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Abstract

Different from classical semiconductor photovoltaic devices, for ferroelectric photovoltaic
devices, the open-circuit voltage (¥oc) can be four and even more orders of magnitude larger
than the band gap of the ferroelectric, and the built-in electric field arising from the remnant
polarization of the ferroelectric is throughout the bulk region, which is good for obtaining giant
power conversion efficiency. Among ferroelectric materials, BiFeO3 with remnant polarization
of as high as -100 pC/cm? has the narrowest direct band gap (-2.7 eV). These indicate that high
power conversion efficiency may be obtained in BiFeOs-based photovoltaic devices. Also, some
significant research results about photovoltaic effects of BiFeO3; materials have been recently
acquired. In order to better promote the development of BiFeOs-based photovoltaic devices, in
this paper, we present a comprehensive review on the latest research progress in photovoltaic
effects of BiFeOs; materials with different kinds of topography, including bulk, thin film, and

nanomaterials.

Keywords:

BiFeOs materials

Narrow band gap

Large remnant polarization
Built-in electric field
Ferroelectric photovoltaic effect

Published by Elsevier. This is the Author Accepted Manuscript issued with: Creative Commons Attribution Non-Commercial No Derivatives License (CC:BY:NC:ND 4.0).
The final published version (version of record) is available online at DOI:10.1016/j.materresbull.2018.10.011. Please refer to any applicable publisher terms of use.


li2106
Text Box
Materials Research Bulletin, Volume 110, February 2019, Pages 39-49
DOI:10.1016/j.materresbull.2018.10.011


li2106
Text Box



li2106
Text Box

li2106
Text Box
Published by Elsevier. This is the Author Accepted Manuscript issued with: Creative Commons Attribution Non-Commercial No Derivatives License (CC:BY:NC:ND 4.0).  
The final published version (version of record) is available online at DOI:10.1016/j.materresbull.2018.10.011. Please refer to any applicable publisher terms of use.




1. Introduction

With the increasing global energy crisis and environmental issues, the development of clean
and sustainable energy has become a major issue that governments need to address urgently in
the worldwide. Solar energy is one of the most important sources of renewable energy due to
its clean, pollution free and wide distribution area [1,2].

In the current solar cell market, the commercialized crystalline silicon solar panels have high
and stable conversion efficiency (> 26%) and thus occupy most of the market share, while,
their manufacturing and installation costs are high [1,3,4]. In order to reduce the cost, the
second and third generation semiconductor solar cells, such as thin film, amorphous silicon
solar cells, dye-sensitized solar cells, quantum dot solar cells, organic solars, and organic-
inorganic hybrid perovskite solar cells have been recently given much attention [5-9].
Generally, the photovoltaic effect includes two basic processes: (1) generation of electron-hole
(e—h) pairs by photons absorption, and (2) separation of photo-generated electrons and holes to
form net electric current flow [10]. In conventional p-n junction semiconductor solar cells,
photons with energy higher than the band gap value are absorbed to produce e-h pairs, and
then the pairs are separated by the built-in electric field that exists only in the space-charge
region inside the p-n junction [11-17]. Thus, these solar cells have the following drawbacks
[18-20]: (1) the open-circuit voltage (roc) 1s limited by the band gap of the light- absorbing
semiconductor; (2) the photo-generated electrons and holes can't be effectively separated, may
resulting in small short-circuit current (Js¢); (3) their power conversion efficiency (PCE) is
limited by the Shockley-Queisser limit, which prevents any single p-n junction solar cell from
converting more than 33.7% of the incident light. However, completely different from

traditional p-n junction photovoltaic effects, for ferroelectric (FE) photovoltaic effects, the



photo-generated electron-hole pairs can be separated by the built-in electric field arising from
the remnant polarization of the ferroelectric, as shown in Fig. | and thus, the yoc is not limited
by the band gap of the ferroelectric material [21-26]. Besides, the remnant polarization-
induced built-in electric field is throughout the bulk region in ferroelectric, which is very
helpful for the separation of electron-hole pairs, thus may result in large pho-tocurrent, and
the photocurrent direction can be switched by changing the spontaneous polarization direction
of the ferroelectric material [26]. All these provide a great potential for developing
photovoltaic devices with high power conversion efficiencies and unique characteristics.
Furthermore, ferroelectric materials are inexpensive, abundant, and stable, which is very
beneficial to ferroelectric photovoltaic devices for the practical application [27,28].

To date, a great deal of work on the photovoltaic effect of ferro-electric materials (such as
BaTiOs, Pb(Zr,T1)Os, and BisTi3012) has been carried out [29-31]. However, the band gap of

ferroelectric materials is usually large (> 3 eV), resulting in poor absorption for the visible light,

Fig. 1. Schematic illustration of the working principle of (a) p-n junction photovoltaic

devices and (b) ferroelectric photovoltaic devices.



and thus the power conversion efficiencies of ferroelectric photovoltaic devices have been still
too low for practical applications. In general, common ferroelectric oxides with ABO;3 type
perovskite structure exhibit wide band gaps. This arises from the large difference in electro-
negativities of oxygen and the transition-metal atom at the B site [32]. At the same time, in
most perovskite ferroelectric materials, the transition-metal ion at the B site also plays the
crucial role of driving fer-roelectricity [33]. Any attempt to reduce the band gap by substitution
of the B ion leads to a deterioration of ferroelectric properties [34]. Thus, in order to achieve
ferroelectric photovoltaic devices with high conversion efficiency, it is urgent to develop new
ferroelectric materials with both narrow band gap and large remnant polarization.

Currently, BiFeOs; (BFO) has attracted considerable interest due to its high temperature
ferroelectric, and magnetic ordering and has been widely used in magneto-electric random
access memory, sensor and actuator, ferroelectric tunneling junctions, non-volatile ferroelectric
based random access memory, etc [35-39]. In very recent, some reports have indicated that
BiFeOs materials have not only large remnant polarization (~ 100 uC/cm?) but also narrow
band gap (< 2.7 eV) [40—46]. Thus, compared with BaTiO3, Pb(Zr,T1)O3, and Bi4Ti3012, etc.
ferroelectrics, BiFeOs materials are more suitable for developing fer-roelectric photovoltaic
devices with high power conversion efficiency and much work on BiFeOs photovoltaic effects
has been reported [47—51]. However, no comprehensive review on the photovoltaic effect in
BiFeOs-based materials has heretofore been presented.

In view of this, in this review, we review the recent progress about the photovoltaic effect of
BiFeOs-based materials, including bulk, thin films and nanomaterials, which will be very

helpful for developing new ferroelectric materials with both narrow band gap and large remnant



polarization, and ferroelectric photovoltaic devices with high power conversion efficiency. In

addition, we give some new strategies to optimize further BiFeOs-based photovoltaic devices.

2. Properties of BiFeQOs related to photovoltaic effects
2.1. Crystal structure of BiFeO3

BiFeOs is known to be one of the most important material that exhibits multiferroic
characteristic at room temperature. It is a rhombo-hedrally distorted ferroelectric perovskite
(T. = 1103 K) with the space group R3c, as shown in Fig. 2(a), and shows G-type antiferro-
mag-netism up to 643 K [52,53]. The unit cell has a lattice parameter, arh, of 3.965 A and a
rhombohedral angle, arh, of ca. 89.3-89.48° at room temperature with ferroelectric
polarization along [111] pseudocubic direction [54]. The unit cell can also be described in a
hexagonal frame of reference, with the hexagonal c-axis parallel to the diagonals of the
perovskite cube, i.e., [001]hexagonal //[111] pseudocubic, as presented in Fig. 2(b) [52,54].
The hexagonal lattice parameters are anex = 5.58 A and chex = 13.90 A [54]. However,
according to the recent research, the BiFeO3 thin films grown on various substrates show
different crystal structures due to the interaction between the substrate and the film [55-58].
Since the ferroelectricity needs the off-center structural distortions in the lattice, the
structural distortions in the BiFeO3 thin films may cause enhanced remnant polarization,
which has also been recently confirmed by Yun et al. They prepared tetragonal BiFeO3 thin
films with remnant polarization of ~100 uC/cm? on Pt/TiO2/SiO2/Si substrates by pulsed-
laser deposition, which lays a good foundation for developing ferroelectric photovoltaic

devices with large open-circuit voltage [40].



2.2. Optical properties of BiFeQ3

Recently, several research groups have investigated the optical band gap,
photoconductivity, linear and non-linear optical properties of BiFeO3; materials, respectively
[46,59]. Their experimental results showed that BiFeOs is a semiconductor with a direct band
gap of about 2.1-2.7 eV. Theoretically, Huang et al. investigated optical properties, including
the frequency-dependent dielectric function, absorption coefficient, refractive index,
extinction coefficient, and reflectivity of BiFeO3 materials by using density functional theory
within generalized gradient approximation [60]. The calculated results indicated that BiFeOs
had an indirect (very close to direct) band gap of 1.06 eV, which was formed between the top
of the O 2p valence band and the bottom of the Fe 3d conduction band. Due to the strong
hybridization between Fe 3d and O 2p states, the electrical properties of BiFeOs; were
considered to be determined by both the charge-transfer transitions from the occupied O 2p
to unoccupied Fe 3d states, and the d-d transition between the Fe 3d valence and conduction
bands. Besides, they thought although the direct band gap was reported for BiFeOs in the
form of bulk, film, nanowire and nanotube states, those experimental data also showed an
absorption onset below the band gap energy, suggesting a weak optical transition. However,
experimentally, the absorption was so weak that it could be ignored, and thus BiFeOs; was

regarded by most researchers as having a direct band gap.

3. Photovoltaic effects in BiFeO3-based materials
Recently, the application of BiFeOs-based materials in solar cells has attracted much
attention. In this section, we will discuss in detail photovoltaic effects of BiFeOs-based

materials, including bulk, thin film, and nanomaterials.



3.1. Photovoltaic effects in BiFeOs-based bulk materials

Hung et al. prepared BiFeOs ceramics by using the solid-phase-reaction method and studied
photovoltaic characteristics of BiFeOs ceramic-based photovoltaic devices [61]. They found
that the photovoltaic response of the devices made from this material depended strongly on
light wavelength, light intensity, and sample thickness. The thinner sample had larger open-
circuit photo-voltage and short-circuit photocurrent density, which was possibly because of
fewer barriers in the conducting path. Besides, near-ultraviolet illumination at A = 373 nm
induced a much stronger photovoltaic response than that at A = 532 nm, which indicated that the
photon energy at A = 373 nm was more efficiently absorbed. Tu et al. used different metal
elements to dope the A site of BiFeOs; and obtained better photovoltaic performance in
comparison with pure BiFeO3 ceramic [62—65]. They first used calcium for A-site doping, and
prepared (Bi0.95Ca0.05)Fe02.975 (BFOS5C), (Bio.goCao.10)FeO2.95 (BFO10C), and Bio.85ca0.15)Fe02.925
(BFO15C) ceramics by using the solid-state-reaction method to study their photovoltaic
characteristics [62]. BFOI0C ceramic devices exhibited a higher PCE than BFO5C and
BFO15C, and the maximum PCE in ITO/ (Bio.90Cao.10)FeO2.9s5/Au device can reach 0.0072%,
which was larger than the maximum efficiency of -0.002% in the ITO/BFO ceramic/Au devices
[51]. The heterovalent substitution for Bi*" with Ca*" could lead to oxygen vacancies and an
iron change of Fe**—Fe*". Oxygen vacancies and the distribution of Fe** and Fe*" ions in
ceramics could affect the transport of charge carriers. All these factors caused the improvement
of the PCE. Later, they introduced Ba?* into BiFeOs to replace Bi**. The ITO/(Bii..Ba.)FeOs.
5/Au device exhibited obvious photovoltaic effects under illumination at A = 405 nm [63]. The

maximum PCE in ITO/(Bio.95Bao.s)FeO2.9s/Au device could reach 0.006% under illumination at



A = 405 nm. Then, they used Sr** for A-site doping [64]. The maximal PCE of 0.004% was
obtained in the ITO/ Bio.o5Sro.0sFeO2.975/Au device and the external quantum efficiency (EQE)
was 0.2%. They continued to use Sm>" for A-site doping to prepare (Bii.Smy)FeOs (x = 0.0,
0.05, 0.10) ceramics (BFO100xSm) based photovoltaic device and measured photovoltaic
properties of the device under near-ultraviolet irradiation (A =405 nm) [65]. The experimental
results showed that BFO5SSm and BFO10Sm had smaller band gaps of 2.18 and 2.15 eV than
pure BFO (E; - 2.24 eV). The maximum PCE and EQE reached 0.37% and 4.1% in the
ITO/BFO5Sm/ Au heterostructure devices, respectively. They thought the domain structures
and hybridization between the O 2p and Fe 3d states play important roles for the enhanced

photovoltaic response.

3.2. Photovoltaic effects in BiFeOs-based thin films
3.2.1. Photovoltaic effects in pure BiFeOs-based thin films

In BiFeO3 thin film-based solar cells, the annealing temperature, film thickness,
polarization direction, Schottky barrier, strain, etc. all have obvious impacts on the
photovoltaic performance. Liu et al. prepared BiFeOs thin films by pulsed laser deposition at
room temperature and studied the effect of the strain on the optical properties [66]. The
compressively strained BiFeO3/LaAlOs thin films had the largest band gap of about 3.12 eV,
which red shifted to 2.75 eV for the tensile-strained BiFeO3/NdScOs3 thin films. The reduced
band gap was beneficial to the absorption of the visible light and thus improved the
photovoltaic effect. This research provided a good idea for designing BiFeOs-based solar cells
with high PCE. Later, Chang et al. studied the photovoltaic property of sputter-deposited

BiFeOs polycrystalline films on Pt/Ti/Si02/Si(100) substrates [67]. Fig. 3 showed the average



short-circuit photocurrent density as a function of the illumination intensity. As shown in Fig.
3(a), upon increasing growth temperature (7%) of the thin film, the short-circuit photocurrent
density at a laser intensity of 220 mW/cm? increased from 5.1 pA/cm? for T, =350 °Cto 11.7
WA/ cm? for Ty =450 °C, and then drastically decreased to 1 yA/cm? for Ty =500 1. The sudden
drop was attributed to the appearance of the secondary phase and the rougher surface. Similarly, as
shown in Fig. 3(b), when the BiFeO3 thickness increased, the short-circuit pho-tocurrent density
enhanced from 4.3 pyA/cm? for a thickness # = 50 nm to 14.2 pA/cm? for ¢ = 300 nm, and then
decreased to 8.2 yA/cm? for £ = 400 nm. Biswas et al. prepared polycrystalline BiFeO3 film on Pt/
Ti/S10,/Si substrates and measured photovoltaic properties of the Au/ BiFeO3/Pt device [68]. When
illuminated, the device exhibited a switchable photovoltaic effect under poled conditions. The
measured photovoltaic effect revealed an open-circuit voltage of 0.47 V and a short-circuit current
of 3.82 yA/cm? under an illumination of 165 mW/ cm?. The open-circuit voltage and short-circuit
current both changed upon changing the polarization direction, as shown in Fig. 4. These research
results indicated the dominant role of the depolarization field rather than the interface in the
photovoltaic characteristics of BiFeOs film. Fang et al. fabricated BiFeO; epitaxial films on SrTiO;3
substrates with Lag7Sro3sMnO3 (LSMO) and Pt as electrodes [69]. A more superior switchable
photovoltaic response was obtained in the Pt/BiFeOs/ Laop7Sro3MnQO;s device as compared with
Lao7Sro3MnOs/BiFeOs/ Lag7Sro3MnOs device. To better understand how the interface affects the
photovoltaic response, they turned to the energy diagram across the heterostructure (see Fig. 5).
This suggested that the Schottky barrier modulation by ferroelectric polarization at the Pt/BiFeOs
interface was mainly responsible for the photovoltaic effect, with a very small contribution from
the bulk depolarization field. Peng et al. also suggested that photovoltaic effects were mainly

dominated by the electrode/film interface. The modified interface state induced by the high-



temperature thermal treatment was responsible for the photovoltaic effect of the investigated
polycrystalline BiFeOj3 thin-film capacitors [70]. The experimental results indicated that, not only
the open-circuit voltage but also the short-circuit current density of the devices (600 and 750 nm
thick) decreased with increasing annealing temperature at the top Pt/ BiFeOs interfaces, as shown
in Fig. 6. The maximum PCE at the room temperature for 600- and 750-nm-thick BiFeOs3 thin-
film capacitors were 1.1 x 1072 % and 2.3 x 107 %, respectively. Yang et al. researched
monodomain BiFeOs thin films with only a single ferroelectric variant to exclude the influence of
the domain walls [71]. Their experimental results showed that the bulk photovoltaic effect in Pt/
BiFeOs3/Pt devices was an independent property characteristic of non-centrosymmetric structures
rather than something that originates from the ferroelectric polarization. The direction of the
photovoltaic current could be tuned by adjusting the incident light polarization and working
temperature (see Fig. 7). Some results in the reports from Choi et al. and Kundys et al. also
showed an angular dependence of the photocurrent on the light-polarization direction [46,72].
BiFeO3 thin films with different layers were deposited on Pt/Ti/SiO»/Si substrates via the solu-
tion-gelation method by Gao et al. to experimentally investigated how a nonuniform electric
field formed by asymmetric electrodes affected the photovoltaic properties [28]. The
Au/BiFeO3/Pt heterostructures with 11 layers and asymmetric structures showed 1.3 V open-
circuit voltages and -0.242% power conversion efficiency when illuminated by sunlight (AM
1.5). Their experimental results revealed the importance of photovoltaic study in ferroelectric
thin films by forming nonuniform electric fields. Kooriyattil et al. reported a remarkable
photovoltaic effect in pulsed laser deposited multiferroic aurivillius phase BisFeTi301s thin
films sandwiched between ZnO:Al transparent conductive oxide top electrode and SrRuO3

bottom electrode fabricated on amorphous fused silica substrates [73]. Significant photovoltaic



effects were observed in the device with yoc of -0.14 V and ssc of about 10—16 pA/cm?. Besides,
the photocurrent was found to be obviously dependent upon the polarization direction of the

external electric field.

3.2.2. Photovoltaic effects in doped BiFeQOj3 thin films

To further improve the photovoltaic performance of BiFeOs-based materials, researchers
prepared various doped BiFeOs thin film-based photovoltaic devices. The doping serves to
reduce the band gap of BiFeOs; materials and enhance the optical absorption ability. Gao et al.
studied photovoltaic properties of La-substituted BiFeOs; films [74,75]. They grew
BigoLao.1FeOs (BLFO) thin films on Lag7Sro3MnO3/SrTiOs substrates by using pulsed laser
deposition with Ag as top electrode. The intrinsic open-circuit voltage with no illumination was
as large as 5.8 V in the device. They claimed that the polarization clearly played an essential
role in the photovoltaic effects and the electro-migration of defects such as oxygen vacancies
must be taken into account to understand electric-field-induced switching. They further claimed
that the downward self-polarization would cause the positively charged oxygen vacancies to
migrate toward the top surface to compensate for the negative polarization charge, as shown in
Fig. 8. Later, in-depth study of the photovoltaic performance of these devices was done by Cao et
al. [76]. With upward-polarized Bio.ora0.1Fc03 film, the open-circuit voltage measured at zero current
was -0.64 V in the dark and varies monotonically with light intensity. Upon exposure to 50 mW
light, the open-circuit voltage changed to +0.31 V. Similarly, the short-circuit current measured at
zero bias was + 3.1 nA without illumination but switched to -5.12 nA under 50 mW irradiation.
These results clearly indicated that the switchable photovoltaic effect originated from both the

ferroelectric polarization of the Bi0.9La0.1FeO3 films, and the accumulation and distribution of



the oxygen vacancies. In addition, the photovoltaic properties of Co-doping of BiFeOs thin film
was also researched. Multiferroic BiFe;.xCoxO3 (x = 0, 0.03, 0.05, 0.1) thin films were prepared
on quartz substrates by using a sol-gel technique. The optical band gap of BiFe;«CoxOs films
decreased from 2.66 to 2.53 eV upon increasing the Co fraction from x = 0 to 0.1, as seen in Fig.
9 [77]. Similar results were obtained gii-tuwFe03 (BEFOx, x = 0, 0.03, 0.05, 0.07, 0.1) thin films
grown on LaNiO; (LNO)/Si (100) substrates by pulsed-laser deposition, and the band gap of the
thin film decreased with increasing fraction of Eu dopant, as shown in Fig. 10 [78]. K-substituted
BiFeO3 films (BKFO) were fabricated on FTO/glass substrates by using the solution-gelation
method [79]. The band gaps were 2.52, 2.59, 2.64, and 2.62 eV for the giivkxreo3 films with x =0,
0.05, 0.10, and 0.20, respectively. The Au/Bi0.8K0.2FeO3/FTO device exhibited a maximum
short-circuit current density of 1.32 yA/cm? and maximum open-circuit voltage of 0.45 V. Their
work suggested that the reduction of the resistance while maintaining the ferroelectric is the key
to the promotion of the photovoltaic effect. [Bi0.9La0.1] [Feo97Ti0.02Zr0.01]O3 (BLFTZO)
polycrystalline thin films were fabricated on Pt/Ti0,/Si0/Si substrates by pulsed laser deposition
[80]. The Voc and Jsc of ZnO:Al/BLFTZO/Pt heterostructures device was - 0.022 V and - 650
WA/cm?, respectively, after positive poling, and changed significantly to yoc - 0.018 V and s -
700 puA/cm? after negative poling (see Fig. 11). The switchable photocurrent and photo-voltage
response were attributed to the change of the polarization direction. Doubly ions substituted
[Bi0.9La0.1][Fe0.97T20.03]03 (BLFTO) films were fabricated on Pt/TiO2/SiO,/Si substrates by pulsed
laser deposition, and the Voc and Jsc for the device was 0.20 V and 1.35 mA/ cm?, respectively
(see Fig. 12) [81]. Agarwal et al. studied the switchable photovoltaic and photodiode
characteristics of Pt/ (BiooSmo.1)(Feoo7Hf0.03)O3/LaNiO3(Pt/BSFHO/LNO) heterostructures

integrated on Si (100) [82]. The maximum ../sc and Voc of the device are respectively 303 (-



206) uA/cm? and -0.32 (0.26) V after upward (downward) poling at = 8 V. Gupta et al.
prepared semitransparent Au/ BiFeOs derivative/ITO device by using chemical solution
deposition technique [83]. A/B-site substitutional modification by rare earth Ce*" and Mn*" at
respective Bi/Fe-site in host BiFeO3 led to the blue shift in optical band gap from 2.53 to 2.81
eV due to the decrease of the lattice parameters. While, the photovoltaic properties of the
device upon doping were obviously enhanced because of the great increase of the remnant
polarization. The most superior photovoltaic properties with Voc of - 0.25 V and /s of - 36

MA/cm? are obtained in the Au/ Bio.ssCeo.12Feo.o Mno 103 (BCFMO)/ITO photovoltaic device.

3.2.3. Photovoltaic effects in BiFeQOs-based heterojunction thin films

Nie et al. prepared BiCrO3/BiFeO3(BCO/BFO) bilayer composite films by using the solution-
gelation technique [84]. It was shown that enhanced ferroelectric properties were observed in
BiCrO3/BiFeO3 bi-layer composite films resulting from the coupling between BiFeO3 and
BiCrO3 layers and the measured leakage current density in BiCrOs/ BiFeOs3 bilayer composite
films was 1.37 x 10 A/cm? at an applied electric field of 67.81 kV/cm, which is decreased by
one to two orders of magnitude in comparison with the pure BiFeO3 and BiCrOs3 films. The
photovoltaic spectral responses of the normalized current for BiCrOs/ BiFeOs bilayer
composite films presented a noteworthy red-shift towards visible region compared with pure
BiFeO; and BiCrOs films. The /sc and Voc of the BiCrOs/BiFeOs bilayer composite films
under white-light illumination were much higher than those of pure BiFeO3 and BiCrOs films.
Chakrabartty et al. studied photovoltaic properties of periodic multi-stacking of
BiFeO3/BiCrOs bilayers epitaxially deposited on CaRuOs-coated LaAlOs substrates by pulsed

laser deposition [85]. Among of all devices, 120-nm-thick BiFeOs-BiCrO3 multilayer-based



device exhibited highest photovoltage of 1.2 eV, and 60-nm-thick BiFeO3-BiCrOs ultilayer-
based device had the highest short-current of -0.013 mA/cm?. Gupta et al, prepared
BiFeO3/BaTiO3/BiFe03/BaTiO3 multilayered thin film on Pt/Ti/SiO2/Si substrates by using
chemical solution deposition, as seen in Fig. 13, which showed a .. Isc value of -12.65 yA/cm?
and a yoc value of -1.43 V, obviously higher than those reported by other workers for
photovoltaic device with single layer of ferroelectric materials [86]. The enhanced
photovoltaic response was attributed to the high internal depolarization field caused by the
large remnant polarization more effectively separating photo-generated charge carriers. A new
approach of utilizing BiFeOs as a light-absorbing sensitizer was developed to interface with
charge-transporting TiO> nanoparticles by Wu et al, as shown in Fig. 14 [87]. This mesoporous
all-oxide architecture, similar to that of dye-sensitized solar cells, could effectively facilitate
the extraction of photocarriers. Under the standard AM1.5 (100 mW cm™) irradiation, the
optimized cell showed an Voc of 0.67 V, which could be enhanced to 1.0 V by tailoring the
bias history. Besides, a fill factor of 55% was also achieved, which was much higher than
those reported in previous. Fan et al. studied the photovoltaic effect in a metal/semiconductor/
ferroelectric/ metal hetero-structure of In203-Sn02/ZnO/BiFeO3/Pt(ITO/ZnO/BFO/ Pt)
multilayer thin films [10]. The device with the hetero-layered structure exhibited a .. /sc of as
high as 340 pA/cm? and an energy conversion efficiency of up to 0.33% under blue
monochromatic illumination. The significant increase of the photocurrent in ITO/ZnO/BFO/
Pt devices compared with that of ITO/BFO/Pt devices was due to the abundant e—h pairs
generated by ZnO. A Schottky barrier and an n"-n junction were formed at the BiFeOs/Pt and
ZnO/BiFeOs interfaces, respectively. Therefore, two built-in electric fields appear at the two

interfaces and were constructively responsible for the separation and transport of photoexcited



e—h pairs. Huang et al. fabricated p-i—n het-erojunction devices based on double perovskite
multiferroic Bi2FeCrOs thin films [88]. Under 1 sun illumination, the optimized p-i—n device
yielded an yoc of 0.53 V and a ..I/sc of 8.0 mA cm™, leading to a PCE of 2.0%. The
enhancement of the photovoltaic properties was because of the function of the two depletion
regions in p-i—n hetero-structures (operative at the p-i and i—n interfaces). In very recently,
Nechache prepared BioFeCrOgs thin film achieving simultaneously a narrow band gap of 1.4
eV and large remnant polarization by tailoring the Fe/Cr cation ordering and the ordered
domain size, and obtained a PCE as high as 8.1%, which was the largest value reported in
ferroelectric photovoltaic devices, in a multilayer configuration (see Fig. 15) [891. The
superior photovoltaic properties are because their broad absorption peaks covering a large
fraction of the solar spectrum between the visible and ultraviolet regions, leading to a much
more efficient absorption of incident radiation than each individual layer and thus obviously

increased Jsc (20.6 mA/cm?).

3.3. Photovoltaic effects in BiFeO3-based nanomaterials

BiFeOs-based nanomaterials mainly include nanotubes, nanofibers, nanowires, and
nanoparticles. The grain sizes in BiFeOs-based nano-materials are generally believed to be
smaller than that in ceramics and films. Sudakar et al. demonstrated a tunable band gap from
2.32 eV to 2.09 eV in phase-pure BiFeOs nanoparticles by controlling the particle size from 65
nm to 5 nm [901. The reduction in the band gap with decreasing particle size was attributed to
the competing effects of mi-crostrain, oxygen defects, and Coulombic interactions. Multiferroic
Bii+EucFe975sMno.02503 (x = 0.025, 0.05, 0.075, 0.1; called BEFM1, BEFM2, BEFM3, and

BEFM4, respectively) nanoparticles were prepared by the solution-gelation route [911. Co-



substitution by Eu and Mn could trigger a cubic phase transformation. The particle size in the
samples decreased from 200 to 500 nm to -100 nm after doping. UV—vis absorption spectra
demonstrated a gradually decrease in the direct optical band gap from 2.40 to -1.49 eV upon
doping BiFeO3 with Eu and Mn, implying electronic transitions between O 2p states and Fe
3d states. Han et al. prepared Na and Ru co-doped BiFeOs; nanoparticles by using a solution-
gelation method and investigated their optical properties [92]. In their work, the change in Fe-
O bond length and Fe-O-Fe bond angle upon Ru substitution finally led to the shrinking of the
optical band gap. BiFeOs; nanowires were directly deposited on an electrode patterned
substrate by using a solution-gelation-based electrospinning technique [93]. The measured
carrier lifetimes in BiFeO3 nanowire were three orders of magnitude greater than the values
reported for the BiFeOs bulk. Fei et al. synthesized BiFeOs nanofibers via a sol-gel-based
electrospinning process followed by thermal treatment [94]. The BiFeOs nanofibers exhibited
excellent ferroelectric photovoltaic properties, with a photocurrent density of 1 mA/cm?,
which was about 10 times larger than the literature data for BiFeOs thin films (see Fig. 16).
The reasons for the enhanced photovoltaic properties may be related to several factors: (1) the
nanofibers were free-standing, allowing the ferroelectric domains to switch more freely and
efficiently; (2) the na-nofibers could trap more photons due to the geometric confinement.

Recently, Khan et al. have studied the photovoltaic effect of pure and Pr/Cr-doped
polycrystalline BiFeO3 nanotubes fabricated via the wet chemical template-assisted route [95].
The PCE (-0.207%) of pure BiFeOs nanotubes was found to be enhanced by several orders of
magnitude in comparison with that reported in bulk BiFeOs; due to the special nanoscale
geometry of the nanotubes, which could induce substantially large photocurrents. Pr-doped

nanotubes provide highest values of PCE (-0.5%). The change in the values of the PCE upon



metal doping can be explained based on the change in the concentration and mobility of the
photogenerated non-equilibrium carriers in the nano-tubes due to the incorporation of the

dopant ions.

4. Summary and prospects

Table 1 summarizes the performance of various BiFeO3s materials, including ceramics, thin
films, and nanomaterials for photovoltaic devices application. As seen, in the past few years,
huge progress has been achieved in BiFeOs-based ferroelectric photovoltaic devices. For in-
stance, a large yoc of 1.43 V was obtained in the Au/BiFeO3/BaTiO3/Pt device and the PCE of
the ITO/Bi2FeCrO¢/Nb:SrTiO3 multilayer devices could be as high as 8.1%, which is
comparable with those of some semiconductor photovoltaic devices [3,86,89]. However, the
PCE of many BiFeOs-based ferroelectric photovoltaic devices is still too low for practical
applications. This is mainly attributed to the following two reasons: (1) although the band gap
of BiFeOs is lower than those of conventional ferroelectric materials, it still exceeds the ideal
value of ~1.4 eV (corresponding to the highest theoretical power conversion efficiency for
single-junction photovoltaic devices), resulting in an overall poor sunlight absorption capability;
(2) BiFeOs is an insulating material with very low electrical conductivity, thus leading to a quite
small output photocurrent. Based on above discussion, it is clear that in order to improve further
the PCE of BiFeO3-based ferroelectric photovoltaic devices, it is the key to increasing the .. 1.
Thus, in the future work, we should pay more attention to the increase of the . ;s in BiFeOs
devices and focus the following aspects: (1) preparing highly crystalline BiFeOs thin films with
minimum defects to improve carrier transportation capacity; (2) adjusting preparation or doping

technology to decrease the band gap of BiFeOs-based materials and thus allowing absorption of



more light in visible and ultraviolet regions; (3) developing BiFeOs-based ferroelectric
photovoltaic devices composed of multi-layers with various band gaps so that their absorption
peaks can cover a large fraction of the solar spectrum between the visible and ultraviolet regions;
(4) a cascade of BiFeOs with other materials, such as BiVOs, Cu0, ZnO, etc. to effectively
separate and collect photoexcited e—h pairs. Overall, it is expected that this review will provide
some guidance in the development of BiFeOs-based ferroelectric photovoltaic devices with
large open-circuit voltage, high short-circuit, superior power conversion efficiency, good

stability and long cycle life.
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Fig. 2. Crystal structures of BiFeO3: (a) rhombohedral structure, and (b) hexagonal structure
[52]. Copyright 2010 Springer.

Fig. 3. Average photocurrent versus intensity for (a) 200-nm-thick BiFeO3 films deposited
on Pt/Ti/Si02/Si(100) substrates at various 7; and (b) BiFeO3 films grown on
Pt/Ti/Si02/Si(100) substrates at Ty =450 °C with different BiFeO3 thicknesses [67]. Copyright
2013 Elsevier Ltd.



Fig. 4. (a) Schematic drawing showing the geometry used for photovoltaic measurements. (b)
Dark current density Jd as a function of applied voltage for BiFeO3 measured in the dark. (c)
Resultant photocurrent density J, as a function of applied voltage measured under illumination.
(d) ON-OFF curves for positive-and negative-poled states [68]. Copyright 2017 American
Institute of Physics.

Fig. 5. Schematic energy-band diagrams and operational principle of photovoltaic properties
for Pt/BiFeO3/LSMO heterostructure: (a) the upward and (b) downward polarization states of
BiFeO3. The corresponding insets show the signs and directions of yoc ™ ssc [69]. Copyright 2014

American Institute of Physics.



Fig. 6. (a) Photovoltaic effects
of Pt/BiFeO3/Pt capacitor with
600-nm-thick BiFeO3 film and
(b) photovoltaic effects of
Pt/BiFeO3/Pt capacitor with
750-nm-thick BiFeO3 film.
The temperatures in the legends
are the annealing temperatures
of the top Pt/ BiFeO3 interface
(RT = room temperature) [70].
Copyright 2015 Elsevier Ltd.

Fig. 7. Photovoltaic measurements with in-plane electrodes perpendicular to in-plane projection
of ferroelectric polarization. (a) Dependence of photovoltaic current on angle between light
polarization and in-plane ferro-electric polarization. (b) Temperature dependent photovoltaic
current for illumination at different polarization angles. (c) Current-voltage characteristics
acquired under illumination with light polarization parallel to the fer-roelectric polarization. (d)
Temperature-dependent conductance and open-circuit voltage yoc under illumination at 405 nm

[71]. Copyright 2017 American Institute of Physics.



Fig. 8. Schematic energy-band diagrams illustrating the distribution of oxygen vacancies VO
for awio9ra0.1re03/FTO Structure. The virgin Bi0.9La0.1FeO3 samples with self-polarization at

polarized down [74]. Copyright 2014 Elsevier Ltd.

Fig. 10. (aE)? plotted as function of photon energy for Bil—xEuxFeO3 (x = 0,0.03, 0.05, 0.07,
0.10) films. The inset shows the variation of the optical band gap of Biixewre03 films [78].

Copyright 2014 Elsevier Ltd.



Figure 9 Figure 11

Fig. 9. (ahv)? plotted as function of photon energy for BiFel-xCoxO3 (x = 0, 0.03, 0.05,0.1)
thin films. The inset shows the variation of the optical band gap of BiFel-xCoxO3 films [77].

Fig. 11. Current density as a function of applied bias voltage for ZnO:Al/ [Bi0.9La0.1]
[Feo.07Ti0.02Z10.01]O3/Pt heterostructures under 1 kW/m? illumination. The inset shows the
region around the origin and identifies the values for yoc *™ s (red is for negative poling, blue
is for positive poling, black is for no poling) [80]. Copyright 2014 American Institute of Physics
(For interpretation of the references to colour in this figure legend, the reader is referred to the

web version of this article).



Fig. 12. Current density as a function of applied bias voltage for Pt/[Bi0.9La0.1]
[Fe0.97Ta0.03]03/Zn0:Al heterostructures obtained under 100 mW/cm? illumination. The inset
shows the region around the origin and identifies the values for Voc and ../sc (red is for
illumination and black is for no illumination). A schematic diagram of a
Pt/[Bi0.9La0.1][Fe0.97Ta0.03]03/Zn0:Al device appears in the lower right [81]. Copyright 2015
American Institute of Physics (For interpretation of the references to colour in this figure legend,

the reader is referred to the web version of this article).

Fig. 13. Schematic diagram depicting separation of charge carriers due to ferroelectric

photovoltaic effect after illuminating of BiFeO3/BaTiO3 multilayered photovoltaic cell [86].



Fig. 14. Schematic device
architectures of the a) planar- and
b) mesostructured heterojunc-
tions. For the planar-structured
heterojunction, only the
photocarriers near the
BiFeO3/TiO2 and BiFeO3/NiO
interfaces can be separated and
collected by the electrodes. On the
contrary, in the mesostructured
heterojunctions, the electron-hole
pairs  generated inside the
nanosized BiFeO3 grains can be
effectively separated and injected
into the m-Ti02 and NiO, and then
collected by the electrodes. SEM
images of the c¢) planar-and d)
mesostructured  heterojunctions
[871].

Fig. 15. (a) Layout of tested
Bi2FeCrO6 single-layer-based
structure. (b) J-V characteristics
of Bi2FeCrO6 single-layer
devices under AM 15 G
illumination. (c) Geometry of
tested Bi2FeCrO6 multilayer
structure. (d) J-V characteristics
of  Bi2FeCrO6  multilayer
devices under AM 15 G
illumination [891].



Fig. 16. (a) Schematic illustration of setup for measuring thin-film-based photovoltaic devices.
The left panel shows the device in the parallel capacitor configuration. The right panel shows the
device with laterally aligned interdigital electrodes. (b) Schematic setup for measuring random
BiFeO3 nanofiber-based photovoltaic devices. (c) Photoresponse profile of nanofibers. Inset (i)
shows an expanded view of current density near zero bias. Inset (ii) shows the averaged
photocurrent after several measurements for deposition times from 1 to 4 h [94]. Copyright 2015

American Chemical Society.



Table 1
Summary of performance of reported BiFeO3-based photovoltaic devices.

. Light intensity Light wavelength  Efficiency
Device structure Voc (V) 1ISC Ref.
(mW/cm?) (nm) (%)
(MA/cm?)
ITO/BFO ceramics/Au 1.2 2 373 [61]
ITO/Ca-doped BFO 0.42 24 45.1 405 0.0072 [62]
ITO/BFO ceramics/Au 0.23 405 0.002 [51]
ITO/Ba-doped BFO 0.58 34 91 405 0.006 [63]
ITO/Sr-doped BFO 125 405 0.004 [64]
ceramics/Au
ITO/Sm-doped BFO 1 405 0.37 [65]
ITO/BFO thin films/Pt 14.2 220 405 [67]
Au/BFO thin films/Pt 0.47 3.82 165 [68]
Pt/BFO thin films/Pt 404 0.011 [70]
Au/BFO thin films/Pt 1.3 sunlight 0.242 [28]
Au/BLFO thin films/LSMO 0.64 green light [76]
Au/BKFO thin films/FTO 0.45 1.32 sunlight 79]
ZnO:Al/BLFTZO thin 0.022 650 [80]
films/Pt
Pt/BLFTO thin films/ZnO:Al 0.5 1350 [81]
Pt/BSFHO thin films/LNO 0.32 303 100 sunlight (82]
Auw/BCFMO thin films/ITO 0.25 36 160 405 [83]
Au/BFO thin films/BaTiO3/Pt 1.43 12650 [86]
ZnO:Al/BisFeTi3015 thin 0.14 16 [73]
m-TiO2/BFO thin films/NiO  0.67 510 100 0.19 [87]
ITO/ZnO/BFO thin films/Pt 340 0.33 [10]
ITO/NiO/Bi2FeCrOg thin 0.53 8000 2 (58]
ITO/Bi2FeCrOs multilayer thin  0.84 20600 8.1 [89]

Ag/Pr-doped BFO NTs/Ag 0.21 10 white-light 0.5 [93]




