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Abstract

Bismuth oxide (Bi,Oj3) nanoparticles were synthesized via a green route and integrated into Bi,O5/Si heterojunction
solar cells. Structural analysis confirmed the monoclinic a-Bi,O3; phase with a nanoscale crystallite size, while SEM
revealed a uniform morphology. Optical studies showed a direct band gap suitable for absorbing visible light. Pho-
toluminescence spectra exhibited dual emissions at 498 nm and 250 nm, attributed to defect states and quantum
confinement, highlighting the dual role of Bi,O; as both absorber and transparent window layer. Electrical charac-
terization under dark conditions demonstrated rectifying diode behavior, confirming the formation of a junction.
Capacitance—voltage analysis yielded a built-in potential of 0.71 V and a depletion width of 3.66 pm, indicating effi-
cient charge separation. The current-voltage results under illumination indicated an open-circuit voltage of 180 mV, a
short-circuit current density of 3.5 pA/cm?, a fill factor of 14.4 %, and an efficiency of 0.91 %. These results confirm that
the interface engineering improves photovoltaic cell performance. They highlight the significant benefits of using
environmentally friendly Bi,Os/Si heterojunctions.

Keywords: Green synthesis, Bi,O;, Nanoparticles, Solar cell, Heterojunctions

efficiency to its theoretical point. To address these
issues, heterojunction structures have been pro-
posed as a viable solution, offering improved light
absorption, charge-carrier transport, and reduced
recombination process [2—5].

Because bismuth oxide (Bi;O3) (an n-type semi-
conductor with a wide band gap (~3.2 electron
volts)) is very suitable for photovoltaic applications,
such as photocatalysis, gas sensing, and solar en-
ergy conversion, it has received considerable

1. Introduction

he effects of climate change and the global

energy crisis are mitigatable by considering
more research on renewable energy technologies.
Hence, photovoltaic solar energy systems can be
identified as one of the most valid and long-term
remedies to the problem of not being dependent on
fossil fuels, and they also help decrease the level of
greenhouse gas emissions. The efficiency, effec-

tiveness, and cost of photovoltaic devices however
are still critical issues that need to be addressed to
allow the large-scale application of these technol-
ogy [1]. The photovoltaic energy market has the
largest number of solar cells made of silicon. This is
attributed to their stability and high level of
manufacturing procedures. Nevertheless, the con-
ventional silicon cells are limited to heat loss as well
as charge-carrier recombination which decreases its

attention. [6—9]. Its unique electronic structure,
resulting from the contributions of Bi 6s and 6p
orbitals in the valence band, allows for favorable
band alignment when combined with silicon
[10,11]. Thin films can also be manufactured from
bismuth oxide (Bi;O;) using environmentally
friendly methods, where plant extracts act as
reducing and stabilizing agents. Besides enhancing
the optical and structural properties of the resulting
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films, this approach does not diminish the envi-
ronmental impact of nanomaterial manufacturing.
Compared to other traditional chemical methods,
the green synthesis of bismuth oxide nanoparticles
is attracting considerable attention due to its high
efficiency and ease of preparation [12]. Using
environmentally friendly methods to manufacture
thin films from bismuth oxide (Bi,O3) provides a
significant economic advantage, in addition to its
favorable photovoltaic properties. [13—15]. Using
plant extracts as reducing and stabilizing agents
eliminates the need for chemicals due to the high
cost and risks associated with these materials,
which in turn leads to a reduction in production
costs. The simple distillation deposition process on
silicon substrates requires minimal equipment and
energy consumption compared to traditional
manufacturing techniques [16,17]. It is evident from
the above that all these factors and advantages
combined highlight the potential of Bi,O3/Si het-
erojunction solar cells and are considered a suitable
option for cost reduction and scalability for
renewable energy applications [18—20].

By adjusting the band gap and controlling the
thickness, BiO3/Si heterojunctions have achieved
improved photovoltaic performance, as demon-
strated by recent studies. Nevertheless, systematic
investigations into green-synthesized Bi,Oj thin films
for solar cell applications remain limited. Therefore,
the present work focuses on the eco-friendly fabri-
cation of Bi;O3; nanoparticles using lemon leaf extract
and their integration into n-Si heterojunction solar
cells. Structural, optical, and electrical characteriza-
tions are performed to assess the potential of this
low-cost nanosystem as a candidate for efficient and
sustainable photovoltaic devices.

2. Materials and methods

2.1. Substrate preparation

In this work, silicon and quartz deposition sub-
strates were used for depositing the Bi,O; solar cell
film. To eliminate surface impurities, the substrates
were first cleaned using ethanol and ultrasonic baths,
followed by rinsing with distilled water. Highly
reflective n-type silicon substrates (1 cm?) with a re-
sistivity between 0.5 and 2.5 Q ¢cm were used, and
(111) crystal orientation was used in this study.

2.2. Eco-friendly preparation of a reducing and
stabilizing agent for nanomaterial synthesis

Lemon leaves were obtained from a local market
in Baghdad, then finely chopped and rinsed with

Nomenclature

Voc Open-circuit voltage (V)

Tsc Short-circuit current density (mA/cm?)
FF Fill factor (%)

n Power conversion efficiency (%)

Eg Band gap energy (eV)

PL Photoluminescence

SEM Scanning Electron Microscopy

XRD X-ray Diffraction

c-v Capacitance—Voltage analysis

I-v Current—Voltage characteristics

hkl Miller indices (crystallographic planes)
Cu Ka Copper K-alpha radiation line (A)

W Depletion width (um)

Vi Built-in potential (V)

n-Si n-type Silicon substrate

o-BiyO3 Monoclinic alpha phase of Bismuth Oxide
NaOH Sodium Hydroxide

pH Acidity/basicity of solution

distilled water to eliminate contaminants. Sepa-
rately, 35 g of Lemon plant were combined with
100 mL of distilled water and subjected to homog-
enization with continuous stirring at 120 °C. After
cooling, the mixture was filtered to obtain a Lemon
plant extract, which was subsequently utilized as a
reducing and stabilizing agent for the synthesis of
Bi,O3; nanoparticles.

2.3. Fabrication of Bi,O3 nanoparticles

To synthesize Bi,O; nanoparticles, 30 mL of
freshly prepared Lemon plant extract was added to
a 0.1 M solution of bismuth nitrate pentahydrate,
Bi(NO3);-5H,0, supplied by Reagent World, USA,
with purity of 99.99 %. The pH of the mixture was
adjusted to 6—7 by the dropwise addition of a 0.1 M
Sodium hydroxide (NaOH, Merck, Germany, with
purity greater than 99 %) solution under continuous
stirring. To form the precipitate, the solution was
heated to 80 °C, after which the temperature was
reduced to 60 °C and maintained at this level for
80 min. The mixture was left at room temperature
(26 °C) overnight, after which it underwent a solid
product separation process using a centrifuge
(Eppendorf 5810R, Germany) at a speed of
14,000 rpm for 22 min. To remove any remaining
reactants and impurities, the resulting precipitate
was thoroughly washed using distilled water and
absolute ethanol (C,HsOH), supplied by the
German company Merck, with a purity of over
99.5 %. Using a drying oven and at a temperature of
550 °C for 4 h, the precipitate was dried, after which
it was ground into a fine powder and subjected to
analysis. Plant extracts were wused as an
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environmentally friendly reducing agent in the
synthesis of bismuth oxide (Bi,O3). Mixing them
with bismuth nitrate resulted in a color change
from yellow to white, indicating the formation of
bismuth oxide nanoparticles. Fig. 1 illustrates the
green synthesis process as a schematic model.

For the deposited Bi,O3 nanoparticle films, their
structural properties were analyzed using an X-ray
diffraction spectrometer (Shimadzu-6000, Japan)
operating at 40 kV and 30 mA, with a scanning rate
of 5°/minute. The optical properties were evaluated
using an ultraviolet-visible spectrometer (Lasany
LI-2800, India). The surface morphology and
nanostructure of the Bi,O3; film were examined
using a field emission scanning electron microscope
(ZEISS EM-3200, Germany). Photoluminescence
(PL) measurements of the Bi,O; nanoparticles were
carried out using a PerkinElmer LS 55 luminescence
spectrophotometer (PerkinElmer, USA), with slit
widths of 5 nm, integration time of 0.5 s, and an
excitation wavelength of 330 nm. Using specially
designed masks, aluminum (Al) films were depos-
ited on the rear side of the n-type silicon substrate
and on the surface of the Bi;O; nanoparticle film to
form ohmic contacts. A schematic representation of
the Bi,O3 NPs/NPs/n-Si-based solar cell structure is
shown in Fig. 2.

I-V measurements were conducted at room
temperature under both dark and illuminated
conditions using a controlled DC power source and
an electrometer. The solar cell performance was

Al contact

Bi,0; nanoparticles

Al contact

Fig. 2. Cross-sectional schematic of the Bi,O3/Si heterojunction solar
cell structure with Al contacts deposited by thermal evaporation.

calibrated against a standard silicon power meter
for accurate measurements of light intensity.

3. Result and discussion

The structural characteristics of Bi,O; nano-
particles synthesized using lemon extract are pre-
sented in the XRD pattern of Fig. 3. The observed
Bragg diffraction peaks correspond to the crystal
planes (102), (221), (311), (400), (222), (122), (412),
(321), (242), (232), (800), and (802), confirming the
formation of a monoclinic a-Bi,O3;, matched well
with the standard Pdf card No.41-1449. The average
crystallite size (D) of the deposited film has been
estimated using the Scherrer formula (Equation (1))
[21,22].

kA
D:
B cos b

1)

where k is about 0.9 (shape factor), A is the wave-

evaluated wusing a monochromator system, length of X-ray for Cu Ko = 1.54 A, and 0 is the
0.1 M Added
) NaOH Dropwise Held at 60 °C
g; ' while stirring for 80 min
Heated at 80 °C Left overnight
30 ml freshly 30ml pH=6-7 at 26 °C
prepared lemon (0.1M) of Bi(NO;);"5H,0
plant extract l
B, 040 —1 @
Y — ) N
-cvﬁ-a:«*,_" a3 - -
2 aee
Precipitate BRI A
BizO3 dried in a furnace at thoroughly washed with distilled water and
ied i oyt
nanoparticles ss; °C l;h : B b
5 or 4 hours,

Fig. 1. Schematic illustration of the green synthesis of Bi,O3 nanoparticles using lemon leaf extract.
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Fig. 3. XRD spectrum of Bi,Oj thin film synthesized using lemon
extract.

diffraction angle. The calculated average crystallite
size corresponding to the (311) dominant diffraction
peak was approximately 7.6 nm, as listed in Table 1.

Such nanoscale dimensions enhance quantum
confinement effects, resulting in a widened band
gap compared to the bulk BiyO;. Similar size-
dependent band-gap widening has been reported
in green-synthesized BiO3 nanoparticles prepared
using Mentha pulegium extract by Motakef-Kazemi
et al. [19], which supports the present findings.

The FE-SEM analysis (Fig. 4) revealed irregular
nanoscale morphology with enhanced surface
roughness, and the particle size distribution ranged
between 3 and 43 nm with an average particle size
of ~10 nm.

This distribution indicates the regular formation
and growth of Bi,O; nanoparticles, which in turn
increases the effective surface area of the mem-
brane. For photovoltaic cell applications, this
morphological feature is very useful, as it promotes
stronger light-matter interaction, facilitates charge
separation at the BiO;/Si interface, and helps

Table 1. XRD parameter for the synthesized Bi,Oj thin film solar cell.

20 (deg) FWHM Int% dyq(A) D (nm) Miller
Indices (hkl)
23.877 0.591 48 3.724 13.8 (102)
27.916 0.590 76 3.194 13.9 (221)
30.112 1.085 100 2965 7.6 (311)
32.624 0517 95 2.743 16.0 (400)
39.175 0.664 11 2.298 12.7 (222)
42.336 0.737 27 2.133 11.6 (122)
47.049 0.591 40 1.930 14.7 (412)
52.148 1.254 28 1.753 7.1 (321)
56.938 0.590 36 1.616 153 (242)
62.784 1.107 11 1.479 8.4 (232)
68.687 0.886 10 1.365 10.9 (800)
78.055 0.811 13 1.223 12.6 (802)

reduce recombination losses, which in turn sup-
ports the overall performance of heterojunction
solar cells [23].

Energy-dispersive X-ray spectroscopy (EDS)
analysis can reveal the fabricated Bi,O; nano-
structure from Fig. 5. It is also possible to conclude
from the EDX spectrum that only bismuth and ox-
ygen are present. This shape leads to an increase in
the effective surface area, which in turn enhances
photon absorption and facilitates charge separation
at the Bi,O3/Si interface. The purity of the compo-
sition reduces defect-related recombination,
consistent with reports by Ascencio Aguirre and
Herrera Becerra [24], who observed similar clean
Bi,O; phases synthesized via tannic acid-assisted
methods.

Fig. 6 displays the optical transmittance spectrum
of the Bi,O; nanoparticle film coated on a quartz
substrate. The Bi,O; nanoparticle film exhibited an
optical transmittance of approximately 90% at
wavelengths ranging from 500 to 1000 nm, while it
decreased between 200 and 500 nm. The trans-
mittance reduction in this wavelength range can be
attributed to the high concentration of free elec-
trons at these wavelengths [25]. The energy gap (Eg)
of the Bi,O; nanoparticle film was calculated for the
direct transition by plotting («hv)* against photon
energy (hv), as shown in Fig. 6b. In this case, a
stands for the absorption coefficient. Using Equa-
tion (2), the energy gap can be estimated by
extending the straight part of the plot to the photon
energy axis [26].

(ahv)?=A(hv —Eg) (2)

Where « is the absorption coefficient, / is Blank
constant, » is the frequency of the incident photon,
and Eg is the energy gap.

The direct Eg of the Bi,O; nanoparticle film was
found to be 3.62 eV. This value is larger than the
bulk Bi,O; band gap (~3.2 eV), which can be
attributed to quantum confinement in nanocrystals.
Comparable band-gap widening effects were re-
ported by Kumari et al. [27] in Bi,O3 nanostructures
prepared by pulsed laser deposition, highlighting
the consistency of the present results.

The room-temperature photoluminescence (PL)
spectra of Bi,O; nanoparticles, excited at a wave-
length of 330 nm, are shown in Fig. 7, exhibiting two
distinct emission features. The first visible emission
peak appeared at 498 nm (2.48 eV), which can be
attributed to intrinsic defects such as oxygen va-
cancies and interstitials. These defect states act as
centers for radiative recombination, which in turn
leads to the introduction of intermediate energy
levels that enhance light absorption. Oudghiri
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Fig. 4. FE-SEM micrograph images of Bismuth oxide nanoparticles synthesized using lemon extract.

Fig. 5. EDX spectrum of Bi,O3 nanomaterial confirming Bi and O

composition.

Hassani et al. [28]. This confirms its role in
improving the performance of photovoltaic cells,
and similar emissions have been reported to be
associated with defects in a-Bi,O3 nanoparticles.

It was observed that the peak of ultraviolet
emission was at 250 nm (~4.96 eV), which is attrib-
uted to quantum confinement effects and high-en-
ergy transitions involving defect-related states.
Although the ultraviolet emission lies outside the
main solar spectrum, the existence of such emission
confirms the ability of BiO; nanoparticles to
maintain high-energy electronic transitions. These
emissions combined highlight the dual role of
Bi,O3: its absorption of visible light through defects,
which promotes charge separation, as well as its
transparency to ultraviolet radiation, allowing bis-
muth oxide to act as a permeable layer in the Bi,O3/
Si heterojunction. In photovoltaic cell applications,

Transmittance

100
90
80
70
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50
40
30

200 300 400 500 600 700 800 900 1000
Wavelength (nm)

g

(ahv)?(eV/cm)?
8

o
o

o

2 22 24 26 28 3 32 34 36 38 4
hv (eV)

Fig. 6. UV—Vis analysis of Bi,O3 thin films (a) optical transmittance (b) («hv)? versus photon energy plot.
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Fig. 7. Room temperature photoluminescence spectra of Bi,Os thin film excited at 330 nm.

these properties are extremely useful, indicating
the potential for improving the properties of these
cells for manufactured membranes through defect
engineering and size control.

The current-voltage density (J-V) characteristics
of the Bi,O5/Si heterojunction at room temperature
and under dark conditions show clear rectification
behavior typical of a diode, as illustrated in Fig. 8.
What confirms the success of forming a functional
heterojunction between Bi,O; and Si is that the
forward bias region shows a sharp increase in cur-
rent density, while the reverse bias remains almost
constant with a negligible leakage current.

The partial saturation observed at higher forward
voltages also indicates the presence of series resis-
tance, which limits the transfer of charge carriers.
Series resistance was identified as a limiting factor of
efficiency by reporting similar rectification behavior
in thermally oxidized Bi,O5/Si junctions [29].

2

The capacitance—voltage (C—V) analysis provides
further insight into the junction properties. C—V
curve of the Bi,O3/Si heterojunction is illustrated in
Fig. 9. The linear relationship between 1/C? and the
applied bias allowed for the extraction of an inter-
nal voltage (V};) of 0.71 V and a drain width (W) of
3.66 pm. These values confirm the presence of a
strong internal electric field that facilitates charge
separation across the junction. The relatively wide
depletion region is consistent with the resistivity of
the silicon substrate and supports photovoltaic
operation. Comparable C—V analyses in SnO,/Si
heterojunctions demonstrated that wide depletion
widths enhance carrier separation but limit current
density if series resistance is high [30,31].

The illuminated J—V curve of the Bi,O3/Si solar
cell, shown in Fig. 10, consolidates the photovoltaic
performance of the device. The extracted parame-
ters were an open-circuit voltage (Vo.) of 180 mV, a

20

J(mA)

-10

-15

s

-20

V (volt)

Fig. 8. Current density—voltage (J—V) characteristics of Bi,Os/Si heterojunction under dark conditions at room temperature.
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Fig. 9. Capacitance—voltage analysis parameters of Bi,Os/Si hetero-
junction. The plot of 1/C? versus applied bias is shown, where the y-axis
corresponds to in units of F2 (normalized to junction area, yielding cm*/
F2). This representation enables the extraction of the built-in potential
(Vi) and depletion width (W) from the linear region of the curve.
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Fig. 10. Current density—voltage (J—V) curve under illumination
showing V., Jsc, FF, and efficiency of Bi,Os/Si solar cell.

short-circuit current density (Js.) of 3.5 pA/cm? a
maximum voltage (V) of 70 mV, and a maximum
current (I,,,,) of 1.3 pA/cm?. Using Equations (3) and
(4), the fill factor (FF) was calculated as 14.4% and
the conversion efficiency (1) as 0.91%. The modest
efficiency is attributed to series resistance and
interface recombination, which is consistent with
the dark J—V behavior shown in Fig. 8.

Imux Vmax
FF = o _max
ISC VOC (3)

n _ Inax Vinas: x 100% (4)
P;

These results align with previous reports on
biosynthesized Bi,O3/Si heterojunctions, which also
demonstrated low efficiencies but highlighted the
potential of interface engineering and doping stra-
tegies to improve performance [19].

The comparative table (Table 2) highlights the
synthesis routes and photovoltaic outcomes of
Bi,O3-based systems reported in the literature
alongside the present work. Recent studies, such as
those by Motakef-Kazemi et al. [19], Ascencio
Aguirre & Herrera Becerra [24], and Oudghiri-
Hassani et al. [28], primarily focused on the green or
sol—gel synthesis of Bi;O3; nanoparticles for photo-
catalytic applications, without reporting photovol-
taic parameters. More recent work by Abd [31]
demonstrated the feasibility of a biosynthesized
Bi,O3/Si solar cell, achieving an open-circuit
voltage of 200 mV, a short-circuit current density of
4 pA/cm?, and an efficiency close to 1%.

In comparison, the present study using lemon
leaf extract achieved V,, = 180 mV, J,. 3.5 = 3.5 pA/
cm?, and 7 = 0.91%. These values are consistent
with what Abd [21] stated, meaning that green
synthesis methods can be replicated while empha-
sizing the ongoing limitations of low current den-
sity and efficiency. By comparison, it becomes clear
that while green synthesis methods are environ-
mentally attractive and reproducible, further
improvement in interface quality, film thickness
and defect control is necessary to upgrade hetero-
geneous Bi,O3/Si junctions from proof-of-concept
devices to practical photovoltaic applications.

4. Conclusions, limitations, and future
recommendations

This work demonstrates the feasibility of suc-
cessfully integrating environmentally friendly,
industrially manufactured bismuth oxide (Bi,Oj;)
molecules into bismuth oxide/silicon (Bi,O3/Si)
heterojunctions. Optical, electrical, and structural
analyses confirmed the formation of a functional
junction, while photoluminescence spectra revealed
defect-related emissions. Capacitance and potential

Table 2. Bi,O; manufacturing methods and photovoltaic cell performance in previous studies: a summary and comparison with current work.

Synthesis Route Device Type Voe (mV) Jse (WA/cm?) n Reference
Green synthesis (Mentha extract) Material only (no PV) - — — [19]

Tannic acid-assisted Bi,O5 nanoparticles (photocatalysis) - - — [24]

Sol—gel Bi,O5; NPs (photocatalysis) — — — [28]
Biosynthesis (plant extract) Bi,O3/Si solar cell 200 4 ~1% [31]

Lemon leaf extract (green synthesis) Bi,O3/Si solar cell 180 35 0.91% Present work
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analysis indicated the presence of a strong internal
potential. What confirms the validity of the concept
of environmentally friendly Bi,O3/Si solar cells is
the illuminated J-V curve provided as quantitative
evidence.

Despite the above, there are still major limitations
that restrict the device's efficiency. These limita-
tions are as follows:

o Series resistance within the heterojunction re-
duces the fill factor.

e Interface recombination at the Bi,O3/Si bound-
ary lowers current density.

e Restricted spectral response, with weak ab-
sorption beyond the visible range.

e Low photocurrent output is insufficient for
practical applications.

Future research should therefore prioritize:
Interface  engineering (surface passivation,
doping, or buffer layers) to suppress recombination.

e Optimization of film thickness and crystallinity
to minimize resistive losses.

e Advanced deposition techniques for uniform
coverage and improved contact quality.

e Hybrid or tandem architectures combining
Bi,O; with complementary semiconductors to
extend spectral absorption.

e To assess the possibility of reproducibility and
long-term stability under operatin conditions,
scalability studies are conducted.

Therefore, by addressing the aforementioned
limitations and obstacles, Bi,O3/Si heterojunctions
can be developed and transformed from prototypes
into viable and sustainable photovoltaic devices.
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