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ABSTRACT

Transparent and well-adhered pure zinc sulfide (ZnS) and different concentrations of copper-doped zinc sulfide
thin films were obtained on glass substrates by the Chemical bath deposition process. Zinc acetate, copper acetate and
thiourea were employed as sources of Zn?*, Cu?* and S* ions, respectively; ammonia and hydrazine hydrate served as
complexing agents for the preparation of pure zinc sulfide and different concentrations of copper-doped zinc sulfide thin
films. By adjusting the ammonia concentration, the prepared solution pH was maintained at 11. The prepared samples were
deposited at the rates of 60 and 90 minutes each, with the bath temperature being held at 80 °C. The structural, morphological
and optical properties of the prepared films were characterized by XRD, FE-SEM and EDX, and the results were reported.
The XRD patterns revealed that all thin films possess a polycrystalline cubic zinc blended structure and that the prepared
pure and copper-doped ZnS thin films have good crystallinity; the crystallite sizes were less than 20 nm. From the FE-SEM
spectra, it is understood that the pure and Cu-doped ZnS thin films were uniformly coated with spherical morphology. The
surface morphology, optical characteristics and deposition mechanism were all obviously impacted by the ammonia
concentration. Additionally, under UV light irradiation, the effect of the photocatalytic property of the prepared thin films
with methylene blue dye was studied and the corresponding dye degradation graphs were reported.

Keywords: Pure and Cu-doped ZnS thin films; CBD method; XRD analysis; FE-SEM analysis; Optical analysis;

Photocatalytic; Methylene blue.

INTRODUCTION

The last 20 years have seen a global surge in the
interest in tackling environmental challenges because of
how rapidly society and industry are growing (Wu et al.
2022). The accumulation of wastewater discharges and
domestic sewage that contains organic pollutants such as
pesticides, antibiotics, and phenols is a major issue (Chen
et al. 2021). In the meantime, the ecosystem is impacted
and human health is harmed by the production of the
dyeing and printing industries (Xu et al. 2018). An
adequate  treatment of wastewater to reduce
environmental toxicity before discharging is of
paramount importance (Mahalingam et al. 2023). For
reducing the pollutants present in wastewater,
semiconductor-based thin films act as a catalyst in the
photocatalysis process which is the most effective and
promising method (Jubeer et al. 2023). ZnS, CdS, Cus,
as well as other metal chalcogenides that have been
produced as thin films on different substrates, have new
features that make them suitable for light-emitting
diodes, electroluminescent devices, flat panel displays,
infrared windows, photovoltaic sensors, lasers, solar cells
and dye degradation applications (Li et al. 2010; Yu et
al. 2014; Dedova et al. 2014; Deepa et al. 2014; Anne et
al. 2022; Jubeer et al. 2023). Mainly, ZnS is one of the
I1-VI group's most important n-type semiconductor

compounds with a wide direct band gap energy (3.6 eV),
a high refractive index (2.35) and a low absorption
coefficient, when it is in the form of a thin film (Erken et
al. 2017). znS thin film plays a crucial role with dopant
materials such as copper, manganese and nickel. (Jeon
and Kang 2002; Soni et al. 2009; Chandrasekar et al.
2013). It allows for the enhancement of desirable features
including their structure, wavelength emission and
bandgap energy (Rosado et al. 2016; Mosavi and
Kafashan, 2019). There are many methods available
today for growing and depositing pure and Cu-doped ZnS
thin films including thermal evaporation, sol-gel, spray
pyrolysis, sputtering and sequential ionic-layer
adsorption reaction (SILAR) (Lipina et al. 2019). Among
these, chemical bath deposition (CBD) (Shobana et al.
2022) plays a significant part in thin film deposition since
it uses affordable and non-toxic materials; it has garnered
a lot of research interest. Moreover, the characteristics of
pure and Cu-doped ZnS thin films produced by chemical
bath deposition are influenced by NH; concentration;
hydrazine hydrate acts as a complexing agent (Nicolau et
al. 1990; Dofia and Herrero, 1994; Arenas et al. 1997;
Vidal et al. 1999; Mane et al. 2000). The thin films
produced by CBD technique are typically -either
amorphous or poorly crystalline (Cheng et al. 2003). It
was therefore necessary to anneal the thin films at a high
temperature to increase their crystallinity. In this work,
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glass substrates were used to deposit transparent, well-
adhered pure (ZnS) and Cu-doped zinc sulfide (ZnS:Cu)
thin films. Then, the prepared thin films were
characterized to study their structural, morphological and
optical characteristics.

2. MATERIALS AND METHODS

2.1 Materials
All the reagents namely zinc acetate
(Zn(CH3COO),), copper acetate (Cu(CH3COOQ),).,

thiourea (SC(NH)2), ammonia (NHs) and hydrazine
hydrate (N2H4) purchased from Merck, without any
further purification, served as complexing agents for the
preparation of pure and Cu-doped ZnS thin films.
Deionized water was used in all of the cleaning and
solutions preparation steps.

2.2 Experimental Work

Pure and Cu-doped ZnS thin films were formed
on well-treated microscope glass slide substrates. The
preparation of substrates is essential in the CBD
technique. The substrate cleaning procedure included an
overnight soak in chromic acid, followed by a rinse in
distilled water and a 20-minute ultrasonic cleaning
session using an equal volume of acetone and alcohol. To
provide better adhesion and consistency of the prepared
solution applied to the substrate, the glass substrates were
lightly scraped prior to vertical immersion in the bath
solution.

In atypical process for the synthesis of pure ZnS
solution, 20 ml of 0.5 M zinc acetate, 80% hydrazine
hydrate and 0.5 M thiourea were initially taken, then
deionized water was added to make the solution up to 100
ml. Initially, hydrazine hydrate and zinc acetate solutions
were made, combined, and thoroughly stirred until the
solution was clear. The mixture was then given a good
stir before the ammonia solution was added. 20 ml of
thiourea solution was made simultaneously, and both
solutions were slowly mixed while being stirred at room
temperature to ensure a homogeneous combination. After
that, while altering the ammonia solution, the pH of the
solution was kept at 11. Once the solution is prepared, it
should be transferred to a 100 ml beaker that has been
meticulously cleaned and placed in a chemical bath that
has been preheated to 80 °C. Without stirring, the
perfectly cleaned substrate was immersed vertically in
the deposition solution for 60 and 90 minutes (Z1 and Z2,
respectively). The as-deposited thin films were then dried
and cleaned with distilled water. The as-prepared thin
films were homogeneous, smooth and had good substrate
adhesion with the color of a white film.
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For Cu-doped thin films, 0.05 mole of copper
acetate is added to the parent ZnS stock solution. The 5
moles % Cu-doped ZnS thin films were prepared
similarly (ZC1 and ZC2, respectively). Finally, as-
deposited thin films were annealed at 400 °C.

Using X-ray diffraction (XRD), the physical
and phase characteristics of the as-prepared thin films
were examined. The morphological characteristics were
examined using a Field emission scanning electron
microscope (FE-SEM). The constituent components of
pure and Cu-doped ZnS thin films were found using
Electron dispersive spectroscopy (EDS); UV-Vis
spectroscopy was used to investigate optical
characteristics.

3. RESULTS AND DISCUSSION

3.1 XRD Studies

XRD patterns of pure and Cu-doped ZnS thin
films are represented in Fig. 1. It can be seen that these
XRD patterns have maximum intensity peaks at 20 that
correspond to the (200) and (220) crystallographic
planes, respectively. This peak represents the cubic ZnS
phase (ICDD PDF:65-1691) (Kumar et al. 2016). The
planes mentioned above are those of polycrystalline
cubic ZnS. Due to an increase in film thickness caused
by an increase in molarity, the diffraction intensity rises,
indicating more Bragg planes. It is evident that the
Bragg's peaks increased with increasing time deposition
rate, clearly suggesting an increase in crystallization. As
per reports, this behavior is noticeably a standard routine
(Kumar et al. 2016). The average crystalline sizes (D) of
as-prepared pure ZnS and Cu-doped ZnS thin films with
different deposition times, estimated using Scherer’s
equation, were given in Table 1 (Hassan et al. 2019; Jrad
et al. 2021):

_ 091
[ coséd

where, 1 is the wavelength of the X-ray, B is
FWHM-full width and half maximum.

From Table 1, it is evident that with the
incorporation of a dopant into the parent ZnS lattice, the
crystallite size slightly increased. Moreover, the
crystallite size of the thin films (pure and doped ZnS)
increased with the increase in deposition time from 60 to
90 minutes.
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Fig. 1: XRD patterns of Pure and Cu-doped ZnS thin films
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Fig. 2: Elemental Composition of Pure and Cu-doped thin films from EDX analysis
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Fig. 3: SEM images of Pure and Cu-doped ZnS thin films

3.2 EDX Analysis

Fig. 2 displays the EDX spectra of the Cu-doped
ZnS thin films formed at various deposition time rates at
60 and 90 minutes. All the thin film layers showed the
presence of zinc and sulfur. The formation of pure ZnS
thin films is evidenced by the existence of Zn and S
peaks. The creation of the Cu-doped ZnS thin films is
shown by the presence of Zn, S, and Cu-related peaks.
Additionally, it demonstrated how closely the deposited
films matched their stoichiometry (Gode et al. 2007). The
data for each element's atomic percentages from the EDX
analysis is also shown in Fig. 2. It should be noticed that
the zinc atomic percentage in the thin films is lower than
the sulfur atomic percentage. It can be observed that the
real Zn:S atomic ratio decreases as deposition time
increases while the Cu:Zn molar ratio in the deposition
solution increases (Yuan et al. 2014); in other words, as
the Cu dopant's thin film deposition time grew, so did the
quantity of zinc vacancy states (ZnS) in the host lattice
(Rosado et al. 2016).

3.3. Morphological Investigations (FE-SEM)

The morphological images of the pure and Cu-
doped ZnS thin films obtained using FE-SEM are shown
in Fig. 3. It revealed the surface characteristics of isolated
big grains deposited on a surface formed with very small
grains. The grain size increased with the increase in
depositing time. Cu-doped ZnS thin film grain size also
increased; the small grains combined with the big ones
increased their size. Thus, it shows the combination
between them to form clusters (Rosado et al. 2016). As a
result, it is proven that sudden changes in surface
morphology are closely connected to the amount of Cu
doping (Ortiz et al. 2014).

3.4 Optical Properties

The optical absorption of pure and Cu-doped
ZnS as-deposited thin films was examined using

wavelengths ranging from 250 to 900 nm. Strong
absorption peaks were absorbed between 300 and 350 nm
for both pure and Cu-doped ZnS thin films, respectively.
By measuring the thickness of the prepared thin films and
the absorption coefficient (o), which is estimated from
absorbance studies, it is possible to identify the band gap
value of pure and doped materials. The following
equation uses the absorption coefficient (o) to compute
the band gap of the as-deposited ZnS thin film
(Sathishkumar et al. 2019).

_2.3034
d

where, d is the film thickness and A is the
absorbance of the film. Furthermore, using Taucs plots
(Shaili et al. 2021), the optical energy band gap of as-
deposited ZnS thin films was predicted. It has a
relationship with photon energy and absorption
coefficient:

(ahv)? = A(hv — E,)

where, A is the constant which is related to the
effective mass associated with the bands, a is the
absorption coefficient, h is Planck’s constant (6.626 x 10°
34 Js) and v is the frequency in Hz. Fig. 4 shows the plots
of absorbance as a function of the energy gap. The band
gap values of the undoped and Cu-doped ZnS thin films
were determined and presented in Table 1.

Table 1. Summary of crystallite sizes and optical bandgap
of prepared thin films

Sample Code Crystallite size (nm) Energy gap (eV)
Z1 154 3.76
Z2 16.6 3.79
ZC1 15.9 3.62
ZC2 17.3 3.68
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From the table, it was inferred that the energy ~ when the deposition time was lengthened; the prepared

gap of the pure and Cu-doped ZnS thin films increased

thin films' absorbance was found to decrease.
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Fig. 4: Optical properties of Pure and Cu-doped ZnS thin films

3.5 Photocatalytic Activity of ZnS Thin Film
Mechanism

A 15 W UV irradiation lamp was used to carry
out the dye degradation experiment and there was a 5 cm
gap maintained between the light and the liquid surface
(methylene blue dye). UV light releases the photon
energy (E = 4.89 eV) which helps the electrons free from
the valance band of the ZnS thin film. The freed electrons
(called photogenerated electrons) jump to the conduction
band and subsequently form holes (called photogenerated
holes) in the ZnS thin film. Therefore, the photogenerated
electrons and holes can recombine in two ways to
produce the superoxide radicals (‘O2?) and hydroxyl
radicals ("OH), respectively; the mechanism of the
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photocatalytic reaction can by described (Lee and Wu,
2017; Kaur et al. 2021) as follows:

nS+hv —>e” +ht

H20 — *OH + h*

OH™+ h*— *OH~

O2+e” — 05

MB + *OH~— Products (CO2 + Hz20) + Inorganic acids
MB + °0; — Products (COz + H20) + Inorganic acids

A schematic representation of the ZnS thin
film's photocatalytic activity using methylene blue (MB)
dye was shown in Fig. 5.
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Fig. 5: A schematic diagram of Photocatalytic degradation for MB dye
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Fig. 6: Efficiency of Photocatalytic degradation of MB dye

100 ml of an aqueous solution containing 10
ppm of MB dye was first agitated for 30 minutes to attain
equilibrium in the dark condition, after which as-
prepared ZnS thin film was added as a catalyst. At
specified time intervals (0, 30, 60 and 120 min), 3 ml
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degraded solutions were analyzed using a UV-Vis
spectrophotometer and the characteristic absorption peak
of MB dye solution at 662 nm was examined. The
degradation efficiency (1) has been calculated (Ajibade
et al. 2022) using the relation,
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17(%) = (C(,C—leoo%

0

where, Co represents initial concentration of MB
dye and C; represents the MB dye concentration of the
photocatalytic process under UV light irradiation over
the specified time. The calculated efficiency of the
samples was graphically represented in Fig. 6 for the four
samples and the comparison of efficiencies of the four
samples was depicted in Fig. 7.
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Fig. 7: Comparison of Efficiencies of the samples

Fig. 7 indicates that the prepared samples'
efficiencies are nearly the same for both 60- and 90-
minute thin film deposition times. After 120 minutes of
the photocatalytic process of pure ZnS thin films serving
as catalysts with MB dye, 32% and 34% of the
efficiencies were obtained for the deposition rate of 60
and 90 minutes, respectively. Similarly, 40% and 42%
efficiency were attained when using Cu-doped ZnS thin
films as a catalyst with MB dye. It indicates that the
percentage efficiency of the MB dye degradation process
was not significantly affected by the deposition period;
however, ZnS:Cu works as a better photocatalyst than
pure ZnS thin films after 120 minutes. Furthermore, a
notable decrease in dye degradation efficiency is
observed with an increase in Cu concentration in ZnS
thin films (Mehrabian and Esteki, 2017). According to
Mehrabian and Esteki, the dopants produced ionized
impurity scattering from interstitials and substitution
acceptors, which in turn caused the carrier concentration
to decrease (Mehrabian et al. 2017). In order to address
the issue, un-doped and doped ZnS are employed as
nanoparticles, which offer greater efficiency than thin
films (Kaur et al. 2015). Additionally, the dopant
material can create an alloy with the host material, which
has significant effects on the pollutant removal process
via photocatalysis (Chauhan et al. 2014).

4. CONCLUSION

In the present study, transparent and well-
adhered pure and Cu-doped ZnS thin films were
effectively deposited on glass substrates at the rates of 60

and 90 minutes each using a straightforward CBD
procedure. The prepared films' structural, morphological
and optical characteristics were examined and reported
using various characterization techniques. It was inferred
from the XRD results that the zinc structure was
polycrystalline cubic in all thin films. The optical
investigations of the pure and Cu-doped ZnS films
suggested the applicability for semiconductor devices
due to the low energy gap of the Cu-doped ZnS thin
films. Photocatalytic degradation of MB using pure and
Cu-doped ZnS thin films was performed under UV light
irradiation at varying deposition times. The samples'
efficiencies have been calculated and reported. It is
evident that catalysts in the form of nanoparticles will
receive a lot of attention in the future.
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