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Abstract 
Solar cells are a promising renewable energy source, converting solar energy into electrical power. 
The performance and efficiency of solar cells can be enhanced by incorporating multiferroic 
materials, which have the potential to improve energy conversion. Bismuth ferrite (BFO) is one such 
material that has attracted attention for photovoltaic applications due to its bandgap energy, which 
ranges from 2 eV to 2.7 eV. However, its practical efficiency is currently low (less than 2%), limiting 
its commercial viability. Nevertheless, BFO remains a promising candidate for photovoltaic 
applications, provided that its properties are optimized. In this study, BFO nanoparticles were 
synthesized using the sol–gel method, a widely used technique for preparing high-quality 
nanomaterials. The crystal structure of the synthesized BFO nanoparticles was analyzed using x-ray 
diffraction (XRD), which revealed a well-defined crystalline structure typical of BFO. The grain 
morphology of the nanoparticles was examined using field emission scanning electron microscopy 
(FESEM), providing insights into the particle size and shape. The synthesis process was optimized, 
and symmetrical-shaped particles were obtained at a calcination temperature of 600°C. The bandgap 
energy of the BFO nanoparticles was determined to be 2.00 eV for the indirect transition and 2.04 eV 
for the direct transition, which is suitable for photovoltaic applications. These results indicate that 
BFO nanoparticles have the potential to be utilized in solar cells, and with further optimization, their 
efficiency could be improved. This work contributes to the understanding of BFO’s structural and 
optical properties and highlights its potential for use in future photovoltaic devices. 
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INTRODUCTION 

The demand for energy across the globe has 

risen dramatically in recent decades, driven 

primarily by the accelerating growth of the human 

population, industrialization, and technological 

advancements. As global urbanization continues, 

the corresponding increase in energy consumption 

presents a critical challenge for governments, 

industries, and consumers. With this ever-

expanding energy demand, ensuring a sustainable 

energy future has become one of the most 

significant global concerns worldwide. 

Simultaneously, the environmental consequences 

of traditional energy production methods, 

particularly the reliance on fossil fuels, have 

prompted urgent discussions on transitioning to 

more sustainable alternatives. Fossil fuel-based 
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energy sources, including coal, oil, and natural gas, continue to dominate the global energy landscape, 

accounting for approximately 80–87% of the global primary energy mix [1, 2]. However, this 

extensive reliance on fossil fuels contributes significantly to the depletion of finite natural resources 

and exacerbates the detrimental effects of climate change through the emission of carbon dioxide 

(CO₂) and other greenhouse gases [3]. 

 

Environmental degradation caused by the combustion of fossil fuels is one of the most pressing 
concerns of the modern age. The rise in global temperatures, depletion of the ozone layer, rising sea 

levels, and extreme weather events are just a few of the many adverse effects attributed to the 
unrestrained use of fossil fuels. As the impacts of climate change continue to intensify, a 

transformation in the global energy sector is imperative. Consequently, there has been a widespread 
shift toward renewable energy sources, which offer cleaner and more sustainable alternatives to fossil 

fuels. Renewable energy sources, such as solar, wind, geothermal, and hydropower, are not only 

environmentally friendly but also inexhaustible, making them crucial for meeting long-term  
energy needs. Among these, solar energy is one of the most promising and widely applicable 

alternatives [4, 5]. 
 

Solar energy, harnessed from the sun, is abundant, clean, renewable, and sustainable. The sun 
provides an immense and virtually limitless source of energy, delivering more energy to the Earth in 

one hour than the entire global population consumes in a year. The ability to convert sunlight into 
usable electrical power is an alluring prospect for meeting global energy needs, especially because 

solar energy is widely distributed and can be accessed virtually anywhere on Earth [6–8]. However, 
the efficiency of solar energy conversion systems, specifically photovoltaic (PV) cells, has been a 

topic of intense research and development for decades. 
 

Currently, the most widely used photovoltaic technology is the crystalline silicon solar cell. These 
cells, made from silicon semiconductors, have been commercialized for several decades and have 

proven reliable, efficient, and relatively cost-effective. Silicon solar cells typically have a bandgap of 
approximately 1.1 eV, which is optimal for converting sunlight into electricity [9, 10]. Consequently, 

silicon-based solar cells can achieve solar energy conversion efficiencies of up to 26%, which is the 
highest efficiency among commercial solar technologies. The performance of these cells is primarily 

dictated by the ability of silicon to absorb and convert solar energy into electrical power, with 

approximately 33.33% of solar energy captured by silicon-based photovoltaic devices [11–16]. 
 

Although silicon solar cells have dominated the market, they are not without drawbacks. One of the 
main challenges associated with silicon solar cells is their high production and installation costs [4]. 

The process of manufacturing silicon wafers, which requires high-temperature processes and complex 
purification techniques, is energy-intensive and expensive [17–19]. Additionally, the installation of 

silicon-based solar panels entails significant infrastructure costs. As the global demand for solar 
energy continues to rise, it is increasingly important to explore alternative materials and technologies 

that offer lower production costs, improved efficiency, and enhanced functionality [20]. 
 

In response to the limitations of silicon-based solar cells, researchers have begun investigating 
alternative materials and technologies for solar energy conversion applications. Among the most 

promising candidates are amorphous silicon, quantum dot solar cells, dye-sensitized solar cells 
(DSSCs), and organic-inorganic perovskite solar cells (PSCs). These materials offer a range of 

potential benefits, including lower production costs, the ability to absorb a broader range of the solar 
spectrum, and more versatile manufacturing techniques. As these emerging technologies continue to 

mature, they are expected to complement and, in some cases, surpass traditional silicon solar cells in 

terms of both cost and performance [21, 22]. 

 

One material that has recently garnered significant attention for its potential photovoltaic 

applications is bismuth ferrite (BiFeO₃) (BFO). BFO is a unique multiferroic material that exhibits 
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both ferroelectric and magnetic properties at room temperature [23, 24]. Unlike traditional 

photovoltaic materials, which primarily focus on electronic properties such as bandgap energy and 

charge carrier mobility, BFO offers the possibility of exploiting its ferroelectric and magnetic 

ordering to enhance its photovoltaic performance. This combination of properties, particularly the 

coupling between the magnetic and electronic dipoles, provides unique opportunities for designing 

novel photovoltaic devices that capitalize on magnetoelectric effects [25]. 

 

Bismuth ferrite (BiFeO₃) is a lead-free piezoelectric material that has shown great promise for use 

in photovoltaic (PV) cells owing to its ability to exhibit multiferroic properties at ambient 
temperature. Multiferroic materials, such as BFO, can exhibit both ferroelectricity (spontaneous 

polarization that can be reversed by an external electric field) and magnetism (spontaneous 
magnetization that can be reversed by an external magnetic field) simultaneously. This dual-property 

nature enables the material to interact with both electric and magnetic fields, resulting in a 
phenomenon known as the magnetoelectric effect. The ability of BFO to respond to both electric and 

magnetic fields offers a new way to manipulate and control its properties, making it an attractive 
candidate for a wide range of applications, including sensor devices, actuators, and non-volatile 

memory [26, 27]. 
 

The Curie temperature (Tc = 1103 K) and Néel temperature (TN = 643 K) of BFO are significantly 
higher than room temperature, making it suitable for high-temperature applications. The ferroelectric 

properties of the material are driven by the 6s lone pair electrons of Bi³⁺ ions, whereas the Fe³⁺ ions 
contribute to the magnetic ordering. These unique structural and electronic characteristics make BFO 

an intriguing material for photovoltaic devices. Furthermore, the bandgap of BFO, ranging from 2.0 to 

2.7 eV, places it in the optimal range for absorbing visible light, which further enhances its suitability 
for solar energy conversion. 

 
However, despite the significant promise of BFO for photovoltaic applications, several challenges 

remain. One of the main barriers to its widespread use is its high resistivity, which impedes the 
efficient flow of electrical currents [28, 29]. Additionally, leakage current and the formation of 

impurity phases within the material can reduce the overall efficiency of BFO-based photovoltaic 
devices. [30]. However, these challenges are not insurmountable. Research has shown that doping and 

co-doping BFO with various elements, such as rare earth elements (e.g., Sm, Eu, and Gd) and 
transition metals (e.g., Cr, Mn, and Co), can improve its electrical conductivity and reduce the 

formation of undesirable phases. These modifications can also enhance the dielectric properties and 
optimize the bandgap energy, further improving the potential of the material for use in high-efficiency 

solar cells [31–36]. 
 

Research on bismuth ferrite (BFO) as a photovoltaic material is still in its early stages, but it holds 
considerable promise. As researchers continue to explore the potential of multiferroic materials in 

solar energy applications, BFO is likely to play a significant role in the development of next 

generation photovoltaic technologies. The ability to manipulate both the electric and magnetic 
properties, coupled with the potential for doping and co-doping to optimize performance, makes BFO 

a highly versatile material for future solar cell designs. Furthermore, the low toxicity and lead-free 
nature of BFO make it an environmentally friendly alternative to other photovoltaic materials, such as 

PSCs, which contain toxic elements such as lead [37, 38]. 
 

In conclusion, ongoing advancements in materials science and engineering offer exciting prospects 
for improving the efficiency and cost-effectiveness of solar energy systems. Bismuth ferrite (BFO) 

stands out as one of the most promising materials for the next generation of photovoltaic devices, 
owing to its unique combination of ferroelectric and magnetic properties, bandgap energy, and the 

potential for optimization through doping. With continued research and development, BFO-based 
solar cells could provide an environmentally friendly, efficient, and cost-effective solution to the 

global energy crisis. [39–41]. 
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MATERIALS AND METHODS 
Bismuth ferrite (BiFeO₃) nanoparticles were synthesized using a modified Pechini sol–gel method. 

Initially, bismuth nitrate pentahydrate (Bi(NO₃)₃·5H₂O) and iron nitrate nonahydrate (Fe(NO₃)₃·9H₂O) 
were dissolved in 400 mL of deionized water to prepare a 0.025 M solution of each. After stirring for 
30 min, citric acid (0.02 mol) was added as a chelating agent, which facilitated the complexation of 
the metal cations. The solution was heated at 70–75°C for 8–10 hours, forming a transparent blackish-
red sol. To control the pH, ammonium hydroxide (NH₄OH) was added dropwise, maintaining the pH 
within the range of 1–2. Next, ethylene glycol was added to initiate the polymerization reaction, and 
the solution was heated at 85–90°C, leading to the formation of a gel. The gel was then dried at 100°C 
for 24 h to obtain a green xerogel. To enhance the homogeneity of the nanoparticles, the xerogel was 
annealed at 600°C for 2 h in static air, with a furnace heating and cooling rate of 3°C/min. For bulk 
BiFeO₃ production, another xerogel sample was annealed at 800°C. Impurity phases were removed by 
washing the powders with acetic acid and deionized water at 70°C. The final nanoparticles were dried 
for subsequent characterization. This modified process, which uses deionized water as the solvent and 
citric acid as a stronger chelating agent, yields more homogeneous and well-defined BiFeO₃ 
nanoparticles than the initial sol–gel method. The detailed sol–gel procedure has been provided 
elsewhere [42]. Figure 1 shows a flowchart of the sol–gel synthesis procedure. In this study, a two-step 
synthesis route combining sol–gel processing and auto-combustion techniques was employed to 
examine how the synthesis method influences the structural and functional properties of BFO 
nanoparticles. 
 

X-ray powder diffraction (XRD) is a widely used analytical technique for determining the 
crystalline structure, phase composition, and lattice parameters of a material. In this study, XRD 
analysis was performed at room temperature using a PANalytical Empyrean X-ray diffractometer. 

 

 
Figure 1. Flow chart of the synthesis procedure of BFO nanoparticles using the non-auto combustion 
sol–gel method. 

5. Calcination and characterization 

Heat treat at 400–800°C and test for BiFeO₃ phase.  

XRD phase. Microstructure

4. Collect intermediate 

Collect the intermediate green powder.

3. Ignition and drying 

Ignite the mixture and oven-dry to form powder.

2. Add chelating agents 

Add Citric Acid and Ethylene Glycol. Stir for a long duration.

1. Mix precursors

Bi-Fe Solution: Bi(NO₃)₃ · 5H₂O and Fe(NO₃)₃ · 9H₂O in water.
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RESULTS AND DISCUSSION 

X-Ray Diffraction 

The diffraction patterns of the bismuth ferrite (BiFeO₃) nanoparticles were obtained by scanning the 

samples over a 2θ range of 10° to 70° with high-intensity X-ray beams. The XRD patterns of BiFeO₃ 

nanoparticles annealed at 600°C were recorded before and after washing with acetic acid 

(CH₃COOH). Acetic acid, a weak acid, was used to remove impurity phases while preserving the 

crystallinity of the nanoparticles. The XRD analysis shown in Figure 2 confirmed that the 

nanoparticles retained their crystalline structure, as evidenced by the well-defined diffraction peaks 

corresponding to the rhombohedral perovskite structure of BiFeO₃. The XRD patterns of the 

nanoparticles were consistent with the expected crystallographic features of BiFeO₃, indicating 

successful synthesis and phase formation at the annealing temperature. Furthermore, the minimal 

alteration in the XRD patterns after washing with acetic acid suggests that the washing procedure did 

not significantly affect the crystallinity of the material. The atomic coordinates of the rhombohedral 

surfaces of BiFeO₃ were used to optimize the atomic structure coordination, providing further 

confirmation of the crystallinity of the material. In addition to the dominant R3c perovskite phase, a 

few very low-intensity peaks corresponding to minor secondary phases, such as Bi₂Fe₄O₉ and 

Bi₂₅FeO₄₀, were observed, which is consistent with previous reports [43–47]. In this study, the 

reflections associated with Bi₂Fe₄O₉ are specifically marked with an asterisk (*) in the XRD patterns 

to clearly distinguish them from the primary phase. Importantly, the extremely weak intensity of these 

peaks highlights the effectiveness of the adopted synthesis route in suppressing the formation of non-

perovskite impurity phases, thereby ensuring a high degree of phase purity in BFO nanoparticles. The 

XRD results validated the formation of high-quality crystalline BiFeO₃ nanoparticles, making them 

suitable for further applications, including photovoltaic and magnetoelectric devices. 

 

FESEM Micrograph Analysis 

FESEM is a type of microscope that uses electrons rather than light. FESEM is a field 
emission scanning electron microscope. The field emission source liberates electrons that 
scan the product in a zigzag pattern. Figure 3 displays the 600°C BiFeO3 micrograph. 
Nanoparticles found at this temperature were spherical and had a consistent distribution of 
dimensions [48]. As the temperature increased, the particle size also increased. This 
coarsening is driven by a reduction in the total surface area induced by the increase in the 
average particle size. In this process, it is difficult to achieve a uniform particle size 
distribution. The vapor pressure is higher on smaller particles than on coarser particles at high 
temperatures, and they condense into larger particles. 
 

 
Figure 2. XRD analysis at 600°C confirmed that BiFeO₃ nanoparticles retained their crystalline 

structure. 
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Figure 3. Field emission scanning electron microscope morphology (FESEM) of BFO nanoparticles 

at 600°C. 

 

The particle sizes obtained from the FESEM micrographs and XRD data are comparable. 

Consequently, the nanoparticles were monocrystalline. The crystal size obtained from the XRD data 

was smaller than the particle size obtained from the FESEM images. As nanoparticles have a smaller 

volume-to-surface area ratio, these tendencies cause them to clump and cause multiple crystallites to 

be added to a particle [49–52]. 

 

Bandgap Engineering 

The small bandgap energy (Eg) of BFO makes it an efficient visible light irradiator. The PV 

absorption capacity of BFO is closely connected to its electronic structure and is regarded as a 

significant element in calculating the energy gap between its bands [53, 54]. The optical Eg of BFO 

was measured using a UV–Vis–NIR Spectrophotometer (Model: PerkinElmer UV–Vis–NIR 

Spectrometer Lambda 1050) using diffuse reflectance spectra. In Kubelka-Munk's work, the diffuse 

reflectance information was converted as follows: 

𝐹(𝑅) =
(1−𝑅)2

2𝑅
  (1) 

Here, the diffuse reflectance is R. Here, firstly, we obtained the values of Eg for pure BFO at a 

temperature of 600°C. The material receives sufficient energy to drive electrons out of its weak 

connection by solar radiation with wavelengths ranging from 380 to 750 nm (violet to red). This 

results in electrical current generation. The unutilized wavelengths, ultraviolet (10 to 380 nm) and 

infrared (750 to 1000,000 nm), are insufficient to release and absorb electrons as heat. For data 

collection, a range of waves from 200 to 800 nm was considered. 

 

Figure 4 presents the direct and indirect bandgap analyses of pure BFO annealed at 600°C. The 

corresponding bandgap energy (Eg) values obtained for the pure BFO sample at this annealing 

temperature are shown in Figure 4. The bandgap energy is shown at the crossing point of the tangent 

line [F(R)hv]2 = 0. The energy (eV) difference between the valence band (VB) (O 2p) and the 

conduction band (CB Fe 3d) is thus similar to that of BFO. The Eg value depends on the particle size 

[55–57]. The Eg is lowered if the particle size is small. The Fe-O bond length and the bond angle Fe–

O–Fe were exchanged. The test equation indicates the bond length and angle of connection W: 

W ∝
cosω

 dFe−O
3.5  (2) 

where ω = 1/2{π - (Fe -O-Fe)} and dFe-o is the Fe–O bond length. Eg is linked to W. For example: 
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Eg = Δ – W (3) 

where Δ is the invariant charge transfer energy. The Fe–O bond length of the connection is also 

substantially lower than that in the rhombohedral phase. The average bond duration of Fe–O increases 

with increasing temperature, and Fe–O–Fe decreases with the bond angle [58, 59]. Thus, Eg raises the 

BFO temperature. 

 

The relationship between the direct bandgap and particle size is shown in Figure 5. The value of Eg 

depends on the size of the BFO particles. If the size of the BFO particle is larger, the band gap energy 

Eg will increase, and if the size of the BFO particle is smaller, the band gap energy Eg will decrease, 

as shown in Table 1. 

 

 
Figure 4. [hvF(R)]0.5 *10-2 versus E, and [hvF(R)]2 *10-3 versus E from BFO, annealed at 600°C. 

 

 
 

Figure 5. Relation between bandgap (direct) and particle size. 

 

Table 1. BiFeO3 samples of particles and bandgaps annealed at various temperatures. 

BFO annealing temperature (°C) Particle size (nm) Bandgap (eV) 

600 163 2.04 (direct) 2.00 (indirect) 

1.6       1.7      1.8       1.9      2.0       2.1       2.2      2.3      2.4 

Direct bandgap energy 

Indirect bandgap energy 22 

 

20 

 

18 

 

16 

[h
v

F
(R

)]
0
.5

 ×
 1

0
-2

 (
a.

u
.)

 

[h
v

F
(R

)]
2
 *

1
0

-3
 (

a.
u
.)

 

3 

 

 

2 

 

 

1 

 

 

0 

Energy, hv (eV) 

2.05 
 

2.04 
 

2.03 
 

2.02 
 

2.01 
 

2.00 
 

1.99 
 
 

1.98 
 

1.97 
 

1.96 

150          160            170           180            190          200 

Particle size (nm) 

B
an

d
g

ap
 (

eV
) 



 

 

Structural, Morphological, Optical, and Electrical Properties                                                                  Islam et al. 

 

 

© STM Journals 2026. All Rights Reserved 35  
 

Optical Band Gap and Electrical Properties 
The bandgap energy (Eg) represents the energy difference between the top of the valence band and 

the bottom of the conduction band in a solid material [60, 61]. No electronic states are available in 
this energy region. Optical absorption occurs when incident photons possess sufficient energy to 
excite electrons from the valence band to the conduction band. Therefore, the band gap plays an 
important role in determining the light absorption ability of a material. Materials with comparatively 
higher band gap energies absorb a smaller portion of the solar spectrum, whereas materials with 
suitable band gap values are more effective for photovoltaic applications [62–64]. 
 

The electrical properties of the BiFeO₃ nanoparticles shown in Figure 6, including resistance, 
reactance, impedance, and AC conductivity, were investigated as a function of frequency at room 
temperature. The frequency-dependent resistance, reactance, and impedance were measured over the 
range of 20 Hz to 10 MHz, while the AC conductivity was analyzed within the selected high-
frequency region. The variations in the resistance, reactance, and impedance exhibited similar 
behaviors with increasing frequency. At lower frequencies, the values decreased sharply, indicating a 
strong frequency dependence. The response can be divided into three regions: first, a rapid decrease in 
the resistive component between 20 Hz and 10² Hz; second, a gradual decrease between 10² Hz and 
10³ Hz; and third, a nearly stable response above 10³ Hz. Figure 6(a) shows the response of the 
resistance. 
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Figure 6. Electrical properties of BFO nanoparticle samples: (a) resistance, (b) reactance,  

(c) impedance, and (d) AC conductivity. 

 

The sharp decrease in resistance at low frequencies may be associated with space charge 

polarization and charge accumulation at the grain boundaries [26]. At higher frequencies, the 

resistance became almost constant, suggesting that the accumulated charges could not follow the 

rapidly changing external electric field. In Figure 6(b), a similar decreasing trend was observed for the 

reaction, which may be attributed to the enhanced charge carrier hopping and improved AC 

conduction at higher frequencies. The reduction in reactance also indicates a lower opposition to 

alternating current flow within the material [65]. 

 

Figure 6(c) shows that the impedance of the BFO nanoparticles also decreased significantly with 

increasing frequency, particularly below 1 kHz. This behavior indicates a reduction in the resistive 

barriers and an improvement in the conductivity. With increasing dopant concentration, the resistance, 

reactance, and impedance decreased, suggesting improved electrical conductivity of the samples, as 

shown in Figure 6(d). The decrease in grain size with doping may also contribute to changes in the 

grain boundary behavior and charge transport mechanisms [66–69]. 
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Overall, the frequency-dependent electrical response of the BFO nanoparticles confirmed their 

semiconducting behavior and highlighted the role of grain boundaries, space charge polarization, and 

charge carrier hopping in determining their electrical performance. These properties are important for 

evaluating the suitability of BFO nanoparticles for photovoltaic and other electronic applications  

[70–73]. 

 

CONCLUSION 

This study aimed to explore the structural and electrical properties of bismuth ferrite (BiFeO₃) 

nanoparticles for potential applications in photovoltaic devices. BiFeO₃ nanoparticles were 

successfully synthesized using a soft-chemical method. Optical analysis revealed bandgap energies of 

2.00 eV for the indirect transition and 2.04 eV for the direct transition, indicating the semiconducting 

nature of the synthesized BFO nanoparticles and their potential suitability for optoelectronic and 

photovoltaic applications. The bandgap was found to be 2.04 eV, which is close to the optimal range 

for photovoltaic applications (typically around 1.5 eV). The structural characterization of the 

nanoparticles was performed using XRD and field emission scanning electron microscopy (FESEM), 

both of which confirmed the successful synthesis of crystalline BiFeO₃ nanoparticles with a well-

defined perovskite structure. The XRD patterns revealed the expected crystalline phases, whereas 

FESEM imaging revealed a uniform particle distribution, indicating the effectiveness of the synthesis 

method. Given its suitable bandgap and crystallinity, BiFeO₃ holds significant promise for solar cell 

applications. The results of this study suggest that BiFeO₃ nanoparticles, with further optimization of 

the synthesis parameters, could be a viable alternative to conventional photovoltaic materials, offering 

a promising path for developing efficient and cost-effective solar cells. This study paves the way for 

future research aimed at enhancing the photovoltaic performance of BiFeO₃ through doping, surface 

modifications, and improved fabrication methods. 
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