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ARTICLE INFO ABSTRACT

Keywords: ZnS is an appealing material with wide potential applications in optoelectronics, sensors, and
ZnS nanowire photocatalysis due to its fascinating properties, low cost, and eco-friendly. In this paper, we report
Thermal evaporation the synthesis of ZnS nanowires and nanorods via a simple thermal-evaporation method using
Egsi?\f[’mg different concentrations of PbS as a dopant. The prepared nanostrutures were investigated in
HRTEM detalis using a scanning electron microscopy (SEM), X-ray diffraction (XRD), and high resolution

transmission electron microscopy (HRTEM). The results show that the fabricated ZnS nanowire/
nanorod has a wurtzite (hcp) structure. In addition, based on the experimental results, the growth
mechanism of the prepared nanostructures is reported. X-ray photoelectron spectroscopy (XPS)
and energy-dispersive X-ray (EDX) mapping analyses confirmed that the ZnS nanorods were
stoichiometric without impurities or defects, whereas PbS quantum dots were formed inside the
high-quality nanowires. The formation mechanism of ZnS nanowires is discussed based on the
vapor-liquid-solid (VLS) growth model. Results demonstrated that thermal evaporation is a
simple and effective techniques for producing high-quality heterostructured ZnS nanowires with
potential applications in different fields.

1. Introduction

ZnS is a intensively studied semiconductor with wide potential applications [1]. Recent developments in ZnS research include
optoelectronics, nonlinear optical absorption [2], photocatalysis [3] and dye-sensitized solar cells [4]. It has a wide direct bandgap
(3.54, 3.91 eV) depending on the structure, excellent chemical and thermal stability, and a large exciton binding energy (39 meV at
room temperature). The band gap of ZnS can be controlled via doping or nanostructuring [5,6].

ZnS can be doped with various elements in order to modify its properties. For example, doping with transition metals such as Mn,
Pb, Ni, Cu, or V can change their luminescence characteristics [7,8]. Doping with non-metals such as N, P, or As can alter their
electrical conductivities [9,10]. Doping with other elements such as Ag or In can enhance the scintillation efficiency of ZnS. Similar
results have been reported by other groups for the doping of ZnS using different elements.

PbS exhibits dual functionality as both a catalyst and a dopant for ZnS. In case of catalyst, PbS influences the growth mechanism of
ZnS films during deposition, acting as a buffer layer that facilitates the formation of ZnS nanostructures [11]. The growth of ZnS
nanorods or nanowires via a vapor-liquid-solid (VLS) process is enhanced in the presence of the PbS catalyst via the formation of
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Fig. 1. SEM images of the obtained ZnS nanomaterial with different magnifications. Left-hand side (a—c): sample deposited on Silicon substrate
(ZnS/Si) - PbS wt. 12 % (Nanowires); right-hand side (e-f): sample deposited on glass substrate (ZnS/glass) - PbS wt. 6 % (Nanorods); top: 10k
magnification- 10 pm; middle: 50k magnification — 2 pm; bottom: 350k magnification — 300 nm.

supersaturated alloy droplets [12,13].

PbS can also be used as a ZnS dopant. This method enhances the photoluminescence and stability of PbS quantum dots for in-vivo
high-resolution imaging in the NIR-II window [14]. The doping process can be controlled by modifying the hot injection procedures
and adjusting the temperature and mole ratio of PbS [11,15].

Nanostructured materials with unique properties has been produced using ZnS [16]. ZnS nanostructures have one of the richest
morphologies among inorganic semiconductors and include nanowires [17], nanorods [18], nanobelts, nanotubes [19], and nano-
flowers [20].

Different techniques have been used to produce ZnS thin films and nanostructures. This includes magnetron sputtering [21], ul-
trasonic spray pyrolysis [22], pulsed laser deposition (PLD) [23], and thermal evaporation. The latter is simple, low-cost and efficient
for obtaining nanostructures [24,25].

ZnS nanowires/nanotubes are one-dimensional nanostructures. They have a wide bandgap of 3.6 eV with various applications in
photocatalysis [26], sensors [27], and biomedicine [28]. One method for synthesizing ZnS nanowires is the vapor-liquid-solid (VLS)
method [29], which uses a metal catalyst (such as Au or Ag) to facilitate the growth of ZnS nanowires from a vapor source. The di-
ameters of ZnS nanowires produced using VLS range from 10 to 200 nm and their lengths can extend up to several micrometers. ZnS
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Fig. 2. SEM images representing cross-sectional morphologies for the two samples presented in Fig. 1. (a) sample deposited on Silicon substrate
(ZnS/Si) - PbS wt. 12 % (Nanowires); (b) sample deposited on glass substrate (ZnS/glass) - PbS wt. 6 % (Nanorods).

nanotubes are synthesized using a thermochemical process that uses a simple and safe reaction of zinc powder, sulfur powder, and
oxygen gas at a high temperature (800 °C) [30]. The thermochemical process can produce ZnS-Zn nanocables, each of which consists of
a 20-nm-diameter single-crystal Zn core and an 8-nm-thick polycrystalline ZnS sheath. Evaporation of the Zn core led to the formation
of hollow ZnS nanotubes with diameters of 36 nm and lengths of up to several micrometers. Another method for synthesizing ZnS
nanotubes is the hydrothermal method [31], which uses an aqueous solution containing a surfactant (such as CTAB) and zinc salt (such
as zinc nitrate or zinc acetate) at a low temperature (180 °C) [32]. The hydrothermal method can produce ZnS and/or ZnO nano-
structures and nanotubes of various shapes, such as straight, curved, branched, or cross channeled. The diameters and lengths of the
ZnS nanotubes depend on the reaction parameters, such as concentration, pH, temperature, and time [33,34].

Light-emitting diodes (LEDs) convert electrical energy into light. ZnS can be used as a shell layer for quantum dots (QDs), which are
nanoscale particles that emit light of different colors depending on their size. ZnS can improve the stability and efficiency of QD-LEDs
by protecting core QDs from oxidation and quenching [35,36].

In this study, we used a simple thermal-evaporation method to synthesize ZnS nanowires/nanorods using PbS as a dopant. Two
samples were prepared using two different concentrations of PbS and two different substrates (glass and Si). The samples were
characterized using various techniques including XRD, XPS, SEM, EDX, and HRTEM. The growth mechanism was investigated for
optimizing the synthesis parameters.

2. Material and methods

A simple thermal-evaporation technique was used to prepare the samples. 12 wt% (6 %) of PbS powder was added to 88 wt% (94 %)
ZnS powder (99.99 % purity) in the crucible as a source material. The distance between the crucible and substrate holder was about 25
cm, the substrate holder was heated before deposition to 200 °C. To investigate the effect of the substrate on the final structures, the
samples were deposited on two different substrates: glass and silicon. The deposition process lasted approximately 2.5 h. To ensure the
production of high-quality samples, the temperature was gradually increased from room temperature up to 1100 °C during about 30
min. Then the temperature kept constant for 2 h to assure the end of deposition process. The surrounding pressure was 10~ bar.

The crystal structures were determined using XRD. Diffraction patterns were recorded for each sample using a Brucker AXS D8
advanced X-Ray powder diffractometer with a copper target and nickel filter with Cu K, radiation (A = 1.540 A); measurements were
conducted in the range of 20-60° (260). Phase identification from the powder diffraction data was performed using the QualX peak
identification software [37]. XPS experiments were performed using a SPECS/AES ultrahigh vacuum (UHV) facility. A mono-
chromated Al g, X-ray radiation source (1486.6 eV) operating at 250 W was used. All XPS experiments were performed at room
temperature under a base pressure of 10~ bar.

scanning electron microscope (SEM: TSCAN Vega\\XMU model) was used to investigate the morphologies of the obtained
structures surface morphology of all samples. For further investigation of the samples, cross-sectional SEM images of the same samples,
where the front view of the nanostructure sidewall, were captured and analyzed. The elemental composition of the samples was
analyzed using EDX technique.

For HRTEM studies, samples were scratch and immersed in 5 % content of flourhydric acid in water, then were mounted on
amorphous carbon grids.

3. Results and discussion

Fig. 1(a-f) shows the SEM images of the surfaces of the prepared samples at different magnifications. Nanostructured materials,
covered the surfaces of both samples, as presented in Fig. 1(a—d) (at low magnification). However, at higher magnifications (Fig. 1
(b-e)), different types of nanoclusters were observed in both samples. With a further increase in the magnification power, Fig. 1(c-f),
the sample deposited on a silicon substrate (12 wt % PbS) is covered with nanowires, where nanorods cover the other sample deposited
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Fig. 3. (a) Proposed schematic diagram of nanowires (NWs)/nanorods (Nrods) growth. (b) The plot of temperature versus deposition time.
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Fig. 5. X-ray diffraction (XRD) patterns of (a) ZnS/Si (12 % wt.% PbS); and (b) ZnS/glass (6 wt% PbS).

on glass substrate (6 wt % PbS). This could be due to the different concentrations of dopant (PbS) in the two samples and substrates,
which may lead to different growth mechanisms of the nanoclusters [38].

Fig. 2(a and b) presents the cross-sectional SEM images of the same samples. The morphologies of both samples indicated the
formation of cantilever-like nanowires (Fig. 2(a)) or nanorods on top of another thin layer (Fig. 2(b)). During deposition, Pb is expected
to form a thin monolayer on top of the substrate, which acts as a nucleation layer for the nanostructures. In our work, we hypothesize
that ZnS vapor is swiftly produced at elevated temperatures through the evaporation of ZnS powders. These vapors are then trans-
ported and react with the Pb, resulting in the formation of alloy droplets. As the ZnS within the droplets becomes supersaturated, ZnS
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Fig. 6. High-resolution X-ray photoelectron spectroscopy (XPS) spectra in different regions of ZnS composite nanowires (brown)/nanorods (green).
(a) Pb 4f, (b) S 2p, (c) O 1s, (d) Zn 2p3/, (e) Zn LMM and (f) C 1s peaks.
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Fig. 7. High-resolution XPS spectra in Znszq region of ZnS composite nanowires (brown)/nanorods (green).

nanorods or nanowires are generated via a vapor-liquid-solid (VLS) growth mechanism (see Fig. 3(a and b)) [12,13].

It is important to note that in the absence of PbS addition to the ZnS powder during the deposition process, the cross-sectional SEM
images of the ZnS thin films reveal a compact structure devoid of nanowires or nanorods as described in Ref. [11].

ZnS nanowires and nanorods have been widely investigated; ZnS nanowires exhibit good field-emission properties, similar to those
of conventional field emitters [39]. Li et al. [23] reported an enhancement in the UV near-band-edge (NBE) emission of ZnO by
covering the surface of ZnO nanorods with thin ZnS coating.

The Cross-sectional EDX analysis (Fig. 4) revealed that the nanowires/nanorods were composed of zinc and sulfur. The zinc and
sulfur contents were almost identical across all the samples, whereas the lead content was much higher at the bottom of the sample
than at the top where nanowires/nanotubes were present, indicating that, as expected, lead forms a nucleation layer for the nanowires
and nanorods.

The X-ray diffraction (XRD) patterns for the samples synthesized at room temperature are illustrated in Fig. 5(a) for ZnS/Si con-
taining 12 % wt.% PbS, and in Fig. 5(b) for ZnS/glass with 6 wt% PbS. In both samples, the peaks were assigned to three distinct
phases. One phase was related to the cubic rock salt structure of PbS, and the other two phases were related to hexagonal (wurtzite) ZnS
and ZnO. The nanowires/nanorods preferentially grew along [0 0 2] since the peak intensity corresponding to this orientation was the
highest. The intensity and width of the peaks indicate that the sample has a high degree of crystallinity and a small average grain size.
The XRD pattern confirmed that the sample was free of impurities and secondary phases. The presence of the ZnO phase was expected,
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Fig. 8. High resolution transmission electron microscopy (HRTEM) image of ZnS nanorods for different magnifications of the nanoparticles. (a) —
1.0 pm; (b) — 0.2 pm; (¢) — 100 nm; (d) — 50 nm; and (e) — 5 nm.

since the vacuum applied was not optimal and a small amount of oxygen may have been present, leading to the formation of the ZnO
phase at elevated temperatures. However, the content of this phase was much lower than those of the other phases, as it is clear from
the peak intensities in the XRD patterns.

The chemical composition of the surface of the product was investigated using XPS. The XPS results of the ZnS nanostructures
yielded information pertaining to the elemental composition, oxidation states, chemical bonding, and surface defects of the nanowires.
The XPS profiles were recorded and are presented in Fig. 6(a—f). The spectra show the presence of lead (Fig. 6 (a)), sulfur (Fig. 6(b)),
oxygen (Fig. 6(c)), zinc (Fig. 6(e-d)) and carbon (Fig. 6(f)) on the surface of the nanowire sample. In contrast, a signal associated with
Pb was detected in the nanorod sample. The Pbys peaks are located at 143.6 and 139.3 eV and correspond to Pbyss,2 and Pbusr /o
electronic states, respectively. These peaks are associated with the Pb*2 oxidation state. The energy difference between the two states
was approximately 4.3 eV, which is close to that reported for the Pb4s;/2 — Pbyss,2 doublet separation (4.8 eV) in the Pb-doped ZnS
NWs system [40]. In the Pb-doped ZnS NWs system, the Pbys doublet separation indicated the presence and amount of Pb ions in the
ZnS nanowires.

Fig. 7 shows the estimated Fermi level (EF) midgap in both ZnS nanowires and nanotubes. Midgap states, the energy levels located
within the bandgap of ZnS, can be induced by doping or defects. The presence of midgap states can affect the optical and electrical
properties of ZnS. The XPS results indicate that the nanotubes (EF ~1.5 eV) were more insulating than the nanowires (EF ~0.5 eV).
This could be due to PbS doping or the formation of Pb QD in the nanowires.

To further examine the nanostructures, HRTEM measurements were carried out over selected regions of both samples. HRTEM is a
powerful tool for investigating the morphology, structure, and defects of ZnS nanoparticles and their dopants. The HRTEM images
revealed the lattice fringes, interplanar spacings, and crystal phases of ZnS and its dopants. The also revealed the distribution, size, and
shape of the nanoparticles, as well as the formation of core-shell structures. These images provide valuable insights into the synthesis,
growth mechanism, and property modulation of ZnS nanoparticles via doping. Fig. 8(a—e) shows HRTEM images of the ZnS/glass (PbS
6 wt %) for different magnifications. The images indicate the formation of hexagonal nanorods with lengths of up to a few microns and
widths of 100 nm.

Furthermore, EDX Quantification (profile) was conducted to determine the elemental composition of the nanorods along the line of
interest, as shown in Fig. 9. EDX Quantification (profile) can provide information about the distribution and concentration of elements
in nanoscale structures, such as dopants, interfaces, or alloys. The results showed that the nanorod stoichiometry was almost ideal; a
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Fig. 10. Energy Dispersive X-ray (EDX) Quantification (area) of (a) the top and (b) the base of the same nanorod as in Fig. 8.

1:1 ratio of zinc to sulfur atoms in the ZnS nanorods did not indicate the presence of other elements (No Pb).

To further investigate the obtained nanorods, EDX quantification (area) measurements were performed on one selected nanorod,
and the results are presented in Fig. 10. Two areas were selected on the nanorod: the top (Fig. 10(a)) and the base (Fig. 10(b)). Again,
no Pb signal was detected in either region, indicating that the ZnS nanorods were stoichiometric and undoped. These results are
consistent with the XPS results, which show no indication of the presence of Pb atoms in the nanorods.

The surface morphology of the ZnS/Si (12 wt % PbS) was examined using HRTEM at different magnifications, as shown in Fig. 11
(a—d). The images show the presence of ZnS nanowires with diameters of approximately 10 nm and lengths of several micrometers. The
nanowires had a much smaller diameter than the nanorods in the ZnS/glass sample by a factor of up to ten.

To verify the presence of Pb in the nanowires, EDX Quantification (area) analysis was performed on randomly selected nanowire, as
shown in Fig. 12(a—c). Two regions were selected in the nanowire: the top (Fig. 12(a)) and the bottom (Fig. 12(b)). A weak Pb signal
was detected in both regions, suggesting that the ZnS nanowires were doped with Pb. This finding is consistent with the XPS results and
confirms the successful doping of the nanowires. A spherical structure with a diameter of a few nanometers was at the bottom of the
nanowire in the HRTEM image (Fig. 12 (c)). The EDX (area) measurements showed a higher Pb signal in this region than in other
regions. This was likely a quantum dot of PbS formed inside the nanowire. PbS quantum dots inside ZnS nanowires are a type of
heterostructure that exhibit novel optical and electronic properties. The PbS quantum dots can function as luminescent centers that
emit red light under excitation. ZnS nanowires can provide a large surface area and a good carrier transport channel for Pb quantum
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Fig. 11. High resolution transmission electron microscopy (HRTEM) images of ZnS/silicon (12 wt% PbS) for different magnifications. (a) — 0.2 pm;
(b) — 50 nm; (¢) — 5 nm; and (d) — 2 nm.

dots. The combination of PbS quantum dots and ZnS nanowires can form a direct Z-scheme system that enhances charge separation and
transfer efficiency. Moreover, such structures have potential applications in photodetectors, solar cells, and photocatalysts.

4. Conclusions

A simple thermal-evaporation growth method was developed to synthesize ZnS nanowires/nanorods several micrometers in length.
Systematic characterization techniques were conducted to determine the structure, morphology, and composition of the obtained
nanostructures suing HRTEM and HRSEM. ZnS nanowires/nanorods were grown successfully through thermal evaporation of zinc and
sulfur powder at 700 °C using 12 and 6 wt% of PbS as catalyst, respectively. ZnS nanowires/nanorods were grown using a mixture of
zinc wurtzite and PbS rock salt. The XPS and EDX mapping spectra showed that nanorods were Pb-free, while nanowires were doped
with 5 % Pb. These results indicate the possible formation of PbS Quantum dots within the nanowires, which leads to higher con-
ductivity and n-type character in the nanowires than those in the nanorods. Changing the concentration of the PbS dopant and tuning
the parameters that affect the dimensions of the synthesized could improve the properties of the obtained product.

Data and code availability

Not Applicable.
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