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ABSTRACT

Transparent conducting Stannous Oxide (SnO) thin films were obtained by chemical spray pyrolysis method on
glass substrates for 0.1 M and 0.25 M concentration of precursor solutions. Their structural, morphological, op-
tical and electrical properties were investigated. X-ray diffraction (XRD) study shows polycrystalline nature of the
films with orthorhombic crystal structure. The morphological analysis was carried out by Scanning electron
microscopy (SEM) and elemental analysis was done by Energy dispersive X-ray spectroscopy (EDX). The band gap
of 0.1 M and 0.25 M thin film samples were found to be 3.58eV with 82% transmission and 3 eV with 30%
transmission respectively. The film thickness, refractive index (n) and extinction coefficient (k) of the films were
obtained by ellipsometric technique. Hall effect measurements reveal p-type conduction with mobility 7.8
em?V~1s! and 15 em?v~!s~! and conductivity of 8.5 S/cm and 17.1 S/cm respectively for the 0.1 M and 0.25 M
samples. Photoluminescence (PL) spectrum of the samples show a broad emission which covers near band edge

(NBE) as well as deep level emission (DLE) in the region 380 nm-620 nm.

1. Introduction

Transparent Conducting oxides (TCOs) are widely used in various
opto electronic applications like low emission glass, electrodes, organic
light emitting diodes, lithium batteries, gas sensors, heat reflectors,
polymer based electronics, flat panel displays, solar cells etc [1-8].
Generally TCOs are n-type semiconductors, high quality p-type con-
ducting TCOs remains few. Because of that the field of application of
oxide semiconductors reduces to unipolar devices.

Due to native p-type conductivity and stability in maintaining both
structure and electronic properties Stannous oxide (SnO) has been
attracted significant attention [9]. SnO could serve as a better native
p-type oxide semiconductor because of the energy level of Sn 5s is closer
to that of O 2p near the valence band maximum (VBM) and Sn 5p near
the conduction band, thus allowing for a more effective reduction of hole
localization along with high hole mobility. The origin of p-type con-
ductivity of SnO is mainly due to Sn vacancies and oxygen interstitials
[10]. SnO processes wide band gap ranging from 2.5 to 3.4 eV [9,11] and
excellent p-type behaviour, applicable for many opto electronic devices
including heterojunction diodes, TFT's and complementary circuits and
other applications like gas sensitive material, catalyst, precursor for the
production of tin dioxide(SnO3) [12-17]. Recently Jesus A.
Caraveo-Frescast et al. reported record hole mobility of 18.71 cm?/V s in
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SnO thin films and fabricated thin film transistors by physical vapour
deposition [18].

Various techniques such as electron beam evaporation [17], magne-
tron sputtering [19], sol-gel [20], atomic layer deposition [21], pulsed
laser deposition [22] etc. are used for the deposition of SnO thin films,
but a very few have reported spray pyrolysis [23] deposition of SnO thin
films. Since SnO is easily oxidized and becomes unstable, preparation of
p-type SnO thin film is challenging. In this study, we are reporting p-type
SnO thin film for 0.1 M and 0.25 M concentration of precursor solution
using chemical spray pyrolysis at 350 °C. We also tried for other mo-
larities, for that we got n-type Stannic Oxide (SnOgy). The structural,
compositional, optical, electrical and morphological properties of the
prepared films were comprehensively investigated. To best of our
knowledge, this is the first time report of ellipsometric studies of SnO thin
film by chemical spray pyrolysis method.

2. Experimental

An amount of required grams of SnCly-2H20 was dissolved in distilled
water to make 0.1 M and 0.25 M precursor solutions and a few drops of
concentrated hydrochloric acid was added to make the solution trans-
parent. Then the mixture was magnetically stirred at 60 °C for an hour.
Glass slides were used as substrates on which films grown. Ultrasonically
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Fig. 1. (a) XRD diagram and (b) W-H Plot fitted with major peaks of SnO thin films for 0.1 M and 0.25 M concentration of precursor solutions. The “*” sign denotes the SnO, phase coming

along with SnO during preparation, and “5” sign denotes the unidentified peak.

cleaned substrates were placed on the substrate heater of the spray
equipment to provide proper heating with uniformity to films. Spraying
was done at a substrate temperature of 350° C. The substrates were
removed immediately after spraying and allowed to cool at room
temperature.

The structural characterization of the SnO thin films were carried out
using XRD and X-ray diffraction data were recorded on a Rigaku D-Max
Geigerflex X-ray diffractometer using CuKoa radiation source
(A = 1.5418 A) for 20 values between 20° and 80° at room temperature.
The morphology and microstructure of the prepared films were studied
by Scanning electron microscopy (SEM) using JEOL JSM 7600F field
emission scanning electron microscope. Elemental characterization of
prepared films was done by Energy Dispersive X-ray spectrometer (EDX)
using JEOL JSM 6390 LV. The optical characterization of the SnO thin
films were studied by using Shimadzu UV-Vis spectrophotometer model-
UV 1800. PL studies were carried out using Fluoromax-4 spectrofluo-
rometer. The thickness of the films were measured using ellipsometric
technique using J.A.Woolam Co. Inc M 2000 ellipsometer. The electrical
characterization was done using Hall effect measurements using ECOPIA
HMS-5000 in Vander Pauw configuration.

3. Results and discussion
3.1. Structural analysis

Tin monoxides mainly have three types of crystal structures: tetrag-
onal SnO (a-SnO), orthorhombic SnO (0-Sn0), and p-SnO. To determine

the crystal structure of the films X-ray diffraction technique is employed.
The XRD pattern of SnO thin films is shown in Fig. 1(a). The grown SnO
have exhibited strong orientation along (112) plane and also other peaks
along (020), (113), (200), (220), (025), (311) can be seen which are in
agreement with the standard JCPDS file no: 77-2296, having ortho-
rhombic crystal structure(O-SnO). A small percentage of SnOy phase is
also observed in the XRD pattern.

The average grain size of sprayed SnO thin film was calculated using
the Debye -Scherrer formula [24],

D = 0.91/p cosb

where A is the wavelength of X-ray radiations, p is the full width at half
maximum of the diffraction peak, and 6 is the glancing angle. From
Debye Scherrer formula, the grain size of the samples were found to in-
crease with molarity with values 15.80 nm (0.1 M) and 31.55 nm
(0.25 M). The diffraction line broadening caused by the strain and
reduced grain size was analyzed using the Williamson-Hall (W-H)
method. The W-H plots for SnO thin films are depicted in Fig. 1(b).

The relation used for the calculation of lattice strain and crystallite
size [24-26] is

B cos® = 0.90/D + 2€ sind,

where & represents the lattice strain, § is the full width at half maximum
of the diffraction peak, and 0 is the glancing angle and D is the average
grain size calculated using Debye Scherrer formula. The average grain
size of SnO thin films calculated from W-H plot are 15.29 nm and

Fig. 2. SEM images of SnO thin films for (a) 0.1 M, (b) 0.25 M concentration of precursor solutions.
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Fig. 3. EDX Spectrum of SnO thin films for (a) 0.1

28.39 nm respectively for 0.1 M and 0.25 M concentration of precursor
solutions. We got small compressive strain for 0.1 M sample with value
0.424 and large elongation strain for 0.25 M sample with value 4.884.

3.2. Morphological analysis

The morphological analysis was carried out by SEM. The SEM images
of the SnO thin films for different molarities is shown in Fig. 2(a and b)
which reveals that the films have smooth and homogeneous surface
morphology with small granular grains distributed throughout the sur-
face. There are no cracks seen on the surface of the film and the grain size
increases with molarity.

3.3. Elemental analysis

Elemental analysis of prepared tin oxide thin films was carried out by
EDX. Fig. 3(a and b) represents the EDX spectrum of SnO thin film for
0.1 M and 0.25 M concentration of the precursor solutions respectively.
EDX analysis confirms the presence of Sn and O elements in the prepared
SnO film. The Sn/O ratio for 0.1 M and 0.25 M samples are found to be
1.16 and 1.21 respectively. This shows the presence of oxygen vacancies
in both samples.

3.4. Optical properties

The transmission percentage of SnO thin films are 82% for 0.1 M,
which was reduced to 30% for 0.25 M concentration of precursor solu-
tion as shown in Fig. 4(a). The reduction in transmission percentage may
be due to the presence of metallic tin in the film 0.25 M SnO thin film.

The optical band gap was examined using the relation proposed by
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(b)

M and (b) 0.25 M concentration of precursor solutions.

(o hu)2 (eV/cm)Z

Tauc, Davis and Mott [24] which relates the absorption coefficient a to
the incident photon energy hv as

oho = A(hu — Eg)"

where hv is the photon energy,a is the absorbance, A is a constant and n is
Y for direct transition. Fig. 4(b) shows the variation of (ocho)2 and hv of
SnO thin films. The optical band gap has then been determined by
extrapolating the linear portion of the («hv)? curve to zero, obtained
values of band gaps are 3.58 eV for 0.1 M, which was reduced to 3 eV for
0.25 M concentration of precursor solutions of SnO thin films. The
decrease in band gap with molarity is due to the presence of defects and
metallic tin present in the sample. There are reports of 3.8 eV for SnO
nanoparticles in the strong confinement regime [27].

3.5. Photoluminescence studies

Fig. 5(a) shows the room-temperature photoluminescence spectra
collected by using an excitation wavelength of 335 nm. Photo-
luminescence (PL) spectrum of the samples show a broad emission which
covers near band edge (NBE) as well as deep level emission (DLE) in the
region 380 nm-620 nm. From the figure it was observed that there are
two broad emissions for SnO at 0.1 M concentration of precursor solution
with two main peaks, one at 407 nm and the other at 517 nm. While peak
at 407 nm corresponds to near band edge emission (NBE) of SnO, peak at
517 nm can be attributed to deep level emission (DLE). For 0.25 M
sample a broad emission was obtained which is deconvoluted to NBE
emission at 413 nm and DLE emission at 520 nm.The red shift in emission
peaks is due to the red shift in band gap of 0.25 M sample with respect to
0.1 M sample. From EDX study we observed that, for both samples

1.5x104 () 0.25M 01 M/
1.0x10%
5.0x10%
0.0 T { 7 T
2.0 2.5 3.0 3.5 4.0
hv (eV)

Fig. 4. (a) Transmittance spectrum and (b) Tauc plot of SnO thin films for 0.1 M and 0.25 M concentration of precursor solutions.
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Fig. 5. (a) PL spectra and (b) CIE diagram of SnO thin films for 0.1 M and 0.25 M concentration of precursor solutions.

oxygen vacancies are present which may be the reason for DLE emission
in SnO thin films at 520 nm.

The chromaticity coordinates (%, y) were calculated using the Com-
mission Internationale del'Eclairage (CIE) coordinate calculator from the
emission spectrum [28]. The colour coordinates for SnO thin films in the
CIE chromaticity diagram is shown in Fig. 5(b) by a solid cross(X). From
Fig. 5(b), green emission is observed for both the samples with CIE co-
ordinates x = 0.281,y = 0.371 and x = 0.278,y = 0.369 respectively for
0.1 M and 0.25 M SnO thin films.

3.6. Ellipsometric analysis

Three kinds of unknown quantities like film thickness, the real part of
the refractive index (n) and the imaginary part (extinction coefficient k)
determined by ellipsometric technique. The use of ellipsometric tech-
nique depends on the choice of the angle of incidence (¢) and wavelength
(A). So in order to determine the unknown quantities, it was desirable to
find a suitable region of spectral range and angle of incidence. The
ellipsometric parameters ¥ and A are defined by Ref. [29].

tany = [R,|/|R,|&

A=A, —A,
where

Rp = [Rp| exp (I1Ap)
& Rs = |Rg| exp (IA;) are the complex Fresnel reflection coefficients for
p and s polarized pairs respectively.

¥ and A were acquired at angle of incidence (¢) 55° over the spectral
range 200-1000 nm in steps of 100 nm. The mean square error (MSE)
was the evaluation of the match quality between measurement (exp) &
model data (mod) and was defined according to the Levenberg-
Marquardt algorithm as [30].

mod expy 2 mod exp
Vi Vi AT — A
exp + exp
Oy, Oy

N 2

MSE =

2N - M

i=1

Table 1

where N was the number of measured ¥ and A pairs, M was the total
number of real valued fitting parameters and oy & o5 were the standard
deviations on the experimental data. It was required that 2 N > M and
minimize the MSE (<10).

The thickness of the SnO films is obtained as 86 nm and 134 nm
respectively for 0.1 M and 0.25 M precursor concentrations. The refrac-
tive index of the film for 632.8 nm was found to be ~1.72 (0.1 M) and
1.83 (0.25 M) respectively. Table 1 shows the Ellipsometric data ob-
tained for 0.1 M and 0.25 M samples respectively. Fig. 6(a and b) shows
the variation of refractive index and extinction coefficient with wave-
length for 0.1 M and 0.25 M SnO thin film samples.

From Fig. 6(a), it was observed that for 0.1 M sample, the refractive
index (n) decreases with wavelength in the visible range and the
refractive index slightly increases at the IR range. Conversely, for the
films deposited with 0.25 M concentration of the precursor solution, the
refractive index increases with wavelength in the visible range and it
decreases with wavelength in the IR range. The refractive index of 0.1 M
sample is 1.72 and 0.25 M sample is 1.84. The variation of refractive
index of the samples is due to the variation in oxygen content of the
deposited films. From Fig. 6(b), it was observed that the extinction co-
efficient (k) decreases with wavelength for both the samples. Interest-
ingly, the refractive index and extinction coefficient have opposite
behaviour. From Fig. 7(a), it was observed that the psi (¥) angle decrease
with wavelength for 0.25 M sample, and for 0.1 M SnO thin film sample
first ¥ angle first decreases with wavelength and then increases with
wavelength. From Fig. 7(b), it was observed that the delta(A) angle for
0.1 M sample decreases with wavelength and from 700 nm the A angle is
increases with wavelength. For 0.25 M sample, the A angle first increases
with wavelength and from 500 nm the A angle is decreases with
wavelength.

3.7. Electrical studies

To characterize the electrical properties of the thin films, Hall probe
measurements in a van der pauw configuration at room temperature
were employed. The SnO films exhibited p-type conduction with the
mobility, hole concentration, and the resistivity values as shown in

Ellipsometric datas of SnO thin films for 0.1 M and 0.25 M concentration of precursor solutions.

Molarity(M) Thickness of the film(nm) Roughness of the film (nm) Mean Square Error(MSE) Refractive index (n) at 632.8 nm Extinction Coefficient(k) at 632.8 nm
0.1 85.77 3.71 4.847 1.72015 0.13899
0.25 134 10.30 15.335 1.83623 0.00326
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Fig. 6. Variation of (a) Refractive index and (b) Extinction Coefficient with Wavelength for 0.1 M and 0.25 M SnO thin films.
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Fig. 7. The variation of (a) psi and (b) delta angles with wavelength for 0.1 M & 0.25 M SnO thin films.

Table 2. The change in conductivity is due to both changes in carrier
concentration as well as the mobility. According to first-principle cal-
culations, the p-type conductivity of SnO films originated from the oxy-
gen interstitial or/and tin vacancy [10]. The reason for p-type
conductivity in our study may be due to interstitial oxygen present in the
SnO lattice. SnO has a large hole mobility owing to its hybridized or-
bitals. In SnO, Sn 5s and O 2p orbitals have nearly equal contribution at
its VBM also leading to a p type conductivity [10]. High hole mobility is
observed in SnO films deposited in a Sn-rich environment. Increase in
hole mobility is due to the presence of metallic -Sn [15]. From Fig 8(b),
presence of metallic tin was confirmed in the SnO thin film sample pre-
pared with 0.25 M precursor concentration. So the mobility of SnO thin
film with 0.25 M concentration of the precursor solution have high
hole mobility.

In order to study the mechanisms of conductivity, it is convenient to
plot logarithm of the conductivity (Inc) as a function of 1000/T. Fig. 8(a
and b) shows the relation between of Inc versus 1000/T for SnO thin
films for different molarities in the range (325-420) K. The activation
energy can be determined from the slopes of the Arrhenius plot. From

Fig. 8(a), it was observed that, 0.1 M concentration of precursor solution
is showing a semiconducting behaviour with activation energy

E, = 0.0880 eV. From Fig. 8(b), for 0.25 M concentration of the
precursor solution we observe a conducting behaviour with two activa-
tion energies E;; = —0.2632 eV & E;y = —0.07912 eV. The metallic
behaviour observed in 0.25 M concentration of precursor solution may be
due to metallic tin ($-Sn) present in the film. From Fig. 8(a and b), As the
concentration of the precursor solution increases the SnO thin film
changes its conducting behaviour from semiconducting to metallic that is
due to the increase in concentration of tin (Sn) present in the sample.

4. Conclusions

Polycrystalline P- type semiconducting SnO thin films were deposited
successfully by chemical spray pyrolysis method at 350 °C for 0.1 M and
0.25 M concentrations of precursor solutions. XRD studies show that the
films grown are of orthorhombic crystal structure. The XRD and SEM
studies reveals that the average grain size was increases with molarity.
Among the two samples, the sample grown with 0.1 M precursor solution

Table 2
Electrical studies of SnO thin films.
Molarity Carrier Resistivity Conductivity Mobility Thickness Avg.Hall coefficient Conductivity
M) Concentration (/cmg) (Q cm) (Siemens/cm) (em?/V sec) (nm) (em®/C) Type
0.1 6.8 x 10'® 1.2x 107! 8.5 7.8 86 9.2x 107" P
0.25 7.1 x 10'® 5.9 x 1072 17.1 15 134 8.8 x 107" P
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is highly transparent (82%) with a wide band gap of 3.58 eV. The hole
concentration in the sample is 6.8 x 10'® cm~3and it has a high hole
mobility of 7.8 ecm?V~'s~! making it applicable in the fabrication of p-
type thin film transistors and other optoelectronic devices. EDX analysis
confirms the presence of Sn and O elements in the prepared SnO thin
film. The thickness, refractive index, extinction coefficients were ob-
tained by ellipsometric technique. As the nature of this process is
inherently low-cost, this work may be a platform to prepare p-type SnO
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Fig. 8. Arrhenius plot of SnO thin films for (a) 0.1 M and (b) 0.25 M concentration of precursor solutions.

thin films using a simple and reproducible method for future research.
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