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Abstract: Heat post-treatment involves subjecting the ZnS thin film to a high-temperature annealing
process after deposition on a substrate. The primary goal of heat post-treatment is to improve the
crystalline structure of the ZnS film, which can significantly impact its electrical and optical properties.
Zinc sulfide (ZnS) films are broadly utilized in photovoltaic instruments because of their versatile
properties. In this study, we deposited ZnS films on glass substrates using spin coating at a temperature
of 500°C and investigated the impact of film thickness on their optical and electrical characteristics.
We employed various characterization techniques such as UV-visible (UV-V) spectroscopy, X-ray
diffraction (XRD), and two-point techniques to analyze the electrical and optical properties of ZnS thin
films. During the heat treatment, the ZnS film is annealed, which promotes the formation of well-
defined crystalline grains and reduces the number of defects in the film. A thin Zinc Sulfide film shows
the film's thickness from 445 nm to 1778 nm. The electrical resistivity of the films was also measured
and found to be in the range of 8.34 x 10° to 56.71 x 10° Ohm-m. Our results demonstrate the significant
impact of film thickness on the electrical and optical properties of ZnS films, which can be useful in
developing photovoltaic devices.
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1. Introduction

Zinc sulfide (ZnS) is a versatile material with many applications, including
optoelectronics, solar cells, and transparent conductive coatings. As a transparent conducting
material, ZnS has several advantages over other normally utilized materials, such as fluorine-
doped tin oxide (FTO) and indium tin oxide (ITO) [1]. One of the main advantages of ZnS is
its high transparency in the visible region of the spectrum, making it suitable for use in
transparent conductive coatings for displays and touchscreens [2,3]. Additionally, ZnS has a
high refractive index, which can be used to enhance the performance of light-emitting devices
and solar cells [4]. ZnS also has good electrical conductivity, making it a viable alternative to
ITO and FTO for transparent conducting applications. ZnS has been shown to exhibit better
conductivity than ITO in certain situations, particularly at high temperatures. Another
advantage of ZnS is its abundance and low cost [5]. Unlike indium, a rare and expensive
element, zinc is readily available and relatively inexpensive. This makes ZnS a more
sustainable and cost-effective option for transparent conductive applications. Overall, the
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unique combination of high transparency, high refractive index, good electrical conductivity,
and low cost make ZnS a promising material for various transparent conductive applications
[6].

ZnS has a band gap of around 3.7 eV and is optically transparent [7,8]. It is an
inexpensive, environmentally friendly substance with superior mechanical features, perfect
hardness, and fracture strength [9]. Zincblende (ZB) and wurtzite are the two crystalline forms
of ZnS [10]. The fact that it is transparent throughout such a broad energy range, from visible
wavelengths to slightly over 12 micrometers, makes it the perfect material for various devices,
including sensors, light-emitting diodes[LED], solar cells, and liquid crystal displays [11].

Overall, this study contributes to the knowledge of ZnS's optical and electrical
properties, providing insights for developing novel materials and devices with practical
applications.

2. Materials and Methods

The sol-gel technique is used to create the ZnS solution. The starting material used to
prepare the sol is zinc acetate dehydrated salt as a zinc precursor, thiourea as a sulfide precursor,
acetone as a solvent, distilled water, isopropanol, and monoethanolamine (MEA) as a stabilizer.
Firstly, we dissolved 0.439 grams of 0.1 M zinc acetate dehydrate (20 ml) in propanol-1 to
yield 0.002 mol Zn, regardless of the final solution volume. We then stirred the solutions at
50°C to 60°C and added 10 drops of MEA after 30 minutes of stirring. We added a NaOH
solution to attain a pH level of 12, producing transparent and uniform solutions. We added 20
ml of 0.3 M thiourea to the solutions, further stirred at 50°C to 60°C. We utilized the same
amount of thiourea (0.4536 grams) in each precursor solution. Finally, we stirred the prepared
sols under magnetic stirring at a temperature of 50°C to 60°C for two hours.

The 2x2 cm glass substrates underwent a cleaning procedure that included soaking
them in acetone for 24 hours, washing them with detergent, rinsing them with distilled water,
and allowing them to air dry. The polished surface of the substrate adheres evenly over its
surface. Thin ZnS films were deposited on the cleaned glassware using a sol-gel spin coating
with a spin speed of 3000 rpm. The spin coating process was repeated 6, 8, 10, and 12 times,
resulting in samples with 6, 8, 10, and 12-layer films with thicknesses of 445, 889, 1374, and
1778 nm (S6, S8, S10, and S12), respectively. Each layer of ZnS consisted of 3 drops of the
ZnS solution. To crystallize the films, the S6, S8, S10, and S12 layer samples were placed in a
furnace and subjected to post-heating for 5 hours at various temperatures, 300°C to500°C.

3. Results and Discussion

3.1. XRD Pattern.

Figure 1 shows the X-ray diffraction graph of the 8-layer films (S8) that were formed
on a glass substrate at annealing temperatures of 300°C, 400°C, and 500°C. Thin films were
examined for phase purity and crystal structure using an XPERT-PRO diffractometer with a
Cu-K radiation source at 20-60°C. The XRD pattern of the artificial ZnS layer is displayed in
Figure 1. The diffraction data of ZnS was consistent with the JCPDS data (JCPDS 72-0163).
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Figure 1. X-ray diffraction pattern of S8 layers(thickness 889 nm).

The hexagonal wurtzite structure was observed, which exhibited three major peaks at

(102), (104), and (105) and closely matched the literature [12,13].
— 0.891 (l)
Lcos6

The Debye-Scherrer equation (1) [14], where A, 6, and [ stand for the Cu-K radiation
wavelength, Braggs angle, and full width at half maximum of the diffraction plane respectively,
were utilized to estimate the average particle size (D) of the synthesized ZnS nanoparticles
[15]. The average crystallite size of the ZnS nanoparticles was determined to be between 32.41
and 32.46 nm. The XRD examination of the coated samples with 8 layers indicated a higher
level of crystallinity in the films, which revealed that all significant reflection peaks got
narrower and sharper with increased intensity. The ZnS thin film crystallinity rose when the
annealing temperature was raised, peaking at 500°C. No new reflections arose even though the
strength of the reflections generally dropped as the annealing temperature increased, proving
that no new phases were created.

3.2. UV-visible spectrosocpy.

The optical characteristics of the ZnS thin films formed on glass substrate layers (S6,
S8, S10, S12) were investigated using a UV-visible spectrophotometer. The optical spectra of
the films annealed at 500°C were obtained by a spectrophotometer, as shown in Figure 2 and
3. The transmittance of all samples was found to increase in 400 nm—600 nm as shown in figure
2(b), with a transmission greater than ~90% observed for a wavelength of 400 nm [16].

Among the samples, S8 exhibited the highest transmission of 99.03% in 400-600 nm,
followed by S6 at approximately 95% and S12 at about 91.98%. On the other hand, S10 had
the lowest transmittance value of ~65.21%. The thickness of the films significantly affected
their optical transmittance, as shown in Figure 2b. The good transmittance observed in the films
to the improved crystal structure of the ZnS thin films resulting from the annealing process, as
shown by the X-ray diffraction spectra [17,18].
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Figure 2. (a) Refection spectra of ZnS with respect to the thickness of thin films; (b) Transmission spectra of
ZnS with respect to the thickness of thin films.

The value of the absorption coefficient (a) is calculated by using
23034

a= ()
d
where the ‘d’ is the thickness of the thin film measured by the weight method.
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Figure 3. Absorption coefficient of S6, S8, S10 and S12 layers.

Due to its wide bandgap, ZnS exhibits strong absorption in the ultraviolet region. The
thickness of a ZnS layer can significantly affect its UV absorption properties [19]. Figure 2
shows that the thickness absorption increases towards shorter wavelengths, resulting in a blue
shift in the absorption spectrum. In thin ZnS films, the confinement of the excitons becomes
more pronounced due to the reduced dimensionality of the material. This results in a higher
energy level for the excitons, corresponding to a shorter wavelength of light absorbed. As the
thickness of the ZnS film increases, the confinement effect diminishes. Therefore, the thickness
of the ZnS layer must be carefully optimized to achieve the desired UV absorption properties
for specific applications. For example, in optoelectronic devices such as photodetectors, a thin
ZnS layer is desirable to achieve high UV sensitivity. On the other hand, in UV-blocking
applications, a thicker ZnS layer may be required to provide effective UV absorption.
Maximum absorption takes place at a thickness of 1373 nm.

The optical absorption coefficient in the visible range for the deposited films was
investigated and is shown in Figure 3. The absorption coefficient values were found to be quite
low (o> 3 cm™). Among the samples, the S10 film had the highest absorption coefficient value
of 7.41 cm-1, while the S12 film had the lowest value of 1.96 cm™. The order of the absorption
coefficient (a ) for the Zinc Sulfide thin films is S10 > S6 > S8 > S12.

The extinction coefficient(K) of ZnS thin films from the a is calculated by using equation (3)
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K=2% 3)

Figure 4 illustrates the rapid increase in the extinction coefficient values of S6, S8, S10,
and S12 films from the UV to the near-visible region (320-360 nm), indicating a slight
absorption of ZnS in the visible spectrum. However, the annealed ZnS thin films exhibit
shallow extinction coefficient values (around 0.002) in the visible and near-infrared range,
indicating a smooth surface [20]. The order of the extinction coefficient for the thin films is S6
> 510 > S8 > S12. The attenuation or extinction coefficient (k) of ZnS thin films depends on
the wavelength and material properties [21].
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Figure 4. Extinction coefficient values of ZnS S6, S8, S10, and S12 layers with respect to wavelength.

To investigate the optical properties of ZnS thin films, the refractive index was
calculated by equation (4)

n=n+ik 4)
where the refractive index (n) is given by equation (5) [22,23]
_ 1R 5
n= 1_\/5 ( )

where R is the reflection coefficient.

The wavelength-dependent refractive index of ZnS thin films (S6, S8, S10, and S12) at
an annealing temperature of 500°C is presented in Figure 5. Thin films exhibit uniform
appearance and performance, and a decreasing trend in refractive index is seen as the
wavelength increases from 350 to 800 nm.
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Figure 5. Refractive index for ZnS thin films of S6, S8, S10, and S12 layers.

The energy band gap (Eg) was calculated from Tauc's relation and was estimated by

using relation (6) [24,25]
ahy = A(hd —E))"  (6)

where absorption coefficient (a), the energy of the photon (hv), and an energy-
independent constant (A). The Exponent value (n) depends on the type of transition and can be
2, 1/2, or 3. For a direct band gap value put n=1/2 in equation 6 which result in equation 7 and
8 respectively.

ahd = A(h9 — E,)*/? (7)
(h9a)? = A(h9 — E,) 8)
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The optical band gap of ZnS films is calculated by extrapolating the linear portion of
the Tauc's plot to 0 absorption (h=0), which ends up in the graph among (chv)? and photon
strength (hv), which is displayed in Figure 6 [26].
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Figure 6. Graph of optical band gap for different thicknesses of ZnS thin films.

The thickness of the thin films S6, S8, S10, and S12 is calculated using the weight
method, and the bandgap and refractive indexes of the respective thin films are shown in Table
1.

Table 1. Summaies the thickness, optical bandgap, and refractive index of ZnS thin films.

Sample Thickness (nm) Bandgap (eV) Refractive index
S6 444.54 3.90 1.06
S8 889.28 3.85 1.08
S10 1373.82 3.94 1.07
S12 1778.36 3.98 2.13

3.3. Electrical properties of ZnS thin films.

The two-wire sensing method, called the two-point probe, is commonly used to
characterize semiconductor materials [27]. It is often employed to determine the resistivity of
films. The fundamental electrical property classifies any material as a conductor, insulator, or
semiconductor is its electrical impedance (p), making it a crucial characteristic to measure or
evaluate when exploring new materials [28].

Using the Old Jandel two-point probe setup of the SES instrument, the configuration
was used to look into the films created during this research. A silver paste has been used to
ensure satisfactory ohmic contact with the film. Investigations were done on the resistivity and
conductivity values for films S6, S8, S10, and S12. The relation used to measure the

resistivity(p) is described in relation 9 [29].
IItv

p=-——-=4532" 9)

In2

Where ‘V’ is the voltage applied, ‘I’ is the current, and ‘t’ is the thickness of ZnS thin
films. The sheet resistance (Rs),resistivity(p) and conductivity (o) of ZnS thin films were
calculated by using equations 10,11 and 12 respectively. The Rs value was determined by
calculating the slope of the voltage versus current graph shown in Figure 7 obtained from the
two-point probe measurements. Thus, the two-point probe setup determined the sheet
resistance for the S6, S8, S10, and S12 thin films.

Ry = 4532~ (10)
p=R; Xt (11)
electrical resistivity was assumed to be the reciprocal of the electrical conductivity(c)
as given in the Eq. (10)

o= (12)

1
[

https://biointerfaceresearch.com/ 60of9


https://doi.org/10.33263/BRIAC144.100
https://biointerfaceresearch.com/

https://doi.org/10.33263/BRIAC144.100

The graph in Figure 7 exhibits smooth and ohmic behavior, indicating that the films are
semiconducting. They were increasing the electrode voltage, which resulted in a corresponding
increase in the current flowing through the films. The observed increase in forward current at
all voltages suggests that the films have higher conductivity, which has the potential to enhance
the efficiency of solar cell manufacturing [30]. The electrical conductivity (o), resistivity (p),
and thickness (t) values of the deposited ZnS films are presented in Figure 8.
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Figure 7. Current-voltage characteristics of ZnS thin films at different thicknesses.

Figure 8 illustrates the electrical resistivity and conductivity changes across the
different samples. It can be observed that the electrical conductivity increased from S6 to S12,
while the electrical resistivity increased in the same order. Interestingly, the opposite pattern
was observed for the electrical conductivity when compared to the resistivity. The decrease in
resistivity of the thin films can be attributed to the increase in pairs of electrons and holes
generated due to the introduction of zinc into the ZnS system.
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Figure 8. Variation of resistivity and conductivity with different layers of thin films.
4. Conclusions

We deposited ZnS films on glass substrates using spin coating at a temperature of
500°C and investigated the impact of film thickness on their optical and electrical
characteristics. The XRD analysis revealed the formation of hexagonal-structured zinc sulfide
with a crystallite size ranging from 32.41-32.46 nm. The transmittance (%) of the ZnS thin lies
in the visible region (400-800 nm) varied from 60-95% for different thicknesses of the films.
The direct band gap energy of the ZnS thin films ranged from 3.85 to 3.98 eV. The thickness
of the films varied from 445 nm to 1778 nm. The electrical resistivity of the films was also
measured and found to be in the range of 8.34x10° to 56.71x10° Ohm-m. Our results
demonstrate the significant impact of film thickness on the electrical and optical properties of
ZnS films, which can be useful in developing photovoltaic devices.
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