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Abstract: SnO, (Stannic oxide) thin films were prepared by atomizing stannic
chloride (SnCls) solution onto microscope slide substrate at 400°C substrate
temperature with a simple spray coating device. The samples were examined
optically, structurally, morphologically, and compositionally by UV-Vis, XRD,
SEM and EDS spectroscopic techniques. Optical analysis showed that the
synthesized films had 70-88% transmittance in the visible region and the band
gap energy (Eg) value was 3.89 eV. Based on absorbance and transmittance
measurements, the wavelength-dependent refractive index distribution of the
film was found and its thickness was calculated as 239 nm by the Swanepoel
method. XRD studies determined that the films are amorphous structure. FE-
SEM micrographs revealed that granular structure with a size of 884 nm, and a

Tin oxide, film thickness around 287.1-341.8 nm while the EDX analysis indicated the
)%XI'DV'S spectroscopy, non-stoichiometric structure of the deposited thin films.
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bir sprey kaplama cihazi ile 400°C altlik sicakliginda mikroskop lam altlig
lizerine atomize edilmesiyle hazirlandi. Numuneler UV-Vis, XRD, SEM ve
EDS spektroskopik teknikleri ile optiksel, yapisal, morfolojik ve bilesimsel
olarak incelenmistir. Optik analiz, sentezlenen filmlerin goriiniir bolgede %70-
88 gegirgenlige sahip oldugunu ve bant araligi enerji (Eq) degerinin 3.89 eV
oldugunu gosterdi. Absorbans ve gegirgenlik dlgiimlerine dayali olarak filmin
dalga boyuna bagli kirilma indisi dagilimi bulunmus ve Swanepoel yontemi ile
kalinlig1 239 nm olarak hesaplanmistir. XRD ¢aligmalari filmlerin amorf yapida
oldugunu belirlemistir. FE-SEM mikrograflari, 884 nm boyutunda graniiler
yapiyt ve 287.1-341.8 nm civarinda film kalinhigin1 ortaya koyarken, EDX
analizi, biriktirilen ince filmlerin stokiyometrik olmayan yapisini gosterdi.

1. Introduction

Functional materials known as metal oxides can display various properties, including being an
insulator, semiconductors, metals or superconductors. Tin oxides-SnOy (stannous-SnO, stannic-SnOy)
are metal oxides with a wide semiconductor band gap from the class of transparent conductive oxide
(TCO) material owing to showing excellent electrical conductivity and transmittance in the visible
region of light (Nikiforov et al., 2020). The basic requirement for TCO film is low resistivity (<0.001
Q.cm), wide bandgap (>3.5 eV) and high optical transmittance (>90%) (Timofeev et al., 2020).
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Among many TCOs, tin oxide films have received the most research attention due to their high
transmittance, high carrier concentration (10*°-10%'cm®), wide bandgap, high electrical as well as
thermal conductivity (Gong et al., 2019; Dalapati et al., 2021). Due to the variable oxidation states and
oxygen vacancy defects, tin oxides have versatile applications in various fields (Anu & Savitha Pillai,
2022). Tin oxides are widely used as semiconductor materials in diodes, transistors, solar cells, LEDs,
gas sensors, capacitors, photocatalytic, optoelectronic devices, and many other electronic devices
(Schell et al., 2017; Doyan et al., 2021).

SnOx has two main oxide phases: stannic-SnO2 and stannous-SnO. In these phases tin has the
oxidation state of Sn**and Sn%, respectively (Dias et al., 2020). The SnO and Sn,0s-Snz0; oxidation
phases of tin oxide are more difficult to synthesize because they indicate thermal instability at
temperatures above 400 °C (Suman et al., 2015).

Stannous oxide (SnO) generally shows p-type semiconductor properties with a wide band gap
(2.5-3.4 eV) and crystallizes in an orthorhombic crystal structure. Stannic oxide (SnQ) is an n-type
semiconductor with a broad bandgap (3.6-4 eV) and crystallizes in the tetragonal rutile structure (with
the values of lattice parameters a=b=0.4738, ¢c=0.3187 nm and space group P42/mnm) (Abdullah et
al., 2018). When exposed to extreme pressure and temperatures, tin can adopt a metastable
orthorhombic crystal structure. This structure involves each tin atom bonding with six oxygen atoms,
while each oxygen atom, in turn, bonds with the three nearest tin atoms to form an equilateral triangle
(Patil et al., 2012).

Figure 1. The crystal structure of tin oxides (Hafez, 2014).

Microstructural and optoelectronic properties of tin oxide are strongly dependent on the
fabrication circumstance and technique. Various techniques are usedfor depositing tin oxide films,
such asthermal evaporation, electrodeposition, chemical vapor deposition, and sol-gel spray. The
spraying method is an important technique that is used for the synthesis of tin(ll) oxideonto a hot
substrate at high temperatures (400-600°C) (Dalapati et al., 2021). It is an essential alternative to other
methods for its easy feasibility, homogeneous distribution, and economic efficiency (low cost-
effectiveness). At the same time the method is one of the low-cost and simple methods used to coat
large areas of SnO; films at low coating temperatures (Al-Jawad et al., 2015). The quality of the
sprayed films is directly affected by the type of precursor and deposition temperature. Palanichamy et
al. (2018) reported that SnO- thin films produced by the nebulizer spray pyrolysis method at different
deposition temperatures (300-500 C) have a tetragonal crystal structure. Thanachayanont et al. (2011)
produced SnO; films at 300, 400 and 500 °C by spray pyrolysis method on soda-lime glass substrate
from SnClzsolution containing 90% methanol, 10% deionized water and SnCl, precursor. According
to the study, films produced at 300 C had an amorphous structure consisting of small circular surface
grains, while films produced at 400 and 500 C showed a polycrystalline structure with larger grains. In
another study, Caglar et al. (2007) synthesized amorphous SnO thin films from SnCl..5H,0 precursor
on glass substrate by spray pyrolysis method at 300 C substrate temperature. Similarly, Pan & Fu
(2001) reported that tin oxide films deposited at substrate temperature below 300 °C form an
amorphous structure. Generally, in the synthesis of sol-gel based SnO; thin films, the starting solution
had been prepared by dissolving powder SnCl, or SnCly in suitable solvents. Therefore, the current
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study aims to produce tin oxide thin films from liquid SnCls precursor by spray method and to
examine their optical, structural, morphological and compositional properties.

2. Material and Methods
2.1. Material

In this study, stannic chloride (SnCls) anhydrous (98%) inorganic compound was used as the
precursor. SnCl, is a colorless, hygroscopic (water-sensitive), fuming liquid that dissolves in cold
water and decomposes in hot water to form hydrochloric acid (HCI). It fumes when it comes into
contact with air. Methanol (98%), ethanol (90%), deionized water was used as solvents and diluted
HCI (%30) solution was used as stabilizer.

2.2. Sample preparation

The spraying solution was prepared at room temperature with liquid tin(IV) chloride as a
precursor, deionized water and methanol as a solvent. For this, a solution was prepared using 3 ml of
tin(IV) chloride, 5 ml of deionized water, 90 ml of methanol and 2 ml of HCI. After stirring the
mixture for an hour at room temperature on a magnetic stirrer, 100 ml tin chloride precursor solution
was obtained. The glass substrates were chemically cleaned with ethanol and distilled water, placed on
a flat surface heater, and the heater brought to the desired temperature of 400 °C. Then, the starting
solution was sprayed from a distance of 30 cm on a glass slide target. A simple air compressor and
nebulizer were used for the spraying process. The thin film coating process was completed by the
evaporation of the solution reaching the substrate surface by spraying the precursor solution with the
help of a nebulizer with constant pressure air.

The possible chemical reaction occuring on the heated substrate is as follows (Bari & Patil,
2014; Al-Jawad et al., 2015):

SNCls.5H,0 — SnO, + 3H,0 + 4HCI 1)

The quality of thin films strongly depends on the coating conditions and the setting of their
parameters. During the experiment, the distance between the substrate-spray nozzle was maintained at
30 cm, the solution flow rate was approximately 5 ml/min, and the deposition temperature was kept at
400 °C.

3. Results and Discussion

3.1. Optical properties

Optical analysis were carried out by taking absorbance and transmittance measurements of the
samples in the 300-900 nm wavelength range with a Shimadzu-2450 UV-Vis spectrophotometer. The
optical band gap energy (Eg) of the films was found by plotting the absorption coefficient (o)) versus
wavelength. The Eg value was calculated using Equation (2) with the well-known Tauc method
(Marikkannan et al., 2015). Accordingly, the absorption coefficient () and the incident photon energy
(hv) depend as follows (Thirumoorthi & Prakash, 2016).

ahv=A(hv-Eg)" 2

here, A is a constant, and n depends on the optical transition type (n=1/2 for direct and n=2 for indirect
transition).

If both sides of the equation are squared (A=1 and n=1/2), the absorption coefficient a can also
be expressed as:
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(ahv)?>=hv-E4 3)

In the graph of (ahv)? vs. hv, the band gap value is found from the point where it intersects the
x-axis by extrapolating the linear part of the curve. UV-vis spectral investigations were carried out to
investigate the optical properties of tin oxide films. Optical absorption and transmission spectra in the
wavelength range of 300 to 400 nm were recorded to calculate the bandgap of the film. The (ahv)-(hv)
graph was drawn to find the optical forbidden energy gap value of the film. In this graph, the
forbidden band gap (Ey) of the film is found from the photon energy value corresponding to the
wavelength where the absorption sharply increases. The absorption spectrum of the tin oxide thin film
sprayed on the glass substrate is shown in Figure 2a. It is understood that high photon absorption
occurs in the UV region of the spectrum around the 320 nm wavelength (band edge). This is the point
corresponding to the band gap energy of the thin film. The optical transmittance spectrum of tin oxide
thin film is shown in Figure 2b. From the graph; it is evident that the film has a high level of
transparency (max 88%) in the visible and near-infrared region at wavelengths above 400 nm. The
transmittance spectrum is in the form of interference fringes (presence of oscillations) in the range of
350-800 nm, indicating that the films are formed homogeneously.
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Figure 2. Variation of (a) absorbance (b) transmittance spectra as function of wavelength for tin oxide

thin film.

The thickness of the film can be calculated from the successive max or min wavelengths in the
transmittance spectrum by the Swanepoel method using Equation (4) (Akgul et al., 2013)

g fa%2 @)
2(nqAy—nzlq)

where, d is thickness, ni and n, are the values of refractive indices calculated at wavelengths A;and A,.

Figure 3a shows that the consecutive maximum points correspond to wavelengths of
approximately 430 and 600 nm. The wavelength-dependent refractive index distribution of the film
was obtained as in Figure 3b based on optical absorbance and transmittance measurements. From here,
the n; and n; values corresponding to the A,and A,wavelengths were found to be 2.709 and 2.527,
respectively. As a result of all calculations, the thickness of the film was found to be 239 nm using
Equation (4). This value is a reasonable nanofilm thickness. In their similar study, Orimi & Maghouili
(2016) have been calculated the thickness of the SnO, nanostructured film using the Swanepole
method. To find the thickness, the authors calculated the n: and n» refractive index values,
corresponding to the two consecutive maximum or minimum transmittance values in formula (4), by
taking them as approximately 2 and estimated them as 422 nm. However, in this study, n; and n
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values were calculated directly from the refractive index distribution obtained from absorption and
transmittance measurements. In this respect, the thickness value of the film calculated in this study is
highly reasonable. The E4 value was calculated as 3.89 eV, as shown in Figure 3b. This value is close
to the pure SnO; band gap of 3.6 eV. The slight increment in the band gap value is interpreted to be
due to the deviation in the stoichiometry of the point defect concentration associated with the crystal
structure of the SnO- films (Khaenamkaew et al., 2020). It should be noted that, the optical band gap
value calculated in this study is in agreement with the band gap values in the literature value (3.6-4
eV) for stannic oxide thin films (Erken & Guimts, 2018; Gong et al., 2019).
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Figure 3. (a) Wavelength-dependent refractive index dispersion of the film. (b) The (ahv)? vs (hv) plot
of tin oxide thin film.

3.2. XRD results

The crystal and phase structure of tin oxide thin films were investigated by X-ray diffraction
method. Figure 4 shows the XRD pattern in the angle range 26=0°-80°. The presence of large mound
in the XRD pattern in the angle range from 10° to 40° and the absence of sharp diffraction peaks
confirm the amorphous nature of the film. Low-intensity peaks appearing in the spectrum, such as the
two peaks centered at 26=23° and 27.7° at the top of the large bump, can be considered an indication
that the film is close to transformation from the amorphous phase to polycrystalline phase. The
absence of characteristic peaks in the spectrum is associated with the inability of tin to crystallize by
combining with oxygen due to the stoichiometric deviation, impurities merger in synthesis process and
some structural defects (Gomaa et al., 2022; Nwanna et al., 2022). The fact that the tin oxide film does
not form in a crystal structure can be attributed to the reasons arising from the insufficient thickness of
the film. In the current study, the 239 nm thickness of the tin oxide film has not been sufficient for the
grains to accumulate and crystallize into a nanostructured thin film layer. Literature studies show that
tin dioxide and other optical materials are formed in the crystalline phase when the film thickness is
around 400 nm or greater, which is greater than the thickness of our sample (Lee et al., 2014; El-
Denglawey et al., 2018). Another point that should not be overlooked is that in most cases the thin
oxide films are subjected to thermal annealing to ensure crystallization of the film in tetragonal and
other phases (Mehraj et al., 2015; Saritas, 2023).
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Figure 4. XRD patterns of the tin oxide films.
3.3. Morphological and compositional analysis

The morphological characteristics of tin oxide thin film were analyzed by Field Emission
Scanning Electron Microscope (FE-SEM). The detailed FE-SEM images of the samplesin Figure 5-
(a)-(d) magnified 20 Kx (20000 times magnification), 50 Kx and 200 KX, it is seen that the closely
arranged spherical grains of tin oxide are agglomerated on the film surface. The average radius of the
spheric granular regions was measured as 884 nm, as illustrated in Figure 5-(c). In the images,
although the sizes of the particles in the granular regions of the film layer vary, homogeneity is
observed. There are nanoscale boundaries between particles. It can be seen from Figure 5-c that the
average grain size of the smallest particle is around 20 nm. This means that since the tin was not fully
oxidized on the substrate temperature at 400°C, the particles could not grow fully and a dense particle
accumulation did not occur. Therefore, the crystal phase did not fully emerge as seen in XRD
spectroscopy. As seen in the cross-sectional image in Figure 5-d, the surface of the tin oxide film
coated on the glass substrate is rough. There is an average thickness due to the rough surface of the
film. From the cross-sectional FE-SEM micrograph, the film thickness was measured as 287.1 and
341.8 nm in near two region. These thickness values are consistent with the 239 nm value calculated
from optical spectroscopic measurements. The fluctuation in the film thickness value is closely related
to the dispersion format of microparticles during the atomization and deposition of the SnCl, starting
solution during production.

Tin oxide sample was analyzed for elemental composition using EDX system connected to
SEM setup. The elemental analysis was performed for Sn and O. The average atomic percentage was
21.22: 36.71. The % of Sn and O should be stoichiometrically at 33.30 and 66.70, respectively (Bari &
Patil, 2014). The average results are presented in Table 1. There is quite a deviation from the
stoichiometry of the film. Figure 6 shows the EDX spectrum of tin oxide thin film. The spectrum
presents well-defined peaks of tin and oxygen, revealing the presence of silicon detected from the
substrate. Si, C, Ca and Cu, which emerged in the EDX analysis of the material, are the elements
found in the structure of the glass substrate.

Table 1. The average atomic percentage of the tin oxide sample

Element Weight (%) Atomic (%)
Tin(Sn) 58.45 21.22
Oxygen(O) 13.63 36.71
Chorine(Cl) 0.77 0.94
Carbon(C) 3.91 14.04
Silicon(Si) 12.04 18.46
Calcium (Ca) 2.62 2.81
Copper (Cu) 8.58 5.82
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Figure 5. FE-SEM images of the tin oxide thin film at different magnifications. (a) magnification at
1um scale (b) magnification at 500 nm scale (c) average grain size of tin oxide nanoparticless
(d) cross sectional image of tin oxide film on glass substrate.
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Figure 6. EDX spectra of the tin oxide film.
4. Conclusion

Tin oxide thin films were produced using SnCls precursor on microscope slide at 400 °C
substrate temperature by sol-gel spray deposition method. Absorption coefficient, band gap (3.89 eV)
and refractive index distribution were derived from optical absorption and transmittance
measurements. The thickness of the film was calculated as 239 nm using the Swanepoel method from
the interference fringes observed in the transmittance spectrum. The XRD results showed that the
deposited tin oxide films were amorphous nature. The non-crystalline structure of the film was
ascribed to stoichiometric deviation due to impurities merger in synthesis process and some structural
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defects. FE-SEM micrographs indicated the granular structure of the film surface and the film
thickness was around 287.1-341.8 nm. EDX spectra revealed non-stoichiometric composition with the
presence of 22.4% tin (Sn) and 36.71% oxygen (O) elements in the film. These results demonstrate
that the amorphous tin oxide thin films produced 400 °C substrat temperature can be used for a variety
of semiconductor transparent conductive oxide (TCO) applications.
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