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Abstract. This work presents a study of the structural, optical and electrical characteristics of tin dioxide (SnOy)
nanowires obtained by chemical deposition (CD) into SiO2/Si track templating (templating synthesis). Latent tracks in
the SiO2 layer were created by irradiation with fast heavy ions (FHE) Xe at 200 MeV energy with fluence F = 108 cm-2
followed by etching in 4% aqueous hydrofluoric acid (HF) solution. The selected XO method is widely used for the
deposition of semiconductor oxide nanowires in SiO, nanopores. The CW method is cost-effective because it does not
require any special equipment for the deposition of nanowires. To realize the deposition, a solution of metal coordination
compound and reducing agent is used. To analyze the pore filling after CW process, the surface morphology of the
samples was investigated using Zeiss Crossbeam 540 scanning microscope. The crystallographic structure of
Sn02/Si02/Si nanostructures with SnO, nanopore filling was investigated by X-ray diffraction. X-ray diffraction analysis
(XRD) is performed on a Rigaku SmartLab X-ray diffractometer. A SnO,-NP/SiO/Si nanostructure with orthorhombic
crystalline structure of SnO2 nanowires supplemented with metallic tin was obtained. The photoluminescence spectra
were measured under excitation with 5.17 eV wavelength light using a CM2203 spectrofluorimeter. Gaussian
decomposition of the photoluminescence spectra of SnO2-NP/SiO,/Si structures, showed that they have low intensity,
which is mainly due to the presence of defects such as oxygen vacancies, interdomain tin or tin with damaged bonds. The
electrical characterization study was carried out using a VersaStat 3 patentiostat. The WAC measurement of the nanowire
obtained by chemical deposition showed that due to the presence of metallic tin, the conductivity is close to metallic.
Keywords: SiO,/Si track templating; chemical deposition; SnO, nanowires, tin dioxide; templating synthesis.

1. Introduction

With the manifestation of special properties of various nanoscale objects, a great interest in
their research has arisen in recent years. Depending on the application, materials with different
functional properties are selected. Today's technologies make it possible to control the morphology
of such materials at the nanoscale in order to obtain a large variety of nanostructures (NS) with desired
properties [1], [2], [3].

One of the simplest ways to form nanomaterials is the use of nanoporous templates (matrices)
[4], [5], [6]. Using this method, different structures can be obtained due to the self-organization of
materials of this class inside the pores. The use of pores allows to obtain nanoparticles, nanorods,
nanofibers and nanowires from semiconductors [7], [8] metals [9], [10], [11] and others.

At present, with the introduction of silicon-based nanosystems in technological processes, the
most advantageous is the use of templates based on silicon oxide. We can use templates with different
pore parameters i.e. diameter, aspect ratio and numerical density as required.

A more economical method is silicon oxide templates (pore diameters ~ 100 nm), which is
possible by using porous silicon [12] or direct sputtering of porous a-SiO> by plasma chemical vapor
deposition [12], [13]. To date, the potential of this type of technique to create templates from porous
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a-SiO2 layers on Si has already been extensively investigated [14], [15], [16], [17], [18], [19], [20],
[21].

The pores in the SiO; layer are formed using track technology, which includes fast heavy ion
irradiation (FHI) and chemical etching process [18], [22]. Next, the process of filling the nanopores
with different materials is carried out. In our case, we consider the deposition of tin dioxide.

Tin (VI) oxide is a semiconducting oxide with n-type conductivity. Its unique electrical and
optical properties make it a promising material. In addition, SnO2 has a number of excellent properties
such as low electrical resistance, high electrical conductivity and high optical transparency in the
visible electromagnetic range, and such properties of this material offer opportunities to utilize them
in the development of novel applications for nanodevices.

Compared with other semiconductors, SnO> is an important functional material which is
widely used in transparent conductors [23], transistors [24], optoelectronic devices [25], [26] gas
sensors [27], etc.

Today, the templating method [28], hydrothermal method [29], chemical vapor deposition
(CVD) [30], [31] and electrochemical deposition [32] are used to synthesize SnO, nanostructures
with different morphologies.

In our work, we chose the templating synthesis method to fill or produce tin dioxide (SnO5)
nanowires in SiO./Si track templates. This synthesis method is considered more economical to obtain
such heterostructures (SnO2/SiO>/Si) with SnO2 nanopore filling. Our chosen template synthesis is
based on chemical and electrochemical deposition of materials into nanoporous substrates. An
attractive aspect of template synthesis, is the possibility to tailor the physical, chemical and electronic
properties of the nanomaterial by controlled manipulation of morphology, pore density, shape and
size. The aim of the research conducted in this work is to form nanowires with orthorhombic crystal
structure by controlling the resulting properties. Controlling the morphology of SnO2 nanomaterials
can improve their performance and expand their range of applications to create devices that solve
new problems.

2. Methods

In the present work, the SiO2/Si structure, (n - type) formed by thermal oxidation of silicon
crystals in a humid oxygen atmosphere (900°C) was used. According to the data obtained by
ellipsometry, the thickness of the oxide layer is 700 nm. To create discontinuous tracks in the SiO»
matrix, the prepared samples were irradiated on a DC-60 gas pedal, with 132Xe ions with an energy
of 200 MeV, the fluence value was in the range of 107 - 108 cm™.

A 4% aqueous solution of hydrofluoric acid (HF) with m(Pd)=0.025 g was used to form
nanoporous templates in the samples irradiated with fast heavy ions (BTI). Etching was performed at
room temperature for a certain time under a special fume hood. The size of the nanopores was adjusted
depending on the etching time. After the treatment process in HF solution, the samples underwent a
washing step in deionized water.

In the present work, chemical precipitation (CP) method was used to fill the nanopores.
Chemical deposition is a widely used method for the deposition of semiconductor oxide nanowires
(NWs) in SiO2 nanopores. For deposition, a solution of a coordination compound of a metal and a
reducing agent must be used. Unlike the electrochemical method, this method does not require an
electrochemically conducting surface. The process starts with the deposition of material on the pore
walls, resulting in the formation of a hollow tube inside each pore when the deposition time is short,
and when the deposition time is long, solid nanowires are formed. This method does not require any
special equipment and is considered low cost, all the components for the deposition of semiconductor
oxide nanowires are dissolved in 100 ml of deionized water using magnetic stirrer at a certain time
[33].

To obtain tin dioxide (SnO2) nanowires using the CW method, a sulfate solution with the
following composition was used: 0.67 g tin sulfate (SnSO4) + 4 g thiourea (CH4N2S) + 2 mL sulfuric
acid (H2S04). CHsN.S was pre-dissolved in deionized water and SnSO4 was in turn dissolved in a
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minimal volume of concentrated sulfuric acid (hh). The two solutions were then combined, and the
pH value of the solution was adjusted in the range of values from 2 to 4 in order to optimize the
conditions for the precipitation process. The CW process was carried out at a temperature of 323 K.
The process was carried out under thorough mixing conditions using a LOIP LS-110 orbital shaker,
to ensure uniform distribution of the reagents and to achieve the desired deposition density.

Detailed study of the obtained nanowires (nanostructures) and interpretation of the
measurement results requires the use of modern developments in the field of measuring and
diagnostic equipment. Scanning electron microscopy (SEM) and X-ray diffraction analysis (XRD)
techniques are the main methods to investigate the structural features and surface morphologies of
nanomaterials.

To analyze the pore-filled, as well as to investigate the structural features and surface
morphology of SiO/Si track templates, after CW, the samples were examined using a Zeiss
Crossbeam 540 dual-beam scanning microscope (SEM, Germany) at 2-5 kV equipped with a
backscattered electron detector.

Using the X-ray diffraction analysis (XRD) technique, complete information on various
properties as well as on the phase composition of the SnO,/SiO>/Si structures was obtained. The PCA
spectra were identified using a Rigaku SmartLab X-ray diffractometer equipped with a HyPix3000
high-energy 2D HPAD detector. Using TOPAS 4.2 software and the international ICDD database
(PDF-2 Release 2020 RDB), standard phase composition determination and determination of crystal
cell parameters based on the obtained diffractograms are carried out.

Luminescence spectra at room temperature in the spectral range of 300 to 800 nm with 240
nm excitation were recorded using a CM2203 spectrofluorimeter. The spectrofluorimeter provides
highly sensitive measurements in the ultraviolet and visible spectral range. The use of two double
monochromators provides a minimum level of interfering radiation, which guarantees high accuracy
of measurements.

A VersaStat 3 potentiostat was used to investigate the electrical properties of the arrays of the
obtained nanowires. This instrument supports maximum current up to =2 A, voltage up to £12 V. The
volt-ampere characteristics were taken from an array of 0.7 cm2 filled nanochannels. The setup for
measuring the VAC was assembled as follows: the sample was placed between two metal plates, to
ensure that the plates cover only the part of the matrix that contains the nanowires. The plates were
then connected to a power source by connecting a potentiostat in series. All VACs were performed
using a 2nd order polynomial approximation [34].

3. Results and Discussion

Figure 1 shows the SEM pattern of the template surface after chemical deposition.

-
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Figure 1 - SEM image of SiO2/Si-n template surface after SnO2 CW (tossing= 20 min, T = 323 K)
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As can be seen in Figure 1, the filled nanochannels can be clearly seen when chemically
deposited for 20 min. From the analysis of SEM images (Figure 2), we can see that the diameter of
nanopores varies between 350 nm and 430 nm. The filling degree of the nanochannels is 80%.

According to the PCA data (Figure 2), chemical precipitation in sulfate solution in SiO2/Si
track templating led to the formation of SnO> nanowires with orthorhombic structure and spatial
symmetry group Pnnm(58), also appeared Sn phase with tetragonal structure and spatial symmetry
group 14/mmm (139).
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Figure 2 - X-ray diffractogram of SnO> samples obtained by CW method for 20 minutes

The results of X-ray diffraction analysis for this sample are shown in Table 1.

Table 1 — Crystallographic parameters of SnO> nanowires in SiO2/Si-n track templated
SiO2/Si-n by PCA results

Phase name Sn SnO;
Type of structure Tetragonal Orthorhombic
Prostrate group 139: 14/mmm 58: Pnnm
(hkl) (002) (220)
20 54.271 56.113
d, A 1.6889 1.6377
L, nm 648 637
FWHM 0.144 0.15
Lattice parameters, A a(A) = 3.674736; a(A) = 4.655800;
Volume, A3 b(A) = 3.674736; b(A) = 4.599800;

Crystallite size, A®

c(A) = 3.377628

c(A) = 3.151400

Density, g/cm?

45.610417

67.489592

According to the results of X-ray diffraction analysis, we can conclude that the concentration
ratio of Sn phase to SnO- phase is 22% by 78%, respectively.

The cell parameters obtained in experimental [35], [36] and theoretical works [37] are in good
agreement with the data obtained for our orthorhombic tin dioxide nanowires.

Optical investigation techniques such as photoluminescence (PL) were used to determine the
defects and impurities in the obtained nanowires. The photoluminescence (PL) of SnO2-NP/SiO2/Si
nanostructure was investigated in the spectral range of 2 - 3.2 eV when excited by light with
wavelength A = 5.17 eV. Figure 3 shows the Gaussian decomposition of the photoluminescence
spectrum of SnO2-NP/SiO2/Si structures obtained by chemical deposition. SiO2 luminescence is taken
into account in the photoluminescence spectrum.
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Figure 3 — Gaussian decomposition of the photoluminescence spectrum of SnO2-NP/SiO-/Si
structures

The PL spectra of nanowires obtained by chemical deposition show differences compared to
the PL spectra of nanowires synthesized by electrochemical method, characterized by higher intensity
maxima. Impurities and defects present in the material due to different synthesis method, solutions
used and temperature may play a key role in the variation of the intensity of the PL spectra. The
observed intense peaks at 2.9 eV, 2.8 eV, 2.58 eV, 2.39 eV, 2.23 eV, 2.1 eV on the luminescence
spectrum agree well with the results of similar measurements by researchers [38]. It is widely known
from the authors [39], the emission of visible light is related to the energy levels of defects in the
forbidden band of SnO2 associated with O-vacancies and Sn interstitials. The luminescence centers
responsible for the violet emission maximum at 2.9 eV can be attributed to interstitial tin or tin with
damaged bonds [40], [41], [42], [43], [44]. The blue light emission with a maximum at 2.8 eV can be

due to the transition from the triplet state to the ground state for VOO [45]. Most of the oxygen
vacancies are in the paramagnetic state of VJ with a peak at 2.58 eV [46], [42] and the peak at 2.39

eV [47] corresponds to the surface donor Vg . The 2.23 eV peak is probably the result of oxygen
vacancies that are formed during the deposition process as indicated by [48], [49]. The maximum at
2.1 eV is related to defect levels in the forbidden band associated with O vacancies or interstitial Sn,
which was observed in the case of SnO2 nanoribbons synthesized by laser ablation [50] and SnO-
nanorods that were obtained by growth from solution phase [51]. It is widely known that oxygen
vacancies are the most frequent type of defects and often act as emitting defects in the occurrence of
luminescence. Indeed, the analysis of the FL spectrum shows that it is oxygen vacancies rather than
tin-related defects that are the main defects.

The study of the voltammetric characteristic of the SnO:-NP/Si0./Si structure allows us to
determine the type of conductivity of the synthesized structure. The voltammetric characteristic
(VAC) was measured from an array of filled nanochannels with an area of 0.7 cm?. Figure 4 presents
the VAC of the samples before and after deposition, demonstrating the influence of the synthesis
process on the electrical properties of the structure.

The obtained VAC exhibits a nonlinear, asymmetric shape, indicating a deviation from ideal
ohmic behavior. This suggests the presence of a Schottky barrier or other charge transport
mechanisms influenced by the material’s defect structure and metallic inclusions.

The curve shows an increase in conductivity after deposition, which can be attributed to the
incorporation of metallic tin, leading to enhanced charge carrier mobility. In the negative voltage
region, a pronounced increase in current is observed, further supporting the presence of metallic
conductivity components.
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Figure 4 — Volt-ampere characteristic of SnO2-NP/SiO./Si: dotted curve - original sample; solid
curve - with deposited SnO> (tossing= 20 min, T = 323 K)

Overall, the results highlight the impact of structural modifications on the electronic properties
of the SnO--NP/S10./Si system, emphasizing the role of metallic tin in altering the charge transport
mechanism.

4. Conclusions

In this study, tin dioxide (SnO:) nanowires were synthesized by chemical deposition into
Si02/Si track templates. X-ray structural analysis confirmed that the obtained nanowires exhibit an
orthorhombic crystal structure with lattice parameters: a = 4.655800 A, b=4.599800 A, ¢ =3.151400
A. Additionally, the presence of metallic tin was detected, which significantly influences their
physicochemical properties.

Photoluminescence spectrum analysis revealed a broad emission band in the energy range
from 2 eV to 3.2 eV, indicating the complex nature of radiative processes. Investigation of the defect
structure showed that the dominant point defects are oxygen vacancies, which play a key role in
shaping the optical properties of the material. Moreover, spectral maxima associated with interdomain
tin atoms and tin with broken chemical bonds were identified. These defects can act as effective
recombination centers and influence the mechanisms of charge carrier generation and relaxation.

Analysis of the current-voltage characteristics (I-V curves) of SnO. nanowires with an
orthorhombic crystal structure demonstrated that, due to the presence of metallic tin, their
conductivity approaches a metallic type. This indicates a significant modification of the electronic
structure compared to pure tin dioxide, which typically exhibits semiconductor properties. The
presence of metallic inclusions may contribute to the formation of tunneling junctions and localized
conductive channels, making such nanostructures promising for applications in nanoelectronics,
sensing, and hybrid electronic devices.

Thus, the obtained results demonstrate the possibility of precisely controlling the structural,
optical, and electrical properties of SnO: nanowires through the incorporation of metallic tin, opening
new prospects for their practical applications.
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