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photovoltaic applications
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The Ce—Co-doped BiFeO3; multiferroic, Bi;_,Ce,Fe;_,Co,03 (x = 0.00, 0.01, 0.03, and 0.05), has been prepared
by a sol-gel auto-combustion method and analyzed through Raman spectroscopy, photoluminescence, and UV-visible
spectroscopy. We have observed an anomalous intensity of the second-order Raman mode at ~ 1260 cm™! in pure BFO
and suppressed intensity in doped samples, which indicates the presence of spin two-phonon coupling in these samples.
The photoluminescence spectra show reduction in the intensity of emission with the increasing dopant concentration, which
indicates the high charge separation efficiency. A sharp absorption with three charge transfer (C-T) and two d—d transitions
are shown by UV-visible spectra in the visible region. The band gap of BiFeO3 (BFO) is decreasing with increasing dopant
concentrations and the materials are suitable for photovoltaic applications.
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1. Introduction

The perovskite bismuth ferrite (BiFeOs, BFO), which
possesses ferro-electricity and ferromagnetism behaviors in
single phase at room temperature, is grabbing much attention
due to its wide range of potential applications in data stor-
age, sensors, spintronics devices, solar cells,!!! femtosecond

341 ggc,[5] Recently, re-

laser pulses,m optoelectronic devices,
searchers have been focussing on the photo-catalytic activity
of BFO, such as photocatalytic splitting water!®! and organic
degradation!”-8) due to its small band gap (Eg =2.2-2.3¢V),
low cost, and good chemical stability.[”! Visible light irradia-
tion can excite charge carriers in BFO and it can be used as
a visible-light-driven photocatalyst. The photocatalytic activ-
ities of BFO have been used for decomposition of methyl or-
ange under visible light irradiation by Gao et al.!”]

The main drawbacks such as poor intrinsic carrier mobil-
ity and fast recombination of photo-generated electron—hole
pairs in BFO are seriously restricting the photocatalytic activ-
ities of BFO. Therefore, enough attempts are going on to im-
prove the photocatalytic activities of BFO for practical use.
Metal ions have the ability to promote the efficient separa-
tion of photo-excited charge carriers in BFO during the photo-
catalytic reaction.!'% In particular, doping of BFO with rare
earth elements has proved to be relatively more successful be-
cause of their special 4f electron configurations which facili-
tate the abruption of photo-generated electron—hole pairs.!!!]
Sakar et al.
nano-fibers by electro spinning and sol-gel routes, respec-

synthesized Dy-doped BFO nanoparticles and

tively. The photo-catalytic efficiency was enhanced due to
the reduced band gap energy and enhanced delocalization of
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charge carriers induced by the Dy substitution.!!?]

Gd doping in BFO reduces the electron-hole pair recom-
bination rate via increasing absorption rate and enhances the
photo catalytic activities. It was observed that replacement of
Bi** (1.03 A) with rare earth ions having smaller ionic radii,
such as Dy** (0.912 A), Sm*" (0.958 A), and Gd** (0.938 A)
causes a more significant structural distortion in the BFO lat-
tice and improves the photocatalytic properties. 12141

To the best of our knowledge, the effects of Ce—Co doping
on the photocatalytic activities of BFO have not been reported.
So the present work investigates the effect of transition metal
(TM) and rare earth (RE) ion doping on the optical and photo-
luminescence (PL) properties of BiFeOs3.

2. Experimental details

Multiferroic Bi;_,Ce,Fe;_,Co,03 (x = 0.00, 0.01, 0.03,
and 0.05) have been synthesized by a sol—gel auto-combustion
method. Appropriate proportions of Bi(NO3)3-6H,O (CDH,
99.999%), Co(NO3),-6H,0 (LOBA, 99%), Ce(NO3)3-6H,O
(CDH, 99.999%), Fe(NO3)3-9H,O (CDH, 99.999%) and
glycine were taken as precursor materials. In a mixture of
90% distilled water and 10% nitric acid, glycine and metal
salts were dissolved in stoichiometric proportions. The ob-
tained solution was heated at 70-80 °C with constant magnetic
stirring. After 3 hours, the solution turned into a dark reddish
brown coloured gel. The gel was further heated at 280-300 °C
on a hot plate to complete the combustion. The obtained pow-
der was placed in a furnace at 550 °C for 2.5 hours to obtain
the multiferroic material.

http://iopscience.iop.org/cpb http://cpb.iphy.ac.cn
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3. Characterization

Raman spectrometer (STR500 CONFOCAL) with
532 nm laser excitation source was used for the structural
study. To avoid the heating effect, the laser power output
was kept less than 2 mW. UV absorbance spectra of the sam-
ples were recorded from Perkine Elmer (UV-L 750) from
200 nm to 800 nm. The Hitachi High-Tech F-7000 fluores-
cence spectrophotometer with xenon lamp of excitation wave-

length 400 nm was used for photoluminescence measurement.

4. Results and discussion
4.1. Raman analysis

X-ray diffraction (XRD) results!!! confirm the forma-
tion of the distorted rhombohedral perovskite structure of
synthesized Bi;_,Ce,Fe;_,Co,O3 (x = 0.00, 0.01, 0.03, and
0.05) compounds. The atomic substitution at A site and B
site of BFO affects the crystal structure and lattice param-

eters evidently,[!3]

similar to the results reported by other
groups.!'®!”] Due to the broadening of the peaks and the
low resolution of XRD, details of the changes in the struc-
ture of the doped and undoped samples of BFO can be in-
vestigated more clearly through Raman spectra. At room
temperature, BFO has space group R3¢ with rhombohedrally
distorted perovskite. Raman active modes for rhombohe-
drally distorted perovskite (cubic Pm3m) can be written as
I'=4A1 + 5A2 + 9E but according to the group theory here
5A2 Raman modes are inactive whereas 4A1 + 9E (13 modes)
are active. When the transition metal (TM) or rare earth (RE)
ions are doped in BFO the structure of BFO converts to tetrag-
onal (space group P4mm).!"®1°1 The Raman active modes for
tetragonal structure can be written as I' = 3A1 + B1 + 4E.

Raman spectroscopy is a very helpful tool to study the
phase transition characteristic in ferroelectric materials. Fig-
ure 1(a) shows the Raman spectra for Bi;_,Ce,Fe;_,Co0,03
(x = 0.00, 0.01, 0.03, and 0.05) samples with excitation
wavelength of 532 nm at room temperature. The Raman
spectra deconvoluted into individual Gaussian components
for Bi;_,Ce.Fe;_Co,03 (x = 0.00, 0.01, 0.03, and 0.05)
nanoparticles are shown in Fig. 2.

Raman spectra for Bi;_,Ce,Fe;_,Co,O3 (x =0.00, 0.01,
0.03, and 0.05) nanoparticles in the range of 50-1500 cm~!
are shown in Fig. 1. The Hermet method has been used for
the first principle calculations of the observed Raman modes
of BiFeO3 with space group R3c (distorted rhombohedral per-
ovskite structure),’?’! which was verified experimentally by
FTIR.[>!-23] The fitted Raman spectra for the nanoparticles are
shown in Fig. 2.

The doublet modes E (TO,) at 133.2 cm 'and A (TO))
at 164.3 cm~! can be attributed to the displacement of 2 lone

pair electrons of Bi atoms towards the unit cell of c-axis.

With the increase of Ce—Co dopants in BFO, the Raman mode
E (TO;) with Bi—O bond shows suppression as well as shift-
ing in the wavenumber, indicating a structural phase transition

from rhombohedral to tetragonal.[>*!

with 532 nm .
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Fig. 1. (color online) Raman spectra of Bi;_,Ce,Fe;_,Co,O3 nanopar-
ticles at room temperature.

The most interesting outcome is noticed in the intensity
of A| (TOy). It is found that the A; (TO;) mode is more in-
tense in comparison with the E (TO,) mode, which may be due
to the difference in spin reorientation transitions. The inten-
sity enhancement is an indication of spin-dependent scattering
mechanism. 252!
Porporati et al. showed that Bi can take part in low
wavenumber modes (up to 167 cm™!), the oxygen atoms
are mainly involved in modes of wavenumber larger than
262 cm~!, although Fe can participate in modes between
152 cm~! t0 262 cm™1.130-35] The A (TO,) mode symmetric
at 213.5 cm ™! is a soft oxygen mode and is directly associated
with the oxygen displacement vector (aaa).”"! The A; (TOy)
and A (TO;) modes are further associated with structural dis-
tortions in addition with the ideal cubic perovskite structure.
The change in the position of the modes with the increase of
the Ce and Co contents in BiFeO3 indicates the lattice distor-
tion.

The second-order 2E (LOs), 2A; (TO4), 2E (LOy),
2E (TOg), 2A; (LO4) and Raman phonon modes of
Bi;_,Ce,Fe;_,Co,03 (x = 0.00, 0.01, 0.03, and 0.05) are
shown in the insets of Fig. 2. The overtones of the first-order
modes positioned between 450-630 cm ™! produce the second-
order modes.[>3-3%37 These second-order phonon modes are
attributed to long Fe—O1 (where O1 is axial) and short Fe—O2
(where O2 are equatorial ions) bondings.*®! The short bond-
ing is related to octahedral rotation critical to the weak ferro-
magnetic behavior. Due to the doping of Ce and Co, a struc-
tural distortion occurs in the sample. This distortion affects
the Raman modes due to spin phonon coupling of Ce and Co
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dopants in the sample. The reduction in the intensity of the
second-order mode is found in comparison with that of pure
sample. This reduction due to dopants indicates the rotation
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Fig. 2. (color online) Deconvoluted first-order Raman modes for (a) x = 0.0, (b) x = 0.01, (¢) x = 0.03, (d) x = 0.05. The insets show

the corresponding second-order modes.

4.2. UV analysis

Classical Tauc’s relation as given by ohv = A(hv —
E,)" is used to determine the optical energy band gap for
Bi;_,Ce,Fe;_,Co,03 (x =0.00, 0.01, 0.03, and 0.05), where
A is a constant, hV is the photon energy, a is the absorption
coefficient, and E is the energy band gap. The absorption
coefficient « is given by oo = (1/d)In(1/T), where T is the
transmittance and d is the thickness.*®! The nature of elec-
tronic transition is revealed by the value of n. The n=1/2
corresponds to a direct band gap. The plots of (Ochv)2 versus
hv for Bi;_,Ce,Fe;_,Co,O3 are shown in Fig. 3. The direct
energy band gap can be calculated from the extrapolation of
the linear region by taking (hv)? = 0 (towards x-axis). The
band gap energies of Bi;_,Ce,Fe;_,Co,O3 (x = 0.00, 0.01,
0.03, and 0.05) samples are found to be 2.03 eV, 2 eV, 1.93 eV,
and 1.82 eV respectively (Fig. 4), which are in close agreement

with previously reported values.3%40]
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Fig. 3. (color online) UV-visible spectra of Bij_,Ce,Fe;_,Co,03 samples:
(a) x= 0.0, (b) x=10.01, (¢c) x=0.03, (d) x =0.05.

The extracted optical band gaps at different doping levels
are plotted in Fig. 4. The hybridization between 3d state of
Fe and 2p state of O can be considered as the cause for the
optical band gap of the BFO ceramics. The decrease in band
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gap is observed with Ce and Co doping, which might be due
to the presence of Ce 4f electron closer to the lower edge of
the conduction band. Due to the decrease in energy band gap,
energy levels are induced which further affect the forbidden
energy gap. The decrease in band gap of BFO is beneficial
for the excitation of electrons to conduction band with an im-
provement in photoelectric conversion efficiency of BFO on
the application of solar cell.[*1=4]

The UV-visible diffuse absorption spectra for
Bi;_,Ce,Fe;_,Co,03 (x=0.00, 0.01, 0.03, and 0.05) samples
are shown in Fig. 5. Two peaks are observed corresponding
to 1.4 eV for excitation 6A1g-4T1g and 1.85 eV for excitations
N g-4T2g. These transitions are formally not possible accord-
ing to the selection rule because the transition from § =5/2 to
S = 3/2 involves the spin change of Fe3*.[4]

The d—d transition of Fe>* ions is centred approximately
at 1.85 eV, which corresponds to 6Alg—“ng excitation. With
the increase in energy up to 2 eV, the absorption increases
substantially. Three dipole allowed p—d charge transfer (C-
T) transitions, Fe; 3d to Fe, 3d inter-site electron trans-
fer, interatomic p—d (O 2p to Fe 3d) transition, and O 2p
to Bi 5p transition, have been found for energy close to
2.49 eV, 3.29 eV, and 4.68 eV, respectively.[**! A small shift-
ing in d—-d and C-T bands towards higher energy side of
Big.99Ce0.01Fe0.99C00.0103 and Big.97Ceq.03Fe0.97C00.0303 as
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well as Big 95Ceq o5Fep.95C0¢.0503 has been observed with the
change in dopants of Fe/CoOg. A weak shoulder centred at
2.47 eV is displayed by absorption which increases promi-
nently above 2 eV, this band is attributed to dipole forbidden
transfer transition t; g—tzg.[‘m The bands located at ~ 3.29 eV
and 4.68 eV are assigned to minority channel dipole-allowed
p—d charge transfer excitations. These transitions are further
associated with octahedral FeOg with interatomic transition of
FeO (3d—2p transition). [46:43:49]
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Fig. 4. Optical band gaps of Bij_,Ce,Fe;_,Co,O3 (x = 0.00, 0.01,
0.03, and 0.05).
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Fig. 5. (color online) UV-visible diffuse absorbance spectra of Bij_,Ce,Fe;_,Co,O3 samples: (a) x = 0.0, (b) x = 0.01,

(c) x=0.03, (d) x=0.05.
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4.3. Photoluminescence spectra

In the field of photo-catalysis over semiconductors, pho-
toluminescence (PL) spectroscopy, a non-destructive and sen-
sitive technique, is used to investigate the photochemical prop-
erties, electronic structure, and optical properties of metal ox-
ides. The PL spectrum can be used to investigate oxygen va-
cancies, charge carrier trapping efficiency, surface defects, and
charge transfer. Room temperature PL emission spectra (exci-
tation wavelength 400 nm) of Bi;_,Ce,Fe;_,Co,O3 (x =0.00,
0.01, 0.03, and 0.05) are shown in Fig. 6. From Fig. 6, it can
be seen that in the wavelength range from 400 nm to 700 nm
the doped BFO and undoped BFO possess strong PL signals,
which are mainly assigned for de-excitation from conduction
band of BFO.[5051

It is well known that the strength of photoluminescence
is inversely proportional to the separation efficiency, i.e., the
lower the PL signal, the higher the separation efficiency, and
in turn the lower the charge recombination rate. The lowest
PL signal indicates the high charge separation efficiency.?>>%]
With increase in Ce—Co concentration, there is a decrease in
Undoped BFO shows strong
emission due to high electron-hole pair recombination while

electron-hole recombination.

doped BFO shows weak emission due to low electron—hole re-
combination. The reduced PL signal with doping indicates the
high charge separation efficiency.
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Fig. 6. (color online) Photoluminescence spectra of

Bij_ Ce Fe;_,Co,O03 (x = 0.00, 0.01, 0.03, and 0.05) samples
at room temperature.

5. Conclusion

The doping of Ce—Co significantly affects the width, po-
sition, and intensity of Raman modes. The three C-T charge
transfer and two d—d crystal field transitions have been con-
firmed from the Raman spectra. The band gap of the samples
lies in the visible region whose value decreases with increase
in dopants’ concentration. The decrease in band gap of BFO
is beneficial for the excitation of electrons to conduction band.

Doping improves the photoelectric conversion efficiency of
BFO, which can find applications in photovoltaic, solar cell,
spintronics, photo catalysis, and optoelectronics.
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