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Nanostructured tin oxide (SnO2) thin �lms have been prepared by spray pyrolysis technique. The e�ects of
deposition conditions such as substrate temperature and tin chloride concentration in the precursor solution on
physical properties of �lms have been investigated. The physical characterization of samples was carried out by
UV-VIS spectroscopy, X-ray di�raction, scanning electron microscopy, and the Hall e�ect experiment for optical,
structural, morphological and electrical studies, respectively. The �lms are polycrystalline in nature with a
tetragonal crystal structure. The preferred orientation has been changed by changing the deposition parameters.
In the case of changing the substrate temperature, (211) was found as the preferred orientation, while by changing
the molarities of the solution, (301) orientation was grown as well as (211). The deposition temperature was
optimized to 450 ◦C; whereas the optimum solution concentration was found to be 0.2 mol/L. Films deposited
at foregoing conditions have good optoelectrical properties which make them suitable for applying in di�erent
optoelectronic devices.

PACS: 78.66.Fd, 73.61.−r, 73.61.Ey

1. Introduction

Non-stoichiometric and doped �lms of oxides of tin, in-
dium, cadmium, zinc and their various alloys, deposited
by numerous techniques, exhibit high transmittance in
the visible spectral region, high re�ectance in the IR
region, and nearly metallic conductivity [1]. Tin oxide
(SnO2) �lms have a wide range of applications because
of their excellent performance along with high mechan-
ical, chemical and environmental stability and low cost
material [1�5]. By volume, the most deposited trans-
parent conductive oxide (TCO) today is SnO2, which is
used in IR-e�cient architectural window application. In
addition, it is receiving more attention for photovoltaic
devices (PVs), especially for the heterojunction with in-
trinsic thin layer (HITL) cells and related cells (such as
amorphous or microcrystalline) Si [5]. Another major
application of intrinsic tin oxide is using it as gas sensors
[6, 7]. Doped tin oxide, specially �uorine doped tin oxide
(FTO), can be used as an ideal TCO layer in di�erent ap-
plications such as transparent electrode in the solar cells;
in one of our recent works, we applied these �lms for dye
sensitized solar cells (DSSCs) [8].
Tin oxide �lms have been prepared by several meth-

ods such as chemical vapor deposition [9], spray pyroly-
sis [10, 11], electron beam evaporation [12], sol gel [13]
and sputtering [14]. Among the various deposition tech-
niques, spray pyrolysis is well suited for the preparation
of doped and undoped tin oxide thin �lms because of its
simple and inexpensive experimental arrangement, ease
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of adding various doping materials, reproducibility, high
growth rate, and mass production capability for uniform
large area coatings [15].
The properties of spray deposited tin oxide thin �lms

are dependent on the processing conditions and the na-
ture of precursors used. The precursors play a key role
in determining all the physical properties of �lm. SnCl4
is one of the most reported precursors for tin in the liter-
ature. Thin �lms of tin oxide have been prepared using
SnCl4 precursor dissolved in a wide variety of solvents
such as water, alcohols, or mixture of them (in various
ratio) [16�18]. A series of other sources especially organic
compounds with butyl groups and/or acetate groups such
as TBT [19], TBTA [20], DBTDA [21] were reported to
form SnO2 �lms. However, SnCl2 is one of the best pre-
cursors because of ease of synthesizing in the laboratory
and economic considerations [22].

2. Experimental details

Thin �lms of tin oxide were deposited on glass sub-
strates by spray pyrolysis technique. The well cleaned
soda-lime glasses were used as substrates. The desired
amount of stannic chloride (SnCl2·2H2O), to achieve dif-
ferent molarities, was used as the precursor. This precur-
sor was dissolved in 4 mL concentrated hydrochloric acid
(HCl) and then added with methanol served as the start-
ing solution. Two sets of experiments have been done.
Set 1: at the �xed substrate temperature (450 ◦C), dif-
ferent solution molarities from 0.1 mol/L to 0.3 mol/L
were deposited; set 2: solutions with 0.2 mol/L concen-
tration sprayed at substrate temperatures ranging from
400 ◦C to 500 ◦C in steps of 25 ◦C. The other deposition
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parameters like nozzle to substrate distance (25 cm), gas
�ow rate (18 L/min) and total spray solution (40 cc)
were kept constant at the optimized values indicated in
parentheses.
Optical transmittance spectra of the �lms were mea-

sured using a UV-Vis-NIR double beam spectrophotome-
ter by Cary100 with air as reference. The Hall e�ect
setup supplied by Scienti�c Equipments, Phys. Tech. RH
2010 was used for electrical measurements by using Van
der Pauw con�guration at room temperature. X-ray
di�raction (XRD) method was applied to determine the
crystalline quality of tin oxide �lms by using Cu Kα ra-
diation Philips PW-1830 model. Scanning electron mi-
croscope (SEM) was carried out by Philips XL30 model
for morphological analysis of the �lms. The thickness was
calculated from the Swanepoel method by using standard
formula [23]. Only for the �lm deposited at 500 ◦C, since
it had no interference fringe, cross-section SEM is used
for the thickness measurement.

3. Results and discussion

The formation of SnO2 �lms from a SnCl2 solution
gives rise to a transitory formation of the compound SnO.
The chemical reactions taking place are [24�26]:

SnCl2 +H2O → SnO + 2HCl, (1)

SnO +
1

2
O2 → SnO2. (2)

SnCl2 can partly ionize into Sn2+ and Cl−, it could also
form tin based polymer molecules [25]. On the other
hand, it is reported that presence of HCl in SnCl2 solu-
tion forms di�erent intermediate molecules in the start-
ing solution. Addition of HCl that resulted in transpar-
ent solution may be due to the breakdown of those tin
based polymer molecules. SnCl2·2H2O is known to re-
act with HCl to give HSnCl3. At the pyrolysis tempera-
ture, HSnCl3 is thermally decomposed to form the SnO2

molecule [24�26].

4. Optical properties

Figures 1 and 2 show the optical transmittance spectra
obtained from the SnO2 �lms, in the wavelength rang-
ing 200�900 nm, as a function of substrate temperature
and molarity, respectively. The substrate temperature
plays an important role in the �lm formation. At a
temperature lower than optimum value, a powdery sam-
ple appears due to the unconverted precursor and for
higher temperatures a white fog is found due to the excess
amount of tin [26]. At optimum substrate temperature
the spray reaches the substrate surface in the semi-vapour
state and complete oxidation will take place to give clear
SnO2 �lm. In general, in the visible region of the spec-
trum, the transmittance is very high. It is due to the
fact that the re�ectivity is low and there is no (or less)
absorption due to transfer of electrons from the valence
band to the conduction band owing to optical interfer-
ence e�ects, it is possible to maximize the transmission

of the thin �lm at particular region of wavelengths [27].
As can be seen from Fig. 2 by increasing the concen-
tration of starting solution, the transmittance decreases.
The reduction in transmission is due to increase of the
thickness of deposited layer.

Fig. 1. Optical transmittance for spray-deposited
SnO2 �lms deposited at various substrate temperatures.

Fig. 2. Optical transmittance of SnO2 �lms with a
function of wavelength by changing the spray solution
concentration.

5. Electrical properties

The negative sign of the Hall coe�cient, in the Hall ef-
fect experiment, con�rmed the n-type conductivity of the
samples. In Table I the electrical properties, including
sheet resistance, resistivity, carrier concentration, mobil-
ity and thickness of SnO2 �lms are reported as a func-
tion of substrate temperature (experiments set 1) and in
Table II as a function of solution concentration (set 2).
The thickness of SnO2 �lm increases with increasing the
substrate temperature and attains the maximum thick-
ness at 450 ◦C (1305 nm) and then decreases for higher
temperatures, which con�rms that 450 ◦C is the best tem-
perature for complete decomposition of solution and py-
rolysis reaction takes place in the best form.
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TABLE I

Electrical properties and �gure of merit of tin oxide �lms deposited at di�erent substrate temperatures.

TS [◦C] t [nm] Rsh [Ω/ ] ρ [Ω cm] n [cm−3] µ [cm2/(V s)] ΦM [×10−3 Ω−1]

400 432 496 2.14× 10−2 7.23× 1019 4.03 1.0× 10−4

425 611 309 1.89× 10−2 7.31× 1019 4.52 9.67× 10−5

450 1305 71.8 9.73× 10−3 8.1× 1019 8.22 4.28× 10−4

475 1191 106 1.26× 10−2 8.57× 1019 5.76 1.27× 10−4

500 818 82.7 6.76× 10−3 1.66× 1020 5.57 1.71× 10−5

t � �lm thickness; Rsh � sheet resistance; ρ � resistivity; n � carrier concentration;

µ � carrier mobility; ΦM � �gure of merit

TABLE II

Electrical properties and �gure of merit of tin oxide �lms deposited at di�erent precursor concentration.

Molarity [mol/L] t [nm] Rsh [Ω/ ] ρ [Ω cm] n [cm−3] µ [cm2/(V s)] ΦM [Ω−1]

0.1 763 271 2.07× 10−2 6.70× 1019 4.50 3.32× 10−4

0.15 917 120 1.1× 10−2 8.60× 1019 6.56 3.11× 10−4

0.2 1305 71.8 9.37× 10−3 8.10× 1019 8.22 4.28× 10−4

0.25 1346 60.4 8.13× 10−3 9.23× 1019 8.33 4.05× 10−4

0.3 1791 21.9 3.92× 10−3 1.17× 1020 13.5 1.68× 10−4

The decrease in �lm thickness at higher substrate tem-
perature might be due to increase in the rate of evapora-
tion of initial ingredients.
The increase in carrier density while increasing the sub-

strate temperature may be attributed to an enhancement
in the crystallinity of the �lms as is indicated by the
X-ray di�raction (Fig. 3) which helps to reduce the loss
of carrier at the traps.
The increase in the Hall mobility, while increasing the

substrate temperature, is due to an improvement in the
crystalline nature of the �lms, which causes the reduction
in resistivity of the prepared samples. Table I shows the
minimum sheet resistance of 71.8 Ω/ for �lms deposited
at substrate temperature of 450 ◦C. By keeping the sub-
strate temperature constant at 450 ◦C and increasing the
concentration of the starting solution from 0.1 mol/L to
0.3 mol/L, thickness of the �lms increased and as a result
the sheet resistance and carrier mobility improved.
Using �gure of merit (ΦM) is a good criterion to de-

�ne the quality of highly transparent and conductive thin
�lms. It is calculated by using the Haacke formula [28]:

ΦM =
T 10

Rsh
, (3)

where T is the transmittance at λ = 550 nm and Rsh is
the sheet resistance. Table I and Table II also show the
�gure of merit for the prepared �lms at di�erent condi-
tions. The highest amount of �gure of merit belongs to
�lms deposited at TS = 450 ◦C and 0.2 mol/L solution
concentration.

6. Structural and morphological properties

The variations of X-ray di�raction pattern with sub-
strate temperature are shown in Fig. 3 and with respect

Fig. 3. XRD patterns of SnO2 thin �lms deposited at
di�erent conditions.

to solution molarities are shown in Fig. 4. The size of
the crystallites was estimated from the XRD results us-
ing Scherrer's formula [29]:

d =
0.9λ

β cos θ
, (4)

where d is the crystallite size, λ is the wavelength (1.54 Å)
of the radiation used and β is full width at half maxi-
mum (FWHM). When the substrate temperature is low
(400 ◦C) the crystallinity is poor. There is no exact pre-
ferred orientation and the grain sizes are too small, for
(101) orientation is 10 nm and for (211) is 14 nm. The in-
tensity of peaks and grain sizes increased as the substrate
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temperature increased to 425 ◦C, due to the improvement
of the �lm crystallinity, at the same time other orienta-
tions such as (200) and (301) are observed. By increasing
the substrate temperature to 450 ◦C, the crystallites un-
dergo a reorientation. Preferred orientation has changed
from (101) to (211). Furthermore, the intensity of peaks
has increased and crystallite size has grown up and the
crystallinity of �lms is improved. The grain size for (211)
is about 18 nm. After 450 ◦C the intensity and crystallite
size have decreased and also the intensity of the other
orientations such as (110), (200) and (301) increased.

Fig. 4. XRD patterns of SnO2 thin �lms deposited at
di�erent conditions.

It is obvious that at a constant substrate tempera-
ture the precursor concentration controls the structure
of SnO2 �lms. As can be seen from Fig. 4, the XRD
pattern of �lms has changed by increasing the solution
molarity. The �lm with 0.1 mol/L concentration is not
completely crystallized and shows di�raction peaks along
(110), (101), (200), (211), and (301) planes. By increas-
ing the molarity (in 0.2 mol/L concentration) the inten-
sity of (211) and (301) peaks is signi�cantly increased
(by more than 4 times) and becomes as the strongest
orientation. The preferred orientation has changed to
(211) whereas crystallite size is 18 nm. In 0.3 mol/L
concentration the intensity of (301) peak increased and
the crystalline sizes are 19 nm and 15 nm for (211) and
(301), respectively.
Scanning electron microscope (SEM) was employed for

the detailed morphological studies. Figure 5 shows a
SEM micrograph of lateral fracture surface of the tin
oxide �lm deposited at substrate temperature of 500 ◦C.
This cross-section is used to �nd the thickness of the pre-
pared �lm. The observed thickness was about 818 nm.
The SEM microstructures reveal that all the �lms have

a smooth and homogeneous surface morphology with
nanocrystalline grains, also all the �lms are dense and
without any cracks. For �lms with starting solution of
0.2 mol/L concentration, deposited at di�erent substrate

Fig. 5. Cross-section SEM image of tin oxide �lm pre-
pared at 500 ◦C.

Fig. 6. SEM images of tin dioxide �lms deposited at
di�erent conditions: (a) 400 ◦C, (b) 450 ◦C, (c) 500 ◦C,
(d) 0.1 mol/L, (e) 0.15 mol/L, (f) 0.3 mol/L.

temperatures ranging from 400 ◦C to 500 ◦C, the grain
growth and recrystallization is observable. Figure 6a
shows that in the SEM micrograph for �lm deposited
at 400 ◦C very �ne grains are distinguishable in the �g-
ure. For �lm deposited at 450 ◦C (Fig. 6b) the grains are
grown and uniformly distributed on the surface. Increas-
ing substrate temperature to 500 ◦C (Fig. 6c) causes the
bigger grains, which is consistent with the XRD results.
Figure 6 (d to f) also shows the SEM images of tin dioxide
�lms deposited at di�erent concentration of the starting
solution from 0.1 mol/L to 0.3 mol/L, keeping constant
the substrate temperature (450 ◦C). As shown in Fig. 6
(d to f), SEM microstructures indicate a uniform, gran-
ular surface morphology with small grain size. One can
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conclude from these observations that the surface rough-
ness depends markedly on the solution molarity.

7. Conclusions

In this paper, transparent conductive thin �lms of
SnO2 are grown by spray pyrolysis technique. Physi-
cal properties of deposited �lms namely electrical, opti-
cal, structural and morphological properties were stud-
ied. A minimum sheet resistance of 71.8 Ω/ and max-
imum mobility of 8.22 cm2/(V s) was observed for the
optimum substrate temperature of 450 ◦C. The struc-
tural investigation revealed that the �lms are polycrys-
talline in nature with (211) as a preferred orientation.
The preferred orientation and the peak intensity in XRD
pattern can be changed by varying the deposition condi-
tions. From SEM micrographs, nanocrystallites are well
formed and densely packed. It was found that the highest
�gure of merit is obtained for the �lm, which is deposited
at 450 ◦C and 0.2 mol/L concentration and suggests its
exploration for further application.
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