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ARTICLE INFO ABSTRACT

Keywords: In this study, the ferroelectric materials BiFeO3 (BFO) and BiMnOs (BMO) were successfully synthesized on
Tm“ films standard glass substrates using a cost-effective spray pyrolysis method, and their optoelectronic properties were
BfFeOB comprehensively compared for the first time. X-ray diffraction analysis revealed that BFO exhibits a rhombo-
BiMnO; . hedral crystal structure, while BMO adopts a monoclinic structure. Raman spectroscopy provided further
Spray pyrolysis ) . e . . . .

Hydrophobic confirmation of the distinct crystal structures of these films. EDS analysis confirms the presence of selective
Heterojunctions elements in the synthesized samples. Atomic force microscopy (AFM) analysis demonstrated the significant

impact of these ferroelectric materials on the surface morphology. The BFO film exhibited a significantly higher
surface roughness at 512.1 nm than BMO at 29.38 nm. Contact angle analysis revealed that both samples were
hydrophobic, with BFO and BMO exhibiting angles of 100° and 93° respectively. UV-visible transmission spectra
indicated that the BMO film had a low light transmittance at 2 % and a smaller optical band gap of 1.2 eV.
Electrical characterization showed that the BMO film had the lowest electrical resistivity (p = 1.90 x 101 Q cm)
with a carrier density of —2.193 x 107* (n-type conductivity), compared to BFO with p = 8.344 x 107 Q cm
and a carrier density of 9.895 x 107! em™3 (p-type conductivity). The current-voltage (I-V) characteristics
recorded for FTO/BFO/Au and FTO/NiO/BMO/Au cells showed rectifying behavior with ideality factors ranging
from 2.67 to 1.38 and series resistances from 3.81 x 107 ©-13.32 Q, and high contact barriers from 0.70 eV to
0.52 eV, respectively. The reduction in ideality factor and series resistance suggests that the sputter-deposited
BMO improves the behavior of thin-film solar cells toward near-ideal behavior by passivating the interface states.

1. Introduction

Inorganic thin-film photovoltaic technologies have traditionally
relied on materials such as CdTe [1], a-Si:H [2], a-Si:H [2], CulnSe; [3],
CulnGeSe4 [4], SnSb,S4 [51, and GaP [6], which provide high efficiency
and long-term stability. Their widespread industrial use is mainly due to
the maturity of fabrication processes and their proven reliability. More
recently, hybrid perovskite solar cells have revolutionized the field,
achieving power conversion efficiencies above 20 % [2]. However, these
materials still face significant challenges related to environmental and
structural stability. In this context, attention has shifted to inorganic
oxide perovskites [7], which are characterized by their environmental
safety, chemical stability, natural abundance, and compatibility with
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low-temperature synthesis processes thus contributing to cost reduction.
Among these, multiferroic perovskites [8] are particularly promising
due to their spontaneous electric polarization below the Curie temper-
ature, which is reversible under an electric field. This property facilitates
efficient charge separation in photovoltaic devices. Previous research
has mainly focused on classical ferroelectric oxides such as LiNbO3 [9],
BaTiO3 [10], and Pb(Zr,Ti)Os [11]. However, their wide band gaps
(ranging from 3 to 5 eV) limit their photovoltaic efficiency, primarily
due to the strong electronegativity difference between transition metal
cations and oxygen, which broadens the band gap [12]. Conversely,
bismuth-based perovskites such as BiFeO3 (BFO) and BiMnOs (BMO)
have emerged as promising alternatives. The Bi* ion, with its 6s lone
pair electrons, helps stabilize ferroelectric distortion similarly to Pb*2,
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while offering a lead-free, environmentally friendly option suitable for
photovoltaic applications [12]. This study aims to replace conventional
ferroelectric oxides with BFO and BMO in order to overcome the limi-
tations associated with wide band gaps and to optimize photovoltaic
performance. These materials have recently been the subject of
numerous applications, including lithium-ion batteries [13,14], photo-
catalysis [15,16], sensors [17,18], and solar devices. BFO is character-
ized by its low production cost [19], a moderate band gap (~2.67 eV),
and strong spontaneous polarization [12]. Its stable ferroelectric and
magnetic properties at room temperature, combined with good charge
carrier mobility and a high optical absorption coefficient, make it a
promising material for solar energy conversion [20]. For instance, Li
et al. [21] demonstrated that BFO thin films can serve as efficient
absorber layers in TiO2/BFO heterojunctions, achieving a solar con-
version efficiency of 0.1177 %. Similarly, Sui et al. [22] reported a
higher efficiency of 3.67 % for a thin-film heterostructure based on
FTO/TiOy/BFO. Meanwhile, BMO also shows strong potential as an
absorber layer in photovoltaic devices. Its narrow band gap (~1.25 eV)
facilitates photon absorption over a broad range of the solar spectrum,
particularly in the visible region [23]. Its ferroelectric nature promotes
efficient charge separation, and its lead-free composition offers an
environmentally friendly alternative to traditional lead-based perov-
skites. These combined properties position BMO as a promising candi-
date for next-generation photovoltaic technologies. As an example,
Chakrabartty et al. [23] reported a conversion efficiency of 4.2 % for a
Nb:STO/BMO heterojunction. Although BFO and BMO exhibit remark-
able properties, their integration into photovoltaic devices remains
limited by several challenges. These include high leakage currents, the
formation of secondary phases after synthesis, and occasionally imper-
fect crystallinity. The deposition method plays a critical role in con-
trolling these parameters, directly affecting phase purity, crystallite size,
and the structural quality of thin films. Among the various deposition
techniques, spray pyrolysis stands out for its simplicity, low cost, and
ability to produce films over large areas at moderate temperatures using
diverse precursors. However, this method has certain limitations, such
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as thickness inhomogeneity, surface roughness, poor adhesion, and
non-uniform spraying. These constraints can be effectively addressed
through careful optimization of deposition parameters, including pres-
sure, spray rate, and substrate temperature.

To date, to the best of our knowledge, no comparative study has been
reported on BFO and BMO thin films deposited on standard glass sub-
strates using spray pyrolysis. This study therefore aims to fill this gap by
conducting an in-depth comparative analysis of the structural, optical,
electrical, and wettability properties of these materials. While BFO has
been extensively studied, available data on the optoelectronic and
wettability characteristics of BMO films remain limited. Furthermore, to
our knowledge, no study has yet reported the electrical performance of a
FTO/NiO/BMO/Au heterojunction. The objective of this work is there-
fore to optimize the physicochemical properties of BFO and BMO films
prepared by spray pyrolysis, in order to assess their potential as low-
band-gap ferroelectric absorber layers for high-efficiency thin-film
solar cells.

2. Experimental procedure

In this study, BiFeOs and BiMnOs thin films were elaborated on
standard glass substrates using spray pyrolysis technique the Holmarc
type (see Fig. 1). For the synthesis of the BiFeOs thin film, solutions were
prepared by dissolving equimolar concentrations (0.1 M) of bismuth
nitrate pentahydrate (Bi(NO3)3.5H20) and ferric nitrate nonahydrate
(Fe(NO3)3.9H20) separately in 10 mL of deionized water. Each solution
was subjected to continuous stirring at room temperature for 1 h to
ensure full dissolution and uniformity. After this initial mixing, 3 mL of
diluted nitric acid (HNO3) was carefully added dropwise to the bismuth
nitrate solution. This solution was then stirred for an additional 15 min
to allow thorough interaction of the reagents and to stabilize the solu-
tion for deposition. Similarly, for the BiMnOg thin film, 0.1 M equimolar
concentration of bismuth nitrate pentahydrate (Bi(NOs3)3.5H20) and
manganese (II) acetate tetrahydrate (C4HgMnO4.4H50) was used. Each
precursor compound was independently dissolved in 10 mL of deionized

NHO;

/ 6 Bi(NOézs'SHzO
C4H5MIIO4.4H2

NHO:s;

/ H,O

Solution

Spray pyrolysis

Fig. 1. Schematic diagram of the Holmarc-type spray technique.
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water, with continuous stirring at room temperature for 1 h. As with the
BFO preparation, 3 mL of HNO3; was added dropwise to the bismuth
nitrate base solution, followed by 15 min of additional stirring. For both
BiFeOs and BiMnOs thin films, the substrate was maintained at a con-
stant temperature of 400 °C. The precursor solution was sprayed at a
controlled flow rate of 500 pL/min, and the nozzle-to-substrate distance
was precisely set at 15 cm. Compressed air was used at a fixed pressure
of 1 mbar. After the deposition process, the thin films were post-
annealed at 500 °C for 1 h in an ambient atmosphere. The NiO/
BiMnOj heterojunction was created using a BiMnOj5 thin film as the base
layer. The NiO layer was also prepared through spray pyrolysis using the
same deposition system. The spray solution consisted of 0.1 M dehy-
drated nickel acetate dissolved in distilled water, with the substrate
temperature set at 350 °C and a flow rate of 500 pL/min. The resulting
NiO film had a thickness of 150 nm. Additionally, a thin layer of BiFeO3
was combined with FTO to develop p-n device architecture. To complete
the final devices, a gold layer was deposited as the back contact, forming
the configurations Au/BiMnOs3/NiO/FTO and Au/BiFeO3/FTO, as
shown in Fig. 2.

The structural properties of the films were characterized using X-ray
diffraction (XRD) with a Philips X’Pert system, employing Cu Ka radi-
ation (A = 0.154056 nm). Diffraction data were collected at room tem-
perature, with 26 values ranging from 20° to 80°. Raman spectroscopy at
room temperature using a HORIBA LabRAM with a 633 nm laser was
used to probe the vibrational modes of the film. The EDS spectra were
acquired using a Thermo Fisher Apreo 2C scanning electron microscope
(SEM), equipped with a field emission gun (FEG-Schottky) electron
source and an ultra-high-resolution Gemini column. Surface topography
was analyzed point by point using contact-mode AFM with a Nanosurf
Flex-Axiom C3000 over a 5 pm x 5 pm area, producing detailed 2D and
3D images. For additional surface characterization, static contact angle
measurements were performed under ambient conditions using a system
fabricated in our laboratory, 5 pL distilled water droplet was deposited,
and measurements were taken 5 s later. Optical transmission in the
UV-visible range (300-1000 nm) was measured using a Shimadzu UV-
3101 PC spectrophotometer. Film thickness was measured with a
MicroXam-100 optical profilometer using white light interferometry
across a step edge between coated and uncoated areas. The electrical
properties of the films resistivity, carrier concentration, and mobility
were measured at room temperature using the Van der Pauw method
with an Ecopia HMS-3000 Hall effect system. The current-voltage (I-V)
characteristics of the heterojunction were investigated using a high-
resolution spectral photoacoustic spectrometer, fabricated at the
LCCNS laboratory of Setif 1 University. During the measurement, a
variable bias voltage from 0 V up to a value close to the open-circuit
voltage (Vo) was applied across the two electrodes of the photovoltaic
device. The photocurrent generated under continuous illumination was
recorded at each voltage increment.

H oW

e 8

Au  Au_ Au

NiO 150 nm
FTO 550 nm

‘ Glass 2.3 mm‘

(a)

Physica B: Condensed Matter 715 (2025) 417566
3. Results and discussion
3.1. Structural properties
The structural properties of the BFO and BMO thin films were
analyzed using XRD, and the corresponding patterns are shown in Fig. 3.
As illustrated in Fig. 3(a), BFO film exhibits a polycrystalline structure

characterized by sharp and well-defined peaks corresponding to the
(012), (104), (110), (202), (204), (116), (018), and (128) crystal planes.
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Fig. 2. Diagram of the devices: (a) Glass/FTO/NiO/BiMnO3/Au and (b) Glass/FTO/BiFeO3/Au.
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These reflections are indexed to the rhombohedral phase of BFO with
space group R3c, in accordance with JCPDS card No. 86-1518 [17,24].
The absence of secondary peaks confirms the formation of a single-phase
film, free from impurity phases such as BizO3 or FesO3. Moreover, the
pronounced intensity of the (012) diffraction peak suggests a preferen-
tial orientation along this plane, indicating that the crystallites exhibit
oriented growth. These findings are in good agreement with previously
reported results in the literature [17].

Fig. 3(b) shows the XRD pattern of the BMO film prepared by spray
pyrolysis. According to Singh et al. [25], obtaining a pure phase of BMO
is challenging due to the frequent presence of secondary phases. The
diffraction peaks observed at 20 angles of 24.15°, 26.75°, 36.79°,
49.45°, 63.47°, and 78.19° correspond to the (111), (—112), (—204),
(—115), (—334) and (—427) crystal planes, respectively, confirming the
formation of a monoclinic crystal structure [25]. Moreover, the peak at
20 = 26.75° indicates the presence of Bi2O3 as a secondary phase im-
purity. Similar results have been reported by Umoh et al. [26], Meng
et al. [27], and Ibrahim et al. [28].

The crystallite size (D), lattice strain (¢) and dislocation density (8)
were estimated using the equations [29-31]:

0.94
:ﬁ cos 0 M
_ B
= Ztano @
1
o= 3

These calculations were based on the values of p (full width at half
maximum in radian), A (wavelength of CuK radiation, 0.15406 nm), 6
(angle of diffraction wavelength). Table 1 provides a summary of the
calculated structural parameters.

The crystallographic analysis revealed that the D was 30.8 nm for the
BFO film and 13.1 nm for the BMO film, confirming their nanostructured
nature. Notably, the BFO film exhibited a significantly larger D than
BMO. This discrepancy can be attributed to the higher density of
structural defects typically observed in BMO thin films. These defects
such as dislocations (as reported in Table 1), stacking faults, and lattice
distortions introduce internal strain and disrupt long-range crystallo-
graphic order, thereby hindering crystal growth. The origin of these
structural imperfections is likely related to the complex interactions
occurring within the MnOg octahedra of the BMO lattice, which promote
grain fragmentation and ultimately limit crystallite development.

Using Raman spectrometer, we examined the structure of BFO and
BMO thin films deposited at substrate temperature of 400 °C by spray
pyrolysis. All tests were performed with a 633 nm laser source at room
temperature. The spectra obtained are presented in Fig. 4 above. The
Raman spectrum of the BFO sample is shown in Fig. 4(a). According to
group theory analysis, the BFO is expected to exhibit 13 active Raman
vibration modes, namely 4A; + 9E [24,32]. The A; modes are polarized
in the z direction, while the doubly degenerate E modes are polarized in
the x-y plane. Among the 13 vibrational modes at the center of the BFO
region, Bi atoms contribute only in lower wavenumber modes up to 167
cm ™!, while modes above 262 cm ™! are dominated by oxygen atoms. Fe
atoms participate in vibrational modes between 152 and 262 cm ™. The
optical modes of A; and E are identified in Fig. 4(a), where the peaks at
70.01, 131.01, 166.23, 220.03, 262.88, 349.65, 475.08 and 622.85

Table 1
Structural parameters of BFO and BMO films.
Samples  Peak Crystallite Strain, e Dislocation Thickness,
size, D (nm) (x 10’3) density, & ( x (nm)
10° nm?)
BFO (012) 30.8 3.13 1.054 635
BMO (111) 131 4.78 5.827 701
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Fig. 4. Raman Spectra of BFO and BMO thin films.

em! correspond to E_j, Aj.q, Aj.g, A13, E_3, E_5, E_7 and E_g respec-
tively. These values are in agreement with the results calculated by first
principle based on density functional theory [33] thus confirming the
rhombohedral R, structure of the BFO film. The Raman spectrum of
BMO, recorded at room temperature, is illustrated in Fig. 4(b). Peak
positions at 76.05, 177.14, 313.40, and 586.08 em ! correspond to
distinct Raman modes: Bi, (Ry, Rxz ((Bg)), 8(MnOg), and v3 + ve,
respectively, as noted in Ref. [34]. According to our assignment,
low-frequency modes (below 100 cm_l) are attributed to the oscillations
of the Bi atom, represented by Biy, By, and Biz modes. Modes related to
the coordinated rotations of the MnOg octahedron (R4, Ry, and Rz)
appear between 165 and 200 cm™!. Mid-frequency modes, ranging from
240 to 400 cm™?, involve a mix of octahedral rotations and bending
deformations, 8(MnOg). Finally, bending and stretching modes (Fig. 4
(b)) are observed at frequencies above 500 cm~ . The experimental
Raman peaks identified are attributed to the monoclinic structure,
consistent with findings in Refs. [34,35].

The Raman spectrum of BFO is characterized by sharp, well-defined,
and intense peaks, indicating high crystallinity, low defect density, and
an ordered crystal structure. Such features are typical of a well-formed
and weakly strained phase. Moreover, the pronounced peak intensity
reflects the good structural quality of the thin films. In comparison, the
Raman spectrum of the BMO film exhibits broader, less resolved, and
weaker bands, suggesting lower crystallinity. This behavior may be
attributed to a more disordered structure, a higher defect density, or the
presence of lattice distortions. Notably, these distortions can play a
beneficial role by enhancing certain optical and electrical properties of
the BMO film. The Raman observations align with the XRD results,
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confirming the difference in crystalline quality between the two films.

3.2. Compositional analysis (EDS) and surface properties (AFM and
contact angle)

Fig. 5 shows the EDX spectra of BFO and BMO thin films. The ana-
lyses confirm the presence of the main constituent elements in both
compounds. For BFO, the measured atomic percentages are 16.3 % for
Bi, 18.2 % for Fe, and 65.5 % for O. This composition is generally close to
the ideal stoichiometry of Bi:Fe:O = 1:1:3, although a slight bismuth
deficiency is observed, likely due to partial loss during the deposition
process. For BMO, the atomic percentages are 21.6 % for Bi, 18.6 % for
Mn, and 59.8 % for O, which closely matches the expected chemical
formula. This atomic distribution indicates good chemical homogeneity
and efficient incorporation of the elements into the film matrix. Overall,
both films exhibit a composition near their nominal stoichiometry, with
BMO showing slightly better chemical balance.

Fig. 6 presents atomic force microscopy (AFM) images and static
water contact angle (CA) measurements for BFO and BMO thin films.
The measured CA for water droplets on the BFO and BMO surfaces were
100° and 93°, respectively, as listed in Table 2. These values confirm the
hydrophobic nature of both films (CA > 90°, [36-38]). Similar hydro-
phobic behavior was reported by Darenfad et al. [39] and Nezzari et al.
[40] for CuO and Co304 absorber films elaborated by spray pyrolysis.
This hydrophobicity is attributed to the effect of surface roughness and
the spray pyrolysis technique used [40]. According to Bellili et al. [41],
such surface behavior can be explained by the Cassie-Baxter model,
which suggests that air pockets trapped between the water droplet and
the textured surface enhance the contact angle. In the context of solar
cell applications, hydrophobic surfaces offer several advantages: (i) they
enhance device durability and performance in humid environments, (ii)
minimize corrosion under adverse atmospheric conditions [37,38], (iii)
reduce water and contaminant accumulation, thereby improving light
absorption and overall energy conversion efficiency [42], and (iv)
simplify cleaning and maintenance, which can prolong the operational
lifetime of photovoltaic components [39,42]. The CA measurements
align well with the AFM results presented in Fig. 6. Specifically, the BFO
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Fig. 5. EDS spectra of: a) BFO and b) BMO thin films.
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film demonstrates a considerably higher root-mean-square (RMS) sur-
face roughness of 512.1 nm compared to 29.38 nm for the BMO film,
indicating a more textured surface. Correspondingly, the BMO film ex-
hibits a slightly lower CA (93°) than the BFO film (CA = 100°) which
suggests a less rough. This reduced surface roughness in BMO films is
advantageous for optoelectronic applications, as it helps suppress un-
wanted light scattering and surface reflection, thereby enhancing light
absorption within the active layer. Moreover, the improved wettability
associated with the smoother BMO surface facilitates stronger interfacial
adhesion between the absorber layer and adjacent functional layers in
thin-film solar cells. Such enhanced adhesion contributes to the forma-
tion of a more stable and continuous interface, which can suppress
interfacial defects and charge carrier recombination. Consequently, this
contributes to improved charge transport and increased photovoltaic
efficiency of the device.

3.3. Optical properties

The optical transmittance spectra of BFO and BMO thin films are
shown in Fig. 7, illustrating their light transmission behavior within the
visible range (400-800 nm). The BFO film exhibits a moderate average
transmittance of approximately 17 %, whereas the BMO film displays a
significantly lower transmittance of around 2 % across the same spectral
range. The higher transmittance observed in the BFO layer is likely due
to its lower thickness (see Table 2) and its highly ordered and periodic
crystal structure, which minimizes light scattering and absorption. In
contrast, the markedly low transmittance of the BMO film suggests
strong absorption of visible light, which can be attributed to an
increased rate of electronic transitions between the valence and con-
duction bands. For wavelengths above 700 nm, a noticeable rise in
transmittance is observed for BMO, indicating a possible shift in its
optical absorption behavior. This enhanced absorption in the visible
region may be related to structural defects and reduced D, as supported
by the XRD analysis presented in Table 2. Such defects likely introduce
localized electronic states within the band gap, thereby increasing sub-
gap absorption. Moreover, the reduced transmittance in BMO could also
stem from phonon-related interactions associated with the MnOg octa-
hedra in its crystal lattice. These vibrational modes may further facilitate
internal optical absorption, even in films with relatively low surface
roughness. Compared to BFO, the significantly higher light absorption
exhibited by BMO highlights its potential as an efficient absorber layer
for photovoltaic applications. Its optical characteristics suggest that
BMO can enhance solar cell performance by maximizing light harvesting
and minimizing optical losses.

The optical band gap (Eg) is a key factor in determining the ab-
sorption threshold of thin films. In this study, we calculated the Eg
values of BFO and BMO films using the Tauc model [43,44], which
correlates with transmittance spectra. According to this method, Eg can
be determined by plotting (a¢hv)? as a function of hv and then extrapo-
lating the linear portion of the curve to intersect the energy axis where
absorption is zero ((ahv)? = 0), as shown in Fig. 8. Based on the analysis,
the optical band gap was found to be 2.04 eV for BFO and 1.20 eV for
BMO. However, conventional ferroelectric materials typically exhibit
wide band gaps exceeding 3 eV [45], which significantly limits their
ability to absorb visible light. Even BFO, with a relatively narrow Eg of
2.04 eV, can only absorb photons with wavelengths shorter than 460 nm
representing roughly 20 % of the solar spectrum [46]. This inherently
constrains the photovoltaic performance and limits the power conver-
sion efficiency of ferroelectric-based solar cells [46]. In contrast, the
lower band gap of 1.20 eV observed for BMO in this study indicates a
significant enhancement in its light-harvesting capability, as evidenced
by its improved optical absorption shown in Fig. 7. This narrower Eg
allows the material to absorb a broader range of the solar spectrum,
making it a more promising candidate for photovoltaic applications.
Furthermore, the obtained Eg value is lower than the 1.3 eV reported by
Shin et al. [47] for BMO films grown via epitaxial deposition. This
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Fig. 6. AFM and contact angle images for (a) BFO and (b) BMO.

Table 2
Measured values of the contact angle and RMS of our films.

Samples CA, (°) RMS, (nm)

BFO 100 512.1
BMO 93 29.38

20

— BFO
— BMO

Transmittance (%)

//

o T T T

300 400 500 600 700 800 900
Wavelength (nm)

Fig. 7. Transmission spectra for BFO and BMO thin films.

difference is likely due to the use of the spray pyrolysis technique in our
work, which may introduce structural or defect-related modifications
that influence the electronic band structure. This observed reduction in
band gap indicates a red shift in the absorption edge, suggesting
enhanced light absorption in the lower-energy region of the spectrum.
Such a shift is typically associated with the presence of localized defect
states within the band structure, which are often introduced during the
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Fig. 8. The Variation of (¢hv)? as a function of hv for Thin films of BFO
and BMO.

film growth process. Defects like vacancies, interstitials, and disloca-
tions often act as trapping centers, which can lead to the formation of
localized energy states near the band edges and reduce the optical band
gap. These findings suggest that BMO, with its narrow bandgap, could be
particularly valuable in designing high-absorption, low-band gap films
for optoelectronic devices, enhancing the photovoltaic effect in thin-film
solar cells. This comparative analysis supports the potential of BMO as
an absorber layer, advancing the efficiency of thin-film solar cell tech-
nologies through improved light absorption and minimal optical loss.

3.4. Electrical properties

The electrical resistivity (p), Hall mobility (), and carrier concen-
tration (n) of the various thin films were measured at room temperature
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using a Hall effect measurement system, and the results are presented in
Table 3. The BFO film exhibits p-type conductivity, likely due to metal
vacancies (Bi and Fe) within the film, which are thought to create
acceptor levels and therefore yield p-type conductivity [48]. Conversely,
the BMO thin film shows n-type conductivity [49]. The electrical re-
sistivity of BiMnOj is approximately 1.90 x 10™! Q cm, significantly
lower than that of BiFeOs, which is measured at 8.344 x 107 Q cm. This
resistivity value for BiFeO3 represents an improvement over that ob-
tained by Mohamed et al. [50], who reported 2.85 x 10*° Q em for
BiFeOg thin films elaborated by sol-gel. Additionally, the resistivity of
BMO prepared by spray pyrolysis in our study (p = 1.90 x 10*! Q cm)
also shows an improvement compared to the value of 1.85 x 102 Q cm
obtained from films deposited using radiofrequency magnetron sput-
tering, as observed in the work by Umoh et al. [26]. Moreover, the
particularly high resistivity of BFO is primarily attributed to its low free
charge carrier density, which significantly limits its electrical conduc-
tivity. This phenomenon is further exacerbated by a high concentration
of oxygen vacancies within the crystal lattice. These point defects act as
trap centers for charge carriers by capturing electrons or holes, thereby
hindering their mobility and leading to a notable increase in the overall
resistivity of the material [51]. In contrast, BMO exhibits a much lower
resistivity, which can be explained by a fundamentally different con-
duction mechanism. In the case of BMO, electrical transport is primarily
governed by a small polaron hopping mechanism, involving
mixed-valence manganese ions Mn™ and Mn**. This configuration
enables electrons to move in a thermally activated manner from Mn*3 to
neighboring Mn** sites, thus facilitating charge transfer throughout the
material [52]. Additionally, the low resistivity observed in BMO thin
films correlates with their high charge carrier concentration (see
Table 3), further supporting this finding. The reduced resistivity of BMO
compared to BFO can also be linked to crystallite densification, which
improves grain-to-grain connectivity and promotes more efficient
charge transport. According to Hanif et al. [53], the low resistivity
observed in BMO film is likely attributed to strain effects arising from
the lattice mismatch between the substrate and the thin film. This
behavior is in good agreement with the XRD analysis result presented in
Table 1. Furthermore, the hydrophobic character of absorber layers has
been found to positively influence their electrical performance in
photovoltaic applications [39,40]. Prior studies by Darenfad et al. [39]
and Nezzari et al. [40] demonstrated that hydrophobic thin films such as
CuO and Co304, prepared via spray pyrolysis, exhibit low electrical re-
sistivity. By comparison, the BMO-based layer displays low resistivity,
which can be attributed to its surface less rough (RMS = 226.8 nm) and
moderately hydrophobic character (CA = 93°). In contrast, the BFO film
exhibits significantly higher resistivity, likely due to its highly hydro-
phobic surface (CA = 100°) and much greater surface roughness (RMS
= 512.1 nm), as summarized in Table 2. These results emphasize the
critical role of surface hydrophobicity and morphology in determining
the electrical behavior of absorber layers. It can be concluded that a
moderately hydrophobic surface (CA < 93°, less rough) is favorable for
enhancing both the electrical and optical properties of absorber films
elaborated by spray pyrolysis in thin-film photovoltaic devices.

3.5. Analysis of the fabricated heterojunctions

Fig. 9(a and b) presents the current-voltage (I-V) characteristics of
the BFO/FTO and BMO/NiO/FTO heterojunctions after thermal
annealing at 300 °C for 1 h. The I-V analysis provides key insights into

Table 3
Electrical measurements of thin films of BFO and BMO.

Samples Resistivity (p), (Q. Mobility (), Carrier concentration (n),
cm) (cm?/vs) (em™®)
BFO 8.344 x 10 7.561 9.895 x 10!

BMO 1.90 x 10! 1.49 x 10" —2.193 x 10"1*
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Fig. 9. I(V) characterization of the: (a) BFO/FTO and (b) BMO/NiO/FTO
heterojunction.

the diode junction parameters, including the series resistance (Ry), ide-
ality factor (n), and saturation current (I5). These parameters can be
extracted using the following equation [6]:

I(V) =1 (exp <%> - 1> 4

where k is Boltzmann constant, T the absolute temperature, q the
elementary electronic charge, n the ideality factor and I the saturation
current.

The ideality factor is extracted from the slope of the linear region in
the forward-biased I-V curve and is calculated using the following
expression [6]:

_q dv
kT (d(ln 1)) )

The value of the effective barrier height (¢) was obtained using the
following equation [6]:

_keT _(AA'T?
¢b*TLn( I ) 6)

where A is the device area, A* is the Richardson constant.
Both curves exhibit a clear rectifying behavior, confirming the suc-
cessful formation of p-n junctions in each structure. However, a distinct
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contrast in electrical performance is observed between the two devices,
particularly in terms of series resistance Rs. The BFO/FTO structure
demonstrates a significantly higher series resistance, which adversely
affects charge transport and device performance. This elevated Ry in the
BFO thin film can be explained by several contributing factors: (i) First, a
poor energy band alignment between BFO and the FTO substrate is one
of the main factors responsible for the high series resistance observed in
the BFO/FTO structure. This imperfect alignment hinders efficient
charge carrier transport, promotes charge accumulation at the interface,
and results in a relatively high contact barrier estimated at approxi-
mately 0.70 eV. Furthermore, the presence of oxygen vacancies in BFO
thin films, as reported in studies [54,55], exacerbates this issue. Indeed,
the migration and accumulation of these vacancies at the interface
induce band bending, which leads to a further increase in the barrier
height (Table 4). This phenomenon is similar to that observed in
BFO/Lag 7Srp 3sMnOg3 heterojunctions, as described in the literature [55].
(i) Second, BFO exhibits lower electrical conductivity compared to
BMO, as shown in Table 3. This is mainly due to its lower charge carrier
density. (iii) Finally, the low electrical conductivity observed in BiFeO3
thin films, despite their good crystallinity and low defect density (see
Table 2), indicates a significant hindrance to charge transport. This
limitation is likely associated with an internal electric field opposing the
applied bias, which originates from a misaligned spontaneous polari-
zation within the BiFeO3/FTO structure. Furthermore, the BMO/-
NiO/FTO heterostructure exhibits a significantly higher saturation
current and a markedly lower series resistance, indicating improved
charge transport properties. This enhanced performance can be attrib-
uted to the synergistic effects of the BMO and NiO layers. BMO, as an
n-type semiconductor with relatively high electron mobility, facilitates
efficient charge carrier generation and transport. Additionally, its low
surface roughness and moderately hydrophobic nature benefit from
improved adhesion provided by the NiO interlayer, which enhances
surface energy balance and interfacial compatibility. The NiO layer also
plays a crucial role in reducing the contact barrier (~0.52 eV), opti-
mizing band alignment, and acting as a selective transport layer that
limits carrier recombination. Thus, the combination of favorable surface
morphology, moderate hydrophobicity, and optimized interfacial
properties contributes to the improved electrical performance of the
device.

The ideality factor is determined according to the Schottky diode
equation and generally varies from 1 to 2, depending on the
manufacturing process and semiconductor material, it is used to deter-
mine which transport mechanism through the heterojunction is domi-
nant. In the case where n is 1, diffusion is the dominant mechanism,
whereas if n > 2, recombination and generation in the depletion layer is
the dominant mechanism [37]. The ideality factor obtained for the
BMO/NiO/FTO structure (see Table 4) is slightly greater than 1, yet
remains close to unity, suggesting that charge transport is predomi-
nantly governed by diffusion mechanisms. This near-ideal diode
behavior can be attributed to the relatively low bandgap of BiMnOs,
which facilitates carrier excitation, and the absence of strong internal
polarization fields, commonly observed in ferroelectric materials.
Together, these factors promote efficient charge injection and transport
across the heterojunction interface. However, for the BFO/FTO struc-
ture, the ideality factor obtained is greater than 2, suggesting the pres-
ence of interface states and defects in the space charge region. These
defects act as traps for charge carriers, thus affecting the electrical
performance of the structure [56]. Moreover, the large value of the
ideality factor for the BFO/FTO heterojunction can be attributed to

Table 4
Electrical setting of the BFO/FTO and BMO/NiO/FTO heterojunctions.

Structure R;, (Q) n, (cm’s) Is, (A) ®p, (eV)

1.65 x10°°  0.70
0.6 x 1073 0.52

3.81 x 10° 2,67
13.32 1.83

BFO/FTO BMO/NiO/FTO
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various factors related to the structure and electronic properties of the
junction. First, the recombination of electrons and holes in the depletion
region can lead to a deviation of the current from the ideal curve [57].
Then, the trap-assisted tunneling phenomenon due to defects or impu-
rities in the crystal structure can facilitate the charge transport [58]. In
addition, carrier leakage [59], non-homogeneities in the junction barrier
heights [60] and the presence of a strong internal electric field generated
by the misaligned spontaneous polarization inherent to the ferroelectric
BiFeO3, which opposes the externally applied bias and hinders carrier
mobility.

4. Conclusions

A spray pyrolysis method was successfully employed to prepare BFO
and BMO thin films on conventional glass substrates. XRD analysis
confirmed the polycrystalline nature of the samples, revealing a rhom-
bohedral perovskite structure for BMO and a monoclinic perovskite
structure for BFO, both characteristic of their ferroelectric behavior.
Notably, the BMO film stood out by exhibiting a significantly high strain
value, measured at 4.78 x 1073, which is markedly higher than that
observed in the BFO film. This substantial strain is closely associated
with a notable improvement in the optoelectronic properties of the BMO
film. Raman spectroscopy analyses not only confirmed the presence of
distinct crystal structures for each film but also highlighted a charac-
teristic lattice distortion in the BMO film. The EDS spectra confirmed the
presence of all the expected constituent elements in both BFO and BMO
thin films. Atomic force microscopy (AFM) analysis revealed a sub-
stantially lower surface roughness for BMO (29.38 nm) compared to
BFO (512.1 nm). Contact angle (CA) measurements showed values
exceeding 90° for both films, indicating their hydrophobic nature an
advantageous feature for thin-film solar cell applications. These findings
are consistent with the AFM results. Optical characterization demon-
strated that the BMO film possesses a reduced optical bandgap of
approximately 1.2 eV and exhibits strong visible light absorption, evi-
denced by a low transmittance of around 2 %. Electrical measurements
indicated improved properties for BMO, with a low resistivity of 1.90 x
10™! @ em and increased free carrier concentration. Furthermore, the
hydrophobic surface nature, with a CA < 93°, likely contributes to the
enhanced free carrier density, leading to superior electrical performance
alongside the favorable optical properties of reduced transmittance and
bandgap. Additionally, current-voltage (I-V) characterization of the
fabricated solar cells (BFO/FTO and BMO/NiO/FTO) revealed superior
performance for the BMO-based device, characterized by a low ideality
factor of 1.83, a reduced series resistance of 13.32 Q, and a low effective
barrier height of 0.52 eV. The optimal bandgap value combined with the
reduced ideality factor and series resistance in the hydrophobic BMO
film prepared by spray pyrolysis represents a promising approach to
enhance ferroelectric photovoltaic effects and other optoelectronic
functionalities.
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