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Nanostructured transparent conducting SnO» thin films have been grown on glass substrates via an environ-
mentally benign chemical route viz spray pyrolysis. All samples were grown for various concentrations of pre-
cursor solution with the substrate kept at 350 °C maintaining a spray rate of 10 mL/min. The characterizations
revealed orthorhombic crystal structure with preferential growth in (112) plane for all samples. Ellipsometric
analysis confirmed the good quality of the films. The sample prepared at 0.2 M concentration of precursor so-

lution showed average transmission of 60% in the visible region with maximum conductivity of 24.86 S/cm. As
synthesized samples exhibited overall Photoluminescence (PL) emission colours of green, greenish white and
bluish white depending on the intensities of excitonic and oxygen vacancy defect level emissions.

1. Introduction

Tin dioxide (SnOjy) is an n-type semiconducting material with
tetragonal rutile structure having a wide band gap of 3.6-4.0 eV [1,2].
The studies on the transparent conducting oxide thin films are signifi-
cant in the world of semiconducting materials. The vital features of SnO5
nanostructured thin films include its nontoxicity, high optical trans-
mittance, better electrical conductivity, good piezoelectric behaviour,
consistency, stable to heat and not the least its low cost [3-5]. SnO has
wide variety of applications in gas sensor devices [6], transistors [7],
solar cells [8], optoelectronic devices [9] etc. Literature survey shows
that tin oxide thin films could be synthesized by various chemical and
physical techniques such as sol-gel method [10], chemical bath depo-
sition [11], spin coating [12], electron beam evaporation [13], PLD
[14], sputtering [15], spray pyrolysis [16] etc.

In the present work, SnO5 thin films are deposited for different mo-
larities of precursor solution via an environmentally benign chemical
route viz spray pyrolysis and tailored their structural, optical and elec-
trical properties.

2. Experimental

The AR grade tin chloride dihydrate (SnCly.2H50) was liquified in

distilled water to get 0.05 M, 0.15 M, 0.2 M and 0.3 M concentration of
precursor solutions. For removing any precipitate in solution, few drops
of concentrated hydrochloric acid was added. Then the mixture was
vigorously stirred at 60 °C for about 1 h. Pre cleaned and ultrasonically
cleaned substrates were placed on the substrate holder of the spray
equipment and sufficient heating was given to obtain even films. The
spray parameters were optimised as 350 °C, 10 mL/min, 0.2 kg/crn2 and
15 cm for substrate temperature, spray rate, carrier gas pressure and
source substrate distance respectively.

The glass slides were taken immediately after the spray process and
allowed to cool to room temperature. This resulted in the formation of
uniform, well adherent and transparent SnO; thin films.

Structural parameters like average grain size, dislocation density,
lattice strain, crystallite size etc. have been analysed using the X-ray
diffraction plots (XRD) recorded on a Rigaku D-Max Geigerflex X-ray
diffractometer using Cu-K, radiation source of wavelength 1.5418 A for
260 values from 20° to 80° at room temperature. The surface morphology
of the as grown films was studied using JEOL JSM 7600F field emission
scanning electron microscope. The thickness of the films was measured
by Ellipsometry technique using Woollan USA.

The optical characterization of SnO, thin film samples were carried
out by using Shimadzu UV-Vis spectrophotometer UV 1800. PL char-
acterizations of the samples were done using Fluoromax-4
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Spectrofluorometer. Hall effect measurements using ECOPIA HMS-5000
in Vander Pauw configuration were used to tailor the electrical prop-
erties of as grown samples. Illumination on the as prepared samples was
provided by a Halogen Reflector lamp (300W/82V) for photoconduc-
tivity spectrum measurements and the photocurrent was continuously
recorded using a 2450 Keithley Source meter.

3. Results and discussion
3.1. Structural analysis

Fig. 1(a) represents the XRD spectra of SnOs thin films in which the
major diffraction peaks correspond to (112), (006), (122), (188), (133)
and (312) planes of orthorhombic phase in agreement with the standard
JCPDS file no: 78-1063. XRD peak intensity increases with increase in
concentration of precursor solution which is due to increase in crystal-
linity of the sample. A slight variation in peak width can also be
observed due to change in grain size and lattice strain.

Scherrer’s formula provides the average grain size of the samples
using the equation [17],

09 1
-7 1
p cos 6 M
where 0 is the glancing angle, ) is the wavelength of X-ray radiations and
B is the full width at half maximum to the diffraction peak. The dislo-
cation density (8) which measures the length of dislocation lines per unit
volume (lines/mz) are calculated using the standard relation [17].

@

The diffraction line broadening caused by the strain and reduced
grain size was analysed using the Williamson-Hall (W-H) method. The
basic relation used for the calculation of lattice strain and crystallite size
[18] by this method is,

Dislocationdensity(8) = 1/D?

B cos 6 = 09 A/D + 2Esind 3)
Here & corresponds to lattice strain. The average grain size evaluated
from Scherrer’s formula and W-H plot, dislocation density and lattice
strain of pristine SnO, samples are tabulated in Table 1.

At low precursor concentrations, incorporation of deposited atoms to
the neighbouring grains is less and they form small nuclei and clusters.
Grain size increases with increasing precursor concentration due to the
increased number of clusters and coalescence of small grains. Increase in
thin film thickness (Table .3) also favours the growth of grains. Dislo-
cation density shows a decreasing trend with increase in precursor
concentration. Lattice strain shows a fluctuating behaviour. It is
observed that, 0.05 M and 0.15 M SnO thin films show lattice elonga-
tion whereas 0.2 and 0.3 M SnOs thin films show lattice compression.

The preferential growth of polycrystalline thin films for each peak
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Table 1
Crystallite size, dislocation density and lattice strain of SnO, thin films for
different molarities.

Molarity Grain size (D) (nm) Dislocation Density (x Lattice Strain

(M) - 10'%) (lines/m?) (arb.units)
from Eq.  from
) Fig. 1(b)

0.05 16.02 17.14 3.89 0.07

0.15 16.18 16.38 3.81 0.09

0.2 20.53 20.10 2.37 —0.48

0.3 20.88 20.74 2.29 —0.05

can be investigated from the reflection intensity by calculating the
texture coefficient [TC (hkl)]. TC (hkl) for the plane is calculated using
the following equation [19].

TC(hki) = %

@
where TC (hkl) is the texture coefficient of the hkl plane, I(hkl) is the
intensity of each plane and N is the number of reflections. Table .2 shows
Texture coefficient of each (hkl) plane. The deviation of the texture
coefficient from the unity indicates the preferred orientation of the
growth. The larger of texture coefficient deviates from unity, the higher
will be the preferred orientation of a film. It is clear that (112) has high
preferred orientation for all the samples.

3.2. Morphological analysis

The morphology of as deposited samples is depicted in Fig. 2. SnO,
thin film produced with 0.05 M precursor exhibits fine particles on the
surface. When the precursor molarity becomes 0.15, the particles grow
in size with irregular shape and for higher molarities the particles look
like rice grains and they are irregularly distributed and densely packed
over the surface. It is found that the grain size increases with molarity
and 0.2 M sample has maximum surface smoothness.

3.3. Ellipsometric analysis

The thickness, roughness, refractive index and extinction coefficient

Table 2

Texture coefficient of each (hkl) plane.
(hkD) TC of Samplel TC of Sample 2 TC of Sample 3 ~ TC of Sample4

(0.05 M) (0.15 M) (0.2 M) (0.3 M)

(112) 1.71 1.66 1.41 1.66
(006) 1.04 1.10 1.05 1.09
(122) 0.4954 0.4948 0.6977 0.5406
(118) 0.7476 0.7339 0.8260 0.6984
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Fig. 1. (a) XRD spectrum and (b) W-H plot of the as grown samples.
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Table 3

Ellipsometric analysis of SnO, thin films for different molarities.
Molarity Thickness Roughness Mean Refractive Extinction
M) (nm) (nm) Square index (n) Coefficient

Error ()

0.05 70 3.56 5.14 1.7301 0.2741
0.15 100 3.22 4.87 1.7367 0.1334
0.2 133 3.12 3.99 1.7412 0.1567
0.3 150 3.63 4.57 1.7619 0.1159

of the thin films are determined via ellipsometric analysis. If mean
square error (MSE) is less than 10, it can be adjudged as good quality
films and in the present study, all the samples possess MSE<10. Table .3
shows the ellipsometric data of as prepared SnO; samples. The thickness
of the samples increases with molarity. Fig. 3(a) shows the change of
thickness and roughness with doping concentration and Fig. 3(b) shows
the variation of refractive index and extinction coefficient at 632.8 nm
with concentration of precursor solution.
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3.4. Optical properties

Fig. 4(a) shows the transmission spectrum of pristine SnO thin films
for different molarities of the precursor solution. Transmission per-
centage varies with molarity and all samples show constant transmission
over the entire visible region. A maximum of about 60% transmission is
observed for the film with 0.2 M concentration.

The determination of band gap is an important aspect to characterize
the sample. Here Tauc plot is used to find the band gap using the relation
proposed by Tauc, Davis and Mott [20].

ahw =A(h — E,)" (4.5)

In the equation, hv refers to the photon energy, o the absorbance, n
=Y for direct transition.

The optical band gap has been determined by extrapolating the
linear portion of the (ahv)? V ho curve to x axis (Fig. 4(b)).

The band gap values vary from 3.26 to 3.75 eV for as prepared

100 nm’

Fig. 2. SEM images of SnO, thin films for different precursor molarities (a) 0.05 M, (b) 0.15 M (c) 0.2 M and (d) 0.3 M.
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samples from various precursor concentrations. It can be observed that
the band gap and carrier concentration are increasing with increase in
precursor molarity as shown in Table 5. Blue shift in band gap when the
carrier concentration is increased is due to Burstein-Moss effect ac-
cording to which lower states of conduction band will be occupied by
excess free electrons and electrons need additional energy to promote
from valence band to conduction band. For the samples synthesized at
0.05 M and 0.15 M, the band gap is less than the bulk value (3.6 eV)
showing band tailing effect. From Fig. 4(b) it is observed that the band
gap increases with molarity.

Absorption spectrum of SnO, thin film samples for different pre-
cursor molarities is shown in Fig. 4(c). Absorbance increases smoothly
with decrease in wavelength and exhibits a linear increase after the
absorption edge. No absorption of light of sub band gap energy is noticed
except for a slight distortion for 0.05 M and 0.15 M samples.

3.5. Photoluminescence (PL) studies

The photoluminescence (PL) spectra of the as grown samples are
depicted in Fig. 5(a). Photoluminescence spectra of the samples are
found to possess two broad emissions which corresponds to near band
edge emission (NBE) and deep level emission (DLE) in the region
380-630 nm. Generally, NBE emission is due to excitons and DLE is due
to intrinsic and extrinsic defects. The NBE and DLE emission peaks for
0.3 M sample are 410 nm and 528 nm respectively. It is observed that
NBE emission intensity increases with molarity due to the increase in
film thickness. A red shift in the NBE emission peak can also be observed
due to the red shift in band gap with decrease in molarity of precursor
solution.PL spectrum of optimised sample 0.2 M is deconvoluted and
verified the presence of two emissions (Fig. 5(c)). For 0.05 M sample the
two emissions merged to form an asymmetric broad emission.

The oxygen vacancies present in the samples act as luminescent
centres. Oxygen vacancies can be neutral (Vo?), singly charged (Vo™) or
doubly charged (V02+) [21-23]. Of these charged states, Vol is a shallow
donor which lies near the conduction band. Under flat-band conditions
most of the oxygen vacancies are likely in the Vo + state. The deep level
emission at 528 nm observed for all the molarities of SnO, thin films in
the present investigation is mainly due to singly charged oxygen va-
cancies. Intensity of this emission increases with molarity of precursor
solution, reaches a maximum for 0.2 M sample and then decreases. This
means that Vo' states are maximum for this sample. This can be
ascertained with the observation of increase in carrier concentration
with rise in molarity of precursor solution as oxygen vacancies
contribute free electrons. For 0.3 M sample DLE intensity decreases even
though carrier concentration is maximum. Here the increased carrier
concentration may be due to doubly charged oxygen vacancies.

The chromatic coordinates (x, y) of the emission spectrum are
calculated using the CIE coordinate calculator and represented in the
CIE chromaticity diagram shown in Fig. 5(b). Table .4 shows the CIE
coordinates of PL emissions from different samples.
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Table 4
CIE coordinates of samples from various molarity of the precursor solution.

Molarity(M) CIE Coordinates Emission Colour

0.05 x = 0.278,y = 0.369 Green

0.15 x = 0.286, y = 0.365 Green

0.2 x = 0.273,y = 0.327 Bluish White

0.3 x =0.297,y = 0.359 Greenish White
Table 5

Electrical characteristics of SnO, thin film samples.

Molarity Carrier Resistivity Conductivity Mobility Band
) concentration (Q cm) (S/cm) (em?/V. gap
(/em®) s) (eV)
0.05 1.039x10%° 8.44x1072  11.80 6.7 3.26
0.15 2.061x10%° 451x1072  22.20 7.1 3.55
0.2 2.989x10"° 4.03x1072  24.86 5.2 3.71
0.3 3.012x10%° 4.34x1072  23.03 47 3.75

3.6. Electrical studies

The electrical properties of samples are characterized at room tem-
perature using Hall probe measurements in a Vander Pauw configura-
tion. All SnO thin film samples show n-type conduction due to the
presence of oxygen vacancies. The mobility, hole concentration, and
resistivity of the present samples are shown in Table 5.

It is observed that the carrier concentration increases with increasing
molarity of the precursor solution. Increase in carrier concentration is
due to increase in oxygen vacancy states in the SnO, thin films. Mobility
shows a fluctuating behaviour which is due to the combined effect of
increasing grain size and oxygen vacancies with increasing precursor
molarity. An increase in grain size results in reduction in grain boundary
scattering which leads to larger electron mobility. But vacancies act as
defects which increases grain boundary scattering resulting in a decrease
of electron mobility. Fig. 6(a) shows the change in conductivity and
mobility with molarity of the precursor solution. The conductivity of the
films increases with molarity up to 0.2 M and then decreases. This is in
accordance with the variation in intensity of DLE emission in PL spectra.

It is appropriate to plot logarithm of the conductivity (In ¢) as a
function of 1000/T for analysing the conductivity mechanism. Fig. 6(b)
shows the Arrhenius plot of SnO thin film samples from 0.2 M precursor
solution for different temperatures in the range 308-423 K. From the
figure it is clear that, all the samples show a semiconducting behaviour.
The activation energy E, is calculated from the slope of the Arrhenius
plot [24]. The sample has two activation energies, one due to oxygen
vacancies and the other due to intrinsic defects present in the films. The
activation energies calculated are E;; = 0.0051 eV and E,» = 0.0038 eV.
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Fig. 4. (a) Transmission spectra, (b) Tauc plot and (c) absorption spectra of SnO, thin film samples for different precursor molarities.
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Fig. 5. (a) Photoluminescence spectra and (b) CIE diagram of SnO, thin films for different precursor molarities and (c¢) deconvoluted PL spectrum of 0.2 M sample.
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3.7. Transient photoconductivity studies

To check the photo detector applicability of SnO, thin films, the
samples were illuminated using halogen reflector lamp. All the synthe-
sized SnO;, thin films considered in the present study have photocurrent
more than the dark current and hence show positive photoconductivity.
This is due to the absorption of photons by mobile charge carriers pre-
sent in the samples [25]. The time-resolved rise and decay of photo-
current spectra of as grown SnO, thin film samples for different
molarities are shown in Fig. 7.

The dark current is measured upto 100s and then the sample is
illuminated by Halogen reflector lamp. On illumination, the photocur-
rent initially increases in all the samples. This may be due to fast pro-
duction of electron-hole pairs as a result of absorption of photons. The
photocurrent decreases exponentially within few seconds after the
illumination is switched off and attains a constant value after a long
time. The decrease in the photocurrent is due to the recombination of
electron-hole pairs with each other and captured by re-adsorbed oxygen
molecules [26]. Even though all the samples have positive photocon-
ductivity, it cannot be used for photo detector applications because it
cannot have fast photo response. But it can be improved by suitable
dopants on SnO; thin films.

4. Conclusions

Molarity of precursor solution affects the properties of SnO» thin film
samples prepared by chemical spray pyrolysis method. Ellipsometric
studies exposed the quality of films as good since all the samples possess
MSE<10 and the sample prepared at 0.2 M concentration of precursor
solution has minimum MSE and surface roughness values. Maximum
transmission of 60% in the visible region, maximum conductivity of
24.86 S/cm and moderate mobility of 5.2 cm?/V.s were shown by 0.2 M
sample. The results suggest that SnO» thin film fabricated with 0.2 M
precursor solution can be used as the n-layer in p-n junction diode.
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