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ABSTRACT

FeSe material was synthesized using the electrochemical deposition
technique. The Iron nitrate nonahydrate (Fe(NO3)2.9H20) is a part of the
electrochemical bath system. FeSe material exhibits a diffraction value of
14.3720 at 26. The diffraction peaks at 20 = 14.372¢, 15.027°, 19.112¢,
23.5750 26.6230 32.292°, and 34.242¢ correspond, respectively, to the
diffraction planes of 011, 101, 111, 112, 200, 211, and 212 of FeSe material.
The results showed that longer deposition time resulted in lower resistivity
and higher conductivity. Longer deposition times lead to an increase in the
thickness and grain size of the FeSe films, which can affect the electronic
band structure. Iron selenide material showed a direct transition bandgap
ranging from 2.10 to 1.65 eV at deposition times of 5 to 20 seconds. The
resistivity and conductivity of FeSe thin films was synthesized at various
deposition times (5-20 seconds). The results showed that longer deposition
time resulted in lower resistivity and higher conductivity. The reflectance
increases as the deposition time increased. Iron selenide material showed a
direct transition bandgap ranging from 2.10 to 1.65 eV at deposition times of
5 to 20 seconds.

Introduction

he extensive study of transition
metal chalcogenides is driven by
their unique electronic properties,
which make them suitable for
various applications. Their unique
electronic properties drive the extensive study
of transition metal chalcogenides [1-3], as they
are suitable for various applications such as
being used as photo-absorbers in photovoltaics,
non-linear optical materials in bio-imaging,

cathode materials in lithium-air batteries, and
anode materials in sodium-ion batteries. Their
recent demonstration highlighted their
significant role as electro catalysts in various
reactions, including oxygen and hydrogen
evolution and water splitting. FeSe attracted
significant attention due to its potential as a
solar cell absorber, especially following the
discovery of superconductivity in this group of
compounds [3-7]. Different methods as pulsed
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laser deposition, molecular beam epitaxy, and
chemical vapor deposition, are used to grow
FeSe films. While these methods have been
crucial for studying material properties, they
are not suitable for growing larger samples or
for industrial scale-up. Electrodeposition offers
multiple advantages compared to the
previously mentioned thin-film deposition
methods [8-12]. Unlike thermal processes, one
can perform this at room temperature and
ambient pressure. The process can create
complex, curved films that are large, thick, and
uniform. Inexpensive equipment and standard
lab conditions make scaling up easy. Other
techniques like MBE, PLD, or CVD cannot
achieve the same deposit's crystalline quality
and microstructure [13-17]. Several authors
have investigated the possibility of using
electrodeposition to grow, for purposes such as
superconducting tapes or dye-sensitized solar
cells. Researchers have been particularly
intrigued by FeSe, an Fe-based superconductor,
as it exhibits remarkable and intricate physical
properties within its simplest crystal structure.
Ubale et al [16] used the chemical bath
deposition technique to deposit iron selenide
thin films onto glass substrates. X-ray
diffraction and Fourier transforms infrared
spectrum  were used to  structurally
characterize iron selenide thin films. The
morphology of FeSe thin film was characterized
using scanning electron microscopy and atomic
force microscopy.

The results show that nano-rectangular rods
and plates led to a porous grain structure.
During deposition, the thin films exhibited
optical band gap energy of 2.60 eV. Initially
deposited, the FeSe thin films show p-type
electrical conductivity and behave like
semiconductors. The room's electrical
resistivity is around 1.1 x 105 Q-cm at low
temperatures, and it has activation energy of
0.26 eV. FeSe films were prepared on CaF», LiF,
and SrTiOsz substrates by Wang et al. [17] using
the pulsed laser deposition (PLD) technique
and identical growth parameters were able to
measure the superconducting transition
temperatures of the samples by placing
electrodes on the film surfaces. The recorded
temperatures were 11.44 K, 10.91 K, and 5.4 K.
Raman spectra showed two phonons (Alg, Blg)

from different samples, suggesting varied strain
effects from the substrates. A dispersion model
was established, incorporating Lorentz + Drude
oscillations, to accurately represent the
properties of FeSe films. The analysis of
physical  properties, including complex
refractive index and scattering rate, was
performed using spectroscopic ellipsometry
(SE) inversion. The standard critical point (SCP)
model was utilized to fit the second derivatives
of the imaginary part of the dielectric function
and determine the transition energy. The
physical origin of the transition peaks was
determined by combining first-principles
calculations based on DFT. Using this as a
foundation, they introduce a fresh technique for
obtaining the FeSe pseudo-gap by analyzing the
disparity in SE transition energies. According to
the experimental results, there is an inverse
relationship between the pseudo-gap of FeSe
film and the superconducting transition
temperature.

The process of electrochemical deposition
depends on redox reactions occurring within an
electrochemical cell. The components of an
electrochemical cell include an electrolytic bath
and three electrodes: a working electrode, a
counter electrode, and a reference electrode.
The reference electrode ensures a stable
ground  voltage, crucial for  precise
electrochemical potential measurement. The
reference electrode is placed close to the
working electrode for measuring its potential
relative to the stable reference electrode [18-
28]. The standard hydrogen electrode defines
the equilibrium between H* and H; gas as zero
utilizing more convenient reference electrodes
such as Ag/AgCl or Hg,Cl,. The electrode
potential is vital for controlling electron and ion
transfer in chemical reactions on electrodes.
The chemical processes are controlled by the
voltage and current flowing through the
electrodes, with the working electrode typically
serving as a substrate. Although restricted to
specific metallic elements, the process of co-
deposition involves depositing multiple
elemental precursors together in a single
electrolyte to form either an alloy or a chemical
compound. This method is commonly employed
to create thin films of compounds such as
sulfides, tellurides, and selenides. Electro-
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deposition of metal selenides occurs in acidic
conditions, typically with a pH between 1 and 3.
This pH range is determined by the stability of
the chemical species.

FeSe material was synthesized using
electrochemical deposition, which involves
reducing iron ions onto a substrate. Using this
method, one can achieve accurate control of the
deposition process, enabling the creation of
FeSe films of  exceptional quality.
Electrochemical deposition offers several
advantages over other synthesis methods, such
as high deposition rate and controllable film
thickness and morphology. It also has low cost
and scalability. This study reported the
enhancement of energy bandgap, structural,
and electrical conductivity of electrochemically
synthesized FeSe nanostructured material for
photovoltaic applications.

Experimental

FeSe material was synthesized using the
electrochemical deposition technique. The Iron
nitrate nonahydrate (Fe(NO3)2.9H;0) (0.1 mol)
and Selenium (IV) oxide (SeOz) (0.1 mol) are
parts of the electrochemical bath system. The
reaction bath was stirred using a magnetic
stirrer. The electric field (DC voltage) was
created by the power supply, using conducting
glass for the cathode and carbon and fluorine
electrodes for the anode. Finally, we have
successfully achieved uniform deposition of
thin films using electrochemical deposition. The
working electrode, coated with FTO and
measuring 2.5 cm x 1.5 cm, was fragmented and

cleaned using dishwashing liquid. To create
4 '

FeSe, mix 0.1 mol of Fe(NO3)2.9H.0 and
Selenium (IV) oxide (SeO), a three-electrode
system is used in the synthesis. The anode
utilizes platinum, while the reference electrode
comprises silver and silver chloride (Ag/AgCl),
and the cathode is made of FTO (fluorine-doped
tin oxide). The counter and reference
electrodes were housed vertically in the beaker
on the FTO-coated substrate. The synthesis
required keeping a potentiostatic condition of -
200 mV versus SCE for 5 seconds. The hand
dryer was used to clean and dry the
synthesized films. In the synthesis process,
beakers were filled with target materials and
equal amounts of precursors. A 20-minute
annealing treatment at 200 °C was performed
on the films to ease internal stress using the
muffle furnace. The synthesized materials were
thoroughly analyzed using a continuous-scan X-
ray diffractometer D8-Advance from Bruker,
operated in locked coupled mode with Cu-Ka
radiation (£ = 1.5406 A). The 756S UV-Visible
spectrophotometer was used to measure the
absorption wavelength from 300 to 1100 nm.
The absorbance values were analyzed optically
to infer additional optical and solid-state
features. The electrical properties of the films
were analyzed using the Jandel four-point
probes method.

Results
XRD Analysis

Figure 1 illustrates the crystal structures of
FeSe material, as revealed by the XRD pattern.
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Figure 1 XRD pattern of FeSe material
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FeSe material exhibits a diffraction value of
14.3720 at 26. The diffraction peaks at 26 =
14.372°¢, 15.027°, 19.1120, 23.5750 26.623°
32.292°¢ and 34.242¢ correspond respectively to
the diffraction planes of 011, 101, 111, 112,
200, 211, and 212 of FeSe material. The
crystallite size of the electrode material was
determined by applying Equation (1) [29-37].
kA

calculation of the crystallite size of FeSe
material is presented in Table 1. Changing the
time interval (between 5 and 20 seconds) leads
to modifications in the structure of FeSe
material during deposition. This process
influences the properties and performance of
the material. The deposition time increase leads
to the growth of the crystallite size in FeSe
material. This indicates enhanced crystallinity

= Lcosb (1)
Where, k = 0.9, A = 0.12406 nm (wavelength of
X-ray source), and 8 = FWHM in radians. The

Table 1 Structural values of FeSe material

Films 20 d (A (B) (hkl) (D) c
(degree) (spacing) nm lines/m2x
A 1014
FeSe5s 14372 6.161 10.672  0.112 011 1.248 1.953
15.027  5.894 11.789  0.114 101 1.227 2.020
19112 4.643 9.286 0.117 111 1.202 2.105
23575  3.773 8.437 0.119 112 1.191 2.146
26.623  3.347 8.200 0.121 200 1.178 2.193
32292 2771 7.839 0.125 211  1.155 2.280
34242 2618 7.405 0.127 212 1.143 2.330
FeSe 10's 14.692  6.028 10.441  0.133 011 1.051 2.754
15121 5858 11.716  0.135 101 1.036 2.833
19.219  4.617 9.234 0.137 111 1.027 2.887
23961  3.713 8.303 0.139 112 1.019 2.929
26911 3312 8.114 0.141 200 1.011 2.978
32617  2.744 7.763 0.143 211 1.010 2.984
34862 2573 7.277 0.145 212 1.001 3.037
FeSe15s 14.692  6.028 10.441  0.148 011  0.945 3.411
15121 5858 11.716  0.149 101 0.939 3.452
19.219  4.617 9.234 0.152 111 0.925 3.554
23961  3.713 8.303 0.156 112 0.908 3.689
26911 3312 8.114 0.159 200 0.896 3.787
32617  2.744 7.763 0.161 211 0.897 3.783
34862  2.573 7.277 0.163 212 0.890 3.839
FeSe 20s 14.692  6.028 10.441  0.163 011 0.858 4.137
15.121 5.858 11.716  0.165 101  0.848 4.233
19.219  4.617 9.234 0.168 111  0.837 4.342
23961  3.713 8.303 0.169 112 0.838 4329
26911  3.312 8.114 0.172 200 0.829 4432
32617 2744 7.763 0.174 211 0.830 4.419
34862  2.573 7.277 0.177 212 0.820 4.526
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and grain growth in the material. By varying the
times, the crystallite of the FeSe material is
enhanced. Both the material and optical
bandgap are affected by these crystallites.
Crystal structure and phase composition of iron
selenide vary with deposition time, as showed
by XRD patterns obtained at different times (5
to 20 seconds)

Electrical Study

The investigation examined the resistivity and
conductivity of FeSe thin films synthesized at

The study proposes that by optimizing the
deposition time, the electrical conductivity of
FeSe thin films can be enhanced, making it
essential for electronic devices and energy
storage systems.

Optical Analysis

Figure 3 depicts the absorbance of FeSe
material. The absorbance properties of iron
selenide material differ based on deposition
times ranging from 5 to 20 seconds. With
increasing deposition time, the absorption of

various deposition times (5-20 seconds). The light increases, resulting in improved
results showed that longer deposition time  photovoltaic activity [38-40]. The desired
resulted in lower resistivity and higher properties determine the ideal time for
conductivity. Depending on the deposition time,  synthesizing iron selenide material. For

electrical properties of FeSe thin films showed
significant variations. Longer deposition times
reduced resistivity and an increase in
conductivity, demonstrating improved
electrical performance in Table 2 & Figure 2.

example, depositing the material for 10 seconds
can cause a high absorption coefficient,

Table 2 Electrical properties of FeSe nanostructured material

Samples Thickness, t Resistivity, Conductivity,
(nm) p (2.m) X107 o (S/m) X10-°
FeSe 5 103.76 87.46 1.14
FeSe 10 105.09 82,98 1.21
FeSe 15 107.85 78.45 1.27
FeSe 20 109.82 69.56 1.44
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Figure 2 Resistivity and conductivity measurements for films deposited at 5s, 10s, 15s, and 20 s
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whereas depositing it for 20 seconds can lead to
improved crystallinity. Electrochemical
deposition was used to synthesize iron selenide
material. The method used for synthesis affects
the properties of the material, including its
crystal structure and absorption characteristics.
Figure 4 demonstrates the transmittance of
FeSe material. Th values of transmittance,
reflectance, and bandgap values are calculated
utilizing expressions in [41-43].The
transmittance of iron selenide material was
measured after being synthesized for various
deposition times, ranging from 5 to 20 seconds.
Depositing the material for 20 seconds leads to
thicker films that have lower transmittance.
The ideal time to deposit iron selenide varies
based on the film characteristics desired.
Shorter deposition times may be favored for
those who prioritize deposition times may not
be preferred. The chosen synthesis technique
influences the transmittance and other
properties of the resulting material. The films'
transmittance is usually improved through the
chosen synthesis techniques.

Figure 5 illustrates the reflectance of FeSe
material. The electrochemical deposition
method was used to deposit nanostructured
FeSe thin films on glass substrates. The
research examined how the films behaved
optically during various deposition times. The

0.12
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investigation focused on the reflectance of iron
selenide material synthesized within deposition
times ranging from 5 to 20 seconds. The
reflectance was found to rise as the deposition
time increased. This is because the film
becomes more compact and uniform, resulting
in a higher density of crystallites. Figure 6
deisplays the bandgap energy of FeSe material.
The band structure of iron selenide (FeSe)
material synthesized at different deposition
times between 5 and 20 seconds exhibits
unique characteristics. The deposition time
significantly impacts the band structure of FeSe.
Longer deposition times lead to an increase in
the thickness and grain size of the FeSe films,
which can affect the electronic band structure.
Iron selenide material showed a direct
transition bandgap ranging from 2.10 to 1.65
eV at deposition times of 5 to 20 seconds.

The energy bandgap of FeSe thin films is
heavily influenced by increasing the deposition
time. Longer deposition times lead to a
decrease in the bandgap. Several factors, such
as changes in the film's microstructure,
stoichiometry, and defect density, contribute to
this phenomenon. Increased deposition times
result in larger crystallite sizes, potentially
decreasing the bandgap through reduced
quantum confinement effects. The bandgap can
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Figure 3 Absorbance curves for films deposited at 5s,105s,15s,and 20 s
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also be influenced by changes in the film's
stoichiometry, like a higher Fe content.
Increasing deposition times can also result in
higher defect density in the film, which
decreases the  bandgap  because  of
recombination centers. The suitable bandgap
and high absorption coefficient of FeSe make it
a promising material for solar cell applications.
Optimizing the performance of FeSe-based
solar cells involves tuning the bandgap. Good
thermoelectric properties can also be observed
in FeSe. The efficiency of FeSe-based
thermoelectric devices can be improved by
controlling the bandgap. The grain size of FeSe
material decreased as the deposition time
increased. Longer deposition times result in
more atoms being deposited and forming a
more ordered crystalline structure [44,45]. The
energy bandgap decreases as the deposition
time and crystallite size of FeSe decrease. The
quantum confinement effect refers to the
phenomenon where the bandgap decreases as
the crystallite size increases. The correlation
between deposition time and FeSe properties is
vital for improving its performance in different
applications. Changing the deposition time
affects the conductivity, magnetic properties,
and potential applications of the material, like
solar cells or energy-related technologies.

Conclusion

We have successfully used the electrochemical
deposition technique to synthesize FeSe
material. FeSe material exhibits a diffraction
value of 14.3720 at 26. The diffraction peaks at
20 = 14.3720, 15.027°, 19.112°¢, 23.575e,
26.623°, 32.292°, and 34.242°¢ correspond,
respectively, to the diffraction planes of 011,
101, 111, 112, 200, 211, and 212 of FeSe
material. The results showed that longer
deposition time resulted in lower resistivity
and higher conductivity. Longer deposition
times lead to an increase in the thickness and
grain size of the FeSe films, which can affect the
electronic band structure. Iron selenide
material showed a direct transition bandgap
ranging from 2.10 to 1.65 eV at deposition
times of 5 to 20 seconds. The reflectance was
found to rise as the deposition time increased.

This is because the film becomes more compact
and uniform, resulting in a higher density of

crystallites.
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