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ABSTRACT This study focuses on the preparation of transparent conducting TiO, films with the addition of
Sn(lV) by sol-gel method from film-forming solutions based on n-C4,HyOH—(C4HyO),Ti—SnCl;-5H,0 at the
temperature of 300—400 °C. Such films attract great attention because they can be used in flexible transparent
photoanodes for the preparation of high effective sensitized solar cells. The morphology, phase composition,
and optical properties of films were studied by X-ray diffraction, X-ray spectral microanalysis, scanning electron
microscopy, spectrophotometry, and ellipsometry. The content of Sn(IV) influences the composition of films.
The solid solution based on titanium dioxide with anatase structure is formed at a content of 5 mol.% Sn(lV);
the films with a content of 10-30 mol.% Sn(1V) are the mixture of the TiO,:Sn solid solution and SnO, with
rutile structure. Regardless of the tin content, all films contain an amorphous TiO2-nH,O phase. The formation
of oxide phases occurs through the stages of thermal destruction of Sn(OH)3Cl, tin acid, and burnout of butoxy
groups of butoxytitanium(IV). The as-synthesized oxide films are uniform and continuity regardless of the tin
content. An increase in the content of Sn(IV) in the composition of the films leads to an increase in their
thickness from 48 to 105 nm and a decrease in the refractive index from 1.89 to 1.66. The minimum resistance
value is characteristic for films that are the solid solution with an anatase structure and with an admixture of the
amorphous phase of titanic acid. The surface resistance of the glass decreases by 10 times after deposition
of the film based on TiOy with 5 mol.% Sn(lV). Films based on TiO, with 5 mol.% Sn(lV) are characterized
by a higher transparency coefficient in the entire visible range of the spectrum (80—-70%) and can be used in
photoelectrode in dye-sensitized solar cells.
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1. Introduction

Driven by the growing threat of energy crisis, the use of solar energy is one of the most remarkable approaches for
renewable natural resources utilization. It is inducing the scientific community to make great efforts towards the direction
of improving solar energy conversion technologies. One of the main trends in modern solar energy is the creation of non-
silicon photovoltaic devices. The great interested device of the last generation is the dye-sensitized solar cell (DSSC),
being a low-cost and high-efficiency solar energy-to-electricity converter. The DSSCs may represent a cost-effective
alternative to traditional silicon solar cells which have a number of disadvantages such as high cost, the need for a large
area of the battery itself, as well as low efficiency in geographic areas with a large amount of precipitation [1-3]. The
light absorption and the charge carrier transport are separated in DSSCs, which allow one to improve the performance of
the device by optimizing each process separately. Moreover, the technology of DSSC allows creating the flexible solar
cells. In such photovoltaic devices, wide-gap semiconductors are used as a photoanode.

A lot of research has been done on titanium dioxide electrodes [4, 5], but the efficiency of these dye-sensitized solar
cells was only 12.3% which is much lower than that of solar cells produced by silicon technology [6,7]. Thus, it is an
urgent task to search for new approaches to the production of photoanodes based on thin oxide films for high-efficiency
DSSCs. One of the ways is a modification of titanium dioxide by tin dioxide. Tin dioxide is one of the most studied
metal oxide semiconductor, which has attracted a great deal of attention in the field of solar cells and photocatalysis due
to its excellent optical properties, high stability of its photochemical properties, quick recombination of photo-generated

© Kuznetsova S., Khalipova O., Yu-Wen Chen, Kozik V., 2022



The joint effect of doping with tin(IV) and heat treatment on the transparency... 193

charge carriers, large band gap (£, = 3.6 eV), high electron mobility (125 em?V~1s71)] [8-14]. Moreover, the SnO,
can act itself as a photoanode replacing titanium dioxide. Previous research showing the possibility of using tin dioxide as
an electronically conductive transparent layer have appeared quite recently. Li et al. [15] were one of the first researchers
who developed solar cells with such photoanodes. However, the highest power conversion efficiency of these devices was
less than 3.8%. Later, Ke et al. [16] obtained the oxide film from a tin(Il) chloride solution and prepared the photoanode
with an average efficiency of 16.0%. In addition, according to the literature [17, 18], the use of a TiO5/SnO,, bilayer as an
effective layer for extracting electrons makes it possible to increase power conversion efficiency of perovskite solar cell
device up to 18.85% compared to the individual TiOs.

There are many previous reports available about the preparation of TiO5 and SnOs, films using not expensive, simple
chemical methods such as sol-gel method. Most of the works performed earlier show that the synthesis temperature
of conductive and transparent tin dioxide by the sol-gel method from film-forming solutions (FFSs) should be at least
500-600 °C, since at this temperature crystalline phase of tin oxide is formed [19, 20]. The production of crystalline
titanium dioxide also requires high temperatures [21]. This is a serious obstacle to the use of TiO; and SnOs films on
flexible transparent photoanodes that can withstand temperatures of 200-300 °C. Some research groups propose to obtain
TiO5 films with SnO, at temperatures of 400-500 °C from sols based on organic derivatives of titanium(I'V), and tin(II)
or tin(IV) chloride. For example, in work [22], films were obtained from sols based on titanium(IV) n-butoxide and
tin(II) chloride in ethanol at 450 °C. The authors of this work claim the formation of a solid solution based on titanium
dioxide up to 30 mol.% tin. The same composition was indicated by the authors of the work [23], in which films based
on titanium dioxide and tin dioxide were obtained from isopropanol-based sols with titanium isopropoxide, and tin(II)
chloride. However, very wide diffraction maxima and modes in the Raman spectra, which are presented in these works,
indicate the presence of an amorphous phase in these samples, the composition of which is unknown. Moreover, there
are no data in the literature that make it possible to evaluate the possibility of using the sol-gel method to obtain the
transparent conducting films of titanium dioxide with the addition of tin(IV) at temperatures below 450 °C.

In this present study, the transparent conducting TiO- films with the addition of tin(IV) was obtained by sol-gel
method from FFSs based on n-C4HgOH-(C4Ho0),Ti—-SnCl,-5H50 at temperatures of 300-400 °C and the process of
obtaining films was researched. As a consequence of this systematic study, we established that the composition of films
obtained at temperatures of 300—400 °C differs depending on the content of tin(IV). A comparative study of optical
properties of films with different compositions and preparing temperatures have also been made. It was found that it is
possible to obtain transparent conducting films of titanium dioxide with the addition of tin(IV) at temperatures below
450 °C by sol-gel method, indicating the considerable potential for application in high-efficiency solar converter.

2. Experimental part
2.1. Preparation of TiO, with Sn(IV) composite films on glass substrates

Films based on titanium dioxide with Sn(I'V) additive (1-30 mol.% Sn(IV)) were obtained by the sol-gel method from
FFSs based on titanium(I'V) n-butoxide (TBT) and tin(IV) chloride in butanol-1. The starting reagents were butanol-1 (AO
“EKOS-1”, Russia, reagent purity 99,9 wt. %), titanium(I'V) n-butoxide (TBT) (”Acros Organic, USA, reagent purity
99,9 wt. %), SnCls-5H,0 (Neftegazkhimkoplect, Russia, reagent purity 99 wt. %). Laboratory glass slides 2.0 + 0.2 mm
(Russia) were used as the substrates.

The FFSs were obtained at room temperature by dissolving a crystalline hydrate of tin(IV) chloride and then TBT
in butanol-1. The amounts of substances were such that the total molar concentration of tin(IV) chloride and TBT was
0.3 mol/L. The FFSs were applied to glass substrates by dip-coating at a rate of 3 mm/min. The device consisted of a clamp
for the substrate, a speed controller for dip-coating, and a little table on which the cuvette with FFSs are placed. After the
application of FFSs on glass substrates, the samples were dried in a SNOL58/350 LEN drying oven at a temperature of
60 °C (FFS 60 °C) for one hour and annealed in a PM-1.0-20 muffle furnace at 300, or 400 °C for 1 and 9 hours.

2.2. Methods for studying film-forming solutions and TiO- with Sn(IV) composite films

The composition of the FFSs and the processes occurring in them were investigated by IR spectroscopy and viscom-
etry. The IR spectra of the samples were carried out on a Nicolet 6700 spectrophotometer (USA) in the frequency range
from 400 to 4000 cm ™. The viscosity of the FFSs was determined using a VPZh-2 (Russia) capillary viscometer with a
capillary diameter of 0.73 cm®. The capillary viscometer consisted of one capillary with a funnel and a narrow tube. The
assessment of the viscosity was carried out by measuring the time during which a certain volume of the investigated FFS
flows out of the funnel. The kinematic viscosity was calculated using the following formula:

7= (5s07) 7K 0

where 7 is kinematic viscosity of the liquid, mm?/s; 7 is time of liquid flow, s; g is acceleration due to gravity, m/s?; and
K is viscometer constant, mm?/s2. The average size of colloidal particles in the FFSs was determined by the “turbidity
spectrum” method. The method is based on the use of the Rayleigh equation for colloidal systems with low concentration,
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the dispersed phase of which doesn’t absorb incident light and is optically isotropic [24]. The absorption spectra of FFSs
in the visible and ultraviolet regions were recorded relative to air on a PE-5400 UV spectrophotometer (Russia).

The thermal decomposition of the butanol-1-TBT-SnCly-5H5O film-forming solution containing 20 mol.% Sn(IV)
was studied by thermal analysis and IR spectroscopy. Before analysis, solution was dried at 60 °C until the formation
of dry residue. The obtained sample was denoted as FFS-60(20 mol.% Sn(IV)). For comparison, the thermal decompo-
sition of the dry (drying at 60 °C) residue of butanol-1-TBT and butanol-1-SnCl,-5H50O solution was also investigated.
Synchronous thermal analysis was conducted using an STA 449 F1 Jupiter thermoanalyzer (Netzsch-Gertebau GmbH,
Germany).

The phase composition of the composites based on titanium dioxide with tin(IV) additive was determined by X-
ray diffraction (XRD) using a Rigaku Miniflex 600 diffractometer (Rigaku, Japan) with CuK,, radiation in the 26 range
from 10 to 80°. The diffraction pattern was scanned by steps of 0.02 and a recording rate of 2 deg/min. The resulting
diffractograms were interpreted using the JCPDS-ICDD diffraction database. The morphology of the composites was
studied by scanning electron microscopy (SEM). The distribution of the elements on the surface was determined based
on energy-dispersive X-ray spectroscopic (EDX) analysis. It was performed on a Hitachi TM-3000 scanning electron
microscope with a ShiftED 3000 electron microprobe (Hitachi High-Technologies Corporation, Japan). The transmit-
tance of the investigated composite films on the glass in the visible region of the spectrum was studied on a PES400UF
spectrophotometer in the wavelength range of 340—1000 nm. Pure glass was used as a reference sample. The thicknesses
and refractive indexes of the composite materials were investigated by the ellipsometry method using SE400 (Germany)
and LEF-3M (Russia) ellipsometers. Surface resistance was measured by the two-probe method. The surface resistance
of the samples was measured from room temperature to 200 °C. The activation energy of charge carriers was calculated
from the tangent of the angle of inclination of the tangent as follows:

~ Alog(1/R)
2tanaR
Fa = W, (3)

where R = 8.314 J/mol-K.

3. Results and discussion
3.1. Composition and properties of film-forming solutions based on Butanol-1-TBT-SnCl,-5H,O

The IR spectra of FFSs with different ratios of TBT and tin(IV) chloride (Fig. 1) have the same set of absorption
frequencies for different bond vibrations, which slightly differ in the absorption coefficient.

The observed absorption bands were assigned based on the literature data [25,26]. An analysis of the obtained spectra
showed that the FFSs contain hydroxyl groups (the broad peak with a maximum at a frequency of 3921 cm_l), methyl
and methylene groups (the stretching vibrations at 2958, 2931, and 2872 and bending vibrations at 1457 cm™ ') of butanol
and butoxy groups of TBT. The absorption bands at frequencies of 1009, 951, and 512 cm ™! correspond to the vibrations
of Ti-OH, O-Ti-0, and Ti-O bonds. The band at a frequency of 822.4 cm™' corresponds to the vibration of the Sn-O
bond. The results of IR spectroscopy indicate that hydrolysis of TBT and SnCly occurs in butanol with the participation
of crystallization water introduced into butanol together with SnCly-5H>0.
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FI1G. 1. IR spectra of FFSs based on Butanol-1-TBT-SnCl-5H5O with the Sn(IV) content of 1 mol.%
(red curve) and 5 mol.% ((blue curve)
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The presence in the IR transmission spectrum of absorption characteristic of the vibrations of the Ti—-O-Ti bond
indicates the interaction of the hydrolyzed Ti(OC4Hyg)3OH molecules with each other. The processes passing in FFSs
based on Butanol-1-TBT-SnCl4-5H>0O can be represented as follow:

Ti(OC4H9)4 +H,O = TI(OC4H9)3OH + C4HoOH;
Ti(OC4Ho)350H + Ti(OC4Hy)3sOH = (C4HoO5Ti — O — Ti(OC4Ho)s + H,O:
SuCly + Hy0 < Sn(OH)Cly + HCL

The degree of hydrolysis of titanium(IV) and tin(IV) compounds is insignificant, as evidenced by the change in the
kinematic viscosity of FFSs over time (I = 20 + 2 °C) and their comparison with the viscosity of butanol (4.00 +
0.03 mm?/s at T = 20 °C). As can be seen from Fig. 2, the values the kinematic viscosity of FFSs in the equilibrium
region (after 7 days) are close and are in the range from 4.50 (5 mol.% Sn(IV)) to 4.70 £ 0.03 mm?/s (30 mol.% Sn(IV)).

N, mm’'s
4.8
4.7
4.6
4.5
4.4
4.3
4.2

T.day

FI1G. 2. The change of the kinematic viscosity of FFSs based on Butanol-1-TBT-SnCl,-5H50, with
different content of Sn(IV) (mol.%): 1-5; 2—-15; 3-25; 4-30

Presumably, a decrease of the viscosity of all FFSs in the first three days is associated with the processes of destruction
of intermolecular bonds between n-butanol molecules [27]. An increase of the viscosity after the third day is explained by
the formation of a new structure of the solutions, where bonds are formed between n-butanol molecules and hydrolyzed
salts, as well as by the formation of (C4HgO)3Ti-O-Ti(OC4Hy)s. The state of equilibrium in FFSs, in which there is
no change in viscosity, is observed after 7 days of keeping the solutions at a temperature of 20 °C and it lasts up to 20
days. At this period of time, FFSs are suitable for the preparation of oxide films with stable properties. An increase
in the addition of SnCl,-5H20 does not affect the stability of the solution, but insignificantly increases the value of the
kinematic viscosity. The increase of the viscosity can be associated with the amount of introduced water with crystalline
hydrate, which is involved in the processes of salt hydrolysis and polycondensation. According to the results of the
“Spectrum-turbidity” method, all FFSs belong to colloidal systems (sols) and contain colloidal particles with a size of
80-90 nm.

The results of thermal analysis of the dry residue of Butanol-1-SnCly-5H»O solution (Fig. 3) indicate that the process
of its thermal destruction is characterized by three stages of decomposition and ends at the temperature of about 350 °C.
According to the XRD results, the final decomposition product of the dry residue of Butanol-1-SnCl,-5H>O solution is
tin dioxide with a rutile structure (Fig. 4).

As can be seen in Fig. 4, the degree of crystallinity of the sample obtained at a temperature of 400 °C (Fig. 4a) is
small and increases with the increase of the annealing temperature up to 600 °C (Fig. 4b).

The results of the analysis of the change in mass on the TG curve of decomposition of the dry residue of Butanol-1-
SnCly-5H0 solution are presented in Table 1. The loss of mass according to the TG curve at the third stage is 2.79 wt.%.
This corresponds to the removal of two water molecules from stannic acid, which is formed at the second stage in the
temperature range between 225 and 285 °C. The stannic acid is formed from tin(IV) hydroxychloride crystalline hydrate
with an endothermic effect with a maximum of 244.1 °C. It is not possible to determine the composition of the removed
products and the initial composition of the dry residue of Butanol-1-SnCl,-5H>O solution using the TG curve, due to the
superposition of the processes of its thermal destruction in the temperature range between 20 and 225 °C. However, the
IR spectrum of this sample indicates that it contains not only hydrolyzed tin(IV) salt, but also butanol (Fig. 5).

Therefore, four endothermic effects accompanying the first stage of the thermal decomposition of the dry residue of
solution with temperature maxima of 46.8, 76.0, 163.3, and 190.5 °C, can be associated with the removal of molecules
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F1G. 3. The thermogram of the decomposition of the dry residue of Butanol-1-SnCl,-5H50 solution
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FIG. 4. The diffraction patterns of the dry residue of Butanol-1-SnCl,-5H2O solution annealed at
400 °C (1 hours) and 600 °C (1 hours)

TABLE 1. The results of the analysis of the change in mass on the TG curve of the dry residue of
Butanol-1-SnCl,-5H>O solution

M, g/mol and M, g/mol and the
Loss of . g
o composition of the composition of the
Stage | T, °C mass, . . .
removed material resulting material
wt. % . .
practice/theory practice/theory
222.85 Sn(OH)3CIl-H2 O/
" kS
I 20-225 |\ 77.13 223.14 Sn(OH);C1-H,O
I 225-285 | 8.20 36.71 HC1/36.45 HC1 | 186.14 Sn(OH)4/186.69 Sn(OH),
I 285-350 | 2.79 17.73 H,0/17.99 H,O 151.13 Sn02/150.69 SnO-

*The composition was not determined
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FI1G. 5. The IR spectrum of the dry residue of Butanol-1-SnCl,-5H50 solution

of adsorbed water, butanol, and hydrogen chloride, respectively. The scheme of thermal destruction of the dry residue of
Butanol-1-SnCly-5H5O solution can be represented as follows:

Sn(OH);Cl - 2H,0 - nCaHyOH MO0 o) om),01- 1,0 ~HY snion), =222 sn0,.

The thermal decomposition of the dry residue of Butanol-1-TBT solution proceeds stepwise with 3 stages (Fig. 6).
The first stage proceeds at the temperature range between 25 and 330 °C and is characterized by the maximum change in
the mass of the sample. The decomposition process in this temperature range is accompanied by two endothermic effects
with maxima of 47.4 and 80.2 °C, as well as the exothermic effect at a temperature of 285.4 °C. The removal of adsorbed
butanol and water molecules proceeds with the endothermic effects, and the exothermic effect indicates the burnout of
butoxy-groups.
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FI1G. 6. The thermogram of the decomposition of the dry residue of Butanol-1-TBT solution

The next two stages (330-450 °C — stage II, 450-560 °C — stage III) are accompanied by exothermic effects with
maxima at 406.3 and 528.9 °C, respectively. At these stages, further burnout of butoxy-groups occurs and, eventually, at
a temperature of 550 °C, titanium dioxide is obtained:

77‘LC4HQOH,H20 7CO23H2O
%

(HQC40)3T1 -0 - TI(OC4H9)3 EE— T102

The XRD results indicate that titanium oxide crystallizes in the anatase phase at a given temperature (Fig. 7).

Figure 8 shows the thermogram of decomposition of FFS-60(20 mol.% Sn(IV)) sample. The TG curve indicates
four stages of thermal destruction of this sample. The comparison with the thermograms of dry residues of Butanol-
1-SnCly-5H50 and Butanol-1-TBT solutions indicates that with the combined presence of TBT and tin(IV) chloride
in butanol, the temperature regimes of each stage shift to lower temperatures and the decomposition process ends at

(H9C4O)3Ti -0 - Ti(OC4H9)3'7’LC4H90H"I’LH20
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F1G. 7. The diffraction pattern of the dry residue of Butanol-1-TBT solution annealed at 550 °C

the temperature of 500 °C. This is 50 °C lower than the final decomposition temperature of dry residue of Butanol-1-
TBT solution. The change in the intensity of the maxima on the DSC curve indicates the superposition of processes
accompanied by the removal of hydrogen chloride, water (endothermic effects) with the process of burnout of butoxy-
groups (exothermic effects).

TG, % DSC, uV/mg

ro3
100

F 2
Q0

-1
80
70 - [
60 o=l
qo T T T T T T T T T '2

0 100 200 300 400 500 600 700 800 900 1000
Temperature, °C

FI1G. 8. The thermogram of the FFS-60(20 mol.% Sn(IV)) decomposition

The results of XRD analysis of the FFS-60(30 mol.% Sn(IV)) sample annealed at 500 °C indicate the formation of
two substances: TiO2:Sn solid solution with an anatase structure and SnOs with a rutile structure (Fig. 9). The broad
diffraction peaks indicate a low crystallinity of the sample. A decrease in the content of SnO- in the composition of the
samples from 30 mol.% to 5 mol.% makes it possible to obtain a solid solution of the anatase structure (Fig. 9) from the
FFS based on Butanol-1-TBT-SnCl,-5H50.

A decrease in the FFS annealing temperature to 300 °C even with increase time of calcination up to 9 hours leads to
the formation of X-ray amorphous sample. The elemental composition of such samples was studied based on the results
of EDX analysis. The results of analysis of the sample with a content of 10 mol. % Sn(IV) are shown in Fig. 10. As can
be seen in Fig. 10, the sample contains the element chlorine, which distributes with the tin over the sample surface. In
addition, the sample contains oxygen and titanium.

An increase in the annealing temperature of FFS-60 to 400 °C (9 hours) leads to the formation of TiO5:Sn solid
solution from FFS-60(5 mol.% Sn(IV)) and a mixture of TiO5:Sn solid solution with SnOy from FFS-60(30 mol.%
Sn(IV)) (Fig. 11).

The formation of TiO2:Sn solid solution and a mixture of TiO5:Sn solid solution with SnO, from FFS based on
Butanol-1-TBT-SnCl,-5H5 0 is possible at a temperature of at least 400 °C. Titanium dioxide and possibly tin(IV) hy-
droxychlorides are present in the samples obtained from FFS at 300 °C.
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FIG. 9. The X-ray diffraction patterns of samples obtained from FFS-60(5-30 mol.% Sn(IV)) at 500 °C (1 hours)
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F1G. 10. The distribution of elements over the surface of the sample obtained from the FFS-
60(10 mol.% Sn(IV)) at 300 °C (9 hours)
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FIG. 11. The XRD patterns of samples obtained from the FFS-60 at 400 °C (9 hours)

3.2. Composition and properties of films obtained from FFS based on Butanol-1-TBT-SnCl,-5H>O

The films were prepared by the sol-gel method on glass substrates using FFSs at annealing temperatures of 60, 300,
and 400 °C, respectively. The EDX analysis of films obtained on glass substrates at 400 °C (Fig. 12a) indicates the
presence of the maximum emission of the Si, O, Ca, Mg, Na, Al elements of the substrate, as well as Ti, Sn, O elements
of the films.

In addition to the emission maxima of the substrate elements, the EDX spectrum of the films annealed at a temperature
of 300 °C for 9 hours contains the maxima emission of the Ti, Sn, O, and CI elements. Consequently, both in the powder
state and in the thin-film state, tin(IV) hydroxychlorides do not decompose completely at a temperature of 300 °C. The
results of EDX analysis of the films annealed at 300 and 400 °C indicate that oxide phases are formed only at a temperature
of 400 °C (Fig 10, 11). It has been shown by scanning electron spectroscopy that oxide films are uniform and continuous
regardless of the tin content (Fig. 12b).

Intensity, arb. units a b

300 °C

a

Sn(IV) — 5 mol %

Sn(IV) — 30 mol %

D8.1 x2.0k 30 um DS.1 x2.0k 30 um

Sn(IV) — 5 mol % Sn(IV) — 30 mol %

D8.1 x2.0k 30 um

D8.1 x2,0k 30 um

3 4
Energy, ke'V

F1G. 12. EDX results (a) and SEM images (b) of the films obtained on glass substrates from FFSs at
300 and 400 °C (9 hours)

Taking into account the conditions and intermediate products of the preparation of TiO, with Sn(IV) films, one
should expect the presence of amorphous titanic (TiO2-nH20) and stannous (SnO2-mH50) acids in their IR spectra. The
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IR spectra of TiOg with 5 mol.% Sn(IV) films on glass substrates (Fig. 13) annealed at temperatures of 300 and 400 °C
confirm the presence of water and hydroxyl groups in the samples. There are broad absorption bands with maxima at
3270-3360 cm ™!, caused by the vibrations of —OH groups. The IR spectra of the films annealed at 600 °C do not contain
vibrations of the —OH groups. If one take into account the results of XRD analysis of powders obtained at 400 °C
(Fig. 11) where the crystalline phase of tin dioxide is recorded, and the diffraction maxima related to the anatase phase
are wide enough, it can be assumed that the amorphous titanic acid is present in the films obtained at 300 and 400 °C.

T, %
100 4
98 -
400 °C
26 -
94 -+
300 °C
92 T T T T T T T 1
2400 2600 2800 3000 3200 3400 3600 3800 4000
v,em!

F1G. 13. IR spectrum of pure glass and TiO5 with 5 mol.% Sn (IV) films on glass substrates annealed
at different temperatures (9 hours)

Table 2 shows the compositions as well as the thickness (d), refractive index (n), surface resistance (R) and the value
of the energy level of charge carriers (AE,,) of films obtained from FFSs at 400 and 300 °C.

TABLE 2. Compositions and properties of the films

Sn(IV), mol.%/ 0 5 10 20 30
Properties
after annealing at 300 °C
composition TiO5-nH20 | TiO2-nH>O | TiO5-nH50 | TiO2-nH50O | TiO2-nH>O
of film Sn(OH)3Cl | Sn(OH)3Cl1 | Sn(OH)3Cl | Sn(OH)3Cl
d £0.02, nm 48.13 90.21 100.05 105.34 107.86
n £0.01 1.89 1.84 1.78 1.73 1.69
R, Q > 10" 10° 10° 10° 10°
after annealing at 400 °C
composition TiO5 anatase TiO5:Sn TiO5:Sn TiO5:Sn TiO5:Sn
of film TiO5-nH>O anatase anatase anatase anatase
TiO5-nH20 | SnO5 rutile | SnOs rutile | SnO5 rutile
TiO2-nH20 | TiO2-nH20 | TiO2-nHO
d +0.02, nm 48.01 88.14 99.18 102.87 104.15
n £0.01 1.89 1.84 1.76 1.72 1.66
R, O 10'° 10° 10%-10° 10° 10°
AE,, eV - 0.5 0.5 0.9 13

As can be seen in Table 2, the increase of the Sn(IV) content in the composition of the films leads to an increase in
their thickness and a decrease in the refractive index. The thickness of the films obtained from FFS depends on the value
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of the FFSs viscosity. The viscosity of FFSs increases with an increase of Sn(IV) content and, consequently, the thickness
of the films increases with an increase of tin dioxide content in the composition. The decrease in the refractive index is
due to the increase in the thickness of the coatings.

The change in the composition of the films with an increase in the temperature of their preparation from 300 to 400 °C
practically does not affect the value of the refractive index, but affects the conductivity. All films are highly resistive and
electronically conductive. However, the minimum resistance value is characteristic for films that are a solid solution with
an anatase structure and with an admixture of the amorphous phase of titanic acid.

The transmittance spectra of TiO2, SnOsand TiOy with Sn(IV) films annealed at 400 °C on glass substrate and
spectrum of pure glass are shown in Fig. 14.

T — 5 mol % Sn(IV
il : i L:TE} L% b — Iﬂnm]“uﬂl[u]\]']
100 o 100 5 20 mal %0 Sn{lV)
90 ag 4 30 mol % Sn(lV)
sl 80

70 70

60 60

30 50

40 40

30 30

20 20

10 10

340 400 460 520 580 640 T0O 760 820 880 940 1000 340 400 460 520 580 640 T00 760 820 880 940 1000
4., mm A, nm

FI1G. 14. The transmittance spectra of (a) TiO2, SnO; films and (b) TiO, with Sn(IV) films prepared
on the glass substrate at 400 °C

A wide absorption band with a maximum of about 380 nm is present in the spectra of tin dioxide film (Fig. 14a). The
appearance of this absorption band is due to the charge transfer Sn(Il) — Sn (IV) and the destruction of these centers as a
result of the migration of bulk oxygen to the surface. It is assumed that Sn(II) is always present on the surface of SnOs [28].
The absorption at 580-600 nm is caused by the presence of oxygen vacancies (single - and double-charged) in SnO5 [29].
The transmission spectrum of the titanium dioxide film (Fig. 14a) has no maxima or minima and is characterized by a
transmission coefficient of 75—-80% in the visible light range. The transmission spectrum of films based on a solid solution
without tin dioxide (Fig. 14b, 5 mol.% Sn(IV)) impurities is the same as the transmission spectrum for films based on
titanium dioxide, which once again confirms the formation of a solid solution in the film samples. The transmittance of
these films in the visible light regime of the spectrum is 78-70%. A decrease in the transmittance of films based on a
solid solution compared to titanium dioxide films is caused by their greater thickness. A general view of the transmission
spectra of films containing 10-30 mol.% Sn(IV) (Fig. 14b) is similar to the transmission spectrum of the SnO film
(Fig. 14a). A decrease in the tin(IV) contents (30-10%) in the composition of oxide films leads to a hypsochromic shift
of the absorption maximum corresponding to the transition of Sn(II) — Sn(IV) electrons.

4. Conclusion

In this study, the formation of transparent conductive films on glass substrates based on titanium dioxide with 5-30
mol.% Sn(IV) additives by sol-gel method from FFSs based on Butanol-1-TBT-SnCl,-5H2O and annealed at temperature
300-400 °C (9 hours) has been demonstrated. The content of Sn(IV) influences the composition of films. The solid
solution based on titanium dioxide with anatase structure is formed at a content of 5 mol.% Sn(IV); the films with a
content of 10-30 mol.% Sn(IV) are the mixture of the TiO5:Sn solid solution and SnO- with rutile structure. Regardless
of the tin content, all films contain an amorphous TiO2-nHsO phase. The formation of oxide phases occurs through the
stages of thermal destruction of Sn(OH)3Cl, tin acid, and burnout of butoxy groups of butoxytitanium(IV). In addition to
titanic acid, the films obtained at 300 °C contain a tin salt of presumptive of the composition Sn(OH)3Cl. The surface
resistance of glass decreases by 10° times after deposition of the film based on TiO, with 5 mol.% Sn(IV) and by 107
times after deposition of the film based on TiOy with 10-30 mol.% Sn(IV). The transparency coefficient of films based
on TiOy with 5 mol.% Sn(IV) in the entire visible light range of the spectrum is 80-70%, the maximum transmittance of
78-85% of the films based on TiO5 with 10, 20 and 30 mol.% Sn(IV) are at wavelengths of 423—745 nm, 452—734 nm and
505-830 nm, respectively. The Sn(IV) additive up to S mol. % in the TiO2: Sn solid solution is the key to successfully
obtaining a transparent conductive coating that can be used as a photoelectrode in dye-sensitized solar cells.
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