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a b s t r a c t

Tin oxide (SnO2) thin films were deposited on glass substrates by thermal evaporation

at different substrate temperatures. Increasing substrate temperature (Ts) from 250 to

450 1C reduced resistivity of SnO2 thin films from 18�10�4 to 4�10�4 O cm. Further

increase of temperature up to 550 1C had no effect on the resistivity. For films prepared

at 450 1C, high transparency (91.5%) over the visible wavelength region of spectrum

was obtained. Refractive index and porosity of the layers were also calculated. A direct

band gap at different substrate temperatures is in the range of 3.55�3.77 eV. X-ray

diffraction (XRD) results suggested that all films were amorphous in structure at lower

substrate temperatures, while crystalline SnO2 films were obtained at higher tempera-

tures. Scanning electron microscopy images showed that the grain size and crystallinity

of films depend on the substrate temperature. SnO2 films prepared at 550 1C have a very

smooth surface with an RMS roughness of 0.38 nm.

& 2012 Elsevier Ltd. All rights reserved.

1. Introduction

Tin oxide (SnO2) is a non-stoichiometric semiconduc-
tor with a wide band gap (EgZ3.1 eV) at room tempera-
ture with tetragonal structure [1]. SnO2 films have unique
characteristics such as low cost, low resistivity, high
transmittance in visible wavelength region, and high
chemical and thermal stabilities compared to other trans-
parent conductive oxides (TCOs) [2]. SnO2 films are
widely used in optoelectronic applications, heat mirror
coatings, photocatalysis, organic light emitting diodes, gas

sensors, solar energy collectors and so on [3–8]. There are
several methods for preparing SnO2 films: spray pyrolysis
[9], chemical vapor deposition [10], electron beam eva-
poration [11], reactive sputtering [12], metal–organic
deposition [13], sol–gel deposition [14] and thermal
evaporation [15]. Among these methods, thermal eva-
poration has the advantages of producing high purity
crystalline products and durable films in a single step.
Various parameters such as annealing temperature, deposi-
tion rate, oxygen partial pressure and substrate tempera-
ture have significant influence on characteristics of SnO2

films. Among these parameters, substrate temperature has
a major role in decreasing the intrinsic stress, increasing
mobility of charge carriers, and improving homogeneity
and crystallinity of films to get better quality films. To the
best of our knowledge, not much attention has been paid to
the study of the substrate temperature effect on character-
istics of non-doped SnO2 thin films deposited by thermal
evaporation in literature. Since the thermal evaporation is
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not a conventional technique to deposit non-doped SnO2

films, it seems that this work would be of interest for
researchers.

In this work, the structural, optical and electrical
properties of SnO2 thin films deposited on glass substrates
at various deposition temperatures by thermal evapora-
tion have been investigated using X-ray diffraction (XRD),
scanning electron microscopy (SEM), atomic force micro-
scopy (AFM), UV–visible spectrophotometer and a con-
ventional four point probe technique.

2. Experimental procedure

SnO2 films were deposited on glass substrate by
thermal evaporation. The distance between the substrate
and the target was 12 cm and substrate temperature was
varied between 250 and 550 1C to investigate the influ-
ence of substrate temperature on structural, electrical and
optical properties. The working pressure was kept below
3�10�5 mbar. The source for evaporation in our method
was a 99.99% pure SnO2 powder. Before deposition, glass
substrates were first rinsed in acetone, isopropyl alcohol
and ethanol, with ultrasonic vibration for 10 minutes. The
substrates were dried at 120 1C for 1 h in the furnace after
rinsing with deionized water. Deposition rate was fixed
at 0.1 nm s�1. The film thickness was measured using
a quartz crystal thickness monitor and was kept at
400 nm for all samples. The microstructure of the SnO2

films was examined by X-ray diffraction measurements
(D8 Advance Bruker X-ray diffractometer with a 10 kV,
35 mA, Cu Ka radiation with wavelength of 1.548 Å) and
scanning electron microscopy (SEM). The surface mor-
phology was also performed using an atomic force micro-
scope (AFM, Model DS-95-200E). The resistivity of thin
films was characterized by a four point probe method.
A double-beam spectrophotometer (Shimadzu UV 3100)
was used to measure optical transmittance of SnO2 films.

3. Results and discussion

3.1. Structural properties

Fig. 1 shows the XRD patterns of the SnO2 thin films at
substrate temperature from 250 to 550 1C for 2y scans
between 101 and 701. It can be found that films deposited
at 250 1C were nearly amorphous whereas for higher
temperatures, the amorphous background was dimin-
ished and diffraction peak (110) of standard SnO2 powder
revealed for all samples as mentioned by other research-
ers [16]. The peak intensity and sharpness increased with
increasing substrate temperature. This confirms that crys-
tallinity of the films improves with increasing substrate
temperature and it can be expected that these films are
composed of nanoparticles. In order to determine the
influence of substrate temperature on crystallite size of
SnO2 films, size of the crystallites oriented along (110)
plane is estimated by Scherrer’s formula [17]

D¼ 0:9l=bcosy ð1Þ

where D is the grain size, l (1.548 Å) is the wavelength of
X-ray radiation, b is the full width at half maximum

(FWHM) of the diffraction peak and y is the Bragg
diffraction angle of the XRD peak. Table 1 shows the
evolution of average crystallite size according to the
substrate temperature. It can be seen that substrate
temperature has an effective influence on the crystallite
size, which increases from 25.2 to 79.9 nm. The increase
of crystallite size is due to the fact that the substrate
temperatures higher than 250 1C during deposition are
usually relatively high enough to provide sufficient ther-
mal energy for recrystallization. Hence, crystallization
process improved and the smaller crystallites agglomer-
ated with increasing substrate temperature to cause a
change in crystallite size distribution towards larger
crystallites. This result is in agreement with those of
other researchers [18].

In order to study surface topography changes of SnO2

films deposited at different substrate temperatures, scan-
ning electron microscopy (SEM) was used. Fig. 2(a), (b),
(c) and (d) shows the SEM images of the films deposited
at 250, 350, 450 and 550 1C respectively. It can be seen
that the grain size becomes larger with increasing sub-
strate temperature which agrees with afore-mentioned
results of the XRD analysis. Generally, surface thermal
energy has influences on crystallite size and morphology
of the films. The amorphous structure of SnO2 films
deposited at lower deposition temperature (250 1C) is
related to relatively lower thermal energy. However at
higher temperatures, nucleation and growth process
alters and the grain size grows.

It is known that the structural and surface morpholo-
gical properties of SnO2 films as TCOs can affect the
electrical and optical characteristics of devices based on
these films [19]. For example, in the electro-optical
devices such as flat panel displays and light emitting
diodes, surface roughness of SnO2 films as transparent
electrodes has direct implication for determining and
improving the device performance and life time [6].
Therefore, it is very important to examine the surface
morphological properties of SnO2 films. Two-dimensional

Fig. 1. XRD patterns of the SnO2 films fabricated at various substrate

temperatures.
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AFM images of the SnO2 films prepared at different
substrate temperatures shown in Fig. 3(a)–(d) were mea-
sured in a dynamic mode over a 5 mm�5 mm area of the
film surface. The 2D images of SnO2 thin films clearly
indicate that grain size increases with increasing sub-
strate temperature and the SnO2 thin film prepared at
550

%
oC has particles of larger size compared to other

films. This also confirms SEM results. The root-mean-
square (RMS) roughnesses of SnO2 films prepared at
different substrate temperatures are provided in Table 1.
It is observed that the surface roughness of the SnO2 films
is sensitive to the substrate temperature and the RMS
roughness of films decreases with increasing substrate
temperature. In fact, smoother films can be obtained at
higher substrate temperature. When the substrate tem-
perature increases, surface thermal energy of samples
enhances and the grains grow in a continuous and uni-
form structure. Consequently, the RMS roughness of SnO2

films decreases and its minimum value is obtained for the
sample prepared at 550

%
oC.

3.2. Electrical properties

Fig. 4 shows a plot of resistivity as a function of
substrate temperature for SnO2 films. It was observed
that resistivity in the temperature range of 250–550 1C
decreases from 18�10�4 to 4�10�4 O cm with the
substrate temperature up to 450 1C and was fixed there-
after. The obtained values of resistivity in this work are
lower than those of sprayed tin oxide thin films [20,21].
It is well known that the conductivity of TCO thin films is
influenced by different scattering processes [22]. The
main scattering mechanisms in these structures are the
impurities and grain boundaries. Since SnO2 thin films
are deposited in high vacuum, the high-purity films can
be fabricated on glass substrates. Thus, it seems that
grain boundaries are the dominant scattering mechan-
isms in SnO2 films. In the temperature range of 250–
450

%
oC, as the crystallite size grows and the orientation

of the grain changes, grain boundaries narrow, scattering
of charge carriers decreases and thus mobility of charge

Table 1
Crystallite size, RMS roughness, refractive index, porosity and Band-gap energy of SnO2 films with different substrate temperatures (Films thickness is 400 nm).

Substrate
temperature (1C)

Crystallite
size (nm)

RMS roughness
(nm)

Refractive index
at 550 nm

Porosity (%) Band gap energy
(eV)

250 – 4.170.01 2.03 7.30 3.7770.02

350 25.270.3 2.270.01 2.04 6.13 3.6570.02

450 70.370.4 0.870.01 1.77 36.6 3.5770.02

550 79.970.5 0.3870.01 1.85 28.0 3.5570.02

Experimental errors in temperature DT¼71 1C

Fig. 2. SEM images of the SnO2 films at different substrate temperatures: (a) 250 1C, (b) 350 1C, (c) 450 1C and (d) 550 1C.
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carriers increases. As a consequence, it is expected that
the resistivity decreases. This is also confirmed from the
AFM results. As the substrate temperature increases and
the film surface smoothens, the uniformity and mor-
phology of SnO2 films improve, which results in the
increase of the flow of electrons and so the resistivity
decreases. However, with further increase of substrate
temperature, the crystal growth process is completed
and no more increase in crystallite size occurs, so
decrease in resistivity becomes saturated and it
approaches a constant value.

3.3. Optical transmittance

Fig. 5 shows the optical transmittance spectrum of
SnO2 films in the region of 300–800 nm for different
substrate temperatures. It is clear that the optical trans-
mission of these films varies over the range of
65–91.5%. An increase in transmittance with substrate
temperature is clearly observed for lo600 nm. This
increase in transmittance is due to the increase in the
crystallinity of films after annealing which results in
lower scattering of light. This result agrees with the
discussion of the structural analysis of films. The ripples

Fig. 3. Two-dimensional AFM images of the SnO2 films at different substrate temperatures: (a) 250 1C, (b) 350 1C, (c) 450 1C and (d) 550 1C.

Fig. 4. Resistivity of the SnO2 films as a function of substrate

temperature.

Fig. 5. Optical transmission spectra of the SnO2 films at the various

substrate temperatures.
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in transmission spectra are attributed to optical interfer-
ence effects. The refractive index of the deposited SnO2

films was estimated from the measured transmittance
spectra using envelops method [23]. In this method the
refractive index can be calculated by these formulas:

nðlÞ ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Sþ

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
S2
�n2

0 ðlÞ n2
s ðlÞ

qr
ð2Þ

S¼
1

2
ðn2

0 ðlÞþn2
s ðlÞÞþ2n0ns

TmaxðlÞ�TminðlÞ
TmaxðlÞTminðlÞ

� �
ð3Þ

where n0 is the refractive index of air, ns is the refractive
index of substrate, Tmax is the maximum envelope, and
Tmin is the minimum envelope. Also, the porosity of the
SnO2 films was calculated using the following equation
[24]:

Porosity¼ 1�
n2�1

n2
d�1

 !
� 100 ð%Þ ð4Þ

where nd is the refractive index of pore-free SnO2 and n is
the refractive index of the porous thin films. The refrac-
tive index (n) and the porosity of SnO2 films were listed as
a function of substrate temperature in Table 1. As can be

seen, the refractive index of these films (at l¼550 nm)
decreases with increasing substrate temperature from
2.04 to 1.77. The decrease of refractive index in SnO2 thin
films can be ascribed to the increasing porosity. For the
porosity, a maximum value (36.6%) was obtained for SnO2

thin film grown at 450
%
oC.

3.4. Estimation of the band gap

Ignoring the reflectivity which is expected to be low,
the absorption coefficient has been obtained from the
Lambert’s formula, as follows:

a¼ lnð1=TÞ

d
ð5Þ

where, d and T are the film thickness and transmittance,
respectively. According to the literatures, the band gap of
SnO2 films is a direct transition in nature [25]. The
absorption coefficient (a) is a function of photon energy
for direct transitions that can be written as

ahu¼ Aðhu�EgÞ
1=2

ð6Þ

where A is an energy-independent constant and Eg is the
optical band gap. In order to estimate the band gap energy
of the SnO2 films, the plots of (ahu)2 versus hu are drawn
in Fig. 6. The direct band gap is obtained by extrapolating
the straight portion of this curve to zero absorption
(a¼0). The direct band-gap values of SnO2 films are given
in Table 1 for different substrate temperatures. The
obtained energy gap values are in good agreement with
other literature reports [26]. It is found that the band gap
energy decreases with increasing substrate temperature
up to 450 1C and then it varies only slightly with further
increase in temperature. The values of band gap lie in
the range of 3.55–3.77 eV. This result can be attributed to
the decrease of grain boundaries as scattering centers. In
fact, the increase of substrate temperature improves
crystallinity and increases average crystallite size which
results in decreasing grain boundaries; therefore band gap
energy decreases.

The figure of merit (FTC) is an useful parameter for
comparing the performance of transparent conductive
oxide (TCO) films that was defined by Haacke [27] as

FTC ¼
T10

Rs
ð7Þ

where T is the average transmission and Rs is the sheet
resistance. The calculated value of figure of merit (FTC) as
a function of substrate temperature is shown in Fig. 7. It
can be seen that the deposited films at 450 1C have higher
FTC (76.12�10�4 O�1) than other films. Thus, this film
can be used as an optimum transparent conductive
electrode for optoelectronics applications.

4. Conclusion

SnO2 films were deposited by thermal evaporation
at various substrate temperatures in the range of 250–
550 1C. The XRD patterns and the SEM images showed
that the crystallinity in non-doped SnO2 films improved
and grain size became larger with increasing substrate

Fig. 6. Band-gap (Eg) estimation of SnO2 films from Tauc relation.

Fig. 7. The figure of merit (FTC) values of the SnO2 films as a function of

substrate temperature.
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temperature. Also, AFM analysis indicated that the RMS
roughness of films decreased with substrate temperature
and the sample prepared at 550

%
oC showed the minimum

value of RMS roughness compared to other samples. The
resistivity of the films was decreased with increase of
substrate temperature up to 450 1C and was fixed there-
after. It was observed that the optical transparency of
non-doped SnO2 can be affected by substrate tempera-
ture. Films deposited at 450 1C have the highest FTC

(76.12�10�4 O�1). Finally, substrate temperature has a
major role in controlling optoelectrical properties.
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