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ABSTRACT 

In this work, we have prepared new materials of the nickel sulfide thin films by using the spray pyrolysis 

technique for promising co-catalyst to improve the photocatalytic performance or superconductivity. The effect 

of deposition temperature (523, 573 and 623 K) on structural, optical and electrical properties was investigated. 

The XRD diffraction shows that the prepared nickel sulfide at 523, 573 and 623 K having an orthorhombic, 

hexagonal and hexagonal structure, which were Ni3S2, Ni17S18 and NiS2, respectively. The minimum value of 

crystallite size (45,9 nm) was measured of deposited film at 573K. The thin films prepared at 523 and 573 K 

have an average transmittance is about 20 %. The prepared Ni1S2 thin film at T=623 K has the lowest calculated 

optical band gap and Urbach energy. The Ni1S2 thin film also has the best calculated of the refractive index and 

the extinction coefficient. The FTIR spectrums of the nickel sulfide have various bands such as Ni-S, C-H, O-H, 

N–H and C-S. The maximum electrical conductivity is 4,29x105 (Ω.cm)-1 was obtained at 573K of the Ni17S18. 

The nickel sulfide thin films sprayed at 573K have good structural, optical and electrical properties. 
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INTRODUCTION 
 
 

Metal chalcogenide thin films are particularly interesting for the fabrication of large-area 

photodiode arrays, solar selective coatings, solar cells, photoconductors, sensors etc [1]. 

Nickel sulfide belongs to the compound semiconductor materials. The nickel sulfide is a 

transition metal compound and an interesting material, showing metal-insulator transition by 

doping or as a function of temperature and pressure. Nickel sulfide compound shows 

antiferromagnetic semiconductor and paramagnetic properties in low and high-temperature 

phases, respectively, transition metal chalcogenides have attracted considerable attention 

during the past decade due to their unique physical and chemical properties, including their 

use as semiconducting, optical, magnetic, and catalytic materials [2]. Important transition 



A. Gahtar, S. Benramache, C. Zaouche, A. Boukacham, A. Sayah:  Effect of temperature on the                    37 

properties of nickel sulfide films performed by spray pyrolysis technique 

metal sulfides include, among others, cadmium sulfide [3,4], zinc sulfide [5], silver sulfide [6] 

as well as many different phases of copper sulfides [7-9]. Among those materials, nickel 

sulfide has been widely studied due to its various phases and stoichiometries, ranging from 

the nickel-rich compound Ni3S2, Ni6S5, Ni7S6, Ni9S8, NiS to sulfur-rich compounds like Ni3S4 

and NiS2 [10,11]. NiS is known to exist in two main phases, i.e. the hexagonal α-NiS, stable 

at elevated temperatures, and the rhombohedra β-NiS, which is stable at low temperatures 

[12].  

Nickel sulfide has been recently used in many applications, such as materials for highly 

effective counter electrodes for solar cells [13-15] and seems to be an ideal material for 

supercapacitors [16-18] and cathodes for lithium batteries [19, 20].  

It has been reported that cathode materials are currently the limiting factor preventing a 

wider application of lithium batteries in electric and hybrid vehicles and some of these 

shortages could be overcome by using metal sulfides as active cathode materials, and amongst 

them, NiS with a high theoretical capacity seems to be the most promising [21]. 

The mean object of this research is to study the synthesis of new nickel sulfide thin film 

by spray technique at different substrate temperatures. These materials can be used as a 

promising co-catalyst to improve the photocatalytic performance or superconductivity. In this 

research can be studied the physical properties such as the structural, morphological, optical 

and electrical characterizations. The effort of this study can be needed to optimize film 

properties in future investigations. Balayeva et al. [22] prepared nickel sulfide (NiS and 

Ni3S4) nanostructures at different sulfur sources like thiourea and sodium sulfide. However, 

Shinde et al. [23] investigated the sulfur Source-Inspired Self-Grown 3D NixSy 

Nanostructures and their electrochemical supercapacitors by hydrothermal method. Based on 

the past year, the nickel sulfide thin films can be deposited by various methods such as laser 

ablation (NiS) [24], successive ionic layer adsorption reaction (SILAR) technique [25], soft 

solution-processing (Ni3S2, NiS2, and Ni3S4) [26], hydrothermal method (Ni3S2, NiS) [27] 

chemical vapor deposition (AACVD) method (NiS and Ni17S18) [28], and spray pyrolysis 

[29]. However, the deposition of nickel sulfide thin films by spray ultrasonic technique has 

yielded the best results, which is used in this work.   

 

 
MATERIAL AND METHODS 

 
 

Preparation of thin films  

 

In this work, chloride nickel dehydrates 10−2M (NiCl2, 2H2O), and thiourea 2.10−2 M 

(S=C(NH2)2)) were used as precursors to prepare the nickel sulfide thin films. It was obtained 

from two solutions with different molarities; the mixture ([S]/[Ni]=2) was stirred for 3 hours 

at room temperature. The final solution was placed to the heater at 70 °C, in this setup, can be 

added drops of HCl solution as a stabilized (36%) to the mixture solution as a stabilized with 

heating. After this setup, the nickel sulfide solution becomes transparent and clear. Figure 1 

shows the SPD experimental setup used here to deposit nickel sulfide thin films on glass 

substrates by spraying the nickel sulfide solution. The nickel sulfide thin films were 

performed on glass substrates (2x7 cm2) by spray pyrolysis method with heating at different 

substrate temperatures (523, 573 and 623 K). The distance between the substrates and the 

spray gun nozzle was fixed at 3.5 cm. The solution and carrier gas flow rate was 4 ml/min, in 

all cases. We have used Nitrogen gas to avoid chemisorptions of oxygen to obtain the sulfide 

thin films without NiO films. 
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Fig. 1. Experimental layout used for SPD of nickel sulfide thin films: (1) power supply; (2) spray solution; (3) glass 
substrate; (4) four; (5) Electric gun; (6) switch between 1 and 2; (7) regulator of temperature; (8) supports for the 

heater and the gun 
 

Characterization techniques  

 

The structural properties of the nickel sulfide thin films were studied by X-ray diffraction 

(BRUKER-AXS type D8) equipment with X'Pert High Score under CuKα radiation λ=1.5406 

Å with the scanning range of (2θ) was taken between 25 and 75 °. The surface morphologies 

of the nickel sulfide films were observed using a Q-Scope 250 atomic force microscope 

(Quesant Instrument Corporation) with contact mode scanning electron microscopy (SEM) 

coupled with microanalysis (EDX). The optical transmission and reflectance spectra were 

obtained using a UV-visible spectrophotometer (Shimadzu, Model 1800), the measurements 

have organized in the range of 300 – 1100 nm. The film thickness of the nickel sulfide (d) was 

measured by a well-known weight difference method taking into account the density of bulk 

nickel sulfide taken in this work (5.28 g / cm 3). The investigation of nickel sulfide bond 

formation was obtained by Fourier transform infrared spectroscopy (Shimadzu IR-Infinity1), 

FT-IR measurements of nickel sulfide for all prepared samples were scanned in the range 

(400 - 4000 cm-1), and film conductivity were measured by the four-point technique. 

 

 
RESULTS AND DISCUSSION 

 

X-ray diffraction analysis 

 

Figure 2 shows the XRD diffraction patterns of nickel sulfide thin films deposited at 

different substrate temperatures by spray pyrolysis technique. The XRD diffraction shows that 

the prepared nickel sulfide at 523, 573 and 623 K having different phases and structures, 

which were Ni3S2 [30], Ni17S18 [31] and NiS2 [32], respectively (see Table 1). As it can be 

seen the only diffraction peak was observed are (110), (015) and (010) plane at 2  = 29,471 

°, 29,351° and 29,309° of the sprayed nickel sulfide thin films at 523, 573 and 623 K, 

respectively (see Table 2). However, all thin films have high then one peak, which confirm 

that the preferred orientation was confined between these peaks; this observation indicates the 

polycrystalline in nature. The NiS2 thin film prepared at 623 K has the two diffraction peaks 

intensities; this is attributed to the improvement of the crystalline structure of NiS2 thin films. 
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On the other hand, we cannot observe other diffraction peaks related to the NiO phase. The 

main strain of the highest peak was calculated by the following relation [33]:  

 

 

 

 
 

 
Fig. 2. XRD patterns of nickel sulfide thin films deposited on glass substrate at different substrate temperature: (a) 

523 K, (b) 573 K, (c) 623 K  
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Table 1. The phase structure of nickel sulphide thin films at different substrate temperatures 

Substrate 

temperature 

(K) 

Name Chemical 

formula 

Crystal system Space group Reference 

523 Nickel sulfide 3/2 Ni3S2 orthorhombic Cm Cm 63 98-018-0767 

573 Nickel sulfide 17/18 Ni17S18 hexagonal P31 21 152 98-003-7164 

623 Nickel sulfide 1/2 Ni1S2 hexagonal P63/m mc 194 98-016-9577 

 
Table 2. Values of Bragg angle 2  , interplanar spacing dhkl, full width at half maximum ( )1/2 rd , grain size G.S, 

micro strain and dislocation density for nickel sulfide thin films deposited on glass substrate at different 

substrate temperature: 523 K, 573 K, 623 K 

Substrate temp (K) 2θ (deg.) hkl β1/2 (rad) G (nm) ε x10-3 (%) δ x1014 (cm-1) 

 

Ni3S2       T=523 29.471 110 0,00288 49.8 2.936 4.0383 

Ni17S18    T=573 29.351 015 0,00312 45.9 3.197 4.749 

Ni1S2       T=623 29.309 010 0,00169 84.6 0.00173 1.400 

 

                                              





tan4
=                                                              (1) 

where  is the mainstrain,   is the FWHM and  is the half diffraction angle. On the other 

hand, the crystallite size values were estimated using Scherer equation [34]:  

                                            




cos

9.0
=G                                                              (2) 

where G is the crystallite size,  is the wavelength of X-ray (  = 1.5406 A°). However, the 

dislocation density   of nickel sulfide thin films was calculated from crystallite size by 

following relation [35]: 

                                          
G

1
=                                                                     (3) 

Table 2 shows the variation as a substrate temperature of the main strain, crystallite size 

and dislocation density of nickel sulfide thin films. As see, the lowest crystallite size was 

found for a deposited film at T=573 K corresponded to Ni17S18. As can be seen that the film 

deposited at 623 K (Ni1S2) has a minimum strain due to the equivalent in the number of 

atoms, also this film has a minimum dislocation density.  

 

Structural morphology 

 

To identify the morphology and chemical composition of nickel sulfide thin films, Figure 

3 (a, b and c) present the structural morphology and the typical EDX spectrum of all deposited 

films at 523, 573 and 623 K, respectively. The porosity and the particle size of the NiS thin 

films were found as an overgrown cluster of the interconnected nano-flakes characterized via 

SEM analysis. The SEM image in Figure 3 shows a highly porous surface comprised of 

interconnected nano-flakes with sizes less than 100 nm together. It appears to us that the film 

surface was evenly covered without cracks and holes. Figure 3c shows an SEM image of 

deposited NiS thin film at 623 K exhibiting a nanosheet-like structure without cracks. This 

observation may facilitate the transmission of electrons and keep them with quite easily. 

As see, the atomic percentage of Ni and S is 1.57 and 2.31%, respectively, for a deposited 

film at 523 K. The atomic percentage of Ni and S increased from 1.57 to 5.54% and 2.31 to 

5.00%, respectively, with increasing deposition temperature from 523 to 573 K. Moreover,  
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Fig. 3. SEM Image of nickel sulfide prepared at different substrate temperatures a) 523 K, b) 573 K, and c) 623 K 
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the percentage of Ni and S decreased when the substrate temperature increased to 623 K, 

which is 3.9 and 2.19%, respectively. The decrease of Ni and S at 623 K can be explained by 

the evaporation of S with deposition temperature, this is attributed to the corporation between 

Ni and S. However, the results EDX suggested that the nickel sulfide was successfully 

deposited on glass substrates. The other elements present in the spectrum such as oxygen (O) 

and silicon (Si) come from glass substrate (SiO2) and precursors used in the deposition bath. 

From Figure 2, we cannot observe the NiO phase; this observation indicates that we cannot 

found a corporation between Ni and O.  

 

 

Optical Properties 

 

The optical spectra obtained to give the relative variation of the transmittance T (%) as a 

function of the wavelength λ (nm). In Figure 4, we have reported the variation of the optical 

reflectance (R) and transmittance (T) of nickel sulfide thin films deposited at different 

substrate temperatures 523 K, 573 K, 623 K. The reflectance of the nickel sulfide thin film 

increases with the wavelength and reaches 25% in the visible region, this phenomenon may be 

related to a metallic behavior. As can be seen that the transmittance of nickel sulfide thin 

films also increases, which is found in order to 20% in the visible region. The lowest value of 

transparency caroused by the color of nickel sulfide thin films. From the transmittance and 

reflectance spectrum of nickel sulfide thin films, the absorption coefficient of nickel sulfide 

can be calculated from the following relation [36]: 

 

                                            












 −
=

T

R
Ln

d

2)1(1
                                                                (4) 

where d is the film thickness,  is the absorption coefficient, T is the transmittance, R is the 

reflectance. The optical band gap energy
gE of nickel sulfide thin films was determined by the 

following relations [37]: 

 

                                                          
)()( /1

g
n EhCh −=                                                        (5) 

where 
gE  is the optical band gap energy, C is a constant, is the photon energy 

( )(
)(

1240
eV

nm
h


 = ). The value of the exponent denotes the nature of the electronic transition, 

whether for direct allowed transitions n=1/2. However, Figure 5 shows the variation of the 

absorption coefficient  and the curve ( )2( )h f h  = as a function of deposition 

temperature. However, the disorder or Urbach energy ( uE ) also was determined by the 

expression follow [38]: 

 

                                             










=

uE

h
 exp0                                                                 (6) 

where 0  
is a constant h  is the photon energy and uE  is the Urbach energy, the Urbach 

energy was used to characterizing the order of the defects. This energy confines the shape of 

the fundamental absorption edge in the exponential (Urbach) region and gives information on 

the structural disorder in the material. Figure 6 shows the variation of Ln as a function h  
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for estimated the Urbach energy (see Table 3). From Table 1, we have found that the 

minimum optical band gap and Urbach energy were obtained for sparing Ni1S2 at T=623K.  

This is confirmed that the temperature of 623K is suitable for preparing the Ni1S2 thin film 

with good optical gap energy and less disorder. 

 

 

 
 

 

 
 

 
Fig. 4. Typical UV-Visible (a): Transmittance Spectrum and (b): reflectance of a thin layer of nickel sulfide 

prepared at different substrate temperatures 
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Fig. 5. The variation of the absorption coefficient  and the curve (h)2 = f (h) as a function of deposition 
temperature 

 

Fig. 6. The variation of ln() vs h for nickel sulfide prepared at substrate temperatures 523 K, 573 K and 623 K 
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Table 3. Optical properties of nickel sulphide thin films at different substrate temperatures 

Substrate temp (K) Eg (eV) Eu (meV) σopt x1014 (S) 

Ts=523 3.70 155.043 1.071 

Ts=573 2.39 245.952 1.871 

Ts=623 2.36 36.114 1.301 

 

The extinction coefficient of nickel sulfide thin films with deposition temperature was 

calculated from Equation [39]: 

                                       




4
=k                                                                              (7) 

where k  is the extinction coefficient. However, the refractive index was calculated by the 

following relation [40]: 

                               

2

2)1(

4

1

1
k

R

R

R
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+

−

+
=                                                              (8) 

where n  is the refractive index. The variation of the extinction coefficient and the 

refractive index are indicated in Figure 7. 

 

  

Fig. 7. The variation of refractive index n and extinction coefficient of sprayed nickel sulfide thin films deposited at 
substrate temperature 523 K, 573 K and 623 K 
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The optical conductivity also was determined with different deposition temperatures by 

the following equation [41]:            





4

nc
opt =                                                                        (9) 

where c  is the light velocity, n  is the refractive index and opt  is the optical conductivity. 

The variation of the optical conductivity was presented in Figure 8. We observed that the 

optical conductivity increases by increasing the refractive index according to the equation 

above. 

 
Fig. 8. The variation of optical conductivity opt vs h for nickel sulfide prepared at different substrate 

temperatures 523 K, 573 K and 623 K 

 

Figure 9 shows the variation of the dielectric constants 1  and 2  as a function of the 

wavelength. The values of 1  and 2 are deduced from n and k according to well-known 

relations [42,43]:

                                   



=

−=
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22

1




                                                                               (10) 

The FTIR spectrum of the nickel sulfide is shown in Figure 10, the peak at 601.79 
1cm− was attributed to the stretching vibration of Ni-S in the nickel sulfide phases [44]. The 

band at about 667.36 1cm−  and 875.68 1cm−  and 1037.7 1cm−  is attributed to the asymmetric 

stretching vibration of the C-S bond from the precursors [44]. The 1114.86 1cm− band denotes 

the bending vibration of the sulfide functional group [45]. The bands observed at 

2854.65 1cm−  and 2924.09 1cm− were attributed to the C-H extension vibration of the 

precursor [46]. The broad peak at 3400 1cm−  corresponds to the N–H stretching of free 

amines. The presence of peaks around 1645 1cm− corresponds to O-H stretching and bending 

vibrations [44-46]. Whereas band at around 601 1cm− is resulting from the nickel sulfide lattice 

vibration [45]. It worth noting that absorption band at 601cm–1 appears in all spectra; this 

bond is evaluated using Hook’s law giving by the following formula 18 [44]: 

                                     


k

c
v

2

1
=                                                                              (11) 

where c  is the light velocity, k is the bond force constant and   is the reduced mass of nickel 

and sulfide. Thus the position of specific band absorption of nickel sulfide powders is 

determined with the basis of the 5.105 dynes/cm and the reduced mass =1/mNi + 1/mS which 

leads to an absorption bond at 601 cm – 1 closely to the observed one in all spectra of Figure 

10. 
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Fig. 9. The variation of 1  vs 
2  and 2  vs 

3  for nickel sulfide prepared at substrate temperatures 523 K, 573 
K and 623 K 

 
 

 
Fig. 10.  FTIR spectrum of nickel sulfide prepared at different substrate temperatures 523 K, 573 K, and 623 K 
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Electrical properties 

 

Table 4 presented the variation of the film thickness, electrical resistance, resistivity and 

conductivity of nickel sulfide thin films at different substrate temperatures. As shows that the 

electrical conductivity increased directly to sprayed thin film at 573 K then decreases with 

623 K due to the high transmission and defects. The maximum electrical conductivity is 

4,29x105 (Ω.cm)-1, the reason to have a high electrical conductivity can be shown in the speed 

of the displacement of the electrons in the surface of a thin film with deposition temperature 

to the diffusion of S2- donors and the substitutional sites of Ni2+. 

 
Table 4. The film thickness and electrical properties of nickel sulphide thin films at different substrate 

temperatures 

Substrate temperature (K) d(nm) Rsh(Ω) Resistivity (Ω.cm) Conductivity(Ω.cm)-1 

Ts=523 
798 0.201 1.60E-05 6.24E+04 

Ts=573 390 0.0599 2.33E-06 4.29E+05 

Ts=623 681 155 1.06E-02 9.47E+01 

 

In Table 5 present the comparative results of our work with other researches; we have 

compared the structural, optical and electrical properties of the nickel sulfide thin films at 

several deposition temperatures. We observed that the nickel sulfide thin films sprayed at 573 

K in this work have good crystallite size, lower optical band gap energy and good electrical 

properties, 

 
Table 5. The comparative study of the structural, optical and electrical properties of nickel sulfide thin films at 

different conditions 

Ts 

(K) 

Phase Deposition 

method 

Film 

thickness 

(nm) 

Crystallite 

size G (nm) 

Optical 

energy gE (eV) 

Activation 

energy 

aE (eV) 

Electrical 

conductivity 

  (Ω.cm) 

Rf. 

473 NiS SESP  53 0.56  104 [1] 

498-

673 

Ni3S2 

6%Cu doped 

Ni3S2 

10%Cu doped 

Ni3S2 

PVD - 

- 

- 

90.8 

 

90.8 

 

90.8 

2.1 

 

1.89 

 

1.63 

- 

 

- 

 

- 

- 

 

- 

 

- 

[10] 

300 NiS SILAR 20-100 - 0.45 0.15 10 [25] 

- NiS Spray 

pyrolysis 

- 13-22 0.55 - - [38] 

523 

573 

673 

Ni3S2 

Ni17S18 

Ni1S2 

Spray 

pyrolysis 

798 

390 

681 

49.8 

45.9 

84.5 

3.70 

2.39 

2.36 

 6.24.104 

4.29.105 

9.47.101 

This 

work 

 
 

CONCLUSIONS 
 
 

In summary, the nickel sulfide thin films were prepared by spray pyrolysis technique on a 

glass substrate at various deposition temperatures of 523, 573 and 623 K. The structural, 

optical and electrical properties of nickel sulfide thin films were investigated. The XRD 

diffraction shows that the prepared nickel sulfide at 523, 573 and 623 K having an 

orthorhombic, hexagonal and hexagonal structure, which were Ni3S2, Ni17S18 and NiS2, 
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respectively. The minimum value of crystallite size (45,9 nm) was measured of deposited film 

at 573K. The thin films prepared at 523 and 573 K have a good transmittance is about 20 %. 

The Ni1S2 thin film has a minimum optical band gap and Urbach energy was obtained at 

T=623 K. The nickel sulfide thin films have a good refractive index and extinction 

coefficient. The FTIR spectrums of the nickel sulfide have various bands such as Ni-S, C-H, 

O-H, N–H and C-S. The maximum electrical conductivity is 4,29x105 (Ω.cm)-1 was obtained 

at 573K of the Ni17S18. The nickel sulfide thin films sprayed at 573 K have good structural, 

optical and electrical properties, this thin film can be used a promising co-catalyst to improve 

the photocatalytic performance or superconductivity.  
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