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This article presents the elaboration of tin oxide (SnO,) thin films on glass substrates by using a home-made spray
pyrolysis system. Effects of film thickness on the structural, optical, and electrical film properties are investigated. The
films are characterized by several techniques such as x-ray diffraction (XRD), atomic force microscopy (AFM), ultraviolet-

visible (UV-Vis) transmission, and four-probe point measurements, and the results suggest that the prepared films are

uniform and well adherent to the substrates. X-ray diffraction (XRD) patterns show that SnO; film is of polycrystal with

cassiterite tetragonal crystal structure and a preferential orientation along the (110) plane. The calculated grain sizes are in
a range from 32.93 nm to 56.88 nm. Optical transmittance spectra of the films show that their high transparency average
transmittances are greater than 65% in the visible region. The optical gaps of SnO, thin films are found to be in a range
of 3.64 eV=3.94 eV. Figures of merit for SnO, thin films reveal that their maximum value is about 1.15 x 10~* Q! at
A = 550 nm. Moreover, the measured electrical resistivity at room temperature is on the order of 1072 Q-cm.
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1. Introduction

Transparent conducting oxides have been a research sub-
ject for years.[!# SnO, is of interest because it is a naturally
non-stoichiometric prototypical transparent conducting oxide.
It has a wide band gap of 3.6 eV, plasma frequency in the IR re-
gion and when suitably doped, it can be used as both a P-type
and N-type semiconductor.>% SnO, thin film is transparent
in the region above 400 nm, which is the region of interest for
electrochromic devices. Doping tin oxide with fluorine, chlo-
rine, antimony etc.!”8) as donor impurities yields films with a
low sheet resistance. ")

SnO, films were used extensively as transparent elec-
trodes in display devices like liquid crystal displays (LCDs)
and as transparent active layers in SnO, silicon solar cells, ']
thin film resistors, antireflection coatings, photochemical de-
vices and electrically conductive glass.!'') Among the vari-
eties of methods that have been proposed for depositing films
of SnO,, spray pyrolysis has been found to be attractive in the
sense of its simplicity and low cost.

The aim of this research is to establish a relationship be-
tween the film thickness and the film properties. In order to
achieve this goal, tin oxide films are prepared by a spray-
ing method at various deposition times ranging from 1 min to
5 min. The properties of the films are characterized by x-ray
diffraction analysis (XRD), atomic force microscopy (AFM),
ultraviolet-visible (UV-Vis) spectroscopy, and four-point con-

ductivity measurement methods.
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2. Experimental procedure
2.1. Solutions and thin film preparation

The tin oxide films were prepared using a home-made
spray pyrolysis system. In this deposition technique, liquid
precursors were sprayed by atomization processes and con-
densed by thermal decomposition on substrates maintained at
elevated temperatures. The sprayed micro-droplets reaching
the hot substrate surface underwent pyrolytic decomposition
and formed a single crystallite or a cluster of crystallites of the
sprayed materials. Stannous chloride (SnCl,, 2H,0) was used
as a precursor for tin. This tin precursor dissolved in distilled
water with adding a few drops of hydrochloric acid (HCI). The
precursor concentration was fixed to be 0.15 mol/l. All spray
solutions were magnetically stirred to obtain homogenous so-
Iutions. The resulting solutions were sprayed on glass sub-
strates. The normalized distance of 30 cm between the spray
nozzle and the substrates was maintained. The spray solution
quantity of 100 ml was kept fixed during the growth. Filtered
compressed air was used as the gas carrier. The deposition
time was varied from 1 to 5 min. The substrate (working)
temperature was maintained at 500 °C by an electronic tem-
perature controller connected to the heater. After deposition,
the coated substrates were cooled down naturally to room tem-
perature.

The formation of SnO, film from a SnCl, solution gives
rise to a transitory formation of the compound SnO. The rele-

vant chemical reactions are![!2-14]

SnCl, +H>O — SnO +- 2HCI;
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SnO+0.502 — SnO,.

SnCl, can partly be decomposed and ionized into Sn** and
Cl™; it could also form tin based polymer molecules.'3! On
the other hand, it was reported that the presence of HCI in
SnCl2 solution leads to the formation of different intermediate
molecules in the starting solution. The occurrence of HCI that
results in the transparent solution may be due to the break-
down of those tin based polymer molecules. SnCl,-2H,0 is
known to react with HCl to give HSnCI3. At the pyrolysis tem-
perature, HSnCl3 is thermally decomposed to form the SnO;

molecules. 12:14]

2.2. Characterization

The structural characterization of the SnO2 thin films was
carried out by x-ray diffraction (XRD) measurements with us-
ing a BRUKER D8 ADVANCE diffractometer with Cu K, ra-
diation (A = 1.541838 A). The diffractometer reflections were
measured at room temperature and the values of 20 were var-
ied between 20° and 80°. The surface morphologies of the
films were observed using an A100 Atomic Force Microscope.
The dc electrical resistivity was measured in the dark and at
room temperature with a four-point probe technique. The film
optical transmittance was recorded by using a SHIMADZU

1800 UV-visible scanning spectrophotometer in a spectral re-
gion between 200 nm and 800 nm.

3. Results and discussion

Each of the films deposited on glass substrates are physi-
cally stable and have a good adherence to the substrate (hardly
peeled with the scotch tape test).

3.1. Measurement of thickness

The film thickness (t) of SnO; thin film is measured by
the gravimetric method using the relation

1=M/(gxA), M

where A is the surface area of the film, M the mass of the film
material, and g the density of the film material.

The thickness values of the films are found to be between
550 nm and 113 nm as listed in Table 1. Figure 1 shows the
plot of film thickness versus deposition time, and it is clear
that the film thickness increases continuously with increasing
deposition time due to the relative increase in the amount of
tin sprayed. The values of growth velocity (G,) of thin films
are estimated from this plot to be 145 nm/min.

Table 1. Values of lattice parameters a and ¢, interplanar distance d, thickness and intensity of the films.

lattice constants/A

Deposition time/min ~ Thickness /nm  Igjy, /a. u. d/A
a Aa=a—agy c Ac=c—co
1 550 234 4.720 0.017 3.1718 0.0132 3.3379
2 640 210 4.714 0.023 3.1678 0.0172 3.3335
3 762 287 4.7219 0.0151 3.1731 0.0119 3.3389
4 928 448 4.7214 0.0156 3.1727  0.0123 3.3386
5 1132 1074 4.7189 0.0181 3.1711 0.0139 3.3368
* rutile phase of tin oxide (JCPDS card No.041-1445), which
1100+ .
belongs to the space group P42/mnm (number 136). It is per-
g 1000+ ceptible from the XRD patterns of Fig. 2 that the matching
% 900 ] * of the observed values with standard ‘d’ values confirms that
§ / the deposited film is of SnO, film with a cassiterite tetragonal
4
g 8004 N structure.
& 700 / The (110) is the most intense peak which is observed for
600 * all samples, and other peaks assigned as (101), (200), (211),
0/ (220), (310), and (301) orientations are also observed with in-
500 T 7 I T T creasing film thickness. This can be attributed to the density of

Deposition time/min

Fig. 1. Plot of film thickness versus deposition time for estimating
growth velocity.

3.2. Structural properties

To investigate the crystalline quality of the films with var-
ious deposition times, XRD analysis is made. The resulting
spectra are shown in Fig. 2. The analyses of these patterns
reveal that the SnO; film is of polycrystal with a tetragonal

the atoms in the (110) plane, which is the highest in the atom
densities in all planes of the rutile crystal structure; therefore,
the surface energy of the (110) plane is the lowest.

The reflection intensity for each peak contains informa-
tion about the preferential or random growth of polycrystalline
thin films, which is investigated by calculating the texture co-

efficient TC ;) for the plane from the following equation: (151

Tk

TChy= 1<
(D) ~ )

@)
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where ;) is the measured intensity of x-ray reflection, and
N is the number of reflections observed in the XRD pattern.
The calculated TC values are presented in Fig. 3 where the
variations of the texture coefficient with the deposition time
for each peak are depicted. A sample with randomly oriented
crystallite presents 7C;) = 1. The larger this value is, the
larger the abundance of crystallites are oriented in the (hkl)
direction.'®! In all films, TC values of (110) peak continu-
ously increase with thickness growing, this phenomenon can
be attributed to the decrease in the density of oxygen vacan-
cies in the film, caused by a few defects relating to the growth

along the (110) plane.
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Fig. 2. (color online) X-ray diffraction patterns of SnO; thin films with
different film thickness values.
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Fig. 3. (color online) Variations of TC values with film thickness.

The intensity of thin film can be estimated from the fol-
lowing equation:

Tsim = Y I (ha)- 3)

The calculated intensities of thin films are presented in Table 1.
The intensity of thin film increases with film thickness increas-
ing. This is may be attributed to the increase in the amount of
sprayed tin due to the increase of deposition time.[!”!

The lattice constants a and c for tetragonal phase structure
are determined from Eq. (4):[18]

1 h* + k2 2
( )+62, 4

a2 a2

where d is the interplaner distance; h, k, [ are Miller in-
dices. The calculated d values and standard lattice constants
are given in Table 1. The calculated a and ¢ values are
slightly higher than those given in JCPDS card No: 41-1445
(ap =bg =4.7382 A, co = 3.1871 A).

The grain sizes of the films are calculated from the highly
textured (110) peaks from the Scherer formula: ]

D =0.91/(BcosH), Q)

where D is the grain size of nano-particle, 8 is the full width
at half of the peak maximum (FWHM) in radian and 6 is the
Bragg angle. The grain size values for (110) peaks are pre-
sented in Fig. 4. For the (110) peak, the calculated D value
continuously increases from 32.93 nm to 56.88 nm with the in-
crease of deposition time, indicating the improvement in crys-
tallinity of the film.
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Fig. 4. (color online) Variations of grain size, strain and dislocation density
with film thickness.

The misfit strain is one of the most important factors ad-
versely affecting the structural properties, which results from
the geometric mismatch at inter phase boundaries between
crystalline lattices of films and substrate.[?’! These stresses
can cause strains in the films. The strain (€) value of SnO; film
for the (110) peak is calculated from the following formula: (>}

€= (BcosH)/4, (6)
where B is the full-width at half-maximum of the preferential
peak; the calculated values for (110) peak are given in Fig. 4.
It is observed that the strain decreases with the increase of de-
position time.

The dislocation density (&) is defined as the length of dis-
location line per unit volume (lines/m?). For the (110) peak,
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the dislocation density (8) of the film is estimated from the
following equation: 2%

§=1/D% )

For the (110) peak, the greater value of § is calculated to
be as high as 9.22 x 10'# lines/m? for 1-min time deposition,
and the smallest value as low as 3.09 x 10'* lines/m? for 5 min
time deposition.

Figure 4 shows the variations of grain size, strain and
dislocation density with film thickness. We note an inverse
relationship between the crystal size and dislocation density.

LR
v ‘59 t =550 nm
NS rms = 36.5 nm

37 nm

0 nm

o
“ 5.3Vt =760 nm
rms =19.30 nm

This explains the dislocation density contribution to the smash
grain. It is noted that the strain has an inverse variation to that
of the grain size, due to the corresponding increase of the grain
boundaries.

Figure 5 shows the AFM topographies of 5 specimens. It
can be seen that each film presents a uniform morphology with
small grain and low surface roughness. The crystallinity of the
film improves and the crystallite size becomes larger with de-
position time increasing. This result agrees well with XRD

data shown in Fig. 2.
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Fig. 5. (color online) Atomic force microscope (AFM) surface images of SnO, films with different thickness values.

3.3. Optical properties

Optical properties of SnO; thin films are investigated by
UV-VIS spectrophotometer at room temperature.

Figure 6 shows optical transmittance curves each as a
function of wavelength for the SnO; thin films. Each of these
films has an average transmittance greater than 65% in the
visible region. As the thickness increases, the average trans-
mittance of the film increases as the thickness increases from
550 nm to 730 nm, and then decreases at greater values of the
film thickness. Further, the absorption edge of 2-min deposi-
tion sample does shift towards the longer wavelengths, how-
ever, the absorption edges of 4-min and 5-min deposition sam-
ples in fact have the blue shift.

In order to find the band gap (E;) values of films, ini-
tially the absorption coefficient (¢t) should be identified by the
relation: %]

a = (1/1)*In(1/T), )

where T is the transmittance and ¢ is the film thickness. The
optical band gap of SnO; thin film is obtained from the fol-

lowing relation: >4

ahv = A(hv — Eg)%?, ©)

where hv and A are photon energy and a constant, respectively.
The E,; value is determined by plotting (ohv)? versus (hv) and
extrapolating the linear region of the plot to zero absorption
((ahv)* = 0).
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Fig. 6. (color online) Optical transmittances versus wavelength for
SnO; films with different thickness values.

The film thickness effect on the absorption measurement
is investigated. As seen from Table 2, the band gap decreases
from 3.94 eV to 3.64 eV when the thickness increases from
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550 to 730 nm, and then widens at a greater thickness of the
film, which is in good agreement with the reported values
of band gap obtained for SnO, prepared by spray pyrolysis
technique. [>!

The localised states near the band edge cause the band
tails to occur in material band diagram. These band tail states

are responsible for the absorption in the low energy range. In

this range the absorption coefficient is given as:[?%]

a(hv) = agexp(hv /Ey), (10)

where oy is the pre-exponential factor, iv the photon energy,
and Ey the band tail width or energy of disorder commonly
called an Urbach tail.[20! E; can be estimated from the inverse
slope of the linear plot between In(a) versus (hv).

Table 2. Values of optical parameters of SnO, thin films.

Transmittance/% at A (nm)

Thickness/nm  Eg/eV  E,/eV  Refractive index Porosity /%
550 650 750
550 3.949  0.4082 2.105 55.859 60.714 58.432 6.52
640 3.827  0.5359 2.132 64.795 65.751 72.436 8.17
760 3.643 05410 2.175 72.006 74904 74.519 10.75
930 3.785 05128 2.140 68.307 68.983  71.066 8.68
1130 3.924  0.3639 2.109 64.795 65279 60.414 6.87

Figure 7 shows the variations of band gap and Urbach tail
each as a function of film thickness. We can easily observe
that the band gap decreases as the thickness increases from
550 nm to 760 nm, and then widens at a greater thickness of
the film. The decreasing of the band gap with increasing film
thickness can be attributed to the improvement in crystallinity,
morphological change, changes of atomic distance and grain
size. In the growth process some impurity (oxygen vacancies
and/or Sn interstitials, etc.) levels appear near the conduction
band with increasing film thickness.!?’! There is a possibility
of structural defects appearing in the film due to their prepara-
tion conditions; this could give rise to the allowed states near
the conduction band in the forbidden region. These allowed
states may merge with the conduction band with increasing
film thickness, resulting in the reduction of the band gap. Also
the broadening effect in the band gap may refer to the decrease
in the band tail width. These results agree well with XRD data
shown in Fig. 2 and Refs. [27] and [28].

B95F o /N 10.54
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Fig. 7. (color online) Variations of band gap and Urbach tail with film
thickness.

The refractive index (n) of semiconducting material is

very important in the determining of their optical properties.
Knowledge of (n) is essential in the design of heterostructure
lasers, in optoelectronic devices, as well as in solar cell ap-
plications. The refractive index of the film can be calculated
from the following Herve and Vandamme relation: [29-3%]

T 2
E;+B)’

where A and B are numerical constants with values of 13.6 eV

)

and 3.4 eV respectively. The variations of refractive index ()
with film thickness are shown in Table 2. The refractive index
values lie between 2.105 and 2.175 with increasing film thick-
ness. Since n is strongly related to band gap energy, it can
be concluded that the smaller band gap energy material has a
larger value of refractive index.

The porosity is the property of a material with small-size
pores or cavities which can contain fluids (liquid or gas). The
volume porosity p(%) of the film is estimated from the refrac-

tive index n by using the Lorentz—Lorentz relationship: 3]

2 2
p(%) = (1 - 1'\1]27_11 x 2’2122> x 100, (12)
where N = 2,3%] the calculated volume porosity values of
thin films with different thickness values are presented in Ta-
ble 2 which are in good agreement with the reported values
of volume porosity obtained for SnO, prepared by vacuum
evaporation. 3]

From Table 2, it can be seen that the optical transmit-
tances at different wavelengths increase with the increase of
the film thickness, and they reach their maximal values when
the film thickness is 76 nm. Hereafter, the optical transmit-
tances decrease with the increase of the film thickness. That
the increasing of transmittance with thickness is discrepant
with the Beer-Lambert law!**! may be explained through
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changing the porosity value. The transmittance and porosity
values are compatible. The porosity increases the proportion
of light transmittance despite the increase in thickness.

The change in the porosity can be explained by the fact
that in the first case the particles arriving at the substrate spread
easily on the substrate; therefore, a denser layer is formed.
When the deposition time is increased, the arriving droplets
must spread on the surface of the film deposited already and
discrete particles are formed, which increases the roughness
and leads to a more porous morphology.

3.4. Electrical properties

The electrical properties of SnO, films are investigated
by the four-point probe method and it is found that all samples
have n-type conductions. The values of sheet resistance and
resistivity of the films are given in Table 3.

Table 3. Values of electrical parameters of SnO; thin films.

Thickness/nm  Rsp,/Q  Figure of merit/Q~!  Resistivity/Q-cm

550 205.27 1.44 %1075 0.01125
640 320.87 4.06 x 1073 0.01764
760 325.25 1.15x 1074 0.02478
930 318.61 7.37 %1073 0.02956
1130 300.83 433 %1075 0.03405

For measuring the sheet resistance (Rg,) by the linear
four-point probe technique, the current (/) is applied between
the outer two leads and the potential difference (V) across the
inner two probes is measured. Since negligible contact and
spreading resistance are associated with the voltage probes,
one can obtain a fairly accurate estimation of Ry, from the fol-
lowing relation:

Ry =4.532(V/I). (13)

In the above configuration, a correction factor of 4.532 is used
for all samples. The sheet resistances of our films are between
205.27 Q and 325.25 Q, which are consistent with the reported
values of sheet resistance obtained for SnO, prepared by spray
pyrolysis technique.*>!

The resistivity values of SnO, films are calculated from

the following formula:
p = Rgpnxd. 14)

The resistivity continuously increases from 0.01125 Q-cm to
0.03405 Q-cm with the increase of film thickness.

The tin oxide is widely used in solar cells as a front con-
tact material. To determine the efficiency of SnO, in usage
as a front contact, the figure of merit parameter is built up by
Haacke as follows: 3¢

¢ =T""/Rg,. (15)

The figure-of-merit values of films with different thick-
ness values in the present study are calculated by Eq. (15), and

the results are shown in Table 3. It is found that the film de-
posited at 3 min (760-nm thick) has the highest figure-of-merit
value (1.15 x 107* Q~!). This is possible due to the forma-
tion of a good-quality film in the senses of conductivity and
transmittance.

It is clear that the resistivity increases with increasing film
thickness. The resistivity variation is attributed to carrier con-
centration and/or mobility changing. These parameters are
closely related to the film structure. The SnO, grains are rel-
atively closely distributed on the surface and they grow along
the densest plane of the rutile structure, which causes the car-
rier density to reach a lowest value and/or the electron traps to
increase with film thickness increasing.

4. Conclusions

Polycrystalline thin films of SnO, with different thick-
ness values are prepared at 500 °C on glass substrates using a
home-made spray pyrolysis apparatus. The influence of thick-
ness on the film physical properties is investigated by using
XRD, AFM, four-point and UV-vis spectrophotometer mea-
surements. Film thickness values are estimated by the gravi-
metric method to be between 550 nm and 1130 nm. XRD
characterization reveals that the SnO, films are of polycrystals
each with a cassiterite tetragonal crystal structure and pref-
erential orientation along the (110) plane. From electrical
measurements, it is found that the film has n-type electrical
conductivity; a maximum figure-of-merit value (as high as
1.15 x 107% Q') is obtained for SnO, thin film with 760-
nm thickness. All films have high transmissions greater than
65% in the visible region, indicating that they are good-quality
films. The highest refractive index and optical band gap values
are also found to be 2.175 eV and 3.64 eV, respectively, for the
sample deposited at a deposition time of 3 min.

From these results, it is concluded that favorable struc-
tural, electrical and optical properties of SnO; thin films make
them a very suitable candidate for usage in optoelectronic de-
vices and solar cell applications.
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