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Abstract: In this article, nanopowder zinc sulfide (ZnS) was chemically precipitated starting from Zn
powder and diluted HCl to make a ZnCl: solution followed by a reduction process using a laboratory-
prepared Na:2S. Na2S was produced by dissolving NaOH in distilled water. Then, according to the
stochiometric values of the compound, high-purity S powder was added while heating and stirring
the mixture to a temperature of approximately 105 °C. The mixture was finally dried under a vacuum
at 200 °C. The produced ZnS was studied using SEM coupled with EDS, XRD analysis, UV-Vis, and
FTIR techniques. The results confirmed the synthesis of nanoscale ZnS powder and its chemical
composition. To prepare ZnS pellets, the ZnS nanopowder was compacted and sintered under an
Argon atmosphere at 400°C for 8 hours. The SEM and EDS examined the microscopic structure of the
sintered pellets. The sintered ZnS pellets were also used as an evaporation source for thin deposition
via E-beam evaporation. Furthermore, the optical properties of the deposited thin films were studied
using UV-Visible spectroscopy in the wavelength range of 190 -1100 nm, where the energy gaps (Es)
were calculated for thin films with thicknesses of 111 nm and 40 nm, and they were around 4.72 eV
and 5.82 eV, respectively. This article offers a facile production route of a high-purity ZnS
nanopowder and its application as an evaporation source for the E-beam deposition of ZnS thin films.

Keywords: ZnS nanopowder; Na:S production; sintering; E-beam evaporation

1. Introduction

Zinc sulfide (ZnS) with nanoscale crystal has received unusual attention because of its properties
and the wide range applications in numerous fields, such as electronics, optics, photocatalysis,
infrared devices, solar cells, and purification of wastewater [1-7]. ZnS inorganic nanoparticles can be
produced using different methods and with various microstructures, which leads to different
properties of this compound.

A review of the production of nanoscale ZnS by green routes has been reported in 2023 [8]. The
proposed methods are considered environmentally friendly which allows using these inorganic
nanoparticle compounds with a minimal environmental footprint for many applications in many
fields, such as medicine, optical devices, and engineering applications. In 2024, a comprehensive
review of ZnS synthesis using various methods to give different nanostructures with their
applications was reported by Chakrabarti et al. [9]. They confirmed that the nanoparticle shapes and

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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properties of the ZnS determine its uses in various fields, such as catalysts, solar cells, optoelectronics,
biomedical, sensors, and batteries. ZnS is highly transparent to infrared radiation (IR) in the
wavelength range of 8-12 um due to its large energy gap (Eg = 3.6 eV). Therefore, this material is
widely used in IR sensors such as those found in defensive missile applications [10]. Zinc blende,
which is symbolized as ZnS sphalerite is a stable cubic structure from room temperature to
approximately 1000 °C, where this phase starts to change into the hexagonal close pack structure
(hcp) at higher temperatures to form ZnS wurtzite [11]. Furthermore, doping of the ZnS changes its
energy gap and leads to improved sensitivity to the visible light spectrum. In addition, the
degradation of dye efficiency can be controlled by metal doping of the plain ZnS nanoparticle’s
structure. This subject has been fully reviewed by Khan et al. [12].

The chemical precipitation method of ZnS is one of the most widely used due to the ease of
controlling of its preparation factors, such as the purity of the starting materials, pH, temperature,
and mechanical agitation during precipitation [13-20]. ZnS thin film technology is also used in
various research lines and practical applications since it consumes little material to cover large areas,
which makes this technique very suitable for the manufacturing stage [21-24]. Another route for
producing ZnS is powder metallurgy, which starts with mechanical stoichiometric mixing of bare Zn
and S powders to form the compound. The process ends with compaction and sintering to obtain
solid and sintered parts of the targeted compound. Sometimes, two types or more powders are milled
together under a particular atmosphere for a long time to induce mutual diffusion between the mixed
powder particles to yield the required alloy. Such alloying method is called mechanical alloying (MA)
[25-27]. This method can be generalized to produce several compounds starting from powder
components. Most researchers in this field use ready chemical compounds to produce ZnS using
different production techniques.

It is rare to start with Zinc (Zn) metal, either powder or bulk pieces, to synthesize ZnS by
preparing the required solution, such as Zinc Chloride (ZnClz), and subsequently reduce it to form
ZnS nanoparticles. This subject needs to be investigated as an easy route, probably with less time and
cost, to produce ZnS nanopowders. Furthermore, the sintering of ZnS powders to form pellets, as a
starting material for thin film deposition, needs also a special attention.

This research project aims to produce ZnS starting from Zn powder. The plan includes the
preparation of a ZnClz by dissolving Zn powder or Zn in a diluted HCI of 37% concentration.
Meanwhile, the plan also involves synthesizing Na:S as a reducing agent for the ZnClz solution. A
scanning electron microscope (SEM) with its attached energy-dispersive X-ray spectroscopy (EDS) is
employed to examine the starting materials, the synthesized ZnS nanopowders, and their thin films.
X-ray diffraction (XRD) is used to test the synthesized ZnS and to determine its crystalline structure.
The prepared ZnS powder is compacted and sintered under an Argon atmosphere to prepare solid
pieces prior to thin film production using the electron-beam (E-beam) evaporation technique. The
thin film, compacted pellets, and sintered pellets are imaged by SEM for microstructure exploration.
XRD is also used for thin film phase investigations. Finally, the chemical bonding and the optical
properties of the thin films are studied using UV-Visible and Fourier Transform Infrared (FTIR)
spectroscopies.

2. Materials and Methods
2.1. Instruments and Deceives

e  Hot plat with magnetic stirring (HS-3000, S/N 0407-13, Camlab Ltd., Cambridge B24 5WE, UK)
for heating and mixing as required.

e  Four-digit analytical microbalance (Model SE]J-205, Taipei-Taiwan) for high accuracy
weighting.

e pH meter (EUTEGH, Serial Number 897911, part of Thermos Scientific, Republic of Singapore,
Singapore) for solutions pH measurement.
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e  Scanning electron microscope (SEM) (Inspect F50-FEI company, Eindhoven, The Netherlands)
for high magnification and resolution imaging.

e  Agar sputter coater instrument (Agar Scientific, Model AGB7340, Essex, UK) for specimens
coating.

° Vacuum oven (JEIO TECH, MODEL OV-11, AAH13115K, Republic of Korea, Seoul) for drying
under vacuum.

e  Centrifugate system (HERMILE Labortechnik GmbH, Type Z 326 K, REF 311.00 V05, SN
66A1800211, Wehingen, Germany) for powder separation.

e  Tube furnace (Protherm alumina tube furnace, Model PTF 12/50/450, serial No. 0907234,
Protherm Inc, Ankara, Turkey) with a combined home-designed argon gas line and vacuum
fitting for powder sintering.

e Digital caliper (Total, TMT 322001, Guangzhou, China) for high accuracy dimension
measurements.

e  Milling machine with variable speed (Changsha Tiachuang, Powder Technology Co.,
Changsha, China) for milling process.

e  Compaction system consists of a homemade stainless-steel die integrated with a CARVER
press (model 4350. L, S/N 4350-1401, CARVER, INC., Wabash, IN, USA) for powder
compaction.

. Electron-Beam evaporation system (SCT-1800, SCT, System Control Technologies, sctec.com,
Battle Ground, WA 98604, USA) for thin film deposition.

e  UV-Visible spectrophotometer (UV-1601 (PC) S, CAT No. 206-67501-93, SERIAL No. A1077-
330031052, Shimadzu Corporation, Tokyo, Japan) for optical properties investigation.

e  Optical reflectance Spectrometer (FilmTek 3000, Scientific Computing International, Carlsbad,
CA, USA) spectrometer for thin film thickness measurements.

° Fourier Transform Infrared Spectroscopy (FTIR, NEXUS, EPS-87, Thermo Fisher Scientific,
Waltham, MA) in the wavenumber range of 400—4000 cm™' for powder and thin film FTIR tests.

e  X-ray diffraction (XRD) instrument (Malvern Panalytical, Aeris, monochromatic Cu kal, 1.5406
A, 0.02 step angle, with 20 ranging from 10°—60°, Almelo, The Netherlands) for phase and
unit cell investigation.

All instruments and devices above are referred to wherever they are used in the text.

2.2. Materials

Zinc (Zn) power of 99.5% purity, hydrochloric acid (HCI) of 37% concentration, sulfur powder
of 99.9% purity, and sodium hydroxide (NaOH) of 99.5% purity were used as-received. Distilled
water and absolute ethanol (99.9%) were used according to the required preparation procedure. All
chemicals were purchased from local providers. Glassware, filter papers of 110 mm diameter
(Schleicher & Schiill GmbH, 595, Ref: N0311610, Dassei, Germany), and ceramic funnels were used
as required. Glass slides, quartz slides, and silicon wafers as substrates were used for the E-beam
evaporation of the thin films. Argon gas with a purity of 99.99% was used in these experiments. The
research plan implementation is illustrated in Figure 1.
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Figure 1. Schematic of research running procedure.

2.3. Production of Na2S Compound

NazS was produced at our laboratory according to the following stoichiometric equation:
105 °CxH20 H.T.200 °C,vacuum
2Na*(aq) + S(s) ———— =Na, S.xH,0 ———— > =Na, S(s) (1)

In view of the above equation, 2 moles of NaOH react with 1 mole of S to form 1 mole of Na:S.
The molar mass of NaOH is 39.997 g/mol (~40 g/mol), and the molar mass of S is 32.0650 g/mol (~32
g/mol). 20.0 g of NaOH was weighed using the analytical balance for high accuracy and then
dissolved in 250 mL of distilled water. The formed alkaline solution was then heated to ~105 °C using
the hot plate. With continuous magnetic stirring, 8.0 g of S powder were gradually added to the
solution to produce a reddish-purple solution. A yellow-orange solid of Na25 was produced with the
continued heating at ~105 °C. To get an anhydrous NazS, a vacuum oven was used to heat the
produced NazS to ~200 °C at a heating rate of approximately 2 °C/min in a vacuum of around 10
Torr for 2 h. This laboratory produced Na:S is ready as a reducing compound to synthesize ZnS from
ZnCl2 solution. More information about the production of Na2S can be found elsewhere [19].

2.4. Synthesis of ZnS

Zn powder was first dissolved in dilute HCI to produce ZnCl2 solution according to equation
2).

Zn (s) + 2HCl (aq) — ZnCl, (aq) + H, (g) (2)

Zn powder was washed with a solution made of mixing 1 mL of 37% HCl solution with 100 mL
water in order to remove the oxide layer, if any, during the manufacturing process so that the surface
of the particles would be clean and ready for the reaction. Bubbles of H2 gas were observed during
the reaction and a clear ZnClzsolution was obtained at the end of the process. The pH of the solution,
measured using a pH meter, was approximately 1.4.

It is necessary to perform a theoretical calculation to determine the expected amount of Zn metal
dissolved in a given concentration of diluted HCl and then choose the required mass of the reducing
agent to convert the dissolved Zn ions into a ZnS. According to the used HCl concentration (37%),
each 100 ml contains 37 g of HCl. The average molar masses of H and Cl elements are 1.008 g/mol
and 36.46 g/mol, respectively. Thus, the mass % of each component in HCI can be determined using

the following equation [28]:

% El y q n (Atomic mass of the element) 100 3
= X
o Element In a coripoudt Molar mass of the compound) ®
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where n is the number of H and Cl atoms in HCI, and the results were ~2.765% and ~97.235 % for H
and Cl, respectively.

Based on the preceding calculation, each 100 ml of 37 % HCl contains ~35.978 g of Cl- ions. This
amounts to about 18 g of Cl- ions in each 50 ml of 37 % HCI. Therefore, the number of atoms in this

mass of Cl can be determined as follows:
mass (g) (Avogadro’s Constant)

No. of Cl atoms = (€))
molar mass
18 (g)(6.022 x 1023 mol™1)
No. of Cl atoms = = 2.973 x 10?3 atoms
36.46 g/mol

This number represents the Cl- ions in 50 ml of HCI at 37% concentration. Thus, the number of
Zn atoms needed to react with Cl- to form ZnCl: is half of this number (~1.49 x1023 atoms), because
each Zn ion needs two Cl- ions. Accordingly, the mass of Zn metal to dissolve in 50 ml of diluted HCI
(37%) is the total mass of dissolved Zn atoms, which can be theoretically found by multiplying (~1.49
x10% atoms) times the mass of Zn atoms (~1.086x10-22 g), and the result is ~16.18 g. For all Cl- in the
diluted HCl solution to be fully consumed to form ZnClz, an additional quantity of Zn metal must be
added to the calculated Zn amount as an excess.

The first run of ZnS precipitation was started by dissolving 10 g of Zn powder in 250 ml of 10%
solution of the diluted 37% HCI to form soluble ZnClz (225 mL distilled water + 25 ml of 37% HCI).
The powder was weighed using the analytical balance. After the reaction ceased and no more H2
bubbles are seen, the residual unreacted Zn was dried and weighed to be subtracted from 10 g to find
the exact amount of the dissolved Zn. The result of this process was that the undissolved Zn powder
was 0.9382 g, so the actual dissolved mass of Zn was 9.0618 g (~9 g) in 25 mL of 37% HCI, which is
higher than the theoretical value calculated above.

The obtained ZnClz solution was filtered twice using filter papers into a ceramic funnel to
remove any traces of undissolved solids. The pH of the obtained solution was measured to be 1.4.
The produced Na:S was used as a reducing agent to synthesize ZnS from the prepared ZnCl: solution
according to the following equation:

ZnCl, + Na,S — ZnS + 2NaCl (5)

The needed Na:S to convert the prepared ZnCI2 into ZnS was also calculated. Each 100 g of ZnS
contains 67 g of Zn and 33 g of S, so the required S to convert 10 g of Zn into ZnS is 4.93 g. Therefore,
the quantity of Na2S that contains 4.93 g of S is ~12 g, as each 100 g of NazS includes 41 g of S (Na:S:
~59% Na, ~41% S). The NazS required was weighed using the four-digit microbalance and dissolved
in 200 ml of distilled water, filtered, then dropped wise (50 drops/min.) to the prepared ZnCl:
solutions to form the white ZnS powder. The powder was separated from its solution after the
supernatant discharged utilizing the HERMILE centrifugate instrument and it was washed five times
with distilled water and twice with ethanol. The wet powder was then dried under vacuum at ~105
°C for 1h using the vacuum oven. The dried ZnS was aggregated to form a flake-like material after
drying, which was milled to produce ZnS fine powder. Figure 2 contains photographs of the
produced Na:S, synthesized ZnS white powder in the intermediate solution, and the dried milled
ZnS powder. The procedure was repeated more than once to produce ZnS powder to ensure its
reproducibility and as required.
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Figure 2. Produced Na:S to the left, synthesized ZnS fine white powder in its precipitation solution in the
middle, and dried ZnS powder to the right.

2.5. Sintering of ZnS Powder

The dried flake-like aggregated ZnS powder was milled before compaction. The ZnS fine
powder was compacted at a pressure of 400 MPa with a dwell time of 2 min utilizing a homemade
stainless-steel die of 1.2 cm diameter coupled with the CARVER press. The compacted pellets were
then sintered at 400 °C for 8h with a heating rate of approximately 5 °C/min. until reaching the
sintering temperature, using the Protherm tube furnace. The sintered pellets were then left to cool
down in the furnace overnight. The process was performed under an argon atmosphere with a flow
rate of 1 L/min to prevent oxidation. The tube furnace was evacuated first to approximately 10- Torr
before introducing the argon gas to reduce the oxygen as much as possible. Figure 3 is a photograph
of three compacted pellets at a pressure of 400 MPa.

9. .l0. a1 12

Figure 3. Photograph of three compacted pellets of ZnS at a pressure of 400 MPa. The numbers on the scale are

in centimeters.

The green and sintered densities (pg and ps) of the sintered pellets were determined using a
digital caliper and the analytical balance. The sintering step was crucial for studying the
microstructure of sintered ZnS powder and using the sintered solid pellets for the subsequent E-beam
evaporation for thin film deposition.

2.6. Thin Film Deposition and UV-Visible Spectrophotometry


https://doi.org/10.20944/preprints202503.0352.v1

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 5 March 2025 d0i:10.20944/preprints202503.0352.v1

Thin films of ZnS were deposited on pre-cleaned silicon, glass, and quartz substrates using the
E-beam evaporation technique mentioned in section 2.1. Sintered pellets of ZnS were loaded into a
Boron Nitride crucible and the deposition chamber was evacuated to a base pressure of the order of
7.0 x 10¢ Torr prior to the E-beam evaporation process. The deposited thin films” optical properties
were studied using UV-Visible spectrophotometry in the wavelength range of 190-1100 nm. The thin
film thicknesses were determined using the quartz monitor in the evaporation instrument and
confirmed by the FilmTek 3000 spectrometer.

2.7. Characterizations of the Starting Powders, Synthesized ZnS, and ZnS Thin Films

The XRD pattern of the synthesized ZnS powder and ZnS thin films were measured by the
Malvern Panalytical diffractometer (monochromatic Cukal, 1.5406 A, 0.02° step, with 20 ranging
from 10°—60°) using a scanning speed 0.02 °/s with a beam current and an acceleration voltage of 7.5
mA and 40 kV, respectively. Pieces of about 1.5 cm? of the 111 nm thickness thin film were heat-
treated at 250 °C and 400 °C for 6h in a vacuum of 10 Torr for contrast viewing with the as-evaporated
thin films. The results were then analyzed using the software accompanying the XRD system
(HighScore Plus version 5.2).

Fourier-transform infrared (FTIR) profiles were measured for both ZnS powder and thin films
using ThermoFisher Scientific FTIR spectrometer in the wavenumber range of 400—4000 cm-1.

SEM was employed for microstructure investigation of the Zn and S powders, synthesized ZnS
powder, sintered specimens, and the deposited thin films. An Agar sputter coater was used for
coating with a thin platinum (Pt) film to enhance the image quality and for earthing the specimens
with the SEM stage. Specimens were mounted on aluminum stubs of 1.2 cm diameter using double-
sided adhesive carbon tapes. Zn powder was examined directly with no coating needed, while the S
powder, being almost an insulator, was coated. The synthesized ZnS powder was Pt sputter-coated
and examined for microstructure and chemical analysis. Square pieces of approximately 1 cm? from
the thin film of ZnS were also Pt coated and examined for microstructure and nano-scale particle
imaging. The SEM was used to analyze the fractured surface of the sintered pellet. The selected
fractured surface was made as planar as possible for easy examination in the SEM and to produce a
high-quality image.

3. Result and Discussion
3.1. SEM of Zn Powder, S Powder, and Synthetized ZnS Investigations

Using the SEM was vital for studying the microstructure and chemical analysis of the starting
materials. Figure 4 (a-d) shows the shape, size, and EDS spectra of compacted Zn powder at a
pressure of 300 MPa and annealed-compacted S powder at 110 °C for an hour under a vacuum of
about 102 Torr. This temperature was chosen a bit below the melting point of S element (~115 °C) to
have a solid pellet with minimum molten S powder. The S powder was compacted and heat-treated
to prepare a flat specimen for easier examination in the SEM. Likewise; Zn powder was also
compacted at a pressure of 300 MPa for the same purpose above. The result confirmed that both
starting powders are almost pure with no impurities as revealed by the EDS spectra. This result
encourages the production of the high-purity compounds NazS and ZnS.
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Figure 4. SEM micrographs of Zn and S powders with their EDS spectra, (a) SEI-mode micrograph of Zn powder,
(b) The EDS of micrograph (a), (c) SEI-mode micrograph of S powder, (d) The EDS of micrograph (c).

The obtained ZnS powder was investigated using SEM for its microstructure and also to
determine the particle size distribution. Figure 5 (a-d) illustrates the images of the produced ZnS
nanopowder, its EDS profile with an inserted table of chemical analysis, and the XRD pattern of the
powder. The figure shows that the particles are of spherical shape, and the particle size is around 50
nm or smaller. Also, the EDS spectrum and the chemical analysis table confirmed the formation of
ZnS with at. % of 47.87 and 52.13 for Zn and S, respectively. Since EDS chemical analysis is semi-
quantitative, these values are in very good agreement with the nearly 50 at. % theoretical values for
each of Zn and S in ZnS. The same validation applies to the measured weight conc.% in Figure 5c.
This result confirms that our ZnS production method used here is accurate, relatively easy, and
effective.
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Figure 5. SEM micrographs (SEI-mode) of synthesized ZnS at two high magnifications, (a) 80,000%, (b)100,000x
with green labeled nanoparticles, (c) the EDS spectrum with chemical analysis table, and (d) powder XRD
pattern of powder that was heat treated at 200 °C.

In addition, the XRD profile peaks in the 20 range of 10°-60° fits the sphalerite cubic crystalline
structure with the reflection planes indexing of (111), (220), and (311) at 20 of 28.78¢, 47.22°, and 56.02°,
respectively. The results are more or less similar to published values [5,17,29,30]. Moreover, the unit
cell of the synthesized ZnS was found to be 5.36271 A as compared to the standard corresponding
value of 5.4750 A (COD 96-153-9415), space group F-43m. This finding supports the EDS analysis
which confirmed that the produced ZnS was almost a pure compound. Crystallinity can be improved
by heat treatment under a high vacuum to avoid any transformation to ZnO [30,31]. The synthesized
ZnS nanopowder measured by the XRD unit was annealed at 200 °C for 2h in a vacuum of
approximately 10 Torr for better drying and to avoid unwanted Zn oxidation.

3.2. SEM Images of sintered ZnS Powder

The SEM investigation of the under-argon 400 °C sintered ZnS nanopowder showed particle
growth, as can be easily seen in Figure 6 (a-d), which includes the imaging of the starting nanopowder
and the sintered specimen. The starting nanoparticles of ZnS powder (Figure 6a) were mutually
diffused together by solid-state sintering, forming larger particles, in the rage of 140 nm (Figure 6c-
6d), which is the usual case during the sintering of a powdered material. More information about the
sintering process in different environments has been reported recently [32].
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Figure 6. SEM micrographs (SEI-mode) of synthetized nanopowder and fracture surface of sintered sample at
400 °C, (a) as- synthetized ZnS powder at 40,000x magnification, (b and c) fracture surfaces at 20,000x and 40,000x
magnifications, (d) fracture surface at 80,000x magnification with green color labeled particles.

Sintering under a high vacuum or high-purity argon atmosphere is vital to prevent the
transformation of ZnS powder into ZnQO, as reported by Chankhanittha et al. [30]. They showed that
ZnS prepared by the hydrothermal method was entirely converted into ZnO at annealing under
atmosphere at a temperature of approximately 550 °C and above. Therefore, sintering under a high
vacuum of approximately 10-¢ Torr or less is required to maintain the ZnS as the sole synthesized
compound. The sintered samples were subsequently used for E-beam thin film evaporation process.
Table 1 includes the green and sintered densities of ZnS pellets produced at a sintering temperature
of 400 °C for 8h. The sintered density mean value is low compared to the theoretical density of the
bulk ZnS (4.09 g/cm?) due to the low sintering temperature. In general, the sintering temperature of
any bare powder is at least 0.7 of its melting point, which should be around ~ 1300 °C for ZnS powder,
as its melting point is ~1830 °C [32].
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Table 1. Green (gg) and sintered (s) densities of ZnS produced powder with compaction and sintering

conditions.
Sample No. Qs (g/cmd) Os. (g/cm?) Compaction and sintering conditions

1 2.64 3.19

2 261 3.15 Compaction pressure 400 MPa, sintering temp. 400
°C for 8h under an Argon atmosphere with a flow

3 2.69 3.32
rate of approximately 1 L/min., heating rates of 5

4 2.61 3.18 °C/min., furnace cool.

Mean Value 2.64 3.21

3.3. Thin Film Microstructure at High Magnification

SEM was used to examine the microstructure of the ZnS thin film produced by E-beam
evaporation as can be seen in Figure 7a-d. Image (a) shows a mat-like structure with a rough surface
at a magnification of 40,000, while image (b) displays the microstructure at a higher magnification
of 80,000 from which it can be seen that the particle size is in the nanoscale with an almost spherical
shape. The high roughness may be due to the evaporation discontinuity, as the densities of the
sintered ZnS pellets were lower than the theoretical values. The images (c and d) reveal labeled cross-
sections of the thin film for thickness measurement, which was about 120 nm. The SEM results
confirmed that the 400 °C-sintered ZnS samples can be used for E-beam thin film deposition.

Figure 7. SEM micrographs (SEI-mode) of ZnS E-beam evaporated 111 nm thin film, (a) at 40,000x magnification,
(b) at 80,000 magnification, (c and d) cross-sections of the thin film with green labeled thickness measurement

at 80,000x magnification.
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XRD examination of the room temperature, E-beam deposited, 111 nm ZnS thin film did not
show any peaks indicative of crystallization in the as-evaporated or in film annealed at 250 °C and
400 oC for 6h under vacuum. The measured thin films showed an amorphous structure, which could
be attributed to the low substrate deposition temperature. The heating of the substrate is probably a
crucial factor for the crystallization for these thin films, which was not studied in this work. Figure 8
shows the XRD patterns of the three thin films.

200 1 1 1 1 1 1 1 1 1 1 1
—— Zn-111nm, as - evap.

17.5 4 —— Zn-111 nm, 250 °C

3 —— Zn-111 nm, 400 °C

< 15.0

2

)]

§ 12.5 4

=1

—

10.0

7.5

10 15 20 25 30 35 40 45 50 55 60
20 (Degree)

Figure 8. XRD patterns of 111 nm ZnS thin films of three cases, as-evaporated, annealed at 250 °C and 400 °C for
6h, as recorded in the figure.

3.4. UV-Visible and FTIR Spectroscopy of the Produced ZnS
3.4.1. UV-Visible of the Thin Film Samples

The Percent Transmittance (T%) for the UV-Visible spectrum for two evaporated samples is
shown in Figure 9. This figure shows clearly that both samples, the 40 nm and the 111 nm sample,
are transparent in the near-IR, Visible and most of the UV regions. This makes ZnS thin film as a very
good window material and a good protective coating in the described region. The thickness
dependence of T% is also obvious in this figure.

100 7 T I I I ]

80+

60 +
—— 40-nm ZnS Thin Film

—— 111-nm ZnS Thin Film

T%

40

204

T T T T T
200 400 600 800 1000

Wavelength (nm)

Figure 9. UV-Visible curves of ZnS thin films, (a) T% of ~40nm, and (b) T% of ~111 nm.
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The Tauc’s equation was used as the basis to calculate the bandgap (Eg) from the T% data [33—

39].

(ahv)” = B (hv — Eg) (6)
where a is the absorption coefficient (in cm™), h is the Planck’s constant, v is the light frequency, B
is a constant, Eg is the bandgap energy of the material, and r is a constant that depends on the nature
of the bandgap, whether direct or indirect, and whether allowed or forbidden. For ZnS, r = 2 was
used for direct allowed transitions.

Figure 10 and Figure 11 present the Tauc’s plots, and the linear region fit for the 40-nm and the
111-nm samples respectively. The bandgap calculations show a direct dependance of the bandgap
value on the thickness of the deposited film. It was found that Eg increases as the thickness decreases.
The reported bulk Eg for ZnS is around 3.6 eV, while the values of the studied thin films were 4.82
eV and 5.82 eV for the 111-nm and 40-nm thin films respectively. The thin films Eg values are 31 -
62% higher than those of thick films and the bulk ZnS material. This thickness dependance of the
bandgap was also reported by other researchers [33-36,39]. This attractive feature makes ZnS films a
good choice for applications where bandgap engineering is needed. The bandgap of ZnS thin film
can be simply controlled by varying its thickness.

4.0x10"" — 2.6x10" : i . ; : ;
3861071 40-nm ZnS Thin Film 2.4x10"" ®— 7ZnS E-Beam 40 ~nm 4
3.0x10"" 5.82£0.09 eV o Linear Fit ]
; E,=582%0.09 eV
2.5%10""
o oo 2.0%10" 1 J
_§ 2.0%10" - %
= =~ 1.8x10" - R
1.5%10""
1.0x10"" 1.6%10" o i
5.0x10" 1.4x10" o 4
0.0 T T T T 1.2x10™" . , : : : i
1 2 3 4 6.10 6.15 6.20 6.25 6.30 6.35
hv(eV) hv (eV)

Figure 10. (a) Tauc’s plot of the 40-nm thin film with a bandgap of 5.82 eV., and (b) the linear fit for the linear

region of the Tauc’s plot for a better fit and a more accurate bandgap calculation.
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Figure 11. (a) Tauc’s plot of the 111-nm thin film with a bandgap of 4.72 eV. And (b) the linear fit for the linear
region of the Tauc’s plot for a better fit and a more accurate bandgap calculation.
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3.4.2. FTIR of ZnS Powder and its Thin Film

The FTIR spectra for the powder and thin films of ZnS are shown in Figure 12. The
correspondence between the powder samples and the thin film samples is clearly seen in this figure.
The main peaks associated to ZnS powder are slightly shifted in the thin film samples which can be
attributed to changes of the environment around the ZnS molecules. The peaks observed at 478 cm™!
in the powder sample and the at 533 cm™, 646 cm™ are assigned to ZnS stretching vibrations, the peak
at around 1005 cm™ is also attributed to ZnS, while the peak at around 905 cm is attributed to metal
oxides vibrations. The peaks at around 2370 cm! are mainly assigned to C=O of the atmospheric COs,
while the bands at around 3480 cm™ are usually assigned to O-H stretching. The powder sample also
shows C-Hx stretching shoulder in the region at around 2900 cm™. The FTIR spectra confirm the
presence of ZnS in the studied samples [40-46].

0.8 T T T T T T T T

07 +=—=7nS111hm Thin Film
: =———7nS 40 im Thin Film
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0.5+

0.4+

Absorbance

0.3+

0.2

014 . .

|II I|II I| T T T T T
500 1000 1500 2000 2500 3000 3500 4000

0.0 -

Wavenumber (cm™)

Figure 12. FTIR profiles of synthesized ZnS powder and the two thicknesses of the E-beam evaporated thin

films.

4. Conclusions

The current research project exposes a relatively simple but efficient method to chemically
synthesize nanoscale ZnS powder. The produced ZnS was characterized using SEM with EDS, XRD,
and FTIR. The results confirmed the formation of the compound. The EDS showed that atomic
percentages (at. %) of Zn and S elements were 47.87% and 52.13%, respectively. The nanoparticle
powder was compacted and sintered under vacuum for microstructure investigation, and the
sintered pieces were subsequently used to produce thin films using E-beam deposition. The
microstructural investigation showed that sintering led to the growth of the initial nanoparticles and
that they remained within the nanoscale limit. Two thicknesses of ZnS thin films were deposited,
namely ~40 nm and ~111 nm, which were optically studied using UV-Visible and FTIR
spectroscopies. They showed two different values of Eg, 4.72 eV for the thicker sample (~111 nm) and
5.82 eV for the thinner one (~40 nm), which makes ZnS thin films suitable candidates for application
requiring bandgap control. In addition, SEM imaging showed that the particle size of the film layer
was also in the nano-range after E-beam deposition at room temperature with an amorphous state,
as elucidated by the XRD test results.
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