
Citation: Dangi, R.; Basnet, B.;

Pandey, M.; Bhusal, S.; Budhathoki,

B.; Parajuli, K.; Tiwari, S.K.; Kafle, B.P.

Effect of Oxygen Vacancy on the

Crystallinity and Optical Band Gap

in Tin Oxide Thin Film. Energies 2023,

16, 2653. https://doi.org/10.3390/

en16062653

Academic Editor: Senthilarasu

Sundaram

Received: 16 November 2022

Revised: 11 February 2023

Accepted: 8 March 2023

Published: 11 March 2023

Copyright: © 2023 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

energies

Article

Effect of Oxygen Vacancy on the Crystallinity and Optical Band
Gap in Tin Oxide Thin Film
Rajesh Dangi 1,† , Bijaya Basnet 2,† , Manoj Pandey 3,4, Sandip Bhusal 1, Biplab Budhathoki 1 ,
Kshama Parajuli 1,*, Santosh K. Tiwari 5,* and Bhim P. Kafle 4,*

1 Central Department of Chemistry, Tribhuvan University, Kirtipur 44618, Kathmandu, Nepal
2 Advanced Materials and Liquid Crystal Institute, Kent State University, Kent, OH 44242, USA
3 Department of Physics, School of Science, Kathmandu University, Dhulikhel 45210, Kavre, Nepal
4 Department of Chemical Science & Engineering, School of Engineering, Kathmandu University,

Dhulikhel 45210, Kavre, Nepal
5 Department of Chemistry, NMAM Institute of Technology, Nitte (Deemed to be University),

Nitte 547110, Karnataka, India
* Correspondence: kshamaparajuli@yahoo.com (K.P.); ismgraphene@gmail.com (S.K.T.);

bhim@ku.edu.np (B.P.K.)
† These authors contributed equally to the work.

Abstract: Herein, we have prepared tin oxide (SnO2) nanoparticles (NPs), through a co-precipitation
method, using SnCl2·2H2O dissolved in distilled water (DW) as a precursor. Then, the prepared NPs
were heat treated in a muffle furnace, as a function of temperature, under an open atmosphere. The
prepared SnO2 NPs were then re-dispersed in DW, followed by spray casting on a glass substrate, for
preparing SnO2 thin films. The average thickness of the fabricated SnO2 thin films was 2.76 µm. We
demonstrated a very clear variation in the structural, compositional, and morphological features of
the different films (in particular, variation of the density of oxygen vacancies), which altered their
electrical and optical properties. Raising the calcination temperature of the SnO2 thin films, from
250 ◦C to 650 ◦C, led to a monotonic reduction in the crystallite size, from 10.4 nm to 6.7 nm, and
a decrease in the O/Sn ratio, from 5.60 to 4.79. A 14.5% decrease in the O/Sn ratio resulted in a
decrease in the crystallite size by 3.7 nm (i.e., a 35.3% decrease in the NP size), and a decrease in the
band gap of 0.11 eV. The lowering of the band gap, along with an increase in the oxygen vacancies
in the films, accords well with previous studies. Besides, as the calcination temperature was raised,
the refractive index and absorption coefficient values were also found to notably increase. Very
interestingly, by simply altering the calcination temperature, we were able to produce SnO2 thin films
with optical band gaps nearly equal to the fundamental band gap (2.96 eV), even though many earlier
experimental studies had reported considerably greater values (3.36–4.24 eV). SnO2 thin films with
lower oxygen vacancies exhibited relatively higher band gaps, which is likely to be favorable for the
desired electron transport layer in perovskite solar cells.

Keywords: nanoparticles; thin film; calcination; oxygen vacancies; optical properties; crystallite size

1. Introduction

The functional characteristics of metal oxides can be altered to a certain extent, by
controlling the defect density and modifying the defect structure [1–3]. Because of their
distinctive chemical, physical, and electrical properties; oxygen vacancies play a key role
in establishing the physical characteristics of metal oxides, and serve as essential building
blocks in several scientific and technological sectors [1]. It has been demonstrated over the
past few decades, that many features of solid materials are governed by functional defects
and imperfections in their crystal structure, in addition to their geometry and electronic
structure [4–11]. Thus, the rapid advancement of semiconductor nanotechnology is likely
to depend on our ability to manipulate materials’ features, according to the nature and
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density of defects [4,5]. Being one of the most prevalent defects in metal oxides, oxygen
vacancies are the focus of both theoretical and experimental exploration [7–9]. Despite
oxygen vacancies sometimes being assumed to be deleterious to the properties of oxides,
such as in some magnetic oxides and dielectrics, it has been reported that they can also
induce innovative features [1].

Along these lines, Choudhury et al. [12] reported that oxygen vacancies in CeO2
nanoparticles (NPs) encouraged the lattice to expand (modification of the structural reg-
ularity), resulting in the red shift of the band gap and alteration of the material’s visible
luminescence. By using NaBH4 treatment, Zeng et al. [13] were able to increase the oxygen
vacancies without altering the oxides’ crystal structure, morphology, or the specific surface
area of NPs, for instance the specific surface area of pristine NPs was 6.19 m2g−1 in Zeng
et al.’s work, which improved the SnO2 nanoparticles’ ability to detect ethanol gas [13].
There, NaBH4 treatment increased the surface oxygen vacancies, which facilitated oxygen
adsorption and chemical reactions on the surface. Wei et al. [14], also noted that SnO2
produced under vacuum had more oxygen vacancies than SnO2 produced in air, and the
sensor’s NO2 detection capabilities were greatly improved over those of the air-produced
SnO2 sensor.

Recently it has been reported that in-plane oxygen vacancies induce an anomalously
high dielectric constant in SnO2 nanoparticles, as found by Sahu et al. [15]. Schipani
et al. [16] formed SnO2 polycrystalline thin films with different work functions, by heat
treatment in oxidizing or reducing environments (here, treatment altered the oxygen vacan-
cies in the thin films). The temperature dependence of photoluminescence is significantly
influenced by two different types of oxygen vacancies (at in-plane and out-of-plane sites,
respectively) in nanowires [17]. The oxygen-vacancy-mediated fluorescence characteris-
tics of SnO2 nanowires, were found to depend on the temperature of heat treatment [17].
Similarly, Kumaravel et al. [18] showed that the addition of a foreign element to oxide NPs
(for instance, doping Ir metal to TiO2), lowers the formation energy of oxygen vacancies.
Similarly, Vladislav et al. [19] found that oxygen vacancies can affect the electrical char-
acteristics of semiconductor nanoparticles. According to Mahmood et al. [20], a higher
number of oxygen vacancies, lowered the crystallite size and stabilized the tetragonal ZrO2
phase. By injecting oxygen vacancies, Zhang et al. [21] achieved metallic properties in a
WO3 wide-gap semiconductor.

According to Zhu et al. [22], Ce doping increased the amount of oxygen vacancies,
which led to increased catalytic activity in SnO2 nanofibers. According to Elouafi et al. [23],
Ru doping causes the oxygen vacancies to increase, which in turn causes the crystallite size
and band gap in Fe2O3 powders to increase. On the other hand, in theoretical calculations,
using a first-principle calculation using DFT, on ZnO nanocrystallites, Liu et al. [24] revealed
that the formation energy of oxygen vacancies increased with increasing crystallite size.

Oxides were traditionally subjected to annealing in hydrogen, or other reducing en-
vironments, to alter the oxygen vacancy concentration in a given sample [25]. However,
because of cost and safety concerns, the high temperature hydrogen annealing process is
not preferable for practical applications. Some efficient alternative methods for creating
additional oxygen vacancies on metal oxides have been developed, to solve the aforemen-
tioned issue [13]. For example, plasma treatment [26], annealing in vacuum [14], doping
metals [27], and solution reduction techniques [28,29]. In addition to this, Liu et al. [30]
modified the oxygen vacancies of SnO2 using a novel approach powered by organometallic
chemistry, for electrochemical applications. Additionally, by adjusting the rate at which
liquid SnCl4 hydrolyzed, Li et al. created oxygen vacancies-enriched SnO2 nanoparticles,
for NO2 gas sensing applications [31].

In prior publications [32–36], SnO2 has been referred to as an n-type wide-band gap
semiconductor, with an optical band gap of 3.60–4.24 eV. The band gap values obtained
in these studies are significantly higher than the fundamental band gap calculated by Cai
et al. [32], using first-principles calculations, in the most recent studies (3.0 eV). In the
current work, for the first time, we report SnO2 thin films with optical band gaps that
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are close to the fundamental band gap. We found that, the unexpectedly higher optical
band gaps of SnO2 thin films reported in the previous literature, were caused by a different
amount of oxygen vacancies formed during, either the deposition process, the calcination
environment, the post-processing environment, or a combination of them. To note, the
SnO2 thin film, with lower oxygen vacancies and a relatively higher optical band gap,
reported in this work, is suitable for the ETL layer in perovskite solar cells.

In the present work, we demonstrate the relationship between crystallite size and
oxygen vacancies in SnO2 nanoparticles, as a function of calcination temperature. It is
noteworthy to mention that calcination results in the formation of oxygen vacancies in
the crystals of SnO2 NPs. These vacancies can exist as neutral (Vo), singly (Vo

−), or
doubly charged (Vo

2−), and give rise to several donor levels within the forbidden energy
gap [37]. Here, singly and doubly charged vacancies act as deep donors, while neutral
vacancies act as shallow donors [37,38]. We also explored the tuning of the band gap by
varying the oxygen defect density. We have synthesized the SnO2 nanoparticles via a
chemical precipitation method [39], and fabricated thin film on a glass substrate by using
spray pyrolysis. Then we have studied their structural, morphological, and optoelectronic
properties, keeping in mind the application in perovskite solar cells, as an electron transport
layer (ETL).

2. Experimental Detail
2.1. Material Preparation

Chemicals: Tin dioxide dihydrate (SnCl2·2H2O), from Alfa Aser, ammonia solution
(25%), acetone (97%), triple deionized (DI) water, and ethanol (99%), from Merck (India),
and isopropanol, from Fisher Scientific, were used.

Glass substrate: The commercially available ordinary microscopic glass slides were
cut into pieces, with dimensions of 2 cm × 2 cm × 1 mm, and properly cleaned with
detergent water. They were washed with alcohol, isopropanol, and ultrasonicated for
15 min with acetone, followed by rinsing with deionized water, to clean the dirt on the
glass substrates. The cleaned substrates were stored by soaking in distilled water, and were
air dried before use.

Spray pyrolysis: A home-made spray pyrolysis setup was housed inside a wooden
chamber, with dimensions of 75 cm × 40 cm × 30 cm. The spray system was combined
with an electrically heated movable thick rectangular iron plate, on which a glass slide
was placed for coating. A temperature sensor was attached to the middle of the iron plate.
For controlling the temperature of the substrate, a temperature controller was used. The
pressure needed to generate aerosol was maintained with the help of a nebulizer, with the
desired pumping capacity, which can spray SnO2 colloidal solution. The colloidal solution
was housed in a plastic vessel, with a capacity of 10 mL, which was connected directly to
the nebulizer. The nebulizer was then connected to a glass nozzle through a plastic pipe,
whose nozzle diameter was ~1 mm. The substrate to nozzle distance was maintained at
5 cm above the substrate, which lay just above the metal plate [40].

2.2. Preparation of SnO2 NPs and Thin Films

SnO2 powder NPs were prepared by the chemical precipitation method, as reported
elsewhere [39]. In brief, white solid crystals of SnCl2·2H2O (4 g) were dissolved in deionized
(DI) water, to make a 0.1 M solution. Then 100 mL of DI water was added slowly, along
with magnetic stirring, followed by ultrasonication for about 10 min, to make the solution
homogeneous. Here, the pH of the solution was observed to be 1.6. Then 25% NH3 solution
was added drop-wise, along with continuous stirring and heating at 25 ◦C for 40 min. A
white gelatinous precipitate was observed, and at this stage the pH of the suspension was
9.2. The precipitate was left overnight to settle down. Then the precipitate was washed by
a centrifugation process (three times at 4500 rpm for 5 min each), followed by filtration and
washing the precipitate with deionized water 3 times. The precipitate was left to dry in a
furnace at 80 ◦C for 12 h. The dry SnO2 was ground by pestle and divided into three equal



Energies 2023, 16, 2653 4 of 18

parts. Then the three samples were calcined at low (250 ◦C), medium (450 ◦C), and high
(650 ◦C) temperatures, respectively.

For preparing thin film from the above three kinds of SnO2 samples, 30 mg of powder
of each sample was dissolved in 30 mL deionized water, separately. The suspension was
stirred for 30 min by a magnetic stirrer, followed by ultrasonication for 5 min, to make a
uniformly dispersed solution. These three new SnO2 suspensions were transferred into
separate glass vials, for making them ready for spray pyrolysis. Then, the SnO2 colloidal
solutions were sprayed on a hot glass substrate, at a temperature of 400 ± 5 ◦C, for up to
15 s, followed by a rest for 30 s, to maintain the substrate temperature by spray pyrolysis.

2.3. Characterization

For studying the crystallinity of the SnO2 nanoparticles deposited on the glass sub-
strates, an XRD, from Bruker D2 phase diffractometer, Berlin, Germany, was employed. The
surface morphology and chemical compositions were analyzed, respectively, by scanning
electron microscopy (SEM) and energy dispersive spectroscopy (EDS), from (JSM-IT 100),
JEOL, Tokyo, Japan. Fourier-transform infrared spectroscopy (FTIR), from IRprestige-21,
(SHIMADZU), Kyoto, Japan, was used for identifying functional groups in the final prod-
uct. The optical transmittance and reflectance of the thin film were obtained by an optical
profilometer (Abet Technology, Milford, CT, USA).

3. Results and Discussion
3.1. Structural Properties

a. X-ray diffraction pattern

The crystallographic features of powder SnO2 NPs were characterized by scanning
between 2θ (20–80◦), by an X-ray diffractometer (Bruker D2 phase, Germany), using CuKα

radiation of wavelength 1.5406 A◦, at room temperature. The XRD spectra of the NP
samples calcined at three different temperatures (250 ◦C, 450 ◦C, and 650 ◦C) are shown
in Figure 1. The peak positions show good agreement with JCPDS card no. 41-1445 of
SnO2 [39]. The diffraction peaks at 2θ = 26.6◦, 33.9◦, 37.9◦, 51.8◦, 54.5◦ and 61.9◦ are
associated with (110), (101), (200), (211), (220), (310), respectively, indicating a tetragonal
structure of SnO2 NPs [41,42]. As depicted in Figure 1, the intensity of all the diffraction
peaks increased with increasing calcination temperature. The average crystallite size was
calculated from all diffraction peaks, using Scherrer’s formula [43,44].

D =
Kλ

βcosθ
(1)

where D is the crystallite size, K is the shape factor (the Scherrer constant), equal to 0.9, λ is
the X-ray wavelength for the CuKα radiation applied (0.15406 nm), β is the full width at
half maximum (FWHM) of the observed peak (in radians), and θ is the Bragg’s diffraction
angle (peak position) in degrees. To note, the value of β was estimated by employing
Gaussian fitting for all the peaks, as previously reported [45]. Then its observed value
was placed in Equation (1), to estimate the D of the NPs at that particular plane of Bragg’s
reflection, as crystallite size also depends on lattice planes/orientation [46].

It is noteworthy to mention, that the Scherrer constant, or shape constant K, varies
between 0.6 and 2.0 depending on the shape of the crystallite and the type of the crys-
tal [47–50]. For example, the crystallite can take the shape of a sphere, cube, tetrahedron,
octahedron, rectangular parallelepiped, cylinder, triangular prism, square prism, and
hexagonal prism [47,48]. Muniz et al. [51] discussed the limit on the applicability of the
Scherrer equation. Londoño-Restrepo et al. [52] demonstrated the Scherrer equation to be
one of the reliable methods of determining the crystallite size. The Scherrer constant is
taken as 0.9, as derived in Scherrer’s original paper [53–55]. Most of the literature has used
K = 0.9 to calculate the average crystallite size, with the geometry similar to ours [54–61].
The Scherrer method determines the average crystallite size with a higher accuracy, of
±15%, when the shape constant, K, is taken as 0.9 for a rutile structure [61].
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The average value of D was estimated by averaging all the D values of the peaks
appearing in the sample at a given condition. No impurity peaks were observed, indicating
the fair purity of the final products. The values of crystallite sizes of the SnO2 samples
sintered at three different temperatures are summarized in Table 1. From a close look
at the XRD data, one may infer that there is no secondary phase present in our samples.
The nanoparticles prepared at the lowest temperature (250 ◦C) of our study, showed
rather broad peaks, when compared with the other two samples. This situation altered
noticeably when the temperature was increased to 450 ◦C and 650 ◦C. The enhancement in
the peak intensity with diminished peak widths, indicates that our NPs calcined at high
temperatures, yielded NPs with high crystallinity, in agreement with standard values [62].

Table 1. Crystallite size of SnO2 nanoparticles calcined at 250 ◦C, 450 ◦C, and 650 ◦C.

Samples Average Crystallite Size (D, nm)

SnO2 (250 ◦C) 6.71 nm (±0.13 nm)

SnO2 (450 ◦C) 8.34 nm (±0.17 nm)

SnO2 (650 ◦C) 10.37 nm (±0.35 nm)

The average crystallite sizes of SnO2 NPs calcined at 250 ◦C, 450 ◦C, and 650 ◦C were
found to be 71 nm, 8.34 nm, and 10.37 nm, respectively, shown in Table 1. The comparatively
smaller values of the NPs’ size can be mainly attributed to factors such as temperature,
pressure, pH, solvent, and time [62–65].

Sahu et al. [15] observed that, when SnO2 NPs samples were annealed in argon and air,
the crystallite size increased, and the band gap decreased, as observed in the present study.
Therefore, we may safely state that larger crystallite sizes result in a smaller band gap.
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Doping a foreign element, such as Cr in ZnO, can reduce the crystallite size, by altering the
rate of nucleation during the crystallization of the sample, decelerating the formation of
grain boundaries, or by modifying the geometrical structure of the crystal lattice, as lattice
strain is anticipated to change with the addition of the foreign element [66]. As calcination
does not involve the doping of any foreign element in the host matrix, solely thermal
treatment is responsible for the shift in Sn:O composition and crystallite size seen here.

b. FTIR

Functional group identification of the sample materials was performed by FTIR spec-
troscopy, in the wavelength range 4000–400 cm−1. The SnO2 powder samples calcined
at temperatures of 250 ◦C, 450 ◦C, and 650 ◦C, were taken for FTIR analysis. Figure 2
shows the FTIR spectra of the SnO2 NPs calcined at different temperatures. The broad
band around 3400 cm−1 was correlated with the stretching vibration of the –OH groups of
Sn(OH)2, and adsorbed water molecules on the surface of the SnO2 sample powder of low
calcined temperature (particularly at 250 ◦C). The decrease in the peak intensity suggests
the removal of –OH groups from the sample through evaporation, at high temperature. The
lowest band, between 456 cm−1 to 464 cm−1, has been attributed to the O–Sn–O or Sn–O
stretching vibration band of SnO2 [67]. The bands at 464 cm−1, 460 cm−1, and 456 cm−1

are shown in Figure 2, to show the absorption of the FTIR spectrum caused by the Sn–O
stretching. The slight shift in the absorption valley could be attributed to the change in the
O/Sn ratio caused by the calcination. Moreover, at the higher temperature of our study
range, the later peaks became broader, indicating the formation of pure and crystalline
SnO2 powder at high temperature [68]. The absence of any other sharp peaks in all the
three FTIR spectra, indicates the absence of any other functional groups in the samples [69].
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3.2. Morphological Properties

The surface morphology of the SnO2 nanomaterials calcined at 250 ◦C, 450 ◦C, and
650 ◦C, was studied by SEM analysis (Figure 3). The SEM images of the samples reveal
the formation of spherical shapes of SnO2 particles, which agglomerated to form clusters
(Figure 3). The formation of the clusters was due to the nucleation of the NPs and growth
of the nucleated particles [64]. The qualitative chemical composition of the SnO2 samples
determined by FTIR, presented in Figure 2, was further confirmed by EDX measurements.
The composition of SnO2 NPs estimated from EDS analysis are shown in Table 2. The
spectra from these measurements, for all the three samples, were found to possess the
signals from Sn and O only. No additional peaks corresponding to any other elements
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were observed, indicating no other impurity being present in any of the three samples.
Remarkably, we found that increasing the calcination temperature from 250 ◦C to 650 ◦C,
resulted in a decrease in the oxygen content of 2.5% (i.e., the O/Sn ratio decreased from
5.60 to 4.79; in other words, it increased the oxygen vacancies). The change in O/Sn ratio as
a function of the calcination temperature, is responsible for changing the band gap, which
is discussed later.
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Table 2. The composition of SnO2 NPs estimated from EDS analysis. Here, errors represent elements
other than Sn and O.

Samples Sn (At. %) O (At. %)

SnO2 (250 ◦C) 15.15 (±0.00) 84.85 (±0.00)

SnO2 (450 ◦C) 15.36 (±0.00) 84.64 (±0.00)

SnO2 (650 ◦C) 17.26 (±0.00) 82.74 (±0.00)

In agreement with our results, Khan et al. [70] reported that, with increasing the
calcination temperature from 400 ◦C to 800 ◦C, SnO2 nanoparticles’ crystallite size increased
from 11.96 nm to 35.90 nm. Similarly, also in the case of CeO2 nanoparticles, Choudhury
et al. [71] reported a rise in crystallite size with increased annealing temperature, as well
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as decreasing oxygen vacancies, lattice constant, and lattice strain. Note that the lattice
parameter and the strain are directly proportional to each other [72]. As the oxygen
vacancies in SnO2 nanoparticles increase, the crystallite size also increases.

The dynamics of ionic defects, the exchange of oxygen from or into the environment,
and the transfer of electronic charges from or into the material, all play a role in the genera-
tion and annihilation of oxygen vacancies in transition metal oxides [1]. The involvement
of these multiple processes make a complex solid-state redox process [7]. It has been under-
stood that the two electrons that were once connected to the oxygen ion stay in the oxide,
even after oxygen is removed [1,7]. These electrons, generated by removing oxygen, popu-
late defect states that, in wide-band gap oxides, are frequently found inside the band gap
(in-gap states) [1,73,74]. The electrons can delocalize into the oxide’s conduction band when
these donor states are shallower, increasing the material’s electrical conductivity [1,7,75]. As
a result, these n-type oxides can exhibit an insulator-to-metal transition at a few ppm (1016

to 1018 cm3) of oxygen vacancies, and are predicted to exhibit even greater conductivity
at higher vacancy concentrations [10,76,77]. Due to the fact that SnO2 is also an n-type
semiconductor with a wide band gap [11], the higher concentration of oxygen vacancies
obtained by increasing the calcination temperature, minimizes the band gap, as will be
discussed in more detail in the next section. On the other hand, increased oxygen vacancy
concentrations in p-type oxides, often result in a metal-to-insulator transition, because they
lower the material’s hole concentration [1].

3.3. Optical Properties

To investigate the effect of calcination temperature on the optical properties, we
measured the reflectance and transmittance spectra of the SnO2 thin films, which were
calcined at 250 ◦C, 450 ◦C, and 650 ◦C, shown in Figure 4a,b. Apparently, one can notice
the interference pattern in the reflectance spectra, between 550 nm and 1050 nm. In order
to extract other optical properties, particularly, the refractive index, absorption coefficient,
film thickness, and optical band gap of a particular sample, we employed the Minkov
algorithm [78]. For this, we generated an envelope using the cubic spline method, shown
in Figure 4a with dotted lines, as demanded by the algorithm.

For a very thin film, deposited on a transparent substrate of a finite dimension, and
with a very weak absorption coefficient, the thickness, d, and complex refractive index,
n = n− ik, the reflectance, R [78], and transmittance, T [79–82], for the normal incidence of
the light, can be represented as,

R =
A′−(B′1cos (2δ)−B′2sin(2δ))x+C′x2

A′′−
(

B′′1 cos (2δ)−B′′2 sin(2δ)
)

x+C′′ x2
+

A′′′ x2

A′′−
(

B′′1 cos (2δ)−B′′2 sin(2δ)
)

x+C′′ x2
× 1

D′′−
(

E′′1 cos (2δ)−E′′2 sin(2δ)
)

x+F′′ x2

(2)

where
A′ =

[
(n− 1)2 + k2

][
(n + ns)

2 + k2
]

B′1 = 2
[(

n2 + k2 − 1
)(

n2 + k2 − n2
s

)
+ 4k2ns

]
B′2 = 4k

[
ns

(
n2 + k2 − 1

)
−
(

n2 + k2 − n2
s

)]
C′ =

[
(n + 1)2 + k2

][
(n− ns)

2 + k2
]

A′′ =
[
(n + 1)2 + k2

][
(n + ns)

2 + k2
]

B′′1 = 2
[(

n2 + k2 − 1
)(

n2 + k2 − n2
s

)
− 4k2ns

]
B′′2 = 4k

[
ns

(
n2 + k2 − 1

)
+
(

n2 + k2 − n2
s

)]
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C′′ =
[
(n− 1)2 + k2

][
(n− ns)

2 + k2
]

A′′′ = 64ns(ns − 1)2
(

n2 + k2
)2

D′′ =
[
(n + 1)2 + k2

][
(n + 1)

(
n + n2

s

)
+ k2

]
E′′1 = 2

[(
n2 + k2 − 1

)(
n2 + k2 − n2

s

)
− 2k2

(
n2

s + 1
)]

E′′2 = 2k
[(

n2 + k2 − n2
s

)
+
(

n2
s + 1

)(
n2 + k2 − 1

)]
F′′ =

[
(n− 1)2 + k2

][
(n− 1)

(
n− n2

s

)
+ k2

]
x = e−αd

δ = 2πnd/λ

k =
αλ

4π

T =
A
′′′′

x
A′′′′ ′ −

(
B′′′1 cos (2δ)− B′′′2 sin(2δ)

)
x + D′′′ x2 (3)

where
A
′′′′

= 16ns

(
n2 + k2

)
A′′′′′ = D′′

B′′′1 = E′′1

B′′′2 = 2k
[
2
(

n2 + k2 − n2
s

)
+
(

n2
s + 1

)(
n2 + k2 − 1

)]
D′′′ = F′′ .

Here, n and k are, respectively, the refractive index and extinction coefficient of thin
film, ns is the refractive index of the glass substrate, α is the absorption coefficient of the
thin film, and λ is the wavelength of the light.

For the weak and medium absorption region of the reflection spectra (550–1050 nm) in
Figure 4a, k� ns and k� n, the maximum, RM, and minimum, Rm, of the reflectance [78]
can be written as,

RM =
(ad + bcx)2

(bd + acx)2 +
gx2

(bd + acx)2(b3 f + 2abcdx + a3ex2)
(4)

Rm =
(ad− bcx)2

(bd− acx)2 +
gx2

(bd− acx)2(b3 f − 2abcdx + a3ex2)
(5)

where a = n − 1, b = n + 1, c = n − ns, d = n + ns, e = n − n2
s , f = n + n2

s , and
g = 64ns(ns − 1)2n4. We have calculated the refractive index and the absorption coefficient
values in the transparent region by solving the non-linear Equations (4) and (5), using
the well-known Newton–Raphson iteration, with an initial guess of n = 2.0 and x = 0.5.
Refractive indices and absorption coefficients were further corrected using the Minkov
algorithm [78], whose accuracy is 0.2% for the refractive index and 1.5% for the absorption
coefficient. Note that the refractive index of the glass substrate was taken to be 1.5.

In the weak and medium absorption region of the reflectance spectra, a reduction in
the calcination temperature also resulted in a reduction in the average values of the maxima
RM (i.e., 10.2%, 9.0%, and 8.9% for 650 ◦C, 450 ◦C, and 250 ◦C, respectively) and minima
Rm (i.e., 9.5%, 8.3%, and 8.2% for 650 ◦C, 450 ◦C and 250 ◦C, respectively). In the strong
absorption region (i.e., 350–550 nm), we observed interference free reflectance. In addition,
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we found that lowering the calcination temperature from 650 ◦C to 250 ◦C, resulted in a
decrease in the reflectance, implying that a reduction in the calcination temperature lowers
the thin film’s refractive index [83]. The refractive indices extracted from the Minkov
algorithm [78], shown in Figure 4c, also confirm that lowering the calcination temperature
reduces the SnO2 film’s refractive index.
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We have calculated the thickness of the thin film [78] as follows,

d =
λ1λ2

4(λ1n2 − λ2n1)
(6)

where λ1 and λ2 are the wavelengths of the two adjacent extrema (i.e., neighboring maxima
and minima), and n1 and n2 are their respective refractive indices of the thin film.

The extracted thicknesses of the films, for 250 ◦C, 450 ◦C, and 650 ◦C calcination
temperatures, were 2.87 µm, 2.85 µm, and 2.55 µm, respectively. Increasing the calcination
temperature slightly reduced the film’s thickness (0 < ∆d < 0.32 µm). The change in film
thickness with calcination temperature was less than 12%. In addition, the absorption
coefficients for different calcination temperatures, extracted from the reflectance in the
weak and medium absorption regions, are shown in Figure 4d. The average values of the
absorption coefficients are 4.98 × 105 m−1, 4.16 × 105 m−1, and 4.12 × 105 m−1, for 650 ◦C,
450 ◦C, and 250 ◦C, respectively.

Additionally, we have verified our calculation of the thicknesses and refractive indices
by calculating the extremum order [78,84], as follows.

m =
4nd
λextr

(7)

The extremum order for the minima and maxima of the reflectance spectra should
be, respectively, even and odd integer numbers. The extremum orders of two neighboring
maxima and minima should differ by 1. The extremum order should increase on moving
from the IR region to the UV region.

In 1986, Kushev et al. [84] demonstrated that their theoretical model (based on en-
velope of reflectance measurement) could estimate film thickness with an accuracy of
better than 1.0%. Similarly, Minkov [78] also established that the envelope method, based
on reflectance, could compute the thickness with an accuracy of 0.2%. In both of these
theoretical works, the authors considered thin films, which were deposited over a substrate
of known optical parameters (such as refractive index and absorption coefficient) and
film thicknesses. Then, employing these known optical parameters and thicknesses, the
authors simulated each films’ reflectance spectrum, and then applied their algorithm on
the simulated reflectance curve to calculate the thickness and optical parameters of that
particular thin film. Please note that Kushev et al. [84] and Minkov [78] both considered
slightly absorbing thin films, coated over a transparent substrate, which is a good approxi-
mation for our study as well, as our thin films, of SnO2 coated over a glass substrate, are
semi-transparent. However, the thickness (and other optical parameters such as refractive
index and absorption coefficient) extracted from both of these models possibly deviate;
specifically in the cases in which the substrates possess some light absorption and the thin
films have a greater absorption coefficient at the absorption edge.

In this connection, recently Borah et al. [85], performed the three different tech-
niques, namely the Tolansky method [85,86], Swanepoel’s envelope method [79], and
the cross-sectional SEM method [85], to measure the thickness of molybdenum oxide
thin films, deposited on a clean glass substrate. In their study, the thicknesses of the
thin films ranged between 1.5 µm and 6 µm. For a particular sample, they employed
the Tolansky method [85,86], Swanepoel’s envelope method [79], and the cross-sectional
SEM method [85], and observed 2.1 µm, 2.3 µm, and 2.4 µm thicknesses, respectively.
Note that the Swanepoel’s envelope method [79] reports 4% to 24.5% deviation from the
cross-sectional SEM method: the 4% deviation was noticed for the sample with a higher
number of interference patterns, whereas the 24.5% deviation was noticed for the sample
with a lower number of interference patterns in a given transmittance spectrum [85]. These
observations further imply that the envelope method could serve as a reliable method to
calculate the film thickness.

Note that, Minkov’s envelope method [78] also considers the same geometry and
optical parameters in the system of thin film and substrate as used by the Swanepoel’s
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envelope method [79]. The only difference between Minkov’s envelope method [78] and
Swanepoel’s envelope method [79], is that the former uses the reflectance spectrum while
the later model uses the transmission spectrum. As a result, Minkov’s envelope method [78]
and Swanepoel’s envelope method [79] are expected to have more or less the same accuracy
for the thickness calculation.

It is noteworthy to mention that sprayed nanoparticles have different crystallite sizes
depending on the calcination temperature. As a result, the small decrease in thin film
thickness on increasing the calcination temperature of the nanoparticles, could be attributed
to the effect of the calcination, which produced different ratios of Sn:O. Gnanam et al. [87],
Kafle et al. [40], Xin et al. [88], and EI-Nahass et al. [89] showed the dependence of the
crystallite size on the film thickness and calcination temperature. In our work, although
small, we observed a noticeable dependence of the film thickness on the crystallite size of
the NPs, which is most likely as a result of the calcination temperature.

In the visible region (350–800 nm) of the solar spectrum, the average transmittance
of the films was found to be 73.3%, 77.8%, and 81.1%, for the films calcined at 650 ◦C,
450 ◦C, and 250 ◦C, respectively, i.e., there was a decrease in average transmittance with an
increase in calcination temperature. This decrease in average transmittance with increase
in calcination temperature resulted from an increase in the refractive index and absorption
coefficient (see in Figure 4c,d).

In the strong absorption region of the transmission spectrum (300–450 nm in Figure 4b),
the transmittance [79] is written as,

x ≈
(n− 1)3(n + n2

s
)

16n2ns
T (8)

The absorption coefficient in the strong absorption region is written as,

α =
−ln(x)

d
≈ −1

d
ln

(
(n− 1)3(n + n2

s
)

16n2ns
T

)
(9)

The absorption coefficient in the strong absorption region is extracted using Equa-
tion (8), shown in Figure 4e. Note that, we have extrapolated the plot of n vs. λ for the
refractive index’s values in the strong absorption regions, shown in Figure 4c. We observed
that increasing the calcination temperature led to an increase in the absorption coefficient in
the strong absorption region, although the values of the absorption coefficient for the 250 ◦C
and 450 ◦C calcined films are very close. The band gaps of the thin film samples were
extracted by extrapolation fitting the linear model to the curve of [αhv]2 vs. photon energy
(hv) (the well known Tauc plot [90–92], defined by Equation (10)) shown in Figure 4f.

αhv = A
(
hv− Eg

)1/2 (10)

Here, A, h, and v are, respectively, a constant, Planck’s constant, and the frequency of
the radiation.

We have employed the least-squares fitting between 3.6 eV and 5.0 eV to draw the
tangent at the strong absorption region in the Tauc plot. One can use the R squared value
to find the goodness of the fit in the least-squares fitting, and also can find the maximum
error for the determination of the band gap. R squared was found to be 0.98, 0.99, and 0.98
for the thin films of SnO2 NPs calcined at 250 ◦C, 450 ◦C, and 650 ◦C, respectively. Here, it
is noteworthy to mention that, an R squared of 1 represents the perfect fit. The band gap
values were respectively found to be 3.11 (±0.07) eV, 3.08 (±0.04) eV, and 3.00 (±0.07) eV.

We found that the SnO2 thin films exhibited direct band gaps, and the extracted
values of the band gaps are shown in Figure 4f, for all the calcination temperatures. We
observed band gaps of 3.00 eV, 3.08 eV, and 3.11 eV, for the calcination temperatures of
650 ◦C, 450 ◦C, and 250 ◦C, respectively. This further confirms the lowering of the band
gap with an increase in the calcination temperature. Al-Hada et al. [68] also reported
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similar results: a decrease in the band gap of SnO2 nanoparticles with an increase in the
calcination temperature, although, their band gap values were rather high (3.90 eV to
3.64 eV) compared to those in the present study.

Cai et al. [32] made a genuine effort to solve the long-standing band gap problem of
SnO2, using first-principles calculations with different levels of computational methods.
The authors found that the fundamental band gaps of SnO2 and TiO2 are nearly the same
(i.e., around 3.0 eV), as both of them have the same rutile structure (see their band structures
in Figure 5). Whereas, other researchers reported the value to be about 3.6 eV [93–95]. It
is also noteworthy to mention, that the value of the fundamental band gap of rutile SnO2,
calculated using different calculation methods and functionals, is different: PBE, 1.75 eV;
HSE06, 3.15 eV; PBE + G0W0, 3.33 eV; HSE06 + G0W0, 3.68 eV [32].
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Figure 5. Band structure of SnO2 along the two high symmetry lines M–Γ–Z. The valence band
maximum is set at zero. The red and green arrows represent the possible optical transitions at Γ-point
and away from Γ-point, respectively. The figure was reproduced/adapted from the work of Cai et al.
(2011) [32].

To explain the fundamental and optical band gaps of SnO2, Cai et al. [32] considered
the three transition pathways: two were at the Γ-point and the other was in the vicinity
of the Γ-point. They observed band gaps of 2.96 eV, 3.13 eV, and 3.69 eV for the transition
paths B–C, D–E, and A–C, respectively.

In our study, the band gap of SnO2 for the 650 ◦C calcination temperature, was found
to be 3.00 eV, which is close to the band gap of the B–C transition [32]. Similarly, the
band gap at 250 ◦C calcination temperature was found to be 3.11 eV, which was roughly
equal to the band gap of the D–E transition. Raising the calcination temperature from
250 ◦C to 650 ◦C altered the transition path from D–E to B–C [32]. The homogeneous
oxygen vacancies embedded in SnO2 nanoparticles, induce the band gap to decrease and
the valence band width to widen [96,97]. Yang et al. [96] were able to reduce the band
gap from 3.81 eV to 2.53 eV, by employing oxygen vacancies. As we found an increase in
the oxygen vacancies when the calcination temperature was raised from 250 ◦C to 650 ◦C,
the change in the transition path in the band structure can be understood to be facilitated
through the oxygen vacancies, induced by the rise in calcination temperature.

Transparent conducting oxides, such as TiO2, ZnO, SnO2, SiO2, and ZrO2, can be used
as ETL [98]. To be considered as the best ETL, a film should satisfy band alignment with the
perovskite layer, i.e., it should have a lower valence band and a higher conduction band
than the perovskite active layer [98]. In order for a photon to easily pass through and be
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absorbed by the perovskite absorber, it also requires a high transmittance in the UV-visible
band [98].

Inorganic halide perovskites can be represented as ABX3 (A = organic or inorganic
monovalent cation, B = bivalent cation, X = halogen anion) [99]. The band gap of the
perovskite can be changed from 0.5 eV to 4.0 eV by changes in the chemical natures of A, B,
and X, as well as by variations of the crystal structure [99]. Experimentally observed band
gaps of perovskite absorbers usually vary from 1.26 eV to 1.78 eV [92,100,101], which can
result in a peak absorption between 300 nm and 1000 nm.

Solar absorbance in the UV–VR–IR region [44,102,103] can be written as,

α =

∫ 1µm
0.3µm A(λ)Psun(λ)dλ∫ 1µm

0.3µm Psun(λ)dλ
(11)

where
Psun(λ) =

C1

λ5[eC2/(λTsun) − 1
]

A(λ) = 1− (T(λ) + R(λ))

Here, C1 =3.7430 × 10−16 Wm2 and C2 =1.4387 × 10−2 mK. Solar spectral irradiance
is best approximated by considering Tsun = 5800 K [44]. A, T, and R are the wavelength
dependent absorbance, transmittance, and reflectance, respectively.

By the overlap of the absorbance spectrum and the solar spectrum in the wavelength
range 300 nm to 1000 nm, we derived the solar absorbance. Solar absorbance was found
to be 15.4%, 16.3%, and 20.1%, respectively, for thin films prepared from nanoparticles
calcined at 250 ◦C, 450 ◦C, and 650 ◦C. Therefore, more than 79.9% solar light will pass
through the thin films, which achieves the second criterion to be an ETL, as described
above. As demonstrated by Meloni et al. [99], the conduction band and valence band could
be tuned respectively from 0.5 eV to 1.5 eV and 0 eV to −2.5 eV, by changes in the chemical
natures of A, B, and X, as well as by variations of the crystal structure. According to Cai
et al. [32], the fundamental band gap of SnO2 is 2.96 eV, with the valence band energy
of 0.0 eV and conduction band energy of 2.96 eV for the B–C transition path, which was
described previously. For the band gap higher than 2.96 eV, the valence band energy goes
below 0.0 eV, and the conduction band energy increases above 2.96 eV, for example for the
D–E transition path. As the conduction band energy of SnO2 is much higher than that of a
perovskite layer, it also satisfies the first criterion to be an ETL, as described above.

4. Conclusions

The XRD analysis confirmed the formation of highly crystalline nano-sized particles,
with a tetragonal rutile structure. The FTIR spectra confirmed the presence of Sn–OH and
Sn–O in the samples at low calcined temperatures. Whereas, a noticeable reduction in the
Sn–OH peak was attributed to the formation of pure and dried SnO2 powder. The EDX
spectra confirmed the formation of pure SnO2, without any impurities. Furthermore, the
SEM images showed the particles to be spherical and to form agglomerations.

The average transmittance values of the thin films were found to decrease with the
increase in calcination temperatures. The band gap of the prepared SnO2 thin films was
found to decrease with increasing calcination temperature, while the oxygen vacancies
and average crystallite size were found to increase with an increase in the calcination
temperature. This implies that that the oxygen vacancies control the morphology of the
NPs and the optical and electrical properties of the thin films prepared from these NPs.

In summary, we may safely state that oxygen vacancies play a key role in tuning the
structural and optical properties of SnO2 nanoparticles and thin films.
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