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Abstract

ZnS is one of the most promising wide-bandgap semiconductors for optoelectronic and
sensing applications owing to its efficient ultraviolet–blue emission, high exciton binding
energy, and chemical stability. However, the synthesis of ZnS nanocrystals in silicon-
compatible porous matrices remains largely unexplored. In this work, ordered arrays of
ZnS nanocrystals were synthesized for the first time in SiO2/Si track templates fabricated
by swift heavy ion irradiation followed by selective chemical etching. ZnS nanocrystals
were deposited by electrochemical deposition from aqueous solutions containing ZnCl2
and thiourea precursors. The structural, optical, and electrical properties of the result-
ing ZnS/SiO2/Si nanocomposites were investigated using scanning electron microscopy,
X-ray diffraction, Raman spectroscopy, photoluminescence spectroscopy, and electrical
measurements. The fabricated templates contained vertically aligned pores with a density
of approximately 108 cm−2 and an average diameter of about 500 nm. Electrochemical
deposition resulted in a pore filling efficiency of approximately 88%. X-ray diffraction
analysis confirmed the formation of crystalline ZnS with a cubic zinc blende structure. The
nanocomposites exhibit intense ultraviolet–blue photoluminescence in the 335–477 nm
range, with pronounced emission peaks at 372 and 400 nm characteristic of ZnS nanocrys-
tals. Current–voltage measurements indicate predominantly electronic conductivity, with
a conductivity of 1.54 × 10−6 Ohm−1·cm−1, comparable to values reported for polycrys-
talline ZnS films. To support the experimental observations, the electronic structure of ZnS
was analyzed using density functional theory within the LCAO framework. The calculated
bandgap of 3.4 eV is consistent with previously reported theoretical and experimental
data. The obtained results demonstrate that SiO2/Si track templates provide a promis-
ing platform for the fabrication of ordered ZnS nanoarrays with potential applications in
silicon-compatible optoelectronic and sensing devices.
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1. Introduction
Binary II–VI semiconductor nanomaterials have attracted considerable attention be-

cause of their versatile optical, electronic, and chemical properties. Among them, zinc
chalcogenides occupy a special position due to their relatively low toxicity, high photolu-
minescence efficiency, good chemical stability, and broad applicability in optoelectronics,
sensing, photocatalysis, and energy-related technologies [1–12]. Continuous progress in
these fields has stimulated the development of synthesis approaches capable of controlling
crystal structure, morphology, dimensionality, and surface properties of zinc chalcogenide
nanostructures [13–17].

ZnS is one of the most widely studied members of the zinc chalcogenide family ow-
ing to its wide direct bandgap (3.5–3.8 eV), large exciton binding energy, and efficient
emission in the ultraviolet and blue spectral regions [12–14]. These characteristics make
ZnS a promising material for photodetectors, light-emitting devices, sensors, photocata-
lysts, and other optoelectronic applications. Numerous fabrication methods have been
developed for ZnS nanostructures, including chemical, physical, and electrochemical ap-
proaches [13–17]. Among them, electrochemical deposition (ECD) is particularly attractive
because of its simplicity, low cost, scalability, environmental compatibility, and ability to
produce nanostructures directly on technologically relevant substrates [17–27].

Template-assisted electrochemical deposition is an efficient strategy for fabricating
ordered arrays of semiconductor nanostructures with controlled dimensions and spatial
organization. Various porous templates, including anodic aluminum oxide (AAO), porous
silicon, and polymer track membranes, have been successfully employed for this pur-
pose [28]. It is worth mentioning the synthesis of ZnS nanocrystals in AAO template by
the electrochemical deposition method [29], as well as the polymer-templated synthesis
of ZnS nanocrystals by chemical deposition [30]. Despite their widespread use, these
template systems suffer from several limitations, including mechanical fragility, limited
thermal stability, oxidation issues, or difficulties associated with integration into standard
silicon-based technologies. Therefore, the development of silicon-compatible template
platforms for ZnS growth remains an important challenge.

An attractive alternative is provided by SiO2/Si track templates fabricated using swift
heavy ion irradiation followed by selective chemical etching [31]. Such templates combine
the advantages of track-etched porous systems with the technological compatibility of the
Si/SiO2 platform. In addition to their chemical and thermal stability, SiO2/Si templates
offer the possibility of forming ordered semiconductor nanoarrays directly on silicon
substrates and creating nanoscale semiconductor–semiconductor or metal–semiconductor
junctions relevant for future electronic and photonic devices [31–36].

The potential of SiO2/Si track templates has already been demonstrated for the fabri-
cation of various metallic and semiconductor nanostructures. Ordered arrays of Ni, Co, Ag,
Cu, and Au nanostructures have been successfully synthesized in these matrices [32–36].
More recently, semiconductor oxides and chalcogenides, including ZnO, SnO2, Ga2O3,
ZnSe, ZnSeO3, CdTe, CdO, PbTe, and CdS, have been fabricated using chemical and elec-
trochemical deposition approaches [37–44]. These studies have confirmed that the SiO2/Si
platform is suitable for producing functional nanocomposites with promising optical and
electrical properties.

https://doi.org/10.3390/app16136796

https://doi.org/10.3390/app16136796


Appl. Sci. 2026, 16, 6796 3 of 22

However, despite the technological importance of ZnS and the successful synthesis
of several related semiconductor compounds in SiO2/Si templates, the fabrication of ZnS
nanocrystals within this platform has not yet been reported. Consequently, the influence
of geometrical confinement in SiO2 nanochannels on the structural, optical, and electrical
properties of ZnS nanocrystals remains largely unexplored. Addressing this gap is impor-
tant both for understanding the growth mechanisms of confined ZnS nanostructures and
for evaluating their potential in silicon-compatible optoelectronic and sensing applications.

In the present work, we report the first synthesis of ordered ZnS nanocrystal arrays
in SiO2/Si track templates by electrochemical deposition. The structural, optical, and
electrical properties of the resulting ZnS/SiO2/Si nanocomposites are systematically inves-
tigated. In addition, density functional theory calculations are employed to provide insight
into the electronic structure of ZnS nanocrystals and to support the interpretation of the
experimental results.

2. Materials and Methods
A silicon dioxide (SiO2) layer with a thickness of approximately 700 nm was thermally

grown on an n-type Si (100) substrate in a wet oxygen atmosphere at 900 ◦C. Subsequently,
square samples measuring 1 × 1 cm2 were prepared from the oxidized wafers and irra-
diated with 177 MeV Xe ions at the DC-60 heavy ion accelerator (Astana, Kazakhstan)
to a fluence of 1 × 108 ions/cm2. In recent years, this facility has demonstrated high
efficiency for investigating radiation-induced defects and ion-track formation processes
in various materials [45–52]. At the selected fluence, ion-track overlap is negligible, while
the concentration of irradiation-induced background defects remains insignificant [53–55].
Prior to the track-etching procedure, the sample surfaces were ultrasonically cleaned in
isopropanol for 10 min to remove contaminants. Nanoporous templates were subsequently
fabricated by selectively etching the latent ion tracks in the SiO2 layer using a 4 wt.%
aqueous hydrofluoric acid (HF) solution containing palladium chloride (PdCl2) at room
temperature. Following the etching process, the templates were thoroughly rinsed with
deionized water (18.2 MΩ·cm) and dried under ambient conditions. It should be noted
that, during treatment in an etching solution, not only does the accelerated etching of the
latent track areas occur, but also the dissolution of the intact SiO2 layer. To evaluate the
decrease in the template thickness during etching, the original SiO2 (700 nm)/Si sample
with the surface half-covered with wax was treated in the same HF solution for 10 min. The
step height between the protected and unprotected surfaces of the original sample after
etching for 10 min was ~180 nm. Hence, the resulting thickness of SiO2 after etching was
~520 nm.

A schematic representation of the fabrication route of the ZnS/SiO2/Si nanocompos-
ites and the subsequent characterization procedures is shown in Figure 1. The workflow
includes template preparation by ion-track technology, electrochemical deposition of ZnS,
structural and optical characterization, and theoretical calculations.

As shown in Figure 1, the fabrication procedure consists of several consecutive stages,
including thermal oxidation of silicon, Xe-ion irradiation, formation of track-etched SiO2/Si
templates by HF etching, electrochemical deposition of ZnS, and subsequent structural, opti-
cal, and electrical characterization. In addition, density functional theory (DFT) calculations
were performed to support the interpretation of the experimental results.

Zinc chloride (ZnCl2, Sigma-Aldrich, St. Louis, MO, USA), thiourea (SC(NH2)2,
Sigma-Aldrich, St. Louis, MO, USA), ammonia solution (NH4OH, Sigma-Aldrich, St. Louis,
MO, USA), hydrofluoric acid (HF, Sigma-Aldrich, St. Louis, MO, USA), and palladium
chloride (PdCl2, Sigma-Aldrich, St. Louis, MO, USA) were used as received without
further purification. A solution for the electrochemical deposition of ZnS into the a-SiO2
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pores/Si-n track template was prepared as follows. Fifty milliliters of an aqueous zinc
chloride solution (ZnCl2, 1.72 g/L) was mixed with 50 mL of an aqueous thiourea solution
(SC(NH2)2, 1.53 g/L) and stirred for 10 min. Subsequently, ammonia solution was added
dropwise until the solution turned white. Thereafter, ZnS was electrodeposited at pH = 12
in an electrochemical cell using copper electrodes as the working and counter electrodes
for 10 min under potentiostatic conditions at an applied voltage of 1.75 V.

Figure 1. Schematic illustration of the fabrication process of ZnS/SiO2/Si nanocomposites, including
thermal oxidation of silicon, Xe ion irradiation, HF etching, electrochemical deposition of ZnS,
characterization, and DFT calculations. The different colors of the arrows, boxes, and frames are used
for visual clarity only and do not indicate any additional physical meaning.

The formation of ZnS during electrochemical deposition is governed by a sequence of
complexation and precipitation reactions. Ammonia acts as a complexing agent and forms
zinc–ammonia complexes according to the following:

Zn2+ + 4NH3 ⇌ [Zn(NH3)4]
2+.

This process reduces the concentration of free Zn2+ ions in the electrolyte and prevents
their rapid precipitation in the bulk solution. Under alkaline conditions (pH = 12), thiourea
gradually decomposes, releasing sulfur-containing species, which subsequently react with
zinc ions to form ZnS:

Zn2+ + S2− → ZnS.

Therefore, ammonia stabilizes the electrolyte composition and promotes controlled
nucleation and uniform growth of ZnS nanocrystals inside the confined SiO2 nanochannels.
The deposition process was carried out at room temperature without stirring. Figure 2a
depicts the schematic image of a cell. After ECD, the samples were washed in deionized
water and dried in air.
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Figure 2. The scheme of the electrochemical cell for ZnS deposition (a) and the scheme of the setup
for current–voltage characteristics’ measurements (b).

To study the electrophysical properties, the current–voltage characteristics (CVC) of
the samples with deposited precipitates were measured. To enable electrical measurements,
copper contacts with an area of 0.3 cm2 were deposited by thermal evaporation onto the
surface containing the pore-filled layer. An identical electrode was subsequently fabricated
on the opposite side of the sample, resulting in a symmetric contact configuration. Then
the electrodes were connected to an HP 66312A current source in series with an Agilent
34401A multimeter (Agilent Technologies, Inc., Santa Clara, CA, USA). The measurement
scheme is shown in Figure 2b.

The surface microstructure of the samples was studied using a JEOL JSM-7500F scan-
ning electron microscope (JEOL Ltd., Tokyo, Japan). Elemental analysis was performed
using an energy-dispersive microanalyzer combined with a Hitachi TM3030 microscope
(Hitachi High-Tech Corporation, Tokyo, Japan). A Rigaku Miniflex 600 X-ray diffrac-
tometer (Rigaku Corporation, Tokyo, Japan) with a copper anode was used to study the
crystal structure of the deposited precipitates. Registration of the X-ray spectra was car-
ried out in the angular range 2θ from 20 to 60◦ with a step of 0.01◦ using the Bruker
AXSDIFFRAC.EVAv.4.2 software (Bruker AXS GmbH, Karlsruhe, Germany), and phase
identification was carried out according to the international ICDD PDF-2 database.

Raman measurements were carried out using an NTegra Spectra system (NT-MDT
Spectrum Instruments, Moscow, Russia) equipped with a 473 nm blue excitation laser.
Spectral acquisition was performed with an 1800 lines/mm diffraction grating, providing
a resolution of approximately 1 cm−1. The laser was focused on the sample into a spot
with a diameter of 2 µm; the signal accumulation time was 100–200 s. The baseline
correction and intensity normalization of Raman spectra were performed in order to
eliminate background noise and ensure correct comparison of peak intensities. The PL
spectra were recorded at room temperature (300 K) in the range from 300 to 800 nm using a
CM 2203 spectrofluorimeter (Solar, Minsk, Belarus) with excitation by Xe-lamp radiation
with a wavelength of 240 nm. In all cases, the emission of the initial SiO2 porous/Si template
was subtracted from the PL spectrum of the template with deposited precipitates.

Finally, large-scale ab initio calculations were performed using a linear combination of
atomic orbitals method within density functional theory (LCAO-DFT) approach [56,57], as
implemented in the CRYSTAL computer code [58]. The pure DFT Perdew–Burke–Ernzerhof
functional (PBE) [59] and hybrid B3LYP functionals were chosen, allowing us to perform
accurate calculations of the band structure. The all-electron basis sets with BSSE-correction
scheme for Zn and S atoms were taken from the CRYSTAL database [60]. The force gradients
with respect to atomic coordinates and lattice parameters were evaluated analytically.
Convergence in the geometry optimization process was tested using the root-mean-square
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(rms) and the absolute value of the largest component of both the gradients and nuclear
displacements. For all atoms, the thresholds for the maximum and the rms forces were set to
0.000450 and 0.000300 au, while those for the maximum and the rms atomic displacements
were chosen to be 0.001800 and 0.001200 au, respectively. The equilibrium structure was
determined using a quasi-Newton algorithm with a Broyden–Fletcher–Goldfarb–Shanno
Hessian updating scheme [58]. Convergence in the geometry optimization process was
tested on the root-mean-square (RMS) and the absolute value of the largest component of
both gradients and nuclear displacements. For a self-consistent field (SCF) procedure, the
cut-off limits in the evaluation of Coulomb and exchange series have been chosen to be
10−7, 10−7, 10−7, 10−7 and 10−14 a.u. for calculations of the Coulomb overlap, Coulomb
penetration, exchange overlap, first exchange pseudo-overlap and second exchange pseudo-
overlap integrals, respectively. Total energy difference between two SCF steps (10−7 au) also
has a high tolerance of accuracy. The effective charges on atoms were estimated using the
Mulliken population analysis [61]. The integration over the Brillouin zone in the reciprocal
space was conducted within an 8 × 8 Pack–Monkhorst grid [62].

3. Results
3.1. Morphology and Structure

Figure 2 shows SEM images of the template surface at different scales after ECD for
10 min. Analysis of SEM images showed that the degree of filling of pores after ECD
for 10 min is ~88%. The pore filling degree was estimated as the ratio of the volume
occupied by the deposited material inside the pores to the total pore volume, according to
θ = V f illed pores/Vtotal pores × 100%. In this approach, partially filled pores contribute
proportionally to the calculated filling degree, whereas surface outgrowths are not treated as
an independent contribution since they originate from material deposited within the pores.

Figure 3b shows pores with a diameter of ~500 nm exhibiting a high degree of filling
with deposited material. However, since SEM provides information primarily about the
surface morphology, the complete filling of the pores throughout the template thickness
cannot be directly confirmed. It can be seen that the deposited material has a dense
granular structure, often with deepening in the centers of filled pores. The semispherical
“caps” with larger diameter on the surface of SiO2 are also observed (Figure 3a), which is
associated with the protrusion of the deposited material onto the sample’s surface from
the filled pores. The presence of surface protrusions and partially filled pores in the SiO2

matrix can lead to nonuniform electrical and emission characteristics of the resulting
nanocomposites. Therefore, additional optimization of the deposition conditions may be
necessary to improve material growth inside the templates and to ensure more complete
pore filling.

 

Figure 3. SEM images of template surface with filled pores (a) and individual filled pores (b).
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Although the surface SEM images demonstrate a high pore filling efficiency (~88%) and
indicate that many pores are completely filled with ZnS precipitates, cross-sectional SEM
or TEM investigations would provide more direct information about the morphology and
spatial distribution of ZnS nanocrystals throughout the template thickness. Such studies
are beyond the scope of the present work and will be the subject of future investigations.

XRD study of the samples with filled templates showed the formation of ZnS nanocrys-
tals with a cubic crystal structure of spatial syngony F-43m (216). Figure 4 shows the X-ray
diffraction pattern (XRD) of the deposited precipitates. The crystallographic parameters of
the deposited nanocrystals, calculated from XRD data using the international ICDD PDF-2
database for phase identification, are summarized in Table 1.

Figure 4. The XRD pattern of the precipitates deposited into SiO2/Si template.

Table 1. The crystallographic parameters of the deposited nanocrystals.

Phase Structure
Type

Space
Group (hkl) 2θ Interplanar

Distance, Å
Crystal

Size *, Å
Cell

Parameter, Å FWHM Volume,
Å3 ϱ, g/cm3

ZnS Cubic
216:

F-43m

(111) 27.34 3.26

42

5.65 0.12

177.89 3.64
(200) 32.92 2.72 5.43 0.05
(220) 43.82 2.064 5.84 0.93
(311) 54.54 1.68 5.58 0.13

* The average size of ZnS crystallites was estimated using the Scherrer equation.

The average lattice parameter calculated from the interplanar distances is 5.62 Å. It is
slightly larger than the standard value for bulk ZnS in the zinc blende structure (5.41 Å) [63].
This lattice expansion may be attributed to several factors. One possible contribution is
tensile strain induced during growth on the (100)-oriented silicon substrate. However,
considering the relatively small lattice mismatch between Si (5.43 Å) and ZnS (5.41 Å) [64],
additional contributions from the sulfur-rich composition revealed by EDX analysis, intrin-
sic point defects, and nanoscale strain effects associated with the nanocrystalline structure
should also be considered. These factors may lead to local lattice distortions and contribute
to the observed increase in the lattice parameter. It should be noted that the intensity of
the (220) reflection exceeds that of the (111) reflection, which deviates from the standard
powder diffraction pattern of cubic ZnS where the (111) reflection dominates.

It should be noted that the crystallite size was estimated using the Scherrer equation,
which assumes that the diffraction peak broadening originates exclusively from the finite
crystallite size. However, the observed peak broadening may also contain a contribu-
tion from microstrain associated with lattice distortion and tensile strain induced by the
lattice mismatch between ZnS and the Si substrate. Therefore, the calculated crystallite
size should be regarded as an approximate estimate of the coherent scattering domain
size, and the actual crystallite dimensions may differ from the value obtained using the
Scherrer approach.
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This suggests the presence of a preferred crystallographic orientation (texture), likely
associated with the epitaxial or lattice matching between the ZnS film and the silicon
substrate, leading to the preferential alignment of (220) planes parallel to the surface. A
similar effect was observed by Valkonen et al. [65] in their study on ZnS films grown on
Si (100) using the successive ionic layer adsorption and reaction method, where only a
weak (200) reflection was detected. In our case, the use of a Si (100) substrate promoted the
growth of ZnS in the (220) orientation. Small trace peaks around 38◦ are also observed in
the XRD pattern, which can be attributed to the (102) plane of the wurtzite phase [66]. This
metastable hexagonal phase likely forms during the initial stages of deposition. A small
peak also appears at 22◦ in the spectrum, which is attributed to the SiO2 phase [67].

Figure 5 shows the energy-dispersive spectrum of the deposited nanocrystals.

 

Figure 5. EDX spectrum of the deposited ZnS precipitates.

As can be seen, the EDX data confirm the results of the XRD study. The spectrum
shows peaks only from Zn and S, and the content of Zn and S in the system is 43.3 at.%
and 56.7 at.%, respectively, i.e., zinc sulfide is enriched with sulfur compared to stoichiom-
etry. No signal from oxygen (the presence of oxide phases) is observed in the spectrum.
The sulfur-rich composition may be related to the excess sulfur species generated during
thiourea decomposition under alkaline conditions, leading to the incorporation of sulfur-
related defects into the ZnS lattice. Such non-stoichiometry can promote the formation
of zinc vacancies (VZn), sulfur antisite defects (SZn), and sulfur interstitials, resulting in
local lattice distortions and contributing to the observed lattice expansion. In addition,
sulfur-related defects may introduce localized electronic states within the bandgap, thereby
affecting the photoluminescence properties of ZnS nanocrystals. The relatively low conduc-
tivity of the ZnS nanoarrays may also be influenced by defect-related carrier trapping and
scattering processes associated with the sulfur-rich composition.

3.2. Raman Spectroscopy

To identify the synthesized precipitates, an additional study was conducted using
Raman spectroscopy (RS). Figure 6 depicts the RS spectrum of the SiO2 porous/Si sample
with filled pores, and the results of the RS data analysis in comparison with the literature are
summarized in Table 2. As can be seen, the Raman spectrum exhibits characteristic peaks
at 349 and 272 cm−1, corresponding to scattering on first-order LO and TO phonons in ZnS
with a zinc blende structure [68]. The peak at 521 cm−1 is attributed to scattering from the
silicon substrate. The remaining peaks can be attributed to combinations of longitudinal
and transverse phonons and to second-order phonons characteristic of zinc sulfide. It
should be noted that the TO mode is split into two components. This behavior may be
associated with crystal lattice distortions induced by strain effects in the ZnS nanocrystals.
Such an interpretation is consistent with the XRD results, which indicate lattice expansion
relative to bulk ZnS. However, defect-related effects and structural disorder associated with
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the nanocrystalline nature of the deposited material may also contribute to the observed
TO mode splitting. Similar phenomena have been reported in other cubic materials [69,70].
An unusually strong second-order combination Raman scattering observed in our ZnS
samples can be attributed to defect- and/or strain-enhanced multiphonon processes [71].

Figure 6. RS spectrum of the synthesized precipitates.

Table 2. Features observed in Raman spectra of templates with precipitates and their attribution.

Raman Shift, cm−1

(Our Experiment)
Raman Shift, cm−1

(the Data from the Literature) Attribution

261,272 261,271 [72,73],
261,272 [68,74] TO (ZB-ZnS)

335 329 [75] SO

349 349 [68], 351 [76] LO (ZB-ZnS)

479 478 [77,78] [TOl + LA]Σ (ZB-ZnS)

521 520 [79] LO (c-Si)

553 564 [80] 2TOΓ (ZB-ZnS)

667 667.5 [81] 2LO

The spectrum also revealed a band at 335 cm−1, which can be assigned to a sur-
face optical (SO) phonon mode [68]. The presence of this mode suggests that surface
defects and interfacial interactions with the SiO2/Si matrix play a crucial role in the syn-
thesized nanostructures. Thus, the analysis of the Raman spectra of the samples with
deposited precipitates correlates with the X-ray diffraction data and confirms the forma-
tion of ZnS nanocrystals with a sphalerite structure by the electrochemical deposition in
SiO2 porous/Si templates.

3.3. Photoluminescence

Figure 7 presents the PL spectrum of the SiO2 porous/Si template before and after ECD.
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Figure 7. PL spectra of the SiO2 porous/Si template, empty and with deposited ZnS nanocrystals, and
the schematic energy level diagram.

As can be seen, the synthesized nanocrystals emit in the UV and blue range from
2.6 eV (477 nm) to 3.7 eV (335 nm). The SiO2 porous/Si template exhibits only a weak band
at 3.4 eV. This band can be attributed to oxygen-related defects in amorphous SiO2 [82].
However, taking into account the absence of the characteristic emission band of amorphous
SiO2 (~2.7 eV), the observed luminescence around 3.4 eV might instead originate from
transitions in the crystalline Si substrate [83], which may have become partially exposed
and damaged during the etching of tracks in the SiO2 layer.

The sample with filled templates exhibits a significantly more intense (approximately
threefold) and broader emission band in the UV–blue spectral range. The spectrum was
deconvoluted into Gaussian components in order to resolve overlapping contributions. The
resulting fitting indicates that the emission band can be described by four main components
centered at 340 nm (3.65 eV), 372 nm (3.3 eV), 400 nm (3.1 eV), and 420 nm (2.9 eV). The
higher-energy emission observed around 3.65 eV, which is absent in the unfilled templates,
indicates that the bandgap exceeds 3.4 eV, consistent with the literature values ranging
from 3.5 to 3.8 eV [12]. Accordingly, this emission can be attributed to the near-band-edge
recombination of free and bound excitons [84].

The lower-energy emission components are generally associated with defect-related
recombination processes in ZnS. Taking into account the S-rich composition confirmed by
EDX data, zinc vacancies (VZn), sulfur antisite defects (SZn) and interstitial sulphur (Si)
are expected to be the dominant intrinsic defects in ZnS. According to ref. [85], VZn acts
as a deep acceptor, with transition levels located 1.14 eV and 0.47 eV above the valence
band (VB) for VZn

2− and neutral VZn
0, respectively. The sulfur antisite defect (SZn) acts as

a deep donor, introducing energy levels 1.39 eV below the conduction band (CB). Sulphur
interstitials introduce two levels within the bandgap: Si

0 at 0.85 eV above the VB and Si
2−

at 0.05 eV below the CB.
Considering the excitonic emission at approximately 3.55 eV, the band at 400 nm can

be attributed to intrinsic defects that introduce states (~0.45 eV), which corresponds well to
the zinc vacancy level. The energy level corresponding to the PL band at 372 nm (3.3 eV) is
approximately 0.2 eV, making it difficult to assign definitively to a specific intrinsic defect
type. Taking into account the absence of any post-treatment of the deposited ZnS NCs and
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the observation of the surface optical (SO) phonon mode in the Raman spectrum, the band
at 3.3 eV is more likely associated with surface-related states, which typically lie near the
bottom of the conduction band [12,86]. Therefore, the emission at 372 nm is attributed to
recombination holes at surface states. Finally, the emission at 435 nm (2.8 eV) is attributed
to donor–acceptor pair recombination involving shallow surface defect states and zinc
vacancies. These radiative transitions are illustrated in the schematic energy level diagram
(Figure 6).

Thus, the contribution to the luminescence of the synthesized nanocrystals is made by
both the edge luminescence in ZnS crystals as well as the recombination of charge carriers
at levels of surface defects and Zn vacancies.

3.4. Brief Comparison of Optical and Structural Properties for Nanostructured ZnS and
Similar Materials Created by Different Methods: Application Potential of ZnS
NCs/SiO2 porous/Si Composites

We have compared the data on crystal structure, bandgap values and PL features of
ZnS ensembles synthesized in our experiment with the results from the literature for ZnS
thin films and nanostructures fabricated by different methods as well as for the similar
binary II-VI semiconductor nanomaterials. Results of this comparison are presented in
Table 3.

Table 3. Crystal structure, bandgap and PL of some II-VI compounds synthesized by different methods.

Material Method of Synthesis Structural Parameters Eg and PL Reference

ZnS
Sol–gel deposition on glass

substrates at 50–60 ◦C +
annealing at 300–500 ◦C

Wurtzite phase,
the average particle size ~32 nm Eg: 3.85–3.98 eV [87]

ZnS

Sol–gel deposition on glass
substrates at room
temperature (RT) +
annealing at 150 ◦C

Amorphous

Eg: 3.74 eV
PL band at

310–500 nm with
peaks at 322 nm
(3.85 eV), 364 nm
(3.41 eV), 396 nm
(3.13 eV), 450 nm
(2.76 eV), 468 nm
(2.65 eV), 482 nm
(2.57 eV), 492 nm

(2.52 eV)

[88]

ZnS Spraying on glass
substrates at 300 ◦C

Low level of crystallinity with
formation of cubic phase, the
average particle size ~20 nm

Eg: 3.22–3.27 eV
PL at 350–390 nm
with maximum at
380 nm (3.26 eV)

[73]

ZnS

Chemical bath deposition
on glass substrates at 70 ◦C
Magnetron sputtering on
glass substrates at 300 ◦C

Polycrystalline films with a
preferential orientation along the

(200) cubic plane, the average
particle size ~26 nm

Polycrystalline films with a
preferential orientation along the
(200) cubic plane, the particle size

~33 nm

Eg: 3.58 eV
Eg: 3.54 eV [89]
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Table 3. Cont.

Material Method of Synthesis Structural Parameters Eg and PL Reference

ZnS
Chemical bath deposition
on glass substrate at RT +
annealing at 300–500 ◦C

Low level of crystallinity with
formation of wurtzite phase after

annealing

The electrical resistivity of films
amounted to 1.79 × 103 Ωcm

Eg: 3.47 eV [90]

ZnS
Electrochemical deposition

into SiO2 porous/Si
templates at RT

High level of crystallinity with a
formation of cubic phase with a

preferential orientation along the
(220), the average particle size

~4 nm

Eg: 3.4–3.6 eV

PL at 335–477 nm
with maxima at

372 nm (3.33 eV) and
400 nm (3.1 eV)

Our paper

ZnO
Electrochemical deposition
into AAO templates at RT +

annealing at 300 ◦C
Wurtzite phase

Eg: 3.2–3.3 eV

PL band at
375–500 nm

[91]

CdS
Chemical bath deposition

into SiO2 porous/Si
templates at 75 ◦C

CdS nanocrystals with
orthorhombic structure + minor

impurity of cubic CdO phase

Eg: 2.4–2.5 eV

PL band at
490–530 nm

[44]

ZnSe
Chemical bath deposition

into SiO2 porous/Si
templates at 75 ◦C

ZnSe nanocrystals with cubic
structure, the particle size ~25 nm

Eg: 2.6 eV

PL band at
390–590 nm

[39]

Crystalline or polycrystalline ZnS phases are needed for most applications due to
better optical and optoelectrical performances. It can be seen from Table 3 that, in order
to obtain the ZnS crystalline phase using sol–gel, chemical bath or spray methods, it
is necessary to carry out precipitation at an elevated temperature or to use additional
annealing of deposited films. The elevated temperature during deposition can lead to an
undesired oxidation of ZnS, and post-deposition annealing requires an inert environment.
In our experiment, the cubic ZnS nanocrystallites were synthesized by electrochemical
deposition at room temperature. It should especially mark the preferred crystallographic
orientation (texture) of ZnS nanocrystals along the (220) plane. We have suggested that the
use of the Si(100) substrate promoted the growth of ZnS in the (220) orientation.

The bandgap values of the of ZnS vary within fairly wide limits depending on the syn-
thesis conditions. The most intense PL of undoped ZnS is observed in the UV–blue range re-
gardless of the synthesis method. In particular, in our experiment, ZnS NCs/SiO2 porous/Si
composite exhibits PL in the UVA–violet range, which is promising for an application in
the field of UVA and violet light-emitting diodes. More precise control of the emitting
properties and their enhancement could be achieved by controlling the level of defects in
the ZnS bandgap (for example, via the variation in Zn/S ratio, additional annealing or by
introducing proper metal impurities into the electrolyte during deposition). It should be
emphasized that arrays of ZnS nanocrystals were formed directly in the SiO2/Si template,
making the process fully compatible with modern CMOS technologies. This opens the way
to direct integration of ZnS nanostructures into silicon chips.

ZnS is a suitable candidate for UV detection due to its wide bandgap (UV region).
Though, it is difficult to realize both high responsivity and fast response speed in pho-
todetectors based on ZnS nanostructures due to the high charge recombination rate. The
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way to obtain a high-performance ZnS UV photodetector is to combine the other II–VI
materials (ZnO, CdS or CdSe) with ZnS to enhance the UV-light absorption and to facilitate
the charge separation of photogenerated electron–hole pairs [92]. The SiO2 porous/Si matrix
has been proven as a suitable template for the electrochemical deposition of the arrays of
nanocrystals of II–VI materials (see Section 1). This opens up the possibility to enhance ZnS
photodetector performances via obtaining composites from alternating layers of ZnS and
the proper materials deposited into the SiO2 porous/Si template.

From a technological perspective, the proposed approach combines the advantages of
template-assisted nanostructuring with direct compatibility with silicon-based technologies.
The electrochemical deposition process is performed at room temperature and does not
require high-temperature post-treatment, which is beneficial for integration into existing
microelectronic fabrication routes. However, several challenges remain to be addressed
before practical implementation. In particular, further optimization is required to improve
the reproducibility and uniformity of pore filling over large areas, as well as to evaluate
the long-term operational stability of the ZnS/SiO2/Si nanocomposites. In addition, the
scalability of the ion-track template fabrication process and subsequent electrochemical
deposition should be investigated in future studies aimed at device-level applications.

3.5. Electrical Properties

Figure 8 shows the current–voltage characteristics for the sample with deposited
ZnS nanoclusters. CVC analysis reveals an electronic type of conductivity of the ZnS
(NCs)/SiO2 porous/Si structure. The forward branch of the current–voltage curve of the
structure at bias voltages up to UΩ ≈ 3 V is described by a linear dependence, and at higher
bias voltages—by a nonlinear, but not exponential, dependence. The reverse branch of the
current–voltage characteristic can be described by a linear dependence with reasonable
accuracy for the entire range of applied voltages. This behavior can be explained in the
framework of the space-charge-limited currents (SCLC) model.

Figure 8. Current–voltage curve for the sample with ZnS nanocrystals after 10 min deposition.
Circles—experimental data; lines—data fitting with (1–3). The inset shows a log–log plot of the
forward branch of the I–V characteristic with the slope altering from I~U to I~U2.
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In bulk semiconductors and dielectric materials, SCLC is typically manifested by non-
linear current–voltage characteristics, often following a quadratic dependence I ∝ U2 [93,94].
Such behavior is characteristic of mobility-controlled transport under conditions of low
free-carrier density. A reduced concentration of mobile carriers may result from weak
background doping, the presence of trapping centers, or contact depletion regions extend-
ing over distances comparable to or exceeding the transport channel length. As a rule,
for thick ZnS films, the current–voltage characteristics in the range of bias voltages from
zero to 100 V are linear [95,96]. Nonlinearities were observed in the I–V characteristics of
ZnS single crystals with a thickness of d = 0.1–1 mm at higher bias voltages from 100 to
2000 V [95]. The slope of the linear forward branches of the I–V characteristics plotted in
double logarithmic coordinates commonly alters from unity (I~U) to two (I~U2) at the point
UΩ. Polycrystalline ZnS films produced by the close-spaced vacuum sublimation (CSVS)
technique with a Mo underlayer and an In upper contact show UΩ = 15 ÷ 25 V, depending
on the deposition temperature of the ZnS films [95]. In addition, current steps resulting
from the occupation of deep traps in ZnS could be observed in the I–V characteristics.
Current grows rapidly with I–V dependencies like I~U3–11 until all traps of similar type
are filled. In studies of thin single-crystal wafers (d ≈ 5 µm), the complete occupation of
traps was observed at voltages 50–100 V [92]. According to data presented in [95], the
complete occupation of traps in CSVS ZnS polycrystalline films occurs at bias voltages
higher than 25 V.

Nonlinear CVC is frequently observed in structures containing semiconductor
nanowires and nanorods, even when the behavior cannot be attributed to Schottky contacts
or tunneling barriers [97,98]. The influence of SCLC is especially pronounced in high-
aspect-ratio nanostructures, where electrostatic screening is inefficient. In addition, the
large surface-to-volume ratio enhances carrier depletion caused by surface states, while
growth-related defects introduce numerous trapping centers, both of which favor the de-
velopment of SCLC-dominated transport. We suppose that the above-mentioned method
can fully apply to conical-shaped structures filled with nanoclusters with charge traps on
the grain boundaries.

Thus, we will consider the direct branch of the current–voltage characteristic as
consisting of two parts: the first part (U = 0 ÷~3 V) is characterized by a linear depen-
dence I = 6.4 × 10−4 U, and the second (U = ~3 V ÷ 6 V) by a quadratic dependence
I = 2.15 × 10−4 U2. The quadratic dependence was chosen as the best fit of the experimen-
tal data.

The specific conductance of whole structure containing nanocrystal arrays is calculated
from the linear part of the forward branch of a I–V curve by the following formula:

σ =
dI
dU

l
A

, (1)

where l is the length of nanocrystal arrays (approximately corresponding to the thickness of
the oxide layer—520 nm); A is the contact area; and dI/dU is the differential conductance.

Therefore, the overall electrical conductivity of the structure containing ZnS nanocrystal-
filled pores could be estimated as 1.11 × 10−7 Ohm−1 cm−1 for U = 0 ÷ 3 V.

The electrical conductivity of each conical nanowire composed of an array of nanocrys-
tals was calculated using the following equation:

σW =
dI
dU

l
AΦηπr2 , (2)

where Φ is the pore density (which was assumed to be equal to the ion fluence, since
each incident ion was considered to produce an etchable latent track. The parameter η
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represents the fraction of pores completely filled with ZnS and was estimated to be 88%.
The parameter r corresponds to the radius of the cylinder-shaped nanopores. Although the
pores possess a conical geometry, an average radius of 165 nm was used in the calculations
based on SEM observations).

The conductivity of each conical wire consisting of a ZnS nanocrystal array for low-bias
voltages (U = 0 ÷ 3 V) is equal to 1.54 × 10−6 Ohm−1 cm−1.

For higher bias voltages (U = 3 ÷ 6 V), we use Lampert’s law. In the case of SCLC in a
solid with shallow traps, the I–V characteristic could be described as follows [94]:

j =
9
8

εε0µθ
U2

l3 , (3)

where θ << 1 is Lampert’s parameter, i.e., the ratio of the concentration of free charge
carriers at the anode to the total concentration of free and trapped charge carriers, ε is the
static dielectric constant of a solid, ε0 is the permittivity of free space, µ is bulk mobility,
and l is the thickness of the layer.

Current density through the pores filled with nanocrystals could be expressed
as follows:

j =
I

AΦηπr2 , (4)

Assuming that electron mobility for bulk sphalerite structured ZnS is equal to
200 cm2V−1 s−1, ε = 7.59, l = 520 nm, Lampert’s parameter θ calculated from (3) and
(4) is equal to 1.78 × 10−2.

It should be noted that, for the considered range of applied voltages, the obtained I-V
characteristic does not contain a section of a sharp current increase described by I~U>2

dependency, which does not allow us to estimate the possible concentration of traps. For
example, for [95]

Nt =
2εε0Ucto

ql2 , (5)

where Nt is the density of localized states, Ucto is the voltage corresponding to complete
trap occupation, and q is the electron charge.

We can only assume that, if Ucto in our case is higher than 6 V, then the corresponding
density of traps should not be less than 1.86 × 1016 cm−3. In [94], some expressions were
obtained for the parameters of traps with different energy distributions: uniform, Gaussian,
and exponential. Without knowing the exact density of traps, we can only estimate the
density of free carriers n0 in the case of all traps having the same energy level:

UΩ =
9
8

qn0(θ + 1)l2

εε0θ
. (6)

Assuming UΩ = 3 V, calculated n0 is equal to 9.1 × 1013 cm−3, which is signifi-
cantly less than the concentration of free carriers in undoped single-crystal bulk ZnS
ne = 6 × 1016 cm−3 [99]. The comparison of the conductivity of a conical wire of ZnS
nanocrystals estimated from our experiment with the literature is given in Table 4.

Table 4. Comparison of conductivity of different ZnS structures.

Conductivity of a Conical
Wire Consisting of ZnS

Nanocrystals σW,
Ohm−1·cm−1

(Our Experiment)

Conductivity of Nanocrystalline
Film Synthesized by Chemical Bath

Deposition at the Room
Temperature and Annealed at 500 ◦C

[90]

Conductivity of
Polycrystalline ZnS Films

σpoly, Ohm−1·cm−1

[95,96]

Conductivity of Bulk ZnS
σbulk, Ohm−1·cm−1

[95,99]

1.54 × 10−6 1.79 × 10−3 10−12 ÷ 10−5 10−14 ÷ 10−8
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Thus, the conductivity of the arrays of ZnS nanocrystals embedded into the
SiO2 porous/Si template is comparable with the conductivity of polycrystalline ZnS films.

3.6. DFT Calculations

According to calculations, ZnS is characterized by a sphalerite structure (space group
F43m) with two atoms per primitive unit cell (or eight atoms per conventional unit cell).
Zn2+ is bonded to four equivalent S2− atoms to form a corner-sharing ZnS4 tetrahedral.
All Zn-S bond lengths are 2.37 Å. S2− is bonded to four equivalent Zn2+ atoms to form
corner-sharing S-Zn4 tetrahedra. Table 5 shows the calculated lattice parameters (a), volume
of a unit cell (V), density (ρ) and bandgap (Eg) of a ZnS crystal in comparison with our
experimental results as well as the data from the literature. The B3LYP results overall are
more accurate than PBE when compared with known experimental data, except for the
bandgap, which is considerably overestimated (Table 5). This behavior can be attributed
to the strong dependence of quantum-chemical calculations on the selected basis set. As
reported by Oliveira et al. [60], modifications accounting for basis set incompleteness and
basis set superposition error (BSSE) significantly improve the description of structural and
thermochemical properties. However, the calculated electronic properties reveal that the
bandgap values do not show a comparable improvement, despite the enhanced accuracy
of the crystal structural parameters. Nevertheless, the predicted values remain in good
agreement with the available experimental data.

Table 5. Calculated (PBE/B3LYP) and experimental properties of ZnS in comparison with the
literature data.

Parameter
Our Results Results from the Literature

Calculation Experimental Calculation [100] Experimental

a, Å 5.49 (5.53) 5.62 5.4 5.43

V Å3 165.8 (169.62) 177.89 157.7 159.9

ρ, g/cm3 3.842 (3.755) 3.64 - 4.047

Eg, eV 3.4 (4.74) 3.4–3.6 3.45 3.5 [101], 3.7 [102]

The Mulliken atomic charges [q(Zn) +1.32 e, q(S) = −1.32 e] and bonding population
(~0.14 e) evidence a considerable covalency of the Zn−S chemical bonding.

The PBE-calculated density of states and the corresponding band structure of the ZnS
crystal are shown in Figure 9 (the B3LYP results are similar). The top of the valence band
and the bottom of the conduction band consist mainly of the S 3p anionic states, while
the bottom of the conduction band is represented by Zn 4s states hybridized with the S
3p states [103]. ZnS is a direct-gap material with a bandgap of 3.4 eV, which is in good
agreement with the experimentally observed sharp onset of absorption at 3.5 eV [101]. The
obtained results for ZnS are in good agreement with previous theoretical studies which
used a local functions basis [77], the plane augmented wave method [78] and full potential
linearized augmented plane wave (FP-LAPW) [104].
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Figure 9. ZnS band structure. Coordinates of k-points Γ = (0, 0, 0), X = (0, 1/2, 1/2), W = (1/4, 3/4, 1/2),
K = (3/8, 3/4, 3/8), L = (1/2, 1/2, 1/2), U = (1/4, 5/8, 5/8). The Fermi level is at the maximum of the
valence band.

4. Conclusions
For the first time, ordered arrays of ZnS nanocrystals were synthesized in SiO2/Si

track templates using electrochemical deposition at room temperature. The developed
approach enables the fabrication of ZnS nanoarrays directly within a silicon-compatible
platform, which is attractive for future optoelectronic and sensing applications.

Structural characterization confirmed the formation of cubic ZnS nanocrystals (space
group F-43m) with a preferred (220) orientation and an average crystallite size of approxi-
mately 4.2 nm. The pore filling degree reached about 88%, while the lattice parameter of ZnS
was determined to be 5.62 Å. The obtained nanocomposites exhibited intense ultraviolet–
blue photoluminescence in the range of 335–477 nm with dominant emission peaks at
372 nm (3.3 eV) and 400 nm (3.1 eV), whereas the estimated bandgap was 3.4–3.6 eV.
Electrical measurements revealed predominantly electronic conductivity, and the current–
voltage characteristics were successfully described within the space-charge-limited current
model. The conductivity of the ZnS nanoarrays was estimated to be 1.54 × 10−6 Ω−1·cm−1,
which is comparable to values reported for polycrystalline ZnS films.

Density functional theory calculations provided additional insight into the electronic
structure of ZnS and yielded a bandgap value in good agreement with available experimen-
tal data. Although the theoretical analysis was primarily used to support the experimental
observations, the obtained results are consistent with the expected electronic properties
of ZnS.

Overall, the results demonstrate that SiO2/Si track templates represent a promising
platform for the controlled growth of ZnS nanocrystal arrays. The combination of structural
ordering, optical activity, and compatibility with silicon technology makes these nanocom-
posites attractive for further development of ultraviolet photodetectors, optoelectronic
components, and sensing devices.
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