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Abstract

Objectives: To study the influence of deposition time on the physical
behavior of NiS films formed by chemical bath deposition (CBD). Methods:
Polycrystalline NiS thin films were deposited by using CBD method on glass
substrates by varying the deposition time in the range of 60-150 min with the
other growth conditions kept constant. The physical properties were measured
using an X-ray diffractometer, Scanning Electron Microscopy with Energy
Dispersive X-ray analyzer, and Fourier transform infrared spectra. Finally, the
optical and electrical properties of the films were analyzed by using UV-Vis
spectrophotometer and linear four-probe point method respectively. Findings:
The X-ray Diffraction (XRD) studies showed polycrystalline nature of the films
with hexagonal structure, confirmed by the Rietveld refinement analysis. The
calculated crystallite size varied from 6 nm to 19 nm with the increase in
deposition time. The EDS analysis revealed the stoichiometry of Ni and S in
the samples. The optical bandgap decreases from 2.06 eV to 1.93 eV with the
increase in deposition time. The films synthesized using a deposition time of
120 min at 80 °C showed a high electrical conductivity of 48.3 S/cm at room
temperature with activation energy of 0.16 eV. Novelty: NiS thin films were
deposited by the CBD method using different deposition times varying from 60
min. to 150 min., keeping the bath temperature constant at 80 °C for the first
time. The Rietveld refinement analysis was the first of its kind, reported on the
structural evaluation of NiS layers. These films were formed using eco-friendly
materials adding value to the solar cell application.

Keywords: Thin films; Absorber layer; CBD method; XRD; FTIR

Introduction

In recent years, metal chalcogenide thin films have attracted much attention for
photovoltaic energy conversion. Although many metal oxides/hydroxides were
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considered for energy conversion, the metal sulphides have been of great interest due to their high electron mobility, better
thermal and mechanical stability, unique physical and chemical properties, lower cost, non-toxicity and earth abundancy () than
metal oxides/hydroxides. The metal sulphides such as copper sulphide (CuS), zinc sulphide (ZnS), cadmium sulphide (CdS),
manganese sulphide (MnS), nickel sulphide (NiS), etc. are utilized in different fields such as catalysis, batteries, supercapacitors
and solar cells>*. Nickel sulfide (NiS) exhibits high electron conductivity, low-temperature processability, metal-insulating
properties, a phase change from paramagnetic to antiferromagnetic and complex phases, which make it a vital transition
metal sulfide®. NiS exhibits diverse phases with various stoichiometries such as NiS, NiS,, Ni3S,, Ni3S4, NigSs, Ni7Se,and
NigSg. Among these phases, it mainly exists in two forms i.e hexagonal (-NiS), which is stable at high temperatures, and
rhombohedral (B-NiS) stable at low temperatures®. The hexagonal NiS is known for energy-related applications such as
hydrogen evolution reactions, supercapacitors, dye-sensitized solar cells, and lithium-ion batteries”®). Various preparation
methods were reported in the literature to deposit NiS such as hydrothermal, microwave synthesis, solvothermal, precipitation,
spray pyrolysis, ionic exchange process, screen printing, polyol synthesis, and chemical vapour deposition ®~'), Among these
methods, chemical bath deposition (CBD) is a simple, inexpensive method that does not require sophisticated instruments,
minute wastage of precursor materials, and the possibility of film deposition over large surface areas. The literature survey
indicated that the reported work on the growth of NiS films by CBD is very meagre. Anuar Kasim et al. deposited NiS films on
glass substrates using the CBD method and the influence of triethanolamine on the structural and morphological properties
was studied 1?). Sonawane et al. prepared Ni$ films on glass and stainless steel substrates using the CBD method at room
temperature and investigated the electrochemical supercapacitor application!3). Paresh Gaikar et al.'¥) prepared NiS thin
films on titanium substrate with additive free by using the chemical bath deposition method for pseudocapacitor application,
where the XRD pattern showed polycrystalline nature having a crystalline size of 19 nm. Mohammad Gomma et al., synthesized
NiS; nanoflake layers on a glass substrate by chemical bath deposition method followed by sulfurization process and reported
the crystallite size was 26 nm, and optical properties showed a band gap of 1.19 eV ©. In CBD, the deposition time is one of
the most important factors that affect the release of anions and cations in a reaction bath, which leads to a phase change and
variation in grain size along with surface roughness 1), The variation in deposition time is also one of the key factors in the
CBD process to know the optimum condition for the synthesis of the material. To the best of our knowledge, no report has been
published on the effect of deposition time on the properties of NiS thin films, deposited by the CBD method. In the present
work, NiS thin films were deposited by using CBD process at various deposition times such as 60 min, 90 min, 120 min, and
150 min. while the bath temperature remains constant at 80 °C. The structural, compositional, optical, and electrical properties
of deposited NiS films were investigated and analyzed. In particular, the structural analysis was made using Rietveld refinement
analysis to evaluate the crystal structure of the grown films.

Methodology

2.1 Preparation of NiS films

Polycrystalline NiS thin films were deposited by using CBD method on soda lime glass substrates. The preparation involves 20
ml 0.8 M nickel sulphate hexahydrate (NiSO46H,O) as Ni source with purity of 99.9%, 20 ml of 0.8 M thioacetamide (C,HsNS)
as S source with 99.99% purity, 4 ml Triethanolamine [N(CH2,CH2OH)3], 5 ml ammonia (NH3) and 20ml deionized water so
that the total volume of reaction bath was 100 ml. The pH of the solution was maintained at 9.5. Among these constituents,
triethanolamine was used as a complexing agent, and NHj3 to control the pH value of the solution. NiS films were prepared
on glass substrates using different deposition times, 60 min, 90 min, 120 min, and 150 min respectively, at a constant bath
temperature of 80 °C.

2.2 Characterization

The crystallinity and other structural parameters of NiS films were investigated by using a Rigaku X-ray diffractometer
(Miniflex600). The surface morphology and compositional analysis were carried out by JEOLJSM-IT500 Scanning Electron
Microscopy, attached with the AMETEK make Energy Dispersive X-ray analyzer. A BRUKER FT-IR spectrometer was used
to record the Fourier transform infrared spectra in the wave number range, 500-4000 cm™' to identify the functional groups
present. The thickness is measured by using stylus thickness profile meter. The optical properties of the films were analyzed by
using SHIMADZU (UV-2600i model) UV-Vis spectrophotometer. The electrical parameters were measured by using the linear
four-probe point method.
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Results and discussion

3.1 Structural properties

The deposited films appeared black in color and pinhole free. The scratch tape test revealed that the layers were strongly adherent
to the substrate surface.

Figure 1 (a) shows the X-ray diffractograms of NiS films deposited at different deposition times varied from 60 min to
150 min, while keeping the temperature constant at 80 °C. The figure reveals that the deposited films were polycrystalline with
hexagonal structure and the main peak is strongly oriented along the (010) plane. The XRD spectra indicate four peaks appeared
at20=30.92°, 35.43°,46.50° and 54.37°, which corresponds respectively to the (010), (011), (012) and (110) planes of NiS. This
indicates that the deposited films had a single phase. The observed peak positions are in good agreement with the standard
JCPDS card (01-075-0613). NiS films obtained at deposition times 60 min and 90 min showed small peaks with low intensities
with a slightly amorphous background. As the deposition time increases from 90 min to 120 min, the film structure turns into
crystalline nature, and the intensity of peaks increases due to atomic condensation during the film formation. Further increase
of deposition time to 150 min. decreases the peak intensity. This is probably because of the disintegration of the crystallites
thereby decreasing the crystallinity and intensities of the peaks. The average crystalline size was calculated from the full-width
at half maximum (FWHM) of the XRD peaks by using the Scherer formula:

_ o0
~ BcosH

(1)

where A is the X-ray wavelength (A=1.5406A°), f is the observed angular width at half maximum intensity (FWHM) of the
peak and O is the Bragg angle. The average grain size evaluated for the (100) plane is 19 nm at the deposition time of 120 min,
which decreases to 12 nm at 150 min. deposition time. The decrease in crystallite size may be due to Vander Waals forces which
decrease the mutual attraction between the crystallites, as the films remain in solution longer deposition times than required.

The crystallite size, bond length, positional parameter, dislocation density, and micro strain of NiS films deposited at 90 min.,
120 min, and 150 min were calculated using the following equations ') and the calculated values are listed in Table 1. The unit
cell parameters a, b, and c of hexagonal NiS were calculated through the following equation.

1 AR +hk+K) P2
= +

S G A (2)
d? 3a? c?
where, djis the inter-planar spacing; a and c are the lattice parameters; h, k, and | are the miller indices.
The microstrain
B
E = 3
4tan0 G)
The dislocation density
§ = — Lines /m’ @
=2 Lines /m
The positional parameter
2
a
The bond length
2 2
a 1 2
=4/= - (6)
\/ 3 + ( 5 u) c
The volume (V) of the unit cell
V=086xa®xc (7)

https://www.indjst.org/ 2494


https://www.indjst.org/

Basha et al. / Indian Journal of Science and Technology 2022;15(45):2492-2499

(100)

(1o1) (U n
r

70 80

Intensity (a.u.)

20 E) 0 50 60
20 (degree)

(b) (100)

(o1  (102)

Intensity (arb. units)

10 15 20 25 30 35 40 45 50 55 60 65 70 75 80 85
Diffraction angle, 26 (°)

I W
T4-90 min

T4-120 min

T4 -150 min

Fig 1. (a) X-ray diffraction pattern of the NiS thin films for various deposition times from 60 min to 150 min. (b) Rietveld-refinement profile
of XRD data of NiS film deposited at 120 min deposition time. (c) The SEM images (d) EDS spectra of NiS films prepared at the various
deposition times at constant temperature 80°C

Table 1. Average grain size, bond length, Positional parameter, dislocation density and micro strain of the NiS thin films at different
deposition times

Deposition Time Crystallite size Bond length (1) Positional Dislocation density (x10'3) Micro strain
(min) (nm) (A°) parameter (u) Lines /m? (103)

90 07 2.06 0.386 2.0 2.7

120 19 2.07 0.388 2.8 4.1

150 11 2.07 0.391 8.3 6.5

Figure 1 (b) shows Rietveld refinement of XRD diffractograms of NiS thin films formed at 120 min. The analysis of Rietveld
refinement was also done to know the crystalline structure and lattice parameters of 120 min. deposited NiS thin film. In
addition, R weighted profile (Rwp), R profile (Rp), R structure factor, R Bragg factor (Rpyq4¢), and goodness of fit (GOF) such
structural parameters were also calculated. EXPO software was used to calculate the unit cell parameters from the Rietveld
refinement data. The calculated Rietveld refinement parameters such as R, R,,,, GOE, R structure factor, Rp,qq¢, and unit cell
parameters were listed in Table 2. As the GOF value is 8.01, one can speak about the quality of the goodness of refinement of
as-prepared thin films.

Table 2 shows the site occupancies of Ni and S atoms distributed along fractional coordinates. It contains one nickel site (Ni)
and one sulphur site (S). Further, the crystal structure and atomic bonding in NiS film were evaluated from Veesta software.
It indicates that the deposited NiS film exhibited a hexagonal crystal structure with the space group P 63/ m m c (space group
number: 194). The NiS film prepared at a deposition time of 120 min contains 44 atoms that are distributed in the hexagonal
structure with 72 bonds. The structure parameters are already listed in Table 2, and the related crystal structure is also shown
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in the inset of Figure 2.

Table 2. Calculated lattice structure and refinement parameters from Rietveld refinement pattern for NiS thin films at deposition time 120

min
Unit cell parameters
a, (A) 3.421
b, (A) 3.421
¢ (A) 5.339
a,(®) 90
B, () 90
7 () 120
Cell volume (A)3 54.1123
Density (g/cm?) 5.61

Crystal system & Space group number ~ Hexagonal& (P 63/m m ¢)
Structure parameters

Atoms 44

Bonds 72

Polyhedra 12

Refinement parameters

Ry 10.515

Ryp 13.767

Goodness of fit (GOF) 8.01

R-Structure factor 13.520

R-Bragg factor 17.960

Site occupancies

Ni X =0.00000, Y = 0.00000, Z = 0.000, Occupancy: 1.0000, U=0.006, Site: 2a, Sym.: -3m
S X =0.33333,Y = 0.66667, Z = 0.25000, Occupancy:1.0000, U = 0.006, Site: 2c, Sym.: -6m2

3.2 Morphological properties

The surface morphology of NiS films prepared at different deposition times was characterized by SEM images, shown in Figure 1
(c). From the SEM images, a change in the morphology of NiS was observed with the increase in deposition time. At a lower
deposition time of 60 min. densely aggregated larger lumps were observed, which might be due to poor nucleation and growth
rate. As the deposition time increased to 90 min., aggregation of grains increased leading to flower-like morphology. For a
reaction time of 120 min., bigger grains with uniform, homogeneous and hexagonal-like morphology were observed. This
might be due to more adsorption of NiS on the substrate. As the deposition time was increased to 150 min, the intergrain
boundaries overlapped due to cluster growth and disassociation of grains because of a decrease in van der Wall forces, leading
to the formation of more voids in the film. From SEM analysis it can be concluded that 120 min deposition time is optimum
for the growth of films that had uniform and homogeneous grains distributed on the surface.

3.3 Composition analysis

Figure 1 (d) reveals an elemental compositional analysis of the NiS thin films, measured using EDS. The EDS study confirms
the existence of both Ni and S with various stoichiometries. The atomic weight % of Ni, S, and ratio of Ni/S for films formed at
different deposition times are listed in Table 3. The presence of Si and O in addition to Ni and S was observed for the deposition
time of 60 and 90 min, which might be from the glass substrate as the film thickness might be less for such low deposition times.
The atomic weight % of Ni and S was increased with the increase of the deposition time. It confirms the impact of deposition
time on atomic weight % and composition of the prepared NiS films. For the deposition time up to 120 min, the Ni/S atomic
ratio was nearly close to unity. The atomic weight % of sulphur decreased for the longer deposition time (150 min).
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3.4 FTIR Analysis

Fourier Transform Infrared Spectroscopy study is carried out to identify and analyze the different functional groups present
in the prepared NiS films over the wave number range between 500 cm™! and 4000 cm! (see Figure 2 (a)) The weak bands or
shoulders observed at 713, 826 and 903 cm™! were related to the symmetrical stretching modes of NiS, which could be due to
microstructural formation of NiS in the films and are in agreement with the data reported in the literature 17). The band at 1523
and 1685 cm™! corresponds to -COOH asymmetric stretching vibration. Non-appearance of other modes in the wave number
range, 2500 - 2600 cm™! indicates the absence of S-H stretching mode in the films. The peaks noticed at the wave numbers 3616
cm}, 3734 cm ™ and 3853 cm'! are related to the stretching modes of the O-H group.

3.5 Optical studies

Figure 2 (b) shows the optical transmittance versus wavelength spectra of NiS thin films prepared using different deposition
times. From the fig, it is observed that all the films exhibited similar transmittance patterns, and the transmittance increases
with the increase of deposition time. All the films showed a sudden fall in the transmittance near the fundamental absorption
edge, indicating the presence of direct optical transition in the films. The slight decrease of transmittance for the films formed
at 150 min might be due to a change in the crystallinity of the films.

Using the transmittance data, the absorption coeflicient was calculated by using the following formula,

InT =—ot (8

where T is the optical transmittance, o is the absorption coeflicient and t is the film thickness. In the present work, the film
thickness is taken as 160 nm, 205 nm, 243 nm, and 285 nm for the films prepared using deposition times of 60 min, 90 min,
120 min, and 150 min respectively. Figure 2 (c) represents the band gap values of the NiS films prepared by the CBD method.
The optical band gap of as-prepared NiS films at various deposition times was calculated by using the following relation.

ahv =B (hv—E,)" ©))

where « is the absorption coefficient, B is a constant, and n indicates the type of band gap (n = 1/2 for direct allowed transition
and n = 2 indirect allowed transition). The straight lines drawn from the linear portion of the (ahv)? vs hv curves onto the
X-axis give the value of the energy band gap in the films. From Figure 2 (c) the calculated band gap energies were 2.06 eV,1.97
eV, and 1.93 eV for NiS films formed using deposition times 60 min, 90 min, and 120 min respectively. Quantum size effect,
variation in barrier height, lattice constants, and impurities are the diverse factors that affect the band gap energy in thin films. As
the deposition time was increased from 60 to 120 min., the band gap energy decreased from 2.06 eV to 1.93 eV. The decrement
in band gap can be attributed to an increase in grain size with an increase in deposition time. Further increase in deposition time
to 150 min increases the band gap to 2.09 eV. This is because of the decrease in grain size at such deposition times, as observed in
the structural properties, which might result in the splitting of energy levels between valence and conduction bands leading to
an increase in band gap at longer deposition time !®). The obtained energy gap values were slightly lower than the bulk NiS$ (%,

3.6 Electrical properties

The electrical properties of the prepared NiS films were measured using linear four-probe point method at room
temperature.Table 4 gives the measured electrical properties of the grown NiS thin films. From Table 4, it can be seen that
the films have high electrical conductivity of 48.3 S/cm, which might be due to the better crystallinity and stoichiometry of
these layers. The resistivity of NiS thin films decreased with increase in deposition time of up to 120 min. This might be due to
the improvement in crystallinity which leads to less scattering of carriers at grain boundaries. Due to the overlapping of grain
boundaries, the resistivity of the film increases at a longer deposition time of 150 min.

The change of electrical conductivity with temperature followed the Arrhenius relation denoted in Eq (10).

o = ope Ea/KT (10)

where o is conductivity at temperature T,0 is a constant, k is a Boltzmann constant, E is activation energy and T is the absolute
temperature. The variation of log (s) with inverse temperature (1000/T) for NiS films is shown in Figure 2 (d). The straight-
line nature in the graph in Figure 2 (d) indicates the semiconducting behavior of the film. The activation energy of films was
calculated from the linear fit of the log (s) versus temperature (1000/T) curve and found to be 0.16 eV for the film deposited at
120 min deposition time. This value is in close agreement with the value reported by Kumar et al. %) for NiS thin films grown
by the screen printing method.
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Fig 2. (a) FTIR spectra of NiS films prepared with different deposition times. (b) UV-Vis transmittance spectra of NiS films. (c) Plots of
(othv)? versus photon energy (hv) of NiS films prepared at deposition time of a) 60, b) 90, ¢) 120, and d )150 min. (d) The plot of log
(conductivity) versus 1000/T of chemical bath deposited NiS film at deposition time of 120 min

Table 3. Atomic % of Ni and S thin films

Deposition time (min) Ni (at. %) S(at.%) Siat.% Oat.% Ni/S ratio
60 32.68 31.68 17.76 17.88 1.03
90 42.30 39.94 5.75 12.01 1.05
120 52.15 47.85 — — 1.08
150 53.25 46.75 — — 1.13

Table 4. The electrical parameters of CBD films

Deposition time (min)

Thickness (nm)

Electrical Resistivityp (Q.cm)’!

Electrical Conductivity o (S/cm)

60
90
120
150

160
205
243
285

7.43x1071
6.62 x107!
2.07 x102
431x1072

1.35
1.51
48.3
23.2
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Conclusions

NiS films were successfully deposited on glass substrates by using the chemical bath deposition method at a bath temperature
of 80 °C. The influence of deposition time varies in the range of 60-150 min. on the physical properties was investigated for the
first time. The XRD data revealed the polycrystalline nature of the films with the hexagonal structure. The Rietveld refinement
analysis confirmed the hexagonal structure of the deposited films. Optical band gap values for all the deposited films varied
in the range of 1.93 - 2.09 eV. The film deposited using 120 min., had a maximum crystallite size of 19 nm and showed near
stoichiometric composition of Ni and S. The films deposited using a time of 120 min. showed the highest electrical conductivity
of 48.3 S/cm with activation energy of 0.16 eV. Such highly conducting, large band gap, and good crystalline films may be useful
as an absorber layer for solar cell applications.
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