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ABSTRACT: Ferroelectrics can exhibit the bulk photovoltaic
effect (BPVE), which enables a switchable photoresponse and
above-band-gap open-circuit voltages (Voc). For these systems a
large remnant polarization (Pr) combined with a narrow band
gap (Eg) is believed to be critical in optimizing the photovoltaic
performance. Here we investigate the PbTiO3−BiFeO3−Bi-
(Ni1/2Ti1/2)O3 system which exhibits a large bulk Pr and a
tunable narrow Eg. To optimize the ferroelectric polarization,
ceramic samples were prepared in the vicinity of the ternary
morphotropic phase boundary (MPB), and their photovoltaic
properties were characterized over a broad range of optical wavelengths. MPB compositions with a direct optical gap ranging
from 2.25 to 2.85 eV and Pr = 32−39 μC/cm2 show a BPVE with Voc = 6 V at room temperature and a wavelength-dependent
switchable photoresponse. Under 1 sun AM 1.5 G illumination the short-circuit photocurrent (jsc) increased by an order of
magnitude as Eg was lowered from 2.85 to 2.25 eV, with ∼0.1 μA/cm2.

1. INTRODUCTION

Ferroelectric materials are characterized by their switchable
spontaneous polarization which enables important techno-
logical applications such as dielectric capacitors, piezoelectric
sensors and actuators, and ferroelectric random-access
memories.1 The discovery of magnetoelectric coupling in
systems such as BiFeO3 and TbMnO3 has also led to their
exploration as multiferroic materials.2,3 The photovoltaic effect
in ferroelectrics, which remained an academic curiosity since
its discovery in the 1970s,4−7 has recently attracted
considerable attention due to the growing demand for higher
efficiency photovoltaic materials. The breaking of inversion
symmetry in ferroelectrics can allow the separation of
photoexcited charge carriers throughout the entire sample
with above-band-gap photovoltages and potential power
conversion efficiencies beyond the Shockley−Queisser
limit.8,9 The ferroelectric polarization can also induce
interfacial electric fields along domain walls and/or electrode
interfaces which provide additional degrees of freedom in
controlling the photovoltaic properties.10−12

Despite their potential in solar energy conversion, most
ferroelectric oxides have wide band gaps (Eg > 3.0 eV) that
severely limit the fraction of the visible spectrum absorbed and
yield very low power conversion efficiencies. Therefore, the
ability to engineer a tunable narrow band gap is critical in
improving the photovoltaic performance of oxide ferroelectrics
and in enabling their application in photoelectronic devices.
Although only a lack of inversion symmetry is necessary for a

bulk photovoltaic effect (BPVE) which consists of shift and
ballistic mechanisms,8,13,14 a sizable polarization is desirable for
manipulating the polarity of the BPVE and enhancing the
interfacial electric fields. In displacive ferroelectrics a large
polarization is normally associated with a high Curie
temperature (TC), which is also important for high-temper-
ature applications and the environmental stability of a
photovoltaic device. Therefore, systems with a tunable and
narrow Eg and a large remnant polarization (Pr) are of interest
in providing a platform for understanding the BPVE.
The BPVE effect in BiFeO3, one of the few examples that

combines a relatively low Eg (2.7 eV) with a large spontaneous
polarization (∼60 μC/cm2 along the pseudocubic (001)
direction), has been explored in thin films and single
crystals.15,16 However, the exploration of the photovoltaic
effect in BiFeO3 in a ceramic form is limited by the difficulty in
obtaining single phase, insulating ceramic samples. Several
efforts have been made to tailor the properties of other
ferroelectric oxides for photovoltaic applications by lowering
their band gaps through chemical substitution17−21 and/or
introducing cation ordering.22−25 A summary of the literature
data for these systems provided in Table 1, and the observed Pr
is plotted with respect to the Eg in Figure 1. Significant
reductions in the band gaps of conventional ferroelectric oxides
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have been reported for systems such as Ba(Ni1/2Nb1/2)O3−δ
doped KNbO3 and Ni/Nb-substituted BaTiO3 where the
lowest Eg values (1.4−1.6 eV) are comparable to those of
traditional semiconductors.17,21 However, the Pr of the
substituted compounds are significantly inferior to that of
the undoped ferroelectric end-member due to the replacement
of the ferroelectrically active d0 cations by inactive dn cations
and leakage caused by defects such as oxygen vacancies.
Multiferroic oxides such as hexagonal manganites/ferrites26−28

and the non-perovskite phase KBiFe2O5
29,30 have also been

shown to have band gaps suited to photovoltaic applications;
however, the polarization of those systems is quite small (⩽5
μC/cm2).31,32 Most systems show a clear empirical trend of a

reduction in Pr with the narrowing of Eg (see the enclosed
region in Figure 1). Although Bi4Ti3O12−LaCoO3 superlattices
and PbTiO3−Bi(Ni2/3Nb1/3)O3 solid solutions are examples
where a substantial polarization (15 and 33 μC/cm2,
respectively) is retained, the chemical substitution only
produces a very limited reduction in Eg.

18,19 The ability to
induce a continuous variation in Eg, while retaining a bulk
polarization, is also important in designing multilayer solar
cells that could utilize the entire solar spectrum; this has been
successfully achieved in Bi(Fe1/2Cr1/2)O3 epitaxial thin films
through processing-induced B-site ordering.23 However, the Pr
in this system also drops significantly from 45 to 5 μC/cm2 as
the Eg is reduced.
In this paper we explore potential new photovoltaic

materials, preparable in ceramic form, that combine a large
polarization with a reduced and tunable band gap. In an
attempt to maintain a high polarization, we investigated a (Pb,
Bi)-based pseudoternary system where one of the component
binaries, PbTiO3−BiFeO3 (PT−BF), exhibits enhanced
tetragonality with a high TC. BF is one of a few solid solution
additives that increase the c/a ratio of PT,48−51 and the
substitution also reduces the band gap.52 However, highly
tetragonal PT−BF ceramics are not practical for bulk
ferroelectric applications due to the large coercive field and
the large internal strains accompanying the paraelectric-to-
ferroelectric transition which cause cracking during cooling.53

To mitigate these issues, we focused on solid solutions of PT−
BF with a third component, Bi(Ni1/2Ti1/2)O3 (BNT), that
could induce an MPB and maintain a high TC and low band
gap. The choice of BNT was guided by previous theoreti-
cal32,54 and experimental17,19−21,47 studies that show Ni2+ is
effective in lowering the Eg of titanate and niobate perovskites,
while the occupancy of Ti4+ on the remaining B-sites and Bi3+

Table 1. Literature Data of Ferroelectric Oxides Studied for Photovoltaic Applicationa

chemical composition Eg (eV) Pr (μC/cm
2) Eg tunability (eV) TC (K)

thin film
or bulk structure ref

BiFeO3 2.7 60 N/A 1100 s.c. and t.f. Rhmb. prvsk. 2,12,33,35
LiNbO3 3.78 71 N/A 1483 s.c. LiNbO3-type 34
KBiFe2O5 1.6 3.73 N/A 780 s.c. Brownmillerite

phase
29,30

BaTiO3 3.3 25 N/A 400 s.c. and t.f. Tetra. prvsk. 13,14,39
La-doped BiFeO3 (La-BF) 2.32 60 N/A 713 t.f. Rhmb. prvsk. 36
Bi(Fe1−xCoxO)3 (Co-BF) 2.3 60 0.4 N/A t.f. Rhmb. prvsk. 37
Bi0.925Sm0.075Fe0.95Co0.05O3 (Sm,Co-BF) 2.27 60 N/A N/A t.f. Tetra. prvsk. 38
Bi4Ti3O12−LaCoO3 superlattice (BiT-LC) 2.65 to 3.55 15 0.9 N/A t.f. Aurivillius phase 18
Bi5FeTi3O15 2.68 10 to 15 N/A 1030 t.f. Aurivillius phase 40
Bi(Fe1/2Cr1/2)O3 (BFCO) 1.4 to 2.3 5 to 45 0.9 N/A t.f. Double prvsk. 23
(Co,Fe)-doped Bi3.25La0.75Ti3O12 (BLCFT) 2.48 2.6 N/A N/A t.f. Aurivillius phase 41
LuMnO3 1.55 5 N/A N/A t.f. Hexagonal

manganite
26

YbFeO3 2 4 N/A N/A t.f. Hexagonal
ferrites

28

(Pb0.97La0.03)(Zr0.52Ti0.48)O3 (PLZT3/52/48) 3.4 35 to 45 N/A N/A b.c. Tetra. prvsk. 42,43
Ba1−x(Bi0.5Li0.5)xTiO3 (BBLT) 3.2 8 N/A 352 b.c. Tetra. prvsk. 44
0.9BaTiO3-0.1Ba(Ni1/2Nb1/2)O3−δ (BTNN) 1.5 4 N/A N/A b.c. Tetra. prvsk. 21
BaTi0.925(Mn1/2Nb1/2)0.075O3 (BTMN) 1.66 15 N/A 345 b.c. Tetra. prvsk. 45
(1-x)KNbO3-xBa(Ni1/2Nb1/2)O3−δ (KBNN) 1.1 to 3.8 0 to 5 (at 77K) 2.7 736 b.c. Orth. prvsk. 17,46
0.65PbTiO3-0.35Bi(Ni2/3+xNb1/3−x)O3−δ
(PT-BNN)

2.9 to 3.0 33 0.1 533 b.c. Tetra. prvsk. 19

(1-x)(Na1/2K1/2)NbO3-xBa(Ni1/2Nb1/2)O3−δ
(KNBNN)

1.50 to 1.63 0 to 11 0.13 N/A b.c. Orth. prvsk. 47

Sr1−xBi2+xNb2−xNixO9−x (SBNN) 2.25 to 2.7 1.1 to 2.7 0.45 N/A b.c. Aurivillius phase 20
as.c. = single crystal, t.f. = thin film, b.c. = bulk ceramic, Rhmb. = rhombohedral, Tetra. = tetragonal, Orth. = orthorhombic, and prvsk. = perovskite.

Figure 1. Summary of experimentally measured band gaps and
remanent polarization of ferroelectric oxides designed for photovoltaic
applications. References are summarized in Table 1.
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on the A-sites can promote polar distortions. Although pure
BNT can only be stabilized in a perovskite form at high
pressure,55 an extensive range of solid solutions with PT up to
65% BNT can be prepared at 1 atm. The previous studies also
showed the PT−BNT pseudobinary forms an MPB between
∼51 and 55% BNT with a TC (≈670 K) that is higher than the
Pb(Zr,Ti)O3 system;56−59 there are no reports on the optical
absorption properties of this system.
Here we investigate the structural, ferroelectric, and optical

properties of the PT−BF−BNT ternary system and the
photovoltaic response of compositions at the MPB. The
ternary shows band gaps ranging from 3.2 to 1.75 eV, and the
MPB compositions retain a substantial Pr (>32 μC/cm2) with
switchable, linear photovoltaic I−V responses and above-band-
gap open-circuit voltages (Voc). The wavelength dependence of
the light-induced response shows a correlation between the
photocurrent and the band gap and under 1 sun AM 1.5 G
illumination the photovoltaic performance (e.g., Voc = 5 V; jph
= 0.09 μA/cm2) of the MPB compositions exceeds most
previously reported ferroelectric oxide ceramics.

2. EXPERIMENTAL PROCEDURES
Samples in the PT−BF−BNT ternary system were prepared by
conventional solid-state synthesis. Analytical grade starting powders of
PbO, Bi2O3, TiO2, Fe2O3, and NiO were weighed stoichiometrically
and mixed by ball milling for 6 h. The mixtures were pressed into
pellets and calcined between 750 and 850 °C for 6 h through multiple
firings with intermediate grinding to promote homogeneity. After ball
milling for 12 h, the calcined powders were pressed into 3 mm thick, 8
mm diameter pellets in a uniaxial press, surrounded by sacrificial
powder of the same composition, and then sintered in a platinum
crucible at temperatures between 1000 and 1050 °C, depending on
the specific composition, for 2 h. The sintered pellets were cut into
0.5 mm thick slices or crushed into a powder for subsequent
characterization. X-ray diffraction (XRD) patterns of powder samples
were collected on an X-ray diffractometer (Rigaku GiegerFlex D/
Max-B) using Cu Kα radiation generated at 45 kV and 30 mA. Diffuse
reflectance spectra of powder samples were collected using a
powdered MgO standard on a Cary 5000 UV−vis spectrophotometer
equipped with a “praying mantis” diffuse reflectance accessory. The
optical band gaps of different compositions were estimated by
extrapolation from Tauc plots of the Kubelka−Munk function F(R) =
(1 − R)2/2R, where R is the reflectance.
For ferroelectric testing, both surfaces of polished 0.5 mm thick

pellets were coated with silver paste (Heraeus ST601-14) to provide
electrical contacts. The ferroelectric switching and hysteresis loops
were measured at different frequencies (1−10 Hz) by using a
commercial ferroelectric testing system with a high-voltage interface
and amplifier (Precision LCII Ferroelectric Test System, Radiant
Technologies, Inc.). The samples were immersed in silicone oil in a
Teflon sample fixture to prevent the electrical breakdown of air during
ferroelectric testing. Devices with an architecture of Si/Ag/ferro-
electric layer/ITO were fabricated for the photovoltaic response
measurements. One surface of the 0.5 mm pellet was first polished
(MultiPrep Polishing System, Allied High Tech Products Inc.) with
diamond lapping films and then mounted on a Si wafer with silver
epoxy (EPO-TEK H20E, Epoxy Technology, Inc.) which served as
the bottom electrode. The top surface of the sample was further
polished until the sample thickness reached 30 μm as monitored by a
micrometer. The top electrodes comprised arrays of transparent, 200
μm diameter, 150 nm thick pads of indium tin oxide (ITO) patterned
by photolithography and evaporated on the top surface at temper-
atures below 373 K. The devices were poled in a probe station
(Lakeshore Cryotronics, Model TTP4) by applying voltage pulses on
the ITO pads. After poling, the photovoltaic responses under 405,
450, 532, and 635 nm (Laser Diode Modules, Thorlabs, Inc.) and an
AM 1.5 light source (LCS-100 Solar Simulator, Oriel Instruments)

were collected by using a semiconductor parameter analyzer
(Keithley, Model 4200-SCS).

3. RESULTS AND DISCUSSION

3.1. PbTiO3−BiFeO3 Pseudobinary. The phase stability
of the (x)PT−(1 − x)BF solid solutions was investigated over
the entire range of compositions using XRD (Figure 2a). All
compositions showed single-phase perovskite patterns except
BiFeO3, which contained small amounts of Bi25FeO3 and
Bi2Fe4O9 secondary phases (see full scans in Figure S1). At
room temperature the solid solution retains a PT-type
structure from 0.3 < x < 1.0, and the tetragonality, as
manifested by the splitting of the (001)T/(100)T and (011)T/
(110)T peaks, increased with decreasing x. From the calculated
lattice parameters (Table S1), at x = 0.3 c/a = 1.19, which is
consistent with literature data.60 The compositions with the
highest tetragonality (i.e., x = 0.3 and 0.325) also form a
metastable rhombohedral phase when the particle size is small
(⩽1 μm).61 The details of the stabilization of the different
phases are described in Figure S2. For x ⩽ 0.2, the tetragonal
reflections completely transform to the rhombohedral peaks,
(102)R and (104)R/(110)R, and as reported previously a region
of two-phase coexistence is observed between 0.2 < x < 0.3.62

The optical absorption of the (x)PT−(1 − x)BF samples
was investigated by diffuse reflectance spectroscopy, and the
resultant Kubelka−Munk function F(R) (Figure 2b) contains
two principal features. The first is a strong absorption edge
followed by a plateau extending up to 6 eV, which is present
for all compositions. This excitation, which defines the Eg of
(x)PT−(1 − x)BF, is caused by charge transfer from the
oxygen 2p states at the valence band maximum to the
transition metal (e.g., Ti4+ or Fe3+) 3d states at the conduction
band minimum. The onset of this fundamental absorption
edge is red-shifted from ∼3 to 2.2 eV by the substitution of
BiFeO3 into PbTiO3. The second feature is the appearance of
broad and weak absorption peaks below 2.2 eV for BiFeO3-rich
compositions. These result from localized Fe3+ d−d transitions
due to the crystal field (see Figure S3); they are forbidden by
the Laporte rule and do not contribute to the photo-
conduction.
The fundamental absorption edge of the (x)PT−(1 − x)BF

spectra was analyzed by using Tauc plots to quantify the
magnitude of the direct and indirect optical gap. Details of the
line fits for the Tauc plots are provided in Figure S4, and the
variation of the optical Eg with x is shown in Figure 2c. The
absorption edge of the tetragonal compositions (x ⩾ 0.3) is
well-fitted by a single allowed direct transition, resulting in a
decreased direct Eg as the tetragonality increases. The
rhombohedral compositions (x < 0.3), especially BiFeO3,
show two distinct direct transitions. The first transition at
higher energy is in agreement with the frequently reported Eg
of 2.7 eV for BiFeO3 films obtained by spectroscopic
ellipsometry.33−35 The second lower energy transition is
more likely due to a combination of high energy crystal-field
excitations and exciton bands36,63−65 (see Figures S3 and S4).
The tetragonal compositions with x ⩾ 0.4 also show a well-
defined linear region in the indirect Tauc plot; however, for x
⩽ 0.3 the strong overlap of the d−d transitions and the charge
transfer absorption edge prevent any satisfactory fitting for an
indirect transition. It should be noted that the lowest direct Eg
(= 2.18 eV) is observed in the composition (x = 0.3) with the
highest tetragonality, and the transformation to the rhombohe-
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dral phase fundamentally alters the electronic structure of the
(x)PT−(1 − x)BF solid solution.
3.2. PbTiO3−Bi(Ni1/2Ti1/2)O3 Pseudobinary. Bi-

(Ni1/2Ti1/2)O3 (BNT), which has a balance of ferroelectrically
active Ti4+ and gap-lowering Ni2+ cations on the B-site, was
chosen to modify the tetragonal (x)PT−(1 − x)BF solid
solutions through formation of an MPB. First the (1 − y)PT−
(y)BNT pseudobinary was explored to quantify the effect of
the BNT additive on the structure and ferroelectric and optical
properties of lead titanate. The splitting of the (001)T/(100)T
and (011)T/(110)T reflections in the XRD patterns of the solid
solution (Figure 2d) is reduced up to y = 0.5; their
replacement by pseudocubic (100)C and (110)C peaks at y =
0.55 confirms the previously reported location of the MPB.57

The diffuse reflectance spectra (Figure 2e) show the
substitution of BNT also causes a shift in the onset of the
absorption edge, from 3 eV for pure PbTiO3 to ∼2.5 eV for y =
0.5 and 0.55; these compositions have almost identical
absorption spectra with weaker additional peaks appearing
below 2 eV. The weaker peaks are associated with localized d−
d transitions for octahedral complexes of Ni2+ and can be
attributed to 3A2g to

3T2g and
3A2g to

3T1g transitions through a
Tanabe−Sugano diagram.66 The Tauc plots (Figure S5) yield a
direct and indirect gap of 2.85 and 2.2 eV for both y = 0.5 and
0.55 samples.
In contrast to their similar optical absorption, the ferro-

electric response of the y = 0.5 and 0.55 ceramics (Figure 2f)
are very different, as expected for compositions close to an
MPB. Tetragonal y = 0.5 has a well-saturated hysteresis loop
with a coercive field (Ec) = 50 kV/cm and Pr = 38 μC/cm2; the
loop for pseudocubic y = 0.55 is more slanted with Ec = 18 kV/
cm and Pr = 32 μC/cm2. The large reduction of Ec at y = 0.55
is consistent with the lower barrier to domain switching in the
pseudocubic MPB phase.

3.3. PbTiO3−BiFeO3−Bi(Ni1/2Ti1/2)O3 Ternary Compo-
sitions. The evolution of the MPB in the PbTiO3−BiFeO3−
Bi(Ni1/2Ti1/2)O3 ternary was investigated by synthesizing
samples in the vicinity of the tie line connecting the MPB in
the (x)PT−(1 − x)BF (x = 0.27) and (1 − y)PT−(y)BNT (y
= 0.55) pseudobinaries. Compositions were prepared along tie
lines from BNT to (x)PT−(1 − x)BF with x = 0.85, 0.7, 0.5,
and 0.325 (Figure 3); the MPB was identified by locating the
transition from tetragonal to pseudocubic symmetry in the
XRD patterns and from the reduction of Ec in the ferroelectric
hysteresis loops (Figure S6). For the x = 0.325 tie line the
transition from tetragonal to pseudocubic could be observed in
the XRD patterns; however, the higher conductivity of the
BiFeO3-rich ceramics prevented any significant ferroelectric
switching for electric fields up to 70 kV/cm (Figure S6). The
difficulty in switching BiFeO3-containing ceramics due to their
conductivity and/or domain wall clamping from the ordered
alignment of Fe2+−oxygen vacancy defect dipoles has been
reported in many other studies.67−69 The location of the
ternary MPB deduced from the structural and ferroelectric
responses of the samples is shown in Figure 3a.
The optical absorption properties of the PT−BF−BNT

system were analyzed through Tauc plots, and the extracted
direct Eg of various compositions is shown in Figure 3b; the
corresponding values for an indirect gap are presented in
Figure S7. BF and BNT are both effective in reducing the
charge transfer gap of the solid solutions, resulting in a
continuously tunable Eg ranging from 3.2 to 1.75 eV. The
tunability could potentially enable optimization for applica-
tions in multijunction solar cells as previously shown in other
perovskite oxide23 and halide systems.70,71 For the x = 1, 0.7,
and 0.5 compositional lines, the substitution of BNT into
(x)PT−(1 − x)BF can further reduce the charge transfer gap
through the broadening of the localized Ni 3d eg states to the
conduction band minimum.72 Along the x = 0.325 line the

Figure 2. (x)PT−(1 − x)BF solid solutions: (a) XRD patterns; (b) Kubelka−Munk spectra; (c) optical band gap. (1 − y)PT−(y)BNT solid
solutions: (d) XRD patterns; (e) Kubelka−Munk spectra; (f) ferroelectric hysteresis loops measured at 1 Hz.
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increasing BNT content produces a slight blue-shift in the
absorption edge (see Figure S8) due to an abrupt change in
structure from highly tetragonal to pseudocubic (Figure S6);
this increase in the gap is similar to the effect of the structure
change on the band gap observed at x = 0.3 and 0.325 in the
(x)PT−(1 − x)BF pseudobinary (Figure S2). These
observations indicate the MPB in the high and low BF regions
marked in Figure 3b are different in terms of the evolution of
electronic structures for compositions across the MPB.
Three representative compositions“A”: (Pb0.45Bi0.55)-

(Ni0.275Ti0.725)O3 (x = 1, y = 0.55); “B”: (Pb0.42Bi0.58)-
(Fe0.18Ni0.20Ti0.62)O3 (x = 0.7, y = 0.4); and “C”: (Pb0.39Bi0.61)-
(Fe0.39Ni0.11Ti0.50)O3 (x = 0.5, y = 0.22)were selected to
investigate the evolution of the structure and properties in the
vicinity of the MPB in the pseudoternary (Figure 4a). The

XRD patterns, ferroelectric response, and Tauc plots of these
MPB compositions are shown in Figures 4b, 4c, and 4d,
respectively. The XRD patterns show pseudocubic structures
for A and B; composition C has a main pseudocubic phase
with a trace amount of a tetragonal structure. The ferroelectric
hysteresis loops of the three compositions are well saturated
with minimal contributions from conductivity. As the BF
content along the MPB increases, Ec also increases while the
saturation polarization decreases, indicating the domain
switching is harder in BiFeO3-rich compositions. The range
of Pr values, 32−39 μC/cm2, exceeds those previously reported
for compositions lying in the tetragonal phase field of the PT−
BF−BNT system.73 The Tauc plots show a reduction in the
direct gap along the MPB with increasing BF content, and this
leads to a strong variation in the color of the samples (inset of
Figure 4d) from green (A) to red (B) to almost black (C).
However, it should be noted that composition B shows the
smallest indirect Eg = 1.75 eV and the largest difference in the
value of the direct and indirect gaps. The combination of a
narrow band gap and a large Pr for the ternary PT−BF−BNT
MPB compositions compares favorably to those previously
reported for other ferroelectric ceramic photovoltaic systems
(Figure S9). These MPB compositions also maintain TC’s,
ranging from ∼670 to 850 K, that are among the highest
reported for a photovoltaic ferroelectric oxide (the dielectric
data are provided in Figure S10), potentially allowing high-
temperature applications. Their photovoltaic performance is
assessed in the following section.

3.4. Photovoltaic Properties of MPB Compositions.
Switchability and Above-Band-Gap Voc. The photovoltaic
properties of the MPB compositions A, B, and C were
measured using an ITO/FE-layer/Ag device structure (Figure
S11). The electrode materials were deliberately chosen to
reduce the difference in the work function of the top and
bottom electrodes; the work functions for polycrystalline silver
and ITO are ∼4.3 and ∼4.5 eV, respectively.42 Composition B
(direct Eg = 2.5 eV; Pr = 39 μC/cm2) is representative in
illustrating the polarization-modulated photovoltaic response
under above-band-gap monochromatic illumination (450 nm,
∼50 mW/cm2) (see Figure S12 for the response of
composition C). The sign of the measured current is defined
as positive for current flow from the top to bottom electrode
through the ferroelectric layer. In the virgin state (i.e., before
poling), under zero bias composition B does not shown any
significant response with the light on or off (middle panel,
Figure 5a) except for a small transient current spike triggered
by turning on the laser, which immediately decays to a
negligible steady-state photocurrent. The absence of a steady-
state current in the virgin state rules out any significant
contribution to the photoresponse from ferroelectric imprint
effects and/or asymmetrical Schottky barriers.
The sample was then positively poled at 300 K using a 300 s,

200 V step-like voltage pulse. During poling the area under the
top electrode showed a clear shape change (Figure S11),
indicating a strong electromechanical response in the sample.
After positive poling, a significant photocurrent was induced in
a direction opposite to the ferroelectric polarization (top panel,
Figure 5a). Multiple light on/off cycles gave reproducible
patterns for the photocurrent. The same area of the sample was
then negatively poled, and in accordance with the switching of
the ferroelectric polarization, under the same illumination
conditions the polarity of the photocurrent was reversed in a
symmetric manner (bottom panel, Figure 5a). The switchable

Figure 3. (a) Schematic of the (1 − y)[(x)PT−(1 − x)BF]−(y)BNT
pseudoternary phase diagram. Dashed lines represent tie lines
explored to monitor the changes in structure and properties; the
resultant MPB is marked by the solid line. Detailed XRD and
ferroelectric data along each tie line are provided in Figure S6. (b)
Color map of the measured direct band gaps. The MPB regions with
high and low BF content are indicated.
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photoresponse clearly demonstrates the concurrence of the
bulk polarization and the photovoltaic effect.
The I−V responses of composition B with up and down

polarized states were studied to elucidate the distinct features
of the observed photovoltaic effect (Figure 5b). The I−V
curves were collected using a slow voltage sweep rate (0.05 V/
s) to achieve quasi-steady-state currents at each voltage and
minimize hysteresis from the capacitor component of the
circuit. The dark I−Vs of the up and down poled states pass
through the origin, and their linear response between ±10 V
shows there is no significant contribution from domain back-
switching or electromigration of mobile defects, ensuring an
equilibrium polarization during the sweep. Under illumination
the I−V response of the up/down poled states was quite
different than conventional photovoltaics where the built-in
electric field inside the heterojunctions and Schottky barriers
provides the driving force for carrier separation. First, similar to
the photocurrent versus time measurements, the polarity of the
I−V curve is switched after reversal of the polarization. Second,
the I−V curves of the oppositely poled states are nearly
symmetrical with the same absolute value of the open-circuit
voltage (6 V), which is equivalent to a photogenerated electric
field Ep = 2 kV/cm (below the coercive field Ec = 35 kV/cm),
and slightly different absolute values of the short-circuit current
(65 and 80 pA for polarization up and down, respectively).
The difference can be explained by the polarization-induced
modification of the Schottky barriers, which combines with the
bulk contribution to produce the overall photovoltaic response.
A more detailed analysis of the band bending at the electrode
interfaces is provided in the Supporting Information (see
Figure S13). Third, the 6 V Voc (obtained from the median
value of the forward and reverse sweeps) is multiple times
larger than the band gap of the composition (Eg = 2.5 eV),
which is not possible in a traditional single junction solar cell.
These observations are consistent with the BPVE model in

which the built-in electric field is not required for carrier
separation and the Voc is not limited by the band gap.
To further clarify the origin of the high open-circuit voltage,

it is useful to compare these results to the above-band-gap Voc
reported for the nonferroelectric polycrystalline hybrid perov-
skite CH3NH3PbI3. In that system the high Voc has been
attributed to the granular nature of the polycrystalline films
and the series connection of multiple subcells through
intergrain tunneling junctions.74 The formation of a tunneling
junction in CH3NH3PbI3 results from the accumulation of a
substantial number of mobile charged ions at grain boundaries
during poling. However, the likelihood of a significant
contribution from a tunneling junction mechanism in our
samples is very low as the activation energy for ion migration
in perovskite oxides, even those considered as good oxygen
conductors, is typically at least 1 order of magnitude higher
than the hybrid perovskites.75,76 This conclusion is supported
by additional measurements made at 173 K where a very large
above-band-gap Voc = 10 V was observed at a temperature
where any ion migration is extremely unlikely during poling
(Figure S14). This comparison points to a mechanism where
the observed anomalous Voc in PT-BF-BNT devices are caused
by the BPVE associated with the absence of crystal inversion
symmetry and/or ferroelectric-related boundary effects that do
not rely on ion migration.

Wavelength Dependence. To determine how the photo-
response is affected by the evolution of the band gap along the
ternary MPB, spectroscopic analyses of the photocurrent under
zero bias were conducted on samples A−C under different
excitation wavelengths (405, 450, 532, and 635 nm). All
samples were poled to a “polarization down” state prior to
measurement. Composition A (x = 1, y = 0.55; direct Eg = 2.85
eV) shows the smallest photoresponse (Figure 6a) due to the
larger Eg and partial depolarization as evidenced by the gap in
the hysteresis loop (see Figure 4c). In this sample a significant

Figure 4. Structure, optical and ferroelectric properties of the MPB compositions selected for detailed investigation in the (1 − y)[(x)PT−(1 −
x)BF]−(y)BNT ternary: (a) locations of compositions A (x = 1, y = 0.55), B (x = 0.7, y = 0.4), and C (x = 0.5, y = 0.22) and a summary of the
property variations across the system. (b) XRD patterns. (c) Ferroelectric hysteresis loops. (d) Tauc plots used for band-gap calculations; images of
the polished surfaces of each sample are inset.
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steady-state photocurrent density (jph), 0.015 μA/cm2, was
only observed under 450 nm illumination, which is close to the
value of the direct gap. Wavelengths below (532 and 635 nm)
and above (405 nm) the direct gap produced a transient
response that eventually decayed to a negligible steady-state
photocurrent (inset of Figure 6a). The transient response was
wavelength-dependent, and the spikes for below- and above-
band-gap illumination have opposite polarity. In ferroelectric
materials, transient photoresponses that eventually equilibrate
to steady-state values are frequently attributed to pyroelectric
currents originating from the heating of the sample under
illumination;9,77 however, this would not explain the change in
the polarity of transient spikes that we observe at the different
wavelengths.
The wavelength dependence of the photocurrent is more

prominent in compositions B and C, which have a larger Pr and
narrower direct Eg. For composition B (x = 0.7, y = 0.4; direct
Eg = 2.5 eV) all wavelengths produce a larger negative jph
(Figure 6b) compared to composition A. The above-band-gap
illumination (405 and 450 nm) induced a transient spike
which decays to the steady-state current, while the below-
band-gap illumination (532 and 635 nm) produced a current
that gradually increases to the steady-state value. Considering
the change in the polarity of the transient spikes observed for

sample A, the photoresponse of composition B can be treated
as a superposition of a transient spike which decays to zero and
a steady-state step function. The transient is likely related to a
surface recombination process,78 while the steady-state
response results from the BPVE.79 Composition C (x = 0.5,
y = 0.22; direct Eg = 2.25 eV) yielded a similar photoresponse
to its sample B counterpart; however, the steady-state currents
under long-wavelength illumination (532 and 635 nm) were
larger (Figure 6c). The near-band-gap illumination (532 nm)
yielded an instantaneous establishment of the largest steady-
state jph (= 0.078 μA/cm2), consistent with a fast band−band
excitation without trapping or thermal activation processes
from levels within the band gap.79 The variation of the
photoresponse with wavelength is commonly used as an
alternative method for determining the band gaps of
semiconductors.80 The observation of a maximum photo-
response at the absorption edge is not unusual; the decrease in
the photoresponse at longer wavelengths is due to the decrease
in the excitation of free carriers, while for wavelengths below
the maximum the photocurrent is limited by the reduced
penetration depth (0.1 μm assuming an absorption coefficient
of ∼105 cm−1 for above-band-gap illumination)33 with the
radiation largely being absorbed near the surface where rapid
carrier recombination can occur.
If the steady-state photocurrents for the three MPB

compositions are plotted as a function of the illumination
wavelength (Figure 6d), it is apparent the near-band-gap
illumination stimulates the highest response. This is potentially
due to the combined result of strong band−band excitation
and a good match between the absorption depth and sample
thickness for the near-band-gap illumination. Composition C,
which has the narrowest direct Eg, generates the largest
photocurrent under all the wavelengths used in this study.
Furthermore, samples B and C are among the few ferroelectric
oxides (e.g., KBNNO17 and BiFeO3

81,82) that show a steady-
state photovoltaic effect for wavelengths larger than 600 nm.

Performance under 1 sun AM 1.5 G Illumination. The
photoresponse of the MPB samples was also measured under 1
sun AM 1.5 G conditions; as expected, the photocurrents
(shown in Figure 7a for a “polarization up” state) increase with
decreasing band gap. The photovoltaic I−V characteristics of B
and C (Figure 7b) were quantified by averaging the forward
and reverse sweeps. Both compositions show a linear I−V
response with an above-band-gap Voc: for B, Voc = 5.0 V (Ep =
1.7 kV/cm) and jsc = 0.09 μA/cm2; for C, Voc = 2.6 V (Ep =
0.87 kV/cm) and jsc = 0.11 μA/cm2. The power conversion
efficiencies under 1 sun for B and C are 1.1 × 10−4% and 7.15
× 10−5%, respectively, assuming a fill factor of 0.25 for linear
I−V. These values compare favorably to most state-of-the-art
ferroelectric ceramics due to the coexistence of Pr ⩾ 32 μC/
cm2 and a direct Eg ⩽ 2.5 eV. For example, the photogenerated
electric fields (Ep) for B and C are much higher than those
reported for Ba1−x(Bi0.5Li0.5)xTiO3 (Ep = 0.32 kV/cm) where
Pr ∼10 μC/cm2,44 and (K,Na)NbO3−Ba(Ni0.5Nb0.5)O3−δ
(0.27 kV/cm), which has Pr ≈ 11 μC/cm2.47 Similar fields
have been reported in PT−Bi(Ni2/3Nb1/3)O3 (Ep = 2 kV/cm),
another MPB system with a comparable Pr; however, for that
system the jsc (∼0.04 μA/cm2) collected under 100 mW/cm2

white light is more than 50% lower than those we observe for
the PT−BF−BNT compositions.19 The higher jsc for PT−BF−
BNT arises from the lower band gaps and highlights the
importance of combining a large Pr with a low Eg in optimizing
the photovoltaic performance of ferroelectric oxide ceramics.

Figure 5. Photoresponse, switchability, and I−V characteristics of
composition B (x = 0.5, y = 0.4) under 450 nm laser illumination. (a)
Top: photocurrents for laser on/off cycles after negatively poling
(polarization up); middle: nonpoled state; bottom: after positive
poling (polarization down). (b) I−V response of oppositely poled
states in the dark and under illumination; solid arrows indicate the
direction of the forward sweep and dashed arrows the backward
sweep.
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4. CONCLUSION
In an attempt to combine a continuous tunability of the band
gap while maximizing the ferroelectric polarization, high c/a

perovskites along the PbTiO3−BiFeO3 (PT−BF) pseudobi-
nary were modified by substituting an MPB-forming additive,
Bi(Ni1/2Ti1/2)O3 (BNT), and their photovoltaic properties
were explored. Ternary compositions stabilized along the MPB
have a direct Eg as low as 2.25 eV (indirect 1.75 eV) and retain
a strong ferroelectric polarization (>32 μC/cm2) which are
advantageous for photovoltaic applications. The BPVE under
various wavelengths showed a switchable photoresponse with
an above-band-gap Voc (6 V). The reduction of Eg was effective
in increasing the short-circuit photocurrent under 1 sun AM
1.5 G conditions. It is possible additional coupling to the
piezoelectric properties of these MPB compositions could also
enable multisource energy harvesting applications.47 These
results may also guide future optimization of ferroelectric
photovoltaics through the growth of their thin film counter-
parts.
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