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Abstract 

An electrochemical deposition technique was employed to synthesize FeS material. The Iron 
nitrate nonahydrate (Fe(NO3)2.9H2O) and sodium sulphate (NaSO4) are part of the 
electrochemical bath system. The films synthesized have a polycrystalline structure with 
diffraction peaks and a preferred orientation along the (111) diffraction plane. The significance 
of high peaks lies in their ability to provide a spacious surface area for efficient photovoltaic 
activities. By increasing the deposition time of FeS, the film thickness decreased from 108.98 
to 100.87 nm. The FeS absorbance decreases as the wavelength approaches the VIS-IR region. 
The FeS material had the highest absorbance value at 30 s across the entire spectrum, averaging 
a maximum of 0.072 in the ultraviolet region. The films deposited had energy band gaps 
ranging from 2.12 to 1.58 eV. The energy band gap also decreased as the deposition time and 
film thickness decreased. The bandgap energy range found in this study is perfect for absorbing 
solar energy radiation above 1.58 eV, making it ideal for solar cell absorber layers. 
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I. INTRODUCTION 

he exceptional properties of iron sulphide make it an ideal 
material for solar cell applications. The key components 

of this substance, iron and sulfur, are abundant and 
inexpensive to extract and process, making it non-toxic [1]–
[7]. Producing these materials in large quantities can be done 
without high expenses. Generating clean energy and 
addressing global warming heavily relies on photovoltaic 
cells. The development of photovoltaic technology requires 
materials that are affordable, stable, environmentally friendly, 
and widely accessible [1]. Iron sulphide has caught the 
attention of researchers as a photovoltaic material [2]. It 
possesses excellent stability, is non-toxic, and has an indirect 
optical band gap. The most crucial aspect is its high absorption 

coefficient, but limited progress and use have been caused by 
issues such as sulfur vacancies, unwanted doping, and surface 
conduction. Hence, additional investigation on FeS2 is 
required, including material synthesis, defect properties, and 
device physics [3]. Multiple techniques exist for depositing 
thin films of iron sulphide [1], [2], [8]–[12], [13], [14] and 
[15]. Electrochemical deposition offers several advantages 
over alternative techniques. The utilization of inexpensive 
equipment, low-temperature operation, and minimal waste 
production make this technique cost-effective and efficient 
[2]–[4]. Typically, researchers use a two-step process to 
deposit iron sulphide electrochemically. This involves direct 
compound electrodeposition followed by sulfurization to 
attain the pyrite phase. 

The synthesis of single-phase iron pyrite films on ITO-
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coated glass substrates was successfully carried out by 
Botchway et al [4]. In the experiment, a 3-electrode 
electrochemical system was utilized, wherein graphite acted 
as the counter electrode and Ag/AgCl served as the reference 
electrode. In a single-step process, the conductive substrate 
was used to directly electro-deposit the FeS precursor thin 
film. The deposition was carried out under room temperature 
conditions, utilizing a constant potential of -0.9 V vs. 
Ag/AgCl, in a potentiostatic manner. The iron pyrite phase 
was formed by annealing the as-deposited material in a sulfur-
rich environment at 500°C for an hour. Two methods were 
used to generate sulfur gas for sulfurization: one involved 
Kipp's apparatus, and the other required heating elemental 
sulfur at 200°C. The analyzed films from both sulfurization 
techniques showed a pyrite phase, but the second method 
yielded films with improved crystalline order and 
stoichiometry, with no observable impurity peaks. Optical 
absorption measurements revealed a band gap of around 1.75 
eV. The SEM micrograph showed a bumpy surface made up 
of unevenly shaped crystallites with clear edges, spanning the 
entire substrate. FeS2 pyrite thin films were confirmed by the 
consistent EDAX analysis of the film. 

According to Lu et al [5], iron pyrite is an affordable, stable, 
non-toxic, and abundant material that shows promise in 
photovoltaics. The low-cost method of electrochemical 
deposition enables researchers to prepare iron pyrite solar cells 
on a large scale. The synthesis of high-quality iron pyrite films 
was examined by electrochemically depositing them with 
thiourea and studying the influence of sulfurization. After the 
addition of sulfur, the amorphous precursor film transforms 
into a film of crystallized iron pyrite. Characterization reveals 
a band gap of 0.89 eV and classifies it as an n-type 
semiconductor with a carrier concentration of 3.01 ×
10ଵଽ 𝑐𝑚ିଷ. The light produces a response in the photovoltaic 
device. According to this study, sulfurization is crucial for 
creating pure iron pyrite films electrochemically, enabling 
cost-effective and large-scale production of iron pyrite solar 
cells. 

The synthesis of FeS material involved the reduction of iron 
ions onto a conductive substrate through electrochemical 
deposition. Iron ions migrate towards the substrate and react 
with sulphide ions to form FeS, which is achieved by applying 
a voltage between the substrate and a counter electrode. 
Controlling parameters like applied voltage, deposition time, 
and electrolyte composition allow for tailored electrochemical 
deposition of FeS material. These parameters influence the 
synthesized FeS material's morphology, crystal structure, and 
properties. In this study, we adjusted the time for deposition. 
Electrochemically deposited FeS material has been utilized in 
different fields like energy storage, catalysis, and sensing. Its 
high electrochemical activity makes it a promising material for 
supercapacitors, batteries, and photovoltaic applications.  
The study aimed to produce iron sulphide material through 
electrochemical deposition, to utilize it for photovoltaic by 
modifying the deposition time.  

II. METHODS 

An electrochemical deposition technique was employed to 
synthesize FeS material. The Iron nitrate nonahydrate 
(Fe(NO3)2.9H2O) and sodium sulphate (NaSO4) are part of the 
electrochemical bath system. A magnetic stirrer was used to 
stir the reaction bath. The power supply generated an electric 
field (DC voltage) by utilizing conducting glass for the 
cathode and carbon and fluorine electrodes for the anode. At 
last, we have achieved uniform thin film deposition through 
electrochemical deposition. The FTO-coated working 
electrode, measuring 2.5 𝑐𝑚 × 1.5 𝑐𝑚 was fragmented and 
cleansed with dishwashing liquid. For the synthesis of FeS, 
0.1 mol of Fe(NO3)2.9H2O and NaSO4 were mixed. The 
synthesis involves the use of a three-electrode system. 
Platinum is used in the anode, while silver and silver chloride 
(Ag/AgCl) make up the reference electrode, and the cathode 
is constructed of FTO (fluorine-doped tin oxide). The vertical 
positioning of the counter and reference electrodes was within 
the beaker on the FTO-coated substrate. The synthesis caused 
maintaining a potentiostatic state of −200 𝑚𝑉 versus SCE. 
The deposition time ranged from 15 to 60 𝑠. To clean and dry 
the synthesized films, the hand dryer was utilized. Target 
materials and precursors were added in equal amounts to the 
beakers during the synthesis process. To ease internal stress, 
the films were subjected to a 20-minute annealing treatment. 
The optical, structural, elemental, and electrical characteristics 
of the synthesized materials were thoroughly assessed using 
appropriate tools such as X-ray diffractometer, scanning 
electron microscopy, and four-point probe. 

III. RESULTS AND DISCUSSION 

A. Structural study 

The XRD result of the FeS material is depicted in Fig. 1. 
The films synthesized have a polycrystalline structure with 
diffraction peaks and a preferred orientation along the (111) 
diffraction plane. The significance of high peaks lies in their 
ability to provide a spacious surface area for efficient 
photovoltaic activities. The crystallinity of FeS films reduced 
as the peak intensity decreased with an increasing 2𝜃 angle at 
a deposition time of 15 𝑠. The low absorbance value obtained 
from the optical result corresponds to this outcome. The data 
from XRD analysis was utilized to calculate other structural 
parameters outlined in Table I using (1), (2), and  (3) [16]–
[21]. 

 D = kλ
ꞵcosθൗ      (1) 

d =  λ
2 sin θൗ      (2) 

δ = 1 
𝐷ଶൗ      (3) 

Where k = 0.94, λ = wavelength of the X-ray source given as 
0.154 nm, θ = the Bragg’s angle/diffraction angle. From Table 
I, we observed an inverse proportionality between the 
crystallite size and FWHM. As the FWHM angle increases, 
the crystallite size decreases. The deposition time was directly 
proportional to the size of the grains in the films, as clusters 



PHYSICSAccess  Ernest and Imosobomeh 

VOLUME 04, ISSUE 01, 2024 57 ©DOP_KASU Publishing 

   
 

merged to form larger grains. The improvement in FeS 
formation, crystallinity, and crystallite size can be attributed 
to this. The film's band gap changes depending on the 

deposition time, with a recorded band gap of 1.58 eV for a 
deposition time of 60 s using electrochemical deposition. 

 
Table I. Structural values of FeS material. 

Films 2𝜃 
(degree) 

𝑑 
(spacing) 

Å 

(Å) (𝛽) (ℎ𝑘𝑙) (𝐷) 
𝑛𝑚 

𝜎𝑙𝑖𝑛𝑒𝑠/𝑚ଶ × 10ଵ 
 

FeS, 15 s 13.308 6.652 11.521 0.956 111 0.146 1.426 
 17.382 5.101 10.202 0.958 200 0.146 1.418 
 19.565 4.536 9.073 0.959 211 0.146 1.412 
 22.585 3.936 8.801 0.961 311 0.147 1.405 

FeS, 30 s 13.999 6.325 10.955 0.889 111 0.157 1.233 
 17.876 4.961 9.922 0.886 200 0.158 1.213 
 19.765 4.491 8.982 0.885 211 0.159 1.203 
 22.962 3.872 8.659 0.881 311 0.160 1.180 

FeS, 40 s 13.999 6.325 10.955 0.883 111 0.158 1.216 
 17.876 4.961 9.922 0.886 200 0.158 1.213 
 19.765 4.491 8.982 0.889 211 0.158 1.214 
 22.962 3.872 8.659 0.892 311 0.158 1.210 

FeS, 60 s 13.999 6.325 10.955 0.894 111 0.156 1.247 
 17.876 4.961 9.922 0.997 200 0.140 1.536 
 19.765 4.491 8.982 0.898 211 0.156 1.238 
 22.962 3.872 8.659 0.899 311 0.157 1.229 

 
Fig. 1 XRD pattern of FeS material. 

B. Resistivity and conductivity of FeS material 

Table II displays the electrical analysis of FeS materials. By 
increasing the deposition time of FeS, the film thickness 
decreased from 108.98 to 100.87 nm. Fig. 2 shows the 

relationship between resistivity and conductivity in a 
semiconductor material as the film thickness decreases. 

Table II. Electrical properties of FeS nanostructured material. 

Samples Thickness, t 
(𝑛𝑚) 

Resistivity, 𝜌 
(Ω𝑚) × 10ି 

Conductivity, σ 
(𝑆/𝑚) × 10ି଼ 

FeS, 15 s 108.98 89.49 1.11 
FeS, 30 s 103.76 86.72 1.15 
FeS, 40 s 102.56 85.89 1.16 
FeS, 60 s 100..87 79.59 1.25 

 
The enhanced conductivity of created materials allows for the 
advancement of potential solar device materials. The 
deposition time of FeS2 material has a significant impact on 
its resistivity and conductivity. Increasing deposition times 
leads to decreased resistivity and increased conductivity. The 
duration of deposition impacts the structural characteristics of 
FeS2 material. Increased deposition times enhance the growth 
of bigger and more crystalline grains, resulting in enhanced 
electrical conductivity [22]–[24]. To optimize the 
performance of iron sulphide material in applications like 
solar cells, batteries, and sensors, it is important to understand 
how deposition time affects its electrical properties. 
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Fig. 2 Resistivity and conductivity of FeS material. 

C. Optical study 

Equations (4) and (5) afford the relationship between 
Absorbance, Transmittance and Reflectance of a material. 

𝑇 = 10ି     (4) 

𝑅 = 1 − (𝐴 + 𝑇)     (5) 

Where A = Absorbance, T = Transmittance, and R = 
Reflectance [16]–[21] . 
The absorbance of FeS materials is shown in Fig. 3. The FeS 
absorbance decreases as the wavelength approaches the VIS-
IR region. The FeS material had the highest absorbance value 
at 30 s across the entire spectrum, averaging a maximum of 
0.072 in the ultraviolet region. The absorbance spectra 
decreased due to deposition time. The reason for this could be 
attributed to the observed rise in the crystallite peak in the 
XRD pattern, subsequently leading to an increase in the size 
of FeS. The high absorbance displayed by these films in the 
near-infrared and visible spectrum makes them ideal for 
forming p-n junctions in solar cells and other photovoltaic 
applications. The absorption of iron sulphide material depends 
heavily on the duration of deposition. Increased deposition 
times lead to higher absorbance as the film becomes thicker 
and more crystalline. Achieving desired absorbance properties 
heavily relies on determining the optimal deposition time. The 
relationship between deposition time and absorbance is 
commonly studied by researchers through experiments, to find 
the ideal time for achieving the highest absorbance in a 
specific application. Controlled absorbance properties of iron 
sulphide materials are utilized in multiple fields such as solar 
cells, photodetectors, and electrochemical devices. Tailoring 
these materials for specific applications requires 
understanding the impact of deposition time on absorbance 
[25]. The transmittance values were determined from the 
absorbance values using (4) and Fig. 4. The results show that 
FeS has higher transmittance in the VIS-IR spectrum, showing 
its potential for photovoltaic devices. The films showed high 

transmittance (> 90%) in the UV region. The films that were 
deposited at 30 s had the highest transmittance, averaging 93% 
in the visible and near-infrared range. The transmittance of 
iron sulphide material is greatly influenced by the deposition 
time. The transmittance increases as the deposition time 
lengthens, thanks to the formation of larger and more 
crystalline grains. The transmittance of the iron sulphide 
material is also affected by its crystallinity and defect density. 
Higher transmittance is achieved through higher crystallinity 
and fewer defects. The transmittance of the iron sulphide 
material is also impacted by its band gap. Higher transmittance 
in the visible spectrum is a result of a wider band gap. Fig. 5 
shows that all the films deposited had very low reflectance 
values, as evaluated using (5). The reflectance values slightly 
increased from ultraviolet to visible, remaining relatively 
constant in the visible and near-infrared regions. The 
reflectance value of every film that was deposited was over 
15%. Window layers in photovoltaic applications benefit from 
their low reflectance, especially in the Visible region. The 
reflectance of iron sulphide material is affected by the 
deposition time. Increased deposition times result in greater 
reflectance values. The deposited film's increased thickness 
and improved crystallinity are responsible for this. The optical 
properties of iron sulphide material are also influenced by the 
deposition time. Films with longer deposition times exhibit 
reduced bandgap energies and increased absorption 
coefficients. As the deposition time increases, the material 
becomes more conductive and absorbs more light. The 
fabrication of iron sulphide materials heavily relies on the 
crucial parameter of deposition time. By optimizing the 
deposition time, researchers can customize the optical and 
electrical properties of the material for specific applications. 
Fig. 6 depicts the correlation between (𝛼ℎ𝑣)2 and ℎ𝑣 in FeS 
material. The energy band gaps of the material were 
determined by extrapolating the graph's linear region 
to (𝛼ℎ𝑣)2 = 0. The films deposited had energy band gaps 
ranging from 2.12 to 1.58 eV. As the deposition time and film 
thickness decreased, the energy band gap also decreased. The 
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bandgap energy range found in this study is perfect for 
absorbing solar energy radiation above 1.58 eV, making it 
ideal for solar cell absorber layers. Increasing the deposition 
time has been found to cause a decrease in the band-gap 

energy of iron sulphide material. The band-gap energy of iron 
sulphide material can vary depending on the deposition 
period. Iron sulphide's properties, including crystallinity and 
iron content, are influenced by the deposition period. 

 

Fig. 3 absorbance of FeS material. 

 

Fig. 4 Transmittance of FeS material. 
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Fig. 5 reflectance of FeS material. 

 

Fig. 6 Bandgap energy of FeS material.

The energy bandgap of FeS nanostructured materials is 
significantly affected by the deposition time. The longer the 
deposition time, the smaller the bandgap becomes. Longer 
deposition times result in changes to the film's morphology, 
increased thickness, and improved crystallinity. The 

sulfurization temperature also influenced the bandgap of FeS 
nanostructured materials [17], [23], [24], [26]–[32], [33]–[40]. 
A lower bandgap is observed at higher temperatures. The 
choice of sulfurization agent can impact the bandgap. The 
decrease in bandgap is likely a result of multiple factors 
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associated with increasing deposition time. A potential 
outcome is the creation of a greater quantity of defect states in 
the bandgap, serving as intermediate points for electron 
transitions. A thinner material can enhance the interaction 
between electrons and lattice vibrations, resulting in a 
narrower bandgap. The ability to adjust the energy bandgap by 
altering deposition time presents exciting opportunities to 
customize FeS nanomaterials for specific uses. Solar energy 
conversion benefits from materials with a smaller bandgap, 
while electronic devices favour those with a larger bandgap. 

IV. CONCLUSION 

FeS material has been synthesized successfully using the 
Electrochemical deposition technique. The synthesized films 
exhibit a polycrystalline structure, with diffraction peaks and 
a preferred orientation along the (111) diffraction plane. High 
peaks are important because they offer a large surface area for 
effective photovoltaic activities. The film thickness decreased 
from 108.98 to 100.87 nm by increasing the deposition time 
of FeS. The absorbance of FeS decreases as the wavelength 
gets closer to the VIS-IR region. At 30 s, the FeS material 
showed the highest absorbance value throughout the 
spectrum, with an average maximum of 0.072 in the 
ultraviolet region. The films exhibited UV transmittance 
above 90%. Films deposited at 30 s exhibited the highest 
transmittance, with an average of 93% in the visible and near-
infrared range. The deposition time has a significant impact on 
the transmittance of iron sulphide material. The deposited 
films exhibited energy band gaps between 2.12 and 1.58 eV. 
Decreasing the deposition time and film thickness led to a 
decrease in the energy band gap. The study discovered a 
bandgap energy range ideal for absorbing solar radiation 
above 1.58 eV, making it perfect for solar cell absorber layers. 
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