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Some optical and dielectric properties of spray deposited

tin oxide thin films
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Transparent conducting tin oxide thin films have been deposited by spray pyrolysis technique. The effect of substrate
temperature on the structure and optical properties of tin oxide thin films has been studied. The increase in the substrate
temperature led to increase the optical transmission. A transmittance value of 84% has been obtained for spray-deposited
film at 400 °C. The absorption coefficient which is used to determine the optical band gap, real dielectric constant and free
carrier concentration has been calculated using four equations. An increase in the band gap and the free carrier
concentration were observed by increasing the substrate temperature during deposition from 200 to 400 °C.
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1. Introduction

Transparent conducting oxides (TCOs), have received
much attention because of their wide applications in the
field of optoelectronic devices [1-8].

Tin oxide is an n-type semiconductor material with
wide band gap energy from 3.4 to 4.0 eV [9, 10]; it has
high donor concentration and large mobility [11]. Tin
oxide thin films can be used in various applications such
as gas sensors [12], transistors, electrocatalytic anodes
[13], solar cells [14], catalysts [15, 16] and electrochromic
devices [17]. Tin oxide thin films have been deposited by
various techniques such as spray pyrolysis [18], magnetron
sputtering [19], chemical vapour deposition [20, 21], sol-
gel spin coating [20] , evaporation—condensation method
[22] and dip coating [23, 24] techniques.

The spray pyrolysis technique is a simple, economical
and highly feasible process in which a thin film is
deposited by spraying a solution on heated substrate. This
technique has been used to deposit good quantity doped
and undoped thin films [25].

In this study, the effect of substrate temperature
during deposition on the structure and optical properties of
spray-deposited tin oxide films from the initial solution of
tin dichloride (SnCl,.2H,O) in ethanol has been
investigated. On the other hand, four equations for
determining the absorption coefficient have been used to
determine the optical band gap, real dielectric constant and
free carrier concentration.

2. Experimental details

Thin films of tin oxide were prepared by spray
pyrolysis technique. A solution of commercial tin
dichloride (SnCl,.2H,0) was prepared by dissolving the
required quantity of tin dichloride in pure ethanol. The
starting solution was sprayed through a pneumatic nozzle

of simple sprayer onto the ultrasonically cleaned glass
substrates (the transmittance of glass substrate ~ 91%
either in the visible or near infrared regions). The glass
substrates have been ultrasonically cleaned by means of
ultrasonic cleaner instrument model (1210) using acetone
and distill water. The substrates were heated for 5 min
before deposition. The substrate temperature during
deposition was maintained at T, = 200, 250, 300, 350 and
400 °C. Deposition time and nozzle to substrate distance
were kept constant at 30 cm. There are different methods
for determining the film thickness such as optical methods,
mechanical stylus method [26], using detectors [27],
profilometers [28] or weight difference method [29]. In
this work, the thickness of the deposited thin film was
determined using the following Eq. [30, 31]:
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where m is the mass of the thin film deposited onto the
substrate, A the area of the deposition of the film, d the
film thickness and p is the density of tin oxide which is
assume to be the same as that of the bulk material. The
thickness of the films is found to equal ~ 152 - 172 nm.

Investigations of the microstructure were carried out
using an X-ray diffractometer (X’ Pert Philips, Holland)
Cu-k, diffractometer (A= 1.541838 A).

A Jasco V-570 UV-visible-NIR spectrophotometer
(with photometric accuracy of + 0.002-0.004 absorbance
and + 0.3% transmittance) was employed to record the
transmission and reflection spectra over the wavelength
range 200-2500 nm at normal incidence.

3. Results and discussion
Fig. 1 shows the variation of film thickness of spray-

deposited tin oxide films with substrate temperature. It is
shown that the thickness of films decrease with increasing
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the temperature of substrate, which can be interpreted as
due to the decrease in interstitial water molecules [32].
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Fig. 1. Variation of film thickness of spray-deposited tin
oxide films versus substrate temperature

The XRD patterns of spray-deposited tin oxide films
deposited at various substrate temperatures are shown in
Fig. 2. It is observed that, the spray-deposited film at 250
°C exhibits an amorphous nature, whereas the films
deposited at 350 and 400 °C exhibit polycrystalline
structure, displaying the prominent diffraction peaks at
20= 25.01, 41.6 and 72.4° corresponding to SnO, (111),
(211) and (324) crystal planes, respectively. Another two
diffraction peaks corresponding to the SnO (110) and
(112) were observed at 20 = 23.4 and 28.9°. The presence
of SnO and SnO, means that Sn exists in two oxidation
states, Sn** and Sn*', respectively. The intensity of
diffraction peaks increases with increasing the substrate
temperature, indicating to the enhancement of the film
crystallinity.
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Fig. 2. XRD patterns of spray-deposited tin oxide
thin film at various substrate temperatures.

The typical UV-VIS -NIR optical transmittance
spectra of tin oxide films deposited at different substrate
temperature as a function of wavelength in the range from
300 to 2500 nm are shown in Fig. 3-a. It is evident that the
transmittance increases with increasing the substrate
temperature and the maximum value of transmittance in
the visible region ~ 84% has achieved for tin oxide film
deposited at 400 °C. The average values of transmittance
in the visible (T.;s) and near infrared (Tg) regions are
shown in Fig. 3-b. In general, the transmittance of films is
depending mainly on three factors: (1) oxygen deficiency,
(2) surface roughness and (3) impurity centers [7]. In our
case, the increase in transmittance of tin oxide film with
increasing the substrate temperature is due to the decrease
of the impurity centers and / or the relatively increase of
corporation with oxygen. It is seen also that the absorption
edge shifts towards shorter wavelength, suggesting a
widening of the energy band-gap with increasing substrate
temperature.
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Fig. 3. (a) Spectral variation of the transmittance T with
wavelength. (b). Variations of the transmittance in the
visible and near infrared region for spray-deposited tin
oxide thin films with substrate temperatures.

From the literature survey, it was found that the

absorption coefficient can be calculated by a series of
equations [33-36] using the transmittance and reflectance
readings as follows:
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where d, R and T are the film thickness, reflectance and
transmittance, respectively.

Previous researchers put conditions for using each
equation. Here we will examine these equations (2-5) for
calculating the optical energy gap, the real dielectric
constant, residual dielectric constant and the free carriers'
concentration for spray deposited SnO,, neglecting all
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conditions of using any of these equations.

Using the optical absorption coefficient o calculated
using equations (2-5), evaluated from the optical
transmission and reflection data of tin oxide films, the
allowed direct band gap Eg values were obtained by
extrapolating the linear portion of the plots of (ahv)?
versus hv to o = 0 [37] as shown in Fig. (4-a, b, ¢, d, e).
The dependence of optical band gap on substrate
temperature is shown in Fig. 4-f. It is evident that the
magnitudes of the optical energy gaps, which were
obtained using the different above equations, are
approximately the same and the deviations are in the range
of error bars. It is shown also that the optical band gap
increases with increasing the substrate temperature to
reach its maximum value of 4.5 eV for tin oxide film
deposited at 400 °C. The increase in optical energy gap
can be attributed to the Burstein—Moss shift; as carriers fill
the states at the bottom of the conduction band, the Fermi
level rises and the optical gap increases [38] (this can be
confirmed by Fig. 7).
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Fig. 4. Plots of (ahv)? versus hv (where a were calculated from equations 2-5) (a, b, ¢, d, €) and plot of the optical band
gap E, (f) for spray-deposited tin oxide thin films at various substrate temperatures.
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In the exponential part of the absorption edge, the
absorption coefficient is governed by the Urbach relation
[39].

ahv)=a,e0 (hv/E,) (6)

where a, is a constant and E, is the Urbach energy which
is interpreted as the width of tails of localized states in the
gap region and in general represents the degree of disorder
in the amorphous semiconductor. The Urbach energy, E,
values were calculated from the inverse of the slope of the
straight line of the relation In a vs. hv. The corresponding
values of the Urbach energy are shown in Fig. 5. It is
evident that the Urbach energy increases with increasing
the substrate temperature up to 300 °C and then decreased
at higher substrate temperate. The increase of the Urbach
energy up to 300 °C can be attributed to the increase of
disorder at low substrate temperature due to the
amorphous nature of the films [40]. The decrease in the
Urbach energy above substrate temperature of 300 °C is
due to the decrease in the density of localized states as a
result to the enhancement of the film crystallinity as
shown in Fig. 2.
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Fig. 5. Plot of Urbach energy as a function of substrate
temperature.

The real dielectric constant &', which is resulted due to
the contribution from the free carrier electric susceptibility
was determined using the Drude's theory of dielectrics,
which is given from the following eq. [16]:

2 (N
e t
5/:n2—k2:€i——2 OE 22 )
7iC m

where n is the refractive index, calculated from the optical
reflection as follows [41]

e

k = oM4x is the extinction coefficient, &; is the infinitely
high frequency dielectric constant or the residual dielectric
constant due to the ion core, No,/m* is the ratio of carrier
concentration to the effective mass and e is the elementary
charge (1.6 x 10 C).

Since the extinction coefficient k is a function in
absorption coefficient a, so the real dielectric constant is
examined and determined using the previous four
equations (2-5) as shown in Fig. 6-a, b, c, d, e and the
corresponding residual dielectric constant g;, iS shown in
Fig. 6-f. Table 1 illustrates the intercepts and slopes of the
fit linear relations between the real dielectric constant &'
vs. wavelength square A2 in the near infrared region. It is
shown that the values of either slopes and/or intercepts for
each film prepared at fixed substrate temperature are
approximately the same. On the other hand, as shown in
Fig. 6-f, the four points of the residual dielectric constant,
&i, which are determined from the intercepts of the relation
between the real dielectric constant vs. wavelength square
A% using different absorption coefficient equations o, as,
a3, oy are identical. The Drude's theory of dielectrics was
used also to calculate the values of carrier concentration
Nopt from the optical data. The variations in carrier
concentration N, are shown in Fig. 7. It is clear that, the
four curves resulting from using the four above equations
of absorption coefficient (2-5) are identical. It is shown
also that the carrier concentration increases with
increasing the substrate temperature which can be
attributed to the presence of two oxidation states for tin
Sn*" and Sn*" indicating to the incomplete oxidation of the
films and to the chlorine contamination [42].
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Fig. 6. Plots of dielectric constant &' versus A2 (where a. were calculated from equations 2-5) (a, b, ¢, d, e) and plot of the

residual dielectric constant g (f) for spray-deposited tin oxide thin films at various substrate temperatures.

Table 1. The intercepts and slopes of the fit linear of the relations between the real dielectric constant ¢ and the wavelength

square 2% in the near infrared region.

Ts =200 °C Ts=250°C Ts =300 °C Ts =350 °C Ts =400 °C
symbol | Intercept Slope Intercept Slope Intercept Slope Intercept Slope Intercept Slope
£ 5.947 -1.51x 107 5.804 | -1.92x107 | 5843 |-1.42x107 | 4249 |-1.28x107 | 3.446 -7.42 x 107
& 5980 | -1.32x107 | 5822 | -1.78x107| 5851 |-128x107 | 4256 |-121x107 | 3.446 -6.96 x 107
& 5.996 -1.22x107 5812 | -1.72x107 | 5838 |-1.25x107 | 4.249 |-1.18x107 | 3.438 -6.71 x 107
€4 5.995 -1.23x 107 5815 | -1.72x107 | 5842 |-1.24x107 | 4251 |-1.18x107 | 3.439 -6.72 x 107
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Fig. 7. Variation of the carrier concentration for
spray-deposited tin oxide thin films at various substrate
temperatures.

4. Conclusion

Tin oxide thin films have been prepared by dissolving
dichloride (SnCl,.2H,0) in pure ethanol and deposited by
spray pyrolysis technique. The effect of substrate
temperature on the structure and optical properties of tin
oxide thin films has been studied. It was found that, the
increase in the substrate temperature led to increase the
optical transmission. The maximum value of transmittance
(exceed 84%) in the visible region has been obtained for
spray-deposited tin oxide film at substrate temperature of
400 °C. An increase in the band gap (3.38 - 4.5 eV) and
the free carrier concentration (4.8 x 10™- 4.41 x 10% cm™)
were observed by increasing the substrate temperature
during deposition from 200 to 400 °C.

The absorption coefficient which is used to determine
the optical band gap, real dielectric constant and free
carrier concentration has been calculated using four
equations (2-5). It was found that at fixed substrate
temperature, the magnitudes of the obtained optical energy
gap which was derived from the different equations are
approximately the same and the deviations in magnitude
are in the range of error bars. The same behavior was also
observed for residual dielectric constant and free carrier
concentration.
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