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 Cobalt Sulphide (CoS) thin films were deposited on a non-conducting microscopic glass 

substrates using successive ionic layer adsorption and reaction (SILAR) technique at room 

temperature. The deposited CoS thin films were subjected to optical and structural 

characterizations. The absorbance result showed that cobalt sulphide films are moderately 

absorbing films with absorbance values ranging from 0.70 to 0.19. Transmittance results show 

that these deposited films are fairly transparent in visible light and near-infrared regions. 

Transmittance ranges from 19.8% to 63.9%. The transmittance decreased as the number of 

SILAR cycles increased. The reflectance of our synthesized films was generally low, with values 

ranging between 0.10 and 0.20. Our result also shows that within the UV and VIS region, 

refractive index decreased as the number of SILAR cycles increased for all the films deposited. 

Refractive index value ranges from 1.92 at 300 nm to its peak value of 2.64 at 1000 nm. The 

bandgap energy of the films deposited ranged from 2.00 – 2.30 eV. Optical thickness of the films 

ranges from 0.52 µm to 0.87 µm which shows an increase as the number of SILAR cycles 

increased. Structural analysis showed that the XRD pattern of deposited CoS thin films have 

peaks corresponding to the reflections of hexagonal phase of CoS with lattice parameter 

a=b=3.377 Å and c=5.150 Å. The preferred orientation is along the [102] plane. Crystallite 

sizes, microstrain and dislocation density of the films obtained using Williamson–Hall plot 

method range from 32.25 to 40.78 nm, 2.0×10-4 to 7.0×10-4 and 9.61×1014 to 6.01×1014 lines/m2 

respectively. 
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1 Introduction 

Cobalt sulphide, known as chemical compounds with the 

formula CoxSy, possesses enhanced catalytic activity and is 

highly favored as a material for the counter electrode (CE) due 

to its electrocatalytic properties. Various well-studied types of 

cobalt sulphide minerals include CoS, CoS2, Co3S4, and Co9S8. 

Generally, cobalt sulphides are black, semiconducting 

substances that are insoluble in water and exhibit non-

stoichiometric behavior. CoS, belonging to the II – IV group, 

is an intrinsic semiconductor and serves as a suitable candidate 

for thin films of metal sulphides. CoS, also referred to as cobalt 

sulphide, finds extensive applications in solar selective 
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coatings, infrared (IR) detectors, and as a storage electrode in 

photo-electrochemical storage devices. [1]. 

 
Figure 1: Structural arrangement of cobalt and sulphur atoms 

in cobalt sulphide system (VESTA) 
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The complexity of the phase diagram in the CoS system arises 

from the simultaneous presence of highly reducible cobalt and 

easily oxidizable sulfur ions [2]. Figure 1 shows the structural 

arrangement of cobalt and sulphur atoms in cobalt sulphide 

system drawn using VESTA software. Cobalt sulphides are 

reported to have potential applications as catalysts [3]-[4] 

capable of splitting water to produce hydrogen [5] magnetic 

materials [2], [6] anode materials for advanced lithium ion 

batteries [7]-[8] and high-performance supercapacitors [9]-

[10]. 

Cobalt sulphide thin films have been prepared using several 

deposition methods as reported by many researchers. Thin 

films of cobalt sulphide had been deposited by different 

researchers using various methods such as Chemical Bath 

Deposition (CBD) technique [1], modified chemical bath 

deposition route [11], spray pyrolysis method on a glass 

substrate at constant substrate temperature of 300 °C [12], 

electrodeposition method onto fluorine doped tin oxide (FTO) 

[13, sonochemically deposition from Co(CH3COO)2·2H2O and 

different sulfur precursors using a direct immersion ultrasonic 

probe [14] and SILAR method unto amorphous glass [15]. 

In this study, cobalt sulphide (CoS) thin films were deposited 

on a non-conducting microscopic glass substrates using 

successive ionic layer adsorption and reaction (SILAR) 

technique at room temperature. Different cobalt sulphide thin 

films were deposited under different number of SILAR cycles 

of 10, 20, 30 40 and 50 to determine the effect of number of 

SILAR cycles on the properties of CoS thin films.  

This research is motivated by the fact that no literature exists 

on the effect of SILAR cycles on the properties of CoS thin 

films. The film growth was based on the reaction between 

cobalt chloride hexahydrate (CoCl2·6H2O) and sodium 

sulphide nanohydrate (Na2S·9H2O). The deposited CoS thin 

films were subjected to optical and structural characterizations 

with the use of StellarNet UV–VIS–NIR spectrophotometer 

(Blue–Wave Miniature; Model: UVNb) and X–ray 

Diffractometer (Bruker D8 Advance X–ray Diffractometer) 

respectively. 

2 Materials and methods 

SILAR was employed to fabricate cobalt sulphide thin films. 

SILAR is an easy, speedy, and cost-effective bottom-up 

procedure for making nanostructured thin films of binary 

ternary and composite systems. The SILAR method is mainly 

based on the adsorption and reaction of the ions from the 

solutions and rinsing between every immersion with distilled 

water to avoid homogeneous precipitation in the solution.  

In this study, thin films of cobalt sulphide were deposited by 

the reaction between cobalt chloride hexahydrate 

(CoCl2·6H2O) and sodium sulphide nanohydrate (Na2S·9H2O), 

which served as precursors for cobalt ion (Co2+) and sulphide 

ion (S2-). Triethanolamine (TEA) served as complexing agent 

at room temperature to slow quick precipitation of cobalt ion 

when reacted with Na2S·9H2O. 0.20 M solution of the cobalt 

ion precursor was prepared by dissolving 4.79 g of 

CoCl2·6H2O in 100 mL of distilled water. Similarly, 0.50 M of 

sulphur ion precursor was prepared by dissolving 12.01 g of 

Na2S·9H2O in distilled water. In the cationic precursor, 10 mL 

of TEA was added to 70 mL of 0.20 M of CoCl2·6H2O. This 

solution was used as a cationic precursor and the source of Co2+ 

ions and was kept at room temperature, while 80 mL solution 

of 0.50 M of Na2S was used as anionic precursor.  

Here, five samples were prepared using SILAR cycles of 10, 

20, 30, 40 and 50 respectively. At the end of each SILAR cycle, 

the sample was dried in electric oven at a temperature of 60 ℃. 

A total SILAR cycle time of 160 seconds was maintained for 

the deposition of the thin films. Figure 2 shows schematic 

representation of SILAR method adopted to deposit CoS thin 

films in this present study. One SILAR growth cycle involved 

four steps enumerated below: 

i. Immersion of the cleaned substrate in first reaction beaker 

containing cationic precursor solution of 0.2 M [CoCl2. 

6H2O] for 60s. This process leads to absorption of Co2+ 

ions on the surface of the substrate. 

ii. This substrate was rinsed by high purity distilled water for 

20 s to remove excess Co2+ ions that are loosely adherent 

to the glass substrate (achieved in the previous step). 

iii. The substrate was then immersed in the anionic precursor 

solution of 0.5 M Na2S for the 60 s. The sulphide (S2-) ions 

reacted with the absorbed Co2+ ions on the active center of 

the substrate to form CoS films. 

iv. Again, the substrate was rinsed in distilled water for 20 s 

to remove loosely bound ions present on the substrate and 

unreacted Co2+ and S2- ions. 

 
Figure 2: Schematic representation of SILAR method adopted 

to deposit CoS thin films, td = dip time and tc = cycle time 

The chemical equation for the formation cobalt sulphide thin 

film is given as: 

 𝐶𝑜𝐶𝑙2 ∙ 6𝐻2𝑂 + 𝑇𝐸𝐴 → [𝐶𝑜(𝑇𝐸𝐴)]2+ + 2𝐶𝑙− +
                                                                 6𝐻2𝑂 1) 

Equation (1) shows the complex ion formation when TEA as a 

complexing agent is added to solution of CoCl2.6H2O. 

𝑁𝑎2𝑆(𝑎𝑞) → 𝑁𝑎+ + 𝑆2−  2) 
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The [𝐶𝑜(𝑇𝐸𝐴)]2+ ion reaction with sulphur ion in Equation (2) 

to form cobalt sulphide thin films on the surface of the 

microscopic glass. 

[𝐶𝑜(𝑇𝐸𝐴)]2+ + 𝑆2− → 𝐶𝑜𝑆(𝑠) 3) 

After the deposition of the films, optical properties of the 

deposited cobalt sulphide thin films were studied within the 

wavelength range of 300 to 1000 nm. The absorbance of the 

films was obtained using the StellarNet UV–VIS–NIR 

spectrometer (Blue–Wave Miniature; Model: UVNb). Other 

optical properties of the deposited thin films were determined 

using Equations (4)-(8). The deposited CoS thin films were 

also subjected to structural analysis with the use of X–ray 

Diffractometer (Bruker D8 Advance X–ray Diffractometer). 

Thickness values of the deposited film were determined using 

gravimetric method. 

Transmittance (T) values of the deposited thin films were 

determined using the expression in Equation (4) as given by 

[16] 

𝑇 = 10−𝐴   4) 

The expression in Equation (5) as given by [17]-[19] was 

utilized to determine the reflectance values of the deposited 

thin films. 

 A + T + R = 1        5) 

By employing Equation (6) as given by [20]-[23], the refractive 

index values of the deposited films were determined. 

𝜂 =
1+𝑅

1−𝑅
+ √

4𝑅

(1−𝑅)2 − 𝑘2  6) 

Where R represents the reflectance of the films. 

The values of the extinction coefficient (k) for the deposited 

thin films were determined using Equation (7), as provided by 

[24], [25] 

k =
𝛼𝜆

4𝜋
    7) 

Using Equation (8) as described in [26], [27], the energy 

bandgap values of SILAR deposited CoS thin films were 

determined. 

𝛼ℎ𝜐 =  𝐴(ℎ𝜐 – 𝐸𝑔)𝑛  8) 

3 Results and Discussions 

3.1 Optical analysis 

Figure 3(a) shows the graph of absorbance plotted against 

wavelength. The graph illustrates the relationship between 

absorbance and SILAR cycles for deposited films. It indicates 

that the highest absorbance occurs at 300 nm for films 

deposited with 50 SILAR cycles, while the lowest absorbance 

is observed at 1000 nm for films deposited with 10 SILAR 

cycles. Increasing the number of SILAR cycles enhances 

absorbance, allowing the films to effectively absorb UV 

radiation and potentially be utilized as UV filters [28], [29]. 

Based on these findings, it can be inferred that increasing the 

SILAR cycles above 50 could yield highly absorbing CoS thin 

films. 

Figure 3(b) shows the graph of transmittance plotted against 

wavelength. Transmittance of the films increases sharply as 

wavelength increased, reaching a peak value between 63.9% at 

1000 nm for film deposited at 10 SILAR cycles and minimal 

transmittance of 19.8% at 300 nm for film deposited at 50 

SILAR cycles. Transmittance of the deposited films decreased 

as the number of SILAR cycles increased. The films show 

moderate transmittance in VIS region. The observed wide 

transmission in the entire wavelength region (300 to 1000 nm) 

enables it to be a potential candidate for optoelectronic 

applications. 

Figure 3(c) shows the graph of reflectance against wavelength. 

The results indicate that the deposited films exhibit low 

reflectance overall. Reflectance values range from 0.10, at 300 

nm reaching a peak value of 0.2 at 1000 nm for films deposited 

with 50 SILAR cycles. In the UV and VIS regions, reflectance 

decreases with an increase in SILAR cycles for all the 

deposited films.  

In the NIR region, films deposited with 10, 20, and 30 SILAR 

cycles demonstrate a decrease in reflectance as wavelength 

increases, while films deposited with 40 and 50 cycles show an 

increase in reflectance values. The low reflectance 

characteristics of the films suggest their potential use in anti-

reflective coatings to remove unwanted electromagnetic 

radiation. Higher reflectance in the long wavelength region for 

thicker CoS film and the reverse trend in the lower wavelength 

region can be attributed to the interference effects that occur 

within the thin films. 

Figure 3(d) shows the graph of refractive index against 

wavelength. The refractive index, which is a dimensionless 

number that measures how light propagates through a medium 

depends on the wavelength of electromagnetic radiation. 

Generally, the result shows that electromagnetic radiation can 

propagate through the deposited films at different degrees, i.e.  

depending on the wavelength.  

Within the UV and VIS region, refractive index decreased as 

number of SILAR cycles increased for all the films deposited. 

In NIR region, films deposited at 10, 20 and 30 SILAR cycles 

show a decrease in refractive index as wavelength increased, 

while films deposited at 40 and 50 cycles show an increase in 

refractive index values as wavelength increased. The refractive 

index value ranges from 1.92 at 300 nm to its peak value of 

2.64 at 1000 nm for film deposited at 50 SILAR cycles.
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(a)  (b)   

(c)  (d)   

(e)  (f)    

(g)  (h)  

Figure 3: Graph of (a) absorbance (b) transmittance (c) reflectance (d) refractive index (e)extinction coefficient against 

wavelength (nm) (f) (αhν)2 vs photon energy (g) energy bandgap and (h) thickness (μm) against SILAR cycles for CoS thin films 
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Figure 3(e) shows the graph of extinction coefficient plotted 

against wavelength. The extinction coefficient, which is a 

measure of the degree of absorption of light by the films, 

depends on the wavelength of the radiation. The result shows 

that extinction coefficient decreased as wavelength increased, 

which is a confirmation of the absorption pattern observed for 

the deposited film. The Extinction coefficient of the films 

increased as SILAR cycles increased. Extinction coefficient 

values of 0.056 was obtained at 300 nm for film deposited at 

50 SILAR cycles and value of 0.015 was obtained for 10 cycles 

at 1000 nm. 

The optical bandgap energy Eg, of the films were estimated 

from the plot of square of the product of absorption coefficient 

and photon energy (αhν)2 versus photon energy (hν) curves 

shown in Figure 3(f). The straight nature of the plots indicates 

the existence of direct transition. The direct bandgap energies 

of as-grown films were determined by extrapolating the 

straight portion of the photon energy (hν) axis at (αhν)2 = 0. It 

was found to be between 2.00 – 2.30 eV.  

These results show that CoS is a wide bandgap material which 

could have applications in high power devices, light emitting 

diodes, optoelectronics, and high frequency devices. These 

bandgap results are close to the energy bandgap of 1.96 to 2.11 

eV obtained by [12]. Energy bandgap of 2.2 eV was obtained 

by [30], and [29] obtained a bandgap of 1.72 eV for cobalt 

sulphide thin films. 

Figure 3(g) shows the graph of energy bandgap against number 

of SILAR cycles. The result shows that as the number of 

SILAR cycles increased, the absorption of CoS thin films shift 

towards lower energy, a property that was attributed to the 

quantum confinement effect. The decrease in the energy band 

gap with increasing thickness of thin film is a consequence of 

the diminishing quantum confinement effects and the widening 

availability of energy states for electrons within the films. 

Similar decrease in energy band gap as number of SILAR 

cycles increases has been reported by [31]. 

Table 1 shows the variation of number of SILAR cycle with 

thickness and energy bandgap. The thickness of the films was 

evaluated using gravimetric approach as given by [32], [33]. 

The results show that the energy bandgap decreased as the 

thickness of the films increased.  

Table 1: Variation of SILAR cycle with thickness and energy 

bandgap 

SILAR cycles Thickness (μm) Energy Bandgap (eV) 

10 0.52 2.01 

20 0.61 1.96 

30 0.68 1.90 

40 0.77 1.85 

50 0.87 1.82 

Figure 3(h) shows the graph of average optical thickness 

against number of SILAR cycles. Film thickness increased 

with the increase in the number of SILAR cycles. Peak 

thickness of 0.87 µm was obtained for film deposited at 50 

SILAR cycles and least thickness of 0.52 µm was obtained for 

film deposited at 10 SILAR cycles. 

3.2 Structural analysis 

The X-ray diffraction spectra of the deposited cobalt sulphide 

thin films at 10, 30 and 50 SILAR cycles is shown in Figure 

4(a). The X-ray diffraction spectra shows peaks corresponding 

to the reflections of hexagonal phase of CoS with JCPDS file 

number (01–075–0605) and lattice parameter a=b=3.370 Å and 

c=5.140 Å. The planes have miller indices of (100), (101), 

(102), (110) and (202) corresponding to the 2theta angles of 

30.57°, 35.51°, 46.62°, 53.42° and 72.56° respectively. The 

preferred orientation is along the [102] plane. The strong and 

sharp diffraction peaks demonstrate that the films are 

crystalline in nature. The increase in the intensity of the films 

as SILAR cycles increased suggests that the crystallinity of the 

films increase as SILAR cycle increases. Similar hexagonal 

phase of CoS thin films was obtained by [34], [35]. 

The Bragg peak breadth is a combination of both instrument 

and sample dependent effects. To take care of these 

aberrations, it is needed to assemble a diffraction pattern from 

the line broadening of a standard material such as silicon (111) 

to determine the instrumental broadening. The instrument 

corrected broadening βD corresponding to the diffraction peaks 

is given by [36] as  

𝛽𝐷
2 = [𝛽𝑚𝑒𝑎𝑠𝑢𝑟𝑒

2 − 𝛽𝑖𝑛𝑠𝑡𝑟𝑢𝑚𝑒𝑛𝑡
2 ]  9) 

𝐷 =
𝑘𝜆

𝛽𝐷 cos 𝜃
⇒ cos 𝜃 =

𝑘𝜆

𝐷
(

1

𝛽𝐷
)  ⇒ 𝛽𝐷 =

𝑘𝜆

𝐷 cos 𝜃
 10) 

While the crystal imperfection and distortion of strain-induced 

peak broadening are related by  

𝜀 =
𝛽𝑠

tan 𝜃
     11) 

Where D is the crystallite size (grain size), 𝜆 is the wavelength 

of the X-ray radiation, 𝜃 is the angle of diffraction. 

The extraordinary property of Equation (9) is its dependency 

on the diffraction angle 𝜃. Depending on different 𝜃 positions, 

the separation of size and strain broadening analysis is done 

using Williamson–Hall method. Where Equations (9), (10) and 

Scherrer equations are combined, we have that 

𝛽ℎ𝑘𝑙 = 𝛽𝑠 + 𝛽𝐷 

𝛽ℎ𝑘𝑙 = (
𝑘𝜆

𝐷 cos 𝜃
) + 4𝜀 tan 𝜃 

𝛽ℎ𝑘𝑙 cos 𝜃 = (
𝑘𝜆

𝐷
) + 4𝜀 sin 𝜃 

𝛽 cos 𝜃 =
0.9𝜆

𝐷
+ 4𝜀 sin 𝜃          12) 

Where β is the full width at half maximum, ε is the microstrain. 

A plot of βcosθ against 4sinθ, which is the Hall–Williamson 

plot, gives the slope of the graph to be equal to the microstrain 

ε and the intercept on the βcosθ axis equals to 
0.9𝜆

𝐷
.  
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Therefore, the crystallite size is given as  

𝐷 =
0.9𝜆

𝑖𝑛𝑡𝑒𝑟𝑐𝑒𝑝𝑡 𝑜𝑛 𝛽 cos 𝜃 𝑎𝑥𝑖𝑠  
   13) 

From the plots in Figure 4(b-d), the crystallite sizes were found 

to be 32.25, 36.49 and 40.78 nm. Dislocation density of the 

films was found to be 9.61×1014, 7.51×1014 and 6.01×1014  

lines/m2 while microstrain values obtained were 2.00×10-4, 

5.00×10-4 and 7.00×10-4 respectively.  

The crystallite size and microstrain of the films were found to 

increase as SILAR cycle increases while dislocation densities 

were found to decrease as number of SILAR cycles increases. 

Low values of microstrain suggest that the films deposited have 

little or no defects. The positive slope in Figure 12 indicates 

tensile strain within the crystal structure of the films. The 

results of the X-ray diffraction of the deposited samples 

correspond with those obtained by [11], [30], and [37].

(a)  (b)  

(c)     (d)  

Figure 4: (a) X-ray diffractograms (b-d) Williamson–Hall plots of the deposited cobalt sulphide for 10, 30 and 50 SILAR cycles

4 Conclusions 

We have successfully deposited thin film of cobalt sulphide 

(CoS) thin films on a non-conducting microscopic glass 

substrates using SILAR technique. Deposition of CoS thin 

films was done at room temperature (300 K) using cobalt 

chloride hexahydrate (CoCl2·6H2O), sodium sulphide 

(Na2S·9H2O) as precursor for cobalt and sulphur respectively.  

The deposited films of CoS thin films were subjected to optical 

characterizations which showed that cobalt sulphide films are 

moderately absorbing films. The absorbance results 

demonstrated that the cobalt sulphide films exhibit moderate 

absorption properties, with absorbance values ranging from 

0.70-0.19 abr. unit. The transmittance measurements indicated 

that these films are fairly transparent in the visible light and 

near-infrared regions, with transmittance values ranging from 

19.8% to 63.9%. Furthermore, the transmittance decreased as 

the number of SILAR cycles increased. The reflectance of the 

synthesized films was generally low, ranging between 0.10 and 

0.20, indicating their potential for anti-reflective applications. 

The refractive index within the UV and VIS regions decreased 

as the number of SILAR cycles increased for all the deposited 

films. The refractive index value ranged from 1.92 at 300 nm 

to its peak value of 2.64 at 1000 nm. The bandgap energy of 

the deposited films ranged from 2.00 – 2.30 eV, providing 

valuable information for optoelectronic applications. 

Additionally, the optical thickness of the films increased with 

an increase in the number of SILAR cycles, ranging from 0.52 

µm to 0.87 µm.  

On the other hand, structural analysis revealed that the XRD 

pattern of the deposited CoS thin films exhibited peaks 

corresponding to the reflections of the hexagonal phase of CoS 

with lattice parameters of a=b=3.377 Å and c=5.150 Å. The 

preferred orientation was observed along the [102] plane. 

Using the Williamson-Hall plot method, the crystallite sizes, 

microstrain, and dislocation density of the films were 
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determined, ranging from 32.25 to 40.78 nm, 2.0×10-4 – 

7.0×10-4 and 9.61×1014 – 6.01×1014 lines/m2.  

Thus, this study provides comprehensive optical and structural 

characterizations of CoS thin films deposited via SILAR, 

highlighting their potential for various applications in 

optoelectronics, anti-reflective coatings, and beyond. Further 

research and optimization can be pursued to explore their 

potential in diverse technological fields. 
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