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Abstract. This report investigated the structural, optical and electrical properties of V-doped SnO; thin films
deposited using spray pyrolysis technique. The SnO;:V films, with different V-content, were deposited on glass
substrates at a substrate temperature of 550°C using an aqueous ethanol solution consisting of tin and vanadium
chloride. X-ray diffraction studies showed that the SnO,:V films were polycrystalline only with tin oxide phases
and the preferred orientations are along (1 1 0), (1 0 1), (2 1 1) and (3 0 1) planes. Using Scherrer formula,
the grain sizes were estimated to be within the range of 25-36 nm. The variation in sheet resistance and optical
direct band gap are functions of vanadium doping concentration. Field emission scanning electron microscopy
(FESEM) revealed the surface morphology to be very smooth, yet grainy in nature. Optical transmittance spectra
of the films showed high transparency of about ~69-90% in the visible region, decreasing with increase in
V-doping. The direct band gap for undoped SnO; films was found to be 3.53 eV, while for higher V-doped films
it shifted toward lower energies in the range of 3.27-3.53 eV and then increased again to 3.5 eV. The Hall effect
and Seebeck studies revealed that the films exhibit n-type conductivity. The thermal activation energy, Seebeck
coefficient and maximum of photosensitivity in the films were found to be in the range of 0.02-0.82 eV (in the

low-temperature range), 0.15-0.18 mV K~! (at T = 350 K) and 0.96-2.84, respectively.
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1. Introduction

Tin oxide (SnO;) is one of the most interesting trans-
parent conducting oxides (TCO). It has high optical
transparency in the visible region (~400-800 nm)
of the electromagnetic spectrum with high electrical
conductivity. SnO; nanostructures are wide band gap
n-type semiconductor materials (3.6-3.8 eV) [1-9].
They can be used as transparent conductors [10-13],
dye-sensitized solar cells [1-4], gas sensors [1,3,6],
optoelectronic devices [2,4], flat-panel displays [2—4],
light-emitting diodes (LED) [2,8,9], electrochromic
devices [11,14], electromagnetic shielding [14], func-
tional glasses [14], architectural windows [15], smart
windows [15], photovoltaic films [15], polymer-based
electronics [15], liquid crystal displays [10,16], heat
mirrors [10,12], antifoggy windows [17], touch screens

Thin film; spray pyrolysis; SnO»:V.

[2,11,16], transistors [9,13], low emissivity windows [9],
window defrosters [9], semiconductor lasers [9] and
plasma panel displays [16]. For these applications, TCOs
must have wide band gap (>3 eV), high carrier den-
sity (>10%° cm™3), good electrical conductivity (p <
1073 © cm) and high Hall mobility (>62.5 cm?/Vs) [2].
However, pure SnO; usually needs modifications in
terms of additive incorporation to modify its conduc-
tivity and optical absorption. The stoichiometric SnO;
has low optical and electrical performance because of
its low intrinsic carrier density and mobility. Doping
with fluorine (F), indium (In), antimony (Sb) and vana-
dium (V) improve its optical properties and conductivity
[15]. Regarding atomic radius of Sn** (0.71 A) and
V3t (0.74 A), substitution of V31 or V37 jons in lattice
positions of Sn** is possible. A variety of techniques,
such as chemical vapour deposition [18-21], dip coating
[8,22], spray pyrolysis [13-16], sol-gel method [23,24],
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sputtering [20,25], evaporation [10], pulsed laser depo-
sition [9,12], thermal evaporation [1], hydrothermal
method and spin-coating [2], electron beam evapora-
tion [17] and photochemical method [6] are used for
the preparation of SnO; thin films.

The present study investigated the characteristics of
V-doped SnO» thin films prepared by spray pyrolysis
technique. For this purpose, at the first step, spray pyrol-
ysis deposition technique was used for the prepara-
tion of SnO;:V thin films. This technique was simple,
cheap and easily adaptable for large area deposition
compared to other techniques. Then, structural, elec-
trical, optical and thermoelectrical properties of the
deposited films were studied and discussed. Magnetic
property of SnO;:V films is not studied in this work.
The structural, electrical and optical properties of the
thin films were examined in relation to the increase in
the vanadium amount.

2. Experimental procedure

2.1 Deposition of V-doped SnO; thin films by the
spray pyrolysis technique

The V-doped SnO; thin films were deposited on glass
substrates using a typical spray pyrolysis coating technique
[26]. The precursor solution was prepared by dissolving
0.075 M stannic chloride (SnCls:5H,0) and different
amounts of vanadium chloride (VCl3) in 20 ml of sol-
vent, a mixture of double distilled water and ethanol,
in a volume ratio of 1:1. To increase the solubility of
stannic chloride, a few drops of HCl was also added
to the solution [14]. The atomic ratio of [V]/[Sn] in
the solution was changed from O to 10 at%. Before the
preparation of films, glass substrates were cleaned and
placed on the hot plate and the undoped and V-doped
SnO, films were deposited on rotating hot substrates
under the conditions mentioned in table 1. To prevent
a rapid reduction in the temperature of the hot plate,
spraying was done in short time intervals. All experiments
were done under approximately similar conditions.

2.2 Structural and optical characterization of films

X-ray diffraction (XRD) patterns of V-doped SnO; thin
films were recorded by a D8 Advanced Bruker system
using Cu K, (A = 0.154056 nm) radiation with 26 in
10-70° range. The average crystalline grain size was
calculated using Scherrer’s formula based on the XRD
patterns [26]:

Kb
" Swecosh’

(1)
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Table 1. Spray deposition parameters for the preparation
of Sn0O,:V films.

Spray solution volume (ml) 20
Carrier-gas pressure (atm) 3

Spray deposition rate (ml/min) 10
Nozzle to substrate distance (cm) 40
Spray nozzle diameter (atomizer) (mm) 0.2
Hot plate rotation speed (rpm) 60

Substrate temperature (°C) 550

where D is the average crystalline (grain) size, K is
a constant (~1), A is the X-ray wavelength, dw is
the full-width at half-maximum (FWHM) of the XRD
peaks and 6 is the Bragg angle.

The surface morphology of the films was studied
using field emission scanning electron microscopy
(FESEM) using a HITACHI S4160 system and atomic
force microscopy (AFM). The optical absorption and
transparency of the films were measured in the wave-
length range of 300-1100 nm using a Unico 4802
UV-Vis double beam spectrophotometer at room tem-
perature. The thickness (¢) of the films was determined
by using the Swanepoel method [27]. The direct opti-
cal band gap energy (E,) for V-doped SnO; thin films
was obtained by optical absorption measurements and
by plotting (ahv)? vs. photon energy (hv) and using
the following relation [14]:

(ahv)* = A(hv — Ey), )

where « is the absorption coefficient and A and E,
are a constant and the direct band gap energy of the
material, respectively.

2.3 Photoconductive, thermoelectric and activation
energy measurements

For measuring the photoconductivity and the thermo-
electric electromotive force (EMF) of the films, the
two ends of the samples were coated with aluminum
by thermal evaporation in vacuum. The electrical resis-
tivity of V-doped SnO, thin films on a non-conducting
glass slide was determined by the DC two-probe
method and dark conductivity was calculated for all the

samples.
The photosensitivity in these films is defined as [28]
Ri — Rq
S = , 3
R 3)

where R) and Ry are the electrical resistance in light
(6000 lux) and in the dark, respectively. All the samples
were illuminated from a normal light source (300 W)
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at distance d = 20 cm for 600 s before recording R.
The electrical resistance of the thin films was mea-
sured by UNI-T multimeters and the light intensity was
measured by a TES-1339 light meter.
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Figure 1. XRD patterns of SnO;:V thin films for different
doping levels.
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The thermoelectric EMF of the V-doped SnO; was
measured by applying a temperature gradient between
the two ends of the samples at the temperature range
of 300-500 K [29]. An electric heater with an elec-
trical power of 300 W for heating one side (hot side)
and an ice water bath for cooling the other side (cold
side) were used. A schematic view of the apparatus
is shown in ref. [26]. The open circuit thermovoltage
generated by the sample was measured using a digital
microvoltmeter.

The temperature difference between the two ends of
the sample causes the transport of carriers from the hot
to the cold end, thus creating an electric field, which
gives rise to thermovoltage across the ends. The ther-
movoltage generated is directly proportional to the
temperature gradient applied to the two ends of the semi-
conductor thin films. From the sign of the potentiome-
ter terminals connected to the two ends of the sample,
the sign of charge carriers is obtained. In this measure-
ment, the negative and positive terminals were connec-
ted to the hot and cold ends, respectively. Therefore,
the films show n- or p-type conductivity.

Table 2. XRD analysis results for four main peaksof 1 10,1 01,21 1and30 1 in
V-doped SnO; films (all films have tetragonal structure).

26 d Intensity  Grain size = FWHM

Sample name ©) A) hkl (Cps) (nm) ©)

Sn0,:V(0 at%) 26.654 3.34 110 98.9 32 0.372
Sn0,:V(0 at%) 33.881 2.64 101 67.9 25 0.367
Sn0,:V(0 at%) 51.792 1.76 211 100 30 0.328
Sn0,:V(0 at%) 65.882 1.42 301 40.1 31 0.338
Sn0O,:V(2.5 at%)  26.658 3.34 110 100 33 0.36

SnO,:V(2.5 at%) 33.91 2.64 101 61.4 27 0.337
SnO,:V(2.5 at%) 51.767 1.76 211 82.4 26 0.374
Sn0O,:V(2.5 at%)  65.883 1.42 301 31.9 26 0.403
Sn0,:V(5 at%) 26.645 3.34 110 91.5 36 0.334
Sn0,:V(5 at%) 33.929 2.64 101 64.3 26 0.351
Sn0,:V(5 at%) 51.785 1.76 211 100 29 0.348
Sn0,:V(5 at%) 65.931 1.42 301 329 25 0.42

SnO,:V(7.5 at%) 26.666 3.34023 110 81.7 32 0.375
SnO,:V(7.5at%) 33.953 2.63823 101 73 27 0.345
SnO,:V(7.5at%) 51.822 1.76279 211 100 31 0.323
SnO,:V(7.5 at%) 65.95 1.41528 301 37.8 35 0.305
Sn0O,:V(10 at%)  26.677 3.34 110 93.4 36 0.326
SnO,:V(10 at%)  33.954 2.64 101 66.6 25 0.375
SnO,:V(10 at%)  51.816 1.76 211 100 30 0.328
SnO,:V(10 at%)  65.922 1.42 301 34.6 28 0.372
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According to the Seebeck effect [30], the thermo-
electric power (TEP) is calculated using

b
s=aAT+§(AT)2+---, 4)

where ¢ is the EMF, « is the TEP (Seebeck coefficient),
AT is the temperature difference between the edges of
the sample and b is a constant. If AT is very small,
eq. (4) can be written as

e =oaAT. (5

That is, the thermoelectric EMF, AV, is proportional
to AT. The Seebeck coefficients were determined by
calculating the slope of the thermoelectric EMF vs. the
temperature difference curve.

For determining the activation energy level of V-
doped films, the temperature dependence of dark elec-
trical resistance was measured in the temperature range
25-200°C in vacuum with 30 Torr pressure. The data
were fitted to the Arrhenius equation [31].

R = R()C(Ea/KBT), (6)

where Ry is a parameter dependent on the sample char-
acteristics (thickness, structure, etc.), E, denotes the
thermal activation energy of electrical resistance and
Ky is the Boltzmann constant.
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3. Result and discussion

3.1 Structure properties

The XRD patterns of SnO;:V films for 0-10 at%
V-doping in film are shown in figure 1. For all the sam-
ples, the characteristic diffraction peaks at 26 = 26.6°,
33.9°,51.8° and 65.9° correspond to the (1 1 0), (10 1),
(21 1)and (30 1) planes of a tetragonal rutile structure
of the cassiterite SnO; phases (space group P42 /mnm).
The presence of other orientations such as (2 0 0) and
(3 1 0) has also been detected, but in considerably
lower intensities. By V-doping in film, no lines corres-
ponding to Sn—V-O phases or vanadium oxides were
detected. It is also observed from figure 1 that higher
V concentration gives good quality films with improved
crystallinity as evidenced by intense diffraction peaks.
Regarding atomic radius of Sn** (0.71 A), V31 (0.64 A)
and V> (0.54 A), in doping levels, substitution of V3
or V> ions in lattice positions of Sn** is possible and
clearly evident. The XRD analysis results for four main
peaks at (1 1 0), (10 1), (21 1) and (3 0 1) planes,
grains size and the crystallographic characteristics of
the SnO,:V films, are presented in table 2. As seen, the
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Figure 3. Energy-dispersive X-ray analysis spectra of pure and V-doped SnO; thin films: (a) undoped SnO», (b) 5%
V-doped SnO; and (¢) 10% V-doped SnO».
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grain sizes in various orientations are in the range of
25-36 nm.

Figure 2 shows the comparative morphology of pure
and vanadium-doped tin oxide films. Both doped and

g

%
K @

oY

(c)

Figure 4. AFM images of SnO,:V films for different
V-content: (a) 0, (b) 5 and (¢) 10 at%.
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undoped films deposited, showed nearly similar mor-
phology and the grains can be clearly seen. It was ob-
served that the surface morphologies of the films were
dependent upon the doping concentration. Based on the
observations, particle size decreased with the increase
in V-doping. In high doping levels, particles tend to form
smaller clusters. It was seen that the grains exhibit aver-
age sizes of 47,43, 45, 41 and 38 nm for V-doping from
0,2.5,5,7.5 and 10 at% in film, respectively. The grain
sizes of FESEM images are larger than that predicted
by Scherrer’s formula from the XRD spectra. Obviously,
each particle of the SEM image contains many single-
crystal grains.

The element analysis in the films is done using EDX
measurement. The EDX spectra plotted in figure 3 indi-
cate the existence of Sn, O and V inside the films.
These results show that the atomic ratios in the spray
solutions are higher than that in deposited films.

The surface morphology of the films was studied by
atomic force microscopy (AFM). The AFM scans of
(a) undoped, (b) 5 at% and (c) 10 at% V-doped SnO, films
are shown in figure 4. The RMS roughnesses were about
36.8, 34.7 and 30 nm for undoped, 5 at% and 10 at%
V-doped SnO; films respectively. This indicates that
film roughness is significantly affected by vanadium
doping.

3.2 Optical properties

From the optical transmission spectra shown in
figure 5, it can be seen that transparency in the visible
region (420-800nm) is about ~69-90%. The trans-
parency of pure SnO; film is 90% and the other films
are in the range of 69-78%. Therefore, transparency

100
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Figure 5. The variation of transmittance with the wave-
length of SnO;:V thin films for different doping levels.
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decreases with increase in V-content due to presence
of impurity and disorder in SnO, lattice.

Figure 6 displays the dependence of the optical direct
band gap energy (Ez) on V-doping level. The direct
band gap values range from 3.53 to 3.27 eV, which
decreases with increase in V-content. The fluctuation
of optical band gap with V-doping can be explained as
(1) first, the decrease in E values of undoped SnO; and
upto 2.5 at% V-doped SnO; may be attributed to the
increase in nanograin size in films structure [32]; (ii)
secondly, increase in Eg values of SnO; in 5-7.5 at%
V-doping may result from decrease in the nanograin
size of particles [33]. In addition, change in energy gap
from 3.31 to 3.5 eV may be due to decrease in grain
size in high doping levels [8].

3.3 Electrical properties

The results of the electrical resistivity, the photoconduc-
tivity, thermoelectrical and Hall effect measurements
of thin films are summarized in table 3. The varia-
tion in sheet resistance and carrier concentration of
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. ® SnO,V (2.5%) 3.27 ev
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Figure 6. Plots of («hv)? vs. (hv) for SnO,:V thin films
for different doping levels.
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SnO,:V films is plotted in figure 7, as a function of
vanadium doping concentration. The variation in sheet
resistance and optical direct band gap of SnO,:V films
is plotted in figure 8, as a function of vanadium dop-
ing concentration. It shows the dependency between
the variation in sheet resistance and optical direct
band gap as a function of vanadium doping concentra-
tion. The electric conductivity, besides the electronic
charge distribution, is strongly dependent on the scat-
tering phenomena related to the size, for instance, the
grain size and the size of the film and the scattering
from impurities. Hence, we argue that VO3 which has
more pronounced phases formed at lower concentra-
tions compared to higher ones, behave as scattering
impurities for conduction electrons. It may be seen that
the sheet resistance decreases with the increase in vana-
dium concentration from 0 to 2.5 at% (see figure 6). It
was found that the sheet resistance increased for the
doping of vanadium above 7.5 at% and then decreased
for the doping of vanadium above 10 at%. The vari-
ation in the sheet resistance of tin oxide thin films
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Figure 7. The variation in sheet resistance and carrier con-
centration of SnO,:V thin films for different doping level
[V/Sn] ratios.

Table 3. The results of electrical, thermopower, Hall effect and photoconductivity measurements for different V-doped

SnO films.
Seebeck Maximum E, (eV)

Carrier coefficient of Low- High-
Sample t R 0 Conductivity concentration (uV K~!) photosensitivity temperature temperature
[V/Sn] (am) (KQ/Y) (Q-cm) type (cm™?) T =350K S, |58 range range
Undoped 369  0.39 1.54 n 7.04 x 10'8 183 0.96 0.02 0.51
2.5 402 0.37 1.48 n 6.89 x 10'3 158 1.52 0.82 0.35
5 376 0.44 1.65 n 8.86 x 10'8 150 1.86 0.08 0.55
7.5 396 0.99 3.92 n 5.25 x 10'8 175 2.84 0.33 -
10 373 0.74 2.76 n 5.43 x 10'8 167 1.53 0.18 0.72
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Figure 8. The variation in sheet resistance and optical
direct band gap of SnO;:V thin films for different doping
level [V/Sn] ratios.

with vanadium doping can be explained on the basis
of the presence of V in two oxidation states, V>t and
V3*. When SnO, is doped with V in the range of 0—
2.5 at%, some of the V>* ions in the lattice are replaced
by Sn**, resulting in the generation of free electron,
thus reducing the sheet resistance [34]. Another rea-
son for decreasing sheet resistance in this region can
be explained by the XRD patterns, which is due to
the decrease in amorphous phase and disorders (see
figure 1). Also, in this region, X-ray diffraction peak
intensity of (1 1 0) plane increases, while peak inten-
sity of (1 0 1), (21 1) and (3 0 1) planes decreases.
This is caused by migration of Sn*t ions to middle
sites as well as substitution of V>* in Sn** sites. In
contrast, in the region with doping levels between 2.5
and 7.5 at% in film, the sheet resistance of the films
increases, because of substitution of a part of V37
ions in Sn** state, resulting in the formation of accep-
tor states and a concomitant loss of carriers. Also,
peak intensity of (1 1 0) plane decreases and amor-
phous phase increases. In addition, generally when the
grain size decreases, as seen in figure 2, the density of
grain boundaries in the film increases. Therefore, the
scattering of carriers at grain boundaries increases and
their mobility increases resulting in an increase in the
electrical resistivity of the film [35]. With increase in
doping level from 7.5 to 10at%, the sheet resistance
decreases. This circumstance is related to the decreas-
ing atomic disorders in the crystalline structure and the
amorphous phase. Also, based on the XRD patterns,
intensity of (1 1 0) plane increases. However, the inten-
sities of (1 0 1) and (3 0 1) planes decrease and that of
amorphous background decrease.

Measurements of thermoelectrical effect indicate n-
type conductivity for thin films (see figure 9). The
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Figure 9. The variation in thermoelectric-EMF with tem-
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thermoelectric EMF depends on the location of the
Fermi energy in the material, the type of scattering
mechanism and the charge the carriers encounter. It
increases as the Fermi energy moves further into the
energy gap from the bottom edge of the conduction
band. This amounts to concluding that the smaller the
carrier concentration, the larger the Seebeck coeffi-
cient. Thus, a relatively higher thermoelectric EMF for
the thin films is due to their higher crystalline and crys-
tallite size. The Seebeck coefficient obtained is as high
as +0.23 mV/K at T = 450 K, for undoped SnO,
thin film.

The resistance of the investigated thin films de-
creases with increasing temperature (see figure 10).
This indicates that the films have semiconductor-like
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Figure 10. The variation in resistance with temperature of
SnO;:V thin films for different doping levels.
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Figure 11. The variation of S% = ((R} — Rq)/Rq) x 100 with time of SnO;:V thin films for different doping levels (at%

in solution).

behaviour. The values of activation energy (E,) evalu-
ated from the slope of the plot of In R vs. 1000/ T have
been summarized in table 3. Thermal activation energy
changed in the range of 0.02-0.82 eV and 0.35-0.72 eV
in low-temperature range and high-temperature range,
respectively. These activation energies correspond to a
shallow donor level and a deep acceptor level [36,37].

The photosensitivity for all the films shows an expo-
nential fall in resistance at first and then a tendency of
saturation. The saturation condition is due to a decrease
in the rate of photogeneration of carriers related to
time. Simultaneously, the recombination process has
a main role in reducing the photosensitivity. Conse-
quently, a steady state is obtained where the rate of
generation of charge carriers is equal to the recom-
bination rate under constant illumination. This phe-
nomenon is responsible for obtaining a nearly flat
profile of photosensitivity at the end (see figure 11).
A high photosensitivity of 2.84 was shown by films
prepared at ([V]/[Sn]) = 7.5.

4. Conclusions

In summary, applying spray pyrolysis technique, thin
films of vanadium-doped tin oxide (SnO,:V) were suc-
cessfully prepared at a fixed substrate temperature of
550°C; XRD, FESEM, Hall effect measurement and
UV-Vis spectrometry characterize structures, surface
morphology, electrical and optical properties of the films.
The XRD results showed that all n-type conducting
films possessed polycrystalline SnO, with a tetragonal

rutile structure; on the other hand, average grain size
estimated from Scherrer’s formula was ranging from 25
to 36 nm. FESEM sample studies showed the surface
morphology to be very smooth, yet grainy in nature.
Optical transmittance spectra of the films showed high
transparency, of about ~69-90%, in the visible region,
decreasing with increase in V-doping. The direct band
gap for undoped SnO; films was found to be 3.53 eV,
while for higher V-doped films shifted toward lower
energies in the range 3.53-3.27 eV and then increased
again to 3.50 eV. In all films, we have obtained resistiv-
ities, Seebeck coefficient and carrier concentration in
the order of 1.48-3.92 Q@ Cm, 0.15-0.18 mV K~! and
5.25-8.86 Cm™3, respectively.
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