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Some physical properties of ultrasonically sprayed tin
oxide films: the effect of the substrate temperature
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Department of Physics, Eskisehir Osmangazi University, 26480 Eskisehir, Turkey

In this work, SnO; films, belonging to the transparent conducting oxides family and commonly used in photovoltaic solar
cells and opto-electronic devices, were deposited by ultrasonic spray pyrolysis technique onto glass substrates at different
substrate temperatures of 200, 250, 300 and 350+5°C. The effect of the substrate temperature on the structural, surface,
optical and electrical properties of the produced films was investigated. The structural properties such as crystallinity level,
grain size and half peak width were analyzed by using x-ray diffraction patterns. The surface properties and elemental
distributions were characterized using scanning electron microscopy and energy dispersive Xx-ray spectroscopy,
respectively. The optical properties like transmission, reflection, absorption and refractive index were investigated
depending on the substrate temperature, and the optical band gaps were calculated using optical method. The electrical
conduction mechanisms of the films were investigated using current voltage characteristics and the electrical conductivities
were calculated with two-probe technique. Also, the energies of donors and donor-like traps were determined from
Inc~1000/T graphs. After all investigations, it was determined that the structural, optical, electrical and surface properties
strongly depend on the substrate temperature, and especially SnO; films obtained at a substrate temperature of 250 + 5°C

have desired characteristics for solar cell applications.
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1. Introduction

SnO, films which belong to IV-VI compound
semiconductors have a wide band gap (E,~3.6-4.0 eV) at
room temperature and n-type electrical conductivity [1-4].
These films have tetragonal crystal system, and lattice
parameters are a=4.737 A and ¢=3.186 A [5, 6]. SnO,
films have low electrical resistivity (102-10 Q.cm), high
transparency (%70-85) in visible region and high
chemical, thermal and mechanical stability [7-11]. These
electro-optical properties make SnO, films common
materials for photovoltaic solar cells, thin film resistors,
electroluminescence circuits, liquid crystal displays,
detectors and gas sensors [12-17]. SnO, in various forms
(such as bulk, thick and thin films) has been investigated
for sensing a number of gases such as CO, NO,, NH;, CH,
and alcohol vapors [18]. Transparent conductive SnO, thin
films have been widely used as transparent electrodes in
electronic devices [19]. Selective electrical conductivity,
high thermal and chemical stability, easy and low cost
fabrication are the causes of widespread applications of
SnO, as gas sensor [20, 21].

SnO, thin films are produced by different techniques
such as thermal evaporation, sputtering, spray pyrolysis,
sol-gel and hydrothermal [22-24]. Among these
techniques, spray pyrolysis is an economic and simple
technique and allows film deposition on large areas. The
films produced by this technique have polycrystalline
structure [25-30]. Ultrasonic spray pyrolysis (USP)
technique includes an ultrasonic atomizer which is
connected to an oscillator. This ensures the solution to be

sprayed with a better atomizing using ultrasonic waves and
this results in decreasing of droplet size and production of
more homogeneous materials [31, 32].

The aim of this work is to investigate the effect of
substrate temperature on the structural, optical, electrical
and surface properties of SnO, films produced by USP
technique.

2. Experimental details

SnO, films were deposited onto glass substrates
(1x1 cm?) by USP technique at the substrate temperatures
of 200, 250, 300 and 350£5 °C, and the films were named
as M1, M2, M3 and M4 depending on the increasing
substrate temperature. Details of the USP technique were
given in our previous works [33-35]. The ultrasonic
frequency is used is 100 kHz, and the droplet size is 20
pm. The spraying solution contains 0.05 M SnCl,.2H,0
salt. The volume of the spraying solution was 125 ml, and
the solution was sprayed during 25 mins. The solution
flow rate was controlled by a flowmeter and kept at 5
ml.min”. Nitrogen gas was used as the carrier gas (0.2
kg.cm™). The glass substrates were heated by an electrical
heater and the substrate temperature was measured using
an iron-constantan thermocouple.

The thicknesses of SnO, films which are obtained at
the substrate temperature of 2005 °C were measured as
4.0 pum, using Elcometer 345 Digital Coating Thickness
gauge. However, the thickness is so thick for photovoltaic
applications. To reduce the film thicknesses, the substrate
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temperature was increased, and the thicknesses of SnO,
films which are obtained at the substrate temperature of
250, 300 and 350+5 °C were measured as 3.57, 2.00 and
1.66 um, respectively. So, it was seen that the thicknesses
of the films decrease depending on the substrate
temperature. We think that this variation resulted from the
evaporation of atomized particles just before they reach to
the substrate. The structural properties of all films were
studied by an x-ray diffractometer (Rigaku Model,
A= 1.5405 A) with CuK, radiation. Optical transmissions
and absorbances of the films were recorded with a Unicam
2-UV spectrophotometer. Electrical contacts were made
by touching the platinum tips on the surface of the films.
Current-voltage (I-V) measurements were done in dark by
using Keithley 6487 Picoammeter/Voltage Source. The
conductivity-temperature measurements (10-320 K) were
made using a cryostat, equipped by a Lake Shore 332
Temperature Controller and Keithley 6487
Picoammeter/Voltage Source. The surface properties of all
films were investigated using a Zeiss Supra 50VP
scanning electron microscope (SEM). The elemental
analyses of the films were performed by energy dispersive
x-ray spectroscopy (EDS).

3. Results and discussion
3.1 Structural properties

The XRD patterns (20° <26 < 100°) of SnO, films are
shown in Fig. 1. It was determined that M1-M4 films have
polycrystalline structures and tetragonal SnO, crystal
systems. The preferential orientations of the films were
determined by using the texture coefficient TC(hkl) [36].
Thus, it was seen that the preferential orientations of M1
and M2 films are in the (110) direction, while those of the
M3 and M4 films are (211). Also, it was determined that
peak intensities of M3 and M4 films increased, while those
of the M2 films decreased as compared to M1 films.
Furthermore, it was stated that background intensities of
M3 and M4 films decreased, and those of the M2 films
increased as to M1 films. Besides, the full width half
maximums (FWHM, B) decreased by increasing substrate
temperature. Thus, it was determined that the crystallinity
levels of the SnO, films improved at high substrate
temperature depositions (especially 300 and 3505 °C).
So, it was concluded that M2 films have a little bad
crystallization according to other films. Lattice constants
of M1-M4 films were calculated for the peaks related to
the preferential orientations. These values with the ones
taken from American Society for Testing Materials
(ASTM) cards are given in Table 1. It was determined that
these values are in good agreement. Besides, the grain
sizes of the films were determined for preferential
orientations by using the classical Scherrer Formula [37,
38], assuming that microstrain can be neglected. The grain
sizes (t) and half peak widths (B) of all films are given in
Table 2. Also, the plots of B and t vs. substrate
temperature are shown in Fig. 2. It was determined from
Table 2. and Fig. 2. that B values of SnO, films decreased
and t values increased with increasing substrate

temperature. So, it can be concluded that the substrate
temperature has a strong effect on the structural properties,
and the crystallinity levels of SnO, films improves with
increasing substrate temperature (specially 300 and
350 £ 5 °C).
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Fig. 1. The XRD patterns of SnO, films.
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Table 1. The preferential orientations and lattice
parameters of SnO, films.

. . | Preferential Calculated ASTM
Material Orientation ¢ £ £ ¢
ad) | bA) | cA) | ad) | bA) | ch)
Ml (110) 4.7460 | 4.7460 | 3.1878 | 4.7382 | 4.7382 | 3.1871
M2 (110) 4.72144.721413.2197 | 4.7382 | 4.7382 | 3.1871
M3 (211) 4.7458 | 4.7458 | 3.1875 | 4.7382 | 4.7382 | 3.1871
M4 (211) 4.724914.7249 1 3.1970 | 4.7382 | 4.7382 | 3.1871

Table 2. The half-widths (B) and grain sizes (t) of SnO, films.

Material Bx107 (radian) t (nm)
M1 2.897 56
M2 2.435 67
M3 1.658 141
M4 1.580 148
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Fig. 2. The B and t values of SnO; films.

3.2 Surface properties

SEM micrographs were taken to investigate the
surface morphologies of SnO, films and are shown in Fig.
3. It was determined that the surface homogeneity of the
films improved with increasing substrate temperature
(specially 300 and 350+5 °C). This result supports the
XRD observations. Besides, SEM micrographs show
different morphologies of the surface particles depending
on the substrate temperature. Especially M1 and M2 films
obtained at low substrate temperatures have different
islands with different sizes and shapes, and their
distributions on the surface are not homogeneous. But, M3
and M4 films have strong adherence to the substrates and
tightly bounded particles depending on the increasing
substrate temperature. These surface properties have

strong effect on optical properties such as transmittance,
absorbance and reflection. It is concluded that the surface
properties of SnO, films became better for M3 and M4
films which are produced at the substrate temperatures of
300 and 350 £ 5 °C.

EDS spectra of SnO, films are given in Fig. 4. Sn and
O eclements are present  in the films. Si and N elements
are not expected to be in the films and may have resulted
from the glass substrates. Atomic and weight percents of
SnO, films are listed in Table 3. It was clearly seen that
there are approximately one Sn atom for two O atoms, that
is, SnO, films are almost stoichiometric.
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Fig. 4. The EDS spectra of SnO, films.
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Fig. 3. The SEM micrographs of SnO; films.
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Table 3. The EDS data of SnO; films.

% Atom % Elemental weight
Material
Si-K Sn-L (¢ Si-K | Sn-L (¢}
M1 2.03 31.30 | 60.67 | 1.18 76.78 22.04
M2 4.38 28.95 | 66.67 | 2.66 | 7428 | 23.06
M3 5.07 2826 | 66.67 | 3.12 | 73.50 | 23.37
M4 1.28 32.05 | 66.67 | 073 | 77.53 21.74

3.3 Optical properties

The transmission spectra of SnO, films are shown in
Fig. 5. Firstly, it was seen that the transmission values of
the films are low in the visible region. We think that the
low transmissions resulted from the thicknesses of the
obtained films. We believe that when the thinner films are
produced by changing the experimental parameters, these
low transmission values will be increased. Secondly, M2
sample presented higher transmittance eventhough it is
thicker than M3 and M4 films. We think that this situation
is related to the crystal structure of M2 films. We think
that they have high transmission values because of the
cavities resulted from the very few bad crystallinization
according to the M3 and M4 films. Besides, it was seen
from the SEM micrographs that M3 and M4 films have
better film formations on the surface. It was concluded that
in these materials, the absorption values increased because
of the more tightly bounded particles, thus the
transmission values of the films decreased.
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Fig. 5. The transmittance spectra of SnO, films.

Reflection (R), absorption coefficient (o) and
refractive index (n) values of SnO, films were calculated
using the transmittance and absorbance spectra and
equations given below [39,40],

a=2 (1)
d

R=1-+Te" )

po R | AR e (3)
1-R \(1-R)’

P2 4)
4r

where A is the absorbance, d is the thickness of the films,
k is the extinction coefficient and A is the wavelength of
the incident light. The reflection, absorption coefficient
and refractive index spectra were drawn using the
calculated values. These spectra are shown in Fig. 6, 7 and
8, respectively. It was determined from Fig. 6 that the
reflection values are high in the visible region. Also, the
reflection values of the M2 films are low as compared to
those of other films because these films have higher
transmission. However, the reflection values of the M3
and M4 films did not change remarkably. The reflection
properties of these films are better than those of the M2
films because M3 and M4 films have more smooth
surfaces and more tightly bounded particles. It was seen
from the Fig.7 that M1 and M2 films have low absorption
coefficient at about 350-900 nm wavelength range, and the
absorption coefficient values increased remarkably as the
wavelength decreased (A<350 nm). For M3 and M4 films,
the absorption coefficient increases sharply below 550 nm
and this increase is slower as compared to M1 and M2
films. It was determined that fundamental absorption
regions of SnO, films moved to the higher wavelengths as
the substrate temperature increased. The refractive index
spectra of the films are shown in Fig. 8. It was seen that
the refractive indexes of M1 films increase slowly with
decreasing wavelength in the wavelength range of 350-900
nm and then increase sharply. Other films also have the
same properties, but there is an important variation
depending on the substrate temperature. That is, M3 and
M4 films obtained at higher substrate temperatures have
higher refractive indexes. We think that the increase of the
refractive index for M3 and M4 films may be high amount
of electrons. Because, when the incident light interacts
with a material that has high amount of electrons, the
refraction will be high, and thus the refractivity of the film
will increase.
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Fig. 7. The absorption coefficient spectra of SnO; films.
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8. The refractive index spectra of SnO, films.
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The transmission (T), reflection (R), absorption
coefficient (o) and refractive index (n) values of all films
for 550 nm are given in Table 4. It was determined that the
substrate temperature has a noticeable effect on the optical
properties of SnO, films, and M2 films have the highest
transmission and the lowest reflection, absorption
coefficient and refractive index values.

Table 4. Some optical parameters (A=550 nm) and band gaps

(E,) of SnO; films.

A=550nm | M1 | M2 | M3 | M4
%T 12 | 35 | 8 11
%R 46 | 26 | 52 | 47

ax10®(cm™) | 2.35 | 1.28 | 5.60 | 5.80
n 5.18 | 3.06 | 6.13 | 5.30
E, (eV) 3.60 | 3.70 | 3.10 | 2.98

The forbidden energy gaps of SnO, films were
determined by using optical method. The (ahv)’~hv plots
of the films are given in Fig. 9. It was determined that all
films have direct band transitions. The band gaps of the
films were found between 2.98-3.7 eV and these values
are given in Table 4. It was determined that the energy
gaps of the M3 and M4 films obtained at high substrate
temperatures are lower than those of M1 and M2 films.
We can say that this is resulted from the increasing
interstitial Sn atoms and/or oxygen vacancies which act as
donor impurities, so extended donor impurity band
becomes closer to the conduction band and maybe merges
with the conduction band [41].
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3.4 Electrical properties

The 1-V characteristics of SnO, films were drawn in
the voltage range of 0.01-10 V in dark conditions to
investigate the electrical conduction mechanisms and to
calculate the electrical resistivities. The I-V plots of the
films on log-log scale are shown in Fig. 10. In the whole
voltage range, there is a linear increase in current values
with increasing voltage. So, ohmic conduction mechanism
is dominant. Thus, the number of free carriers is higher
than that of the injected ones from the platinum metal
contact.
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Fig. 10. The I-V characteristics of SnO; films.

The electrical conductivities and resistivities of SnO,
films were calculated using two-probe technique, and
these values are given in Table 5. It was seen from this
table that the conductivity values changed between
5.40x10"-2.24x10” (Q.cm)”'. The conductivities of the
films decreased depending on the increasing substrate
temperature. It was determined from XRD patterns and
SEM micrographs that the structural and surface properties
of the films improved with increasing substrate
temperature. SnO, films are degenerate semiconductors, so
we think that free carrier concentration of the films can
increase because of the better crystallinization levels and
surface morphologies. Thus, we concluded that the
collision times and mobilities of the free -electrons
decreases since there are more conduction electrons in the
structure. So, the decreasing conductivity can be explained
with the diminishing mobility.

Table 5. Some electrical properties of SnO, films.

E, (meV) | E;(eV)

Material | o (€Q.cm)”’ | p (Q.cm)

M1 5.40x107! 1.85 - 0.049

M2 3.82x1072 | 2.62x10! 2.10 0.057

M3 2.24x10% | 4.46x10? - 0.082

M4 1.61x10° | 6.21x10? 0.28 0.063

It is well known that SnO, films have traps which
act as donor. But the existence of the traps was not
observed from the I-V plots. So, to prove the existence of
the traps and to realize the general behavior of the
conductivity depending on the temperature, the
conductivity is plotted as a function of the temperature on
a semi-logarithmic scale in the temperature range of 10-
320 K. The Inc vs. 1000/T plots are shown in Fig. 11. For
all films, the whole temperature range was investigated in
two regions. In the M1 and M3 films, the conductivity
values decreased with increasing temperature in the first
regions. But, conductivity of M3 films remarkably
decreased as compared to M1 films. We think that in these
regions for M1 and M3 films, interstitial Sn atoms and/or
oxygen vacancies which act as donors ionized at low
temperatures and thermal vibration energies are not
sufficient to ionize the deeper donor-like traps. So, these
regions represent depletion regions where shallow donors
are depleted. Thus, the carrier concentration is almost
constant with increasing temperature in the depletion
regions. In these regions, the variation of conductivity with
temperature can be explained from the variation of
mobility with temperature, and the scattering by thermal
lattice vibrations is the fundamental conduction
mechanisms. According to the mechanism, mobility and
conductivity decreases because of the thermal lattice
vibrations. Thus, decreasing conductivity depending on the
increasing temperature can be explained with the
decreasing mobility [41]. For M2 and M4 films in the first
regions, the conductivity values increased with increasing
temperature. However, conductivity of M2 films
remarkably increased as compared to M4 films. In the
second regions conductivities increased sharply with
increasing temperature for all films. We think that this
variation resulted from the ionization of donor-like traps in
the band gap. The activation energies of donors and the
energies of donor-like traps for M2 and M4 films were
calculated using the slopes of the first and second regions.
For M1 and M3 films, only the energies of donor-like
traps could be calculated from the slopes of the second
regions because these films have depletion regions in the
first regions. These energies were calculated using the
equation given below,

o=0; exp (-E,/kT) + o, exp (-E;/kT) (5)
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where 6, and &, are the pre-exponential factors, E, is the
activation energy of donors, E, is the energy of donor-like
traps and k is the Boltzmann constant [36]. This equation
can be used to calculate E, and E, when one of the terms is
neglected depending on the temperature. The activation
energies of donors and the energies of donor-like traps are
listed in Table 4. It was seen that the activation energies of
M4 films are smaller than those of the M2 films. We think
that this result arose from the higher number of interstitial
Sn atoms and/or oxygen vacancies which act as donors in
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M4 films. Donor levels split to sub-energy levels because
of the high donor concentration and so, donor impurity
band is formed [41]. Thus, the activation energies of
donors for M4 films decreased because the extended donor
impurity band becomes closer to the conduction band. It
was also seen from Table 5 that there was not a regular
variation in the E; values of the films with increasing
substrate temperature. So, we think that both the number
and the distribution of donor like traps in the band gap
changed with substrate temperature.
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Fig. 11. The Inc~1000/T graphs of SnO, films.

The electrical conductivity types of SnO, films were
determined to be n-type using hot-probe technique. It is an
expected situation because these films have interstitial Sn
atoms and/or oxygen vacancies which act as donors.

4. Conclusions

In this work SnO, films were obtained by USP
technique, and the effect of substrate temperature on
structural, surface, optical and electrical properties was
investigated. It was determined from the structural
analyses that the substrate temperature has a strong effect
on the structural properties, and the crystallinity levels of
SnO, films improved with increasing substrate
temperature. It was determined from SEM investigations
that the effect of increasing substrate temperature was to

decrease the surface roughening and change strongly the
morphologies of SnO, films. Also, the films have strong
adherence to the substrates and more tightly bounded
particles depending on the increasing substrate
temperature. EDS analyses showed that Sn and O elements
are present in the films and SnO, films are almost
stoichiometric. The transmittance values of SnO, films are
low because of the thicknesses, and M2 films have the
highest transmission and the lowest reflection and
absorption coefficient values. We believe that when the
thinner films are produced by changing the experimental
parameters, they will have higher transmission. Also, it
was determined from optical investigations that the band
gaps of the films were between 2.98-3.70 eV, and energy
gaps of the M3 and M4 films obtained at high substrate
temperatures decreased as to M1 and M2 films. It was
concluded that this is resulted from the increasing
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interstitial Sn atoms and/or oxygen vacancies, so extended
donor impurity band became closer to the conduction band
and maybe merged with it [41]. Electrical investigations
showed that all films have ohmic conduction mechanisms,
and the conductivities of the films changed between
5.40x10"-2.24x107 (Q.cm)”. The conductivity values
were decreased depending on the increasing substrate
temperature. We concluded that the mobilities of the free
electrons decreased because of the high number of
conduction electrons in the structure. So, the decreasing
conductivity can be explained with the mobility. It was
seen from the conductivity-dependent temperature
analyses that donor impurity band is formed in the films
because of the high donor concentration. Also it is
concluded that the number and the distribution of donors
and donor-like traps in the band gap changed with
substrate temperature. It can be concluded from all
investigations that substrate temperature has a strong
influence on the structural, surface, optical and electrical
properties of SnO, films, and M2 films can be used as
window materials and transparent contacts in photovoltaic
solar cells because of the high electrical conductivities and
transmissions.
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