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Abstract: Recently, the efficient preparation techniques of zinc sulfide (ZnS) nanostructured films
have drawn great attention due to their potential applications in optoelectronics. In this study,
the low-cost and high-yield chemical bath deposition (CBD) technique was used to deposit ZnS
nanostructured thin films. The effect of various deposition parameters such as time, pH, precursor
concentration, and temperature on the morphology and energy bandgap (Eg) of the prepared thin
films were investigated. The characterization of the prepared thin films revealed the formation
of polycrystalline ZnS with Narcissus-like nanostructures. Moreover, the optical characterization
showed inverse proportionality between both the transmission and Eg of the nanostructured thin
films and the variation of the deposition parameters. A range of different Eg values between 3.92 eV
with 20% transmission and 4.06 eV with 80% transmission was obtained. Tuning the Eg values and
transmission of the prepared nanostructured films by manipulating the deposition parameters of such
an efficient technique could lead to applications in optoelectronics such as solar cells and detectors.

Keywords: CBD; ZnS thin films; growth; energy bandgap; nanostructure

1. Introduction

Zinc sulfide is one of the most important large bandgap II-VI semiconductors, which
have recently been identified as some of the best optoelectronic computing materials
because of their useful properties, in particular their nontoxicity [1]. ZnS is an essential
semiconducting material with a large direct bandgap of about 3.6–4 eV in the bulk [2,3].
ZnS as a white powdered compound is also known as zinc blende or sphalerite [4]. As a
hexagonal crystalline structure, it has both wurtzite and synthetic mineral. However, it can
also exist in cubic structure, which is more stable in this form [5].

ZnS nanostructures have been successfully synthesized in different nanostructure
types such as nanowires [6], nanobelts [6,7], quantum dots [8], and nanotubes [9]. They
can be integrated into a wide range of nanoscale devices, in particular piezotronics, photo-
voltaics, and photodetectors [9–12]. In addition, ZnS has also been considered as the best
material to be used as an alternative buffer layer for cadmium sulfide (CdS) in CZTS solar
cells [13], light-emitting diodes [14], catalysis [15], gas sensors [16], thermal sensors [17],
and biosensors [18].

ZnS thin films are prepared by several methods such as spray pyrolysis [19,20], molec-
ular beam epitaxy [21], successive ionic layer adsorption and reaction technique [22], pulsed
laser deposition [23], electrodeposition [24], and CBD [25–27]. The CBD technique is widely
used due to its low cost, low deposition temperature, and easy coating of large surfaces. In
the CBD technique, the consistency of the deposited film depends on the temperature, the
deposition time, the reactant concentration, and the pH of the bath [28–30].

In this work, ZnS Narcissus-like nanostructured thin films were prepared using the
CBD technique for a short period of only ten minutes. To the best of our knowledge, the
formation of such nanostructures within this short period of time has not been reported
yet. The Eg of the prepared films was well controlled depending on different deposition
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parameters. As a result, diverse and wide Eg values were obtained and this could widen
their application for optoelectronic devices.

2. Materials and Methods

Glass substrates with dimensions of (25 × 75 × 1 mm) were used to deposit ZnS thin
films. The substrates were soaked in chromic acid for 24 h, washed with distilled water,
and rinsed in acetone. Then, they were ultrasonically cleaned with distilled water, dried,
and then kept in a desiccator.

ZnS thin films were prepared using 80 mL of 0.2 M zinc acetate (Zn (CH3(COO)2),
8 mL of 0.25 M ammonia (NH4OH), and 160 mL of 0.2 M thiourea (Tu) (SC(NH2)2, using a
chemical bath deposition technique in an alkaline solution. All chemical materials were
bought from pro analysis ACS company without further purification. The solution was
stirred with a magnetic stirrer, as illustrated in Figure S1, at room temperature. Different
bath compositions were used to prepare solutions, as shown in Table S1. The substrates
were then immersed in a beaker containing the reaction mixture. The beaker was placed in
a water bath at a temperature of (80 ± 2 ◦C). Then, it was heated with continuous stirring
to the required temperature of deposition. The pH was measured with pH meter type
(Jenway3505). The substrates were then taken out after a suitable time. They were washed
with distilled water and ultrasonic agitation to remove the porous zinc sulfide overlayer,
then dried in hot air and evacuated in the desiccator.

The surface morphology and structural properties were characterized and studied
using field-emission scanning electron microscopy (FESEM, ZEISS, Oberkochen, Germany)
and analytical X- Pert PRO (MRD model) (Cu Kα = 1.5406 Å at 40 kV, 30 mA) in the 2θ
range from (10◦ to 80◦) with a scanning rate of 1◦/min. The optical transmittance spectra
were recorded by the UV-VIS Spectrophotometer (Jenway, Bibby Scientific Ltd, Stone, UK)
in the range of 300–1100 nm. The Eg of the thin films is calculated from Tauc’s equation, as
shown below:

(α.hυ)2 = A (hυ − Eg) (1)

where α is the absorption coefficient that is given by (α = 2.303 log (T/d)), A is the
absorption, hυ is the incident photon energy, Eg, T is the transmittance, and d is the film
thickness [31].

The thickness of the thin films was measured using the optical interferometer tech-
nique [32], in which thickness (d) is calculated by the following formula:

d =
λ

2
.

∆x
x

(2)

where λ is the wavelength of the He-Ne laser (632.8 nm), ∆x is the distance between two
fringes, and x is the fringe width.

3. Results and Discussion

Mass transport of reactants, adsorption, surface diffusion, reaction, nucleation, and
growth are the fundamental aspects of the CBD growth mechanism. ZnS nanostructured
films are formed by the decomposition of Tu ion source) in an alkaline solution containing
zinc acetate (Zn2+ ion source) and (NH4OH) as a complex agent. The deposition method is
based on the slow release of Zn2+ and S2− ions into the solution with the addition of NH3
as a complex agent [33,34]. The process of the deposition can be illustrated depending on
the following two reaction steps:

Zn2+ + 4NH3 � [Zn (NH3)4] (3)

The yield complex then reacts with sulfide ions to form ZnS nanostructures as follows:

Zn (NH3)4
2+ +S2− � ZnS + 4NH3 (4)
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To accelerate the deposition process, the chemical bath was heated, and thus the
chemical reaction rate of deposition was improved according to Ostwald’s ripening process.
At higher temperatures, the rate of reduction of sulfur increases, and the number of
nucleation centers increases [34,35].

The investigation of ZnS thin films growth as a function of different deposition
parameters is given in Figure 1.
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Figure 1. The thickness variation of ZnS thin film (where pH = 10, t = 10 min, T = 65 °C, zinc acetate and Tu-concentration
concentration = 0.2 M) as a function of different, (a) deposition time (td), (b) pH, (c) deposition temperature (Td), (d) zinc
acetate concentration, and (e) Tu-concentration.

Figure 1a shows a significant increase in the thickness of the film of more than 260 nm
after only ten minutes of the deposition time. Afterward, the growth of the film slightly
increased without reaching the saturation limit. This is due to the increase of the rate
of deposition [36,37]. A similar trend of the growth rate of the nanostructured films can
also be seen in Figure 1c,d, at which the film’s growth rate increases with the increase of
both temperatures and Zn2+ concentration, respectively. Furthermore, Figure 1c shows a
significant increase in the film thickness with a low temperature of only 45 ◦C. In this region,
the rate of deposition is high due to high concentrations of Zn and S [36,38,39]. In contrast,
the film thicknesses were decreased with the increase of both pH and Tu-concentration,
as shown in Figure 1b,e. This is an indication of not having a sufficient amount of Zn2+

and S2− ions released from Tu given the growth temperature range used in this study. It
also implies that the growth of ZnS film requires a threshold concentration of precursor Tu
to sustain the growth process [40]. The X-ray diffraction pattern of ZnS nanostructured
thin films can be seen in Figure 2. It can be clearly found that the deposited films have
a hexagonal structure with four peaks at 2θ = 31.87◦, 34.44◦, 36.36◦, and 56.68◦. These
peaks of ZnS films correspond to the (104), (106), (1010), and (203) planes of the wurtzite
hexagonal ZnS phase according to the standard JCPDS data (01-072-0162) (01-072-0163)
(01-079-2204) (01-080-0007). Different reports on CBD-ZnS films have shown the formation
of the other phases into the films rather than the above patterns. These mixed phases can
produce different effects on films, which sometimes are not easy to identify and control.
Thus, the repeatability of the reported method is another challenge to obtaining ZnS films
with high quality for the CBD technique [41].
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Figure 2. X-ray diffraction patterns of ZnS Narcissus-Like nanostructured thin films. Prepared at
Td = 65 °C pH = 10, t = 10 min. Zn conc. = 0.2 M, Tu-conc. = 0.2 M.

A small variation in pH had a significant effect on the morphology of the ZnS nanos-
tructured thin films. When the solution pH was fixed at nine, cone-like (leaf) shapes ap-
peared (Figure 3a). After increasing the pH of the solution to 10, the flower-like structures
started to form, as shown in Figure 3b. After increasing the pH to 10.5, the Narcissus-Like
nanostructures were formed Figure 3c. A slight increase of the size follows the pH increases
and improves the formation of the Narcissus-like nanostructure. Concerning the nucleation
stage, growth proceeds by nucleation of crystallites, then forming nanostructure grains
which coalesce to cover the entire substrate surface and show a densely nanostructured
film. Increasing the pH of the deposition bath increased the chance of the monomers
gathering and forming the cone-like (leaf) shapes, and eventually, nanostructures were
formed [26,42–44].

The same effect of time and temperature on the formation of ZnS Narcissus-like
nanostructures can be seen clearly in Figures S2 and S3, respectively. The formation of
nanostructures began after only 5 min of deposition, at which ZnS leaves appeared in the
pre-formation stage with an average size of 200 nm (Figure S2a). When the deposition
time reached 10 min, the Narcissus-like nanostructures had clearly emerged, as shown in
Figure S2b. Further increase in the deposition time further enhanced the formation of ZnS
nanostructures Figure S2c,d. With prolonged deposition, the Narcissus-like nanostructures
also started to agglomerate and form more dense and larger size cone-like structures with
an average size of more than 450 nm (Figure S2d).

Similarly, the formed structure is a cluster of leaf-like shapes distributed within the
nanoscale regime with an average size of 220 nm in length with only 45 ◦C (Figure S3a).
Increasing deposition temperature to reach 65 ◦C, the Narcissus-like nanostructures with
about 270 nm leave size were formed (Figure S3b). This could be attributed to the effect
of Ostwald ripening because larger particles are more energetically stable than smaller
particles. Oriented attachment occurs because the aggregation decreases the interphase
boundary and the total (surface) energy of the system [45]. Careful control of the depo-
sition bath parameters can produce very homogeneous and regular ZnS Narcissus-like
nanostructured thin films (Figure S4).

To investigate the optical properties of the prepared ZnS nanostructured thin films,
the transmission measurements were conducted over a wide spectral range from 300 to
1100 nm. Figure S4 shows the variation of ZnS nanostructured thin-film transmission
with different deposition parameters. The transmittance of the films inversely changed
with the increase of the deposition parameters. For example, increasing the pH of the
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solution forms more OH− ions in the solution, which tend to be readily combined with
zinc without leaving enough zinc on the substrate for ZnS growth [46,47]. The films were
prepared at Td = 65◦C, t = 10 min, Zn-conc. = 0.2 M, Tu-conc. = 0.2 M. Additionally, an
increase in the bath temperature caused an increase in the particle kinetics in the solution
that led to the formation of new ZnS grains which filled up the voids in the thin layer
of the ZnS that eventually appeared to have more thickness and less transmittance [48].
Additionally, increasing Zn2+ ion concentration causes further aggregation of thicker and
low transmittance nanostructured thin films [49].
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Figure 3. FESEM images formation of ZnS Nanostructure with different pH: (a) 9.5, (b) 10, and
(c) 10.5. The inset of c is a real photo of the Narcissus flower. The films were prepared at Td = 65 °C,
t = 10 min. Zn conc. = 0.2 M, Tu-conc. = 0.2 M. (d) Magnified digital camera photo showing the
homogeneous and regular ZnS Narcissus-like nanostructured thin film on glass substrate when
deposition temperature was 65 ◦C, pH 10, Zn and Tu-conc. = 0.2 M for 10 min. The inset is the
FESEM image of the ZnS Narcissus-like nanostructure distribution on the substrate (with a scale of
1 µ).
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From the transmission curves of the prepared ZnS Narcissus-like nanostructured thin
films, the Eg was calculated from the plot of photon energy (hυ) against the square of
the product of absorption coefficients in photon energy (αhυ)2 with different deposition
parameters (Figure 4 and Table 1). The detailed Eg calculation with different deposition
parameters can be seen in Figures S4 and S5.

Table 1. The variation of Eg with different deposition parameters.

Time(minutes)
Eg (eV)

5 10 20 30 40 50 60
4 3.995 3.99 3.98 3.97 3.94 3.92

pH
Eg (eV)

9 9.5 10 10.5 11 11.5 -
4.04 4.02 4.01 4 3.99 3.97 -

Temperature (◦C)
Eg (eV)

40 45 55 65 75 - -
4.06 4.04 4.02 4.01 3.99 - -

Zn (CH3COO)2 (M)
Eg (eV)

0.05 0.1 0.15 0.20 0.25 0.3 -
4.03 4.016 3.997 3.984 3.978 3.958

SC(NH2)2 (M)
Eg (eV)

0.05 0.1 0.15 0.20 0.25 0.3 -
4.03 4.02 4.01 4 3.995 3.990

From Figure S5 and Table 1, it can be concluded that the Eg of the deposited thin films
reduced with the increase of the deposition parameters. The Eg values reduced from 4.04 eV
to 3.97 eV after 60 min of deposition (Figure S5a). This is due to the increase in the film
thickness and enlargement in the grain size of formed ZnS nanostructures as the deposition
continuing (Figure S2, FESEM images). This reduced the film’s transmission which in turn
caused the reduction in the tangent of the absorption and, as a consequence, the Eg values
were increased. The value of the Eg of the film that deposited for 60 min is comparable to
the one that is recorded for the ZnS bulk Eg (3.79 eV) [50–52], while the values of the Eg of
the ZnS Narcissus-like nanostructured thin film prepared at 10 min are higher, which can
be attributed to the Quantum effect of the resultant structure within the film.

The variation of pH affected the Eg values of the deposited films: the highest value
of about 4.04 eV for pH = 9 was recorded. This value reduced to about 3.97 eV with
increasing the pH value to 11.5 which is higher than the ZnS bulk band gap (Figure 4b).
Within the same deposition time (10 min, Figure S5f) a thinner film with a lower growth
rate had a lower absorbance, thereby lower Eg and vice versa. Similarly, the same effect
can be seen with the change in the bath temperature of the deposition (Figure S5c) and
Table 1. With the rise in the bath temperature, the chemical reaction is accelerated, and
therefore, the formation of ZnS nanostructures increased to produce a thicker film with a
lower transmission. The effect of Zn concentration on the values of the Eg of the prepared
thin films was more significant compared to the effect of Tu- concentration. The Eg
decreased from 4.03 to 3.958 eV when the concentration of Zn raised from 0.05 to 0.3 M
(Figure S5d). However, a small decrease in the energy bandgap of 4.03 eV to 3.99 eV was
observed with the raise of Tu concentration (Figure S5e). This decrease in the Eg can be
related to the reduction in the values of the S ions in the solution [53].

4. Conclusions

By using the CBD technique, ZnS Narcissus-like nanostructured thin films have been
successfully deposited onto commercial glass substrates depending on different deposition
parameters. The deposition parameters have a clear and direct effect on the morphology,
structure, and energy bandgap of the prepared ZnS nanostructured thin films. Within the
UV-VIS region, the optical characterization gives us a clear indication that enhancing ZnS
thin films’ Eg could extend their uses in a wide range of potential applications such as
photovoltaic, detectors, and gas sensors.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/coatings11091131/s1, Figure S1. Schematic representation of the CBD system; Table S1. CBD

https://www.mdpi.com/article/10.3390/coatings11091131/s1
https://www.mdpi.com/article/10.3390/coatings11091131/s1
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different deposition parameters. At each deposition, one of the parameters was changed and all
others were fixed to get the optimized condition; Figure S2. FESEM images of ZnS Narcissus-Like
Nanostructure growth with variation in deposition time (a)5 min, (b)10 min, (c)30 min, (d) 60 min. The
films Prepared at Td = 65 C, Ph = 10, Zn conc. = 0.2 M, Tu conc. = 0.2 M; Figure S3. FESEM images of
ZnS thin film formed with the different deposition temperature. (a) 45 °C, (b) 65 °C. The films Prepared
at pH = 10, t = 10 mintes. Zn conc. = 0.2 M, Tu conc. = 0.2 M; Figure S4. Optical transmission spectra
of ZnS thin films deposited at various (a) Times (b) pH (c) Temperatures (d) Zinc acetate concentration
(e) Thiourea concentration; Figure S5. The optical energy gap of ZnS thin films deposited at various
(a) Times (b) pH (c) Temperatures (d) Zinc acetate concentration (e) Thiourea concentration.
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