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Abstract: The synthesis of surface-active structures is important for creating many applications. The
structural formation of SnO2 thin films in the range from 1.4 to 1.53 pH is studied in this work. This
process occurs on the surface of the sample in the range of 1.4 to 1.49 and in the volume in the range of
1.51 to 1.53. SnO2 is formed after annealing at 400 ◦C, according to XRD. Doping NH4OH to solution
stimulates particle coagulation and gel formation. All of these have an impact on the transparency of
samples investigated by spectrophotometric methods. By increasing the pH, the resistance raises at
room temperature. The Eg calculation along the fundamental absorption edge shows that it is greater
than 3.6 eV’ for SnO2 films. According to the Burstein–Moss effect, a change of the bandgap is related
to the increased concentration of the free charge carriers. Elemental analysis has shown that chlorine
ions are considered to be additional sources of charge carriers. The value pH = 1.49 is critical since
there is a drastic change in the structure of the samples, the decrease in transparency is replaced by
its increase, and the energy of activation of impurity levels is changed.

Keywords: sol–gel; pH; thin films; tin oxide; transmission spectra; the activation energy of donor
levels

1. Introduction

The sol–gel process combines a group of methods for materials synthesis from solutions,
an essential element of which is a gel formation at one of the stages. The transformation of sols
into gels is the basis of the latest nanotechnologies for the production of microbiological fuel
cells, thin films, photocatalytic nanocomposite membranes, and other materials with unique
properties and controlled structure [1–6].

Thin tin oxide films and composite systems based on them are used as active layers in
gas analysis equipment. They are of great importance for the rapidly developing solar energy
industry [7–11].

Pure, non-stoichiometric tin dioxide (SnO2−x) is an n-type semiconductor with room-
temperature conductivity. The presence of intrinsic defects—oxygen vacancies forming shallow
donor levels—determines its conductivity. The formation energy of oxygen vacancies depends
on the position of the Fermi level. When it is near the top of the valence band, the vacancy for-
mation energy is negative,−0.3 eV, which leads to the spontaneous generation of defects [12,13].
Tin dioxide is transparent in the visible and near-ultraviolet regions. The combination of such
optical and electrophysical properties determines a wide range of applications of this mate-
rial. The properties of oxides significantly depend on synthesis technology and subsequent
treatment [14]. Currently, several methods for producing tin dioxide films based on sol–gel
technology are developed [15]. The most interesting are the hierarchical layers with controlled
porosity. The addition of impurities into the initial solutions leads to the formation of a different
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structure that determines the main properties of the films. In particular, the addition of nitrogen
atoms in the SnO2 nanostructure is used to improve gas sensitivity to acetone vapors.

The acidity level of the film-forming system solution is an important factor. The particle
size, as well as the surface morphology of the film, depends on the pH. Moreover, this parameter
significantly affects the rate of sol–gel reactions.

The work [16] shows that tin oxide nanoparticles were synthesized using the sol–gel
method with pH change in the range from 6 to 12. The structural, morphological, optical, and
electrophysical properties of the samples were studied depending on the annealing temperature.
However, the films’ properties were not considered with a change in pH less than the precipita-
tion of tin acid. Dmitrieva et al. [17] draw attention to the change in pH upon the addition of
NH4F to the film-forming system. A comparison of the properties of SnO2 films depending
on pH is presented. However, there is no systematic approach to determining the effect of
acidity on the structure and properties of films. Chen et al. [18] considered the synthesis of
two-dimensional tin oxide structures using the hydrothermal method by adding NH3·H2O (25%
aqueous solution) to a solution in a volume of 3, 5, 7, and 10 mL, but the effect of the additive
on the structure of the films was not taken into account. In the work [19], tin-doped indium
oxide nanocrystals were prepared chemically at different pH values of solutions. A hydrophilic
polymer, polyacrylic acid, was used in the synthesis. Homogeneous, smooth, and optically
transparent thin films were deposited by spray coater. However, the effect of pH changes on
the optical and structural properties of films without a polymer additive has not been studied
yet. In the work [20], the deposition of tin oxide from thin hydrous tin tetrachloride was ac-
tivated by the addition of ammonia (NH4OH). Ammonia was added dropwise until the pH
reached 12. The structural and morphological properties of SnO2 were changed. At the same
time, the research did not consider the change in acidity from the initial value to the pH of
the precipitation of tin acid (pH ≈ 2). The novelty of the current observation comprises the
consideration of the properties of SnO2 films which are investigated when the pH changes are
below the level of precipitation of tin acid by adding NH3·H2O to the solution. The purpose
of this research is to determine the pH range in which the changes of volumetric structure
formation transfer to surface formation, and in this case the process of optical characteristics
modifies, as well as surface resistance. An advantage of comprehensive study is the dependence
of sample transparency and their resistance on the pH change of the film-forming system, which
is very important for solar cells and sensors.

2. Methods
2.1. Materials and Synthesis

A crystalline tin tetrachloride hydrate (SnCl4·5H2O) (pure) and rectified alcohol (GOST
5962-13) were used for the preparation of film-forming systems. The acidity of the film-
forming systems was regulated by the addition of an aqueous solution of ammonia (high
purity). Precleaned microscope slides with dimensions 76 × 26 × 1 mm were used as sub-
strates for the film’s deposition. The crystalline hydrate of the tin tetrachloride was crushed
to a powdery state. A sample weighing 3.9072 g was placed in a 100 mL flask and dissolved
in 50 mL of ethanol. Concentrated aqueous ammonia solution (0.2 mL; 0.4 mL; 0.8 mL;
1.2 mL; 1.6 mL; 2.0 mL; 2.4 mL) was diluted with ethanol to 25 mL and, dropwise, at con-
stant stirring, was introduced into the initial solution. The resulting mixture was brought to
100 mL by adding ethanol to obtain a system with a tin ion concentration of 0.11 mol/L. In
this case, the following reactions with ethanol occur in the SnCl4/ethanol system:

SnCl4 + xC2H5OH→SnCl4−x(C2H5O)x + xHCl (1)

The stability of alkoxy compounds of the general formula SnCl4−x(C2H5O)x decreases
as the number of chlorine atoms in the molecule decreases. Therefore, in solutions, they
can only be in certain proportions [21]. Reactions with water also take place in the
SnCl4/ethanol system:

SnCl4 + 4H2O→Sn(OH4) + 4HCl (2)
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Interaction with water leads to the appearance of reactive OH groups and the subse-
quent processes of polycondensation and phase formation—a sol formation. Hydrochloric
acid (HCl) released during reactions (1,2) suppresses hydrolysis and shifts the equilibrium
of system (2) to the left. Complete hydrolysis and formation of tin hydroxide are unlikely
under conditions of water shortage. Complete hydrolysis of tin tetrachloride occurs on the
substrate surface under the influence of moisture from the air. The pH level was increased
by adding an aqueous solution of ammonia, which has a slightly alkaline reaction due to
the following process:

NH3 + H2O→NH+
4 + OH− (3)

Neutralization of HCl by adding an aqueous solution of ammonia occurs according to
the following reaction:

NH4OH + HCl→NH4Cl + H2O (4)

This catalyzes the hydrolysis of tin tetrachloride and the formation of tin hydroxide.
The overall reaction is as follows:

SnCl4 + 4NH4OH→Sn(OH)4 + 4NH4Cl (5)

The film-forming systems were kept for a day in a dark place at 20 ◦C to establish a
dynamic equilibrium between the substance molecules and the formation of stable chemical
bonds. These conditions are necessary for the formation of a highly dispersed colloidal
system (sol). The film deposition method. For deposition of thin films of SnO2, we used
the dip-coating method: The SnCl4/ethanol system was deposited on the substrate (at an
angle of 45◦) by dipping into the solution and followed by drying at room temperature
for 30 min. In this case, reactions (2,5) and the formation of tin hydroxide from alkoxy
compounds occurred:

SnCl2(C2H5O)2 + 4H2O→Sn(OH)4 + 2HCl + 2C2H5OH (6)

In order to crystallize the structure, annealing was performed in a muffle furnace for
15 min at a temperature of 400 ◦C in an air atmosphere. The solvent (and other volatile
compounds) evaporates and decomposition reaction of tin hydroxide into SnO2 and water
proceeds on the surface of the sample:

Sn(OH)4
heating−−−−→SnO2 + 2H2O (7)

To obtain a multilayer system, this process was repeated four times. Then the final
annealing was carried out in a muffle furnace for 1 h at a temperature of 400 ◦C in an air
atmosphere. The final thickness of the 4-layer film was about 166± 7 nm. The time interval
between the deposition of individual layers was 1 h. As a result, 8 samples were obtained
from film-forming systems with different pH.

2.2. Characterization Methods

The acidity of the systems was measured on a pH meter “pH-150M”. The thickness of
the layers was controlled by the micro-weighing method [22]. Four layers were deposited,
with a thickness of about 166 ± 7 nm. The structure of the obtained SnO2 films was studied
using an analytical scanning electron microscope JSM-6490LA (JEOL). The transmission
spectra were measured on an SF-256 UVI double-beam spectrophotometer (wavelength
range 190–1200 nm). The DC resistance of the samples was determined using a UT58A
instrument (UNI-Trend Technology Co., Ltd. (Guangdong, China)) in the range from 1 MΩ
to 200 MΩ. The change in the resistance of the samples with increasing temperature was
studied on an experimental setup that allows heating the substrate to 270 ◦C. The sample
was mounted on a heating element and the resistance of films was determined between the
clamping contacts, the distance between which was 8.5 mm. The XRD measurements were
performed in the θ − 2θ configuration using a DRON-6 system.
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3. Results and Discussion
3.1. Influence of Chemical Parameters of Film-Forming Systems on the Structure of Films

Figure 1 shows the morphology of the sample surface, on which a film-forming system
is applied without the addition of an aqueous ammonia solution (pH = 1.40). The flat surface
of the sample can be seen in Figure 1a. At a magnification of 30,000 times (Figure 1b), sol
particles are observed, formed during the maturation of the film-forming system. They have
the shape of a unit cell SnO2, shown in Figure 1c. The geometric parameters of the sol particles
are 496.21 nm by 340.72 nm and their ratio is 1.46. This correlates well with the ratio of the
unit cell parameters of tin oxide a = 4.64A, c = 3.15A, a/c = 1.47 [23]. Sol particles are
fixed in a xerogel formed in accordance with the reactions (2,6,7).

(a) (b)

(c)

Figure 1. (a,b) The surface morphology of the sample surface, on which a film-forming system is
applied without the addition of an aqueous ammonia solution. (c) Unit cell of SnO2.

The fractal structures shown in Figure 2 begin to form in the film as the acidity
increases to pH = 1.42. Their presence indicates nonlinear collective phenomena between
particles [24]. The size of the formed clusters is up to 10 µm, the form of a six-petal flower
(Figure 2b). The photograph taken at an angle of 80 degrees to the surface (Figure 2c) shows
that the “petals” are formed by the raised sections of the film.

Figure 3 shows the surface morphology of films obtained from a film-forming system
with pH = 1.44. It can be seen that the number of cluster structures has increased (Figure 3a),
and their shape and size have also changed (Figure 3b). Along with flower-like structures
(which in some cases increased to 50 µm), cruciform clusters appear. Figure 3b shows that
the resulting clusters have a three-dimensional structure and rise above the total level of
the layer surface.
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(a) (b)

(c)

Figure 2. The surface morphology of films deposited from a film-forming system with pH = 1.42. Top
view: (a) ×100 magnification, (b) ×10,000 magnification, (c) profile view.

(a) (b)

(c)

Figure 3. The surface morphology of films deposited from a film-forming system with pH = 1.44. Top
view: (a) ×100 magnification, (b) ×450 magnification, (c) profile view.
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Dispersed particles do not precipitate in colloidal systems. In a suspended state, they are
supported by a Brownian motion, but, unlike the usual Brownian motion of particles, dispersed
particles in colloidal solutions cannot meet, which is due to the same charge of the particles
of the dispersed phase. Gels are formed during coagulation (an adhesion of particles) of sols.
To accelerate the coagulation process, catalysts are used that deform the electrical layer of
the dispersed phase. The coagulation rate and the size of cluster structures depend on the
catalyst concentration. The dominant mechanism for the formation of spatial structures is self-
organization [25,26]. Along with the self-organization of particles formed in the film-forming
system during maturation, the equilibrium in chemical reactions (5) shifts towards the formation
of Sn(OH)4 and NH4Cl. In this case, the processes occur on the surface of the sample. Figure 4
shows the surface morphology of films deposited from a film-forming system with pH = 1.46.

Figure 4a shows a sharp increase in cruciform structures associated with an increase
in pH to 1.46. In this case, the distribution of structures over the surface is irregular,
which is associated with the multilayer nature of the films. The clusters formed during the
deposition of the first layer are the points of growth of larger clusters in the second layer
(Figure 4b). Along with this, self-organizing structures are formed between large clusters
(Figure 4c). Figure 5 shows the surface morphology of films obtained from a film-forming
system with pH = 1.47, pH = 1.49, pH = 1.51, and pH = 1.53.

(a) (b)

(c)

Figure 4. The surface morphology of films obtained from a film-forming system with pH = 1.46:
(a) ×100 magnification, (b) the morphology of large clusters, (c) the morphology of the surface
between large cluster structures (the area is marked with a red square).

A change in acidity to pH =1.47 leads to the formation of structures with the largest
dimensions of 217.91 µm by 110.52 µm (Figure 5a). A further increase in pH leads to the
formation of structures up to 442.40 µm in length. Under these conditions (pH = 1.49),
the maximum number of cluster structures is observed on the sample surface (Figure 5b).
An increase in the hydrogen index to pH = 1.51 and 1.53 leads to a decrease in the size of
cluster structures, and their formation in the form of squares (Figure 5c). At pH = 1.53,
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square clusters prevail, which is associated with the formation of NH4Cl particles by
reaction 5, which have a cubic unit cell (Figure 6).

(a) (b)

(c) (d)

Figure 5. The surface morphology of films deposited from a film-forming system with pH (a) 1.47,
(b) 1.49, (c) 1.51, and (d) 1.53.

Figure 6. The schematic representation of the elementary unit cell of ammonium chloride.

The NH4Cl particles formed in the bulk of the film-forming system are fixed in the
gel-like structure of the film, similar to the SnO2 particles shown in Figure 1. However,
annealing the films at 400 ◦C, which is necessary for fixing the layer and the transition of
the gel-like structure of Sn(OH)4 into the SnO2 xerogel, decomposes the cubic modification
of NH4Cl into volatile compounds according to the reaction:

N4HCl T>337◦C−−−−−→NH3 + HCl (8)

The transition from the solid to the gaseous state is accompanied by a sharp increase
in volume, which leads to the partial destruction of the film. The pH of the formation of tin
hydroxide (Sn(OH)4) is 2. As the pH of the film-forming system approaches 2, the rate of
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nucleation also increases. In the case of pH higher than 1.49, nuclei begin to form already
in the bulk of the solution, and not on the surface of the substrate. The formation of tin
hydroxide during the deposition of the film-forming system leads to the formation of
separate large structures. In the case of pH = 1.40, the formation of tin hydroxide occurs in
a thin layer of the film-forming system on the surface of the glass substrate. This is due to
the evaporation of a part of the solvent and the formation of HCl during the reaction (2),
upon interaction with H2O from the air. Crystallization stops at the stage of nucleation.

3.2. Study of the Structure of Films

Figure 7 shows the X-ray diffraction on the crystal lattice of the sample with addition of
0.8 mL ammonium hydroxide per 100 mL of solution. In the XRD, against the background
of a rather high noise level at the 2θ = 32.92◦, a clear signal is observed from the crystallo-
graphic planes of a cubic NH4Cl (space group Pm-3m (221), PDF card number-01-073-0365)
corresponding to the orientation plane (110) [27].

In the pristine sample (with no additives), the XRD of which is shown in Figure 8, no
signals are detected.

Figure 7. XRD of the sample with the addition of 0.8 mL NH4Cl per 100 mL of solution with
no annealing.

Figure 8. XRD of the sample with no annealing.
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3.3. The Structure of the Films as a Function of the Annealing Temperature

Annealing of the prepared series of films was carried out at temperatures of 100 ◦C,
250 ◦C, 350 ◦C and 400 ◦C. In this case, with an increase in the annealing temperature,
a significant increase in the signal amplitude is observed at angles 2θ = 32.92◦ up to 350 ◦C.
This is due to an increase in the concentration of ammonium chloride crystals. The signal
amplitude reaches its maximum value and becomes four times higher at a temperature of
350 ◦C (Figure 9), compared to the spectrum of the sample shown in Figure 7. In addition,
weak signals appear from the crystallographic planes of tin dioxide SnO2—the hydrated
form turns into a crystalline form.

Figure 9. XRD on the crystal lattice of the initial sample, annealed at a temperature of 350 ◦C.

Four characteristic peaks of SnO2 are distinguished at angles of 2θ = 26.7◦, 33.9◦, 38.1◦,
and 52.2◦ at annealing temperature 400 ◦C (Figure 10) in the XRD of the film. These signals
correspond to the crystallographic (110), (101), (200), and (211) planes of a tetragonal SnO2
(P42/mn(136) group, Powder Diffraction File (PDF) 88-0287) [28]. Signals from NH4Cl are
not detected. NH4Cl is sublimated by decomposition into ammonia and hydrochloric acid.

Figure 10. XRD on the crystal lattice of the initial sample, annealed at a temperature of 400 ◦C.
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The counteraction of various direct and reverse chemical reactions of the sol–gel
process along with coagulation and peptization in a dispersed medium at certain acidity
against the background of diffusion leads to the establishment of a steady state with
equilibrium concentrations.

3.4. Influence of the Chemical Parameters of Film-Forming Solutions on the Optical Properties
of Films

Figure 11 shows the transmission spectra of thin films of tin oxide after the deposition
of four layers of the solution; the concentration of tin ions is 0.11 mol/L, with the addition
of various amounts of aqueous ammonia solution (0.2 mL; 0.4 mL; 0.8 mL; 1.2 mL; 1.6 mL;
2.0 mL; 2.4 mL). To compare the transparency of the obtained samples, the transmission
spectrum of the glass substrate is presented (curve 1).

Figure 11. Transmission spectra of tin oxide thin films. (a) Transmission spectra: (1) the glass
substrate; (2) pH = 1.40; (3) pH = 1.42; (4) pH = 1.44; (5) pH = 1.46; (6) pH = 1.47; (7) pH = 1.49;
(8) pH = 1.51; (9) pH = 1.53. (b) Dependence of the transmittance in the visible range (400–700 nm)
on pH.

Figure 11 shows that films with a film-forming system pH of 1.40 have a transparency
of 85–90%. As the pH of the film-forming system increases, the transparency of films de-
creases. This is due to the scattering of electromagnetic radiation from surface irregularities.
The transmission spectra of films obtained from the SnCl4/EtOH system with pH = 1.51 and
pH = 1.53 are higher than those with pH = 1.49, which correlates with the change in their
surface morphology. Figure 11 shows the dependence of the transmittance on the pH level
of the film-forming system of the studied films in the visible range (400–700 nm). It can be
seen that the change in the transparency of the films with an increase in the pH of the film-
forming system has a nonlinear form. A minimum of transparency is observed at pH = 1.49,
corresponding to 61%. The bandgap was calculated from the fundamental absorption
edge [29] from the transmission spectra, in the coordinates (αhν)2 versus hν. In this case,
the extrapolation of the linear section to the hν axis was carried out. The calculation results
are shown in Figure 12. The bandgap of the glass substrate was Eg = 4.12 ± 0.005 eV (not
shown in the graph). The results of bandgap calculations of the SnO2 film are shown in
Table 1. The optical bandgap of the SnO2 films is greater than the fundamental Eg = 3.6 eV
(Table 1) [30–32]. This broadening is explained by the Burstein–Moss effect [33]. At short
wavelengths (high energies), interband transitions of electrons from the valence band to
the conduction band limit the transmission. The partially filled conduction band, separated
by an additional gap from the rest of the band, is formed due to the strong hybridization of
Sn 5s states.
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Figure 12. The (αhν)2 versus hν.

Table 1. Optical bandgap and Burstein–Moss shift.

Acidity of the Film-Forming
System Optical Bandgap, eV 4 EBM

g , eV

1.40 4.09 ± 0.005 0.49 ± 0.005
1.42 4.09 ± 0.005 0.49 ± 0.005
1.44 4.09 ± 0.005 0.49 ± 0.005
1.46 4.09 ± 0.005 0.49 ± 0.005
1.47 4.09 ± 0.005 0.49 ± 0.005
1.49 4.08 ± 0.005 0.48 ± 0.005
1.51 4.09 ± 0.005 0.49 ± 0.005
1.53 4.09 ± 0.005 0.49 ± 0.005

The splitting of the conduction band promotes a decrease in optical adsorption due to
transitions between its levels. A strong dispersion of the s-level of the conduction band,
which is characteristic of most transparent conducting oxides, leads to a shift of the optical
absorption edge towards higher energies with an increase in the concentration of charge
carriers [34–37]. The filling of the dispersive conduction band leads to an increase in the
energy required for the transition of an electron from the valence band to the conduction
band (Figure 13).

Figure 13. Diagram of the broadening of the optical bandgap due to the Burstein–Moss effect. Eg is
the fundamental band gap and E0 is the optical bandgap.
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The broadening of the optical band gap by filling the conduction band (4 EBM
g ) is the

difference between the optical bandgap (E0) and the bandgap (Eg), as shown in Figure 13.
The dependence of the charge concentration on the change in the optical band gap is
expressed as follows [38]:

4EBM
g =

h2

8m∗

(
3
π

) 2
3
n

2
3 (9)

where h is Planck’s constant, m* is the effective mass of a carrier (electron) in the conduction
band, and n is the number of charge carriers. The broadening of the optical bandgap
increases the concentration of charge carriers. Consequently, the films contain excess (in
addition to their own) free charge carriers. Their additional sources can be solvent ions and
side results of reactions (H+, Cl−, OH−, C2H5

+, NH4). Figure 14 and Table 2 show the
results of the elemental analysis.

Figure 14. Elemental analysis of the film with no additives.

Table 2. Elemental analysis of the film.

Element keV Mass, % Counts Error, %

C - 0 -
O 0.525 3.97 352.09 0.03
Si 1.739 4.66 462.55 0.06
Cl 2.621 1.03 70.40 0.33
Sn 3.443 90.33 1585.18 0.02

Total - 100 - -

As can be seen from Figure 14 and Table 2, the presence of silicon atoms from the glass
substrate, and the presence of tin, oxygen, and chlorine atoms are observed. Thus, it was
found that chlorine ions are additional sources of charge carriers. Their presence in films in
the form of impurities is confirmed by elemental analysis.

3.5. Investigation of the Electrophysical Properties of the Deposited Films

Thin films of tin dioxide SnO2 belong to the group of non-stoichiometric semicon-
ductors with an O/Sn ratio < 2. A change in the stoichiometric composition of SnO2 can
be a consequence of an increase in the concentration of oxygen vacancies (SnO2−x) or the
presence of interstitial tin atoms (Sn1 + yO2) [39]. It was shown above that in addition
to intrinsic charge carriers associated with a change in the stoichiometric composition,
the conductivity of the films is due to the presence of impurity chlorine ions. To determine
the activation energy of donor levels, the change in conductivity with increasing film
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temperature was studied. The conductivity of semiconductors increases exponentially with
increasing temperature according to the equation:

4σ = σ0e−
4W
2kT (10)

where σ—conductivity,4W—activation energy, k—Boltzmann constant, and T—temperature
in Kelvin.

The dependence of natural logarithm of the conductivity on reciprocal temperature is
shown in Figure 15. Two areas are observed under the acidity of the film-forming system
pH = 1.40. The first is in the temperature range from room temperature to 160 ◦C (1/T from
0.0034 K−1 to 0.0023 K−1) with an activation energy of donor levels of 0.014 ± 0.001 eV.
The second is in the temperature range above 160 ◦C with activation energy of donor
levels of 0.697 ± 0.006 eV. Under the acidity of the film-forming system, pH = 1.42, in the
temperature range from room temperature to 160 ◦C, two regions are observed with an
activation energy of 0.014 ± 0.001 eV and 0.242 ± 0.002 eV. This is due to the formation
of cluster structures in the film described earlier. Calculations of the activation energy of
impurity levels for the rest of the samples are given in Table 3.

Figure 15. Natural logarithm of the conductivity versus inverse temperature.

Table 3. Optical bandgap and Burstein–Moss shift.

pH tgα 4E× 10−19, J 4E, eV

1.4 4040 ± 33 1.1151 ± 0.0091 0.697 ± 0.006
1.42 4040 ± 33 1.1151 ± 0.0091 0.697 ± 0.006
1.44 4918 ± 57 1.3576 ± 0.0158 0.848 ± 0.010
1.46 4918 ± 57 1.3576 ± 0.0158 0.848 ± 0.010
1.47 4827 ± 57 1.3323 ± 0.0156 0.833 ± 0.010
1.49 5883 ± 70 1.6237 ± 0.0195 1.015 ± 0.012
1.51 5634 ± 64 1.5552 ± 0.0178 0.972 ± 0.011
1.53 5480 ± 61 1.5125 ± 0.0170 0.945 ± 0.010

Table 3 shows that the activation energy of the impurity levels increases with increasing
pH to pH = 1.49, then it decreases. The relation between the pH of the film-forming system
and the4E of films is connected to the formation of different film structures. The larger
and more diverse the structural elements of the films, the greater the4E, due to a decrease
in the free path of the charge carriers.
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4. Conclusions

The films deposited from a solution with a tin ion concentration of 0.11 mol/L without
the addition of an aqueous solution of ammonia (pH = 1.40) have a relatively flat surface
with inclusions of sol particles. The phase formation processes occur on the surface of
the glass substrate after the evaporation of a part of the moisture from the SnCl4/ethanol
system. Water vapor from the air is involved in the hydrolysis of tin tetrachloride and
the formation of tin hydroxide. The growth of surface structures, the correlation between
which is stable, was found under increasing pH in the range from 1.4 to 1.49. Characteristic
peaks of SnO2 are distinguished in the XRD at annealing temperature 400 ◦C of the film.
The transmittance of films is reduced to a minimum at pH = 1.49. With a further change of
acidity in the range from 1.51 to 1.53, the square-shaped clusters prevail. This is due to the
formation of NH4Cl particles in the volume of the film-forming system, which decompose
when heated above 337.6 ◦C. It has been proven that in the process of increasing the
concentration of NH4OH in the solution, the rate of coagulation of particles and the size of
cluster structures rise. The transition from the surface formation of the structure to the bulk
occurs at pH = 1.49. The bandgap of the samples is greater than the fundamental value,
which is associated with an increase of the concentration of free charge carriers. Chlorine
ions are additional sources of charge carriers. The activation energy of the impurity levels
rises under increasing pH to 1.49, then it decreases. It is related to the change in the free
path of the charge carriers.
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