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Abstract

Raman spectroscopy, X-ray diffraction (XRD), magnetization hysteresis loop, synchrotron X-ray absorption spectroscopy, and photovoltaic
effects have been measured in (Bi; _,Sr,)FeO5;_s (BFO100xSr) ceramics for x=0.0, 0.05, 0.10, and 0.15. Raman spectra and XRD reveal a
rhombohedral R3¢ structure in all compounds. A-site Sr** doping increases fluctuations in cation-site occupancy and causes broadening in
Raman modes. BFO15Sr exhibits a strong ferromagnetic feature due to reduction of Fe—O—Fe bond angle evidenced by the extended synchrotron
X-ray absorption fine structure. The heterostructure of indium tin oxide (ITO) film/(Bi; _ ,Sr,)FeO3 _ s ceramic/Au film exhibit clear photovoltaic
(PV) responses under blue illumination of 1=405 nm. The maximal power-conversion efficiency and external quantum efficiency in ITO/
BFOS5S1/Au are about 0.004% and 0.2%, respectively. A model based on optically excited charges in the depletion region between ITO and
(Bi; _,Sr,)FeO3 _s can well describe open-circuit voltage and short-circuit current as a function of illumination intensity.

© 2015 Elsevier Ltd and Techna Group S.r.l. All rights reserved.

1. Introduction

Multiferroic BiFeO5; (BFO) possesses a G-type antiferro-
magnetic order with a spatially modulated spin structure,
which does not allow net magnetization [1]. Ferromagnetic
magnetization has been observed in A-site doped (Bi;_,A,)
FeOs;_s (A=La, Nd, Sm, Ca, Pb, Sr, and Ba) ceramics and
films [2-9]. Magnetization of the doped specimens increased
significantly with radius of the doped ion. For instance,
spontaneous magnetization of (Bi;_,Ba,)FeO;_s ceramics
increases with increasing Ba content [6]. Magnetization hyst-
eresis loops of (Big.95S1g 05)FeO3 _ 5 (BFOS5Sr) ceramic show a
weak ferromagnetism due to straightening of the Fe—O-Fe
bond angle [10]. X-ray photoelectron spectroscopy and neu-
tron diffraction of (Bi;_,Sr,)FeOs_s (x=0.0-0.5) ceramics
synthesized using a modified gel-combustion, suggest that the

Bi’* - S’ substitution causes Fe’ ™ —Fe* " transformation
and oxygen vacancies [10]. Structures of (Bi;_,Sr,)FeOs_;
(x=0.0-0.5) remain in the thombohedral R3c space group and
rhombohedral distortion decreases with increasing Sr** con-
tent [10]. It was reported that Sr doping can stabilize the BFO
perovskite structure [11].

BFO with various electrodes has shown photovoltaic (PV)
effects and photoconductivity with potential applications [12—
21]. Mechanisms, including asymmetric ferroelectric PV effect
[16], domain-wall model [17], and p—n junction model [20],
have been proposed to explain the PV responses. Recent PV
results for the ITO/BFO ceramic/Au heterostructure show
obvious dependences on thickness, illumination wavelength,
and electric poling [22,23]. The PV responses were attributed
to photo-excited charge carriers in the interface between ITO
film and BFO ceramic using a p-n junction model [22].
BFO and ITO films have exhibited p- and n-type semiconduc-
tive behaviors with carrier densities of n,~ 102 m~? and
n,~10?°~10%" m 3, respectively [20,24,25].
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Fig. 1. (a) Grain morphologies, (b) XRD spectra, and (c) Raman spectra.

From optical transmission results, the direct optical band gaps
of BFO films are in the range of 2.55-2.75 eV for thombohedral
BFO films [26-29] and 3.1 eV for quasi-tetragonal BFO films
[30]. The direct optical energy gaps of (BigosSrgos)FeOs_s
ceramics were estimated to be in the range of 1.98-2.09 eV
[10]. BFO and (Mn,Sr)-doped BFO nanoparticles exhibit strong
photoluminescence (PL) in the visible and IR regions [10,31].
Efficient photoluminescence emission in BFO films was identi-
fied in the range of 459-492 nm due to various electronic
transitions and oxygen vacancies [28,29]. (Big o551 05)FeO5;_s
ceramic exhibits clear photoluminescence in the visible
(<550 nm) and IR (> 700 nm) regions, possibly associated
with oxygen vacancies [10].

Most previous studies of A-site doped BFO compounds
[10,23,28,29] have focused on the photo-induced electric and
optical properties. Some important physical properties still lack
understanding, such as A-site doping effects on atomic
vibrations and magnetic features. The aim of this work is to
explore the effects of Sr** doping on Raman active modes,
valences, interatomic distances, and photovoltaic responses

(under blue illumination of 1=405 nm) of (Bi;_,Sr,)FeO3_3s
ceramics (x=0.0, 0.05, 0.10, and 0.15).

2. Experimental procedure

(Big.95510.05)Fe03 975 (BFO5Sr), (Big.99Sro.10)Fe03.95
(BFOIOSr), and (Bi()'gssr().lS)FeOz'gzs (BFOlSSr) cera-
mics were prepared by the solid state reaction method, in
which Bi,0j3, SrO, and Fe,O3 powders (purity > 99.0%)
were weighed respectively in 0.95:0.1:1.0, 0.90:0.20:1.0,
and 0.85:0.3:1.0 ratios. The powders were mixed in an
agate mortar with alcohol as a medium for more than
24 h. The dried mixtures were calcined at 800 °C (3 h)
and then sintered for 3 h at 845, 865, and 885 °C for
BFO5Sr, BFO10Sr, and BFOI15Sr, respectively. The
chemical reactions are 0.95Bi,03+40.1SrO+Fe,03—2
(Bio'gssro_os)F602_975, 09OB1203+OZSI'O +F6203—>2
(Bio'gosro']o)FeOzgs, and 085B1203 +03er+F6203—>
2(Big.g5510.15)Fe02 925.



Grain morphologies and X-ray diffraction spectra of as-
sintered ceramics were respectively obtained using a scanning
electron microscope (SEM; Hitachi S-3400N FE-SEM) and a
Rigaku Multiplex Diffractometer with wavelengths Koy
(1.5406 A) and Ko, (1.5444 A). Raman spectra were measured
using a micro-Raman instrument (Nanobase, XperRam 200)
equipped with a green laser of 1=532 nm and a TE-cooled
CCD detector (1024 x 128 pixels). A high magnification
objective (40 x, 0.75 NA) was used to focus the laser to a
spot of ~1 pum. To determine oxidation states and interatomic
distances, the X-ray absorption near edge structure (XANES)
and extended X-ray absorption fine structure (EXAFS) spectra
of Fe K- and Bi Ly;-edges were recorded in transmission mode
at the 01CI1 beam line at the National Synchrotron Radiation
Research Center (NSRRC), Taiwan. The overall XANES
spectra were normalized and calibrated by standard proce-
dures. An analytical program “Artemis” for curve-fitting was
used in the EXAFS analyses. For photovoltaic (PV) and
power-conversion measurements, Au and ITO films electrodes
were deposited on ceramic surfaces by dc sputtering. The
thickness and illuminated area (also area of ITO film) of the
samples are 0.02 cm and ~0.15 cm®. A blue diode laser of
A=405 nm was used as the illumination source. The optical
transmission of ITO film is about 80% at A=405 nm. The
open-circuit voltage (V,,.) and short-circuit current density (J,.)
were obtained as functions of light intensity.

3. Results and discussion

Grain morphologies of as-sintered ceramics are shown in
Fig. 1(a), in which (Bi;_,Sr)FeO5;_s (x=0.05, 0.10, and
0.15) ceramics show different geometrical shapes from the
rectangular grains in pure BFO. Grain sizes of BFOS5Sr
ceramic distribute in the range of 2-3 pum. Most grain sizes
of BFO10Sr and BFO15Sr ceramics are smaller than 1.0 um.
The SEM morphologies suggest that grain size decreases with
increasing Sr doping concentration in (Bi;_,Sr,)FeOs3_;
ceramics.

The X-ray diffraction (XRD) spectra of as-sintered samples
are shown in Fig. 1(b). BFO5Sr shows apparent splittings in
higher 26 peaks, indicating a thombohedral structure at room
temperature the same as the pure BFO ceramic. The intense
(100) and (200) peaks in BFOS5SSr suggest a preferred (100)
crystallographic orientation in the ceramic grains. As Sr
content increases, the XRD reflections of BFOI10Sr and
BFO15Sr shift slightly to higher 26 positions as indicated by
the dashed line. BFO10Sr and BFO15Sr show almost no
splitting in all XRD peaks, revealing a single-phase pseudo-
cubic structure. This result suggests that Sr doping in BFO can
reduce rhombohedral distortion. Based on the (110) reflections,
the calculated lattice parameter of the pseudocubic structure is
about a~3.952 A for both BFO10Sr and BFO15Sr.

Fig. 1(c) shows micro-Raman spectra to identify the
strontium effects on atomic vibration frequencies. The Raman
active modes of the rhombohedral R3c structure for BiFeOs
can be summarized as the irreducible representation:
I'=4A,+9E [32-34]. All (Bi;_,Sr)FeO;_5 (x=0.0, 0.05,

0.10, and 0.15) compositions exhibit similar Raman spectra
and vibration modes, indicating the same rhombohedral R3c
space group. Bi atoms participate mainly in the low-frequency
modes below 170 cm ™' and Fe atoms are involved in vibration
modes in the region of 150270 cm ™' [35]. Oxygen motions
strongly dominate in Raman modes above 260 cm ~'. The four
lowest and strongest Raman vibrations can be attributed to the
E(1) mode near 70 cm ™!, E(LO2) mode near 130 cm ™!,
A,(LO1) mode near 160 cm™!, and A;(LO2) mode near
220 cm ! [35]. The atomic vibrations near 220 cm ! mainly
originate from the A, tilt mode of the FeOgq oxygen octahedra.
Two higher frequency Raman E(LO4) and E(LOS) modes
appear respectively near 280 and 480 cm ™ '[35], which mainly
associate with atomic vibrations between the A-site atom and
oxygen. As shown in Fig. 1(c), the A-site Sr*" doped
(Bi; _,Sr,)FeO5 _ s compounds exhibit broadened Raman spec-
tra in the E(2) and A;(1) modes, which likely result from lattice
anharmonicity and from disorder consisting of fluctuations in
the cation-site occupancy [35]. The A;(1) and A;(2) peaks are
suppressed likely due to the symmetric reduction of FeOgq
oxygen octahedra resulting from Sr** doping, which could
disturb the local equilibrium energy. In addition, the E(LOS)
peak becomes more prominent in the Sr-doped compounds
because the Sr—O vibration mode is enhanced. As shown in
Fig. 1(c), the Raman spectrum of pure SrO powder exhibits a
strong Raman vibration near 480 cm ™.

The magnetization hysteresis loops at room temperature are
shown in Fig. 2. BFOS5Sr and BFO10Sr exhibit a linear
antiferromagnetic behavior and are similar to BFO ceramic.
The BFO15Sr exhibits a hard ferromagnetic response with a
remanent magnetization of ~0.32 emu/g and coercive field of
~5x 10° G. Figs. 3(a) and 4(a) display the Fe K- and Bi Lyj-
edges XANES spectra of (Bi;_,Sr,)FeO;_s compounds and
the reference samples BFO, FeO, Fe,05, and Bi,O3, respec-
tively. This reveals that the valences of Fe and Bi ions in BFO
and (Bi; _ ,Sr,)FeO5_ s are + 3. It also rules out the presence of
other bismuth ferrite secondary phases. In brief, the hetero-
valent substitution of Bi**T —Sr** in (Bi;_,Sr)FeO;_s
(x=0.0-0.15) does not cause Fe** —»Fe** valence change.
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Fig. 2. Magnetization hysteresis loops at room temperature. The inset shows
an enlargement of the central portions of the loops.
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Fig. 3. (a) Fe K-edge XANES spectra, (b) EXAFS k*y(k) spectra in k-space,
and (c) Fourier transforms of kzx(k) without phase correction.

The distortion of the Fe-O-Fe bond angle plays an
important role in the evolution of the ferromagnetism.
Figs. 3(b) and 4(b) are the extended X-ray absorption fine
structure (EXAFS) oscillations (in k space), which are sensi-
tive to the short-range structural order. As shown in Fig. 4(b),
BFO15Sr shows a broader k*y(k) spectrum than those in BFO,
BFOS5Sr, and BFO10Sr in the k-space region of 8-11 (1/
10~ '"m), implying an enhanced short-range structural dis-
order in BFO15Sr possibly due to A-site Sr* doping. Figs. 3
(c) and 4(c) are the Fourier transforms of the EXAFS kzx(k)
spectra, which indicate that the A-site Sr** doping does not
obviously change interatomic distances of Fe-O and Bi-O
bonds in (Bi;_,Sr,)FeOs3_s compounds. However, with the
additional Fe—Sr bond in Fig. 3(c), the interatomic distances of
Fe-Bi and Fe-Fe bonds in the Sr-doped compounds become
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Fig. 4. (a) Bi Lyjj-edge XANES spectra, (b) EXAFS kzx(k) spectra in k-space,
and (c) Fourier transforms of k?y(k) without phase correction.

shorter than that in pure BFO. The interatomic distance of the
Fe-Fe bond in BFO15Sr is obviously shorter than those in
BFO, BFOS5Sr, and BFO10Sr. This suggests that the Fe—-O-Fe
bond angle (where the two Fe’' are in the centers of
neighboring FeOgq octahedra) is smaller in BFO15Sr. The
super-exchange coupling in the Fe—O-Fe bond prefers ferro-
magnetism as the Fe—-O-Fe bond angle changes toward 90
degrees [36,37]. Thus, as shown in (Fig. 2), the enhancement
of the ferromagnetic feature in BFO15Sr is mainly due to the
smaller bond angle of Fe—-O-Fe.

It is important to note that the interatomic distance of the Fe—
Fe bond of neighboring FeOgq octahedra corresponds to the unit
cell size. The shorter Fe—Fe bonds in Sr-doped compounds can
explain why the major (110) XRD peaks of Sr-doped compounds
shift to higher angles as indicated by the dashed line in Fig. 1(b).
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(b) Open-circuit voltage (V,,.) and (c) short-circuit current density (J,.) as light
was switched on and off with increasing intensity. The labeled numbers are
light intensities in W/m>.

This result suggests that Sr doping can affect FeOg octahedra to
reduce the distance between two neighboring B-site Fe ions.
Fig. 5(a) is the PV experimental configuration, in which V
represents a voltage source for /-V characteristic measurement.
The “diode” symbol represents the heterojunction of the n-type
ITO film and p-type Sr-doped BFO ceramic. iy, iy, Ry, and R,
are photo-induced current, diode current, source resistance, and
load resistance, respectively. For power-conversion efficiency,
the relation of load current vs. load voltage was obtained by
varying load resistance (R;). Fig. 5(b) and (c) shows open-
circuit voltages (V,,.) and short-circuit current densities (Jy.) of
ITO/(Bi; _ ,Sr,)FeO5 _ s/Au structures as the laser was switched
on and off with increasing intensity (/). The illuminated V.
and J,. are plotted in Fig. 6 with increasing illumination
intensity. ITO/(Bi; _,Sr,)FeO3 _s ceramics/Au have larger Jg,.
and slightly smaller V,,. than those in ITO/BFO ceramic/Au.
For instance, at /~910 W/m?, Vo and J,. are 0.62 V and
0.04 A/m? in ITO/BFO ceramic/Au [23], 0.47 V and 0.44 A/
m’ in ITO/BFO5Sr/Au, 0.57V and 0.17 A/m*> in ITO/
BFO10St/Au, and 0.47 V and 0.04 A/m*> in ITO/BFO15St/
Au. These PV values are comparable with V,.~0.44 V and
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Fig. 6. (a) V,,. and (b) J,. as a function of illumination intensity. The solid lines
are the theoretical fits with parameters given in (a). The BFO data (triangle
symbols) are taken from Ref. [23].

J,e~0.25 A/m* in graphene/polycrystalline BFO/Pt films at
I~1x10° W/m”® [15].

For photovoltaic responses, a heterojunction diode of an n-
type ITO film and a p-type Sr*"-doped BFO ceramic is
considered for the theoretical model [21] to estimate V,. and
J as a function of illumination intensity. We use Shockley’s
sign convention [38], that for a photodiode the sign of the
output current i is positive. The expression of diode current i,
under a bias voltage V can be expressed as follows:

g = lo{exp[q(v_ldRs)/ékT]_ l} (1)

where ¢ is diode-quality factor. To find i, and R,, the
characteristic curves of current vs. bias voltage were measured
without illumination as shown in Fig. 7. By using Eq. (1) with
g=1.6x10""C, k=138 x 107> J/K, and T=300K, we
obtained i,=1x 107" A, R,=4.6x 10°Q and £=1.5 for
BFO5Sr, i,=1x 107" A, R,=32x10*Q and £=1.7 for
BFO10Sr, and i,=1x 1077 A, R,=2.9 x 10*Q and é=1.6
for BFO15Sr. £ usually varies from 1 to 3 [39] and depends on
grain size [40]. From Eq. (1), the measured current i can be
expressed as a function of measured voltage under illumination
by [21]

i= iy —ia = iy~ io(exp{[V — (ig— i, R.Jq /EKT) — 1). @

where i, and i, are the photo-induced and diode currents.
Through a considerable theoretical derivation presented in Ref.
[21], short-circuit current (i,.) and open-circuit voltage (V)
can be expressed as a function of illumination intensity, i.e.

ise = (Uy/Ry) — Bise +io[expliscRsq/EKT) — 1112 * /(Rsi2)  (3)
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Voo = Uy — B2[exp(Voeq /ET) — 1152 “)

ir = qSAl [he; B = (qny/2¢,€,)(1+npe, /e,ny) (5)

where S, 4, h, and c are the illumination area, light wavelength,
Planck constant, and light speed, respectively. ¢, and ¢, are the
dielectric permittivities of p-type Sr>"-doped BFO ceramics
and n-type ITO film, respectively. n, and n, are the carrier
densities of p-type Sr*"-doped BFO and n-type ITO film,
respectively. U, is the voltage step across the depletion region
without illumination. S is the attenuation length.

The solid lines in Fig. 6 are fits of J,. (=i,/S) and V,. by
using Egs. (3) and (4) with fitting parameters given in
Fig. 6(a). The theoretical fits agree reasonable well with
experimental results for most illumination intensities with
physically reasonable parameters. The estimated carrier den-
sities (n,) of BFOS5Sr, BFO10Sr, and BFO15Sr ceramics are
respectively 7.3 x 10!, 1.3 x 10*%, and 5.9 x 10** m~>. The
estimated depletion-region widths for no illumination are
d,~1.37, d,~1.25, and d,~0.54 pm for BFO5Sr, BFO10Sr,
and BFOI15Sr ceramics, respectively. The estimated optical
attenuation lengths (f) are 1.1, 2.8, and 4.0 mm for BFOS5Sr,
BFO10Sr, and BFO15Sr ceramics, respectively. This presented
model only considers the photo-excited electron—hole creation
and this may cause the disagreement between experimental V.
and theoretical fits at low illumination intensity as shown in
Fig. 6(a). Other absorption and dissipation mechanisms, such
as internal reflection by grain boundaries, oxygen vacancies,
and charge recombination, may contribute to the photovoltaic
responses.

Fig. 8 shows the curves of power-conversion efficiency (1)
vs. load voltage (V) for several selected illumination intensi-
ties. The maximal power-conversion efficiency (#,ax)
decreases rapidly with increasing Sr** content. As shown in
Fig. 8(a), the maximal power-conversion efficiency #,,,. of
ITO/BFO5St/Au at 1~1250 W/m? reaches 0.004%, which
is larger than #,,,,~0.0025% in graphene/polycrystalline
BFO/Pt films [15], but slightly smaller than #,,,,.~0.005% in
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Fig. 8. Illuminated power-conversion efficiency (1) vs. load voltage. The
labeled numbers are light intensities in W/m?.

Au/polycrystalline BFO/Pt [14] and #,,,,~0.007% in ITO/
(Bip.9oCag.10)Fe0,.95/Au [21]. The microstructure of Sr-doped
BFO ceramics is believed to play an important role in the
photovoltaic responses. The polarization direction, domain
wall, and grain boundary can influence the magnitude of
electric conduction [41]. As shown in Fig. 1(b), BFOS5Sr
exhibits a preferred (100) crystallographic orientation in the
ceramic grains as evidenced by intense (100) and (200) XRD
peaks, which may enhance the photocurrent under illumination
due to higher ordered polarizations and grain boundaries.
Strong PV effects have also been observed in the (100)
oriented BFO films [20,42,43].

Fig. 9 shows the external quantum efficiencies (EQE)
calculated from the short-circuit current density given in
Fig. 6(b). The EQE is a measure of conversion efficiency
from incident photons to electrons, i.e.

EQE = (electrons/s)/(photons/s) = hfJ /q,I. (6)

where J, I, h, f, and g, are current density, illumination
intensity, Planck constant, light frequency, and electron
charge, respectively. The maximal EQE of ITO/(Bi;_,Sr,)
FeO;_s /Au decreases rapidly with increasing Sr*>* content.
The maximal EQE in ITO/BFO5St/Au reach 0.2% at I=183
W/m?. The EQE (triangle symbol) for BFO ceramic was
calculated from Ref. [23].
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4. Conclusions

Raman spectra and XRD reveal that (Bi;_,Sr,)FeO;_;
(x=0.0, 0.05, 0.10, and 0.15) have a rhombohedral R3c
structure. Sr*>"-doped compounds exhibit broadened Raman
spectra in the E(2) and A(1) modes, which likely result from
lattice anharmonicity and from disorder produced by fluctua-
tions in the cation-site occupancy. BFO15Sr shows a strong
ferromagnetic magnetization due to reduction of the Fe—O-Fe
bond angle evidenced by extended X-ray absorption fine
structure (EXAFS). The heterostructure of ITO/BFO5Sr/Au
exhibits a maximal power-conversion efficiency of
Nmax~0.004% under illumination of =405 nm. The max-
imal external quantum efficiency in ITO/BFO5Sr/Au can
reach 0.2% for the short-circuit case. A p—n heterojunction
model for the depletion region between ITO and (Bi;_,Sr,)
FeO; _ s ceramics can well describe V,,. and J,. as functions of
illumination intensity.
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