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ABSTRACT. Nickel sulfide thin films have been prepared on a microscope glass substrate through the chemical
bath deposition technique. In this study, nickel sulfate and sodium thiosulfate were utilized to supply nickel ions
and sulfide ions, respectively. The surface characteristics of the prepared films were studied with atomic force
microscopy. For the first time, X-ray photoelectron spectroscopy and Raman spectroscopy are used to investigate
structural information, electronic states and the chemistry of material surfaces. The films produced at pH 4 and pH
5 (acidic environment) are smooth and devoid of cracks, displaying consistent morphology and uniform surface as
indicated by atomic force microscopy findings. These properties might improve the efficiency of solar cells when
compared to samples made with different pH values.
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INTRODUCTION

In the last few decades, several types of chalcogenide-based compounds have been developed for
the photovoltaic industry [1], optoelectronic devices [2-4], solar selective coatings [5], sensor
devices [6] and laser devices. These films could be produced through chemical bath deposition,
metal organic chemical vapor deposition [7], thermal evaporation [8], successive ionic layer
adsorption and reaction [9], electro deposition method, sputter deposition, atomic layer deposition
[10], close spaced sublimation, sol gel method [11] and plasma enhanced chemical vapor
deposition. Among these deposition techniques, chemical bath deposition (CBD) is an
inexpensive method, simple to set-up, and produce films onto various types of substrates under
lower temperature. Hence, this method was chosen for this study from the perspective of cost-
effectiveness and sustainability.

Atomic force microscopy (AFM) is suggested as a powerful measurement tool for determining
the topography properties of samples in the field of nanotechnology. It offers several benefits such
as non-conductive samples, the ability to magnify in x,y and z axes, and can operate either in air
or liquid conditions. AFM was able to capture 3-dimensional images [12] at high resolution (up
to atomic level). The operation of this tool was based on the principle of sensing the forces
between surface sample and sharp tip. These forces could be either attractive or repulsive, and
strongly dependent on the operating modes (Table 1). In contact mode, the AFM probe tip is in
contact with the sample surface with high resolution. The forces between the AFM tip and the
surface are repulsive. Several advantages have been pointed out such as high scanning speed and
the ability scan rougher samples easily. In non-contact mode, the AFM tip is oscillating and
eventually, we can see that it never touches the sample. The benefit was this mode can provide
the lowest interaction between the sample surface and tip. In tapping mode, the AFM tip oscillates
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and taps the surface of the samples. The advantages included higher lateral resolution, almost no
lateral forces, lower forces and less damage. In general, excellent imaging performance strongly
depends on the suitable operation mode. It is worth noting that tapping mode could be used in
biomedical applications due to these samples are soft and easily ruptured [13]. Contact mode
should be avoided because it can deform the biomedical samples during the scanning process.
Conventional AFM imaging will take several times to produce a single image and is identified as
a time-consuming process. Biomedical samples need imaging at higher frame rates due to the
biological process could happen very fast (within milliseconds). High-bandwidth scanner has
been developed to enhance the imaging speed. Better performance will be achieved after
optimizing imaging parameters including line speed, frame rate, spatial resolution, range and pixel
resolution. Other reports have demonstrated that the AFM method (via both tapping and contact
mode) could be used to study scaffold design in the bio-sensing and tissue engineering field.

Table 1. Comparison of various types of AFM modes.

Tapping mode Contact mode Non-contact mode
Contact with sample surface Periodical Yes No
Tip loading force Low Low to higher Low
Contamination of AFM tip Yes Yes No
Manipulation of sample Yes Yes No

Raman spectroscopy and X-ray photoelectron spectroscopy (XPS) are very powerful tools
used to study the properties of prepared thin films. Chemical and structural information, electronic
state, and material surface chemistry are normally investigated using these tools. Raman is defined
as a light scattering method [14]. Generally, we can see a lot of peaks in Raman spectrum,
representing the wavelength position and intensity of the Raman scattered light. Researchers have
explained that each peak accounted for specific groups and individual bonds.

X-ray photoelectron spectroscopy is described as surface-sensitive spectroscopic method and
could detect the elements in the prepared materials according to the photoelectric effect.
Generally, chemical composition could be identified through the peak position in the x-axis and
referred to as binding energy (eV). The binding energy is defined as how much energy is needed
to remove electrons from the subshell [15]. We can see that the binding energy is low especially
for higher orbitals. Because less energy is needed to eject them when electron is in orbital farther
from the nucleus. On the other hand, peak intensity in the y-axis reflected the relative number of
electrons that could be observed in the subshell. Typically, peak intensity shows the total number
of photoelectrons counts per second. Based on the literature review, these techniques have been
used to study different types of nanostructured films such as zinc oxide, copper indium diselenide,
copper(Il) oxide, Ga,0O;, tin(Il) oxide, manganese(Il) oxide, copper indium disulfide, copper
indium gallium selenide, and copper indium ditelluride films.

Nickel sulfide (NiS) films are produced on fluorine doped SnO, glass using a straightforward
electrodeposition technique [16]. Varying the quantities of ammonia added to the deposition
solution can greatly affect the morphology of NiS films. The surface structure of NiS counter
electrodes transitioned from a network like configuration to nanoparticles when ammonia was
present in the deposition bath. Cyclic voltammetry, electrochemical impedance spectroscopy and
Tafel tests reveal that the NiS films exhibit excellent conductivity and electrocatalytic
characteristics. The power conversion efficiency of dye sensitized solar cells featuring a NiS
counter electrode can reach notable levels around 9.65%. Nickel sulfide coated on the surfaces of
Fe; O3 nanotubes (NiS/Fe;Os) through a successive ionic layer adsorption and reaction (SILAR)
technique was used as an innovative photoanode in photocathodic protection to slow down the
corrosion of 403 stainless steel [17]. The number of SILAR cycles influenced the morphology,
visible light response, and associated photoelectrochemical performances of NiS/Fe,O;. The
results obtained indicated that NiS/Fe,O; prepared with 5 SILAR cycles demonstrated optimal
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photoelectrochemical characteristics. The innovative NiS/Fe;Os films used as photoanodes
demonstrated an enhanced photocathodic protection effect, leading to 1 200 mV reduction in the
potential of the coupled stainless steel in 1 3.5% NaCl solution compared to its corrosion potential.
The complexes served as single source precursors for the deposition of nickel sulfide thin films
via aerosol assisted chemical vapor deposition [18] at temperatures ranging from 320 to 480 °C.
The orthorhombic Ni7S6 was detected at all temperatures, exhibiting spherical tipped wire like
crystallite and plates. The orthorhombic Ni9S8 exhibiting flower-like forms was observed at 320
and 360 °C, while branched structures appeared at 400 °C. EDX analysis validated the
composition of films produced from all these complexes.

In this work, binary compounds namely nickel sulfide films were prepared on microscope
glass slide through chemical bath deposition (CBD) method using nickel sulfate and sodium
thiosulfate. Nickel sulfide films are considered as absorber materials in solar cell applications due
to crack-free deposition, and uniform morphology. In addition, good coverage contributes to
better performance and energy efficiency of solar cells. In general, sunlight can be converted into
electricity through solar cells and is said to be one of the popular renewable energy technologies.
The influence of pH on the properties of thin films was studied through various techniques.
Topography properties were studied using atomic force microscopy (AFM) technique. X-ray
photoelectron spectroscopy (XPS) and Raman spectroscopy techniques were employed for
investigating the chemical and structural information, electronic state, and material surface
chemistry for the first time.

EXPERIMENTAL

In this work, nickel(II) sulfate with a purity of 99.9% (Sigma Aldrich), sodium thiosulfate with a
purity of 99.5% (ACS reagent, Sigma Aldrich), hydrochloric acid with a purity of 37% (Thermo
Fisher Scientific), and sodium hydroxide with a purity of 98% (Sigma Aldrich) were used. The
microscope glass was chosen as substrate for the formation of films. Firstly, glass substrate was
cleaned using alcohol for 15 min, followed by distilled water. During the experiment, 0.15 M of
nickel sulfate and 0.15 M of sodium thiosulfate were employed as the source of nickel ions and
sulfide ions, respectively. The influence of pH value on the properties of the prepared films was
studied. Therefore, hydrochloric acid was added drop wise under continuous stirring to reach
desired pH value. Finally, the cleaned substrate was vertically immersed into a chemical bath at
temperature of 23 °C for 4 hours.

The atomic force microscopy was used for the surface morphology imaging of the obtained
samples in a contact mode. The model’s name and manufacturer of the AFM used are known as
NX-10 and Park system, respectively. X-ray photoelectron spectroscopy spectra were collected
on K-Alpha (Model name-Axis Ultra DLD, Manufacturer name: Kratos Analytical) with
monochromatic X-ray Al K-alpha radiation at pressure 10° Torr, was used to investigate
elemental composition and electronic states of the nickel sulfide layer. Raman analysis was
employed on Raman microscope model LabRam HR evolution (Horiba) under the laser excitation
of 325 nm (helium cadmium).

RESULTS AND DISCUSSION

Chemical bath deposition method has been chosen for the preparation of thin films. This method
offered many advantages such as simplicity [19], inexpensive technique [20], and formation of
materials at lower bath temperature [21, 22]. According to the literature review, nickel nitrate and
urea were used to provide nickel ions and sulfide ions, respective during the formation of
nanostructured films. In this work, properties of the prepared films (using sodium thiosulfate and
nickel sulfate) were studied using Raman Spectroscopy and XPS technique for the first time.
Based on visual observations, the color of mixture has been changed from green to pale green
when the pH was reduced from pH 5 to pH 2.2. In addition, sudden sulfur smell was observed at
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pH 1. The smell can be explained as the reaction of sodium thiosulfate (Na,S;Os3) with
hydrochloric acid (HCl) to produce sulfur and sulfur dioxide (SO,). Moreover, a cloudy
suspension appeared due to the formation of elemental sulfur which is insoluble in water.

As shown in AFM images (Figure 1), it is noticed that the film coverage was found to increase
when the pH value was increased from pH 1 to pH 3.6. Therefore, several defects and pinholes
were detected in the thin films prepared at pH 1 to pH 3.6. Conversely, there is a uniform
morphology with good coverage for the films prepared at pH 4 and pH 5. These films were
appropriate for solar cell applications due to their crack-free morphology [23]. It was noted that
well adherent films could be observed onto substrate in these experimental conditions. Based on
Sartale and Lokhande report [24], deposition conditions must be optimized to produce well
adherent and good quality films onto different substrates such as fluorine doped tin oxide (FTO)
coated glass, glass, single crystalline Si(111) wafer substrates.

FTO glass is a see-through conductive metal oxide applicable in creating transparent
electrodes for thin film photovoltaics, including organic photovoltaics, amorphous silicon,
cadmium telluride, dye sensitized solar cells and hybrid perovskites. FTO glass is also utilized in
a diverse array of applications, such as touch screen panels, electromagnetic interference/radio
frequency interference shielding, heated glass, anti-static coatings, and light emitting diodes. FTO
glass possesses multiple characteristics that render it ideal for manufacturing various
optoelectronic devices. These features consist of low surface resistivity, excellent optical
transmittance, resistance to scratches and abrasions, thermal stability at elevated temperatures,
and inertness to numerous chemicals.

Tun and co-workers [25] have pointed out that good coverage contributes to better
performance of solar cells. The morphology of the obtained samples will become a crucial factor
in the transportation of holes and electrons. When the films were prepared at pH 5, an irregular
distribution of the grain was observed with a large majority of grains being small.

16
15.6 1
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Figure 1. AFM images of nickel sulfide thin films, prepared under different pH values [a] pH 1,
[b] pH 2.2, [c] pH 3.6, [d] pH 4, and [¢] pH 5.

Spray pyrolysis is a method utilized to produce thin films of substances by atomizing a
solution with the target material onto a heated surface, where the solvent evaporates, resulting in
a solid layer of the desired compound [26]. It is a method in which a liquid precursor is atomized
onto a heated surface, resulting in its decomposition and the formation of a thin film on the
substrate [27], commonly utilized for creating metal chalcogenide for use such as solar cells and
transparent conductive coatings [28].

On the other hand, morphological properties of thin films prepared through spray pyrolysis
method have been investigated using scanning electron microscopy technique [29]. It is noted that
nano-sheet-like structure (without holes) was observed clearly and can promote the transmission
of electrons easily. Proper growth of Ni;S¢ films (prepared using solvo-thermal technique) was
demonstrated by Rekha and co-workers [30]. Based on the field emission scanning electron
microscopy, these samples showed rougher surface, offered more electro-catalytic areas for redox
process. In addition, they also explain that bigger pore size could be found, resulting in porous
structure being developed, which improved Li-ion battery and super capacitor performance. Ni3S4
films were synthesized via a simple one-pot hydrothermal method using nickel nitrate and
thiourea, as highlighted by Muthu and Gopalan [31]. FESEM studies confirmed flaky structure in
the prepared samples, and these flakes were found to be dispersed diversely. In addition, it is
noticed that the formation of pores could be seen, enhanced specific surface area. According to
obtained results, when the pH was increased from pH 2.2 (thickness = 24 nm), pH 3.6 (thickness
= 24 nm) to pH 4 (thickness = 17 nm), the amount of nickel ions will be reduced, but the
concentration of hydroxide will increase, leading to reduction in film thickness. These properties
were consistent with earlier reports by Arulkumar and co-workers [32], and Kariper and co-
workers [33].

Surface roughness of films prepared using different pH values is reported in Table 2. It is
noted that the films prepared at pH 3.6 were clearly rougher if compared to other pH values.
According to experimental findings, researchers have summarized that the surface roughness was
strongly affected by the grain size. Obviously, the surface of the substrates has been occupied by
several bigger grains. Technically speaking, rougher surface could be observed when the grain
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size was increased. Larger grain samples are inherently rougher because of the increased
differences in height. Balayeva and co-workers [34] have observed that bigger grains could be
identified in specific experimental conditions (nanostructured films were prepared using SILAR
technique), because of coalescing of smaller particles to reduce the Gibb free energy.

Table 2. Surface roughness of the obtained films.

pH value Sp (maximum peak height)
pH1 0.0172 pm
pH22 0.0242 pm
pH 3.6 0.0275 pm
pH 4 0.0172 pm
pHS 0.0209 pm

Figure 2 shows the XPS survey spectra of nickel sulfide (NiS) thin films synthesized at pH
1-5. For all pH examined, the binding energy peaks of the Ni2p and S2p orbits all fall within the
ranges of 852-856 eV and 160-164 eV reported in literature [35, 36]. These binding energy ranges
suggest the presence of nickel is in a +2, oxidation state and sulfur in a -2, oxidation state, which
is consistent with NiSy (e.g., NiS, Ni3S,, NiS;). The two peak ranges can also indicate the presence
of Ni-O bonds (852-856 e¢V), and S-O bonds (160-164 ¢V) but more characteristic of Ni-S bonds.

The spectrum of NiS synthesized at pH 1 (Figure 2a) shows the intensity of S2p peak is higher
than Ni2p, which implies a sulfide-rich surface. However, for applications in batteries, capacitors
and resistors, a nickel-rich surface is required to facilitate electrochemical reactions [37]. By
having a surface enriched with nickel ions, the NiS film can facilitate more efficient
electrochemical reactions, leading to enhanced battery performance and longevity. Although a
high intensity peak of Ni2p at pH 2.2 is observed (Figure 2b), the peak of Cls is at maximum
signifying high impurity at the surface. Conversely, at pH 3.6, the binding energy peaks of both
Ni2p and S2p have low intensities, which implies that the presence of the Ni** and S*~ ions in the
NiS thin film were very minimal.
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Figure 2. XPS studies of nickel sulphide thin films [a] pH 1, [b] pH 2.2, [¢] pH 3.6, [d] pH 4, and

[e] pH 5.

This finding agreed well with the result obtained from AFM analysis for the film prepared at
pH 3.6 as demonstrated in Table 2. Interestingly, the spectra of NiS synthesized at both pH 4 and
5 reveal peaks corresponding to Ni2p and S2p with the Ni?* ions dominating their surfaces (Figure
2d, 2e). Thus pH 4 and pH 5 are found to be the best pH for synthesizing NiS film. However,
considering the high intensities of the Ni2p (18,600 a.u.) and S2p (5,163 a.u.) peaks at pH 5.0,
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compared to Ni2p (6,375 a.u.) and S2p (3,005 a.u.) peaks at pH 4, it can be concluded that the
optimum pH to efficiently synthesize NiS films by chemical deposition is pH 5. This finding is
consistent with the results obtained in previous studies [38, 39].

On the other hand, XPS findings confirmed that the nickel sulfide has been successfully
deposited on fluorine-doped tin oxide (FTO) substrate under different urea concentrations [40].
Several peaks at 854.1 eV, 871.6 eV, 161.6 eV and 162.7 eV, accounted for Ni2ps», Ni2pis,
S2psp, and S2pip, respectively. Nickel sulfide nanoparticles have been produced using nickel
formate and sulfur, in stainless steel autoclave, at 440 °C [41]. In NiS particles, peaks at 853.2 eV
& 870.8 eV, and 856.2 eV & 873.8 eV were contributed to Ni2ps, and Ni2pi» of Ni(II) and Ni
(IIT) species, respectively. Also, researchers also summarized that bonding energy has moved to
854.5 eV (Ni2ps») and 872.1 eV (Ni2pi2) in NiS, samples because of transfer of coupled
electrons. As shown in the XPS data, similar bond energy move could be observed for S2p
orbitals, indicating that higher synergistic interaction in NiS; particles. It was noted that two peaks
have been shifted from 161 eV to 162.8 eV, and 162.1 eV to 164.1 eV, attributed to the S2ps,, and
S2pis2, in NiS and NiS, samples, respectively.
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Figure 3. Raman spectroscopy studies of nickel sulfide thin films.

Figure 3 shows the Raman spectra of the NiS thin films prepared at various pH values. Based
on the results from the Raman spectroscopic analysis, three peaks located at 456, 622, and 989
cm’! could be seen on the spectra in Figure 3, for the films prepared at all the pH values. These
peaks are assigned to the A;; and E, modes of the NiS films [42]. As the Raman modes of vibration
strongly depend on the crystal lattice vibrations, some of the vibration modes of the bulk NiS are
not clearly observed due to the reduction in size of the NiS nanostructures [43]. Generally, the
Raman study revealed that the formation of the nickel sulfide thin films is strongly dependent on
the pH of the solution in the chemical bath. However, it is obviously clear that the intensities of
the three peaks at 456, 622, and 989 cm' for the film prepared at pH 5 are significantly higher
compared to those of other pH values. Considering that the intensities of the peaks increase with
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increase pH values of the chemical bath solutions, the obtained experimental findings confirmed
that the best pH value to efficiently prepare a high-quality thin film of nickel sulfide is pH 5. On
the other hand, no sharp features could be observed in 150 cm™ to 400 cm’!, representing that
there is no nickel oxide could be identified. Zhe and co-workers [44] also pointed out that their
prepared films did not indicate any Raman bands related to the CuO phases. Formation of NiS
phase could be confirmed according to Raman spectroscopy results, as reported by AlMalki and
co-workers [45]. Raman peaks could be identified at 949, 940, 236, 301, 345, and 533 cm’,
accounted for NiS nanoparticles, prepared using simple hydrothermal method.

CONCLUSION

Various deposition methods have been utilized to produce metal chalcogenide thin films. In this
study, nanostructured nickel sulfide thin films were deposited onto microscope glass slides at
different pH values, ranging from pH 1 to pH 5 using the chemical bath deposition method.
Typically, standard characterization techniques like atomic force microscopy were used to
investigate the morphology of fabricated films. In this study, x-ray photoelectron spectroscopy
and Raman spectroscopy methods were utilized for the first time. The overall findings verified
that high quality films can be obtained in acidic conditions. The Raman spectroscopic analysis
revealed that the films produced at pH 4 and pH 5 exhibited smooth, uniform morphology and a
homogeneous surface without cracks. In the future, research will focus on power conversion
efficiency to verify that the materials developed can be utilized in solar cell applications.
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