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ABSTRACT

Zirconium doped Lead selenide (PbSe) nanocrystal films were synthesized on
FTO substrates by electrodeposition technique, and analyzed by UV-Visible
Spectrophotometer, four-point probes technique, scanning electron microscopy
(SEM), X-ray diffractometer and Energy dispersive X-ray analysis (EDX). The
results show that the synthesized Zr/PbSe films exhibited an increase in optical
absorbance as the deposition pH increased, with the highest absorbance value
in the UV region. The forbidden energy gap values of the synthesized films were
observed to increase with an increase in deposition pH. A direct forbidden
energy gap ranging from (1.80-1.90)eV within the pH value of 7.5-9.0 was
recorded. A refractive index range of 0.65-1.25 was observed. The XRD patterns
show that the synthesized films exhibit large grain size and polycrystalline and
cubic crystal structure. The SEM image exhibits a densely packed uniformed
smooth surface of distribution of spherical-shaped grains, which covered the
entire substrate. The spherical-shaped-like grains coalesce to form bigger
particles with triangular-shaped rough surfaces at a higher value of pH. The film
thicknesses were found to decrease from 105.55nm to 100.98nm as the pH
increased from 7.5 to 9.0.

Introduction

halcogenide semiconductor
nanostructured materials have gained
significant interest in photovoltaic (PV)
technologies applications because of

their expected favorable economic
fabrication approach and their optoelectronic
properties. Chalcogenide materials exhibit
unique device efficiency by inactivating the

defect in the absorber layer, tailoring the
interfacial carrier transport layer, and bandgap
engineering [1]. Chalcogenide semiconductor
material mostly displayed narrow optical band
gap properties suitable for thermoelectric
devices, infrared detectors, and lasers [2].

Among those chalcogenide semiconductors,
PbSe semiconductors have received great
attention from many researchers during the last
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few decades due its non-toxic and earth-
abundant materials with high absorption
coefficient (> 105 cm-1) and optimal forbidden
energy gap range of (1- 1.5eV) for photovoltaic
absorber layer [3]. PbSe semiconductors also
exhibit properties suitable in optoelectronic
devices like LEDs, optical fibers, semiconductor
lasers, and solar cells mostly because of their
stability under ambient conditions and multiple

exciton generation effects that enhance
photocurrent [4].

These unique and interesting optical,
morphology, structural, and electrical

properties of PbSe semiconductors can be
modulated by their deposition technique and
varying their deposition parameters to give
desired applications [5]. Having control over
the deposition parameters by manipulation of
grain size and morphology can consequently
allow for tuning of the forbidden energy gap
from 0.27ev to as far as 2.0ev. [6]. Many
researchers have prepared pure PbSe films
through several methods such as chemical bath
deposition [7, 8, 9,10,11], electrodeposition [11,
12], sputtered deposition [13], thermal
evaporation [5], RF magnetron sputtering [14],
etc. In comparing with the above, the
electrochemical method put forward unique
and great advantages in synthesizing
chalcogenide semiconductor nanostructured
materials such as the ability to control the
structures, shapes, and sizes of the
electrodeposits, economic viability, easy
scalability, and desired purity of the end
product [15].

The control of deposition condition such as
bath pH is an important factor and play a
crucial role in the determination of
morphology, and structural, optical, and
electrical properties of the deposit. Previously,
the work of [16] reported the change in the
forbidden energy gap from 3.56 to 1.4 eV as a
result of a change in pH value for the PbSe thin
film. [17] also reported a decrease in the
forbidden energy gap as the pH increases for
nanostructured PbSe thin films [18-25, 26-29]

This paper reports on the influence of solution
pH on the optical, structural, electrical, and
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morphological properties of electrochemically
synthesized zirconium-doped PbSe
semiconductor nanostructure material to
determine the optimal condition process for
photovoltaic application.

Experimental details: Synthesis of zirconium-
doped PbSe thin films

The Zr-doped PbSe thin films were
electrochemically deposited on fluorine-doped
tin oxide (FTO) glass slides. Preceding the
actual deposition, the FTO glass substrates
were first cleaned with acetone and methanol
for 20 and 7 minutes respectively. It was then
removed and rinsed with purified laboratory
distilled water and stored appropriately in a
clean glass jar to decontaminate the substrate
surfaces. High-purity reagents were used in the
preparation of all the solutions with purified
laboratory distilled water. High-purity reagents
were used in the preparation of all the solutions
with purified laboratory distilled water. The
precursors used were lead (II) nitrate Pb(NO3),
zirconium (IV) oxide chloride octahydrate
(C1,0Zr-8H20), selenium (IV) oxide (SeO2), and
Ammonia (NH3). Lead (II) nitrate Pb(NOs). and
selenium (IV) oxide (SeO;) were used as
sources of cation and anion respectively.
Zirconium (IV) oxide chloride octahydrate
(ZrCl,.8H,0) was used as a dopant precursor
and Ammonia (NH3) was used to vary the pH of
the reaction bath. The Zr/PbSe aqueous
electrolytic  solution was prepared by
measuring 20 mL of 0.1M solution of Pb(NO3)2
and 10 mL of 0.01M solution of SeO, using an
electronic scale machine into a 100 mL beaker.
0.01M solution of Cl,0Zr8H:0, representing the
dopant concentration was added into SeO and
Pb(NO3)2 100 mL beaker. A magnetic stir plate
was used to stir the complete mixture for 10
minutes to attain an equivalent mixture. the pH
of the reaction bath was varied as 7.50, 8.00,
8.50, and 9.00 with the addition of an
appropriate amount of Ammonia (NH3) while
the dopant concentration and temperature
were kept constant as shown in Table 1. The
prepared reaction bath was connected through
the carbon electrode and FTO substrate to the
power supply. The deposited films were
subjected to annealing at 400°C.
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Table 1: Variation of deposition pH for Zr/PbSe films

H
. Pb(NOs): Se0: _ P
Films (mL) (mL) Cl20Zr-8H20 (mL)
Zr/PbSe 20.00 10.00 0.02 7.50
Zr/PbSe 20.00 10.00 0.02 8.00
Zr/PbSe 20.00 10.00 0.02 8.50
Zr/PbSe 20.00 10.00 0.02 9.00
The synthesized Zr/PbSe films were subjected increase in transmittance values with an

to various characterizations. D8-Advance X-ray
diffractometer with Cu-Ka radiation
(BK@,=1.5406A) was used to examine the
structural properties of the films. EDX and SEM
techniques were used to study the chemical
composition and  surface = morphology
properties respectively for the synthesized
films. The optical properties were examined
using the 756S UV-visible spectrophotometer.

Optical properties of Zr/PbSe films

The influence of pH variation on the
absorbance spectra of Zr/PbSe films is shown
in Figure la. It revealed that the absorbance
values of the synthesized Zr/PbSe films
decrease across the UV-VIS-NIR region of the
spectrum in a similar pattern for all the samples
as the deposition pH increases, with the film
sample deposited at pH value of 9.0 exhibiting
the maximum value of absorbance in the UV
region of the spectrum. The plot also revealed
that the film deposited at a pH value of 7.5
indicated a minimum value of absorbance in the
UV region. This trend indicated that the film's
absorbance increases with an increase in
solution pH. The maximum absorbance value
exhibited in the UV region shows the potential
applications of the synthesized films in solar
cell fabrication [18]. Figure 1b displayed the
plot of transmittance against wavelength for
Zr/PbSe films at different deposition pH. The
transmittance values increase with an increase
in the wavelength of the incident radiation for
the deposited Zr/PbSe films. The film deposited
at a pH value of 8.5 displayed the highest
transmittance value in the visible region, while
the film sample deposited at a pH value of 8.0
had the lowest transmittance value in the UV
region of the spectrum. The trends indicate an

increase in solution pH of the Zr/PbSe films.
The high value of transmittance in the visible
region suggests that the films would be used for
window glaze materials and optical absorbers
in solar cells [19]. The reflectance spectra for
the Zr/PbSe films are shown in Figure 1c. The
reflectance values first increase with the
increase in pH, reaching maximum value within
the UV region. A further increase in pH leads to
a decrease in the reflectance value across the
VIS-NIR region with the sample deposited at a
pH value of 8.5 exhibiting the lowest value of
reflectance. This low value of reflectance for the
Zr/PbSe films in the VIS-NIR region makes it
applicable for anti-reflection coating [20]. To
determine the influence of pH variation on the
band gap property of the deposited samples,
the linear part of the plot of absorption
coefficient square against photon energy was
extrapolated to photon energy. Figure 1d
revealed that the optical band gap value first
decreases from 1.80 eV to 1.70 eV as the pH
value increases from 7.5 to 8.0. A further
increase in pH value to 8.5 resulted in an
increase in band gap energy to 1.90 eV. It can be
observed that the increase in solution pH of the
deposited samples increased the optical direct
band gap of the deposited Zr/PbSe films. The
band gap energy ranged from 1.80 eV to 1.90 eV
within the pH value of 7.5 to 9.0. Similar trends
was reported by [21].

The plot of the refractive index against photon
energy is shown in Figure 2a. The plot indicates
that the value of the refractive index for all the
deposited samples first increases with an
increase in pH until it reaches a maximum value
and falls sharply with the sample deposited at
pH value of 8.0 having the lowest value of the
refractive index. The refractive indexes were

159




2023, Volume 4, Issue 3 y

almost constant for the films deposited at pH of
8.5 and 9.0 within the photon energy of 1.8 eV
to 1.9 eV. Figure 2b shows the plot of extinction
coefficient against photon energy for Zr/PbSe
films at different deposition pH. It revealed that
the sample with a pH value of 8.0 exhibited the
highest value of extinction coefficient.
Increasing the value of pH shifts the value of the
extinction coefficient lower in a similar pattern
for all samples. Figure 2c illustrates the plot of
optical conductivity of the synthesized Zr/PbSe
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films at different pH. The plot showed that the
optical conductivity increased toward higher
photon energy as the pH increased. The value of
the real dielectric constant of the deposited
films first rises with the increase in deposition
pH, reaches a maximum value within the range
of 1.8 -1.9 eV, and then decreases toward higher
photon energy for all samples as shown in Fig.
3a&b. The imaginary dielectric constant of the
deposited films increases with deposition pH.
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Figure 1: Plot of absorbance (a), transmittance (b), reflectance (c) absorption coefficient square (d) against
wavelength and photon energy for undoped PbSe and PbSe/Zr films at different deposition pH.
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Figure 2: Plot of refractive index (a), extinction coefficient (b), and optical conductivity (c) against photon
energy for undoped PbSe and PbSe/Zr films at different deposition pH.
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Structural properties of Zr/PbSe films different
deposition pH

Figure 4 shows the XRD patterns for Zr/PbSe
films at different deposition pH. The pattern
revealed the films crystallized with five strong
diffraction peaks at (220), (112), (310), (202),

and (212) directions with corresponding
20angles of (26.409), (33.752), (38.075),
(51.834), and (65.901). These values of

diffraction peaks were confirmed with standard
X-ray data (JCPD No: 00-004-0688) to give
cubic structure. The narrow nature of the
diffraction patterns indicates large grain size
and polycrystalline. The diffraction pattern also
revealed that there were no notable changes in
the diffraction's intensity peak as deposition pH
increased. The intensity of the diffractogram is
low for all samples and is attributed to the
small thickness of the film [22]. The other
structural parameters like the lattice constant,
crystallite size, and dislocation density were
calculated and are shown in Table 2. It revealed
that the lattice constant of the synthesized
Zr/PbSe films decreases with an increase in the
value of deposition pH. It can be observed that
the grain size of the synthesized samples first
increased from 0.69136 nm to 0.99107 nm with
an increase in the deposition's value pH from
7.5 to 8.0. A further increase in the deposition
pH to 8.5 resulted in the reduction of grain size
to 0.68261 nm. The value of the grain size
further increased to 0.73443nm as the value of
deposition pH increased to 9.0. This result is
justified by the SEM micrograph image obtained
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in Figure 5 for the synthesized films. The
sample deposited at a pH value of 8.5 produced
the highest dislocation density value of 6.45804
while that of pH value of 8.0 resulted in the
lowest dislocation density value of 3.0926

Surface morphology and chemical composition of
Zr/PbSe films at different pH

The SEM micrographs of the synthesized
Zr/PbSe films at different deposition pH are
shown in Figure 5. The figure revealed an even
distribution of hollow grains of nano sizes with
spherical shapes on the smooth surface. As the
deposition pH increased to 8.0, the spherical-
shaped grains coalescence to form bigger
particles with triangular shapes with rough
surfaces. The increase in grain size as the
deposition increases would be a result of an
increase in the rate of hydrolysis and
condensation [23]. At a pH value of 8.5, the SEM
image exhibits a densely packed uniformed
smooth surface of distribution of spherical
shaped-like grains, which covered the entire
substrate. A further increase in pH value to 9.0
yielded a sparse, random distribution of
spherical shaped grains with well-defined
boundaries. The long chains of grains and the
defined grain boundaries exhibited by the
synthesized Zr/PbSe films indicate structural
homogeneity [24]. The porosity of the
synthesized materials enhanced high charge
transport resistance by reducing particle-
particle inter-conductivity and increasing grain
boundary density [25].
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Figure 4: XRD pattern for Zr/PbSe films at different deposition pH.
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Table 2: Structural parameters of PbSe and PbSe/Zr films

. Dislocation

Films ( dzfg_) nia | CPRNE | g F"(VSM D(nm) | density (5)
PbSe Undoped 26409 | 220 | 3371 5.840 0.185 0.769 5125
PbSe/Zr 7.5 pH 33752 | 112 | 2.653 5306 0.209 0.691 6.354
PbSe/Zr 8.0 pH 38075 | 310 | 2.361 4722 0.148 0.991 3.002
PbSe/Zr 8.5 pH 51834 | 202 | 1762 3.940 0.225 0.682 6.458
PbSe/Zr 9.0 pH 65001 | 212 | 1416 3.468 0224 0.734 5.600
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Figure 5: SEM micrographs for Undoped and PbSe/Zr films at different deposition pH.

Electrical analysis of Zr/PbSe films with different
pH

Table 3 represents the summarized electrical
properties of PbSe and Zr/PbSe films showing
resistivity, electrical conductivity, and thickness
deposited at different pH. The table shows that
the resistivity of the synthesized films
decreases as the deposition pH increases. The
electrical conductivity of the synthesized films
increases as the deposition pH increases. The
value of the electrical conductivity ranged from
(1.61 x 106 to 1.36 x 10¢) (2.m)-! which falls
within the 1012 to 102 (Q.m)! electrical

conductivity value for semiconductor material
as the pH [18]. These indicate that the pH plays
a significant role in influencing the resistivity
and electrical conductivity of the deposited
films. The observed range of electrical
resistivity (6.20 x 105 to 7.30 x 10-5)Q.m! for
the synthesized films indicates the materials
can be deployed for buffer layer fabrication in
enhancing conversion efficiency of solar
radiation. Figure 6a&b shows the plot of pH
variation as a function of thickness for Zr/PbSe
at different pH. The plot revealed that thickness
decreases from 105.55 nm to 100.98 nm as the
pH increases from 7.5 to 9.0.
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Table 3: Electrical properties of PbSe and PbSe/Zr

Samples Thickness, t Resistivity, Conductivity,
(nm) p (©.m) o (2.m)?

PbSe 105.55 6.20x 105 1.61x10°
PbSe/Zr 7.5 pH 103.40 7.39x 105 1.35x10°
PbSe/Zr 8.0 pH 102.21 7.37x105 1.35x10°
PbSe/Zr 8.5 pH 101.42 7.34x10°5 1.36x10°
PbSe/Zr 9.0 pH 100.98 7.30x 105 1.36x 10
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Figure 6: resistivity and conductivity as a function of pH variation(a) thickness(b).
Conclusion constant of the synthesized Zr/PbSe films

Zr/PbSe films were successfully synthesized
on FTO substrates using an electrodeposition
technique with the variation of deposition pH
values. The effects of the pH variation on the
morphology, structural, optical, and electrical
properties of electrochemically synthesized Zr/
PbSe material and their photovoltaic
application were studied. The optical analyzes
of the synthesized films verified the effect of pH
variation and it has been found that increasing
the pH values increased the optical band gap of
the synthesized films. The absorbances of the
films were found to increase with the increase
in pH. High values of transmittance in the
visible region were recorded and suggest that
the films would be used for window glaze
materials and optical absorbers in the solar
cells. However, the diffraction pattern of the
synthesized films revealed there were no
notable changes in the diffraction's intensity
peak as deposition pH increased. The lattice

decreases with an increase in the value of
deposition pH. The SEM micrographs illustrate
the increased and changes in the shape of the
grains as the pH values increased.

Conflicts of Interest
No conflicts of interest to report

Data Availability Statement The
corresponding author can provide the data that
backs up the study's findings upon request.

ORCID

Imosobomeh L. Ikhioya “=: 0000-0002-5959-

4427
Reference

[1]. H. Kong, Z. Yu, ]J. Zhang, Y. Han, L. Wu, H.
Wang, J]. Wang, International Journal of


https://orcid.org/0000-0002-5959-4427
https://orcid.org/0000-0002-5959-4427
https://orcid.org/0000-0002-5959-4427

Journal of Engineering in Industrial Research

Photoenergy, 2020, 2020, 5392594. [Crossref],
[Google Scholar], [Publisher]

[2]. G. Zangari. Fundamentals of
electrodeposition In Encyclopedia of interfacial
chemistry: Surface science and electrochemistry,
2018, 141-160. [Crossref], [Google Scholar],
[Publisher]

[3]. K. Woo, Y. Kim, ]. Moon, Energy &
Environmental Science, 2012, 5, 5340-5345.
[Crossref], [Google Scholar], [Publisher]

[4]. T. Shyju, S. Anandhi, R. Sivakumar, S. Garg,
R. Gopalakrishnan, Journal of Crystal Growth,
2012, 353, 47-54. [Crossref], [Google Scholar],
[Publisher]

[5]. D. Okoli, Research Journal of Chemical
Sciences ISSN, 2012, 2231, 606X. [Google
Scholar]

[6]. N. Okereke, A. Ekpunobi, Journal of Ovonic
Research, 2010, 6, 277-283. [Google Scholar]
[7]. S. Oluyamo, A. Ojo, M. Nyayba, Journal of
Applied Physics, 2015. [Google Scholar]

[8]. A. Kassim, H.S. Min, S. Monohorn, S.
Nagalingam, Makara Journal of Science, 2011,
14, 117-120. [Google Scholar]

[9]. F.G. Hone, F.K. Ampong, Materials Chemistry
and Physics, 2016, 183, 320-325. [Crossref],
[Google Scholar], [Publisher]

[10]. S. Roa, M. Sandoval, M. Sirena, Materials
Chemistry and Physics, 2021, 264, 124479.
[Crossref], [Google Scholar], [Publisher]

[11]. R. Sadeghi Goughari, M. ]Jafari
shahbazzadeh, jJournal of Chemical Reviews,
2020, 2, 274-283. [Crossref], [Publisher]

[12]. W. Feng, ]. Song, Y. Ren, L. Yj, J. Hu, R. Zhu,
H. Dong, Physica E: Low-dimensional Systems
and Nanostructures, 2018, 102, 153-159.
[Crossref], [Google Scholar], [Publisher]

[13]. W. Feng, X. Wang, H. Zhou, F. Chen,
Vacuum, 2014, 109, 108-111. [Crossref],
[Google Scholar], [Publisher]

[14]. L. Feng, X. Sun, S. Yao, C. Liu, W. Xing, ].
Zhang, Elsevier, 2014, 67-132. [Crossref],
[Google Scholar], [Publisher]

[15]. N. Ghobadi, P. Sohrabi, G. Haidari, S.S.
Haeri, Journal of Interfaces, Thin Films, and Low
dimensional systems, 2018, 2, 139-147.
[Crossref], [Google Scholar], [Publisher]

[16]. N.S. Tezel, F.M. Tezel, L.A. Kariper,
Materials Research Express, 2019, 6, 076422.
[Crossref], [Google Scholar], [Publisher]

2023, Volume 4, Issue 3

[17]. S. Oluyamo, A. Ojo, M. Nyayba, Journal of
Applied Physics, 2015, 7, 10-15. [Google
Scholar]

[18]. P. Nair, E. Barrios-Salgado, ]J. Capistran,
M.L. Ramén, M. Nair, R.A. Zingaro, Journal of the
Electrochemical Society, 2010, 157, D528.
[Crossref], [Google Scholar], [Publisher]

[19]. 1. Ezenwa, Advances in Applied Science
Research, 2012, 3,980-985. [Google Scholar]
[20]. H. Peyman, Progress in Chemical and
Biochemical Research, 2022, 5, 391-405.
[Crossref], [Publisher]

[21]. ARA. Ismail, HH. Ahmed, AM.E. Al-
Samarai, S.J. Mohmed, Micro & Nano Letters,
2014, 9, 935-939. [Crossref], [Google Scholar],
[Publisher]

[22]. M.K. Dhahir, H.A. Khyoon, Iraqi Journal of
Laser, 2016, 15, 1-8. [Google Scholar],
[Publisher]

[23]. J. Cao, D. Ekren, Y. Peng, F. Azough, LA.
Kinloch, R. Freer, ACS Applied Materials &
Interfaces, 2021, 13, 11879-11890. [Crossref],
[Google Scholar], [Publisher]

[24]. LL. Ikhioya, E.U. Onoh, A.C. Nkele, B.C.
Abor, B. Obitte, M. Maaza, F.I. Ezema, East
European Journal of Physics, 2023, 162-172.
[Crossref], [Google Scholar], [Publisher]

[25]. LL. Ikhioya, G.M. Whyte, A.C. Nkele, Journal
of the Indian Chemical Society, 2023, 100,
100848. [Crossref], [Google Scholar],
[Publisher]

[26]. K.I. Udofia, I.L. Ikhioya, A.U. Agobi, D.N.
Okoli, AJ. Ekpunobi, journal of the Indian
Chemical Society, 2022, 99, 100737. [Crossref],
[Google Scholar], [Publisher]

[27]. S.0. Samuel, M.L.-e. Frank, E. Ogherohwo,
A. Ekpekpo, ]. Zhimwang, LL. Ikhioya, East
European Journal of Physics, 2023, 189-196.
[Crossref], [Google Scholar], [Publisher]

[28]. L.L. Ikhioya, F.U. Ochai-Ejeh, C.I. Uruwah,
Materials Research Innovations, 2023, 1-10.
[Crossref], [Google Scholar], [Publisher]

[29]. LL. Ikhioya, E.U. Onoh, D.N. Okoli, AlJ.

Ekpunobi, Materials Research Innovations,
2023, 1-9. [Crossref], [Google Scholar],
[Publisher]

[30]. E.N. Josephine, O.S. Ikponmwosa, IL.
Ikhioya, East European Journal of Physics, 2023,
154-161. [Crossref], [Google  Scholar],
[Publisher]

165



https://doi.org/10.1155/2020/5392594
https://scholar.google.com/scholar?hl=en&as_sdt=0%2C5&q=Perspective+of+CIGS-BIPV%E2%80%99s+Product+Competitiveness+in+China&btnG=
https://www.hindawi.com/journals/ijp/2020/5392594/
https://doi.org/10.1016/B978-0-12-409547-2.11700-7
https://scholar.google.com/scholar?hl=en&as_sdt=0%2C5&q=10.1016%2FB978-0-12-409547-2.11700-7&btnG=
https://www.sciencedirect.com/science/article/abs/pii/B9780124095472117007?via%3Dihub
https://doi.org/10.1039/C1EE02314D
https://scholar.google.com/scholar?hl=en&as_sdt=0%2C5&q=%5B3%5D.+K.+Woo%2C+Y.+Kim%2C+J.+Moon.+A+non-toxic%2C+solution-processed%2C+earth+abundant+absorbing+layer+for+thin+film+solar+cells%2C+Energy+and+environmental+science.+5%281%29+%282012%29+5340-5345.&btnG=
https://pubs.rsc.org/en/content/articlehtml/2012/ee/c1ee02314d
https://doi.org/10.1016/j.jcrysgro.2012.05.003
https://scholar.google.com/scholar?hl=en&as_sdt=0%2C5&q=%5B4%5D.T.+S.+Shyju%2C+S.+Anandhi%2C+R.+Sivakumar%2C+S.+R.+Garg%2C+R.+Gopalakrishnan.+Investigation+on+structural%2C+optical%2C+morphological+and+electrical+properties+of+thermally+deposited+lead+selenide+%28PbSe%29+nanocrystalline+thin+films%2C+Journal+of+crystal+growth.+353%281%29+%282012%29.&btnG=
https://www.sciencedirect.com/science/article/abs/pii/S0022024812003259
https://scholar.google.com/scholar?hl=en&as_sdt=0%2C5&q=%5B5%5D.+D.+N.+Okoli.+Growth+and+Characterization+of+PbSe+Thin+films+prepared+by+Chemical+Bath++Deposition+Technique%2C+Res.+J.+Chem.+Sci.+2%288%29+%282012%291-5.&btnG=
https://scholar.google.com/scholar?hl=en&as_sdt=0%2C5&q=%5B5%5D.+D.+N.+Okoli.+Growth+and+Characterization+of+PbSe+Thin+films+prepared+by+Chemical+Bath++Deposition+Technique%2C+Res.+J.+Chem.+Sci.+2%288%29+%282012%291-5.&btnG=
https://scholar.google.com/scholar?hl=en&as_sdt=0%2C5&q=%5B6%5D.+N.+A.+Okereke%2C+A.+J.+Ekpunobi.+Structural%2C+Optical+properties+and+applications+of+chemically+deposited+lead+selenide+thin+films.+Journal+of+Ovonic+Research.+6%286%29+%282010%29+277+%E2%80%93283&btnG=
https://scholar.google.com/scholar?hl=en&as_sdt=0%2C5&q=%5B7%5D.+S.+S.+Oluyamo%2C+A.+S.+Ojo%2C+M.+S.+Nyagba.+Characterization+of+Nanostrured+Lead+Selenide+%28PbSe%29+thin+films+for+solar+device+applications%2C+IOSR+Journal+of+Applied+Physics.+7%281%29+%282015%29+10+-15&btnG=
https://scholar.google.com/scholar?hl=en&as_sdt=0%2C5&q=Synthesis+of+PbSe+thin+film+by+echemical+bath+deposition+and+its+characterization+using+XRD%2C+SEM%2C+and+UV-Vis+spectrophotometer&btnG=
https://doi.org/10.1016/j.matchemphys.2016.08.034
https://scholar.google.com/scholar?hl=en&as_sdt=0%2C5&q=Effect+of+deposition+temperature+on+the+structural+morphological+and+optical+band+gap+of+lead+selenide+thin+films+synthesized+by+chemical+bath+deposition+method&btnG=
https://www.sciencedirect.com/science/article/abs/pii/S0254058416306368
https://doi.org/10.1016/j.matchemphys.2021.124479
https://scholar.google.com/scholar?hl=en&as_sdt=0%2C5&q=%5B10%5D.+S.+Roa%2C+M.+Sandoval%2C+M.+Sirena.+Chemical+bath+deposition+of+high+structural+and+morphological+quality+PbSe+thin+films+with+potential+optoelectronic+properties+for+infrared+detection+applications.+Materials+chemistry+and+Physics.+264%282021%29+124479&btnG=
https://www.sciencedirect.com/science/article/abs/pii/S0254058421002625
https://doi.org/10.22034/jcr.2020.248901.1086
https://www.jchemrev.com/article_118033.html
https://doi.org/10.1016/j.physe.2018.05.006
https://scholar.google.com/scholar?hl=en&as_sdt=0%2C5&q=%5B12%5D.+W.+Feng%2C+J.+Song%2C+Y.+Ren.+L.+Yi%2C+J.+Hu%2C+R.+Zhu%2C+H.+Dong.+Structural%2C+morphological%2C+electrical+and+optical+properties+of+PbSe+thin+films+sputtered+at+various+pressures.+Physica+E%3A+Low-dimensional+systems+and+Nanostructures.+102+%282018%29+153-159.&btnG=
https://www.sciencedirect.com/science/article/abs/pii/S1386947718305800
https://doi.org/10.1016/j.vacuum.2014.07.012
https://scholar.google.com/scholar?hl=en&as_sdt=0%2C5&q=%5B13%5D.+W.+Feng%2C+X.+Wang%2C+H.+Zhou%2C+F.+Chen.+Effects+of+sputtering+power+on+properties+of+PbSe+nanocrystalline+thin+films+deposited+by+RF+magnetron+sputtering.+Vacuum.+109+%282014%29+108+-111&btnG=
https://www.sciencedirect.com/science/article/abs/pii/S0042207X14002486
https://doi.org/10.1016/B978-0-444-63278-4.00003-3
https://scholar.google.com/scholar?hl=en&as_sdt=0%2C5&q=%5B14%5D.+L.+Feng%2C+X.+Sun%2C+S.+Yao%2C+C.+W.+Xing%2C+J.+Zhang.+Electrocatalysts+and+catalyst+layers+for+oxygen+reduction+reaction.+Rotating+Electode+methods+and+oxygen+Reduction+Electrocatalysts.+%282014%29+67-132&btnG=
https://www.sciencedirect.com/science/article/abs/pii/B9780444632784000033
https://doi.org/10.22051/jitl.2019.26364.1032
https://scholar.google.com/scholar?hl=en&as_sdt=0%2C5&q=%5B15%5D.+N.+Ghobadi%2C+P.+Sohrabi%2C+G.+Haidari%2C+S.+S.+Haeri.+The+effect+of+pH+on+the+optical+band+gap+of+PbSe+thin+film+with+usability+in+the+quantum+dot+solar+cell+and+photocatalytic+activity.+Journal+of+Interfaces%3A+Thin+films%2C+and+low+dimensional+systems.+2%281%29+%282018%29+139+%E2%80%93+147&btnG=
https://d1wqtxts1xzle7.cloudfront.net/67535319/JITL_Volume_2_Issue_1_Pages_139_147-libre.pdf?1623004222=&response-content-disposition=inline%3B+filename%3DThe_effect_of_pH_on_the_optical_band_gap.pdf&Expires=1701068438&Signature=NlRfhu3NIenUgBJVnyXrFjHhZ2TiP3WJaHrHwdlF4SiGbHL5eIp~-7RcY~T92nMWInYa1eAQQyO17zcTDCS4HWJcNM9HZS7ahHfN5kHMXeWmIoHQC2CFGlYi8rsetb83E06kRTbyVlwUKGtuJRTRaK2gPM3UoXU~4ECqozvpsmyRcb3cBexRKz1NJJUcuN0xWiBf03t6aXgsaMJ4HMiry-wj254TiZZUAxrcJazn09vrk3YQdBvx5Kk3DUitK3HUBrh~HMaq9jPwT3UM1wtM5MlNlIlE~EIGO5Sh-wrVtRSCQPWzzxJRv-0bXzZfObxU39rqk0JNbd9jZEr0EjuIEQ__&Key-Pair-Id=APKAJLOHF5GGSLRBV4ZA
https://doi.org/10.1088/2053-1591/ab1675
https://scholar.google.com/scholar?hl=en&as_sdt=0%2C5&q=%5B16%5D.+N.+S.+Tezel%2C+F.+M.+Tezel%2C+A.+Kariper.+The+impact+of+pH+on+the+structural%2C+surface%2C+electrical+and+optical+properties+of+nanostructured+PbSe+thin+films.+Materials+Research+Express.+6%287%29+%282019%29.&btnG=
https://iopscience.iop.org/article/10.1088/2053-1591/ab1675/meta
https://scholar.google.com/scholar?hl=en&as_sdt=0%2C5&q=%5B17%5D.+S.+S.+Oluyamo%2C+A.+S.+Ojo%2C+M.+S.+Nyagba.+Characterization+of+Nanostrured+Lead+Selenide+%28PbSe%29+thin+films+for+solar+device+applications%2C+IOSR+Journal+of+Applied+Physics.+7%281%29+%282015%29+10+-15&btnG=
https://scholar.google.com/scholar?hl=en&as_sdt=0%2C5&q=%5B17%5D.+S.+S.+Oluyamo%2C+A.+S.+Ojo%2C+M.+S.+Nyagba.+Characterization+of+Nanostrured+Lead+Selenide+%28PbSe%29+thin+films+for+solar+device+applications%2C+IOSR+Journal+of+Applied+Physics.+7%281%29+%282015%29+10+-15&btnG=
https://doi.org/10.1149/1.3467844
https://scholar.google.com/scholar?hl=en&as_sdt=0%2C5&q=%5B18%5D.+P.+K.+Nair%2C+E.+Barrios%2C+J.Capistran.+PbSe+thin+films+in+All-chemically+deposited+solar+cells.+Journal+of+the+Electrochemical+society.+157%2810%29+%282010%29.&btnG=
https://iopscience.iop.org/article/10.1149/1.3467844/meta
https://scholar.google.com/scholar?hl=en&as_sdt=0%2C5&q=%5B19%5D.+I.+A.+Ezenwa%2C+Optical+properties+of+Chemical+Bath+Deposited+Lead+selenide+thin+films.+Advances+in+Applied+science+research.+3%282%29%3A+980-985+%282012%29.+&btnG=
https://doi.org/10.22034/pcbr.2022.367576.1236
https://www.pcbiochemres.com/article_163512.html
https://doi.org/10.1049/mnl.2014.0149
https://scholar.google.com/scholar?hl=en&as_sdt=0%2C5&q=%5B21%5D.+A.+I.+Raid%2C+H.+A.+Hani%2C+E.+Abdul-Majeed%2C+S.+J.+Mohmed.+Effect+of+pH+on+the+structural+and+optical+properties+of+nanostructured+CdO+films+grown+by+chemical+bath+deposition+technique.+Micro+%26+Nano+letters%2C+9%2812%29%3A+935+%E2%80%93+939+%282014%29.&btnG=
https://ietresearch.onlinelibrary.wiley.com/doi/full/10.1049/mnl.2014.0149
https://scholar.google.com/scholar?hl=en&as_sdt=0%2C5&q=%5B22%5D.+M.+K.+Dhahir%2C+H.+A.+Khyoon%2C+Study+the+effect+of+Ph+variation+on+the+particle+size+of+SiO2+thin+films%2C+Iraqi+Journal+of+Laser%2C+15%2C+1-8+%282016%29.&btnG=
https://www.iasj.net/iasj/download/3392173e8e5fae7a
https://doi.org/10.1021/acsami.0c21699
https://scholar.google.com/scholar?hl=en&as_sdt=0%2C5&q=%5B24%5D.+J.+Cao%2C+D.+Ekren%2C+Y.+Peng%2C+F.+Azough%2C+I.+A.+Kinloch%2C+R.+Freer.+Modulation+of+Charge+transport+at+Grain+boundaries+in+SrTiO3%3A+Toward+a+high+thermoelectric+power+factor+at+room+temperature.+ACC+Applied+Materials+%26+Interfaces%2C+13%2810%29%3A+11879-11890%2C+%282021%29.&btnG=
https://pubs.acs.org/doi/full/10.1021/acsami.0c21699
https://doi.org/10.26565/2312-4334-2023-1-20
https://scholar.google.com/scholar?hl=en&as_sdt=0%2C5&q=%5B25%5D.+I.L.+Ikhioya%2C+E.U.+Onoh%2C+A.C.+Nkele%2C+B.C.+Abor%2C+B.C.N.+Obitte%2C+M.+Maaza%2C+and+F.I.+Ezema%2C+The+green+synthesis+of+copper+oxide+nanoparticles+using+the+moringa+oleifera+plant+and+its+subsequent+characterization+for+use+in+energy+storage+applications%2C+East+Eur.+J.+Phys.+1%2C+162+%282023%29%2C+&btnG=
https://periodicals.karazin.ua/eejp/article/view/21046
https://doi.org/10.1016/j.jics.2022.100848
https://scholar.google.com/scholar?hl=en&as_sdt=0%2C5&q=%5B26%5D.+I.L.++Ikhioya%2C+Goodfriend+M.+Whyte%2C+and+Agnes+C.Nkele%2C+%E2%80%9CTemperature-Modulated+Nanostructures+of+Ytterbium-Doped+Cobalt+Selenide+%28Yb-CoSe%29+for+Photovoltaic+Applications%2C%E2%80%9D+Journal+of+the+Indian+Chemical+Society%2C+vol.+100%2C+no.+1%2C+p.+100848%2C+2023.+https%3A%2F%2Fdoi.org%2F10.1016%2Fj.jics.2022.100848&btnG=
https://www.sciencedirect.com/science/article/pii/S0019452222005106
https://doi.org/10.1016/j.jics.2022.100737
https://scholar.google.com/scholar?hl=en&as_sdt=0%2C5&q=%5B27%5D.+K.+I.+Udofia+et+al.%2C+%E2%80%9CEffects+of+Zirconium+on+Electrochemically+Synthesized+Tin+Selenide+Materials+on+Fluorine+Doped+Tin+Oxide+Substrate+for+Photovoltaic+Application%2C%E2%80%9D+Journal+of+the+Indian+Chemical+Society%2C+vol.+99%2C+no.+10%2C+p.+10077%2C+2022.+&btnG=
https://www.sciencedirect.com/science/article/abs/pii/S0019452222003995
https://doi.org/10.26565/2312-4334-2023-1-25
https://scholar.google.com/scholar?hl=en&as_sdt=0%2C5&q=%5B28%5D.+S.O.+Samuel%2C+Frank+M.+Lagbegha-ebi%2C+E.P.+Ogherohwo%2C+A.+Ekpekpo%2C+J.T.+Zhimwang%2C+and+I.L.+Ikhioya%2C+Influence+of+deposition+voltage+on+strontium+sulphide+doped+silver+for+optoelectronic+application%2CEast+Eur.+J.+Phys.+1%2C+189+%282023%29%2C+https%3A%2F%2Fdoi.org%2F10.26565%2F2312-4334-2023-1-25&btnG=
https://periodicals.karazin.ua/eejp/article/view/21094
https://doi.org/10.1080/14328917.2023.2178747
https://scholar.google.com/scholar?hl=en&as_sdt=0%2C5&q=%5B29%5D.+I.L.+Ikhioya%2C+Faith+U.+Ochai-Ejeh+%26+Courage+I.+Uruwah+%282023%29%3A+Impact+of+modulated+temperature+on+photovoltaic+properties+of+automated+spray+fabricated+zirconium+doped+cobalt+selenide+films%2C+Materials+Research+Innovations%2C+&btnG=
https://www.tandfonline.com/doi/abs/10.1080/14328917.2023.2178747
https://doi.org/10.1080/14328917.2023.2180582
https://scholar.google.com/scholar?hl=en&as_sdt=0%2C5&q=30%5D.+I.L.+Ikhioya%2C+Edwin+U.+Onoh%2C+Donald+N.+Okoli+%26+Azubuike+J.+Ekpunobi+%282023%29%3A+Impact+of+bismuth+as+dopant+on+ZnSe+material+syntheses+for+photovoltaic+application%2C+Materials+Research+Innovations%2C+&btnG=
https://www.tandfonline.com/doi/abs/10.1080/14328917.2023.2180582
https://doi.org/10.26565/2312-4334-2023-1-19
https://scholar.google.com/scholar?hl=en&as_sdt=0%2C5&q=31%5D.+E.N.+Josephine%2C+O.S.+Ikponmwosa%2C+and+I.L.+Ikhioya%2C+synthesis+of+sns%2Fsno+nanostructure+material+for+photovoltaic+application.+East+Eur.+J.+Phys.+1%2C+154+%282023%29%2C+&btnG=
https://periodicals.karazin.ua/eejp/article/view/21053

Journal of Engineering in Industrial Research
205 Volume e s 4
[31]. M. Kadhim, M. Adail Glob, journal of [32] F. Ali, I. Ahmad, A. Hussain, S. Ahmad, M.
Chemical Reviews, 2023, 5, 353-379. [Crossref],  Zaka Ansar, Y. Adezuka, I.L. Ikhioya, Journal of
[Publisher] Applied Organometallic Chemistry, 2023, 3, 308-
320. [Crossref], [Publisher]

Copyright © 2023 by SPC (Sami Publishing Company) + is an open access article distributed under the
Creative Commons Attribution License(CC BY) license (https://creativecommons.org/licenses/by/4.0/),
which permits unrestricted use, distribution, and reproduction in any medium, provided the original work is
properly cited.



https://doi.org/10.22034/jcr.2023.398318.1224
https://www.jchemrev.com/article_174198.html
https://doi.org/10.48309/jaoc.2023.421597.1127
https://jaoc.samipubco.com/article_183026.html
http://www.samipubco.com/
https://creativecommons.org/licenses/by/4.0/

