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Abstract. Bismuth ferrite (BiFeOs) is a single-phase multiferroic material demonstrating
magnetic (antiferromagnetic) and ferroelectric natures at room temperature. Here, BiFeO; and Bii.
PriFeiyMnyOs3, where (x, y= 0%-20%), have been synthesized by means of Chemical Solution
Deposition (CSD) technique and grown on quartz substrates via spin coater. This research aimed to
identify the effects of mole variation of Praseodymium (Pr) and Manganese (Mn) dopants on the
crystal structure and optical and electrical characteristics of BiFeOs and BiixPriFeiyMn,Os.
According to the X-ray diffraction (XRD) data, adding (Pr, Mn) dopants into BiFeOs caused a shift
in the diffraction angle toward smaller angles. As a result, the unit cell volume, lattice parameters,
and crystal size reduced with the increasing number of (Pr, Mr). Next, according to the UV-Vis
Spectrophotometer data, the addition of (Pr, Mn) dopants could decrease the transmittance and
increase the absorbance, so the refractive index decreased while the light dispersion increased.
Moreover, the increase in the (Pr, Mn) concentration ratio could enhance I-V characteristics of (Pr,
Mn) co-doped BiFeOs. Hence, it could be concluded that adding more (Pr, Mn) concentration ratios
improved the crystal structure and optical and electrical characteristics of (Pr, Mn) co-doped BiFeO:s.
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characteristic

1. Introduction

Alternative and renewable energy fields have
undergone significant development in the last decade. Of
the several alternative energy sources, solar energy is one
of the most critical resources from nature!?. Solar energy
conversion into electrical energy by photovoltaic (PV) is
globally recognized. Photovoltaics is the most promising
alternative energy source, relying on the material,
mechanism, and conversion efficiency”. Multiferroic
materials are a new field of study in photovoltaic (PV)
manufacturing and are attracting attention due to their
high photon energy responsiveness and suitability for
photovoltaic applications®.

Bismuth ferrite (BiFeOs) is an intriguing multiferroic
material owing to its high ferroelectric Currie temperature
(Tc = 830°C) and antiferromagnetic Neel temperature (Tn
= 370°C)”. In the BiFeO; material, ferroelectricity is
produced by Bi*" ions, while antiferromagnetic is caused
by Fe** ions®. It is also an eco-friendly multiferroic
material possessing a narrow bandgap of ~ 2.2 — 2.7 eV

and large remnant polarization of 90 uC/cm?, making it
suitable for photovoltaic device applications®?.
Furthermore, this material exhibits both bandgap-based
photovoltaic and bulk-based photovoltaic effects due to its
polarization-based charge transport mechanism>.
Therefore, these advantages can be applied to higher
photovoltaic efficiency if the short-circuit current density
is also increased®. Even though having attractive physical
properties, BFO has several disadvantages, such as large
leakage current density, low dielectric constants, high loss
tangents, and the formation of complex phases because of
the volatile nature of bismuth®®!%. These aspects prevent
its applicability to device fabrication.

Over the years, researchers have worked with strategies
to fix these problems and improve BFO performance. Of
the strategies, doping at Bi-site, Fe-site, or Bi-Fe-sites is
the most effective, straightforward, and extensively
studied. Studies have reported that doping at Bi-site with
rare earth ions, including Pr, Eu, Gd, La, Sm, Nd, etc.,
could control bismuth volatility, thereby reducing oxygen
vacancy and further declining leakage density ''"'¥.
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Meanwhile, the doping at the Fe-site with transition
metals, such as Co, Cr, Mn, Ni, Ru, etc., could fill the
oxygen vacancies, thereby decreasing the leakage
current!®1%29, Other studies also demonstrated that ions
doping at Bi-site, Fe-site, or Bi-Fe-sites of BFO caused
the optical and multiferroic properties to improve'”-?3-29.

Pattanayak et al. have also exposed increasing
dielectric constant and decreasing tangent loss due to Pr
doping in the Bi-site”. Iriani et al. have reported that Pr
doping in the Bi-site of BFO enhanced its optical
characteristics!?). Xia-Li et al. showed that fabricated Mn-
doped BFO demonstrated an excellent remnant
polarization (312 uC/cm?) and a low leakage current!?.
Sajjad et al. exhibited the enhancement of structural
property and decrement of bandgap energy of Mn-doped
BFO nanoparticles®.

The co-doping at the Bi-Fe-sites can be more
advantageous due to the combination of two dopants in
both sites to achieve better performance. The synthesis of
co-doped BiFeO; is challenging and still requires more
attention, predominantly using the CSD fabrication
method and investigating the optical properties. CSD can
efficiently control the material composition and obtain a
highly transparent optical film?%?”. Therefore, in this
study, BiFeOs and Pr-Mn co-doped BiFeOs (Bi.<PrxFei-
yMn,0O3) was done with the variation of Pr(x)/Mn(y) ratios
of (x, y=0.03, 0.03; 0.03, 0.05; 0.05, 0.03 and 0.05, 0.05)
via the CSD technique. The study aimed to identify the
effects of the (Pr, Mn) concentration ratios on the crystal
structure and optical and electrical characteristics of Bij.
PrxFei,MnyOs.

2. Experimental details

This research was conducted from January to July 2022
at the Materials Laboratory of Physics Study Program and
Integrated Laboratory of the Faculty of Mathematics and
Natural Sciences (FMIPA), Sebelas Maret University
(UNS).

2.1 Materials and Synthesis

BiFeOs and Bij.<Pr«Fei,MnyO; films were fabricated
via the CSD technique. The starting materials involved

Bi(NO:):.5H,0  (Sigma  Aldrich,  >99.9%),
Fe(NO3);.9H,0 (Sigma Aldrich, >99.9%),
Pr(NO3);.6HO (Sigma  Aldrich, >99.9%), and

Mn(NOs3)3.6H,O (Sigma Aldrich, >99.9%) as the Bi, Fe,
Pr, and Mn source, respectively; acetic acid (CH3CO,H)
(Sigma Aldrich, >99,7%) and 2-methoxy ethanol
(CsHgO») (Sigma Aldrich, >99,8%) as the solvents; and
acetylacetone (Sigma Aldrich, >99,3%) as the stabilizer
agent. First, the materials were balanced following their
chemical compositions where the molar concentrations of
Pr (x) and Mn (y) were varied at (X, y = 0%-20%).
Afterward, they were mixed until homogenous. The
solutions of BiFeOs and BiixPrFei,Mn,O3 were then
coated on quartz substrates. The coating was done by a
spin coater at 3000 rpm for 30 seconds. Next, annealing

was done on the samples at 600°C for 4 h.

2.2 Characterization

The samples were characterized via XRD (Philips PW
3710/40 kV) with Cu Ka radiation (A = 1.5406 A) to
determine the crystal structure, UV-Vis
spectrophotometer (Lambda 25) to identify the optical
properties, and /-7 meter (Keithley 2602A) to investigate
the electrical properties.

The data from the XRD tested was analyzed using a
refinement process by Rietveld analysis using GSAS
software, resulting in the crystal structure information.
Besides, the crystal structure information, including the
lattice constant and crystallite size, was also calculated
manually. The lattice constant of Bi;«PriFei.;MnyO3 can
be computed using Equation 12839,

1 4 (h?+hk+k? 12
SH(E)

a2~ 3

a? c? ( 1 )

d is the distance between planes in Miller indices (4k7),
and a, b, and c are lattice constants. The crystallite size of
BiixPrFei,MnyO3 was determined with the Scherrer

equation?®-30),

p-_k @)

Bpcose

BD = [Bzmeasured - ﬁzinstrumental] (3)

= COSGE(1> @)

B Bpcosé D E

Where D is the crystallite size (nm), 4 is the wavelength
(1.54056 A), kis a constant of 0.94, B, is the full width at
half-maximum (FWHM), and 6 is the peak position.

Next, the samples were characterized via a UV-Vis
spectrophotometer to obtain the absorbance (4) and
transmittance (7%). They were then exploited to
determine the index of refraction of Bij«PriFe;yMn,O;

using Equation 5-731-32),
1

=[N+ vz -5 )

2s |, s2+1

N1= E + 2 (6)

2s 1
S_E+\/T:§_1 (7)

Where S is a transmission spectrum, N; is a spectral
region, 75 is the substrate transmission, 7, is a
transmission of samples, and # is the index of refraction.
The relation between the refractive index and photon
energy can be determined by the following formula3®3b.

n’(E) = 1+ ol (®)

2
EZ,—-E2
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LB (L)g ()
E2 = (hv)? (10)
Where E, is oscillator energy, E; is dispersion energy,
hc=1.9865x102° kg m?/s, A is the wavelength, E,,, = E,,,
and A= hc/l.

3. Results and discussion
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Fig. 1: (left) Diffraction patterns of BiFeO3 and BiixPrxFei-
yMnyOs, and (right) magnification of (110) peaks.

Figure 1a presents the diffraction profiles of the BiFeO3
and Bii.PriFei,Mn,Os; samples. The BiFeOs; pattern
reveals the emergence of the impurity phase (BiFesOy).
The emergence of this phase is due to the crystal
formation not perfectly occurring during the annealing
process. It is considered that since the melting of Bi is
271.4°C, part of Bi's atoms evaporates during the thermal
process, increasing the Fe amount. It leads to the
formation of other phases or impurities®>. Based on Fig.
1b, adding more (Pr, Mn) concentration causes a shift in
the diffraction angles toward smaller angles.

The shift is due to the Pr dopant (r = 1.13 A)
substituting Bi — site (r = 1.17 A) has a smaller atomic
radius®®, and Mn (r = 0.48 A) dopant substituting Fe — site
(r = 0.645 A) also has a smaller atomic radius. The
substitution shrinks the unit cell volume of the materials.
The smaller unit cell volume leads to a smaller atomic
distance, shifting the diffraction angles®, and indicates
the smaller lattice constant, as shown in Table 1. The
lattice parameters were attained as of the refinement
process by GSAS software with Rietveld analysis and
manual calculation (Eq.1). The slightly different lattice
parameters from both methods might be due to the
instrument factor in GSAS software.

Table 1. Lattice parameters, crystallite size, and lattice strain of BiFeOs and BiixPriFe1yMnyO3

Samples GSAS Refinement Calculation Crystallite Lattice
a=b (A) ¢ (A) a=b (A) ¢ (A) size (nm) strain
BiFeOs 5.577 13.861 5.578 13.879 26.29 0.016
Bio.97Pr0.03F€0.97Mno.0303 5.574 13.857 5.577 13.867 20.25 0.023
Bio.97 Pro.03Fe0.95Mno.0s03 5.572 13.852 5.576 13.867 20.19 0.023
Bio.os Pro.0sFe0.97Mno.0303 5.572 13.852 5.576 13.867 20.03 0.023
Bio.os Pro.0sFe0.95Mno.0sO3 5.572 13.852 5.576 13.867 19.87 0.023
Bio.o Pro.1FeooMno.103 5.571 13.848 5.574 13.861 16.80 0.023
Bio.o Pro.1FeosMno20;3 5.571 13.848 5.574 13.861 16.66 0.023
Bio.s Pro.2FeooMno.10;3 5.571 13.850 5.572 13.857 16.55 0.024
Bio.s Pro2Feos Mno203 5.572 13.848 5.571 13.857 16.52 0.024
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Table 2. I-V characteristics of BiFeOs and Bi.xPrxFeiyMn,O3

Samples Le (A) Voe (V) FF Eff (%)

BiFeOs -0.00010 0.1816 0.2914 0.0061

Bio.97Pr0.03F€0.97Mno.0303 -0.00013 0.1818 0.4470 0.0136

Bio.97 Pro.03Fe0.9sMno.0s03 -0.00014 0.1818 0.4298 0.0137

Bio.os Pro.05Fe0.97Mno.0303 -0.00014 0.1818 0.4299 0.0141

Bio.os Pro.05Fe0.9sMno.0s03 -0.00015 0.1819 0.4298 0.0147

Bio.9 Pro.1Feo.oMno.103 -0.00019 0.1969 0.4544 0.0212

Bio.9 Pro.1Feo.sMno.203 -0.00020 0.1967 0.4580 0.0220

Bio.s Pro2Feo.oMno.103 -0.00021 0.1965 0.4701 0.0244

Bio.s Pro.2Feos Mno.2O3 -0.00035 0.2268 0.4478 0.0440

Table 1 presents the crystal structure of the BiFeOs and 40 T T T T

Bii«PriFe;yMnyO3 samples calculated using (Eq.2-4). 35- (@) p— g&:u 003
Based on Table 1, the higher molar concentration of (Pr, ’ —ts e
Mn) leads to a smaller crystal size. The substitution of Bi 3.0 1 A
by Pr and Fe by Mn causes a smaller crystal size because _ —2 el
the dopants possess a smaller atomic radius®®. Besides, g 25 ——r=0Z 02
the addition of (Pr, Mn) also enlarges the lattice strain of 2,
the Bij«PryFe;.,Mn,O; materials®”. %.,

The UV-Vis spectrophotometer test gave the data of
absorbance and transmittance, as presented in Fig. 2.
Based on Fig. 2b, the absorbance spectra increase from
BiFeOs; sample to Bij«PriFei.,Mny,O3 samples, in which
the increment occurs as the greater number of (Pr, Mn)
dopants, especially at wavelengths of 200 nm to 400 nm
or UV area. This means that the sample absorbs more UV
light than visible light. Meanwhile, the transmittance
spectra are the opposite of the absorbance spectra, where
the values decrease with the higher concentration of (Pr,
Mn) dopants. Thus, it denotes that more photons captured
by Bii«PriFeiyMnyO3 are transmitted than absorbed.

Furthermore, from Fig. 2, all film samples seem
transparent and reveal a strong absorbance in the visible
and UV regions. In the absorbance spectra (Fig. 2a), there
is an inter-band transition, well-known as the adsorption
edge, where the absorbance curve starts significantly
dropping nearly to zero absorption at a particular
wavelength (at about 370 — 400 nm in the figure). Figure
2a reveals that the co-doping process has moved the
adsorption edge toward a longer wavelength due to the
change in the crystallinity. Then, the adsorption edge
relates to the bandgap energy, where its change reflects
the modification of the optical bandgap of the film
samples.

1.5 4

1.0 4
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0.0
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L}
(b) = ); y=0
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20 H = (1,1

—= (),2
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1
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Fig. 2: (a) Absorbance and (b) transmittance spectra of

BiFeOsand Bii-xPrsFe1yMnyO3

Figure 3 shows the refractive indices and the light
dispersion energy of BiFeOs; and Bii«PrFei,Mn,O3
determined using the Swanepoel method (Eq. 5-7) and
(Eq.8-10). From Fig. 3a, the refractive index was
measured at 400 nm to 800 nm. The refractive index
decreases as the concentration ratios of (Pr, Mn) dopants
increase. In this study, (Pr, Mn) dopants cause a smaller
unit cell volume. Consequently, the sample might only
hold very few electrons. According to the Lorentz-Lorenz
equation, if there are few electrons in the samples, the
polarization will decrease so that the refractive index will
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also decrease®®. Meanwhile, as seen in Fig. 3b, the light
dispersion is inversely proportional to the refractive index
values™).

Figure 4 presents the I-V curves of BiFeO; and Bii.
LPrFeryMn,O; as the results of I-V characterization.
Based on Fig. 4, the /-V curve is similar to the curve of the
diode function. Table 3 lists the /-7 characteristics of
BiFeOs and Bii«PriFe1.,Mn,O;. Based on Table 3, adding
(Pr, Mn) into BiFeOjs increases their solar cell's efficiency.
It is considered because the ionic radius of the doped Pr’*
(0.99 A) ions that replace Bi**(1.03 A) and Mn*" (0.48 A)
ions that replace Fe’" (0.64 A)*” causes the unit cell
volume to decline. The unit cell volume is in reverse with
the spontaneous polarization, while the efficiency is
proportionate with the spontaneous polarization. Thus,
when the crystallite size shrinks, the spontaneous
polarization increases, improving efficiency. Hence, the
solar cell efficiency of Bii..Pr.FeiyMn,O; samples is
enhanced with the higher (Pr, Mn) concentrations.

3.5
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Fig. 3: (a) Refractive indices and (b) dispersion energy of
BiFeOsand Bii-«PrxFe1-yMnyOs

The strength of this study was that the synthesis of
BiFeOs co-doped (Pr, Mn) using the CSD fabrication
method and the investigation of the optical properties that
remain scarce to be found currently. Therefore, the results

of this study can be a reference for further related studies,
especially for BiFeO; or other multiferroic materials.
Furthermore, as an implication, this study's results can be
a basic reference for the investigation of BiFeOs
multiferroic materials for photovoltaic applications. This
study, however, possesses limitations. First, it did not
measure the bandgap energy in doped BFO samples for
further optical properties. Besides, the electrical
properties were only determined through [-V
characteristics. Although it has indicated improved optical
and electrical properties due to the doping treatment,
further related tests must be performed, including energy
gap measurements and other electrical property testing.
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x=0.03; y=0.03
x=0.03; y=0.05
x=0.05; y=0.03
x= 0.05; y=0.05
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|
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Fig. 4: I-V curves of BiFeOsand BiixPr«Fei.yMn,Os3

4. Conclusions

The synthesis of BiFeOs and Bi;.«PriFe;.,Mn,O3 films
grown on the substrate substrates has been successfully
conducted via the CSD technique. The addition of (Pr,
Mn) doping into BiFeO; shifted the diffraction peaks
toward smaller angles, changing the crystal structure. The
higher (Pr, Mn) concentration caused the decrement in the
unit cell volume, lattice constants, crystal sizes, and the
increment in the lattice strain. Meanwhile, the addition of
(Pr, Mn) concentration caused the absorbance to increase
and the transmittance to decrease, so the refractive index
decreased while the light dispersion increased. Moreover,
the addition of the (Pr, Mn) concentration ratio enhanced
the I-V characteristics. Therefore, the addition of the (Pr,
Mn) concentration ratio improved the crystal structure and
optical and electrical characteristics of (Pr, Mn) co-doped
BiFeOs.
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