the preferential or random growth of poly-
crystalline thin films which is studied by calculating the texture
coefficient TC(h k l) for the planes using the equation,

TC(h k l) = I(h k l)/I0

(1/N)
∑

I(h k l)/I0
(2)

where I(h k l) is the measured intensity of X-ray reflection, I0(h k l) is
the corresponding standard intensity from the [JCPDS data card No-
01-0625] and N is the number of reflections observed in the XRD
pattern. Fig. 3 depicts the variation of the texture coefficient with
Sb concentration for the (1 0 1), (2 1 1) and (1 1 2) planes. TC (1 1 2)
for all the films has a relatively higher value than the other planes
(1 0 1) and (2 1 1). TC of (1 1 2) plane slightly increases up to 2 at.%
[Sb] doping and decreases with further increase in doping, while
TC of (1 0 1) and (2 1 1) planes show a reverse trend. This confirms
the reorientation effect with Sb concentration observed in ATO thin
films.

3.2. Surface morphological study

Fig. 4(a–d) shows the FE-SEM images of the undoped and

2

uniform. The surface morphology of the films is strongly depen-
dent upon the Sb concentration. Here, we observed the two types
of grains, which they named ‘bigger’ and twisted metal sheet like
shape of grains and smaller and needle-shaped grains. Smaller and
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ig. 3. Variation of TC (1 0 1), TC (2 1 1) and TC (1 1 2) with Sb concentration for
b:SnO2 thin films.

eedle-shaped polyhedrons like grains are appeared on the sur-
ace of the pure tin oxide thin films. The grain sizes measured
ith FE-SEM images are 300–500 Å (large polyhedron like grains)

nd 100–200 Å (small grains). The number of needle-shaped grains
ecreases with increase in Sb doping levels. As the Sb concentration

ncreases the polyhedron like grains dwindled and converted into
wisted large round grains [30,31]. The grains are randomly grown
iving rise to scattering effect thereby reducing transmittance.

.3. XPS analysis
Fig. 5 shows the typical X-ray photoelectron spectroscopy (XPS)
nalysis scan of Sb:SnO2 thin film deposited with 2 at.% Sb concen-
ration. Sample contains the Sn, Sb, O and traces of C having Sn MN1
uger peak due to X-ray induced Auger emission with Sn 3p, Sn 3d,

Fig. 4. SEM micrographs of (a) undoped, (b) 1 at.%
Fig. 5. XPS spectra of the typical 2 at.% Sb:SnO2 thin film.

Sn 4d core levels. The presence of C 1s at 285 eV is attributed to con-
tamination which resulted from the samples being exposed to air
before the XPS measurements [32]. The binding energy of Sn 3d5/2
for all samples shows the Sn4+ bonding state from SnO2. The narrow
scan spectra for tin, antimony and oxygen are shown in Fig. 6(a–c).
The spectrum reveals the spin-orbit splitting of the Sn 3d5/2 ground
state and Sn 3d3/2 excited state core levels of tin in 486–487 and
494.88–495.39 eV, respectively with a better symmetry assigned to
the lattice tin, Fig. 6(a). The separation between the Sn 3d5/2 and Sn
3d3/2 levels (8.5 eV) is approximately same with earlier reported
spectrum of Sn [33]. Chemical shift observed for doublet Sn3d
5/2
and Sn3d3/2 core states with respect to Sb doping concentration are
in the range of 1.55–1.9 and 0.95–1.3 eV, respectively due to change
in oxidation state of the atom and local chemical and physical envi-
ronment. Atoms of a higher positive oxidation state exhibit a higher

(c) 2 at.% and (d) 3 at.% Sb:SnO2 thin films.
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Fig. 6. XPS spectra of the Sb:SnO2 thin films with Sb concentration (a) na

inding energy due to the extra coulombic interaction between the
hoto-emitted electron and the ion core.

The peaks of Sb3d5/2 and Sb3d3/2 are observed at 530.80, 530.72
nd 531.21 and 540.30, 540.63 and 540.46 eV corresponding to
–3 at.% Sb doping concentration, respectively, shown in Fig. 6(b).
he shift in Sb3d5/2 and Sb3d3/2 is about 2.72–3.21 and 3.3–3.63 eV,
espectively, indicating the presence of oxygen (O) bonding with
n4+ and Sb5+. Calculation of relative peak area confirms the dom-
nance of Sb5+ ions over Sb3+ ions showing improvement in the
onductivity by donating one extra electron. This behavior is fur-
her recognized through the electrical conductivity measurements.

The oxygen peaks for the undoped, 1 at.% Sb, 2 at.% Sb and 3 at.%
b doped samples are observed at 530.67, 530.56, 530.93, 531.46 eV
espectively (Fig. 6(c)). This can be attributed to O2− state at lat-
ice oxygen in non-stoichiometric oxides showing close agreement
ith reported values [32]. Gaussian curve fitting of typical 2 at.% Sb

ample, (Fig. 6(d)) illustrates the O 1s peak has doublet component;
uch phenomenon is common for oxides containing oxygen in mul-
iple valence states [34]. The 532.2 eV peak on the higher binding
nergy side of the O 1s spectrum can be attributed to O2

2− state
lemental oxygen (Oxygen sufficient states). The oxygen deficient
tates (62–72%) increases from undoped to 2 at.% Sb doping con-

entration and then decreases which is consistent with observed
lectrical conductivity and luminescence states. It can be seen that
he oxygen peak in the spectra is asymmetric, which is due to the
oncealed Sb 3d peak. The chemical shift for higher doping is due
o variation in concentration of the oxygen vacancies (ratio of suf-
cans of Sn 3d; (b) Sb 3d; (c) O 1s; (d) Gaussian fitted narrow scan of O 1s.

ficient to deficient states) [35]. The oxygen deficiency drastically
alters the electronic properties, making the hopping of electrons
between oxygen vacancies. This oxygen deficiency may also be
useful for gas sensing property.

3.4. Optical properties

Fig. 7 shows the optical transmittance curves as a function of
wavelength of the undoped and Sb:SnO2 thin films. It is observed
that, the transmittance increases with the increase in doping up
to 2 at.% and decreases for further doping. Higher antimony dop-
ing imparted blue coloration to the films which further reduces
the transmittance. The average transparency in the visible range
is around ∼80%. The decrease in transmittance at higher doping
concentration may be due to the enhancement in photon scat-
tering because of crystal defects created by antimony doping.
Transmittance of TCO thin films prepared by spray technique is
generally limited by: (i) reflection losses including specular and
scattered (diffuse) components due to surface roughness and (ii)
inhomogeneities in the film in terms of unreacted chemical species
generated during the complex pyrolytic process [17]. However, the
transmittance curves are distinguished by their gradients owing

to the Sb concentration. In case of heavily doped semiconductors
having carrier concentration 1019–1021 cm−3, the Drude’s model is
generally used for the attribution of the decrease in the transmit-
tance [36]. Briefly, this model illustrates the drop in transmittance
in the near infrared region is associated with the plasma frequency
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nate in the defect structure of SnO2 due to the multivalence of tin,
explaining the natural non-stoichiometry of this material [42].

Table 1
Various PL emissions observed in undoped and Sb:SnO2 thin films.

Sample Peak position

V1 V2 V3 B O R

Undoped 366 395 424 488 679 719
ig. 7. The optical transmittance spectra of undoped and Sb:SnO2 thin films pre-
ared for different Sb concentrations (in starting solution).

ωp) expressed as,

p =
(

4�ne2

ε0ε∞mc∗

)1/2

(3)

here n is the carrier concentration, e the electronic charge, ε0 the
ermittivity of free space, ε∞ the high-frequency permittivity and
c* the effective mass. As ωp is proportional to the square root of

arrier concentration, increase in carrier concentration leads to the
owering of transmission level in near IR region. The direct optical
and gap (Eg) has increased from 3.55 to 3.60 eV with Sb concentra-
ion which is attributed to Moss–Burstein effect. This effect occurs
wing to filling up of low energy levels by conduction electrons.
ince, the Fermi level lies within the conduction band where its
osition depends on the density of free electrons, band gap energy
etermined in this way is not an actual band gap of the deposit as
hese are degenerate semiconductors. Thus, the optical band gaps
re related to the excitation of the electrons from the valance band
o the Fermi level in the conduction band, whereas the actual band
ap of the material is related to the excitation of the electrons from
he top of the valence band to the bottom of the conduction band.
his means that there is lifting of the Fermi level into the conduc-
ion band of the degenerate semiconductor due to the increase in
he carrier density leads to the energy band broadening (shifting).

.5. Photoluminescence studies

The room temperature PL emission spectra of the undoped and
b:SnO2 thin films recorded in the range 350–850 nm is shown in
ig. 8(a). For undoped and doped samples, an intensive violet emis-
ion peak at 395 nm (about 3.14 eV) and shoulders at 366, 424 and
74 nm (3.39, 2.92 and 2.62 eV) are observed. In addition to this,
here is a broad peak at 661 and 718 nm (about 1.88 and 1.73 eV).
he inset shows the PL intensity brightness (violet peak) against
ntimony concentration. With increase in Sb concentration, the
ntensity of violet peak increases and attains maximum value at
at.% Sb concentration due to decrease in number of defects and

he non-radiative recombination [37]. The high density of oxygen
acancies interact with interfacial tin leads to the formation of a

onsiderable amount of trapped states within the band gap giving
ise to high PL intensity at room temperature. Fig. 8(b) depicts the
aussian profile fitting of the typical sample prepared using 2 at.%
b. The origin of peak at 395 nm (3.14 eV) is attributed to the elec-
ron transition from donor level formed by oxygen vacancies (VO) or
Fig. 8. (a) PL emission spectra of Sb:SnO2 thin films with different Sb concentra-
tions (the inset shows the plots of PL intensity versus Sb doping concentration); (b)
Gaussian fitted typical PL spectrum of 2 at.% Sb:SnO2.

Sb5+ ions to the acceptor level formed by Sb3+ ions [38]. The basis of
peak at 424 nm can be ascribed to the luminescence centers formed
by tin interstitials (Sni) or dangling bonds present in the SnO2 thin
films [39]. Other peak appeared at 474 nm, which corresponds to
blue luminescence and can be attributed to singly charged oxygen
vacancies (VO) in the films. [40]. The orange emission observed at
661 nm might be due to involvement of an interstitial oxygen (Oi)
ions [41]. Broad peak observed at 718 nm for all films may be due to
other crystal defects which are formed during the growth of sam-
ples. Table 1 indicates the various emissions observed in undoped
and Sb:SnO2 thin films. It is seen that, there is slight shifting in
emission lines due to dopant incorporation. Sni, Oi and VO domi-
1% Sb 366 393 421 470 661 719
2% Sb 366 395 424 474 661 718
3% Sb 365 391 418 465 660 717

where V1, V2, V3 correspond to Violet emission; B is Blue emission; O is Orange
emission and R is Red emission.
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Table 2
Various parameters estimated for sprayed Sb:SnO2 thin films with different Sb concentrations.

Sb (at.%) Rsh (�) � (10−3 � cm) n (1020 cm−3) � (cm2 V−1 s−1) 
 (10−3 �−1) Ef (eV) l (Å) t (nm) C.S. (nm) ωp (1015 Hz)

0.13 0.78 4.9 812 23.72 2.33
0.23 1.0 9.6 802 23.54 2.83
2.11 1.24 16.0 794 19.87 3.31
0.20 1.14 8.6 797 22.71 3.11
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0 77.95 6.33 2.59 3.81
1 31.31 2.51 3.81 6.53
2 15.42 1.22 5.19 9.83
3 30.75 2.45 4.60 5.54

.6. Electrical properties

Analysis of the electrical properties of undoped and Sb:SnO2
hin films is premeditated using Van der Pauw technique. The val-
es of electrical resistivity along with other parameters with Sb
oncentration are tabulated in Table 2. As Sb concentration goes on
ncreasing the resistivity decreases up to 2 at.% [Sb] and becomes

inimum of 1.22 × 10−3 � cm and there after it slightly increases
or higher concentrations. This is due to the fact that when anti-

ony exceeds the limit of maximum solubility in tin oxide, it
roduces a grain boundary segregation of impurities which causes
dispersion of carriers. The Hall effect measurement confirms that

he Sb:SnO2 films exhibits the n-type conductivity.
Table 2 also depicts the carrier concentration (n) and carrier

obility (�) of the Sb:SnO2 thin film for different Sb concentrations.
he carrier concentration of undoped film is 2.59 × 1020 cm−3 and
here is an increase in carrier concentration up to 2 at.% Sb concen-
ration. The maximum carrier concentration of 5.19 × 1020 cm−3 is
bserved for the films deposited with optimum Sb concentration of
at.%. With increase in Sb concentration the Hall mobility increases

rom 3.81 to 9.83 cm2 V−1 s−1 and then decreases for heavy doping.
he Hall mobility in doped semiconductors is usually limited by
wo major scattering mechanisms: grain boundary scattering and
onized impurity scattering [43].

The mean free path (l) is calculated by the following relation,

= h

2e

(
3n

�

)1/3
� (4)

here h the Plank’s constant, e the electron charge, n the carrier
oncentration and � the Hall mobility. The mean free path increases
ith concentration up to 2 at.% (Table 2) and then decreases for
igher concentrations. The films deposited at 2 at.% Sb concen-
ration shows mean free path (l) is 16 Å. Since the l values are
onsiderably shorter than the grain size (as seen in FE-SEM images)
he Hall mobility is limited by the ionized impurity scattering rather
han the grain boundary scattering.

The film degeneracy is confirmed by evaluating Fermi energy
sing relation,

E =
(

h2

8m∗

)(
3n

�

)2/3
(5)

The value of effective mass evaluated from plasma frequency
or antimony doped SnO2 films; 0.19me (me = rest mass of electron)
s used in evaluating Fermi energy. The calculated value of Fermi
nergy lies in the range of 0.78–1.24 eV (Table 2). Fermi energy
alues are higher compared to kT at room temperature which is
he evidence for degenerate nature of materials.

For optoelectronic device applications, the figure of merit (
)
lays an important role. The device performance is determined
rom 
 and is calculated by using the Hacke’s formula [44],

= T10

R
(6)
sh

here T the transmittance at 550 nm and Rsh the sheet resistance.
The sheet resistance (Rsh) is a main factor for figure of merit,

hich is calculated by van der Pauw technique. The variation of
gure of merit with Sb concentration is shown in Fig. 9. As the Sb
Fig. 9. Variation of figure of merit of Sb:SnO2 thin films with different Sb concen-
tration (in starting solution).

concentration increases, the figure of merit first increases and then
decreases. The highest figure of merit obtained is 2.11 × 10−3 �−1

for 2 at.% Sb:SnO2 films. This may be due to the fact that up to
2 at.% Sb concentration Sb5+ atoms replace the tin atoms in the
SnO2 lattice releasing one extra electron responsible for conduc-
tion. Observed figure of merit is relatively lower than reported by
other groups, because the ATO films in the present study have low
transmittance.

4. Conclusions

Undoped and Sb:SnO2 thin films are successfully prepared using
inexpensive spray pyrolysis technique. The films are polycrystalline
with tetragonal crystal structure showing crystal reorientation
effect as well as grain boundary scattering confirmed from SEM.
Valence states for Sn, Sb and O, observed from the XPS measure-
ment are Sn4+, Sb5+/Sb3+ and O2

2−, respectively. Also it shows the
symmetric spin-orbit splitting of Sn 3d5/2 ground state and Sn
3d3/2 excited states. The direct optical band gap (Eg) has increased
from 3.55 (undoped) to 3.60 eV with Sb concentration showing for-
mation of degenerate semiconductor. The dominant luminescent
centers of strong violet emission have been confirmed from photo-
luminescence spectra. The highest figure of merit and the minimum
resistivity achieved for Sb:SnO2 thin films has been found to be
2.11 × 10−3 �−1 and 1.22 × 10−3 � cm, respectively. Enhancement
in optoelectronic properties is due to oxygen deficiency have con-
firmed from the XPS analysis. The physico-chemical properties of
these thin films indicate their possible candidature for application
as multitask thin film devices (TCOs, optoelectronic devices and
sensors) based on the antimony variation.
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