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ABSTRACT

This study highlights significant effects of processing atmosphere ratio (0z/Nz2) on microstructure, impurity
phases, atomic hybridization, band gap, and photovoltaic properties in (Big.93Ndg.¢7)FeOs (BFO7Nd) ceramics. A
Rietveld-refinement analysis indicates increased oxygen and bismuth vacancies in the specimens processed in
the Oz-rich atmosphere (hereafter called Oz-rich-atmosphere specimens). In the matrix containing mainly Fe**
ions, Fe** cations were identified with Oy concentration decreasing in the atmosphere by Fe K/L-edges syn-
chrotron X-ray absorption. Oxygen K-edge absorption reveals reduced hybridizations of the O 2p—Fe 3d and the
O 2p-Bi 6sp orbitals in the O,rich-atmosphere specimens. Photovoltaic effects in the ITO/BFO7Nd/Au het-
erostructures under near-ultraviolet irradiation (A = 405 nm) exhibit strong dependences on O,/N; ratio. A p-n-
junction model was used to describe open-circuit voltage and short-circuit current density as functions of irra-
diation intensity. The calculated carrier densities (in BFO7Nd ceramics) and p-n-junction widths (in the dark) are
~10" m™* and a few hundred nanometers, respectively.

1. Introduction

Bismuth ferrite BiFeO5; (BFO) is the only known multiferroic mate-
rial possessing ferroelectric (FE) and magnetic responses simulta-
neously above room temperature. BFO materials have shown potential
applications in multistate memories [1,2], gas sensors [3], and photo-
voltaic (PV) sensors [4]. Substantial PV effects under near-ultraviolet
irradiation have been reported in the heterostructure consisting of a p-
type A-site rare-earth (RE) substituted BiFeO5 ceramic layer and an n-
type indium tin oxide (ITO) thin film [4,5]. The irradiation intensity-
dependent PV open-circuit voltage and short-circuit current can be
described quantitatively by a p-n-junction-like model based on photo-
excited electron-hole generation [4,5]. The experimental direct band
gaps of BFO and (Bi; ,Sm,)FeO; polycrystalline ceramics occur in the
range of ~2.15-2.24 eV [5]. The first-principles calculated band gap of
pure BFO ceramic is ~2.25eV [4]. It was proposed that the domain
structure and orbital hybridization between the O 2p and the Fe 3d
orbitals play key roles in the PV effects [5].

BFO has a typical linear antiferromagnetic (AFM) character below
the Néel temperature (Ty ~ 630 K) and a FE rhombohedral R3c space
group with a rotation of FeOg octahedra below the Curie temperature

(Te ~ 1100 K) [2,6]. Electronic structure calculations in perovskite
oxides indicated that atomic hybridization between the B-site metal 3d
and the O 2p orbitals is responsible for the FE properties [7]. En-
hancements of FE polarization, magnetization, and electromechanical
properties have been extensively explored in A-site rare-earth (RE)
substituted BFO [8-12]. Oxygen K-edge synchrotron X-ray absorption
in (Bi, RE,FeO; (RE = Nd, Gd, La) ceramics revealed that the hy-
bridizations of the O 2p-Fe 3d and the O 2p-Bi 6sp orbitals decreased
with increasing RE content [9,13,14]. A recent study showed that
atomic hybridization plays an important role in the FeOg octahedral
distortion, bond covalency, and Fe oxidation state in multiferroic (Bi,_
RE,)Fe0; ceramics [9].

The symmetry in the perovskite ABOj; structure strongly depends on
the effective size of the A-site ionic radius resulting from the BOg oc-
tahedral tilting [15,16]. The decreasing tolerance factor
(t = (Ra + Ro)/~2 (Rg + Ro)) can increase the possibility of octahedral
rotation and results in a structural transition from the polar R3c to the
nonpolar orthorhombic Pnma space group [17]. The tolerance factor in
(Bi,_Nd,)JFeO; ceramics becomes smaller with increasing content of
Nd**, whose radius (R, ~ 0.127 nm) is smaller than that of Bi**
(Ra ~ 0.14nm) [18]. The (Bi;..RE,)FeOs system exhibits a structural
shift from R3¢ toward Pnma symmetry as RE content increases [19]. In
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Fig. 1. SEM grain morphologies from cross-sections of as-sintered ceramies. T, Dy, Ap, and Ap; are average grain sizes, relative densities, and atomic percentages of oxygen and bismuth,

respectively.

(Bi;_,Nd,)FeO; ceramics, R3¢ and nonpolar orthorhombic PbZrO,-like
structures appear respectively in the ranges of x=0.1 and
0.15 = x = 0.2 [9,20]. The polar R3c space group is characterized by
the a a a~ octahedral rotations and cation displacements [21]. A
recent Rietveld-refinement analysis highlighted that oxygen vacancies,
bismuth deficiency, and BiyFe,O4 impurity phase were decreased by A-
site Nd substitution in (Bi;_,Nd,)FeOs (x < 0.1) ceramics [9].

Effects of processing atmosphere on defects (such as oxygen va-
cancies, Bi deficiency, and impurity phases) have been used to tailor
electric and magnetic behaviors in Bi-based FE and BFO materials
[22,23]. In general, the processing atmosphere plays a key role in mi-
crostructure and electric properties [22,23]. In this study, we focus on
the influence of processing atmosphere on microstructure, phonon vi-
brations, atomic hybridization, and PV properties in BFO7Nd ceramics
prepared with four different atmosphere ratios (0,/N5). A previously
developed p-n-junction model was employed to describe the open-cir-
cuit voltage and short-circuit current density as functions of irradiation
intensity.

2. Experimental procedure

(Big,93Ndp n7)FeO; (BFO7Nd) ceramics were synthesized by using
the solid-state-reaction technique, in which Bi;03, Nd;O3, and Fe,O4
powders (purity = 99.0%) were mixed with stoichiometric ratio of
0.93:0.07:1 in an agate jar with alcohol as milling medium for more
than 72 h. The dried mixtures were then calcined (800 °C for 3 h) and
sintered (890 °C for 3 h) with four different atmosphere ratios (0,/N5)
of 1/0, 1/1, ~1/4 (ambient air), and 0/1. Archimedes’ method was
used to determine densities, which are about 8.14, 8.27, 8.21, and
7.78 g/cma for as-sintered specimens synthesized with O2/N> ratios of
1/0, 1/1, ~1/4, and 0/1, respectively. The calculated densities for as-
sintered specimens processed with O,/N, ratios of1/0, 1/1, ~1/4, and
0/1 are respectively about 8.28, 8.34, 8.36, and 8.40 g/cm® based on

lattice parameters found from X-ray diffraction (XRD).

Grain morphologies and atomic percentages were obtained by using
a Hitachi §-3400N scanning electron microscope (SEM) equipped with
energy-dispersive X-ray spectroscopy (EDS). The X-ray diffraction pat-
terns were obtained using a Rigaku Multiplex Diffractometer. The
Rietveld-refinement analysis (with the HighScore Plus software) was
employed to determine structural space groups, occupancies of O and Bi
atoms, and impurity phases. The back-scattering micro-Raman spectra
were obtained using a Nanobase Model XperRam 200 spectrometer
equipped with a green laser of A = 532 nm. Magnetization hysteresis
loops were measured at room temperature by using a LakeShore Model
7407 Vibrating Sample Magnetometer (VSM). The Fe K-edge synchro-
tron X-ray absorption near edge structure (XANES) and extended X-ray
absorption fine structure (EXAFS) were measured in the transmission
mode at the 01C1 beamline of the National Synchrotron Radiation
Research Center (NSRRC, Taiwan). The soft X-ray absorption spectra
were obtained at beamline 20A1 (NSRRC) equipped with a high energy
spherical grating monochromator. The Fe L, ;-edge and O K-edge X-ray
absorption spectra were recorded in the total electron yield mode. The
optical transmission was measured using a Cary S5E UV-vis-NIR spec-
trometer. For PV studies, ITO (~100 nm) and Au (~ 100 nm) thin films
were deposited on the surfaces of ceramic specimens (thick-
ness = 0.15mm) by sputtering deposition. A diode laser with
A =405 nm was used as the irradiation source and the irradiated ITO
area is ~0.15 cm®.

3. Results and discussion

Fig. 1 shows SEM grain morphologies of as-sintered ceramics with
average grain sizes (G), relative densities (D,), and atomic
percentages(A, and Ay) and) of oxygen and bismuth obtained from
EDS analysis. The average grain sizes (&) and vacancy concentrations of
oxygen and bismuth increase almost linearly with O, concentration in
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Fig. 2. XRD patterns and Rietveld refinements from powders of as-sintered specimens.
Rups Rexps and y* are the weighted-profile, ically expected R value, and goodness-of-
fit, respectively. The unit-cell parameters from the Rietveld refinements are given in
Table 1.

the specimen processing atmosphere. However, the relative densities
are near 100% only in the specimens processed in the normal (ambient
air) and the Oo-rich atmospheres (hereafter abbreviated as “Os-rich-
atmosphere specimens”). The XRD patterns obtained from powders of
as-sintered specimens are given in Fig. 2 with parameters of Rietveld
refinements. The calculated structural space groups, lattice parameters,
atomic bond lengths, and occupancies of O and Bi ions are given in
Table 1. The Rietveld refinements confirm a predominant rhombohe-
dral R3c phase with minor impurity phase of orthorhombic Pbam
BisFes0g. The R3c lattice parameters of a (from 5.572 to 5.573 A} and ¢
(from 13.810 to 13.826 A) increase in the O,-rich-atmosphere speci-
mens, which are slightly smaller than a = 5.581 A and ¢ = 13.876 A
reported in BFO ceramic [24] due to the smaller Nd>®" ionic radius
(Ra ~ 0.127 nm). The Rietveld refinement suggests increasing O and Bi
vacancies in the O,-rich-atmosphere specimens. The increasing average
grain sizes in the Oy-rich-atmosphere specimens (Fig. 1) can be ex-
plained by increasing O vacancies, which can increase ion migration for
grain growth in the high-temperature synthesizing process [25].

Table 1

Space groups, phase ratios, lattice parameters (in the hexagonal unit cell), occupancies
and atomic percentages of bismuth (Bi) and oxygen (O) atoms, and bond lengths de-
termined from the Rietveld refinements.

Oxygen: Nitrogen (O2:Nz) 0:1 ~1:4 (ambient 1:1 1:0
air)

Rhombohedral R3¢ phase (%) 94.4 96.1 95 95.6

a(A) 5.572 5.572 5.573 5.573

c(A) 13.810 13.813 13.819 13.826

a (degrees) 90 90 90 90

v (degrees) 120 120 120 120

Orthorhombic Pbam BizFeyOg 5.6 39 5 4.4
phase (%)

Bismuth occupancy (%) 92 90 88 85

Atomic percentage (%) 18.4 18 17.6 17
(=occupancy % 1/5)

Oxygen occupancy (%) 99 98 96 93

Atomie percentage (%) 59.4 58.8 57.6 55.8
(=occupancy % 3/5)

Fe—O(1) bonding length (A) 2072 2.092 2228 2531

Fe—0(2) bond length (A) 1.981 1.965 1.879 1.756

Bi/Nd—0(1) bond length (A) 2.472 2.494 2.525 2.567

Bi/Nd—0(2) bond length (A) 2.471 2.442 2434 2.418

Bi/Nd—Fe(1) bond length (A) 3.305 3.307 331 3.402

Bi/Nd—Fe(2) bond length (A) 3.082 3.137 3141 3.206

Fig. 3(a) shows bond lengths of Fe—0O, Bi/Nd—O, and Bi/Nd-Fe as
functions of O, concentration as given in Table 1. The deviation be-
tween the Fe—O(1) and Fe—0O(2) bond lengths increases in the Oz-rich-
atmosphere specimens, suggesting increasing ion displacements in the
FeOg octahedral structure. Similar increasing deviation occurs between
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Fig. 3. (a) Atomic bond lengths of Fe—0(1)(2), Bi/Nd—0(1)(2), and Bi/Nd-Fe(1)(2) from
Rietveld refinements as shown in Table 1. (b) Calculated lattice parameters of a and a
based on the rhombohedral unit cell. Solid lines are guides for the eye.
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Fig. 4. XRD patterns and Rietveld refinements from bulk surfaces of as-sintered speci-
mens prepared with all-N, and all-O, atmospheres.

i

Bi/Nd—O(1) and Bi/Nd—O(2) bond lengths in the O,-rich-atmosphere
specimens. The increasing Fe—Bi/Nd bond lengths suggest a reduced
covalency between Fe and Bi/Nd ions in the O,-rich-atmosphere spe-
cimens. Fig. 3(b) gives the calculated lattice parameters (a and a) based
on the rhombohedral unit cell, indicating a structural shift away from
pseudo-cubic symmetry as oxygen concentration is increased in the
atmosphere. In brief, the XRD refinement suggests an increased dis-
tortion in the FeOg octahedral structure and a reduced bond covalency
as O, concentration is increased.

To understand the origin of O and Bi vacancies in the specimens, the
wide-angle X-ray diffraction patterns were obtained from bulk surfaces
of as-sintered specimens processed with O2/N> ratios of 0:1 (all N») and
1:0 (all O,) as shown in Fig. 4. The Rietveld refinement confirms for-
mation of minor Bi;O; impurity phases in the O,-rich-atmosphere
specimen. According to the Gibbs free energies, the bismuth oxidation
reaction is thermodynamically spontaneous in the range of 200-1600 K
[26,27]. The formation of Bi»O3 phases can result in Bi deficiency and
thus enhances O, vacancies in the high-temperature synthesizing pro-
cesses. The formation of minor Bi,O5; phases is consistent with the in-
creased O and Bi vacancies in the O.-rich-atmosphere specimens as
shown in Fig. 1 and Table 1.

Fig. 5(a) shows the normalized Fe K-edge synchrotron X-ray ab-
sorptions, including the reference FeO and Fe,O; powders. The pre-
edge peak A (as enlarged in the inset) at ~7113 eV can be attributed to
the forbidden quadrupole-coupling 1s — 3d transition (4l = * 2) in
conjunction with the Fe 3d-4p orbital hybridization [28]. The pre-edge
peak A is sensitive to atomic bonding covalency, cation valence, and
electronic configuration [29]. The Oy-rich-atmosphere specimens ex-
hibit slightly stronger pre-edge absorption, suggesting a stronger Fe 3d-
4p orbital hybridization. The Fe K-edge absorption (peak B)
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Fig. 5. (a) Fe K-edge XANES spectra and (b) Fe L; -edge X-ray absorption spectra.

corresponds to the electric-dipole coupling 1s —4p transition
(Al = = 1) [30]. As enlarged in the inset, the maximum of peak B
shows a slight shift toward higher energies with lower O» concentra-
tion, implying a minor Fe** concentration in the predominantly Fe**
matrix. Fe** cations were also identified in the predominantly Fe**
matrix in atmosphere-controlled polycrystalline BFO [22]. Fig. 5(b)
shows the Fe Ly s-edge synchrotron X-ray absorption, corresponding to
the transition from the Fe 2p (2p1,» and 2p;,») to the unoccupied Fe 3d
orbitals [31]. The energy splitting in the L, and Ly bands is primarily
associated with the Lag and eg orbitals [32,33]. The coupling between
the Fe 3d and the O 2p orbitals in the FeOg octahedron causes the li-
gand-field (LF) splitting from the five-fold-degenerate 3d to the triple-
degenerate tp; orbitals and doubly-degenerate e; orbitals [33]. The
energy gaps between the t; and e, bands are ~1.5 eV, which is be-
tween ~1.4 eV (BFO ceramic) [34] and ~1.8 eV (NdFeO5 ceramic)
[35]. The peak intensity ratio of the eg and Lag bands decreases in the
Ogz-rich specimens, implying that the number of unoccupied Fe 3d or-
bitals is reduced in the Oy-rich-atmosphere specimens. The Fe Ls-edge
peak exhibits a slight shift toward higher energy with lower O, con-
centration as indicated by the dashed line in the inset of Fig. 5(b). These
results suggest a partial valence shift of Fe®* — Fe** with decreasing
O3 concentration in the atmosphere and are consistent with the Fe K-
edge absorption. The Fe** — Fe** shift may play an electron-donor
role to reduce oxygen vacancies as suggested in Table 1.

Fig. 6 gives normalized oxygen K-edge synchrotron X-ray absorp-
tions from the O 1s — O 2p transition hybridized with the unoccupied
Fe 3d orbitals [36,37]. Three major absorption bands (A, B, and C) are
identified in the region of 528-535 eV as shown by the Gaussian curves.
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A and B bands correspond to the low-spin ty, and high-spin e, orbitals
resulting from the hybridization with unoccupied Fe 3d orbitals
[38-40]. The LF splitting gaps between the t»; and e, bands are about
~1.6-1.7 €V, which are close to ~1.5eV observed in the Fe Ls-edge
absorption bands in Fig. 5(b). The peak-intensity ratio (Ip/1,) of the e,
and ty, bands increases with increasing O,/N, atmosphere ratio, sug-
gesting an increasing number of unoccupied e, orbitals in the Oy-rich-
atmosphere specimens. This evolution reveals that the hybridization (or
covalency degree) between the O 2p and the unoccupied Fe 3d e, or-
bitals was reduced in the O,-rich-atmosphere specimens.

The C band at ~533 eV in Fig. 6 can be attributed to the hy-
bridization between the O 2p and the unoccupied Bi 6sp orbitals [34].
The D band near ~534 eV is likely associated with hybridization with
the high-level unoccupied Bi 6sp [41] and Nd 4f orbitals. The peak
intensity ratio (Ic/1,) of the A and C bands increases with increasing
0,/N, atmosphere ratio, suggesting that the number of unoccupied Bi
6sp orbitals was increased in the O,-rich-atmosphere specimens. This
result suggests that the O 2p-Bi 6sp orbital hybridization and the Bi-O
bond covalency decrease in the O-rich-atmosphere specimens. A first-
principles calculation predicted that the O 2p-Bi 6 s hybridization is
responsible for the structure distortion [42]. The broad E and F ab-
sorption bands centered at ~537.5 eV and ~541 eV respectively are
combinations of hybridizations with the unoccupied Fe 4s/4p, Nd 4f/
5d, and Bi 6d orbitals [35,40,41,43-48]. Both E and F bands do not
show clear dependence on processing atmosphere.

Fig. 7 shows Raman modes with remarkable shifts toward lower
frequencies in the O,-rich-atmosphere specimens as indicated by the
dashed lines. In the R3c space group with Z = 2, the total irreducible
representation can be expressed as 'y = 5A; + 5A, + 10E, which
includes 13 Raman-active modes, i.e. 44; + 9E [49-51]. The low-
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frequency modes (< ~250 cm ™) are associated with the A-site Bi (or
Nd) and B-site Fe ions [9]. Four predominant vibration modes, E(1), E
(2), A;(1), and A,(2), can be identified in the regions of ~65-80, ~120-
140, ~165-170, and ~215-230 cm ™ %, respectively. The frequencies of
Raman modes mainly depend on bonding strength and atomic masses in
the specimens. The decreasing frequency in the O.-rich-atmosphere
specimens could result from decreased bonding strengths or/and in-
creasing effective masses of the atoms. As shown in Table 1, the
Oy-rich-atmosphere specimens show more O and Bi vacancies. Thus,
Raman spectra suggest decreased atomic bonding strengths in the O,-
rich-atmosphere specimens. This confirms reduced O 2p-Fe 3d and O
2p-Bi 6sp orbital hybridizations in the O,-rich-atmosphere specimens as
shown in Fig. 6.

Fig. 8 shows magnetization hysteresis loops at room temperature.
Very thin and almost linear antiferromagnetic hysteresis loops were
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observed with decreased magnetic susceptibilities in the Oo-rich-at-
mosphere specimens. The magnetization hysteresis loop was slightly
enhanced in the Ox-free-atmosphere specimen as shown in the inset.
This weak magnetization in the O,-free-atmosphere specimens may be
associated with fewer oxygen vacancies as shown in Fig. 1. A first-
principles calculation predicted that enhanced magnetization can occur
in specimens with fewer oxygen vacancies [52]. Another possible
contribution for this weak magnetization is the Fe—O-Fe superexchange
interaction [53]. The Fe K-edge synchrotron absorption (Fig. 5) sug-
gests the existence of Fe** cations in the matrix, in which Fe** pre-
dominates. Ferromagnetic ordering can occur through the super-
exchanges of Fe**(t3e5) — O — Fel*(t5,e7) and Fe'+
(t3ge) — O — Fe**(t5,e). [53].

Fig. 9 shows plots of optical transmission and (a¢hv)? vs. photon
energy (hv) for the specimens prepared with O,/N, ratios of 1:0, ~1:4
(ambient air), and 0:1. h and v are Planck’s constant and photon fre-
quency. The optical absorption coefficient a can be calculated by using
the relation, T= (1 — Rz)e_“d, where T, R, and d are the optical
transmittance, reflectivity, and sample thickness. Here, we assume that
the reflectivity is negligible, i.e. a = — In(T)/d. The direct optical band
gap (E.'g]I can be estimated using the Tauc relation [54], (ah-
v)* = A(hv — E,), by extrapolating the straight line portion of the curve
of (ahv)® vs. hv as indicated in Fig. 9(b). The band gap increases in the
O,-rich-atmosphere specimens as indicated in Fig. 9(b). The band gap
depends on electronic band structure, oxygen vacancies, grain size, and
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Fig. 10. (a) Open-circuit voltage (V) and (b) short-circuit current density (J..) as irra-
diation was switched ON and OFF with increasing intensity. The labeled numbers are
irradiation intensities in W/m?. The insets are V,,. and J,. measured with longer ON/OFF
switching time for two illumination intensities in the all-O,-atmosphere specimen.

defect states [54,55]. The larger band gaps in the O»-rich-atmosphere
specimens possibly result from the decreased O 2p-Fe 3d orbital hy-
bridizations as evidenced in the oxygen K-edge synchrotron XAS
(Fig. 6).

Fig. 10 shows open-circuit voltages (V,.) and short-circuit current
densities (Jse = ise/S) measured from the heterostructures of ITO tin
film/BFO7Nd ceramics/Au thin film as the laser irradiation
(A = 405 nm) was switched on and off in sequence with increasing ir-
radiation intensity. As illustrated in the insets, V,. and J,. curves with
longer ON/OFF switching time for two illumination intensities in the
all-Oz-atmosphere specimen exhibit step-like behaviors, suggesting
that the photovoltaic responses are not associated with the Maxwell-
Wagner charging/discharging mechanism, which could occur in
layered dielectrics [56]. The curves of V,. and J,. vs. irradiation in-
tensity are plotted in Fig. 11, which reveal rapidly increasing PV re-
sponses below 100 W/m? To characterize the correlation between PV
effects and irradiation intensity, a previously developed p-n-junction-
like model was used to describe the irradiation intensity-dependent V.
and J,. [57]. The photodiode current iy under a bias voltage V can be
expressed as [58]

ig = io{exp[q(V — iaRy)/Ekp T] — 1} (€8]

where i,, R,, and £ are respectively dark current (without irradiation),
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Table 2
Calculated parameters from theoretical fits of the p-n-junction model.

source resistance, and diode-quality factor. Fig. 12 shows the experi-
mental characteristic curves of current vs. voltage without irradiation.
The solid curves are fits of Eq. (1) with parameters of i,, R, and £ as
shown in Fig. 12 and Table 2. In this work, the electron charge
¢ =1.6x10""C and T = 300K were chosen for simplicity though
irradiation may increase temperature. According to Eq. (1), the current
i under irradiation can be written as [57]

i= ip —ig= ip — ip(exp{[V — (ig - ip)Rs]q"rng} -1 2

where i, ig, and V are the photovoltaic current, diode current, and
measured voltage. As derived in the previous work [57], the irradiation
intensity-dependent open-circuit voltage (V,.) and short-circuit current
(iso) can be expressed as [57]

Voe = U, — BB%2[exp(Voeq/EkT) — 1P/(gSAI/he)? 3
ise = (Up/Rs )— Bﬁz{is: + iy [@CI-’(istqukT) - 1]}2»"[33(‘1511!"10}2] (C)]
B = (gny/22,6,)(1 + nyeplenny) (5)

where S, A, h, ¢, and I are irradiated area, irradiation wavelength,
Planck constant, light speed, and irradiation intensity. U, is the voltage
barrier across the depletion region in the dark. p is the optical at-
tenuation length and can be determined from transmission in Fig. 9(a),
i.e. §=—d/In(T). The measured attenuation lengths (B) are respec-
tively about 6.4, 8.7, and 7.8 pm at wavelength A.=405nm for the
specimens synthesized with O,/N, ratios of 1:0 (all O,), ~1:4 (ambient
air), and 0:1 (all Ny). n;, and n,, are carrier densities of p-type BFO7Nd
ceramics and n-type ITO thin film. &, and e, are dielectric permittivities
of BFO7Nd ceramics and ITO thin film. The room-temperature e, of
BFO7Nd ceramics are about 189, 174, 130, and 97 at frequency
f = 1 MHz for specimens processed respectively with O,/N, ratios of 1/
0, 1/1, ~1/4 (ambient air), and 0/1. The carrier density of the n-type
ITO thin film is ~0.6 x 10” m™? determined by a Hall-effect mea-
surement and is consistent with the reported n,, ~ 10¥ m~2 [59]. The
permittivity e, of ITO at low frequency as needed in Eq. (8) has not been
reported because of its high conductivity. It is expected that the de-
pletion region of ITO is almost free of charge carriers and the permit-
tivity should be near that of a material with structure close to that of
ITO. Indium oxide (In,03) thin film has ¢’ ~ 37 at 300 K and 1 kHz
[60]. Thus, from Eq. (5) the carrier densities n, can be calculated by the
approximate relation, n, ~ 2Be,g,/q. The calculated carrier densities n,
are given in Table 2 and are close to ~10** m ™ reported in BFO thin
film [61]. The junction width in the dark can be calculated by using the
relation, d, ~ (U,/B)“? [57]. As shown in Table 2, the calculated
junction widths d, are consistent with the depletion-layer width be-
tween ITO and BFO thin films, which was estimated to be a few hun-
dred nanometers [61].

The solid lines in Fig. 11 are theoretical fits by using Egs. (3) and (4)
with parameters in Table 2. In the theoretical fits, the attenuation
length (at A = 405 nm) of the specimen synthesized with O,:N, ratio of
1:1 is estimated from the average of all-O, and all-N, specimens, i.e.
B = 7.1 ym. The calculated curves of V. and Js agree well quantita-
tively with experimental data at lower irradiation intensities (< 20 W/
m?) as enlarged in the insets. The discrepancies between the experi-
mental and calculated V,,. at higher irradiation intensities mainly result

Calculated photovoltaic parameters 02Nz = 0:1 02:N; ~1:4 (ambient air) 0zN; =1:1 0xN; =10
Dark current, i, (pA) 0.1 0.1 0.1 0.1

Source resistance, R, (ohm) 9000 5200 9800 33,000
Diode-quality factor, & 10.5 95 11.5 13

Voltage across the depletion region in the dark, U, (V) 0.80 078 0.76 0.72

B (%10 V/m?) 1 03 0.8 6

p-n junction widths in the dark, d, ~ (U,/B)"/? (nm) 283 510 308 110

Carrier density, n, (x10%° m™%) 1.1 0.4 1.5 12.6
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from increasing intrinsic carmrier density. As irradiation intensity in-
creases, the fermi level can be pushed higher because intrinsic carrier
density can be increased due to thermal energy from irradiation. The
built-in potential barrier in a p-n junction is mainly caused by the dif-
ference in fermi levels between p-type and n-type regions. The built-in
potential is expected to decrease as the band gap between fermi levels
decreases by irradiation. In addition, the lower V. in the O,-rich-at-
mosphere specimens is likely also associated with higher oxygen va-
cancies. According to a first-principles calculation, oxygen vacancies
can give rise to defect states in BFO below the conduction band and
shift the absorption edge to lower energy [62,63]. The built-in potential
in the p-n junction decreases as oxygen vacancies increase [62,63].

The discrepancies between the experimental and calculated J,. at
higher irradiation intensities in Fig. 11(b) can be mainly attributed to
the recombination of charged carriers, which often occurs at the surface
or in the bulk of the cell. The p-n-junction-like model used in this study
only considers the electron-hole generation by irradiation [57]. As
shown in Fig. 1, the increasing oxygen vacancies are likely responsible
for the reduced J,. in the O,-rich-atmosphere specimens, because
oxygen vacancies can increase charge recombination rate at the inter-
face [64]. Other factors, such as microstrain, local domain structure,
polarization, and electronic states may also affect the charge con-
ductivity [65,66].

Fig. 13 shows plots of power-conversion efficiency (n) vs. load
voltage (V) with increasing irradiation intensity. The power-con-
version efficiencies were calculated using n =P,y /Pi,, where Py,
and P,,, are respectively the irradiation power and output electric
power calculated from irradiated current and voltage across the
load. The maximal PV power-conversion efficiencies (nmax) occur at
lower intensities and are respectively about 0.09, 0.19, 0.42, and
0.27% for specimens synthesized with O,/N, atmosphere ratios of
1:0, 1:1, ~1:4 (ambient air), and 0:1. Fig. 14 shows the external
quantum efficiencies (EQE = hfJ../qI), which is a conversion from
incident photons to conduction electrons in the PV process [57].
The rapid decay with increasing irradiation intensity is mainly
caused by charge recombination. The specimen prepared with
04:N; ~ 1:4 (ambient air) shows a maximal EQE of ~8%. Table 3 is
a brief summary, including previous PV results in BFO materials
under ultraviolet-visible irradiations [5,67-70]. The ITO/BFO7Nd
ceramic/Au heterostructure has demonstrated comparable photo-
voltaic V¢, Jser 1, and EQE under ultraviolet irradiation.

4. Conclusions

This work has demonstrated the substantial influence of processing
atmosphere on microstructure, O/Bi vacancies, impurity phase, phonon
vibration, cation valence, bond strength, band gap, atomic hybridiza-
tion, and PV properties in (Big g3Ndy o7)FeO; ceramics. A decreased
FeOg octahedral distortion and minor Fe*™ cation concentration were
identified with decreasing O, concentration. The O,-rich-atmosphere
specimens show decreased O 2p-Fe 3d and O 2p-Bi 6sp hybridizations,
which are responsible for the larger band gaps. The PV effects of the
ITO/BFO7Nd/Au heterostructure show strong dependence on proces-
sing atmosphere and can be quantitatively described by the p-n-junction
model.
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Table 3

Comparison of experi 1PV eters in BiFeO; thin films, crystals, and ceramics. SRO and ITO represent SrRuQs and indium tin oxide, respectively. The BFO7Nd ceramic used in

this table was prepared in ambient air (OxzN, ~ 1:4).
PV heterostructure Vo (V) Joe (A/m®) Irradiation wavelength . (nm) Irradiation intensity (W/m?) Timax (%) EQE (%) Ref.
ITO/BFO thin film/SRO 03 4x107° 435 7.5 [67]
Pt/BFO thin film/Pt 20 05 75 1000 [68]
Pt/BFO erystal/Pt 13 0.01 405 3x107° [69]
Au/BFO crystal/Au 0.075 532 < 200 [70]
ITO/BFO ceramic/Au 058 0.05 405 100 0.005 0.16 [5]
ITO/BFO5Sm ceramic/Au 07 094 405 100 0.25 3 [5]
ITO/BFO7Nd ceramic/Au 069 075 405 100 0.13 24 this work

of Taiwan under Project Nos. MOST105-2221-E-030-002-MY3, 2289-2294.

MOST106-2221-E-131-005, and MOST106-2221-E-146-003.

References

1]
[2]
(3]

(4]

(5]

[6]
7]
(8]

91
[10]
[11]

[12]

[13]
[14]

[15]
[16]
[17]
[18]
[19]
[20]
[21]

[22

—_

[23]

[24]
[25]

[26]

Y M. Kim, A. Kumar, A. Hatt, et al., Interplay of octahedral tilts and polar order in
BiFe0; films, Adv. Mater. 25 (2013) 2497-2504.

G. Catalan, J.F. Scott, Physics and applications of bismuth ferrite, Adv. Mater. 21
(2009) 2463-2485.

G. Dong, H. Fan, H. Tian, et al., Gas-sensing and electrical properties of perovskite
structure p-type barium-substituted bismuth ferrite, RSC Adv. 5 (2015)
29618-29623.

Y.T. Peng, S.H. Chiou, C.H. Hsiao, et al., Remarkably enhanced photovoltaic effects
and first-principles calculations in neodymium doped BiFeOs, Sci. Rep. 7 (2017)
45164 (9pp).

CS. Ty, CS. Chen, P.Y. Chen, et al, Enhanced photovoltaic effects in A-site sa-
marium doped BiFeO3 ceramics: The roles of domain structure and electronic state,
J. Eur. Ceram. Soc. 36 (2016) 1149-1157.

F. Kubel, H. Schmid, Structure of a ferroelectric and ferroelastic monodomain
crystal of the perovskite BiFeOs, Acta Cryst. B 46 (1990) 698-702.

R.E. Cohen, Origin of ferroelectricity in perovskite oxides, Nature 358 (1992)
136-138.

D.C. Arnold, Composition-driven structural phase transitions in rare-earth-doped
BiFeO; ceramics: a review, IEEE Trans, Ultrason. Ferroelect. Freq. Control 62
(2015) 62-82,

W.S. Chang, C.S. Tu, P.Y. Chen, et al,, Effects of Fe 3d-O 2p and Bi 6sp—0 2p orbital
hybridizations in Nd doped BiFeO; ceramics, J. Alloys Compd 710 (2017) 670-679.
T.D. Rao, R. Ranjith, S. Asthana, Enhanced magnetization and improved insulating
character in Eu substituted BiFeOs, J. Appl. Phys. 115 (2014) 124110 (8pp).

J. Anthoniappen, W.S. Chang, A.K. Soh, et al., Electric field induced nanoscale
polarization switching and piezoresponse in Sm and Mn co-doped BiFeO3 mult-
ferroic ceramics by using piezoelectric force microscopy, Acta Mater. 132 (2017)
174-181.

L.Y. Chang, C.S. Tu, P.Y. Chen, et al., Raman vibrations and photovoltaic conversion
in rare earth doped (Bip o3Ro.07)Fe03 (R = Dy, Gd, Eu, Sm) ceramics, Ceram. Int. 42
(2016) 834-842,

A. Ablat, R. Wu, M. Mamat, et al., Structural analysis and magnetic properties of Gd
doped BiFeO; ceramics, Ceram. Int. 40 (2014) 14083-14089.

R. Saterli, 5.M. Selbach, P. Ravindran, et al., Electronic structure of multiferroic
BiFeO; and related compounds: electron energy loss spectroscopy and density
functional study, Phys. Rev. B 82 (2010) 064102 (9pp).

AM. Glazer, The classification of tilted octahedra in perovskites, Acta Cryst. B 28
(1972) 3384-3392,

AM. Glazer, Simple ways of determining perovskite structures, Acta Cryst. A 31
(1975) 756-762.

S. Karimi, LM. Reaney, Y. Han, et al., Crystal chemistry and domain structure of
rare-earth doped BiFeOs ceramics, J. Mater. Sci. 44 (2009) 5102-5112.

R.D. Shannon, Revised effective ionic radii and systematic studies of interatomic
distances in halides and chalcogenides, Acta Cryst. A 32 (1976) 751-767.

M. Marezio, etal., The crystal chemistry of the rare earth orthoferrites, Acta Cryst. B
26 (1970) 2008-2022,

S. Karimi, LM. Reaney, L. Levin, et al., Nd-doped BiFeO; ceramics with antipolar
order, Appl. Phys. Lett. 94 (2009) 112903 (3pp).

L. Levin, M.G. Tucker, H. Wu, et al., Displacive phase transitions and magnetic
structures in Nd-substituted BiFeQs, Chem. Mater. 23 (2011) 2166-2175.

T. Rojac, A. Bencan, G. Drazic, et al., Domain-wall conduction in ferroelectric
BiFeO3 controlled by accumulation of charged defects, Nat. Mater. 16 (2017)
322-327.

C.-S. Chen, P.-Y. Chen, CS. Tu, et al., The effects of sintering atmosphere on mi-
crostructures and electrical properties of lead-free (BigsNags)TiOs-based ceramics,
Ceram. Int. 40 (2014) 9591-9598,

J.A. McLeod, Z.V. Pchelkina, L.D. Finkelstein, et al., Electronic structure of BiMOs
multiferroics and related oxides, Phys. Rev. B 81 (2010) 144103 (10pp).

C.S. Chen, P.Y. Chen, C.S. Tu, et al, The effects of sintering atmosphere on mi-
crostructures and electrical properties of lead-free (BigsNags)TiOs-based ceramics,
Ceram. Int. 40 (2014) 9591-9598,

J.Y. Xia, M.T. Tang, C. Chen, et al., Preparation of a-BizO; from bismuth powders
through low-temperature oxidation, Trans. Nonferrous Met. Soc. China 22 (2012)

[27]
[28]

[29]

[30]
[31]

[32]

[33]

[34]
[35]

[36]
[37]

[38]

[39]
[40]

[41]
[42]

[43]
[44]
[45]

[46]
(471
[48]

[49]
[50]

[51]

[52]
[53]

R.M. Tahboub, M.E. Guindy, H.D. Merchant, Oxidation kinetics of bismuth and its
dilute alloys, Oxid. Metals 13 (1979) 545-556.

J.H. Lee, HJ. Choi, D. Lee, et al., Variations of ferroelectric off-centering distortion
and 3d-4p orbital mixing in La-doped BiFeO; multiferroics, Phys. Rev. B 82 (2010)
045113 (8pp).

T.E. Westre, P. Kennepohl, J.G. DeWitt, et al.,, A multiplet analysis of Fe K-edge
1s — 3d pre-edge fi of iron compl J. Am. Chem. Soc. 119 (1997)
6297-6314.

L.A. Grunes, Study of the K edges of 3d transition metals in pure and oxide form by
x-ray-absorption spectroscopy, Phys. Rev. B 27 (1983) 2111-2131.

T. Higuchi, W. Sakamoto, N. Itoh, et al., Valence state of Mn-doped BiFeO5;-BaTiO3
ceramics probed by soft X-ray absorption spectroscopy, Appl. Phys. Express 1
(2008) 011502 (3pp).

H. Ikeno, I. Tanaka, T. Miyamae, et al., First principles calculation of Fe L, ;-edge X-
ray absorption near edge structures of iron oxides, Mater. Trans. 45 (2004)
1414-1418.

N. Panwar, I. Coondoo, V. Sen, et al., Advances in Ceramics—Electric and Magnetic
Ceramics, Bioceramics, Ceramics and Environment, Chapter 13 (Structural,
Morphological, Magneto-Transport and Thermal Properties of Antimony
Substituted (La,Pr), 4Ba, Mn, ,Sh O, Perovskite Manganites), InTech Press, 2011,
pp. 307-328.

T. Higuchi, Y.S. Liu, P. Yao, et al., Electronic structure of multiferroic BiFeO; by
resonant soft x-ray emission spectroscopy, Phys. Rev. B 78 (2008) 085106 (Spp).
J.R. Hayes, A.P. Grosvenor, An x-ray absorption spectroscopic study of the elec-
tronic structure and bonding of rare-earth orthoferrites, J. Phys.: Condens. Matter
23 (2011) 465502 (8pp).

F.M.F. de Groot, M. Grioni, J.C. Fuggle, et al., Oxygen 1s x-ray-absorption edges of
transition-metal oxides, Phys. Rev. B 40 (1989) 5715-5723.

Z.Y. Wu, S. Gota, F. Jollet, et al., Characterization of iron oxides by x-ray absorption
at the oxygen K edge using a full multiple-scattering approach, Phys. Rev. B 55
(1997) 2570-2577.

Y. Ma, P.D. Johnson, N. Wassdahl, et al., Electronic structures of a-Fe;05 and Fe;0y4
from O K-edge absorption and emission spectroscopy, Phys. Rev. B 48 (1993)
2109-2111.

C.J. Ballhausen, Introduction to Ligand-Field Theory, McGraw-Hill, New York,
1962.

M. Abbate, F.M.F. de Groot, J.C. Fuggle, et al., Controlled-valence properties of La;.
«51;Fe0; and La,.,Sr,MnO; studied by soft-x-ray absorption spectroscopy, Phys.
Rev. B 46 (1992) 4511-4519,

K.T. Ko, M.H. Jung, Q. He, et al,, Concurrent transition of ferroelectric and mag-
netic ordering near room temperature, Nat. Commun. 2 (2011) 567 (8pp).

C. He, Z.J. Ma, B.Z. Sun, et al., The electronic, optical and ferroelectric properties of
BiFeOs during polarization reversal: a first principle study, J. Alloys Compd. 623
(2015) 393-400.

J.B. Neaton, C. Ederer, U.V. Waghmare, et al., First-principles study of spontaneous
polarization in multiferroic BiFeO3, Phys. Rev. B 71 (2005) 014113 (8pp).

H. Wang, Y. Zheng, M.Q. Cai, et al., First-principles study on the electronic and
optical properties of BiFeOs, Solid State Commun. 149 (2009) 641-644.

J.R. Hayes, A.P. Grosvenor, An x-ray absorption spectroscopic study of the elec-
tronic structure and bonding of rare-earth orthoferrites, J. Phys.: Condens Matter.
23 (2011) 465502 (8pp).

A. Bashir, M. Ikram, R. Kumar, et al,, Structural, electronic structure and magnetic
studies of SmFe;_,Ni,Os (x = 0.5), Mater. Sci. Eng. B 172 (2010) 242-247.

A, Ablat, M. Mamat, R. Wu, et al., An in situ resonant photoemission and x-ray
absorption study of the BiFeO; thin film, Ceram. Int. 42 (2016) 10624-10630.
AY. Borisevich, E.A. Eliseev, A.N. Morozovska, et al., Atomic-scale evolution of
modulated phases at the ferroelectric-antiferroelectric morphotropic phase
boundary controlled by flexcelectric interaction, Nat. Commun. 3 (2012) 775 (8pp).
P. Hermet, M. Goffinet, J. Kreisel, et al., Raman and infrared spectra of multiferroic
bismuth ferrite from first principles, Phys. Rev. B 75 (2007) 220102R (4pp).

J. Hlinka, J. Pokorny, S. Karimi, et al., Angular dispersion of oblique phonon modes
in BiFeO5 from micro-Raman scattering, Phys. Rev. B 83 (2011) 020101R (4pp).
J. Bielecki, P. Svedlindh, D.T. Tibebu, et al., Structural and magnetic properties of
isovalently substituted multiferroic BiFeOs: insights from Raman spectroscopy,
Phys. Rev. B 86 (2012) 184422 (16pp).

T.R. Paudel, S.5. Jaswal, EY. Tsymbal, Intrinsic defects in multiferroic BiFeO; and
their effect on magnetism, Phys. Rev. B 85 (2012) 104409 (8pp).

J.B. Goodenough, Magnetism the Chemical Bond, Wiley, New York, 1963, pp.



http://refhub.elsevier.com/S0955-2219(17)30764-1/sbref0005
http://refhub.elsevier.com/S0955-2219(17)30764-1/sbref0005
http://refhub.elsevier.com/S0955-2219(17)30764-1/sbref0010
http://refhub.elsevier.com/S0955-2219(17)30764-1/sbref0010
http://refhub.elsevier.com/S0955-2219(17)30764-1/sbref0015
http://refhub.elsevier.com/S0955-2219(17)30764-1/sbref0015
http://refhub.elsevier.com/S0955-2219(17)30764-1/sbref0015
http://refhub.elsevier.com/S0955-2219(17)30764-1/sbref0020
http://refhub.elsevier.com/S0955-2219(17)30764-1/sbref0020
http://refhub.elsevier.com/S0955-2219(17)30764-1/sbref0020
http://refhub.elsevier.com/S0955-2219(17)30764-1/sbref0025
http://refhub.elsevier.com/S0955-2219(17)30764-1/sbref0025
http://refhub.elsevier.com/S0955-2219(17)30764-1/sbref0025
http://refhub.elsevier.com/S0955-2219(17)30764-1/sbref0030
http://refhub.elsevier.com/S0955-2219(17)30764-1/sbref0030
http://refhub.elsevier.com/S0955-2219(17)30764-1/sbref0035
http://refhub.elsevier.com/S0955-2219(17)30764-1/sbref0035
http://refhub.elsevier.com/S0955-2219(17)30764-1/sbref0040
http://refhub.elsevier.com/S0955-2219(17)30764-1/sbref0040
http://refhub.elsevier.com/S0955-2219(17)30764-1/sbref0040
http://refhub.elsevier.com/S0955-2219(17)30764-1/sbref0045
http://refhub.elsevier.com/S0955-2219(17)30764-1/sbref0045
http://refhub.elsevier.com/S0955-2219(17)30764-1/sbref0050
http://refhub.elsevier.com/S0955-2219(17)30764-1/sbref0050
http://refhub.elsevier.com/S0955-2219(17)30764-1/sbref0055
http://refhub.elsevier.com/S0955-2219(17)30764-1/sbref0055
http://refhub.elsevier.com/S0955-2219(17)30764-1/sbref0055
http://refhub.elsevier.com/S0955-2219(17)30764-1/sbref0055
http://refhub.elsevier.com/S0955-2219(17)30764-1/sbref0060
http://refhub.elsevier.com/S0955-2219(17)30764-1/sbref0060
http://refhub.elsevier.com/S0955-2219(17)30764-1/sbref0060
http://refhub.elsevier.com/S0955-2219(17)30764-1/sbref0065
http://refhub.elsevier.com/S0955-2219(17)30764-1/sbref0065
http://refhub.elsevier.com/S0955-2219(17)30764-1/sbref0070
http://refhub.elsevier.com/S0955-2219(17)30764-1/sbref0070
http://refhub.elsevier.com/S0955-2219(17)30764-1/sbref0070
http://refhub.elsevier.com/S0955-2219(17)30764-1/sbref0075
http://refhub.elsevier.com/S0955-2219(17)30764-1/sbref0075
http://refhub.elsevier.com/S0955-2219(17)30764-1/sbref0080
http://refhub.elsevier.com/S0955-2219(17)30764-1/sbref0080
http://refhub.elsevier.com/S0955-2219(17)30764-1/sbref0085
http://refhub.elsevier.com/S0955-2219(17)30764-1/sbref0085
http://refhub.elsevier.com/S0955-2219(17)30764-1/sbref0090
http://refhub.elsevier.com/S0955-2219(17)30764-1/sbref0090
http://refhub.elsevier.com/S0955-2219(17)30764-1/sbref0095
http://refhub.elsevier.com/S0955-2219(17)30764-1/sbref0095
http://refhub.elsevier.com/S0955-2219(17)30764-1/sbref0100
http://refhub.elsevier.com/S0955-2219(17)30764-1/sbref0100
http://refhub.elsevier.com/S0955-2219(17)30764-1/sbref0105
http://refhub.elsevier.com/S0955-2219(17)30764-1/sbref0105
http://refhub.elsevier.com/S0955-2219(17)30764-1/sbref0110
http://refhub.elsevier.com/S0955-2219(17)30764-1/sbref0110
http://refhub.elsevier.com/S0955-2219(17)30764-1/sbref0110
http://refhub.elsevier.com/S0955-2219(17)30764-1/sbref0115
http://refhub.elsevier.com/S0955-2219(17)30764-1/sbref0115
http://refhub.elsevier.com/S0955-2219(17)30764-1/sbref0115
http://refhub.elsevier.com/S0955-2219(17)30764-1/sbref0120
http://refhub.elsevier.com/S0955-2219(17)30764-1/sbref0120
http://refhub.elsevier.com/S0955-2219(17)30764-1/sbref0125
http://refhub.elsevier.com/S0955-2219(17)30764-1/sbref0125
http://refhub.elsevier.com/S0955-2219(17)30764-1/sbref0125
http://refhub.elsevier.com/S0955-2219(17)30764-1/sbref0130
http://refhub.elsevier.com/S0955-2219(17)30764-1/sbref0130
http://refhub.elsevier.com/S0955-2219(17)30764-1/sbref0130
http://refhub.elsevier.com/S0955-2219(17)30764-1/sbref0135
http://refhub.elsevier.com/S0955-2219(17)30764-1/sbref0135
http://refhub.elsevier.com/S0955-2219(17)30764-1/sbref0140
http://refhub.elsevier.com/S0955-2219(17)30764-1/sbref0140
http://refhub.elsevier.com/S0955-2219(17)30764-1/sbref0140
http://refhub.elsevier.com/S0955-2219(17)30764-1/sbref0145
http://refhub.elsevier.com/S0955-2219(17)30764-1/sbref0145
http://refhub.elsevier.com/S0955-2219(17)30764-1/sbref0145
http://refhub.elsevier.com/S0955-2219(17)30764-1/sbref0150
http://refhub.elsevier.com/S0955-2219(17)30764-1/sbref0150
http://refhub.elsevier.com/S0955-2219(17)30764-1/sbref0155
http://refhub.elsevier.com/S0955-2219(17)30764-1/sbref0155
http://refhub.elsevier.com/S0955-2219(17)30764-1/sbref0155
http://refhub.elsevier.com/S0955-2219(17)30764-1/sbref0160
http://refhub.elsevier.com/S0955-2219(17)30764-1/sbref0160
http://refhub.elsevier.com/S0955-2219(17)30764-1/sbref0160
http://refhub.elsevier.com/S0955-2219(17)30764-1/sbref0165
http://refhub.elsevier.com/S0955-2219(17)30764-1/sbref0165
http://refhub.elsevier.com/S0955-2219(17)30764-1/sbref0165
http://refhub.elsevier.com/S0955-2219(17)30764-1/sbref0165
http://refhub.elsevier.com/S0955-2219(17)30764-1/sbref0165
http://refhub.elsevier.com/S0955-2219(17)30764-1/sbref0170
http://refhub.elsevier.com/S0955-2219(17)30764-1/sbref0170
http://refhub.elsevier.com/S0955-2219(17)30764-1/sbref0175
http://refhub.elsevier.com/S0955-2219(17)30764-1/sbref0175
http://refhub.elsevier.com/S0955-2219(17)30764-1/sbref0175
http://refhub.elsevier.com/S0955-2219(17)30764-1/sbref0180
http://refhub.elsevier.com/S0955-2219(17)30764-1/sbref0180
http://refhub.elsevier.com/S0955-2219(17)30764-1/sbref0185
http://refhub.elsevier.com/S0955-2219(17)30764-1/sbref0185
http://refhub.elsevier.com/S0955-2219(17)30764-1/sbref0185
http://refhub.elsevier.com/S0955-2219(17)30764-1/sbref0190
http://refhub.elsevier.com/S0955-2219(17)30764-1/sbref0190
http://refhub.elsevier.com/S0955-2219(17)30764-1/sbref0190
http://refhub.elsevier.com/S0955-2219(17)30764-1/sbref0195
http://refhub.elsevier.com/S0955-2219(17)30764-1/sbref0195
http://refhub.elsevier.com/S0955-2219(17)30764-1/sbref0200
http://refhub.elsevier.com/S0955-2219(17)30764-1/sbref0200
http://refhub.elsevier.com/S0955-2219(17)30764-1/sbref0200
http://refhub.elsevier.com/S0955-2219(17)30764-1/sbref0205
http://refhub.elsevier.com/S0955-2219(17)30764-1/sbref0205
http://refhub.elsevier.com/S0955-2219(17)30764-1/sbref0210
http://refhub.elsevier.com/S0955-2219(17)30764-1/sbref0210
http://refhub.elsevier.com/S0955-2219(17)30764-1/sbref0210
http://refhub.elsevier.com/S0955-2219(17)30764-1/sbref0215
http://refhub.elsevier.com/S0955-2219(17)30764-1/sbref0215
http://refhub.elsevier.com/S0955-2219(17)30764-1/sbref0220
http://refhub.elsevier.com/S0955-2219(17)30764-1/sbref0220
http://refhub.elsevier.com/S0955-2219(17)30764-1/sbref0225
http://refhub.elsevier.com/S0955-2219(17)30764-1/sbref0225
http://refhub.elsevier.com/S0955-2219(17)30764-1/sbref0225
http://refhub.elsevier.com/S0955-2219(17)30764-1/sbref0230
http://refhub.elsevier.com/S0955-2219(17)30764-1/sbref0230
http://refhub.elsevier.com/S0955-2219(17)30764-1/sbref0235
http://refhub.elsevier.com/S0955-2219(17)30764-1/sbref0235
http://refhub.elsevier.com/S0955-2219(17)30764-1/sbref0240
http://refhub.elsevier.com/S0955-2219(17)30764-1/sbref0240
http://refhub.elsevier.com/S0955-2219(17)30764-1/sbref0240
http://refhub.elsevier.com/S0955-2219(17)30764-1/sbref0245
http://refhub.elsevier.com/S0955-2219(17)30764-1/sbref0245
http://refhub.elsevier.com/S0955-2219(17)30764-1/sbref0250
http://refhub.elsevier.com/S0955-2219(17)30764-1/sbref0250
http://refhub.elsevier.com/S0955-2219(17)30764-1/sbref0255
http://refhub.elsevier.com/S0955-2219(17)30764-1/sbref0255
http://refhub.elsevier.com/S0955-2219(17)30764-1/sbref0255
http://refhub.elsevier.com/S0955-2219(17)30764-1/sbref0260
http://refhub.elsevier.com/S0955-2219(17)30764-1/sbref0260
http://refhub.elsevier.com/S0955-2219(17)30764-1/sbref0265

[54]
[55]
[56]

[57]

[58]

[59]

[60]

[61]

174-178.

R. Bhatt, I. Bhaumik, S. Ganesamoorthy, et al., Urbach tail and bandgap analysis in
near stoichiometric LINbO; crystals, Phys. Status Solidi A 209 (2012) 176-180.
K.K. Nanda, F.E. Krius, H. Fissan, M. Acet, Band-gap tuning of PbS nanoparticles by
in-flight sintering of size classified aerosols, J. Appl. Phys. 91 (2002) 2315 (pp).
T.T.N. Vu, G. Teyssedre, S.L. Roy, C. Laurent, Maxwell-Wagner effect in multi-
layered dielectrics: interfacial charge measurement and modeling, Technologies 5
(2017) 27 (14pp).

C.S. Tu, CM. Hung, Z.R. Xu, et al., Calcium-doping effects on photovoltaic response
and structure in multiferroic BiFeO; ceramics, J. Appl. Phys. 114 (2013) 124105
(6pp).

W. Shockley, HJ. Queisser, Detailed balance limit of efficiency of p-n junction solar
cells, J. Appl. Phys. 32 (1961) 510-519.

H. Kim, C.M. Gilmore, A. Piqué, et al., Electrical, optical, and structural properties
of indium-tin-oxide thin films for organic light-emitting devices, J. Appl. Phys. 86
(1999) 6451-6461.

A. Balasubramanian, M. Radhakrishnan, C. Balasubramanian, Dielectric behavior of
amorphous indium oxide thin films, Thin Solid Films 193-194 (1990) 981-989.
5.Y. Yang, L.W. Martin, 5.J. Bymes, et al., Photovoltaic effects in BiFeOs, Appl.
Phys. Lett. 95 (2009) 062909 (3pp).

[62]

[63]
[64]
[65]

[66]
(671
[68]
[69]
[70]

S. Ju, T.Y. Cai, First-principles studies of the effect of oxygen vacancies on the
electronic structure and linear optical response of multiferroic BiFeOs, Appl. Phys.
Lett. 95 (2009) 231906 (3pp).

S.J. Clark, J. Robertson, Energy levels of oxygen vacancies in BiFeQ, by screened
exchange, Appl. Phys. Lett. 94 (2009) 022902 (3pp).

F. Zhang, W. Ma, H. Gao, et al, Interfacial oxygen vacancies as a potential cause of
hysteresis in perovskite solar cells, Chem. Mater. 28 (2016) 802-812.

P.5.V. Mocherla, C. Karthik, R. Ubic, et al, Tunable bandgap in BiFeO3 nano-
particles: the role of microstrain and oxygen defects, Appl. Phys. Lett. 103 (2013)
022910 (5pp).

N.A. Spaldin, S.W. Cheong, R. Ramesh, Multiferroics: past, present, and future,
Phys. Today 201063 (2016) 38-43.

W. Ji, K. Yao, Y.C. Liang, Bulk photovoltaic effect at visible wavelength in epitaxial
ferroelectric BiFeO; thin films, Adv. Mater. 22 (2010) 1763-1766.

J. Seidel, D. Fu, 8.Y. Yang, et al., Efficient photovoltaic current generation at fer-
roelectric domain walls, Phys. Rev. Lett. 107 (2011) 126805 (4pp).

M. Alexe, D. Hesse, Tip-enhanced photovoltaic effects in bismuth ferrite, Nat.
Commun. 2 (2011) 256 (5pp).

T. Choi, S. Lee, Y.J. Choi, et al,, Switchable ferroelectric diode and photovoltaic
effect in BiFeOs, Science 324 (2009) 63-66.


http://refhub.elsevier.com/S0955-2219(17)30764-1/sbref0265
http://refhub.elsevier.com/S0955-2219(17)30764-1/sbref0270
http://refhub.elsevier.com/S0955-2219(17)30764-1/sbref0270
http://refhub.elsevier.com/S0955-2219(17)30764-1/sbref0275
http://refhub.elsevier.com/S0955-2219(17)30764-1/sbref0275
http://refhub.elsevier.com/S0955-2219(17)30764-1/sbref0280
http://refhub.elsevier.com/S0955-2219(17)30764-1/sbref0280
http://refhub.elsevier.com/S0955-2219(17)30764-1/sbref0280
http://refhub.elsevier.com/S0955-2219(17)30764-1/sbref0285
http://refhub.elsevier.com/S0955-2219(17)30764-1/sbref0285
http://refhub.elsevier.com/S0955-2219(17)30764-1/sbref0285
http://refhub.elsevier.com/S0955-2219(17)30764-1/sbref0290
http://refhub.elsevier.com/S0955-2219(17)30764-1/sbref0290
http://refhub.elsevier.com/S0955-2219(17)30764-1/sbref0295
http://refhub.elsevier.com/S0955-2219(17)30764-1/sbref0295
http://refhub.elsevier.com/S0955-2219(17)30764-1/sbref0295
http://refhub.elsevier.com/S0955-2219(17)30764-1/sbref0300
http://refhub.elsevier.com/S0955-2219(17)30764-1/sbref0300
http://refhub.elsevier.com/S0955-2219(17)30764-1/sbref0305
http://refhub.elsevier.com/S0955-2219(17)30764-1/sbref0305
http://refhub.elsevier.com/S0955-2219(17)30764-1/sbref0310
http://refhub.elsevier.com/S0955-2219(17)30764-1/sbref0310
http://refhub.elsevier.com/S0955-2219(17)30764-1/sbref0310
http://refhub.elsevier.com/S0955-2219(17)30764-1/sbref0315
http://refhub.elsevier.com/S0955-2219(17)30764-1/sbref0315
http://refhub.elsevier.com/S0955-2219(17)30764-1/sbref0320
http://refhub.elsevier.com/S0955-2219(17)30764-1/sbref0320
http://refhub.elsevier.com/S0955-2219(17)30764-1/sbref0325
http://refhub.elsevier.com/S0955-2219(17)30764-1/sbref0325
http://refhub.elsevier.com/S0955-2219(17)30764-1/sbref0325
http://refhub.elsevier.com/S0955-2219(17)30764-1/sbref0330
http://refhub.elsevier.com/S0955-2219(17)30764-1/sbref0330
http://refhub.elsevier.com/S0955-2219(17)30764-1/sbref0335
http://refhub.elsevier.com/S0955-2219(17)30764-1/sbref0335
http://refhub.elsevier.com/S0955-2219(17)30764-1/sbref0340
http://refhub.elsevier.com/S0955-2219(17)30764-1/sbref0340
http://refhub.elsevier.com/S0955-2219(17)30764-1/sbref0345
http://refhub.elsevier.com/S0955-2219(17)30764-1/sbref0345
http://refhub.elsevier.com/S0955-2219(17)30764-1/sbref0350
http://refhub.elsevier.com/S0955-2219(17)30764-1/sbref0350



