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Abstract: Thin transparent films of SnO2 were obtained from aqueous–alcohol solutions of SnCl4 on
a flexible polyethylene terephthalate (PET) substrate by spray pyrolysis at 100 ◦C. The influence of
the addition of aqueous ammonia to the film-forming solution on the different properties has been
studied. Properties studied include surface morphology, phase composition and transparency of
the formed films and the crystallization processes and band gap of the film material. It was found
that the addition of aqueous ammonia causes the formation of skeletal crystals (NH4)2[SnCl6] with a
perovskite structure in the film structure. The resulting films are promising for use in the technology
of manufacturing flexible solar cells.

Keywords: film-forming solutions; SnO2; skeletal crystals; transparency; perovskite structure;
band gap

1. Introduction

Tin dioxide thin films have been of continuous interest to researchers since they have
been successfully used in semiconductor electronics, optoelectronic devices, photonic sys-
tems, and power harvesting and storage devices [1–3]. In recent years, the development of
highly efficient perovskite solar cells with a SnO2-conducting layer has become a promising
research area [4–9].

Flexible perovskite solar cells (PSCs) as power sources have attracted much attention
in mobile and portable electronics due to their high efficiency, excellent flexibility and rela-
tively low cost. The durability, crystallinity and photovoltaic properties of each functional
layer are essential for high-performance PSCs [4,8].

Typically, PSCs are multilayer devices with a sandwich structure consisting of an
electron transport layer (ETL), a perovskite active layer, a hole transport layer (HTL), and a
metal electrode [4,6].

The active layer of PSC is a metal halide perovskite compound that is used as a light
absorber. The crystal structure of metal halide perovskites is the same type as calcium
titanium oxide (CaTiO3). Perovskite-like compounds have the general chemical formula
ABX3, where “A” is the crystallographic site that represents monovalent cations such
as organic methylammonium (CH3NH3) and formamidinium (CH(NH2)2) or inorganic
cations such as cesium (Cs) and rubidium (Rb). “B” represents a heavy divalent metal such
as lead (Pb) or tin (Sn), and “X” is a halogen anion (i.e., Cl−, Br−, I−).

In the last decade, much attention has been paid to identifying potential cationic
or anionic candidates that could be partially incorporated into perovskites to tune the
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crystal chemistry, optoelectronic properties, photoconversion efficiency and stability of
PSCs. Much effort has been directed towards the “A” and “X” sites since alternation at
the “B” sites resulted in instability of the perovskite phase. Therefore, lead (Pb) has been
the “B” site element of perovskites for many years. Selecting specific anions and cations
at the “A” and “X” sites facilitated optimal tuning of the band gap, thereby bringing
control to electrical and optical properties, such as increasing carrier transport distance
and mobility as well as broadening the infrared absorption spectral range [4,10]. Lately,
research efforts have begun to focus on replacing lead (Pb) with tin (Sn) in the “B” site, as
the use of lead-based perovskite solar cells in large-scale applications poses environmental
concerns [11,12].

Tin-based perovskite is a promising alternative to lead-based perovskite due to its
environmental friendliness and superior optoelectronic properties. In particular, tin-based
perovskite has a bandgap of 1.3–1.4 eV [13].

While preparing thin films of tin-based perovskite, scientists encountered rapid crys-
tallization of perovskites, which often led to poor morphology and incomplete substrate
coverage [14,15]. The morphology of tin perovskite thin films was improved by adding
methyl ammonium chloride to the precursor solution [15].

SnO2 films that can be prepared by spray pyrolysis have emerged as early candidates
for the PSC electronic transport layer due to their simple fabrication process and superior
performance [4]. Spray pyrolysis is a convenient, fast, and low-cost method for prepar-
ing thin films. With this method, films with a desired stoichiometric ratio can be easily
deposited, and the film thickness can be controlled. Moreover, the films can be doped with
various elements simply by adding them to the precursor solution for further sputtering.
Also, this method can be easily scaled up to prepare large-area films [16,17]. This method
allows one to regulate the temperature of the substrate during the deposition of the SnO2
film on it or the temperature of the subsequent short-term processing of the films [17,18].

The purpose of this work was to obtain thin SnO2 films by spray pyrolysis on a flexible
substrate from aqueous–alcohol solutions of SnCl4 and to study the crystal structure
and optical properties of the resulting films using aqueous ammonium in a film-forming
solution as an initiator for the formation of perovskite crystals in the structure of thin films.

2. Materials and Methods
2.1. Preparation of Thin Films on Flexible Polyethylene Terephthalate Substrates

Thin films were coated on polyethylene terephthalate (PET) substrates using spray py-
rolysis from 0.11 molar tin tetrachloride solutions with and without ammonium hydroxide.

2.1.1. Procedure for Preparing SnCl4 Solutions

Two variants of tin tetrachloride solutions were used for the preparation of the films:
“SnCl4 in ethanol” and “SnCl4 in ethanol with the addition of an aqueous solution of ammo-
nia NH3·H2O”. Tin tetrachloride crystal hydrate (SnCl4·5H2O “pure”) was preliminarily
ground manually in a mortar to a powdered state.

To prepare a 0.11 molar solution of “SnCl4 in ethanol” (No. 1), weighed quantity
3.9072 g of crushed SnCl4·5H2O was used, which was dissolved in 100 mL of rectified ethyl
alcohol (Russian State Standard–GOST 5962-13). Tin (IV) chloride is a strong complexing
agent [19]. When dissolving tin (IV) crystal hydrate in ethanol, the reactants interact to
form the chemical compound SnCl4·4C2H5OH, which can be represented as a complex
compound, which is the electrolyte [Sn(C2H5OH)Cl2]Cl2 [20].

Since water is present in the crystal hydrate (as well as in rectified ethanol), it can
be assumed that SnCl4 undergoes hydrolysis with the formation of tin oxide hydrate
SnO2·nH2O (where n = 1 ÷ 2) and hexachlorostannic acid H2[SnCl6] [19]. In our case

3SnCl4·4C2H5OH + (2 + n) H2O = SnO2·nH2O↓ + 2H2[SnCl6] + 4C2H5OH (1)

The observed gel-like precipitate is associated with the formation of tin oxide hydrate
SnO2·nH2O (n = 1 ÷ 2), i.e., stannous acid [19]. Initially α-stannous acid is formed, which
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can either dissolve in an acidic medium or, as it ages, transform into β-stannous acid as a
result of oxolation, as Figure 1.
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β-stannous acid does not dissolve in the acidic medium of the solution but is peptized
by it. Further, as it ages, the oxol bridge groups are connected to each other, as Figure 2.
This leads to the enlargement of the formed particles [19].

Coatings 2024, 14, x FOR PEER REVIEW 4 of 13 
 

 

 

 
Figure 2. β-stannous acid. 

Thus, it is the formation of polysolvated and oxol structures in aqueous–alcoholic 
solutions of SnCl4 that provides their film-forming properties and the possibility of form-
ing SnO2 films. 

“SnCl4 solution in ethanol with addition of aqueous ammonia solution” (No. 2) was 
prepared as follows. A weighed quantity of 3.9072 g of SnCl4⋅5H2O was dissolved in 50 
mL of ethanol with continuous stirring. Then, 1 mL of concentrated (25 wt. %) aqueous 
ammonia solution was added, which is ammonium hydroxide NH4OH, which is in equi-
librium with ammonia (NH3 + H2O ↔ NH3 ⋅ H2O ↔ NH4+ + ОН−). NH4OH is highly soluble 
in ethanol, and in the absence of a catalyst, chemical interaction between these reagents is 
unlikely [21]. 

When ammonium hydroxide was added to the solution “SnCl4 in ethanol”, the for-
mation of a white gelatinous precipitate of tin hydroxide was observed: 

SnCl4⋅4C2H5OH + 4NH4OH = Sn(OH)4 + 4NH4Cl + C2H5OH (2)

At the same time, the previously formed hexachlorostannic acid can react with am-
monium hydroxide to form ammonium hexachlorostannate: 

H2[SnCl6] + NH4OH = (NH4)2[SnCl6] + H2O (3)

Next, ethanol was added to this solution until the volume of the resulting solution 
was 100 mL. The resulting solution, “SnCl4 solution with the addition of an aqueous am-
monia solution” (No. 2), was placed in a dark place for 1 day to mature. After that, it be-
came transparent. 

2.1.2. Film Formation Procedure 
The films were coated to flexible substrates—polyethylene terephthalate (PET) plates 

measuring 4 cm × 7 cm × 14 µm. The surface of the plates was cleaned using a mild deter-
gent (Fairy soap), followed by rinsing with running and distilled water. The films were 
coated to the substrates by spray pyrolysis. The gas pressure in the compressor for apply-
ing solutions was 50 kPa. The distance between the substrate and the sprayer was 32 cm. 
The solution was applied to the substrate heated to 100 °C. Then, the samples were an-
nealed on an electric hotplate at 100 °C for 15 min. 

2.2. Research Methods 
The analysis of the surface morphology of the resulting films was carried out using 

an MPE-11 LOMO optical microscope. 
The substrate thickness was measured using an MCC digital micrometer (in-Tool). 
The phase composition of the obtained thin films was studied by XRD diffraction 

using Rigaku MiniFlex600. The crystallite sizes were calculated using the Scherer formula 
[22]. 
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Thus, it is the formation of polysolvated and oxol structures in aqueous–alcoholic
solutions of SnCl4 that provides their film-forming properties and the possibility of forming
SnO2 films.

“SnCl4 solution in ethanol with addition of aqueous ammonia solution” (No. 2)
was prepared as follows. A weighed quantity of 3.9072 g of SnCl4·5H2O was dissolved
in 50 mL of ethanol with continuous stirring. Then, 1 mL of concentrated (25 wt. %)
aqueous ammonia solution was added, which is ammonium hydroxide NH4OH, which is
in equilibrium with ammonia (NH3 + H2O ↔ NH3 · H2O ↔ NH4

+ + OH−). NH4OH is
highly soluble in ethanol, and in the absence of a catalyst, chemical interaction between
these reagents is unlikely [21].

When ammonium hydroxide was added to the solution “SnCl4 in ethanol”, the forma-
tion of a white gelatinous precipitate of tin hydroxide was observed:

SnCl4·4C2H5OH + 4NH4OH = Sn(OH)4 + 4NH4Cl + C2H5OH (2)

At the same time, the previously formed hexachlorostannic acid can react with ammo-
nium hydroxide to form ammonium hexachlorostannate:

H2[SnCl6] + NH4OH = (NH4)2[SnCl6] + H2O (3)

Next, ethanol was added to this solution until the volume of the resulting solution
was 100 mL. The resulting solution, “SnCl4 solution with the addition of an aqueous
ammonia solution” (No. 2), was placed in a dark place for 1 day to mature. After that, it
became transparent.

2.1.2. Film Formation Procedure

The films were coated to flexible substrates—polyethylene terephthalate (PET) plates
measuring 4 cm × 7 cm × 14 µm. The surface of the plates was cleaned using a mild
detergent (Fairy soap), followed by rinsing with running and distilled water. The films
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were coated to the substrates by spray pyrolysis. The gas pressure in the compressor for
applying solutions was 50 kPa. The distance between the substrate and the sprayer was
32 cm. The solution was applied to the substrate heated to 100 ◦C. Then, the samples were
annealed on an electric hotplate at 100 ◦C for 15 min.

2.2. Research Methods

The analysis of the surface morphology of the resulting films was carried out using an
MPE-11 LOMO optical microscope.

The substrate thickness was measured using an MCC digital micrometer (in-Tool).
The phase composition of the obtained thin films was studied by XRD diffraction using

Rigaku MiniFlex600. The crystallite sizes were calculated using the Scherer formula [22].
The band gap of the prepared films was calculated using the transmission and absorp-

tion spectra, which were obtained using a UNICO VV/VIS 2800 single-beam spectropho-
tometer in the spectral range of 190–1100 nm.

The thickness of the films was determined from the interference pattern in the trans-
mission spectra. Mathematically, the condition for the appearance of interference peaks is
described by the following equations [23]

For the minimum : 2dn1

√
n2

2 − sin2α = mλ

For the maximum : 2dn1

√
n2

2 − sin2α = (2m − 1) λ
2 .

where d is the film thickness, n1 is the refractive index of air, n2 is the refractive index of
the medium, α is the angle of incidence of the electromagnetic wave, m is the number of
interference extremum, λ is the wavelength of electromagnetic radiation.

Since, in our case, the beam was directed perpendicular to the surface, the angle α = 0◦

=> sin2α = 0, whereas the refractive index of air is taken as 1 (n1 = 1); then, for the minimum,
2dn2 = mλ, and for the maximum, 2dn2 = (2m − 1) λ

2 . Accordingly, the wavelength at
which the minimum is observed is λmin = (2dn2)/m, and the wavelength at which the
maximum is observed is equal to λmax = 4dn2

2m−1 .
Mathematical modeling of interference peaks was carried out using Microsoft Excel.

The position of the extrema was modeled depending on the film thickness. The refractive
index of PET for the visible spectrum is taken to be n = 1.64, according to [24]. Wavelength
calculations were carried out for extrema with serial numbers (m) from 1 to 100. The
value of the transmittance coefficients for the maxima and minima was chosen arbitrarily,
depending on the analyzed spectrum. By changing the film thickness values, the matching
of mathematical peaks with experimental ones was achieved. The value of the film thickness
at which the largest number of calculated extrema coincides with the experimental ones
was taken as a solution.

To correctly determine the band gap of a transparent film coated on a transparent
substrate, the absorption spectra of the substrate were subtracted from the absorption
spectra of the samples. The band gap was determined by the Tauc method [25–27].

The method is based on the equation (αhυ)n = A (hυ − Eg), where α is the optical
absorption coefficient, cm−1; h is Planck’s constant (4.136 × 10−15 eV·s); υ is the frequency
of electromagnetic oscillations in the optical range, s−1; n is the exponent, which depends
on the band structure of the semiconductor (for direct-band n = 2, for indirect-band n = 1/2);
A is a constant which depends on the effective mass of charge carriers in the material; Eg is
the width of the band gap of the semiconductor, eV.

3. Results and Discussion

According to the optical and SEM images of the surface of thin films presented in
Figure 3, it is possible to evaluate the effect of the addition of ammonium hydroxide on the
surface morphology of films formed on a flexible PET substrate.
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Figure 3. Optical and SEM images of the surface of a polyethylene terephthalate (PET) plate (a) and
PET plates coated with films obtained from solutions No. 1 “SnCl4 in ethanol” (b) and No. 2 “SnCl4 in
ethanol with the addition of NH4OH” (c), SEM images of PET plates coated with films obtained from
solutions No. 1 “SnCl4 in ethanol” at 10,000× magnification (d), PET plates coated with films obtained
from solutions No. 2 “SnCl4 in ethanol with the addition of NH4OH” at 3300× magnification and
(e) 10,000× magnification (f).

As can be seen from Figure 3b,f, a solid homogeneous film is formed from solution
No. 1 “SnCl4 in ethanol”. Only isolated drop-shaped stains are observed due to the coating
method. Thus, solution No. 1, “SnCl4 in ethanol”, can be considered film-forming.

A continuous film is also formed from solution No. 2, “SnCl4 in ethanol with the
addition of NH4OH”; Figure 3c. However, skeletal crystals are formed on the surface
of this film. These crystals are characteristic of the coatings obtained from film-forming
solutions of inorganic compounds [28–30]. At 3300× magnification, Figure 3e, and 10,000×
magnification, Figure 3f, it can be seen that the film consists of crystals of predominantly
hexagonal shapes of various sizes.

To determine the composition of the resulting films, an X-ray phase analysis was
carried out (Figure 4).

It can be seen that the X-ray diffraction pattern for the PET substrate without coating
(Figure 4a) contains two reflections at 2θ = 25.92◦ and one less pronounced one at 53.58◦.
The X-ray diffraction pattern of PET with a film obtained from solution No. 1 without
NH4OH (Figure 4b) does not show new reflections associated with reflection from crys-
talline structures in the film. So, the structure of the film obtained from solution No.1,
“SnCl4 in ethanol”, can be considered amorphous. This is also confirmed by literature
data, which state that amorphous films of SnO2 are formed from solutions based on SnCl4
up to a temperature of 300 ◦C, and after 300 ◦C, SnO2 crystals grow mainly in the (200)
direction [31].
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Film obtained from film-forming solution No. 2, “SnCl4 in ethanol with the addi-
tion of NH4OH” (Figure 4c), demonstrates diffraction peaks from the crystalline phase
of the complex compound (NH4)2[SnCl6]. The crystallinity of the phase is 97.8(5)%. The
possibility of the appearance of precise crystals of ammonium hexachlorostannate (IV) is
confirmed by the abovementioned analysis of the chemical processes occurring in film-
forming aqueous–alcohol solutions of SnCl4 when ammonium hydroxide is introduced
into them (see Section 2.1.1, Equation (3)). The formation of crystals of exactly this phase
composition (NH4)2[SnCl6] is associated, first of all, with the technique of coating film-
forming solutions by spray pyrolysis with a low-heat treatment temperature. SnO2 crystals
are formed when film is coated by spin-coating followed by annealing, usually at a higher
temperature [32–34]. The obtained ammonium hexachlorostannate (IV) (Pink’s salt) is an
inorganic complex compound of tin chloride and ammonia. Ammonium hexachlorostan-
nate (IV) (NH4)2[SnCl6] forms colorless crystals of a cubic system, space group F m3m,
with cell parameters a = 1.0058 nm, Z = 4 [35].

The results of the crystallite size calculations are presented in Table 1, where 2θ is the
X-ray reflection angle; hkl are crystallographic planes; d is the crystallite size.

Table 1. Calculated crystallite sizes for (NH4)2[SnCl6].

2θ hkl d,
nm

30.8190 2 2 2 111
46.94 5 1 1 89

64.1304 4 4 4 205
83.18 7 5 1 169

The sizes of the formed (NH4)2[SnCl6] crystallites (Table 1) vary from ~90 nm in the
direction of the (511) crystallographic plane to ~200 nm in the (444) direction.
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Ammonium hexachlorostannate (IV) has a perovskite structure [35,36]. Perovskites
have excellent optoelectronic properties and have broad prospects for use in photodetectors,
LEDs, and solar cells [37–39].

So, the XRD results showed that skeletal crystals of (NH4)2[SnCl6] formed in the
film-coated from solution No. 2, “SnCl4 in ethanol with the addition of NH4OH”. The
amorphous base of the films is formed by tin (IV) oxide that did not crystallize at low-heat
treatment temperatures (100 ◦C) for both solutions: No. 1, “SnCl4 in ethanol”, and No. 2,
“SnCl4 in ethanol with the addition of NH4OH”.

To further study the composition of the films and their optical properties, their optical
spectra were taken. Calculation of the band gap of the compounds formed in thin films
obtained from solutions No. 1 and No. 2 made it possible to indirectly estimate the
composition of these films.

Figure 5 shows the transmission spectra of a pure PET substrate and PET with coated
thin films.
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solutions No. 1, “SnCl4 in ethanol”, and No. 2, “SnCl4 in ethanol with the addition of NH4OH”.

The pure PET substrate (Figure 5) has a transmittance of 81–97% in the wavelength
range of 350–1100 nm. The PET substrate with a thin amorphous film deposited from
solution No. 1 has a transmittance of ~79–95%. The PET substrate with a film with
precipitated (NH4)2[SnCl6] crystals obtained from solution No. 2 has a transmittance of
~61–85%. Thus, both coating of a film with a homogeneous structure and a film with
crystalline inclusions on a PET substrate expectedly reduces the transmittance in both cases.
However, the transmittance remains quite high, which is an important factor for further
practical application of the resulting thin films.

Interference peaks are observed in the transmission spectra of all samples (Figure 5).
The results of the mathematical modeling of the interference peaks for a pure PET substrate
are shown in Figure 6a. The height of the simulated peaks is taken arbitrarily. As can be seen
from Figure 6a, the calculated interference peaks coincide quite well with the experimental
ones from the maximum observed at a wavelength of 585 nm to the maximum at 1090 nm.
The match occurs from the maximum m max = 76 to m max = 41 at d = 14,000 nm. That is,
the thickness of the PET substrate is 14 µm, which corresponds to direct measurements of
the thickness of the substrate (Table 2).



Coatings 2024, 14, 1343 8 of 12

Coatings 2024, 14, x FOR PEER REVIEW 9 of 13 
 

 

Interference peaks are observed in the transmission spectra of all samples (Figure 5). 
The results of the mathematical modeling of the interference peaks for a pure PET sub-
strate are shown in Figure 6a. The height of the simulated peaks is taken arbitrarily. As 
can be seen from Figure 6a, the calculated interference peaks coincide quite well with the 
experimental ones from the maximum observed at a wavelength of 585 nm to the maxi-
mum at 1090 nm. The match occurs from the maximum m max = 76 to m max = 41 at d = 
14,000 nm. That is, the thickness of the PET substrate is 14 µm, which corresponds to direct 
measurements of the thickness of the substrate (Table 2). 

  
(a) (b) 

Figure 6. Transmission spectra from a PET substrate without films (a) and with films No. 1 and No. 
2. (b) with the results of mathematical modeling of interference peaks (gray lines). 

Table 2. Comparative properties of the studied thin films obtained from solutions No. 1, “SnCl4 in 
ethanol”, and No. 2, “SnCl4 in ethanol with the addition of NH4OH”. 

Object Thickness Transmittance 
λ = 350–1100 nm % 

Bandgap, eV Film Structure and Com-
position Experimental Values Literature Data 

PET substrate 14 µm 81–97% 3,98 3,94 [40,41] 
3,9 [42] − 

Film from solution 
No. 1 

100 ± 5 nm 79–95 4,04 4,05 and 4,10 [43] 
3.9–4.2 [44] 

amorphous matrix of 
SnO2 

Film from solution 
No. 2 120 ± 5 nm 61–85 2,64 2,7 [45] 

SnO2 matrix with skeletal 
crystals (NH4)2[SnCl6] 

~90–200 nm 

Interference peaks are also observed in the spectra of the PET substrate with coated 
films (Figure 5). The appearance of interference peaks corresponds to the presence of the 
PET substrate. However, the interference peaks for the pure PET substrate and the sub-
strate with No. 1 and No. 2 are not identical. These discrepancies are caused by the in-
crease in thickness due to the films� coating. In this regard, calculations were carried out 
for the transmission spectra for the PET substrate with films No. 1 and No. 2. The graph-
ical results are presented in Figure 6b. 

Thickness calculations were carried out for extrema from the 1st to 100th orders. Fig-
ure 6 shows extrema from orders 75th to 41st (gray curves) since these extrema are clearly 
expressed in the experimental curves. It is difficult to visually assess the shift of the ex-
tremes. Therefore, changes in the position of the extremum depending on the thickness of 

Figure 6. Transmission spectra from a PET substrate without films (a) and with films No. 1 and No. 2.
(b) with the results of mathematical modeling of interference peaks (gray lines).

Table 2. Comparative properties of the studied thin films obtained from solutions No. 1, “SnCl4 in
ethanol”, and No. 2, “SnCl4 in ethanol with the addition of NH4OH”.

Object Thickness Transmittance
λ = 350–1100 nm %

Bandgap, eV Film Structure and
CompositionExperimental Values Literature Data

PET substrate 14 µm 81–97% 3.98 3.94 [40,41]
3.9 [42] −

Film from
solution No. 1 100 ± 5 nm 79–95 4.04 4.05 and 4.10 [43]

3.9–4.2 [44]
amorphous matrix

of SnO2

Film from
solution No. 2 120 ± 5 nm 61–85 2.64 2.7 [45]

SnO2 matrix with
skeletal crystals
(NH4)2[SnCl6]

~90–200 nm

Interference peaks are also observed in the spectra of the PET substrate with coated
films (Figure 5). The appearance of interference peaks corresponds to the presence of the
PET substrate. However, the interference peaks for the pure PET substrate and the substrate
with No. 1 and No. 2 are not identical. These discrepancies are caused by the increase in
thickness due to the films’ coating. In this regard, calculations were carried out for the
transmission spectra for the PET substrate with films No. 1 and No. 2. The graphical results
are presented in Figure 6b.

Thickness calculations were carried out for extrema from the 1st to 100th orders.
Figure 6 shows extrema from orders 75th to 41st (gray curves) since these extrema are
clearly expressed in the experimental curves. It is difficult to visually assess the shift of the
extremes. Therefore, changes in the position of the extremum depending on the thickness
of the sample are presented using the example of extrema of the 47th and 48th order in
Table 3.
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Table 3. Position of extrema depending on sample thickness.

Object Thickness (d),
nm

Serial Number
of Interference
Extremum (m)

Wavelength at Which the Extremum
Is Observed (λ), nm

λмaх λмин

PET substrate 14,000 ± 5
47 987.5 977.0

48 966.7 956.7

Film from
solution No. 1

14,100 ± 5
47 955.8 945.6

48 935.6 925.9

Film from
solution No. 2

14,120 ± 5
47 957.1 946.9

48 936.9 927.2

According to calculations (Table 3), the increase in the thickness of the samples was
100 ± 5 nm for a film with an amorphous homogeneous structure obtained from solution
No. 1 and 120 ± 5 nm for a film with crystalline inclusions from solution No. 2. These
values can be taken as the thickness of the coated films (Table 2).

Figure 7 shows Tauck plots meant to determine the band gap.
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Figure 7. Illustration of the graphical determination of the band gap for a PET substrate without
film (a), with film No.1 being homogeneous in structure (b) and film No. 2 containing crystalline
inclusions (NH4)2[SnCl6] (c).

Figure 7a shows that the band gap for the polyethylene terephthalate substrate is
3.98 eV. This is consistent with the literature data [40] and indicates that the method for
determining the band gap is correct.

The band gap of the film obtained from solution No. 1, “SnCl4 in ethanol”, is 4.04 eV
(Figure 7b), which can vary from 3.5 eV to 4.5 eV for SnO2 depending on the method of
preparation according to the literature data [46,47]. According to our previous studies, the
band gap of SnO2 thin films coated using a film-forming system of the same composition
by dipping is exactly 4.05–4.1 eV [33,43]. Thus, our assumptions regarding the phase
composition of the amorphous SnO2 film are confirmed by the obtained value of the
band gap.

The band gap of the film obtained from solution No. 2, “SnCl4 in ethanol with the
addition of NH4OH”, is 2.64 eV (Figure 7c). This band gap does not correspond to the band
gap of SnO2. The presence of (NH4)2[SnCl6] crystals in the film led to a decrease in the
band gap from 4.04 to 2.64 eV. This may have a beneficial effect on the further use of these
films in electronic devices, particularly in increasing the efficiency of perovskite solar cells.

Solar cells can be either multi-component [48,49] or consist of two cells—the upper
and lower solar cells—which act as diode absorbers [50]. The maximum energy conversion
efficiency can be achieved if the band gap of the upper diode is Egtop = 0.5 × Egbot + 1.15 eV.,
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where Egtop and Egbot are the band gaps of the upper and lower diode absorbers [51]. Most
often, crystalline silicon with a band gap of 1.15 eV is used as the lower diode. Therefore,
the ideal band gap of the upper diode is ~ 1.725 eV. That is, reducing the band gap from
4.04 to 2.64 eV will increase the energy conversion efficiency of a two-component solar cell.

4. Conclusions

Continuous thin transparent films with a thickness of ~100–120 nm were obtained on
a flexible transparent polyethylene terephthalate substrate using low-temperature spray
pyrolysis from film-forming aqueous–alcohol solutions based on SnCl4. It has been estab-
lished that when an aqueous solution of ammonia is added to these solutions, films with
the inclusion of (NH4)2[SnCl6] skeletal crystals with a perovskite structure were formed
instead of amorphous SnO2 films formed at 100 ◦C. The phase composition of the result-
ing films was confirmed by X-ray diffraction and bandgap calculations. The inclusion of
(NH4)2[SnCl6] crystals into the SnO2 film led to a decrease in the band gap of the film
material from 4.04 to 2.64 eV, which may have a beneficial effect on the further use of these
films in electronic devices. Thin transparent SnO2 films with inclusions of crystals with a
perovskite structure are promising for use in flexible solar cells.
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