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Abstract: In the present work, we present the process of preparing CdS nanostructures based on
templating synthesis using chemical deposition (CD) on a SiO, /Si substrate. A 0.7 pm thick silicon
dioxide film was thermally prepared on the surface of an n-type conduction Si wafer, followed by the
creation of latent ion tracks on the film by irradiating them with swift heavy Xe ions with an energy of
231 MeV and a fluence of 108 cm~2. As a result of etching in hydrofluoric acid solution (4%), pores in
the form of truncated cones with different diameters were formed. The filling of the nanopores with
cadmium sulfide was carried out via templated synthesis using CD methods on a SiO3 nanopores /Si
substrate for 20-40 min. After CdS synthesis, the surfaces of nanoporous SiO2 nanopores/Si were
examined using a scanning electron microscope to determine the pore sizes and the degree of pore
filling. The crystal structure of the filled silica nanopores was investigated using X-ray diffraction,
which showed CdS nanocrystals with an orthorhombic structure with symmetry group 59 Pmmn
observed at 20 angles of 61. 48° and 69.25°. Photoluminescence spectra were recorded at room
temperature in the spectral range of 300-800 nm at an excitation wavelength of 240 nm, where
emission bands centered around 2.53 eV, 2.45 eV, and 2.37 eV were detected. The study of the CVCs
showed that, with increasing forward bias voltage, there was a significant increase in the forward
current in the samples with a high degree of occupancy of CdS nanoparticles, which showed the one-
way electronic conductivity of CdS/SiO, /Si nanostructures. For the first time, CdS nanostructures
with orthorhombic crystal structure were obtained using track templating synthesis, and the density
of electronic states was modeled using quantum—chemical calculations. Comparative analysis of
experimental and calculated data of nanostructure parameters showed good agreement and are
confirmed by the results of other authors.

Keywords: CdS nanostructures; chemical deposition; SiO,/Si substrate; SHI; nanoporous SiO,;
CdS/SiO, /Si structures; X-ray diffraction; Raman spectroscopy; photoluminescence; exciton scattering

1. Introduction

Inorganic composite materials in the nanoscale region have unique electrical and
optical properties that make them suitable for versatile applications. Semiconductor thin
films have great potential for environmental and energy applications due to their unique
characteristics [1-4].

Cadmium sulfide films are an important and promising semiconductor material
used in many technological and industrial applications due to their excellent optical and
electrical properties [5]. In addition, CdS is also of considerable interest due to its use in
the fabrication of heterojunction solar cells and other optoelectronic devices. In particular,
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CdS has significant applications in several fields, such as photocatalysis [6], lasers [7,8],
light-emitting diodes, and field-effect transistors [9].

In nanotechnological applications, SiO,/Si track templates are of great interest.
Nanoporous SiO,/Si layers can be created using irradiation with fast heavy ions fol-
lowed by the selective etching of silicon dioxide. In [10-13], the process of irradiation
and the formation of nanopores in thermally oxidized SiO,/Si silicon wafers was studied.
It was found that, upon applying irradiation with subsequent etching with hydrofluoric
acid (HF) in SiO, layers, nanopores were formed, which provide fast local deposition
at low temperatures (and an easily controlled density with sizes ranging from 10 nm to
several micrometers).

Recently, semiconductor photocatalysis technology, among the various kinds of photo-
catalytic systems, has attracted wide attention. CdS is one of the most interesting semicon-
ductor materials because of its narrow bandgap (~2.4 eV) and the corresponding position of
the zone structure [14,15]. By integrating a freestanding CdS nanowire into a silicon nitride
photonic chip, the authors of [16] created a highly compact single-mode CdS nanowire
laser. Moreover, the authors of [17] successfully prepared BiVO,4/CdS composites using a
two-step ultrasonic precipitation method, which improved the high separation efficiency
of photoinduced charge carriers and enhanced the catalytic efficiency of RhB degradation.
In [18], CdS nanowires were prepared using a hydrothermal method, and BiOBr/CdS
composites with different mass ratios were also successfully prepared using a simple two-
step sonication/deposition method employing CdS nanowires as a deposition template.
Several researchers showed that the efficiency of many solar cells strongly depends on
the property of the CdS bulffer layer and that the chemical deposition (CD) method is the
most convenient way to deposit these layers [19]. Additionally, in [20], a CdS nanomaterial
doped with Pr*3 and Nd*® was obtained. The ions were synthesized at room temperature
using a simple chemical precipitation method. The synthesized sample was characterized
using powder X-ray diffraction (XRD), scanning electron microscopy, transmission electron
microscopy, and energy-dispersive X-ray spectroscopy. The authors of [21] synthesized CdS
nanoparticles doped with Mn via CD using different concentrations of Mn in Cd;_4Mn,S.

In [17,18,21], methods of obtaining nanomaterials were developed using two-cycle
deposition, which requires a long time period and great effort; to address these problems,
we considered obtaining CdS nanostructures in a track template SiO; nanopores/Si using
CD, which allows us to obtain CdS nanocrystals in a relatively short time and at low
temperatures. This method also makes it possible to control the density of nanopores with
sizes ranging from 10 nm to several micrometers.

After CD, SEM images were acquired for the samples using a Zeiss Crossbeam
540 scanning microscope (Carl Zeiss AG, Oberkochen, Germany) at Nazarbayev Uni-
versity, and the morphology of the structural CdS features was investigated using a Rigaku
Smartlab SE diffractometer (Rigaku Corporation, Tokyo, Japan), also at Nazarbayev Uni-
versity and Raman spectroscopy was performed using a Solver Spectrum spectrometer
from NT-MDT (NT-MDT, Zelenograd, Russia) at Al-Farabi Kazakh National University. In
this study, we report on the structural, morphological, optical, and electrical properties of
CdS nanocrystals.

2. Materials and Methods

The CdS nanostructures used in this study were grown via CD on a SiO2 nanopores/
Si substrate. A ~700 nm thick silicon dioxide film was thermally grown on an n-5i (100)
wafer. Latent ion tracks in the SiO, layer were created by irradiating them with 231 MeV
swift heavy Xe ions to a fluence of 108 cm~2. SiO, /Si samples of 5 x 5 mm and 20 x 20 mm
were cut from an oxidized Si wafer. Etching latent tracks in a 4% hydrofluoric acid solution
for 5-10 min resulted in the formation of stochastically distributed pores in the form of
truncated cones with different diameters.

Si02 nanopores wWere filled with cadmium sulfide using templated synthesis via CD
methods on the SiO; nanopore /Si substrate. The solution contained 3.66 g of cadmium
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chloride and 0.26 g per 100 mL of distilled water of ammonium chloride. The nanopores
were then heated at 45 °C until they became clear. A total of 38 mL of ammonia was added
dropwise to maintain the pH at 9. The formation of CdS started after the addition of 0.38 g
of thiourea, and the color of the solution changed from transparent to orange while the
temperature of the solution was already brought to 75 °C, as in [22]. The deposition time
varied from 20 to 40 min. In chemical bath deposition, ammonia is a complexing agent that
controls the release of metal (Cd?*) and sulfur (5°7) in an alkaline solution [23,24].

The surface morphology of nanoporous SiO, /Si before and after CdS synthesis was
investigated using a Zeiss Crossbeam 540 scanning electron microscope (SEM). The crystal
structure of the filled silica nanopores was investigated using XRD on a Rigaku SmartLab
diffractometer (Tokyo, Japan). The measurements were carried out at room temperature
in the range of 20 angles from 40° to 70° in the scanning mode with a step of 0.01°. The
measurement of the lattice period value and the refinement of structural parameters were
performed using the TOPAS 4.2 program and the international ICDD database (PDF-2
Release 2020 RDB).

Photoluminescence (PL) spectra were recorded at room temperature using a CM 2203
spectrofluorometer (SOLAR, Minsk, Belarus) in the spectral range from 300 to 800 nm
under excitation at a wavelength of 240 nm at L.N. Gumilyov Eurasian National University.

The CVCs for different deposition times of CdS/SiO,/Si were measured using an
HP 66312A current source and an Agilent 34401 A multimeter (Santa Clara, CA, USA).
Current volt-ampere characteristics (CVCs) were measured from a 400 mm? array of filled
nanopores. The setup for measuring the CVCs is as follows: The nanopore-filled sample
was placed between two conductive metal electrodes so that the electrodes overlapped
only at the nanopore locations. The electrodes were then connected to a constant voltage
source with a series connection of a multimeter.

3. Results
3.1. Surface Morphology

To characterize the size and surface shape of silicon nanopores (5iO;) before and after
filling, we used a double-beam SEM. It should be noted that the degree of nanopore filling
depends on the deposition time and the temperature of the chemical solution.

Thus, to achieve the highest degree of nanopore filling, the deposition process was
carried out for between 20 and 40 min at the deposition temperatures of 50 °C and 75 °C.
It is important to note that a slightly alkaline environment (pH) should be created for
complete deposition. The results of the surface morphological study of the deposited
CdS nanostructures are shown in Figure 1b,c. The SEM image of the sample before CD
(Figure 1a) shows that the pores are well defined, spherical in shape, and uniform in size,
and the surface density of the nanopores is 108 cm 2. Figure 1b shows the SEM image of
the surface of silica nanopores at a 75 °C solution temperature after 30 min of CD, in which
the filling degree was approximately 85% and the average diameter of the nanopores was
364 nm.

The structural properties of the synthesized CdS nanostructures were studied using
XRD analysis. The structural identification of the CdS nanostructures was carried out using
XRD in the range of 26 angles from 40° to 70°.

The XRD results showed the formation of CdS nanocrystals with an orthorhombic
crystal structure and space group 59 Pmmn (Figure 2 and Table 1). Peaks at 26 of 61.48°
and 69.25° were observed for all samples (Graphs 1, 3). The intensity of the observed peak
strongly depends on the amount of deposition time. Also, the analytical results showed
that the CdO phase with cubic structure was formed in the crystal in a small quantity
during the synthesis process (Graph 2). This phase is considered by the authors [25,26] as
the phase of impurities.
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Figure 1. SEM images of nanopores: (a) before nanopore deposition, (b) after 30 min of CD at
T =75 °C, and (c) size of nanopores filled with CdS.
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Figure 2. X-ray patterns of CdS nanostructures after CD deposition times of 20 min (1), 30 min (2),
and 40 min (3).

Table 1. Calculated crystallographic parameters of nanostructures in SiO,/Si templates from
XRD data.

Type of Spatial o o Cell Parameter,  Full Width at
Structure Group Phase 20 V (&%) Volume A Half Maximum
3.484591 0.20
Orthorhombic (1) 59: Pmmn Cds 61.48 55.080 4.750555 0 1 47
3.327354 '
4.712610 019
Cubic (1, 2) 225: Fm-3m CdO 65.72 104.660 4.712610 0 1 47
4.712610 '
3.536320 0.22
Orthorhombic (3) 59: Pmmn Cds 69.25 65.72 57.020 4.799425 0'1 1
3.359600 '

It is well known that CdS is a Raman-active nanomaterial. The Raman scattering of
CdS nanostructures was observed in the backscattering configuration and analyzed using
a Solver Spectrum spectrometer from NT-MDT at room temperature. Figure 3 shows the
Raman light scattering spectrum of the CdS nanostructures; this spectrum is dominated
by the progression in the longitudinal optical (LO) phonon mode. Two LO phonon peaks
of CdS were observed: the first, stronger peak is the longitudinal optical mode (LO1)
at 301 cm~!; the other, weaker one is the LO mode overtone (LO2) at 600 cm ™!, which
agrees with the well-known results of past studies. The mode peak surface of small 1
um CdS crystallites at 296 cm ! and its second-order peak at 592 cm ™! were observed,
which agrees with the fact that one of the striking features of the Raman spectra of CdSis a
remarkable series of longitudinal optical phonon overtones [25]. The peak corresponding
to the first-order optical background mode (LO1) is intrinsic to the hexagonal (wurtzite)
modification of CdS, and the peak at 600 cm !, corresponding to the second-order optical
background mode of CdS (LO2), corresponds to the cubic (sphalerite) modification of CdS.

In addition to experiments, computer calculations of pure CdS crystals were also
carried out. To describe the exchange-correlation energy of the electronic subsystem, a
functional in the generalized gradient approximation (GGA) and the periodic supercell
model was used. The calculations were performed using CRYSTAL 17 software [26].
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Figure 4a,b shows a complete zone energy diagram of the CdS nanostructures along
the highly symmetric lines of the tetragonal Brillouin zone, together with the density
of electronic states. The valence band maximum appeared near the G point, while the
conduction band minimum appeared at the T point. In [27,28], it is stated that the smallest
energy gap of the forbidden zone is localized in the center of the Brillouin zone (G point).
This means that the crystal is characterized by a direct forbidden zone. The calculated
width of the forbidden zone for the CdS nanostructures was 2.39 eV, which agrees well
with the results in [29].
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Figure 3. Raman light scattering spectrum of CdS nanostructures after CD time 40 min.

- 12 - \
iy \

4 -
: b
L5
s i | | A ‘

FXSYIrZURT T
(a) (b)

Figure 4. (a)—Primitive unit cell of CdS; (b)—The density of states and the zone structure of
orthorhombic CdS.



Crystals 2024, 14, 1091

7 of 11

CdS is also halite, a rock salt structured and crystallized in the orthorhombic space
group Pmmn. Cd?* is bonded to six equivalent S* atoms, forming a mixture of CdS
octahedra with common edges and angles.

There are two shorter (2.75 A) and four longer (2.76 A) Cd-S bond lengths. S?~ is
bonded to six equivalent Cd** atoms, forming a mixture of CdS octahedra with common
edges and angles that range from 0 to 2°. The calculated values of lattice constants are
presented in Table 2, and they are in good agreement with the experimental observations
(Table 1).

Table 2. Experimental (XRD) and calculated data of CdS nanostructures.

Parameter This Work, Calc. This Work, Exp.
Space group Pmmn Pmmn
a, A 3.96 3.98
b, A 3.96 3.98
¢, A 5.6 5.63
d(Cd-9), A 2.8 2527
V (A) 87.86 83.75
pV (g/cm)3 5.5 5.73
Eg (eV) 2.39 2.42
qeff (Cd/S) +1.26/-1.26 -

3.2. Optical Properties and CVCs of CdS/SiO,/Si Nanocrystals

Optical studies were carried out by measuring the PL of CdS nanostructures deposited
in SiO7 nanopores /Si on a CM2203 spectrofluorometer (SOLAR) in the spectral range from
300 to 800 nm at an excitation wavelength of 240 nm. Several visible light lines were
observed in the FL spectra of the CdS nanostructures (Figure 5). The decomposition of the
complex experimental FL spectrum into several independent Gaussians was performed
using the Origin software package. The nanostructures have a blue band at 2.53 eV and
green bands at 2.37 eV and 2.45 eV. Generally, two types of emission, exciton emission, and
trap luminescence, are observed from semiconductor nanoparticles, as in [30,31]. Exciton
emission is located near the absorption edge of CdS particles and usually has two emission
bands, including a green band around 2.37 eV (522 nm), which agrees well with our
data [30,32]. High-aspect-ratio CdS nanocrystals have many surface and subsurface defects,
such as grain boundaries and sulfur/cadmium-related defects. These defects influence the
PL properties of CdS nanocrystals [29,30].

In Figure 5, the peak at 2.37 eV (522 nm) shows weak and sharp emissions. The
weak emission band at shorter wavelengths is explained by the direct transition from
the conduction zone to the valence zone [33]. This indicates a sufficiently high degree
of crystallinity of the particles. The main luminescence band is broad and is attributed
to CdS emission by trap emission. The peak at energy 2.45 eV belongs to the “green”
interval of the visible spectrum. If the crystal is grown in excess sulfur, only a weak series
with a head line at 2.45 eV is observed. In [29], the peaks corresponding to 2.37 eV and
2.45 eV were attributed to the transition of sulfur vacancy (VS) into the valence zone and
the recombination of donor/acceptor pairs. The peak at 2.53 eV (490 nm) is responsible for
exciton scattering, as in [34] (Table 3).
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Figure 5. Decomposition of (PL) spectra of CdS/SiO2 nanopores / Si after 30 min of CD into independent
Gaussians.

Table 3. Calculated crystallographic parameters of nanostructures CdS in SiO; /Si templates from
XRD data.

Wavelength Range of Visible Radiation

Phase Visible Radiation, Energy Range, Impurities Is{ag:::::
A (nm) E (eV) P
Cds 490 2.53 VS Blue
CdS 506 2.45 Green
CdS 522 2.37 VS Green

In this study, the silicon substrate for growing nanostructures in nanopores SiO, has
n-type conductivity. It is known that, for a direct current to appear, the magnitude of the
potential barrier must be reduced. For this purpose, it is necessary to apply a direct voltage
close to the value of the contact potential difference to the p—n junction ¢y in a silicon-based
p—njunction ¢, = (0.6 +0.8), as in [35]. From the graph shown in Figure 6 (curve 4), the
forward voltage exceeds the value of the potential barrier (U > ¢ ) in the junction, drops
to almost zero and then becomes quasi-linear ohmic (CVCs) (curve 4 in Figure 6). Thus,
as the forward bias increases (U > 0), a significant increase in forward current is observed
(Figure 6 curves 2, 3, 4). It can be seen from the graph that the fourth sample (curve 4) has
better conductivity than the rest (curves 2, 3), and this is probably because the template
is filled with CdS nanoparticles well (Figure 1b). Additionally, at reverse bias (U < 0), a
slight increase in leakage current is observed, which is probably due to the lower contact
efficiency between the CdS nanostructures and the SiO, layer than that between the Si
layer and SiO; layer. It is important to note that the leakage current is negligible in the
current p-junction fabrication technology. According to the results of CVC analysis, the
CdS/Si0, /Si nanostructures have one-sided electronic conductivity.
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Figure 6. CVCs of CdS/SiO; nanopores/ Si nanostructures after different CD times: 1—initial template
5102 nanopores / Si; 2—20 min; 3—30 min; 4—40 min.

4. Conclusions

In this study, CdS nanostructures based on templating synthesis using a CD method
were synthesized and studied for the first time. During the preparation of the CdS nanos-
tructures, the CD method was the most convenient and accessible, making it possible to fill
almost all nanopores. The best degree of nanopore filling (95%) was possible at a deposition
temperature of T = 75 °C for 40 min. The structural identification of the CdS nanostructures
showed the formation of CdS nanocrystals with an orthorhombic crystal structure and
space group 59 Pmmn.

The computer calculations of pure CdS crystals were conducted using CRYSTAL
software, and the forbidden bandwidth for CdS nanostructures was 2.39 eV; the values of
the lattice constants were also calculated. The calculated data are in good agreement with
the experimental observations.

The PL spectra at room temperature showed a broad emission band in the spectral
range of 490-530 nm. The CdS nanostructures exhibited blue and green PL bands. The weak
emission band at 2.37 eV (522 nm) is attributed to a direct transition from the conduction
band to the valence band. Additionally, the peak with an energy of 2.53 eV is responsible
for exciton scattering. According to the results of CVC analysis, it can be noted that the
CdS/Si0O, /Si nanostructures exhibit one-way conductivity.
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