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Abstract

This study presents the production of pure and different amounts of Ni-doped (4, 8, 12%) ZnS films on
microscope glass substrate at 400+5°C substrate temperature with Ultrasonic Spray Pyrolysis
Technique and the effect of Ni doping on some physical properties of pure films. X-ray diffractometer
(XRD), UV-Vis spectrophotometer, two-probe method and atomic force microscope (AFM) were used
to analyze the structural, optical, electrical and surface properties of all films, respectively. XRD
patterns contains broad peaks showing a low crystallinity level for the films. Ni doping caused ZnS
films to have high absorbance values through the visible spectrum. Optical band gap energy values of
ZnS:Ni thin films were determined to be between 3.71-3.96 eV. Two-probe measurements revealed
that the electrical conductivity values of ZnS films increased significantly depending on the Ni doping.
AFM results showed that the films have an almost homogeneous distribution with a rough surface. No
significant change was observed for the surface properties of the films due to the Ni doping. As a result
of all analyzes; it was seen that Ni doping has an important effect on the optical and electrical
properties of ZnS films, without modifying the crystalline structure or surface texture.

Keywords: Zinc sulphide films; Nickel doping; Ultrasonic spray pyrolysis; Optical and electrical
properties; XRD; AFM.
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1. Introduction

Semiconductor thin film materials obtained from II-VI group elements can be used as buffer/window
layer for solar cells (Kaushalya et al., 2018; Hernandez-Fenollosa et al., 2008). Zinc sulfide (ZnS) is
one of the first semiconductors discovered (Fang et al., 2011). ZnS has been studied extensively in the
literature and its usage is increasing day by day, especially in photovoltaic solar cells applications
(Echendu et al., 2014; Echendu and Dharmadasa, 2015; Akhtar et al.,, 2015) and various photonic
devices (Bashar et al., 2020; Echendu and Dharmadasa, 2013; Al-Diabat et al., 2019).

Zinc sulfide (ZnS) is one of the II-VI semiconductors with n- or p-type conductivity, which attracts the
attention of many researchers (Echendu et al., 2013; Cheng et al., 2003; Wood-Robinson et al., 2016).
The fact that this material has a wide optical band gap (3.40-3.98 ¢V) enables it to transmit most of the
electromagnetic spectrum to be used in solar cell applications (Yang, Li & Zeng, 2019; Dehghani,
Shadrokh & Nadafan, 2017; Poornaprakash et al., 2015). Also, with its higher optical band gap as a
window material in solar cells ZnS is more convenient as it allows high transmittance in the short
wavelength region (350-550 nm) compared to CdS which has a lower optical band gap of 2.42 eV
(Hurma, 2019; Wei et al., 2013). In addition to having low reflectivity ZnS has a refractive index (n) of
2.30-2.40, which makes it possible to be applied as an anti-reflective coating in thin-film solar cells
(Deepa, Sunil Anantha & Jampana, 2017; Tec-Yam et al., 2012; Axelevitch and Apter, 2016). When
ZnS semiconductor is used instead of CdS, it has been observed that CIGS thin film solar cells show an
increased conversion efficiency by 18.6% at short wavelengths (Shin et al., 2011; Doha et al., 2015).
The fact that ZnS semiconductor can be produced as n-type and p-type increases the motivation of
researches on the potential use of ZnS in CdTe, CIGS and CZTS based thin film solar cells (Doha et al.,
2015; Kong, Deng & Chen, 2017). Using wide band gap materials such as ZnS instead of CdS, which
is the most preferred semiconductor in solar cell structure, can further improve conversion efficiency
(Tobbeche et al., 2019; Derbali et al., 2018; Chelvanathan et al., 2015). In addition, it is preferable to
use ZnS semiconductor thin films as a window layer in solar cells due to their non-toxicity and wide
band gap (Benyahia, Benhaya & Aida, 2015; Wang et al., 2017; Hernandez-Castillo et al., 2017).

Type of the doping element and its ratio affect the properties of a material. ZnS films doped with metal
ions have improved optical properties (Karar, Singh & Mahta, 2004; Zhao et al., 2017). There are
various studies on the photoluminescence properties of ZnS nanostructures doped with various metals
such as Cu, Mn, Co, Fe, Ni and other transition elements (Ghorai et al., 2019; Bouznit et al., 2014;
Kumar et al., 2015; Talantikite-Touatia et al, 2017). These doping processes provide
photoluminescence bands in different regions such as in orange region by Mn, green region by Eu and
blue region by Cu doping (Ebrahimi, Yarmand & Naderi 2019; Wei et al., 2018; Mishra, Ojha & Khare
2018).

ZnS thin films were grown by many researchers using different techniques such as chemical bath
deposition (CBD), successive ionic layer adsorption and reaction (SILAR), sol-gel, RF magnetron
sputtering, pulsed laser deposition and ultrasonic spray pyrolysis (Yang, Li & Zeng, 2019; Akhtar et al.,
2017; Patel et al., 2010; Alnama, Abdallah & Kanaan, 2016; Hennayaka and Lee, 2013). In this study,
Ultrasonic Spray Pyrolysis method was used to coat ZnS thin films on glass substrates using Zn (Zinc),
S (Sulfur) and Ni (Nickel) sources. Ultrasonic Spray Pyrolysis method has been preferred due to its
advantages such as its simplicity, allowing for internal doping, low cost, ability to be performed at the
desired temperature, having less chemical waste products and wide use in optoelectronic applications
(Offor et al., 2020; Hurma, 2018).

Our aim in this study is to produce ZnS:Ni thin films by an economic way and investigate the effect of
Ni doping on physical properties in detail. With respect to this aim, undoped and Ni doped ZnS films
were grown on the glass substrates by using a low cost USP technique and structural, optical, electrical
and morphological properties of Ni doped films were investigated.

2. Experimental Details

The undoped and Ni-doped ZnS films were grown smoothly on microscope glass substrates using the
Ultrasonic Spray Pyrolysis System (CAVES-tek, AVE-USP-300, Turkey). Firstly, the microscope glass
substrates were cleaned using an ultrasonic bath in deionized water for 10 minutes and allowed to dry.
Subsequently, aqueous solutions of 0.05 M ZnCl, as the Zn source, 0.075 M CH4N,S as the S source
and 0.1 M NiCl,.6H,0 as the Ni source, were prepared. As given in Table 1, a total of 150 ml of initial
spraying solution was obtained by mixing the appropriate proportions of solutions such that the volume
percentage of the Ni source in the spraying solution to be 0, 4, 8 and 12%. The spraying process was
carried out for 30 minutes at a substrate temperature of 400°C, which was controlled by an iron-
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constantan thermocouple, and at a constant flow rate of 5 ml.min"'. An ultrasonic atomizer with 100
kHz and 8 W output power was used as the spraying head and compressed air (10° Pa) was used as
carrier gas.

Firstly, a spectroscopic ellipsometer (OPT S-9000, 250-2100 nm measurement range) was adopted to
measure the thicknesses of ZnS:Ni films. It was observed that the thicknesses of films listed in Table 1
varied between 67-202 nm and increased with Ni doping. The PANalytical Empyrean diffractometer
with copper target (A=1.54060 A) was employed to obtain X-ray diffraction (XRD) patterns and
perform structural analysis of the films. In order to examine the optical properties of ZnS:Ni thin films
and to analyze the effect of Ni doping, the transmittance and absorbance spectra were taken in the 300-
900 nm wavelength range using Shimadzu-SolidSpec-2550 UV-Vis spectrophotometer. Two-probe and
hot-probe techniques were adopted to determine the electrical conductivity values and majority carrier
types of the films, respectively. Current-voltage (I-V) measurements of the films were taken at room
temperature (RT) in dark using Keithley 2400 source meter. The variation of surface morphologies and
roughness values of the films, depending on the Ni doping, was analyzed using atomic force
microscopy (AFM, Park Systems XE-100).

Table 1. Volume of sources used for spraying solution and the thickness values of the ZnS:Ni films.

Material ZnCl, (ml) CHy4N,S (ml) | NiCl,.6H,O (ml) | Total (ml) | Thickness (nm)
ZnS 75 75 - 67
ZnS:Ni (4%) 72 72 6 101

150
ZnS:Ni (8%) 69 69 12 188
ZnS:Ni (12%) 66 66 18 202

3. Results and Discussions

3.1 Structural Analysis

In order to examine the effect of Ni doping on the structural and phase composition of ZnS thin films,
the diffraction patterns of the films were taken using X-ray diffractometer in the 20°-80° diffraction
angle range and given in Figure 1. From these XRD patterns, it was determined that ZnS:Ni thin films
contains broad peaks that refers an amorphous structure and these low intensity diffraction peaks
corresponds to the lattice planes of (002) and (110), which belong to the ZnS hexagonal wurtzite
structure (JCPDS card no: 36-1450). No secondary phases related to either Zn, Ni or their oxides were
observed. Diffraction peak positions (26), interplanar spacing (d), Miller indices (4kl) and crystal
systems are given in Table 2 and the values for all films are in agreement with the literature (Woods-
Robinson et al., 2016; Hurma, 2019; Bouznit et al., 2014; Alnama, Abdallah & Kanaan, 2016; Benama
et al., 2020). However, it was seen from Fig 1 and Table 2 that there was no significant change in the
structural properties of the films due to the Ni contribution.

In addition, the lattice constants (a=b and c) and volume of unit cell (¥) for all films were calculated
using the formulas defined for hexagonal system (Zhao et al., 2017; Benamra et al., 2020),

1 4 (h®+hk+k? 12
273\ e Jte M

a? c?

V =a’c )

where d is the interplanar spacing and %, k and / are the Miller indices. These values are given in Table
3 and in agreement with the values provided in the JCPDS card numbered 36-1450 for the ZnS
hexagonal structure.
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Figure 1. XRD patterns of pure and Ni doped ZnS thin films.

Table 2. The diffraction peak positions (26), interplanar spacing (d), Miller indices (hkl) and crystal
systems for ZnS:Ni thin films.

Material 26 (°) d (A) (hkl) Crystal system
28.89 3.088 (002)

ZnS ZnS hexagonal
47.64 1.907 (110)
29.31 3.044 (002)

ZnS:Ni (4%) ZnS hexagonal
47.63 1.907 (110)
30.65 2.914 (002)

ZnS:Ni (8%) ZnS hexagonal
46.92 1.961 (110)
30.30 2.947 (002)

ZnS:Ni (12%) ZnS hexagonal
46.50 1.951 (110)
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Table 3. The lattice constants (a=b and c¢) and volume of unit cell (V) for ZnS:Ni thin films.

Calculated JCPDS cards
Material 3 3
V (4) a=b (4) c (4) V (4) a=b (4) c (4)
ZnS 77.85 3.814 6.176
ZnS:Ni (4%) 76.75 3.815 6.088
76.45 3.777 6.188
ZnS:Ni (8%) 77.66 3.922 5.828
ZnS:Ni (12%) 77.75 3.903 5.894
3.2 Optical Analysis

The transmittance and absorbance spectra required for detailed optical analysis of ZnS:Ni thin films
were taken in the range of 300-900 nm wavelength using a UV-Vis spectrophotometer and Figure 2a
and Figure 2b show these spectra, respectively. The first noticeable detail in these spectra is that the
pure ZnS has transmittance value of approximately 40% in the visible region and there is a significant
decrease in the transmittance values due to the Ni doping. This also means that the absorbance values
of pure ZnS films increase with the increase in Ni amount in the structure. This means that Ni doping
causes the ZnS films to be optically denser, as the absorbance is an indicator of optical density.

The fundamental absorption spectra were used to calculate the optical band gap energies of the films

using Tauc expression given as follows (Bashar et al., 2020; Al-Diabat et al., 2019; Wei et al., 2013;
Benamra et al., 2020).

(ahv)™ = A(hv— Eg) 3

where E, is the optical band gap energy, 4v is the photon energy, n=2 for allowed direct transition and 4
is a constant. Optical band gap energy (£,) values were calculated by extrapolating the linear part of the
(ahv)’ versus hv plots to a=0 as given in Fig. 3. Optical band gap energy values of ZnS:Ni films listed
in Table 4 change in the range of 3.71-3.96 eV and there is a small decrease in the optical band gap
values with Ni doping. Optical band gap energies calculated for undoped and Ni doped ZnS films are in

good agreement with other studies in the literature (Al-Diabat et al., 2019; Poornaprakash et al., 2015;
Wei et al., 2013; Shin et al., 2011).
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Figure 2. (a) Transmittance and (b) absorbance spectra of pure and Ni doped ZnS thin films.
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Table 4. The optical band gap energy (E,), electrical resistivity (p), electrical conductivity (o) and
average roughness (R,) values for ZnS:Ni thin films.

Material E,(eV) p (Qcm) o (Qcm)™? R, (nm)
ZnS 3.96 1.16x10° 8.95x107 63
ZnS:Ni (4%) 3.89 1.32x10° 7.56x10™* 45
ZnS:Ni (8%) 3.71 3.28x10™ 3.05x10° 61
ZnS:Ni (12%) 3.75 2.38x107 4.21x10" 47

3.3 Electrical Analysis

In order to determine the electrical conductivity values of ZnS:Ni films, gold metal contacts were
formed on the film surface in planar form by using mini plasma sputter (MTI Corporation, GSL-
1100X-SPC-16) system. Then, the current values of the films were measured at room temperature in
dark conditions depending on the applied voltage in the range of £50 V. However, hot-probe technique
was adopted to determine the electrical conductivity types of the films and it was observed that all
films have n-type electrical conductivity.

The electrical conductivities of ZnS:Ni thin films were determined by two-probe technique in
accordance with the following equation (Echendu et al., 2013; Derbali et al., 2018) and listed in Table
4.

2= (1) @

where d is the thickness of film, / is length of the metal contact and L is the distance between two gold
metal contacts. It can be seen from Table 4 that the electrical conductivity values of pure ZnS films are
significantly increased depending on the increase in Ni contribution. As noted by Firdous, it is well
known that Ni substitution in ZnS leads to carrier incorporation which in turn causes the conductivity
to increase (Firdous, 2010).

3.4 Morphological Analysis

Morphological properties of ZnS thin films due to the Ni doping was examined using atomic force
microscopy (AFM). Surface images of the films were obtained by scanning an area of 40x40 pm and
the average roughness values (R,) of all films given in Table 4 were determined from these scanned
regions. 3D surface images of ZnS:Ni thin films are given in Figure 4. It can be seen that the films have
almost homogeneous surface distributions and no cracked structure was formed. The black and white
areas draw attention on the AFM images. Black regions represent the presence of voids on the surfaces
of the films while white regions represent the presence of agglomerations with different sizes.
However, it is possible to say that the surface distributions and roughness values of the films do not
change significantly depending on the Ni contribution.

4. Conclusions

In this study, the effect of Ni doping on some physical properties of zinc sulfide (ZnS) thin films
deposited by USP technique was reported. XRD studies showed that the films have an almost
amorphous structure with low intensity diffraction peaks. However, the secondary phases related to
compounds of Zn, Ni or their oxides was not detected. Optical studies showed that the absorbance
values of the films increase with Ni doping. The optical band gap values of the films were calculated
using the Tauc equation and it was determined that the films have a wide optical band gap energy of
3.71-3.96eV, which makes them desirable materials for thin film solar cell applications. Finally, the
three-dimensional AFM images were taken to examine the surface morphology of the films. Films have
an almost homogeneous surface distribution and there is not a dramatic change in surface roughness
values of the with Ni doping. An important output of this study is the dramatic effect of Ni doping on
electrical conductivity. With increased conductivity values, Ni doped ZnS films may be promising
materials for use in photovoltaic applications.
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Figure 3. Tauc plots of pure and Ni doped ZnS thin films.
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Figure 4. The AFM images of pure and Ni doped ZnS thin films.
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