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Progress in BiFeOz-based heterostructures:
materials, properties and applications

Li Yin and Wenbo Mi @ *

BiFeOz-based heterostructures have attracted much attention for potential applications due to their
room-temperature multiferroic properties, proper band gaps and ultrahigh ferroelectric polarization of
BiFeOs, such as data storage, optical utilization in visible light regions and synapse-like function. Here, this
work aims to offer a systematic review on the progress of BiFeOz-based heterostructures. In the first part,
the optical, electric, magnetic, and valley properties and their interactions in BiFeOs-based hetero-
structures are briefly reviewed. In the second part, the morphologies of BiFeOs and medium materials in
the heterostructures are discussed. Particularly, in the third part, the physical properties and underlying
mechanism in BiFeOs-based heterostructures are discussed thoroughly, such as the photovoltaic effect,
electric field control of magnetism, resistance switching, and two-dimensional electron gas and valley
characteristics. The fourth part illustrates the applications of BiFeOz-based heterostructures based on the
materials and physical properties discussed in the second and third parts. This review also includes a
future prospect, which can provide guidance for exploring novel physical properties and designing multi-
functional devices.

. Introduction

As a room-temperature single phase multiferroic material,
BiFeO; (BFO)'™ has attracted much attention because of its
high ferroelectric Curie temperature of 1103 K and antiferro-
magnetic Neel temperature of 643 K.>”” The ferroelectric polar-
ization in BFO is mainly induced by the ordered 6s> lone pair
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electrons of Bi,* and its antiferromagnetism comes from the
3d electrons of Fe. Based on X-ray and neutron diffraction ana-
lyses, the ferroelectric phase of BFO can be treated as a highly
distorted perovskite with the rhombohedral symmetry and
space group R3c,*'*'" and shows [111]-oriented spontaneous
polarization. The experimental ferroelectric polarization in
BFO is different by an order of magnitude, which may be
ascribed to the different switching pathways." BFO has a
G-type antiferromagnetic order, which comes from the super-
exchange interaction between the neighboring half-full d-shell
of the Fe*" cation and O*>~ anion.” Moreover, based on the spin
current model, the magnetic phase diagram as a function of
the first- and second-nearest neighbor interactions has been
predicted in bulk BFO."?

Early research studies on BFO focused on its magnetoelec-
tric coupling in a bulk R3¢ perovskite structure'® with a cycloi-
dal G-type antiferromagnetic order at a period of A0y =
64 nm,'>'*® where the spin orientation can be changed by
the magnetic field."” " In 2003, Wang et al.'® fabricated BFO
films, which expands the applications of BFO in hetero-
structures.”® The BFO film shows rhombohedral-like (R-), tetra-
gonal-like (T-) and R-T mixed phases.""*'>* R-BFO has a
small monoclinic distortion in R3¢ and T-BFO has a cubic
structure with a symmetry of P4mm.>* The ultrahigh spon-
taneous ferroelectric polarization is 90 pC em™> in R-BFO
films**” and 150 pC em™2 in T-BFO films.*®?° In particular,
the BFO film shows a broken spin cycloid with a weak ferro-
magnetic moment®® and multidomain ferroelectric character-
istics with different domain wall densities and flavors (i.e., 71°,
109°, and 180°), which is different from its bulk. The hetero-
structure is an effective way to utilize the ferroelectric polariz-
ation and multiferroic characteristics of BFO. The interplay
among charge, spin, valley, lattice and orbital degrees of
freedom (DOF)*"** provides a fertile ground for discovering
the emergent phenomena and physical properties in BFO-
based heterostructures.

So far, many important characteristics (Fig. 1) have been
found in BFO-based heterostructures including the optical,
electrical, magnetic, and valley properties and the interactions
among them. On the one hand, after the discovery of the
photovoltaic effect in the BFO bulk,**** the photovoltaic BFO-
based heterostructures have been studied extensively. BFO
films with various morphologies have been fabricated to
utilize the light energy. BFO nanoparticles were used to
improve the photovoltaic properties of other semiconductors
by forming heterostructures®® and heterojunctions.?® In ferro-
electric tunnel junctions (FTJs) with a doped-BFO thin layer,*”
the electroresistance can be tailored by light illumination
due to the hysteretic photovoltaic effect. Polycrystalline
BFO was utilized in photoelectrochemical water splitting by
bringing it in contact with hydrophilic materials.*®*° On the
other hand, the electric field control of magnetism in BFO/
ferromagnet heterostructures®*°** has stimulated many novel
properties**™” by the magnetoelectric coupling.*® Both the
magnetization reversal®® and magnetic anisotropy’®*' are
tunable because of the ferroelectric/antiferromagnetic coup-
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Fig. 1 The schematic diagram of interacting physical properties in the
BFO-based heterostructures.

ling in BFO and antiferromagnetic/ferromagnetic interfacial
coupling.’> Meanwhile, the large resistance switching
(RS)*”**3* and memristive behavior® also have been found in
BFO-based FTJs owing to their strong ferroelectric polarization
in BFO and conductive filaments.>>® Four resistance states
have been demonstrated in BFO-based multiferroic tunnel
junctions (MFTJs),”” where the ferromagnetic electrodes are
used in FIJs or the ferroelectric barriers are used in magnetic
tunnel junctions (MTJs). Emergent characteristics also have
been observed in BFO-based heterostructures, such as the
two-dimensional electron gas (2DEG) in BFO/insulator hetero-
interfaces®®*® and the valley characteristics in the (111)-
oriented R-BFO superlattices. In BFO/BilrO; superlattices,*?
the ferroelectric polarization in the ultrathin BFO layer can
tailor the valley height of BilrO;, where the spin polarization
in valley states can be affected by the spin orientation of BFO.
In particular, the ferroelectric domain and phase transition in
BFO provide a fertile ground for discovering the novel pro-
perties in heterostructures, such as the domain-dependent
photovoltaic effect® and phase-transition induced RS in
junctions.®!

Regarding applications, BFO-based heterostructures have
been used in spintronic and energy-efficient devices, such as
nonvolatile ferroelectric random access memory, spin valves
and spin-transfer-torque magnetic random access memory. In
these devices, BFO shows different formations including thin
films, nanoparticles and doped systems. In particular, the
interaction among the optical, ferroelectric and magnetic
characteristics of BFO is very important for the functionality of
the devices. Meanwhile, owing to the interaction of properties
in BFO, the induced novel properties in BFO-based hetero-
structures are commonly tailored by electrical, magnetic and
optical methods, which is beneficial for developing multifunc-
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tional and complementary devices. This article aims to offer a
systematic review on the progress in BFO-based hetero-
structures. After the brief introduction in section I, the
materials, properties and applications of BFO-based hetero-
structures are discussed in the next three sections, where the
contributions of the domain and phase transition in BFO are
analyzed. Finally, a prospect is also included in this review,
which will provide guidance for exploring novel physical pro-
perties and designing multifunctional devices.

[Il. Materials in BiFeOz-based
heterostructures

In order to clearly illustrate the materials of BFO-based hetero-
structures, the morphologies of BFO and materials in contact
with BFO in heterostructures are discussed in subsections II.A
and ILB, respectively. Here, in subsection II.A, the morphology
of BFO is classified into the epitaxial film, polycrystalline film,
nanostructures and doped systems, where the advantages and
drawbacks among them are compared. In subsection IL.B, the
materials in contact with BFO in the heterostructures are
divided into semiconductors, metals and insulators.

A. Morphology of BiFeO; in heterostructures

1. Epitaxial film. In the heterostructures, the epitaxial BFO
films have the R-, T- or R-T-mixed phases, which show
different ferroelectric polarizations and related properties,
such as the photovoltaic characteristics and electroresistance
in FTJs. Fig. 2a shows the perovskite-type lattice structure of
R-BFO, where the ferroelectric polarization shows 180°, 109° or
71° polarization switching by applying an electric field.®® The
epitaxial R-BFO and T-BFO films are commonly fabricated on

f (b)
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SITiO; and LaAlOj; substrates,'®®*®* which can be ascribed to
the strain effect from the substrate due to the lattice mis-
match. Particularly, the termination has a great influence on
the electrical and magnetic properties of heterostructures.®>°°
So far, since the fabrication technology has been greatly
improved, the epitaxial BFO heterostructures with an atomic
scale surface morphology have been fabricated, where the
interfacial terminations of BFO and the adjacent material are
controllable.®”®® For example, Yu et al have fabricated
Lay -Sry.3MnO;/BFO heterostructures with Lag 5Sry 30-MnO,—
BiO-FeO, and MnO,-La,;Sr,;0-FeO,-BiO interfaces by
pulsed laser deposition.®” In order to obtain an La, ;Sr, ;0-ter-
minated Lay ,SrosMnO; film, Yu et al.®” modified the SrTiO;
substrate from TiO, to SrO termination, which can be realized
by growing a very thin layer (2.5 unit cells) of SrRuO; on
SrTiO; or monolayer SrO on the TiO,-terminated SrTiO;3 sub-
strate. Kim et al. also have fabricated the La, ,Sr, ;MnO3/BFO
heterostructures with different terminations by a similar
method.®® Besides, the (BFO),/(SrTiO;), superlattices also have
been prepared by pulsed laser deposition, where the thickness
of BFO in heterostructures can be as small as two unit cells
with ferroelectric domains.®® Moreover, except pulsed laser
deposition, other experimental methods have also been used
to fabricate the epitaxial BFO-based heterostructures. Using
the van der Waals epitaxy method, Amrillah et al. have success-
fully grown BFO-based epitaxial heterostructures on a flexible
muscovite substrate,”® which can avoid the substrate clamping
effect to obtain a superior magnetoelectric coupling.
Meanwhile, doped BFO superlattices also have been prepared
by a chemical solution route.”* In addition, Akbashev et al.
have successfully prepared a single-crystalline epitaxial BFO
(001) film on an SrTiO5(001) substrate by an atomic layer depo-
sition method,”® which is favored by a low-vacuum pressure
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Fig. 2 Schematic diagram of the lattice structure, ferroelectric polarization (bold arrows) and antiferromagnetic order (shaded planes) of the (001)-
oriented BFO (a) before and (b) after electric poling. Adapted with permission from ref. 62. Copyright 2006, Nature Publishing Group. (c) The leakage
current and (d) the ferroelectric hysteresis of 200 nm Sm,Bi,_,FeOs (x = 0, 0.1, 0.2) films. Adapted with permission from ref. 37. Copyright 2016,
Nature Publishing Group. (e) Photo-current density as a function of applied voltages in the Gd-doped BFO nanoparticles. Adapted with permission

from ref. 124. Copyright 2013, Elsevier.
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process and subsequent annealing for a few minutes. It is
worth noting that the BFO and other complex oxide films on
perovskite substrates can be fabricated by the inexpensive and
facile atomic layer deposition. These advanced fabrication
methods provide the foundation for investigating the epitaxial
BFO-based heterostructures with different interfaces, termin-
ations, and thicknesses.

The most typical feature of epitaxial BFO films is the ultra-
high spontaneous ferroelectric polarization, which can reach
90 pC em™? in R-BFO***” and a larger value of 150 uC cm™> in
T-BFO.?®2° However, it should be noted that the tunnel electro-
resistance (TER) in BFO-based FTJs is not only determined by
the ferroelectric polarization, but also affected by the electro-
des and interfaces. In the rhombohedral BFO-based FTJs with
a semiconducting Nb-doped SrTiO; electrode, Hu et al.’’
observed a colossal TER of 10°, which is 10 times larger than
that in the T-BFO-based FTJs.>®> Meanwhile, the writing current
density in R-BFO-based FIJs [20] can be as small as 2 x 10" A
ecm™2, which is two to three orders smaller than that in the
magnetic random access memories (MRAMs),”* spin-transfer-
torque-MRAMs’? or spin-orbit-torque-MRAMSs.”> Moreover,
besides the ultrahigh ferroelectric polarization, the varied
ferroelectric domain wall density and flavor can modulate
the interfacial exchange couplings in the BFO-based
heterostructures.”® In the tetragonal BFO-based FTJs,> the
multiple resistive states with memristive behaviors appear
along with the engineered domain states. The ferroelectric
domain size shows a square root dependence on the film
thickness,”® which results in the nanoscale poly-domain states
in the ultrathin ferroelectric films. More domain-related
effects on the photovoltaic effects and RS in the BFO-based
heterostructures will be discussed specifically in subsections
II1.A.1 and III.C.2, respectively.

The typical application of the epitaxial BFO-based hetero-
structures is FIJs, which can be further applied in integrated
functionalities. On the one hand, the ferromagnetic electrodes
with a high spin polarization are applied in BFO-based FTJs to
form MFTJs with four resistance states.’” The reversible ferro-
electric polarization in BFO and the tunable parallel-antiparal-
lel magnetic configurations in two ferromagnetic electrodes
result in four resistance states in the BFO-based MFTJs. On the
other hand, owing to the photovoltaic effects in the BFO film,
light illumination becomes a notably effective method to
modulate the TER in epitaxial BFO-based FTJs,*” where the
electric-field control of tunnel magnetoresistance (TMR) is
also effective. Kim et al. have utilized epitaxial BFO films as a
multiferroic nanocapacitor, which can induce a nonlinear elec-
tromechanical response.”” The electrical and optical modu-
lations can provide a fertile ground for inducing multifunc-
tional characteristics in BFO-based FIJs and MFTJs.

Notably, the charge screening at the heterointerfaces is
always incomplete, which results in an extra depolariza-
tion field to reduce the polarization in ferroelectric
materials.”>”®®" In order to improve the polarization at inter-
faces, Liu et al. have designed PbTiO;/BFO heterointerfaces
with a discontinued chemical valence and ferroelectric polariz-
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ation.®” A locally enhanced ferroelectric polarization occurs in
the head-to-tail PbTiO;/BFO polarized interface region,®?
which can be ascribed to the negative charge accumulation in
BFO and the positively charged resultant oxygen vacancies in
PbTiO;. Special hierarchical ferroelectric domains also have
been found in (1 — x)BFO-xPbTiO; ferroelectric solid solu-
tion.** Obviously, since the ferroelectric polarization can
modulate the interfacial coupling, the interfacial coupling can
conversely affect the ferroelectric polarization, which should
be intensively studied in the future. Besides, in the epitaxial
BFO/LaFeO; superlattices, the changed periodicity can modu-
late the interlayer strain, which will induce a phase transition
in BFO.** In lead-free BFO-based ceramics, the composition
change can also induce the strain to trigger the phase tran-
sition in BFO.®® In the BFO-based heterostructures, the phase
transition can affect the ferroelectric polarization and resis-
tance,®' which will be discussed in subsection IIL.C.2.

2. Polycrystalline film. In the BFO-based heterostructures,
the polycrystalline BFO films can come in contact with the
other material without the limitation of a lattice match.
Polycrystalline BFO films can be fabricated by various
methods, such as radio-frequency sputtering,®® pulse laser
deposition®” and the sol-gel method.*® In particular, two-
dimensional graphene can serve as a transparent electrode in
photovoltaic devices with polycrystalline BFO films, where the
chemically treated graphene can enhance the photovoltaic
effects in BFO.®® The switchable photovoltaic effect also occurs
in the graphene/BFO heterostructures.®” Besides, the polycrys-
talline BFO films can come in contact with the hydrophilic
RGO,**®® where the improved photocurrent and photo-to-
current efficiency can be used in photoelectrochemical water
splitting. Different from the epitaxial BFO films, the poly-
crystalline BFO films can stimulate the novel electrical and
optical properties by making contact with the two-dimensional
or hydrophilic materials to form the heterostructures, which
can expand the practical applications of BFO-based
heterostructures.

3. Nanoscale particles and grains. Distinct from the epitax-
ial or polycrystalline films, the nanoscale BFO particles and
grains have a special morphology and quantum size
effects,”®®! which can induce the novel physical and chemical
properties in BFO and its related heterostructures, such as the
size-induced enhancement of antiferromagnetic transition
temperature,®” a red-shift band gap of BFO?® and a size-depen-
dent magnetic exchange bias.’® In particular, the BFO nano-
composites are used to enhance or improve the photovoltaic
characteristics of other semiconductors by building the hetero-
structures.®® In the BFO/TiO, nanotube arrays,*” the photo-
conversion efficiency of TiO, nanotubes is largely improved by
making contact with BFO nanoparticles which were deposited
into TiO, nanotubes by an ultrasonic-immersion method.
Meanwhile, Sarkar et al. fabricated the multifunctional BFO/
TiO, nanoscale heterostructures by the wet chemical and
electrochemical routes, showing the ferroelectric diode charac-
teristic and photovoltaic effect.”’ The nonvolatile ON-OFF elec-
tronic conductions can also be switched by the external bias in
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such BFO/TiO, nanoheterostructures,”® which can be applied
in logic circuits and nonvolatile resistance random access
memory.

The BFO nanoparticles can also assemble together to form
a thin film, which can interact with another film to build the
heterostructures. Chatterjee et al. have fabricated p-i-n type
BFO-based heterojunctions, where the insulating layer of BFO
nanoparticles is sandwiched by the p-type NiO(MoOj;) and
n-type ZnO semiconducting layers.’® The photovoltaic pro-
perties of the p-i—n type BFO-based junctions are improved by
comparing to the p-i or i-n structures because of the enlarged
depletion regions.*®

Notably, various self-assembled BFO-based nanocomposites
have attracted more and more attention,””'°> where novel
physical properties are observed. In Fig. 3, the CoFe,0,/BFO
nanocomposites can be fabricated by coating, patterning, ion
etching and epitaxial growth. Triblock terpolymers® and
nucleation induction'® have also been successfully utilized to
fabricate self-assembled CoFe,0,/BFO nanocomposites. The
CoFe,0,/BFO heterostructures can also be synthesized into
well-ordered nanodots, where the piezoelectric response and
ferromagnetic properties can lead to a large magnetoelectric
effect.'® The magnetic properties of CoFe,O,/BFO nano-
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Nb-doped SrTiO; Substrate Nb-doped SrTiO; Substrate

v E-beam patternin,
¢ N e
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Nb-doped SrTiO; Substrate
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Fig. 3 Fabrication process of CoFe,04/BFO nanocomposites. (a)
Depositing a CoFe,O4 film on an Nb-doped SrTiO3 substrate by pulsed
electron deposition, and then (b) depositing an amorphous Si capping
layer on a CoFe,O4 film by radio-frequency sputtering. (c) Performing
spin coating on the fabricated sample with the hydrosilsesquioxane
negative-tone e-beam resist, and then (d) patterning the coated struc-
ture into pillars by e-beam lithography. (e) Performing the reactive ion
etching on an Si cap and subsequently Ar ion etching on the CoFe,O4
film. (g) Depositing a BFO film with a thickness of 1 nm, and then (h) pre-
paring the CoFe,O,4 and BFO films simultaneously by pulsed electron
deposition. Adapted with permission from ref. 96. Copyright 2012,
American Chemical Society.
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composites can be tailored by the composition in the
Co,Ni;_,Fe,0,/BFO (0 < x < 1) heterostructures.'®® In particu-
lar, novel physical properties have been demonstrated in the
nanoscale CoFe,0,/BFO systems. Budi et al. have reported an
exchange bias in BFO:CoFe,0, nanofibers.'®® The local con-
duction appears at the BFO-CoFe,O, tubular oxide inter-
face.’®” The epitaxial BFO-CoFe,0, nanocomposites have also
been successfully fabricated on Si substrates.'*® These results
provide opportunities for designing functional BFO-based
nanoscale devices.

Moreover, the BFO nanoplates can be stacked upon mono-
layer graphene'® using the dry transfer method and a micro-
manipulator, which provides opportunities to compose BFO
with the two-dimensional materials. BFO nanowires can form
nanocomposites with RGO by the hydrothermal methods,"*°
and are a good electrode candidate in supercapacitors due to
their superior capacitance, high charge density and high
cycling stability. These unique properties of BFO nano-
composites fabricated by different preparation methods offer a
fertile ground for stimulating novel properties and appli-
cations in multiferroic BFO-based heterostructures.

4. Doped variants of above forms. In FTJs with epitaxial
BFO films, the leakage current suppresses the switching effect
of the ferroelectric polarization and leads to a small TER,
which is disadvantageous for the performances of devices.
However, in oxide multiferroics, the doping cation is an
effective tool to modulate the electrical properties."""
Abundant results indicate that the leakage current can effec-
tively decrease by doping in BFO with A-site rare earth
elements (such as La, Ce and Pr)'">™'* and B-site transition
metal elements (such as Ti, Ni and Mn)."">"">"'® Hu et al. fab-
ricated epitaxial Smg BigoFeO; films by pulsed-laser depo-
sition.>” As seen in Fig. 2c and d, the leakage current of the
Smy 1Bip oFeO; (200 nm) film is more than 10 times smaller
than that of pure BFO, where a large remnant polarization of
~70 uC ecm™? is preserved by doping.®” Besides, the interface of
BFO-based heterostructures is also an effective method to
decrease the leakage current.'’” The spatial distribution of the
internal ferroelectric order in leaky BFO is vectorially coupled
with light, where the generated spatially resolved photocurrent
and photovoltage can be used to detect the leakage properties
of BFO.'® Besides, based on the oxidation state and coordi-
nation number, the site of the dopant in BFO can be estimated
from the tabulated ionic radii, which are predicted by the sys-
tematic first-principles calculations.'*

In particular, in ferroelectric materials, the open-circuit
voltage (Voc) depends on a large band gap, while the short-
circuit photocurrent density (Jsc) is related to a small band
gap for effectively absorbing the solar energy.'**"*?
Considering that doping is an effective approach for tailoring
the band gap,'*® appropriate doping in BFO becomes an
appropriate way to balance Vo and Jsc.'*' Gupta et al.'** have
demonstrated that the intensity of laser light and the thickness
of (Ce, Mn)-codoped BFO films can further increase the Js¢ to
0.245 mA cm . Polycrystalline BiFeg o5Sig 0503 with a red shift
of the band gap has been fabricated successfully, showing

Nanoscale, 2020,12, 477-523 | 481


https://doi.org/10.1039/c9nr08800h

Published on 11 december 2019. Downloaded by Fail Open on 7/05/2025 8:19:31.

Review

improved ferroelectric switching properties.'* Lotey et al. also
observed a blue shift of the band gap in Gd-doped BFO nano-
particles.'** Meanwhile, as shown in Fig. 2e, a higher Jsc and
resultant energy conversion efficiency have been achieved in
the Gd-12%-doped case.'** So, doping in epitaxial films, poly-
crystalline films and nanoparticles of BFO is crucial for engin-
eering the band gap, electrical properties and ferroelectric-
photovoltaic characteristics, and provides a possible route to
improve the performances in related ferroelectric and optical
devices.

Besides, during the growth of BFO films, either the depo-
sition parameters or targets can result in stoichiometry fluctu-
ations and resultant defects in BFO.'*>'® The impurity
defects in BFO will pin the domain wall and hinder the back-
witching of ferroelectric polarization,"*® which will lead to the
so-called retention failure in BFO-based ferroelectric storage
systems. However, the storage-undesirable defects can modu-
late the polarization configurations and mixed-phase struc-
tures in BFO."*®

Moreover, the molar ratio in BFO can be intentionally
modulated using materials with similar lattice structures. By
utilizing similar lattice structures of T-BFO and BiCoOj;, Gao
et al. have prepared BiFe, 5Co, 503 targets by a sol-gel method,
which is further used to fabricate epitaxial BiFe, 5C0, 503 films
on LaAlO; substrates by pulsed laser deposition.'?” Different
from the antiferromagnetic properties of multiferroic BFO or
BiCoO3;, the BiFe, 5C0,50; film shows a ferromagnetic charac-
teristic because of the spin-state transition of Co** ions.'*”
Moreover, when a voltage is applied, the ¢ axis of multiferroic
BiFey 5C0050; can be compressed by ~20%,'”” and such a
large piezoelectric response is rare in multiferroics.

B. Medium in contact with BiFeO; in heterostructures

1. Semiconductors. Semiconductors are commonly used as
buffer layers to modulate the built-in electric field in the BFO/
semiconductor interfaces, which can affect the separation of
photo-generated carriers and the photovoltaic effect. n-Type
Zn0,*® n-type Ti0,,"*® p-type NiO*® and p-type MoO; semi-
conductors®® have been frequently used in photovoltaic
BFO-based heterostructures. Besides, in order to improve
the interactions between BFO and semiconductors, the
mesoporous structure has been utilized in TiO,/BFO/NiO
heterostructures."”® The morphology can evidently improve
the photovoltaic characteristics in the TiO,/BFO/NiO
heterostructures.'?®

Typically, in BFO-based FTJs, semiconductors®” can also
serve as electrodes and light-absorbing layers. In Nb:SrTiOs/
Smy 1 Big oFeOs/Pt FIJs,”” the Nb:SrTiO; electrode can induce
two conduction modes of direct tunneling and Schottky therm-
ionic emission, which is absent in BFO-FTJs with metal elec-
trodes. Meanwhile, the semiconductors can generate abundant
electron-hole pairs by light illumination, which can comp-
lement the inefficient generation of electron-hole pairs in
ferroelectric materials.®®

2. Nonmagnetic metals. In BFO-based heterostructures,
nonmagnetic metals are commonly used as electrodes in
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photovoltaic devices and FTJs, such as Au and Pt.*>'*>%'° The
metal electrodes in the BFO-based FIJs can be engineered
with other metal atoms."" You et al. have implanted Ti in a Pt
bottom electrode in Au/BFO/Pt junctions. The implanted Ti
atoms can diffuse into the BFO layer and modulate the inter-
facial oxide vacancies, which stabilize the RS in the Au/BFO/Ti
junctions.”" Meanwhile, nonmagnetic metals with different
work functions can also serve as a buffer layer to modulate the
photovoltaic characteristics in BFO-based heterostructures. For
example, in Au/Ti/T-BFO/Lay ;ST 33Mn0O3(LSMO) and Au/Cr/
T-BFO/LSMO,"** different relative barrier heights appear
between the Ti/Cr buffer layer and LSMO electrode, which
results in the different separation of the photo-generated car-
riers and photovoltaic characteristics. Moreover, nonmagnetic
transparent electrodes have also been utilized to investigate
the optical properties in BFO-based heterostructures, such as
indium-tin-oxide (ITO) and two-dimensional graphene.'*?
Besides, an oxide metallic LaNiO; with paramagnetic pro-
perties can also serve as an electrode, which has good conduc-
tivity and a perovskite structure.®>'** Hence, LaNiO; is com-
monly used as an electrode or buffer layer in heterostructures
with perovskite BFO.

3. Ferromagnetic metals. Ferromagnetic materials, such as
COo_gFeo,1,49 C0,51’134 Lal_XerMnOS’50,57,135—137 LaMn0.5C00.503138
and Fe,N,">™*” are widely used for the electric field control of
the magnetization reversal and magnetic anisotropy in BFO-
based heterostructures. In BFO/ferromagnet heterostructures,
the mechanism of the electric-field control of magnetism can
be ascribed to magnetoelectric coupling.****'*° The ferro-
magnetic layer can be pinned by antiferromagnetic BFO due to
the interfacial exchange coupling."**** Highly spin-polarized
LSMO™*'¥” and Fe,N'*'* are typical room-temperature
ferromagnetic materials, which can be used to explore the
spin-polarized transport properties in BFO-based MTJs and
MFTJs. Moreover, hard magnetic CoFe,0,'***>! shows strain-
sensitive magnetic anisotropy. In the BFO-CoFe,O, compo-
sites, the electric-field modulated magnetic anisotropy can be
controlled by magnetoelectric coupling'®® and the strain in the
piezoelectric substrate. The ferromagnetic shape memory alloy
(FSMA) Niso3Mnge.0Sby,5">% has a controlled magnetoelectric
effect owing to the martensitic transformation,"® which has
also attracted much attention in electric-field controlled
magnetism. Herewith, in BFO/ferromagnetic metal hetero-
structures, the ferroelectric polarization of BFO can modulate
the interfacial oxygen vacancies,"”*'>® which can improve the
thermal stability of the heterostructures. In BFO/CoFeB hetero-
structures, the polarization-modulated thermal stability can be
improved by ~100 °C,"* which can be used by other BFO/
ferromagnetic metal heterostructures.

4. Nonmagnetic and antiferromagnetic insulators. In BFO-
based heterostructures, nonmagnetic insulators are commonly
used as substrates to grow epitaxial R-BFO and T-BFO
films,'®%* such as perovskite-type SrTiO;, LaAlO; and YAIO;.>*
In particular, SrTiO;°®"*° and antiferromagnetic Mott insula-
tor LaTiO;*° can induce the 2DEG at the SrTiO;/BFO and
LaTiO3/BFO interfaces due to the electronic confinement in

This journal is © The Royal Society of Chemistry 2020


https://doi.org/10.1039/c9nr08800h

Published on 11 december 2019. Downloaded by Fail Open on 7/05/2025 8:19:31.

Nanoscale

the nanoscale dimensions."”” The appearance of the 2DEG in
the BFO/insulator interfaces offers the opportunity of develop-
ing BFO-based nanoelectronic devices,"® such as high mobi-
lity field-effect transistors.

In particular, non-magnetic ferroelectric materials also can
modulate the electrical and magnetic properties of the BFO
layer in the heterostructures. BFO/BaTiO; heterostructures
show stronger ferroelectric properties than bare BFOQ.'%'¢°
The BFO/BaTiO; multilayers have shown a high energy storage
efficiency of 82.3%'®' and a large magnetoelectric coupling
with a magnetoelectric coefficient of 60.2 V (cm Oe)™"."** The
magnetic characteristics of BFO can be tailored by the compo-
sition of BFO/ferroelectric solid solution nanostructures,
such as BFO,~(BaTiO;);_, nanocubes'®® and BFO;_,~(PbTiO;),_,

ceramics.'®*1%°

lll.  Properties and underlying
mechanisms in BiFeOz-based
heterostructures

BFO exhibits ferroelectric polarization, antiferromagnetic
order and an R-T phase transition. The ferroelectric character-
istics stimulate a photovoltaic effect in BFO-based hetero-
structures, which will be discussed in subsection IIL.A. In par-
ticular, the ferroelectric characteristics of BFO interact with
the antiferromagnetic order, domain structure and lattice
structure. These various orders and couplings in BFO provide
abundant factors to achieve efficient electric-field control of
the magnetism and RS in the BFO-based heterostructures,
which are discussed in subsections III.B and III.C, respectively.
Emergent characteristics in BFO-based heterostructures are
discussed in subsection IILD, such as the 2DEG and valley
characteristics. These novel physical characteristics provide the
foundation for developing optical, spintronic and electronic
integrated multifunctional BFO-based devices.

A. Photovoltaic effect

In past decades, the photovoltaic effect has been a promis-
ing method to utilize the abundant and renewable solar
energy.'°®'7° Generally, the photovoltaic effect comes from
the two basic processes of exciting the electron-hole (e-h)
pairs and separating the e-h pairs.***”" In 2009, Choi et al.
demonstrated the diode and photovoltaic effects in single-
ferroelectric-domain bulk BFO,** where light-induced e-h
pairs are separated by the depolarized field of ferroelectric
BFO. Then, the diode forward direction in BFO can be
reproducibly switched by the applied electric field due to
the ferroelectric polarization of BFO.** In particular, the
small optical gap (2.2-2.8 eV) of BFO'”>'7? makes its photo-
voltaic effect lie in the visible light region,**'”*'”> which is
beneficial for the practical applications of photovoltaic
devices. After discovering the visible-light photovoltaic
effects and ferroelectric-switchable characteristics of BFO,
the optical modulation of the magnetoelectric properties
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was investigated in BFO-based heterostructures and ferro-
electric memories.*”"'7°

In photovoltaic metal/BFO/metal structures, a large Voc is
observed due to the depolarized field of BFO.'””"'”° However,
the inefficient excitation of e-h pairs in ferroelectric materials
with a large band gap can lead to a small Js¢ in the metal/BFO/
metal structures.®>'*>"®% In order to generate more e-h pairs,
semiconductors are introduced as a buffer layer,*® where the
structure transforms into the metal/semiconductor/BFO/metal.
Meanwhile, an extra built-in barrier is engineered by choosing
the appropriate semiconductor®® and metal™** buffer layers to
separate the e-h pairs. Both the barrier height and width can
be tailored at the semiconductor/BFO interfaces,®” which lays
the foundation for complimentary bias- and light-controlled
electrical properties in BFO-based heterostructures. Special
electrodes have been used to improve the Jsc, Voc and energy-
conversion efficiency in BFO-based heterostructures, such as
semiconducting Nb:SrTiO;,>” transparent graphene,®'?
hydrophilic RGO** and Ti0,.>>°"'*® Qbviously, appropriate
metal/BFO/metal structures are very crucial for improving the
photovoltaic characteristics, and can be applied in nonvolatile
ferroelectric memories, photocatalysis and photoelectrochem-
ical water splitting in BFO-based materials. Next, the physical
mechanisms of photovoltaic effects in modified metal/BFO/
metal heterostructures will be discussed in detail, where the
ferroelectric domain effects on the photovoltaic characteristics
will also be reviewed.

1. Ferroelectric modulation in metal/BiFeOz;/metal. The
photovoltaic characteristics of the metal/BFO/metal structures
are commonly studied, where the ferroelectric polarization
direction of BFO layers can tailor the photovoltaic effects.
Naturally, it is an approach to manipulate the photovoltaic
effects by engineering the ferroelectric BFO layers. Sharma
et al. have used a BFO/BaTiO3; multilayer as a ferroelectric layer
to enhance the ferroelectric properties of the interlayer, as
shown in Fig. 4a and b."*®'°® Moreover, under the illumina-
tion of violet laser light (A = 405 nm) with an intensity of
160 mW cm ™2, the multilayered BFO/BaTiO; structure shows a
better photovoltaic response than a BFO single layer, which
can enhance the Vo from 0.33 to 1.25 V, as shown in Fig. 4c.
Since the band gap of BaTiOj; is 3.27 eV, the photovoltaic effect
in BFO/BaTiO; based structures at a wavelength of 405 nm is
not contributed by BaTiO;. In the metal/ferroelectric/metal

structures, the net built-in electric field can be defined
2g181:182

(1)

—P
Ep; :Ein+Edp:Ein+—£ . (
0CF

ZSF/d
2ep/d + €. /A)’

where Ej, is the internal electric field in the ferroelectric/metal
interface, Eg4, is the depolarization field of the ferroelectric
layer, er is the relative dielectric constant of the ferroelectric
layer, ¢, is the relative dielectric constant of the electrode layer,
A is the screening length, P is the polarization and d is the
thickness of the ferroelectric layer."®"'®* In eqn (1), the
enhanced ferroelectric polarization of the BFO/BaTiO; multi-
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BFO single layer (in the lower panel) under both dark conditions and illumination of violet laser light (1 = 405 nm) with an intensity of 160 mW cm

Adapted with permission from ref. 160. Copyright 2015, AIP Publishing.

layers can enhance the net built-in field, which accelerates the
separation of light-induced charge carriers and the resultant
larger Voc, than that of the BFO single layer. These results
demonstrate that it is a practicable way to modulate the photo-
voltaic effects in the metal/BFO/metal structures by engineer-
ing the ferroelectric BFO layer.

Moreover, the photocurrent density can be increased and
the energy conversion efficiency along with a broader appli-
cable solar spectrum is improved by reducing the band gap in
ferroelectric materials with the remaining ferroelectric
polarization.'®"¥%'8% 5o several heterostructures or superlat-
tices will be illustrated to reduce the band gap of BFO. By fab-
ricating an alloyed BiCrO;/BFO film, Qiao et al. realized a band
gap reduction of nearly 0.8 eV.'®* Nie et al. have fabricated a
BiCrO5/BFO bilayer by the sol-gel method'®® and epitaxial
BiCrOs/BFO heterostructures by pulse laser deposition, where
the photocurrent density can reach ~0.013 mA cm >.'%°
Significantly, Nechache et al. have grown the double perovskite
Bi,CrFeO; and successfully tailored the band gap, which rea-
lizes a considerably large energy conversion efficiency of
8.1%.'*® Zhang et al. also predicted a remarkable reduction
of the band gap in the BiCrO;/BFO superlattices by first-
principles calculations."®?

The physical characteristics of the metal/BFO/metal struc-
tures can also be modified by selecting the electrode materials.
Transparent graphene®”'® and hydrophilic RGO** show a
high carrier mobility, electric conductivity and transparency in
the visible light spectral region. Gupta et al. have grown gra-
phene/BiFe, o5Si.0503(BFSiO)/ITO/glass and reverse glass/ITO/
BFSiO/graphene configurations by the bottom-up spin coating
technique (Fig. 5a and b),"** where switchable photovoltaic
effects with repeatable and stable instantaneous responses
appear in both the configurations (Fig. 5c-e). The bilayered-
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graphene/BFO heterostructures®” with a switchable photovol-
taic effect were also fabricated by pulsed laser deposition.
Meanwhile, the Jsc and Vo responses in either the graphene/
BFSiO/ITO'** or graphene/BFO/Pt*” structure are less than
100 ms. The photovoltaic effects in the graphene/BFO-based
heterostructures pave the way for exploring the optical modu-
lation of two-dimensional materials and BFO, which offers
opportunities to develop multifunctional devices.

BFO with photovoltaic effects can also serve as a photoelec-
trode in photoelectrochemical water splitting. However, the
recombination of photo-generated e-h pairs in a pure BFO
photoelectrode is rapid, which results in a low photoelectro-
chemical performance. In order to improve the photoelectro-
chemical performance, BFO-based composite photoelectrodes
are considered. RGO has a better hydrophilic character than
graphene and a higher conductivity than the normal graphene
oxide, which is a suitable candidate to improve the photoelec-
trochemical performance of the BFO photoelectrode. Ren et al.
fabricated RGO/BFO composite photoelectrodes with switch-
able photovoltaic effects, where polycrystalline BFO films were
prepared by the sol-gel method and RGO nanosheets were
decorated on BFO films by the dip-coating method.*® In par-
ticular, the photoelectrochemical performances are evidently
enhanced in the optimized RGO3/BFO sample (Fig. 6),>° where
Jsc has a 600% improvement and the incident photo-to-
current conversion efficiency (IPCE) shows a threefold
enhancement. In Fig. 6d, IPCE in the range of 400-550 nm can
be ascribed to the optical absorption of BFO (Fig. 6¢), where
the IPCE response at 400 nm increases from 0.15% in pure
BFO to 0.43% in RGO3/BFO films.>* The generated photo-
current at 520 nm is consistent with the band gap of BFO
(Fig. 6d), which excludes the possibility of a photocurrent
induced in RGO. The improved photoelectrochemical perform-
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Fig. 6 (a) X-ray diffraction patterns of the pristine BFO and RGO3/BFO films. (b) Raman scattering spectra of the RGO3/BFO films (measured
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scattering spectra of RGO3/BFO films. (c) UV-vis absorption of pristine BFO and RGO3/BFO films. The inset shows the schematic energy band align-
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tion of the wavelength for pristine BFO and RGO3/BFO films at 0 V versus Ag/AgCl. Adapted with permission from ref. 39. Copyright 2017, Wiley.

ances in the optimized RGO3/BFO sample provide the foun-
dation for developing efficient and multifunctional BFO-based
ferroelectric photoelectrodes, while the switchable photovol-
taic effect is absent in the conventional semiconducting photo-
electrodes. Meanwhile, the feasible and low-cost fabrication
methods of RGO3/BFO composite electrodes are beneficial for
extending the multifunctional ferroelectric photoelectrodes.
The light-induced Voc in ferroelectric or ferroelastic
materials can exceed its band gap.®®'”*'#® In 2010, Yang et al.

This journal is © The Royal Society of Chemistry 2020

demonstrated the electrostatic potentials of a ferroelectric
domain wall in BFO films,'®” which can separate the photo-
generated charge carriers and result in an above-bandgap
voltage.®® Lee et al also demonstrated domain-dependent
photovoltaic effects in Pt/BFO/SrRuO; heterostructures.'®® As
shown in Fig. 7, the diode polarity and light-induced Jsc and
Voc in pure polarization-up or polarization-down domains dis-
appear in polarization-mixed domains.'®® Moreover, the dis-
appeared photovoltaic effects in the mixed domains indicate
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the third state, rather than the customer polarization-up and
polarization-down states, as shown in Fig. 7g. Such three-state
photovoltaic characteristics also show no signs of fatigue
(Fig. 7g).

The domain wall dependent photovoltaic effects have been
proved in many subsequent results of BFO films, which are
mainly connected with 71° and 109° domains.'**"*°* Owing to
the controllable ferroelectric polarization, the domain-depen-
dent above-band-gap photovoltaic responses in BFO are
tunable by an electric field. The previously reported Voc
reached 50 V by tuning the conductivity of domain walls."®" It
is obvious that the variable ferroelectric domains offer a new
way to modulate the photovoltaic effects in pristine BFO films.
Such domain effects on the photovoltaic characteristics will be
taken seriously in doped BFO and other ferroelectric materials
with multidomain structures.

Additionally, Maksymovych et al. reported that the ferro-
electric domain walls in BFO exhibit inherently dynamic con-
ductivity,'®> mimicking the memristive behavior. By applying
an electric field, the domain walls in BFO show a transition
from localized insulation to conductance by an order of mag-
nitude because of the metastable conductance states."”>
Bhatnagar et al. demonstrated that the above-band-gap light
can induce an evident change of conductivity in strained BFO
films, which can be ascribed to the trapping characters of the
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sub-band levels.'?**%*

However, by considering the domain-
dependent above-band-gap photovoltaic characteristics in
BFO,"”""'®” the special conductivity in BFO under above-band-
gap light should be related to the domain structures and its
dynamic conductivity, which should be taken into account in
the future.

Moreover, since the anisotropic domain walls in REMnO;
(RE = Sc, Y, Ho, etc.) crystals are discovered,'*>'*® Jin et al
studied the conductivity of head-to-head, tail-to-tail and head-
to-tail domain walls in BFO films,'°” where the tail-to-tail
domain walls are more conductive than the other two domain
walls. These results demonstrate the anisotropic ferroelectric
domain walls in BFO. However, the electron transport in the
domain walls of BFO can be tailored with an external magnetic
field, such as the anisotropic magnetoresistance,'*® which
indicates the possible magnetic characteristics of domain
walls. In the BFO films and heterostructures, the anisotropic
conductivity and magnetoresistance in the ferroelectric
domain walls of BFO show the possible magnetoelectric coup-
ling in domain scales. It can be noted that the domain walls
can be another degree of freedom to induce and stimulate the
electrical, magnetic and optical properties in BFO-related
heterostructures.

On the basis of the photovoltaic effects, Yang et al. have
successfully observed the fully optical control of the ferroelec-
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tric  polarization in  (001),.-BFO/(110)-TbScO;  hetero-
structures,'®® which gives new insight into the interacted light
and ferroic orders in the BFO-based heterostructures. The
photovoltaic effects in the BFO-based heterostructures are
attributed to the photo-generated e-h pairs separated by the
ferroelectric polarization, interfacial barriers or domain wall
induced electrostatic potentials.>”'®” However, Li et al. have
studied the electrode-free photovoltaic effects in phase-pure
BFO films,?° where the diffusion of charge-neutral excitons in
BFO and their subsequent separation at interfaces result in
photovoltaic effects. The new results are in contrast to the con-
ventional separation of photo-generated e-h pairs in BFO; so
more efforts should be made to study the charge dynamics of
photovoltaic effects in BFO-based heterostructures.

2. Barrier modulation in metal/metal-buffer-layer/BiFeOs/
metal. As discussed in subsection III.A.1, the photovoltaic
effects in the metal/BFO/metal structures can be modulated
by engineering the ferroelectric layers and choosing special
electrodes. In this section, a metal buffer layer is introduced
in the basic metal/BFO/metal structures to tailor the photo-
voltaic characteristics. Lu et al. have prepared Au/Ti(Cr)/
T-BFO/LSMO structures by pulsed laser deposition (Fig. 8a
and b), where the ferroelectric polarization in the epitaxial
T-BFO is switched, as shown in Fig. 8c and e.'** The work
function of Ti and Cr metals is close to that of BFO, which
has a small barrier height at the Ti(Cr)/BFO interfaces, which
can benefit the separation of photo-induced e-h pairs. In par-
ticular, in Fig. 8d and f, the photovoltaic response is different
in the Ti- and Cr-buffered systems. In the Au/Ti/T-BFO/LSMO
structure (Fig. 8d), the negative V¢ and positive Js¢ appear in
either polarized-up or polarized-down states. However, in the
Cr-buffered case (Fig. 8f), the cell with a polarized-up state
shows a negative Vo and a positive Jgc. However, the cell
with a polarized-down state shows a positive Vo and a nega-
tive Jsc. These different photovoltaic responses in the Ti- and

(@ — -

= a —
218 ,5 g g
< o |es o) =
~— = '

-] ] -2} 3
B I & 3
2]
N
)
S
o5

20 30 40 50
2 Theta (°)

View Article Online

Review

Cr-buffered systems can be attributed to the different net
built-in electric fields Ep; **?

Wrijcr — Wismo

Epi = Eip + |Eap| = po

+ |Eapl, (2)

where the work function of Ti, Cr and LSMO is Wy; = 4.33 eV,
Wer = 4.50 eV and Wisvmo = 4.96 €V, respectively.

In both the Ti- and Cr-buffered systems with a polarized-up
state (Fig. 9a and c), both the E;, and Eq, point towards the
LSMO, which obeys the formula E,; = Ej, + Eqp. Hence, the
built-in electric field in two systems produces a positive Jsc.
Secondly, in the polarized-down state (Fig. 9b and d), Eqp, is
antiparallel to Ej,, which obeys the formula Ey,; = Ej, — Eqp. So,
if |Ein| > |Eqpl|, the net Ey; has the same direction as Ej, (i.e.,
pointing towards LSMO), which can induce a positive Jsc. Such
a case is consistent with the Ti-buffered system. Meanwhile, if
|Ein| < |Eap|, the net Ey; is opposite to Ej, (i.e., pointing
towards the metal buffer layers), which can produce a negative
Jsc. This formula can exactly describe the Cr-buffered system.
These results demonstrate that the photovoltaic characteristics
in the metal/BFO/metal structures can be manipulated by
selecting a suitable metal buffer layer and switching the ferro-
electric polarization in T-BFO layers.

3. Barrier modulation in metal/semiconductor-buffer-
layer/BFO/metal. In order to improve the photovoltaic
responses in the metal/BFO/metal structures, a semiconductor
buffer layer is introduced,®® which can generate many more
e-h pairs by light illumination and form a barrier at the semi-
conductor/BFO interfaces, which can enhance the separation
of the photo-generated e-h pairs. In Fig. 10a, the ITO/BFO/Pt
structure®® shows a large Voc and a small Jg¢, while the ITO/
ZnO/Pt structure has a large Jsc and a small V¢ of nearly 0 eV.
However, the ITO/ZnO/BFO/Pt structure®® shows an evidently
enhanced Jsc on comparing with the ITO/BFO/Pt system
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Fig. 8 (a) X-ray diffraction pattern of the T-BFO/LSMO sample on a (001)-LaAlOs single crystal wafer. (b) Setup for the measurement of the local
photovoltaic effects. Local ferroelectric switching and the J-V curves of the (c and d) Au/Ti/T-BFO/LSMO and (e and f) Au/Cr/T-BFO/LSMO hetero-
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from ref. 132. Copyright 2017, American Chemical Society.
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(Fig. 10a), which can be attributed to the abundant e-h pairs
induced in the semiconducting ZnO. In particular, the band
alignments in the ITO/ZnO/BFO/Pt structure®® result in the
Schottky barrier and n'-n junction at the BFO/Pt and ZnO/BFO
interfaces (Fig. 10b), where two built-in fields accelerate the
separation and transport of the photo-generated e-h pairs.
Meanwhile, as seen in Fig. 10c, the energy conversion
efficiency n of the ITO/ZnO/BFO/Pt structure is also signifi-
cantly improved by introducing the semiconducting ZnO
buffer layer, where the largest » is ~0.33%. These results
demonstrate that the barriers at the semiconductor-buffer—
layer/BFO interfaces have a prominent modulation of the
photovoltaic effects in the BFO-based heterostructures. Similar
barrier modulation of the photovoltaic characteristics also
appears in the p-i-n type NiO/BFO/ZnO and MoO3/BFO/ZnO
heterojunctions,*® where the type-Il band alignment at the
NiO/BFO(p-i) and BFO/ZnO(i-n) interfaces favors the separ-
ation of carriers.

Notably, the ferroelectric BFO with the visible-light-respon-
sive photovoltaic effects is one of the third-generation photo-
catalysts due to its narrow band gap.?®* Stable, nontoxic and low-
cost TiO, is the most studied material for solar-energy utiliz-
ation, which can be further modified by ferroelectric BFO.*®
Zhu et al. deposited BFO nanoparticles on TiO, nanotube
arrays by an ultrasonic-immersion strategy, where the BFO/
TiO, composites on Ti sheets are used as a composite elec-
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measurements. Adapted with permission from ref. 86. Copyright 2014, AIP Publishing.
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Fig. 11 (a) Diagram of the photo-induced electron generation, separation and transfer pathway in the BFO/TiO,-nanotube arrays by visible-light
excitation. The photoconversion efficiency as a function of the applied potential in the BFO/TiO,-nanotube arrays and bare TiO,-nanotube arrays at
a visible-light irradiation of 140 mW cm™2. Adapted with permission from ref. 35. Copyright 2014, American Chemical Society. (b) Schematic of
device architectures and cross-sectional scanning electron microscopy images of planar and mesostructured heterojunctions, respectively. (c)
Energy levels of the TiO,/BFO/NIO heterojunctions and J—V curves of planar and mesostructured TiO,/BFO/NiO heterojunctions. Adapted with per-

mission from ref. 128. Copyright 2017, Wiley.

trode.* In Fig. 11a, the photoconversion efficiency in the BFO/
TiO,/Ti composite electrode is much higher than that of the
TiO,/Ti electrode because of the enhanced visible-light utiliz-
ation in BFO and the barrier formed between BFO and TiO,.*®
Here, the photoconversion efficiency » from light energy to
chemical energy under a bias potential can be described as

P ) s
’7(%) _ outpu}t) : ele.ctrlcal input % 100%
optical-input 3)
(B~ ) (
_JP\Trev  [7APPI) 100%,
I

where Poypue 18 the total power output, Pejectrical-input 18 the elec-
trical power input, Popcal-input 1S the optical power input, j, is
the photocurrent density, EY,, is the standard reversible poten-
tial, E,pp is the applied bias and I, is the power density of the
incident light.*> The BFO/TiO,/Ti composite electrode also
shows a high efficiency in the photoelectrocatalytic degra-
dation of rhodamine B under visible light. Besides, Wang et al.
demonstrated that the morphology of BFO in heterostructures
can greatly affect the photovoltaic characteristics,'*® especially
the mesoporous structures. In Fig. 11c, the band alignment of
the TiO,/BFO/NiO structure makes the electrons move toward
TiO, and the holes toward NiO, which benefits the separation
of e-h pairs generated in BFO. However, as seen in Fig. 11b
and c, the mesoporous m-TiO,/BFO/NiO heterojunctions have

This journal is © The Royal Society of Chemistry 2020

much more m-TiO,/BFO and BFO/NiO interfaces than the
planar p-TiO,/BFO/NiO structure, resulting in a more efficient
separation of e-h pairs generated in BFO grains and a larger
Voc(Jsc)- These photovoltaic effects in the BFO/TiO,-related
systems provide the foundation for developing the BFO-related
photoelectrocatalysts and solar cells.

Additionally, visible-light absorbing ferroelectric semi-
conductors have been discovered,?®> such as the Sn chalcogen-
ide ferroelectrics Sn,P,Ss and Sn,P,Se, with indirect band
gaps of 2.20 eV and 1.55 eV. However, the photovoltaic per-
formances in these ferroelectric semiconductors are inferior to
those of the oxides. It should be noted that BFO can be used
to modulate the photovoltaic effect in the ferroelectric semi-
conductor materials. Dong et al. incorporated an ultrathin
BFO layer into the semiconducting BiVO4>*® which can
increase the Jsc by 2 fold to 0.14 mA cm™> and increase the
Voc by 5 fold to 1 V compared to pristine BiVO,. Since BFO
can influence the asymmetric BiVO,, the photovoltaic effect
in the asymmetric chalcogenide ferroelectrics might be
tunable with BFO.

4. Switchable conduction modes in semiconductor-elec-
trode/BiFeO;/metal. As discussed in subsection III.A.3, the
semiconductors can serve as a buffer layer to modulate the
photovoltaic effects in BFO-based heterostructures. However,
the semiconductors can also be used as electrodes to engineer
the photovoltaic responses. Hu et al. have used the semicon-
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intensity of 60 mW cm™2). (c and d) The band alignments of the FTJs at different polarization directions (yellow arrow) under darkness and light illu-
mination, respectively. The black filled and empty circles in (c and d) represent the photon-excited electrons and holes, respectively. (e) Typical -V
data of the LRS and HRS in the low bias region after writing with voltages of +3 and —16 V, both in the dark and under ultraviolet light illumination.
Adapted with permission from ref. 37. Copyright 2016, Nature Publishing Group.

ducting Nb-doped SrTiO; as the bottom electrode to explore
the optically controlled electroresistance in BFO-based FTJs
(Fig. 12a), where Sm-doped BFO can decrease the leakage
current.>’ In the Nb:SITiO,/Smg BiyoFeOs/Pt FIJs,>” the
photovoltaic effects (Fig. 12b) can be increased by ultraviolet
light (max-303, 250-385 nm), but not visible light (max-302,
385-740 nm). Here, the band gap of 2.7 eV (460 nm) in
Sm, 1Bip oFeO; lies in the visible light range, while the band
gap of 3.2 eV (388 nm) in Nb:SrTiO; is on the edge of the ultra-
violet light. So, the light adsorption in the Nb:SrTiO;/
Sm, 1BipoFeO;/Pt FTJs can be mainly ascribed to semiconduct-
ing Nb:SrTiO3, instead of Sm, Biy.oFeO;.

Particularly, the photovoltaic responses in the Nb:SrTiO;/
Sm, 1Bip oFeO,/Pt FTJs are highly dependent on the electrore-
sistance states (Fig. 12e), where ultraviolet illumination has
almost no effect on the low resistance state (LRS) but an
evident influence on the high resistance state (HRS). Such a
phenomenon can be attributed to the different band-bending-
induced conduction modes in the LRS and HRS. As the polar-
ization in Sm, ;Biy oFeO; points towards the bottom Nb:SrTiO;
electrode (Fig. 12c), the carrier accumulates at the Nb:SrTiOs/
Sm, ;Biy oFeO; interface, which results in a direct tunneling
and the corresponding LRS with a parabolic I-V curve in
FTJs.*” The direct tunneling in LRS is well explained by the
WKB approximation>**

—dem* exp{a(V)[(, - ev/2)” — (dy + ev/2)"]}
on2h3 2(V)[(¢, — eV/z)l/Z — (¢, + eV/2)1/2]2

wcsin 1 Sa(v) (9, - ev/2)"* = (9 + ev/ ] 5 .
(@

J(v) =
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ad(2m*)"/?
3h(py — ¢y +ev)’

where ¢, , is the tunneling barrier height at two interfaces and
m* is the effective mass of electrons in the Sm,BijoFeO;
tunnel barrier.”** By using the ¢, , = 0.48(0.47) eV parameters
at the Nb:SrTiOs/Sm,;Bi;oFeO; (Pt/Sm,;Bi,oFeO3) interface
and m* = 0.69m,, Hu et al. achieved a good fitting between the
theoretical and experimental I~V curves.”” However, at the
opposite polarization (Fig. 12d), the carrier at the Nb:SrTiOs/
Sm, ;Biy oFeO; interface is depleted due to the charge screen-
ing effect, which leads to the depletion layer and the resultant
HRS.?” The direct tunneling mechanism cannot satisfy the
experimental I-V curve in the HRS, which is described by the
Schottky thermionic emission®”

J(V) = A*AT? exp(—b,/ksT) exp(—ardy/F7)
exp(qV /nksT — 1) = A**AT* exp(—¢p,/ksT)  (6)
exp(qV/nkgT —1).

a(V) =

(5)

In eqn (6), A is the junction area, A* is the standard
Richardson constant, ¢ is the Schottky barrier height, ¢r is
the average tunneling barrier height, T is the temperature and
n is the ideality factor.’” The different conduction modes in
the LRS and HRS lead to a colossal TER of 10° in the Nb:
SrTiO5/Smyg 1 Big oFeOs/Pt FTJs.

The HRS and LRS in the Nb:SrTiO;/Sm, ,Bij oFeO3/Pt FTJs
show the different conduction modes and photovoltaic
responses, which offers a new optical route to the memory
state of FTJ-based devices. Besides, the Nb doping content in
SrTiO; will affect the semiconducting characteristics of Nb:
SrTiO; and the interfacial depletion region, which can modu-
late the HRS and related photovoltaic responses. These results

This journal is © The Royal Society of Chemistry 2020
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indicate the various control approaches on the photovoltaic
effects in the BFO-based heterostructures with a semi-
conductor electrode.

Besides, except for the photovoltaic effects, other opto-
electronic phenomena have also been explored in the BFO-
based heterostructures. In the current-perpendicular-to-plane
Nb:SrTiO5/Smg 1By oFeO3/Pt junctions,”®> a colossal X-ray-
induced persistent photoconductivity is achieved by enhancing
six orders of magnitude, which can be attributed to the X-ray-
modulated formation and ionization of oxygen vacancies and
the reduced interfacial Schottky barriers. The photostriction
phenomenon has been demonstrated in BFO crystals, where
the size of BFO can be tailored by light illumination.'**>°®
Particularly, the optical control of the ferroelectric polarization
switching has been demonstrated in BaTiOs;/MoS, hetero-
structures, and is attributed to the redistributed photo-gener-
ated carriers and charge screening at the BaTiO3/MoS, inter-
face.”” Such a photo-controlled polarization reversal will be
addressed in other ferroelectric/semiconducting heterostructures.

B. Electric field control of magnetism

In the BFO/ferromagnet heterostructures,*** the electric-field

control of magnetism is based on two types of coupling: (i) the
internal magnetoelectric coupling in antiferromagnetic and
ferroelectric BFO; and (ii) the magnetic coupling between anti-
ferromagnetic BFO and other ferromagnetic materials. The
first coupling enables the electric field control of the antiferro-
magnetic order in BFO, and the controlled antiferromagnetic
order of BFO can modulate the ferromagnetism by the second
coupling. In the multiferroic BFO/ferromagnet hetero-
structures, such an indirect magnetoelectric coupling enables
the effective electric-field control of magnetization, which will
be discussed with the aspects of magnetization reversal and
magnetic anisotropy in following subsections III.B.1 and III.
B.2. Piezoelectric materials have also been utilized to tailor the
magnetic anisotropy in the BFO/ferromagnet heterostructures,
which is based on the electric-field-induced strain (see subsec-
tion IL.B.3). In particular, the ferroelectric domain and anti-
ferromagnetic domain in multiferroic BFO highly interact with
the ferromagnetic domains in the BFO/ferromagnet hetero-
structures, which are theoretically and experimentally analyzed
in the whole III.B part.

1. Electric field control of magnetization reversal by mag-
netoelectric coupling. Magnetoelectric coupling includes two
types:*°® one is the direct magnetoelectric effect that describes
the coupling between polarization and the magnetic field

AP = ayAH. (7)

The other is the converse magnetoelectric effect that illus-
trates the coupling between magnetization and the electric
field

1oAM = agAE. (8)

In this section, the converse magnetoelectric effect will be
focused on to explore the electric-field control of magnetiza-
tion. In the BFO/ferromagnet multiferroic heterostructures,

This journal is © The Royal Society of Chemistry 2020
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the electric-field control of magnetism can be ascribed to the
ferroelectric and antiferromagnetic coupling in multiferroic
BFO,%*% as shown in Fig. 13. In BFO films, the antiferro-
magnetic vector and ferroelectric polarization before and after
electric poling can be reflected by the photoemission electron
microscopy and in-plane piezoelectric force microscopy
images, respectively. In Fig. 13c and d, the ferroelectric polariz-
ation in regions 1 and 2 are reversed by the electric poling. In
particular, the antiferromagnetic vectors in regions 1 and 2
can also be inversed by the electric poling (Fig. 13a and b).
Hence, the antiferromagnetic domain switching is induced by
switching the ferroelectric polarization, indicating the magne-
toelectric coupling in the BFO film.

Furthermore, by considering the magnetic coupling
between the antiferromagnetic and ferromagnetic properties,
the electric-field modulated ferroelectric properties can tailor
the ferromagnetic characteristics, as illustrated in Fig. 14a and
e. In the CogqFe,,/BFO/STRUO,/SITiO; structure,”® Chu et al.
observed the electric-field controlled magnetization of the
CogoFey1 layer, where the ferroelectric and ferromagnetic
domains are evidently matched after either the first upward
electric poling or the second downward poling (Fig. 14b
and c). Such a phenomenon can be attributed to the collinear
coupling between the direction of magnetization in Co,oFe, 4
and the projection of the ferroelectric-tunable antiferro-
magnetic plane in BFO, as illustrated in Fig. 14d. Finally, in
Fig. 15a—-c, the average magnetization direction of CogoFey ; is
reversibly rotated by 90° in an electric field. Heron et al. rea-
lized a magnetization reversal of 180° in CogoFey; in the
Cog.oFe, 1/BFO/DyScO; heterostructures (Fig. 15d and e).*® This
advantage can provide opportunities to write the magnetic
state in data storage and spin valves. Besides, the reversible
electric-field control of the exchange bias has also been experi-
mentally observed in BFO/La,Sto;MnO; heterostructures,'®
which is attributed to the magnetic coupling between BFO and
Lay ;Sr93MnO3;, as shown in Fig. 14a. The electric-field control
of the exchange bias is also tunable by the relative proportion
of 109° domain walls in the BFO-based heterostructures.>***'?
The exchange bias in the BFO/La, ;Sr, 3sMnO; heterostructures
appears above the critical BFO layer thickness of 2 nm,>'?
which indicates the film thickness effects on the exchange
bias in other BFO/ferromagnet heterostructures.

The indirect coupling among the ferroelectricity, antiferro-
magnetism and ferromagnetism is practicable for the electric-
field control of magnetism in the BFO-based heterostructures
because of the interacting ferroelectric, antiferromagnetic and
ferromagnetic domains. Besides, De Luca et al. observed the evol-
ution of the voltage-tailored domain-pattern transfer across the
BFO/Coy oFe, ; interfaces by combining the optical second-har-
monic generation and magnetic force microscopy,*'* where
the varied orientation of the magnetic domains in the ferro-
magnetic CoggFe, ; layer is highly consistent with the in-plane
direction of ferroelectric domains in BFO. These results
directly present the domain-related magnetoelectric coupling
in the BFO/ferromagnetic heterostructures. Additionally, the
exchange bias occurs in not only the antiferromagnetic/ferro-
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Fig. 13 (a and b) Photoemission electron microscopy and (c and d) in-plane piezoelectric force microscopy images of the same area of the BFO
film (a and c) before and (b and d) after electric poling. Arrows in (a and b) indicate the X-ray polarization direction during the measurements. Arrows
in (c and d) show the direction of the in-plane component of ferroelectric polarization. Regions 1 and 2 (marked with green and red circles, respect-
ively) refer to 109° ferroelectric domain switching, whereas Regions 3 (black and yellow circles) and 4 (white circles) correspond to 71° and 180°
domain switching, respectively. Adapted with permission from ref. 62. Copyright 2006, Nature Publishing Group.
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Fig. 14 (a) Schematic diagram of the electrical control of magnetism. (b) In-plane piezoelectric force microscopy image of the BFO film with large
(10 pm, red square) and small (5 pm, green square) electrically switched regions in the Cog oFeq 1/BFO heterostructures. (c) X-ray magnetic circular
dichroism—photoemission electron microscopy image taken at the Co L-edge of the CoFe film grown on the written pattern of Cog oFeq1/BFO
heterostructures. (d) Coupling mechanism among ferroelectricity, antiferromagnetism and ferromagnetism of the Cog gFeq 1/BFO heterostructures.
(e) Schematic diagram of the coplanar epitaxial electrode device. Adapted with permission from ref. 43. Copyright 2008, Nature Publishing Group.
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Fig. 15 X-ray magnetic circular dichroism—-photoemission electron
microscopy image taken at the Co L-edge of (a) the as-grown
Cop.oFeq.1/BFO/SrRUOz/SrTiOs heterostructure, (b) after the first electri-
cal switching and (c) after the second electrical switching. Adapted with
permission from ref. 43. Copyright 2008, Nature Publishing Group.
Schematic diagram of the electric field induced magnetization reversal
of (d) the as-grown state Cog oFeg 1/BFO/DyScOs heterostructures and
(e) after the first electric pulse. Adapted with permission from ref. 49.
Copyright 2011, American Physical Society.
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magnetic heterostructures but also the single-phase multifer-
roic materials, such as the long-period Aurivillius oxides.*'®
However, on the basis of exchange bias, the further electric-
field control of the exchange bias is the key part in the BFO/
ferromagnet systems, which enables the exchange bias in hetero-
structures to be applied in data storage or sensors.

Particularly, BFO can also modulate the magnetization of
shaped nanodots. Yao et al. fabricated special Co/BFO/(La,Sr)
MnO;/SrTiO; multiferroic heterostructures by pulsed laser
deposition and nanosphere lithography techniques,**® where
(La,Sr)MnO; bottom electrodes were predeposited on SrTiO;
substrates, then T-BFO films were sequentially deposited, and
finally Co nanodot arrays were fabricated on the T-BFO films
using a packed nanosphere template. In the Co/BFO/(La,Sr)
MnOj;/SrTiO; heterostructures, the reversible and robust mag-
netic domain rotation of 180° appears in Co nanodots by
applying an electric field at room temperature (see Fig. 16),
which is consistent with the results of the micromagnetic
simulations based on the Landau-Lifshitz-Gilbert ordinary
differential equation and Green function method.”'**"
Moreover, in Fig. 17a and b, the magnetic order in Co nano-
dots can be rotated in a short time of ~10 ns by a small electric
field within 10 V, where the magnetic rotation also shows a
superior retention of nine months (Fig. 17b). Notably, besides
the interfacial exchange coupling in the Co/BFO hetero-
structures, both the electric-field-induced piezostrain of BFO
and the shape anisotropy of Co nanodots favor the electric-
field driven magnetic rotation. The fast electric-field driven
magnetic rotation in the shaped nanodots/BFO paves a new
way to explore energy-consumption memories.

Fig. 16 (A) Atomic force microscopy topology of six Co nanodots on the epitaxial BFO film. (B—D) Magnetic force microscopy images of the six Co
nanodots in the initial magnetic state without pretreatment, then upon an electric pulse of +8 V, and then upon a —8 V pulse, respectively. The top
rows in (E) and (F) indicate the enlarged magnetic force microscopy images of the blue-marked | and Il nanodots, respectively. The red dashed
arrows show the average magnetization vectors of the three triangle wings in magnetic force microscopy images. Corresponding to the top row in
(E) and (F), the simulated magnetic force microscopy contours and magnetic moment configurations are displayed in the middle and bottom rows,
respectively. Adapted with permission from ref. 216. Copyright 2018, American Chemical Society.
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Fig. 17 (A) Wave distribution at the ultrashort electric pulses of 10 ns at +10 V, which is applied on one chosen Co nanodot on the epitaxial BFO
film. (B) Magnetic force microscopy images of the Co nanodot in the initial magnetic state without pretreatment, then upon an electric pulse of +10
V, and then upon a —10 V pulse, respectively. The top row in (B) indicates the simulated magnetic force microscopy images of the blue-marked | and
Il nanodots, respectively. The dashed red arrows show the average magnetization vectors of the three triangle wings. (C) Serious reads of “written”
Co nanodots marked by dashed red cycles: the initial state, switched state after an electric pulse of 8 V at 1.0 ms, switched state after heating at
100 °C in 1 h, and then the switched state after the retention of nine months. Adapted with permission from ref. 216. Copyright 2018, American

Chemical Society.

In particular, the phase-field theory provides a way to simu-
late the phase transition and domain structures in a ferroelec-
tric film.>"® In homogeneous crystals, the thermodynamic
potentials can be described by the specific mechanical bound-
ary conditions. However, the ferroelectric film is an inhomo-
geneous system with a polarization-distinguished domain
structure. During the ferroelectric polarization switching in
BFO films, the temporal evolution of the polarization vector
field can be simulated by the phase-field theory based on the
time-dependent Ginzburg-Landau equation®*®?>°

8Pi(r, t) OF

1 =1,2,3 9
ot 5Pi(r7t),l 34y 9, ( )

where Py(r,¢t) is the polarization, L is a kinetic coefficient
associated with the domain wall mobility. F is the total free
energy including Landau energy, elastic energy, electrical
energy and gradient energy,”'®**" which can be defined as

F= JJJ (fLandau + felastic + felectric +f;;radient)dV. (10)

The time-dependent Ginzburg-Landau equation is solved
by a semi-implicit Fourier spectral method at a discreet grid,
where the periodic boundary conditions are considered in the
film plane. Assuming that the bottom of the BFO film comes
in contact with the conductive substrate or buffer layer, the
electric potential at the bottom of the BFO film is assumed to
be zero, and the electric potential at the top of the BFO film is
assumed to be continuous,?*?**?* which can be written as

(p|z:0 =0, (p|z:h—0 - ¢|z:h+0 =0, (11)
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+ Osurface = 0. (12)
z2=h—0

g g
G

Osurface iNdicates the surface charge density at the top of the
BFO film, which can be used to describe the electrostatic
potential ¢(r)

B Vz(p _ Osurface — V * P’ (13)
EoEr

where ¢, and ¢, are the permittivity of vacuum and the BFO
film, respectively. The boundary conditions used in the
phase-field theory can be gained from the measured thermo-
dynamic parameters in the bulk crystal. By using the deter-
mined boundary conditions, the time-dependent ferroelectric
polarization in the BFO film at the given strain and tempera-
ture will be predicted by the phase-field theory, which can be
used to determine the phase transition temperature and
domain structure in the BFO film. Moreover, the magnetic
free energy of the BFO/ferromagnet heterostructures is com-
posed of several energy contributions,?”® which can be
defined as

Fiot = Eexchange + Emagnetocrystalline + Eelastic + Esurface and interface
+ Eexchange anisotropy + Estray field T Eexternal field

_ J{A\Vm\2+ﬁni(m) +0.5(e — & (m))c(e — °(m))

1 — (mn)®
+ K —a HoMs(Hgm) — 0.5p,Ms(Ham)
— HoMs(Hexern) }dV,

(14)
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where A is the exchange stiffness constant, m is the normalized
magnetization vector, f,,i(m) is the magnetocrystalline an-
isotropy energy density, ¢ is the total strain that represents the
distortion in a ferromagnetic material, ¢ is the elastic stiffness
tensor, and Hg, is the exchange anisotropy field induced by the
ferromagnetic/antiferromagnetic and ferromagnetic/ferroelec-
tric exchange couplings. In eqn (14), the surface/interfacial an-

1— (mn)®

isotropy energy density K, — d

to the film thickness of the ferromagnet. Hence, the surface/
interfacial anisotropy will play a key role in a relatively thin
film. In order to clarify the changing mechanism of magneti-
zation in the BFO/ferromagnet heterostrucutres, the finite-
element multiphysics model, phase-field theory within the
microelasticity theory and micromagnetic simulations have
been used. The motion of local magnetization M(r) is calcu-
lated using the Landau-Lifshitz-Gilbert equation

oM a oM
—7o(M X Hett) +— (M )

is inversely proportional

B s M e ”
OF
Hegr = (—1/pq) 5]:;7

where the effective magnetic field H. is related to the total
magnetic free energy in eqn (14). In eqn (9) and (15), the chan-
ging processes of ferroelectric polarization and magnetization
in the BFO/ferromagnetic heterostructures can be described
theoretically, which has been confirmed by the experimental
results. The cooperation between the theoretical simulations
and experimental results plays a key role in studying the elec-
trical and magnetic properties of multiferroic heterostructures,
which can be reflected by the abovementioned magnetic
moment configuration in the Co/BFO/(La,Sr)MnO;/SrTiO;
heterostructures (Fig. 16).>'® The developed phase-field theory
can also be used to investigate the ferroelectric domain struc-
ture,>** charged domain walls**® and flexoelectric field distri-
bution??*® in BFO film, which are discussed in subsections III.
D.1, III.C.2 and IIL.B.3, respectively.

The antiferromagnetic structure of BFO is canted by the
antisymmetric Dzyaloshinskii-Moriya interactions (—D-M; x M)
between the nearest magnetic moments M, and M,, where D
is the symmetry-constrained Dzyaloshinskii-Moriya vector.>>
However, antiferromagnetic BFO shows a ferromagnetic
characteristic in  the heterointerfaces.’*>*” In the
La, ,Sry3MnO;/BFO heterostructures, the interfacial ferro-
magnetic states with a moment of 0.6up/Fe appear in BFO,
which is attributed to the interfacial orbital reconstruction.*®
Guo et al. also observed a large net moment of ~2.8ug/Fe in
the (100)-BFO/La, ¢Sty ,MnO; superlattices.**® However, no net
moment is induced in the (111)-BFO/La, ¢Sty ,MnO; superlat-
tices.”® So, the spin canting triggered by the interfacial
exchange coupling results in a large net moment in the (100)-
oriented case.?*® Moreover, Yin et al. demonstrated two inter-
facial couplings for achieving the net Fe moment at the BFO/
LSMO interfaces, where the direct Fe_-Mn (indirect Fe,-Og—
MnO) exchange coupling induces a net Fe moment of 0.55up
(=1.07ug) in the MnO,/Fe-O, (MnO,/O,-Fe) model.>*” The

This journal is © The Royal Society of Chemistry 2020
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interfacial net Fe moment in the MnO,/Fe-O, model with a
spin polarization of 100% can also be reversed by applying an
electric field, which provides the foundation for developing
the BFO/LSMO-based spintronic devices.

The interfacial magnetoelectric coupling (IMEC) is demon-
strated in the BFO/LSMO heterostructures by first-principles
calculations, where the ferroelectric polarization reversal of
BFO can increase or decrease the magnetic moments of
LSMO."**"*” Here, IMEC is proposed in the ferromagnetic/fer-
roelectric heterostructures,>*®**° where the ferroelectric polar-
ization directions are opposite at two interfaces. The IMEC
coefficient is defined as a ~ uoAM/E.,**® where E. is the coer-
cive fields of ferroelectric materials, u, is the permeability
under vacuum and AM is the difference of the magnetic
moments at two interfaces. Yin et al. found that the tetragonal
BFO/LSMO heterostructures show an IMEC of a = 0.221 G cm
kv™" in the xy-plane lattice constants ranging from 3.62 to
3.92 A" which is larger than @ ~ 0.174 G cm kv ™' of the
BFO/LSMO superlattices."*® A stronger IMEC in the BFO/LSMO
heterostructures than in its superlattices can be ascribed to
the different interfacial Fe—O;gmo covalent and Oggo-La elec-
trovalent bonds in two LaO-type BFO/LSMO heterostructures.

2. Electric field control of magnetic anisotropy by magne-
toelectric coupling. Since the electric field can tailor the mag-
netization reversal in the BFO/ferromagnet heterostructures,
the magnetic anisotropy of ferromagnetic materials should be
controlled by antiferromagnetic BFO and an electric
field.*>**! You et al. demonstrated the [100] easy axis of the
La, 7Sro3MnO; layer in La, ;Sr, 3sMnO3/BFO bilayers (Fig. 18a),
which is different from the [010] easy axis in a pure
Lag ;ST sMnO; layer.>® Here, Hg, My and Mg are the coercive
field, remnant magnetization and saturation magnetization,
respectively. You et al. further studied the in-plane angle
dependent Hc and Mg/Ms of the La, ;Sr,3MnO;/BFO hetero-
structures.”® The uniaxial magnetic anisotropy is observed in
the La, ;Sry3MnO; layer, which is related to the striped ferro-
electric domains in BFO (Fig. 18b).>° The anisotropic striped
ferroelectric domains in BFO couple to their antiferromagnetic
domains; so they can couple to the subsequent ferromagnetic
domains in Lay,;Sryo3MnO;. Consequently, the uniaxial mag-
netic anisotropy of La,,Sr,;MnOj; is tunable by multiferroic
BFO with the striped ferroelectric domains.

Since the magnetic anisotropy of BFO/ferromagnet hetero-
structures can be modulated by the ferroelectric property of
BFO, the electric field should modulate the magnetic an-
isotropy through the electric-field controlled ferroelectric prop-
erty.'® In the Co/BFO heterostructures (Fig. 18¢c), the magnetic
easy axis of the Co layer switches from 0° to 45° after +400 kV
em™" poling, which transforms from 45° back to 0° after the
—400 kv ecm™" poling.> Moreover, the magnetic easy axis in
the Co layer switches again from 0° to 45° after further +400
kv ecm™' poling. Hence, in the Co/BFO heterostructures,
the electric field can reversibly switch the magnetic easy axis
by 45°.>!

The tetragonal distortion is demonstrated to induce
a perpendicular magnetic anisotropy (PMA) in a cubic

Nanoscale, 2020, 12, 477-523 | 495


https://doi.org/10.1039/c9nr08800h

Published on 11 december 2019. Downloaded by Fail Open on 7/05/2025 8:19:31.

Review

(a) —— LSMO along [010]
— 600} Easy axis
8 —— LSMO along [100]
S Hard axis
g 300
A
3 0
]
= T=10K
N
= -300 —— LSMO/BFO along [010]
c Hard axis
2 -600 —— LSMO/BFO along [100]
= s Easy axis f
-2000 -1000 0 1000 2000
Field (Oe)
(C) As-grown +400 kV/icm
0 0

(O

1.0

0.8/300
20’)

0.6
4
=06

0.8{240

1.0

180

120 300 60 300 60 300
90|
% 90
120 240 120240 120240
_—

View Article Online

Nanoscale

+400 kV/cm

-400 kV/cm
0

(100) sto

180
(010) sto

>

Fig. 18 (a) In-plane M—H curves along the [100] and [010] directions of the Lag7Sro3sMnOs single layer and Lag7Srg3sMnO3z/BFO bilayers. (b)
Scheme of the ferroelectric polarization induced uniaxial magnetic anisotropy of Lag 7SrosMnO=/BFO bilayers. Adapted with permission from ref. 50.
Copyright 2010, Wiley. (c) Angle-dependent magnetic coercivity Hc and Mgr/Ms of the Co layer in the as-grown Co/BFO heterostructures, after the
first +400 kV cm™ poling, after the subsequent —400 kV cm™ poling, and after the second +400 kV cm™ poling. 0° and 90° indicate the (100) and
(010) directions of the SrTiO3 substrate (long blue and black arrows), respectively. Adapted with permission from ref. 51. Copyright 2017, American

Chemical Society.

ferromagnet.”*>*** Yin et al. found that the PMA appears in
the entire Fe,N layer of the tetragonal Fe,N/BFO hetero-
structures (Fig. 19a), and is attributed to the interfacial hybrid-
ization and tetragonal distortion with different terminations,
interfacial atomic positions and ferroelectric polarizations.*®
The influence of ferroelectric polarization on the PMA of Fe,N
mainly lies in the first interfacial atomic layer (Fig. 19b), where
PMA turns into the in-plane magnetic anisotropy. The modu-
lation of ferroelectric polarizations on PMA has also been
experimentally realized in the BFO/AlL,O3/Pt/Co/Pt hetero-
structures.>** By considering the spin-orbit coupling
(SOC),*>**7>% the total magnetic anisotropy energy (MAE) in
the multiferroic heterostructures is defined over different
orbital A values of atom i with the so-called canonical

formulation®*>*3¢

MAE; = UE (E — B )ngy (E)dE
o (16)
- j " (B — BNyl (B)dE] /2 |,

where n9"(E) and ni}(E) are the density of states on orbital 1 of
atom 7 in the out-of-plane and in-plane magnetization orien-
tations, and a is the in-plane lattice constant. The MAE of
atom i can be calculated with A for each of the orbitals*>2*¢

496 | Nanoscale, 2020,12, 477-523

MAE; = Z MAE,,, (17)
A

and then the sum of MAE; over all the atoms produces the
total MAE.>*® Based on the atomic layer- and orbital-distin-
guished MAE results, Yin et al. found that the PMA of Fe,N is
preserved by d; = dy, + d»_y» and d, = dy; + d; + d.. orbital
oscillations in the unstrained and strained Fe,N/BFO hetero-
structures.’® Moreover, in the tetragonal Fe,N/BFO hetero-
structures, the PMA in each Fe,N atomic layer can be modu-
lated by an electric field, not only the interfacial layers.?” Such
an effective electric-field control of PMA can be attributed to
the broken spin screening of the electric field*”**® in highly
spin-polarized Fe,N."”'*>23° These results reveal that T-BFO
films can be used to stimulate the PMA in ferromagnets.
Additionally, another important theory is necessary to calcu-
late the MAE. Based on the second-order perturbation theory,
the MAE also can be described by the occupied and unoccu-
pied states, which can be defined as>*®**!

L > (oL >
MAE oc 52 Z |<W0| Z‘l//u>| |<l//0| x|'/’u>‘ 7 (18)
ou Eu_Eo

where ¢ is the SOC constant, and E,(E,) and w,(y,) are the

eigenstates and eigenvalues of the occupied (unoccupied)
states. In the Fe;_,Co,/MgO structures,>*® the second-order
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Fig. 19 (a) Structures of the Fe4N/BFO heterostructures, bulk Fe,N and BFO. Adapted with permission from ref. 47. Copyright 2017, AIP Publishing.

(b) Magnetic order of the Fe4N/BFO heterostructures with the opposite polarization directions of ferroelectric BFO. M, (M_) indicates the magnetic
moment with a positive (negative) value. Adapted with permission from ref. 45. Copyright 2016, American Physical Society. (c) Layer-resolved mag-
netic anisotropy energy of the Fe4,N/BFO heterostructures at different electric fields by GGA+U+SOC calculations. The FN label indicates FesN.
Adapted with permission from ref. 47. Copyright 2017, AIP Publishing. (d) Orbital-resolved magnetic anisotropy energy oscillation of the Fe4N layer
in the Fe4N/BFO heterostructures. Adapted with permission from ref. 46. Copyright 2017, American Chemical Society.

perturbation theory qualitatively demonstrates that the MAE of
Fe,_,Co, is highly dependent on the d orbital occupation. The
second-order perturbation theory can be used to calculate the
MAE of the BFO-based multiferroic heterostructures with the
localized d orbitals.

Moreover, the ferroelectric and antiferromagnetic domains
of BFO have aroused plenty of fascinating phenomena, such as
the domain-dependent photovoltaic effects'®® and domain-
interacted electric-field control of magnetism.>'® So, the
domain-based research studies should be paid much attention
by precisely engineering the domain structures in BFO.
Winkler et al. clarified that the misfit dislocations at the BFO/
substrate interfaces can serve as nucleation sites, which can
slow down the domain motion.?** In 2011, Nelson et al.
observed the special vortex domain arrays at BFO/TbScOj; inter-
faces.”** These phenomena reveal the interfacial effects on the
domain structures in the BFO-based heterostructures.
Particularly, Chen et al. have successfully engineered the
domain structure of BFO via introducing a dielectric layer to
form new interfaces by pulsed laser deposition.”*® Fig. 20
shows the pure 71° domains of BFO transferred into the mixed
71° and 109° ones by inserting a Lag,sBig,sFeO; layer.*
Moreover, the proportion of 109° domains in the BFO/
Lag »5Big 75Fe03/STRuO3/DyScO;  heterostructures — increases
with the increase in the La, »5Biy ;5FeO; layer thickness, which
finally turns into pure 109° domains at a thickness of 10 nm.
The precise control of 71° and 109° domains also unambigu-
ously confirms that the exchange bias in the BFO/ferromagnet
heterostructures comes from 109° domains, but not 71°

This journal is © The Royal Society of Chemistry 2020

domains, as shown in Fig. 21.>*> The 180° domains of BFO
also favor the exchange bias in the BFO/ferromagnet hetero-
structures, which has been observed in the Co,qFeq/BFO
structures.”*® The realized interfacial modulation of the
domain structures of BFO provides a good platform for devel-
oping novel domain-based optical, electrical and spintronic
devices. Besides, the domain structure of BFO can also be con-
trolled by changing the growth pressure during pulsed laser
deposition, where the high background pressure can produce
film and long range ordering of 71°
The ferroelectric domains of BFO can also be

a z-directional
domains.**’
oriented by temperature in the optical second harmonic gene-
ration technique.>*®

Here, we underline a special BFO/electrode interface. Zou
et al. demonstrated that the charged domain walls by electrical
cycling will not lead to polarization fatigue.>*® However, after
prolonged cycling, the injected charges move into the BFO/
electrode interface, which can pin the domains and cause
polarization fatigue.>*® Such a domain-pinned BFO/electrode
interface should be avoided in the future. Besides, Chu et al.
successfully obtained 1D periodically ferroelectric
3% which can be ascribed to

have
domain structures in BFO films,
the in-plane lattice constants of SrRuO; films constricted by
DyScO; substrates. Jang et al. have successfully selected the
109° and 71° ferroelectric domains in BFO by miscutting cubic
SrTiO; substrates, which stimulates the step-flow growth of
BFO films with two-variant stripe domains.>>" It can be noted
that, except the interfacial effects, strain is another effective
tool to control the domain structure in BFO.
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Fig. 20 In-plane and out-of-plane (insets in the top right corner) piezoresponse force microscopy images of (a) BFO/SrRuO3/DyScOs with pure 71°
domains, (b—d) thickness-varied BFO/Lag »5Bip75Fe03/SrRuO3/DyScOs heterostructures with mixed 71° and 109° domains, and (e) BFO/
Lag 25Big.75FeO3/SrRuO3/DyScO3 heterostructures with 10 nm thick Lag »5Big 75FeOs and pure 109° domains. Adapted with permission from ref. 245.

Copyright 2017, American Chemical Society.
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Fig. 21 Diagrams of the applied magnetic field orientation and the used magnetic field in superconducting quantum interference device measure-
ments for (a) Pt/CoFe/DyScOs and (b) Pt/CoFe/BFO/DyScOs and Pt/CoFe/BFO/Lag 25Big 75FeOs/DyScOs. Magnetic properties of (c) Pt/CoFe hetero-
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domains. Adapted with permission from ref. 245. Copyright 2017, American Chemical Society.

3. Electric field control of magnetic anisotropy by induced
strain. Epitaxial BFO films have the ferroelastic property>>>
and strain-tunable domain structures,?*® which will contribute
to the strain modulation on the electric-field controlled mag-
netic anisotropy. Here, hard magnetic CoFe,0, is taken as an

498 | Nanoscale, 2020, 12, 477-523

example because of its strain-sensitive magnetic anisotropy.
More importantly, CoFe,O, can epitaxially grow on perovskite
BFO, where CoFe,O, nanopillars are embedded in the BFO
matrix (i.e., the BFO-CoFe,O, nanocomposites). The self-
assembled nanostructures can provide a larger interfacial area
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between CoFe,O, and BFO, which is beneficial for the inter-
facial magnetoelectric coupling. Zavaliche et al. observed two
electric-switchable perpendicular magnetic states in the BFO-
CoFe,0, composites on SrTiO; substrates due to the magneto-
electric coupling."*®

In particular, the strain effect on the magnetic anisotropy
in the BFO-CoFe,0, composites was investigated by depositing
the composite films on piezoelectric Pb(Mg;,3Nb,/3).5Tip 303
(PMN-PT) substrates. Wang et al have fabricated
65BFO-35CoFe,0,/PMN-PT heterostructures (Fig. 22a and b) by
pulsed laser deposition, where the magnetic anisotropy of
CoFe,0, can be tailored by the electric-field induced strain.'**
As seen in Fig. 22c, the My and Hg of CoFe,O, decrease
(increase) in the out-of-plane (in-plane) direction after electric
poling, where the magnetic easy axis turns from the out-of-
plane to in-plane directions on applying an electric field.">" In
Fig. 22¢, the modulated magnetic anisotropy can be attributed
to the electric-field-induced strain in the PMN-PT substrate,
where the strain can transfer into the 65BFO-35CoFe,0, layer.
Therefore, the electric-field induced strain provides a new tool
to tailor the magnetic anisotropy of ferromagnets, which can
be integrated with the magnetoelectric-coupling-tunable mag-
netic anisotropy in the BFO/ferromagnet heterostructures. The
two kinds of electric-field control of magnetic anisotropy
provide a fertile ground for developing BFO-based data storage
and multifunctional devices.

The antiferromagnetic vector of BFO epitaxial films is not
always perpendicular to its ferroelectric polarizations, which
can also be tailored by the substrate strain. Although the epi-
taxial strain has no obvious impact on the ferroelectric polariz-
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ation direction of the BFO(110)/GdScO53(010), heterostructures,
the antiferromagnetic spin axis of BFO is continuously re-
oriented from the in-plane direction to the out-of-plane direction
by a large epitaxial strain,>>* which is different from the pre-
viously reported perpendicular relationship between the polar-
ization direction and antiferromagnetic axis of BFO. The
special strain effect on the ferroelectricity and antiferromag-
netism of BFO is theoretically clarified by considering the
Dzyaloshinskii-Moriya interaction and single-ion anisotropy.
The Hamiltonian can be written as

Hzfz]y‘si-Sj*ZDy"S,’XSj
g g

(19)
—K Y _[8i- > + Ho,
i
where S; is the ith spin vector, J;; is the exchange parameter, D;
is the Dzyaloshinskii-Moriya interaction vector, K is the single-
ion anisotropy constant and H, represents all other inter-
actions. Chen et al. performed the density functional theory
calculations on BFO cubic perovskite units with three axes of
[110], [001] and [110] by revising the Hamiltonian.”** It is
found that the antiferromagnetic spin axis in BFO is domi-
nated by the Dzyaloshinskii-Moriya interaction at small
strains, which agrees well with the previously reported perpen-
dicular relationship between the polarization direction and
antiferromagnetic vector in BFO. However, at a large strain, the
single-ion anisotropy of BFO increases dramatically until it is
comparable to the Dzyaloshinskii-Moriya interaction, which
results in the antiferromagnetic vector reorientation in BFO
without changing the ferroelectric polarization. Moreover, the
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Fig. 22 (a) X-ray diffraction line scan of 65BFO-35CoFe,O4 on PMN-PT before and after poling. (b) Scanning electron microscopy image of the
65BFO-35CoFe, 0, layer and the scheme of the strain conditions during the poling process in the 65BFO-35CoFe,O4/PMN-PT structure. (c)
Magnetic hysteresis loops of the 65BFO-35CoFe,O,4/PMN-PT structure before and after electric poling in the out-of-plane and in-plane directions,
respectively. Adapted with permission from ref. 151. Copyright 2011, AIP Publishing.

This journal is © The Royal Society of Chemistry 2020

Nanoscale, 2020,12, 477-523 | 499


https://doi.org/10.1039/c9nr08800h

Published on 11 december 2019. Downloaded by Fail Open on 7/05/2025 8:19:31.

Review

strain-induced antiferromagnetic vector reorientation of BFO
can further tailor the magnetic anisotropy of the ferromagnetic
CogoFeq 1 layer.>*

Moreover, Bordacs et al. observed that the cycloidal spin
structure of a bulk BFO crystal with a ferroelectric monodo-
main can be rearranged under a magnetic field by small-angle
neutron scattering.>” The cycloid propagation vectors are rota-
table when the applied magnetic field with a pinning
threshold value above 5 T is perpendicular to the rhombohe-
dral polar axis, which reveals a new coupling between the mag-
netic anisotropy and ferroelectric polarization of BFO.>**
Fishman used the so-called “canonical” model to explain the
magnetic field induced rearrangement of cycloidal domains in
BFO, where the Hamiltonian is written as

H=~J;Y Si-Si~], ) Si*S
(i) (i)

+Dy) (2 x eiy/a)- (S; % S))
(&)

+D, ) (-1)"7- (8, x 8))
(i)

~ K Z (z'-8)* — ZyBBZm -S;,
i

(20)

l

where the first Dzyaloshinskii-Moriya interaction D, indicates
the cycloidal wavelength and the second Dzyaloshinskii-
Moriya interaction D, generates a small tilt of the spins out of
the 'z’ plane.>”® The “canonical” model was further augmen-
ted by the threefold anisotropy and magnetoelastic energy,
which successfully deduced the critical magnetic field to rotate
the cycloidal domains of BFO.>>®

The piezoelectric materials with transformable electrical
and mechanical energy are essential for the strain tunable
magnetic  anisotropy in  BFO-based heterostructures.
Meanwhile, the BFO-based composites can also efficiently
switch the ferroelectric and ferroelastic domains by an electric
field. Narayan et al. found a large electric field induced strain
of 1.3% in BFO-PbTiO;-LaFeO; ferroelectric composites,
which is larger than that in polycrystalline piezoelectric cer-
amics.*”” Moreover, Narayan et al. have also revealed that the
electric field induced strain can be affected by four factors,
including a large spontaneous lattice strain in the piezoelectric
phase, a domain miniaturization, a low-symmetric ferroelectric
phase and a high reverse switching of non-180° domains.>’
The design strategy can be utilized in future ferroelectric piezo-
electrics for obtaining a large electric field induced strain.

Additionally, BFO can tailor not only the magnetic an-
isotropy, but also the electronic anisotropy of the ferromagnets
in the BFO/ferromagnet heterostructures. In the
La, ,Sry sMnO,/BFO heterostructures,”® a transition from a
metal to an insulator appears in [001], oriented LSMO at
301.3 K. However, the [1-10], directional transport shows an
insulator-like characteristic at low temperatures. So, the in-
plane anisotropic resistance appears in LSMO, which can
reach 800% at low temperatures. In the BFO/ferromagnet
heterostructures, the large anisotropic resistivity can be
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ascribed to the different strains in LSMO at different lattice
orientations, which is tunable by the ferroelastic domain walls
of BFO. Based on the ferroelectric, antiferromagnetic and
ferroelastic characteristics of BFO, both the magnetic and elec-
tronic anisotropy of the ferromagnets can be tailored in the
BFO-based heterostructures, which provides a platform for
designing multifunctional devices.

However, the electromechanical coupling between the elec-
tric polarization and strain gradient in the BFO-based hetero-
structures is limited to utilizing not only the electric field
induced strain due to the piezoelectric effects, but also the
flexoelectricity,>>*%° which enables the mechanical control of
ferroelectric polarization without an electric bias. In particular,
Park et al. have successfully induced a flexoelectric field by
moving a scanning probe microscope tip, which can selectively
switch the polarization of multidomain structures of BFO, as
shown in Fig. 23.>*° Moreover, based on the induced flexoelec-
tric field, the motion of the scanning probe microscope tip
can not only stimulate the 180° ferroelectric domain switching
(Fig. 23) but also the 71° ferroelastic domain switching, where
the ferroelectric or ferroelastic switching is dependent on the
tip scanning direction. The novel flexoelectricity effects of mul-
tidomain BFO provides new insight for developing electro-
mechanical devices. Besides, the disclinations of BFO can be
used to generate a strain gradient. Tang et al. have stimulated
the inhomogeneous strain with a linear gradient of 10° per
meter in LaAlO5/BFO/LaAlO; nanostructures,?®* which resulted
in a large built-in electric field and improved solar absorption.
Such strain engineering in the BFO-based heterostructures can
be utilized to design photoelectric devices.

C. Resistance switching

The RS characteristics in BFO-based heterostructures have
been widely investigated due to their potential applications in
data storage and memory. In BFO-based FTJs, the RS pro-
perties can be generated by conductive filaments, which will
be discussed in subsection III.C.1 including the contribution
of oxygen vacancies and memristive switching. In subsection
II1.C.2, the RS triggered by the ferroelectric polarization rever-
sal and charged domain walls is reviewed, such as the memris-
tive behavior and phase transition in the BFO-based FT]Js.
Moreover, the four resistance states and photoresponse in
BFO-based MFT]Js are theoretically*®* and experimentally®”"*?
illustrated in subsection III.C.3. Besides, the resistance switch-
ing in the semiconductor/BFO/metal junctions has been illus-
trated in subsection IIL.A.4, along with different photovoltaic
responses and conduction modes in the junctions at low and
high resistance states.

1. Conductive filament-related resistance switching in
metal/BiFeO;/metal sandwiches. In the metal/BFO/metal
sandwich structures, RS can be modulated by the conductive
filaments, which are commonly associated with the oxygen
vacancies in the insulating BFO region.»'*® In Ag/
Big.o5Lag 05FeO5/Pt sandwich structures,'® the temperature-
dependent resistances show a metallic (semiconducting)
characteristic in the LRS (HRS). Moreover, the LRS is weakly
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Fig. 23 Schematics of the flexoelectric field and related polarization switching in the BFO film under the scanning probe (a) in static contact, and (b
and c) tracing the moved tip in [110] and [110] directions, respectively. Phase-field simulations of the in-plane flexoelectric field distribution of the
BFO film under the scanning probe (d) in static contact, and (e and f) tracing the moved tip in [110] and [110] directions. Adapted with permission

from ref. 226. Copyright 2018, Nature Publishing Group.

dependent on the device area, which reveals the conductive
filament dominated RS in the Ag/Bi 95La, osFeO3/Pt structures.
In particular, the nonpolar RS in the Pt/BiFe; _,Mn,O5/Pt struc-
tures® was ascribed to the oxygen vacancy induced conductive
filaments, followed by the changed valence states of Fe
cations. In Fig. 24a, the ionized oxygen vacancies move
towards the cathode and capture the injected electrons in the
cathode. Then, the conducting state of the cathode extends to
the anode (Fig. 24b), where the conductive path forms.”* In
particular, in Fig. 24c¢, a negative voltage benefits the release of
the electrons from the neutral oxygen vacancies with the
changed valence states of Fe ions, which can damage the con-
ductive filaments and result in the bipolar RS.>* The unipolar
RS is attributed to the thermally assisted ionization of oxygen
vacancies (Fig. 24d), which randomly appears in the
BiFe;_,Mn films.’* Overall, the conductive filaments in the
insulating BFO region can switch the structure of the LRS,
while the conductive filaments damaged by the reversal vol-
tages make the structure return to the HRS. The conductive
filaments will remarkably decrease the effective areas in the
top and bottom electrodes, which can damage the ferroelectric
hysteresis loops. Meanwhile, the conductive filament related
RS in the BFO-based heterostrutures can be ascribed to the
local redox reaction and valence changes of cations, and much
attention should be paid to the reliability of such a device,
including the retention and endurance.

The conductive filaments formed by the oxygen vacancies
can also be related to the grain boundaries in undoped poly-
crystalline BFO. Based on the density functional theory and
Monte Carlo simulations, the uniformly distributed oxygen
vacancies in polycrystalline BFO can be pushed into the grain
boundaries by the voltage.>*® The hopping conduction barriers

This journal is © The Royal Society of Chemistry 2020
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Fig. 24 Diagram of the nonpolar RS mechanism of the Pt/
BiFe;_xMn,O3/Pt devices at the (a and b) forming process, (c) bipolar RS
and (d) unique RS. Adapted with permission from ref. 54. Copyright

2012, AIP Publishing.
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formed by the oxygen vacancies at the grain boundaries can be
eliminated by a critical SET voltage. Moreover, in the reversal
part of the cycle, the grain boundaries also have nonzero con-
ductivity because of the RESET voltage induced oxygen
vacancy redistribution.>®* So, the grain boundaries can serve
as 2D nanovaristors in polycrystalline BFO under an electric
field, which has been confirmed by experimental results.>®®
The nanovaristor induced by grain boundaries opens a new way
to investigate the memristive switching of the polycrystalline
oxide materials. Based on the Miller-Abrahams theory, the
rate v of carrier hopping from one localized oxygen vacancy A
to another localized oxygen vacancy B can be written as*®

UpA—B = kT
vy exp(—2r/ry), AE <0

vy exp(—2r/ry) exp (f fin = Ea ), AE >0

(21)

where v, is the attempt hopping frequency, r is the distance
between the vacancies, r, is the spatial extent of the localized
oxygen vacancies, and E, (Eg) is the energy level at the loca-
lized oxygen vacancies. It is found that the hopping conduc-
tion is modulated by the oxygen vacancy position and its
energy level. Besides, Du et al. have observed that the electric
field can drive the hopping transport of charged oxygen
vacancies in BFO, which results in the RS.>**

Here, three typical conduction mechanisms are considered
in the BFO film."®® The first one is the interfacial Schottky
emission, where the current density J can be written as

o T% exp | —— i E " (22)
J P kg T \4ne K ’

where ¢, K, T and E are the charge of carriers, dielectric con-
stant, temperature and external electric field, respectively. So,
the Schottky emission can be determined from a linear
relationship between In(J) and E°°. The second mechanism is
the space-charge-limited conduction of bulk BFO, which can
be divided into three cases by the relationship between the
current density J and voltage V,'®® including (1) the partially
filled shallow traps with a linear Ohmic behavior J « V; (2) the
completely filled shallow traps but partially filled deep
traps with J « V', n > 2, and (3) the nearly filled deep traps
with J « V2 The third mechanism is the bulk-limited Poole-
Frenkel emission, which can be examined using the linear
relationship between In(J/E) and E** as

] 1 q3 0.5
7 o exp [kBT <n£0K E> . (23)

The three conduction mechanisms can be used in the con-
duction analyses of the BFO-based heterostructures.

2. Polarization-modulated RS and memristive behavior in
BiFeOj-based ferroelectric tunnel junctions. Compared with
the conductive filament related RS with chemical alternation,
the reversal of ferroelectric polarization is much stable, which
can effectively tailor the RS in the BFO-based FTJs. In Fig. 25b,
the bipolar RS appears in both downward and upward polariz-
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ation states of the Au/BFO/SrRuO; FTJs, where the voltage sign
for the HRS (LRS) in the downward polarization state is oppo-
site to that in the upward polarization state."*° Such a polariz-
ation regulated RS can be attributed to the polarization
induced barrier change by the interfacial band bending. In
Fig. 25a, the depolarization field towards SrRuO;z; accumulates
the electrons at the BFO/SrRuQO; interface, which can reduce
the depletion width and barrier height. Meanwhile, the nega-
tive polarization field widens the depletion region and
enlarges the barrier height/width at the Au/BFO interface. In
the Au/BFO/SrRuO; junctions, the asymmetric barrier height/
width can result in a positive diode performance, showing a
positive-bias-read LRS (Fig. 25b). Similarly, as the depolariz-
ation field points towards the Au layer, a reversed diode behav-
ior appears, showing a negative-bias-read LRS (Fig. 25Db).
Moreover, since the oxygen vacancies exist, the BFO film is
always treated as an n-type semiconductor. In the metal/n-type
semiconductor/metal junctions, the net built-in potential ¢'y;
is defined as

Ps

Eo€s ’

D'vi = i + Ay = by £ (24)
where ¢y; is the built-in potential without the polarization
charges, A¢p; is the polarization induced change of the built-
in potential, P is the ferroelectric polarization, ¢, is the per-
mittivity of free space, ¢, is the low-frequency dielectric con-
stant, and & is the width between the polarization surface
charge and physical interface with electrodes." It is obvious
that the built-in potential can be increased or decreased by
switching the ferroelectric polarization, which stimulates the
distinct LRS and HRS of the junctions. Meanwhile, the mag-
nitude of ferroelectric polarization can also affect the built-in
potential and resistances of the junctions. Therefore, it is an
effective tool to tailor the RS by tailoring the ferroelectric
polarization in the junctions. Besides, the RS of the multido-
main BFO-based heterostructures can be modulated by not
only the ferroelectric polarization inside the domains, but
also the accumulated oxygen vacancies at the domain
walls.?®® The oxygen vacancy effects on the RS of the BFO-
based heterostructures should be seriously investigated in
the future.

In particular, the semiconductors can also be used to
modulate the barrier and RS characteristics of FTJs. In Fig. 25¢
and d, the Nb:SrTiO;/Sm, BiyoFeO;/Pt FTJs show the HRS
and LRS at the downward and upward polarization states,
respectively.®” In the inset of Fig. 25d, the I-V curve in the LRS
shows a parabolic shape, which is in good agreement with the
direct tunneling theory by the WKB approximation in eqn
(4).>°* However, the I-V curve in the HRS can be described by
Schottky thermionic emission, as illustrated by eqn (6).
Therefore, the RS in the Nb:SrTiO3/Sm, ;Biy oFeO3/Pt FTJs can
be attributed to different conduction modes at the opposite
ferroelectric polarizations.®” Besides, the polarization-induced
RS can be further tuned by the illumination owing to the
photovoltaic effect of BFO (Fig. 12€),”?°***” which can
produce multiple resistance states.>*® Meanwhile, the photo-
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Fig. 25 (a) Schematic energy band structure and (b) rectifying /-V curves of the Au/BFO/SrRuO3 FTJs in the downward and upward polarization

states, respectively. Adapted with permission from ref. 130. Copyright 2014, AIP Publishing. (c) Phase image of square domains and (d) local /-V
curves with the downward (purple in (c) and blue in (d)) and upward (yellow in (c) and red in (d)) polarization states of Nb:SrTiO3/Smg 1Bip oFeO3/Pt
FTJs, which correspond to the structure in Fig. 12(a). Adapted with permission from ref. 37. Copyright 2016, Nature Publishing Group.

voltaic effect can also be improved by RS effects in the BFO-
based heterostructures.?*® Additionally, Rana et al. have found
that the ferroelectric polarization tunable RS is dependent on
the thickness and lateral length in the BFO/Lag ¢,Sro.33:Mn0O;
heterostructures.’”® Besides, Cao et al. have utilized a radially
symmetric electric field to modulate the resistive switching in
the BFO/La, ;Sr,3MnO; heterostructures, where the polariz-
ation reorientation along the radially symmetric electric field
results in the polar discontinuity and resultant RS.>”*
Moreover, RS can be induced by not only reversing the fer-
roelectric polarization in the BFO-based heterostructures, but
also the charged ferroelectric domain wall. Generally, the
domain walls are always charge-neutral to minimize the
electrostatic energy, where a small variation of conductivity
can also be induced by the trapped electrons in domain
*2 and thermal activation,'?>?”*72’® while, the strongly
charged domain walls can be electrically stimulated by gather-
ing the free charges, which provides a new way to induce the
large conductance””’ and RS.**® In the BFO/La,;Sri;3MnO;
heterostructures, the applied voltage can write and erase the
strongly charged 71° domain walls (Fig. 26), which is identified
by the experimental measurements and theoretical calcu-
lations. Moreover, the bias-tunable charged domain walls in
the BFO/La,3Sr;,3Mn0O; heterostructures can induce the “on”
and “off” conductivity states (Fig. 27), which is different from
the bias-induced polarization reversal.>**> Besides, in topologi-
cally confined BFO nanoislands, the conductivity of charged
domain walls in BFO is changed by three orders of magnitude

walls

This journal is © The Royal Society of Chemistry 2020

by switching the ferroelectric polarization, as observed by Ma
etal®*”’

Particularly, the R-phase BFO in the BFO/
La,3Sr13Mn0O; heterostructures can turn into the T phase
(Fig. 26h) at the locally charged domain wall boundaries,”*
which provides the possible phase transition effects on the RS
of the BFO-based heterostructures.?*>?”® Afterwards, the
relationship between the phase transition and RS is clearly
demonstrated in the Pt/BFO/LaNiOs/LaAlO; heterostructures.®*
In Fig. 28a and b, the saturation ferroelectric polarization of
the epitaxial BFO films is accompanied by the transition from
the R-T mixed phase to pure T-phase. In particular, an inter-
mediate resistance state at a voltage of 4.5 V appears during
the phase transition (Fig. 28¢c), where the polarized R-T-mixed
phase of BFO at 4.5 V (Fig. 28d) is different from the original
R-T-mixed phase (i.e., 0 V) and the polarized pure T-phase
(ie.,, 5 V).°" Consequently, multiple resistance states are
observed in the Pt/BFO/LaNiO; FTJs because of the phase tran-
sition,”* which suggests the possibility of phase transition
induced RS in other BFO-based FTJs.

This indicates that both ferroelectric polarization and
phase transition are crucial for RS in the BFO-based hetero-
structures; so it is necessary to modulate these two aspects in
experiments. Chen et al. proposed a systematic method to
engineer the ferroelectric ordered T-R phase boundaries in
BFO by writing the trajectories of a biased atomic force micro-
scope tip.”’? The fast-scanning axis causes the polarization
change of the mixed-phase stripes, and the slow-scanning axis

initial
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Fig. 26 (a) Experimental setup diagrams for writing and erasing the strongly charged domain walls of the BFO/La,;3Sr1,3MnOz/TbScOs structures.
(b and c) Cross-sectional dark-field transmission electron microscopy image of the BFO/La;3Sr1,3MnOz/TbScO3 structures with and without 71°
strongly charged domain walls, respectively. (d—g) High-angle annular dark-field scanning transmission electron microscopy images of the four rec-
tangle-marked regions in (b). The yellow arrows represent the ferroelectric polarization direction. (h) Models of the R-phase domains and the
strongly charged T-phase domain walls. The green arrows indicate the ferroelectric polarization direction. (i and j) Phase-field simulation of the
polarization distribution in the BFO film with and without the strongly charged domain walls. The BFO layer thickness is 20 nm in (b) and (c), and
then the thickness of simulated BFO in (i) and (j) is 19 nm. Adapted with permission from ref. 225. Copyright 2016, Wiley.
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Fig. 27 |-V curves of the BFO/Lay/3Sr1;3MnOz/TbScO3 structures by
considering the “on” state with the strongly charged domain walls and
the “off” state without the strongly charged domain walls. During the
measurements, there is no sign of domain wall motion. Adapted with
permission from ref. 225. Copyright 2016, Wiley.

modulates the ordered domains of T-phase BFO.?”® Moreover,
the morphotropic phase boundary has been detected in
BiMnO;-BFO-PbTiO; composites, where the ferromagnetic
and ferroelectric orders can be tailored by the polymorphs.>®°

504 | Nanoscale, 2020, 12, 477-523

These results suggest that the phase boundary has an obvious
influence on the magnetic and electrical properties of the
BFO-based heterostructures, which may be emphasized in the
future.

Particularly, BFO polarization
dynamics.”®' The ferroelectric polarization tunable RS of the
BFO-based heterojunctions can be implanted into the inter-
facial barrier, which provides the opportunity for continuously
tunable RS behaviors, i.e., memristive behaviors.?**> In the Pt/
Co/BFO/Cag 96Cep.0sMn0O; FTJs, the typical resistance hyster-
esis as a function of writing voltage pulses is shown in
Fig. 29a, where the RS OFF/ON ratio reaches 10 000.>® In par-
ticular, in Fig. 29a, the multiple hysteresis loops show an
evident dependence on the maximum writing voltage pulse,
where different intermediate states can be stabilized in cycles
2-5. Meanwhile, the Pt/Co/BFO/Cag ¢sCe(.0aMnO; FIJs show a
good retention property between the ON, OFF and intermedi-
ate resistance states (Fig. 29¢) and anti-fatigue characteristics
(Fig. 29d).>®> The memristive behavior, excellent retention and
anti-fatigue properties of the BFO-based FTJs can be used in
nonvolatile ferroelectric memristors,”®> compact sequential
logics®®® and synapse-like networks,”®* laying a fertile ground
for designing multifunctional devices (please see section IV).

3. Four resistance states in BiFeOj;-based multiferroic
tunnel junctions. MFT]Js (i.e., FTJs with two ferromagnetic elec-
trodes) have been widely investigated theoretically”®>**> and
experimentally®”'3>?8¢287 due to their four resistance states,

shows the ultrafast

This journal is © The Royal Society of Chemistry 2020


https://doi.org/10.1039/c9nr08800h

Published on 11 december 2019. Downloaded by Fail Open on 7/05/2025 8:19:31.

View Article Online

Nanoscale Review

R-BFO
(~90 puClcm?)

I«
w
(2
T
R

~3.86A
T-BFO
(~150 pClcm?)

~~
Q
—

= R-BFO
== R, Tmixed BFO

Polarization

- . . . . .
Zone axis [100] Zone axis [100]

2
Time (s)

Fig. 28 (a) Schematic hysteresis loop and (b) phase transition between R-BFO and mixed phases with possible multiple states. (c) Current and resis-
tive switching and (d) selected area electron diffraction patterns of the mixed BFO phases under different voltage pulses. Adapted with permission
from ref. 61. Copyright 2017, Elsevier.
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Fig. 29 (a) Resistances as a function of write voltage pulses and (b) the measurement setup of the Pt/Co/BFO/Cag 96Ce0.04MNO3 FTJs. Cycles 1 and
2(3) correspond to ON and OFF states, respectively. Cycles 4 and 5 indicate minor loops with the intermediate resistance states. (c and d) The reten-
tion and fatigue tests of the Pt/Co/BFO/Cag 96Ce0.04MNO3 FTJs. Adapted with permission from ref. 55. Copyright 2013, American Chemical Society.

which can be attributed to the reversal of ferroelectric polariz- trodes. Ju et al. theoretically investigated the TMR and TER of
ation of the ferroelectric interlayer and the relatively (anti)par- the BFO-based junctions,*®> which stimulates the following
allel magnetization configurations of two ferromagnetic elec- experiments. By using the transfer matrix method, Ju et al.
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obtained the parallel conductance G® and antiparallel con-
ductance G as

G — G( >+G(°)
262 16kLksz —2kid
T hd |2+ (kIL) Hk? + (kR) 1T

16K\ kR ke
[k? + (kb)?][K2 + (kR)?]
(25)

6" =6 + Gy
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transferred into ferroelectric BFO. Consequently, the ferro-
electric polarization of BFO in the Nisy3Mngze.0Sby, ¢/BFO/
Niso3Mnz6.0Sbiss MFTJs is engineered by the transferred
strains (Fig. 30c), which can further affect the TER."* It is
noteworthy that the BFO-based MFT]Js integrate the MTJs and
FTJs, which provides new insight for developing BFO-based
multifunctional spintronic devices. Unfortunately, the
achieved TMR and TER of the BFO-based MFT]Js are smaller
than 20%,>”*** which needs to be enhanced. Besides, Yin
et al. demonstrated that an inverse TMR appears in the

2¢? 16k kY k?e 2k 16k} kR kfe 2k
= 2hd 1+ (K] + (6] + I+ (kO + ()7 Fe,N/T-BFO/Fe,N MFTJs,""” which does not obey the Julliere’s
T 1 1 _ 288 :
26 formula of TMR = 2P;P,/(1 + P,P,).”*® The inverse TMR of the
(26) Fe,N/T-BFO/Fe,N MFTJs can switch into a positive TMR by an
Based on eqn (25) and (26), TMR can be written as applied bias, which can be ascribed to the spin-polarized
G0 — gl 2P, P k2 K+ (kK kL
iR = 707 LR7PL7[2 (k})* ]k} [ﬁ (;)]L
G 1+ P Py [k + (k ) Jk + [k + (kT) Jk] 27)
o FEIEE - RPIE (R Jem 20— RS+ () + (K8
2 21, — 2 — )
[k + (kp)7[K + (K7) e 2k ks + K[kt + (kY)7I[kT + (K R)e 2k

where P, and Py are the effective spin polarization of the left
and right ferromagnetic electrodes, respectively.”®*>%
Moreover, Velev et al. theoretically predicted the four distinct
resistance states in the SrRuO;/BaTiO;/STRuO; MFTJs,>**
where the spin-polarized conductance G, is calculated using
the Landauer-Biittiker formula

G, h ZT kHvEF (28)

Ky

In eqn (28), T,(k;, Er) is the transmission coefficient with
spin ¢ (6 = 1, |), the transverse Bloch wave vector k; = (k, k),
Er is the Fermi level, e is the electron charge, and # is Planck’s
constant. TMR and TER ratios are defined as
_ G =G gpg G0 (29)

G_+G.,
where G;; and G;, are the total conductance of the PC and
APC magnetic configurations, respectively. G_, and G_ are the
total conductance at the right and left polarization directions
of ferroelectric BFO, respectively.”®

In Fig. 30a, the epitaxial LageSro4MnO;/BFO/
Lag 6Sr94MnO; MFTJs fabricated by magnetron sputtering
show strong ferroelectric characteristics and exchange bias.?”
More importantly, in Fig. 30b, the entire R-H curve shifts by
reversing the ferroelectric polarization, resulting in two (anti)
parallel states and four resistance states. Particularly, in FSMA,
the magnetic field can induce the martensitic transition,
which can generate a large magnetoelectric effect in the FSMA/
piezoelectric composites.”>® By considering the controllable
magnetoelectric couplings in FSMA, Nis 3Mn3ze.0Sbi, g serves
as the electrode in the BFO-based MFTJs (Fig. 30c),"”* where
the magnetic field induced strain of Nisq3;Mn3zeoSby, g can be
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transport in MFTJs. Obviously, the spin-polarized ferro-
magnetic electrodes provide an opportunity for enhancing the
novel electronic properties of the BFO-based heterostructures.
Moreover, the TER in the junctions is demonstrated to be
associated with the barrier layer thickness and electrode
screening length in theory®®?°* and experiments.”****° Based
on the Wentzel-Kramers-Brillouin model, TER is defined as®®

edP(ﬁZ — 51)

Vo ]
} il el

TER = exp {de
where m is the electron effective mass, d is the ferroelectric
layer thickness, ¢ is the average potential height, §¢ is the
change of the potential induced by the ferroelectric polariz-
ation reversal, P is the ferroelectric polarization, ¢ is the dielec-
tric permittivity and &; , is the screening length of two electro-
des in FTJs. Assuming that the magnitude of ferroelectric
polarization is uniform in the ferroelectric layer and does not
change with the polarization reversal, TER in formula (30) can
be deduced as>*°

@eP(ﬁz — 51) d2
h\/a 6'(62 + 51)

In eqn (31), TER exponentially depends on the ferroelectric
polarization, where a large TER in the junctions can be
achieved by enlarging the ferroelectric polarization. Therefore,
BFO with an ultrahigh ferroelectric polarization attracts much
attention to increase TER. In particular, based on the ferroelec-
tric photovoltaic effect in the BFO-based FIJs,>® Yin et al. have
predicted a multiferroic photovoltaic effect in the LSMO/BFO/
Fe,N MFTJs irradiated with linearly or left-hand (right-hand)
polarized light,>** where the magnitude of the induced photo-
current can be tailored by both the ferroelectric polarization of

TER =~ exp

(31)
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the BFO barrier and magnetization configurations of two ferro-
magnetic electrodes. The direction of the induced photo-
current is only dependent on the polarization direction of fer-
roelectric BFO in the LSMO/BFO/Fe,N MFTJs. The multiferroic
photovoltaic effects should exist in general MFTJs considering
the intrinsic ferroelectric and ferromagnetic characteristics of
MFT]Js.

D. Emergent characteristics

1. Two-dimensional electron gas. The 2DEG is known as a
promising property within nanoscale electronic
confinement'®”?*?>*%3 for developing advanced nanoelectronic
devices,"”®?°*?% such as high mobility field-effect transistors.
The polar/nonpolar LaAlO;/SrTiO; interface is a typical
example for inducing the 2DEG, where the polar discontinuity
rebuilds the electrostatic potential at the interface.>*® In par-
ticular, the ferroelectric/insulator interface can also induce the
polar discontinuity, where the reversible ferroelectric polariz-
ation can transfer the electrons or holes into the interface to
form the 2DEG or two-dimensional hole gas.***?°7*% 1t is
noteworthy that the 2DEG has been demonstrated in BFO-
based heterostructures. In 2011, Zhang et al. predicted that the
2DEG appears at the SrTiO3/BFO interface by first-principles
calculations.’® In the SrTiO;/BFO superlattices with two n-type
(BiO)/(TiO,)" interfaces,”® the region of the 2DEG is sym-
metric at two interfaces with paraelectric BFO (see the red
curve in Fig. 31a). However, when the ferroelectric polarization
of BFO points towards the specific interface, the 2DEG only
occurs at one interface of the SrTiO;/BFO superlattices with

This journal is © The Royal Society of Chemistry 2020

ferroelectric BFO, and the induced 2DEG at the SrTiO;/BFO
interface originates from the electronic reconstruction to avoid
the polarization catastrophe.’® Meanwhile, the polarization
screen effect results in the ferroelectric polarization tailored
2DEG in the SrTiO;/BFO superlattices.’®

The 2DEG has already been observed experimentally in the
SrTiO;/BFO superlattices.'”® In Fig. 31c, the 2DEG is observed
at the SrTiO;/BFO interface by cross-sectional current
mapping.'*® Ti cations of SrTiO; diffuse into Fe sites of BFO,
but Fe cations do not diffuse into the SrTiO; substrate, which
has been observed by atom-resolved electron energy loss spec-
troscopy (Fig. 31d)."*® Meanwhile, diffused Ti exists in a mixed
valence state of +3/+4, which is different from the valence state
of +4 in Ti cations of SrTiO;, as shown in Fig. 31e."”® The
above results indicate that the electronic reconstruction due to
polarization discontinuity and the changed valence state of
diffused Ti are crucial to form the 2DEG in the SrTiO;/BFO
superlattices. Besides, the 2DEG was also predicted at the
interfaces between multiferroic BFO and antiferromagnetic
Mott insulator LaTiO;,>%*?*3°° where the k,-independent dis-
crete energy levels (Fig. 31b) confine the electrons at the inter-
faces to form 2DEG.>**"!

Particularly, Zhang et al. demonstrated the anisotropic
polarization-induced conductivity in the BFO/TbScO; hetero-
structures with 109° stripe domain walls.>** At the BFO/
TbScO; interface (Fig. 32), it is conducting along the striped
domain, but insulating in the direction perpendicular to the
striped domain. Moreover, at the cross-sectional BFO/TbScO;
interface along the striped domain (Fig. 33), the conductivity

Nanoscale, 2020, 12, 477-523 | 507
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the paraelectric and ferroelectric states of BFO. The screening charge is the difference of the free charges in the paraelectric and ferroelectric super-
lattices. Adapted with permission from ref. 58. Copyright 2011, AIP Publishing. (b) Band structure of LaTiOs/BFO superlattices with specific LaO-BiO
and TiO,-BiO structures. Reproduced from ref. 59 with permission from the Royal Society of Chemistry. (c) Nanoscale current mapping of the
cross-sectional (100) SrTiOz/BFO interface. (d) Atom-resolved electron energy loss spectroscopy mapping. The interface is indicated by a dashed
line. (e) Electron energy loss spectra with Ti—L, 3 and Fe—L, 3 edges. The red spectrum is recorded from the interfacial Fe site (site A in (c)) and the
blue one from the interfacial Ti site (site B in (c)). Adapted with permission from ref. 156. Copyright 2015, AIP Publishing.

changes by switching the ferroelectric polarization in domain
stripes of BFO, including the doped electrons or holes at the
interfaces. In particular, the conducting channel width in BFO
is dominated by the screening length & of the polarization
charge,”® which can be described using Thomas-Fermi

approximation as®%
1 /e
s=1 & (32)
€\ Pr

In eqn (32), ¢ is the dielectric permittivity of BFO, e is the
elementary charge and pr is the density of states at the
Fermi level.*** Zhang et al. obtained a theoretical value of &
~ 1 nm by considering a dielectric permittivity of ~100¢, in
BFO and a pr of ~1 eV per u.c., which is in good agreement
with the experimental value of 1.5 nm.”** Overall, these
results of the 2DEG in the BFO-based heterostructures offer
a platform for developing the novel BFO-based electronic
devices.

2. Valley features: generation and modulation. The valley
DOF has been intensively investigated in two-dimensional
materials, such as graphene®*® and MoS,***7%” with a honey-
comb lattice structure (Fig. 34a). Based on the broken inver-
sion symmetry, the valley-dependent optoelectronics®*®2%° and
spin-valley coupled physics®*>*'® have been paid much atten-
tion, such as the valley-selective circular dichroism®!' and
dichroic spin-valley photocurrent.®*> Novel valley-based
phenomena and devices have also been proposed, such as the
valley Hall effect,’*>°® valley-polarized quantum anomalous

508 | Nanoscale, 2020, 12, 477-523

Hall effect,’™ valves.*'®
Valleytronics will integrate with spintronic and opto-
electronic devices,**>?*'"*'> which is beneficial for designing
multifunctional electronic devices. In particular, the graphene-
like hexagonal lattice structure also exists in (111)-oriented per-
ovskite ~ABO;/AB'O; oxide heterostructures, but its
topological®'”** and valley phenomena are different from

two-dimensional materials.>?*3°” The ferroelectric Rashba
323

valley diodes®'* and valley

307,316

semiconductor’>® and a new ferrovalley material®**?*> with
a spontaneous valley polarization have been demonstrated
due to the broken inversion symmetry by ferroelectric
polarization.

Since BFO has the ferroelectric characteristic and photovol-
taic effect, it might exhibit a novel performance in the valley
index. Meanwhile, (111)-oriented R-BFO with two atomic layers
has a special honeycomb structure with both Fe and surround-
ing O atoms (Fig. 34a),>****” where the valley characteristic
will be different from those of two-dimensional graphene or
transition metal dichalcogenides. Yamauchi et al. proposed
the valley characteristic in rhombohedral BilrO; with a strong
SOC due to the heavy metal Ir atom.>*® Moreover, the two-
atomic-layer thick BilrO; shows strong spin-valley coupling in
the BiAlO,/BilIrO; ferroelectric heterostructures.**® However, in
Fig. 34b, the dispersion of the valence band maximum (VBM)
in BilrO; is nearly flat in the BiAlO;/BilrO; heterostructures,
which is disadvantageous to the valleytronic and spintronic
devices.**® In Fig. 34c, the flat dispersion of the VBM in BilrO;
can be effectively lifted by the proximity effect of antiferro-

This journal is © The Royal Society of Chemistry 2020
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Fig. 32 (a and d) Piezoresponse force microscopy and (b and e) conductive atomic force microscopy images of the cross-sectional BFO film in the
BFO/TbScO3 heterostructures with 109° domain arrays. The cross-sectional BFO films in (a and b) and (d and e) are perpendicular and parallel to the
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The white arrows in (a) and (d) indicate the three-dimensional polarization vectors of BFO. (f) -V curves at the BFO/TbScOs interface with upward
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the polarization pointing away from the interface. (g) Histogram of the current in upward-polarized and downward-polarized BFO shown in (b). (h)
1=V curves of the BFO/TbScOs3 interface with the directions perpendicular and parallel to the 109° stripe domain. The inset of (h) shows the current
profile of the BFO/TbScOs interface. Adapted with permission from ref. 224. Copyright 2018, Nature Publishing Group.
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resents BilrOs, and the spin projection is depicted by the color scale. Adapted with permission from ref. 32. Copyright 2018, American Chemical

Society.

magnetic BFO,”> where a high spin polarization appears in the
lifted valley at high symmetric points of K and K'. Particularly,
the valley polarization occurs in the BilrO;/BFO superlattices.
In Fig. 34c, the conduction band minimum of BilrO; forms a
quasi-direct band gap at the K’ point and an indirect band gap
at the K point, respectively, which makes the electrons at the
K’ point easier to emit than that those at the K point due to
the extra momentum transformation.**®* Meanwhile, in
Fig. 34c, the electrons at the K' point would be stimulated
from the spin-up to spin-up polarized channels, while elec-
trons at the K point shall be transformed from spin-down to
spin-up polarized channels with extra energy consumption.*?
So, the different momentum and spin characteristics at K’
and K points can distinguish the valley at K and K’ points,
which generates a valley polarization in BilrO; of the BFO/OIB
model.*?

Moreover, BilrO; shows a flat dispersion at the valence
band maximum in the BFO/BIO model.>> Hence, the relatively
parallel and antiparallel directions of ferroelectric polarization
in BFO and BilrO; can switch the valley states of the BFO/
BilrO; superlattices,®* where the parallel and antiparallel ferro-
electric polarizations can induce the flat valley and polarized
valley, respectively. Owing to the different coercive fields of
BFO and BilrO;, the ferroelectric states in the BFO/BilrOj;
superlattices can be tailored by an electric field,*"***?3! which

510 | Nanoscale, 2020,12, 477-523

can switch the valley states of the BFO/BilrO; superlattices.
Besides, the valley states can be modulated in transition-metal
dichalcogenide monolayers by the magnetic proximity
effect.®** In the BilrO,/BFO superlattices (Fig. 35a),>* the spin
polarization in the valley of BilrO; is highly dependent on the
[100]- and [001]-oriented magnetization of Fe in BFO. Such a
phenomenon suggests that the magnetic fields parallel
(Min-plane) and perpendicular (Myycof-plane) to the honeycomb
plane might produce different spin polarizations in the valley
of the BFO/BilrO; superlattices. Yin et al. proposed a BFO/
BilrOs-based prototype device with multiple resistance states
by considering the electric field switched valley polarization
and magnetic field tuned spin polarization in the lifted valley
(Fig. 35b),>> which can be used as nonvolatile ferroelectric
random access memories®" and valley filters.**® The large fer-
roelectric polarization and high Curie temperature of BFO also
favor the nonvolatile ferroelectric modulation in the valley
index, which may promote the next-generation valleytronic and
ferroelectric devices.

The ultrathin T-BFO films with a thickness of one-unit-cell
still show the ferroelectric order,>** which was directly
observed by aberration-corrected scanning transmission elec-
tron microscopy. The ferroelectric order of T-BFO under the
two-dimensional limit makes BFO promising in novel high-
density nonvolatile storage and memories.

This journal is © The Royal Society of Chemistry 2020
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IV. Applications

Based on the ferroelectric polarization tailored photovoltaic
effect and magnetoelectric coupling of BFO, the BFO-based
heterostructures can be used in two aspects: (i) nonvolatile
data storage and logic switching with a BFO ferroelectric
barrier, and (ii) photoelectrochemical water splitting and
photocatalysis with a BFO photoelectrode. The two kinds of
applications are discussed respectively in the following
subsections.

A. Nonvolatile data storage and logic switching

The BFO/ferromagnet heterostructures show novel electrical
and magnetic properties, including the photovoltaic effect, RS
and electric field control of magnetism, which have been dis-
cussed in section III. These characteristics offer opportunities
for writing the magnetic state in BFO-based junctions,”” spin
valves®*”! and photodetectors.**® BFO-based nonvolatile ferro-
electric random access memories, memristors®> and synapse-
like networks®®** also have been proposed. In particular, Guo
et al. demonstrated a cross-bar prototype memory with the

photovoltaic effect (Fig. 36), where each cell can display the
Voc and Jsc. The cross-bar structure can read data by itself,
which saves the driving force compared to other memory struc-
tures.>*® Such a microarray structure is convenient to design
data storage. Here, the Au/Cr/T-BFO/LSMO structure is taken
as an example to illustrate the mechanism of nonvolatile BFO-
based data storage and logic switching.

In Fig. 8f and 37a, the Au/Cr/T-BFO/LSMO microarray in the
upward and downward ferroelectric polarizations show distinct
Jsc and Voc, which can represent the “0” and “1” states,
respectively."*> The writing of “0” and “1” states can be rea-
lized by changing the ferroelectric polarized direction of
T-BFO, and the reading of “0” and “1” states is accessible by
light irradiation. The data storage with electric writing and
optical reading modes consumes less energy than the conven-
tional ones. Meanwhile, in Fig. 8f and 37b, the Au/Cr/T-BFO/
LSMO microarray'** shows the distinct states with and without
light illumination, which can serve as the reversible light-
switching “ON” and “OFF” logic states. Besides, for the non-
volatile memory, the long data retention and excellent anti-
fatigue are two essential factors, which have been examined in
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Fig. 36 (a) Topology of the prototype 16-cell Fe/BFO/Lag 7Sro3MnO3 memory with a cross-bar architecture. The polarization in each cell is pre-

sented, where the blue (red) colour indicates upward (downward) polarization. (b) The induced Voc in each cell under the light of 20 mW cm

-2

Adapted with permission from ref. 336. Copyright 2013, Nature Publishing Group.
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the Fe/BFO/La,,Sr,;MnO; heterostructures.®*® As seen in
Fig. 38, the V¢ and Js¢ in the Fe/BFO/La, ;Sro sMnO; cells did
not deteriorate for four months. Then, the cells after bipolar
switching of 10® cycles did not show fatigue, which over-
stepped the rewriting cycle of ~10° in the flash memory. The
long data retention and excellent anti-fatigue of the Fe/BFO/
Lay ;SrosMnO; junctions are beneficial for developing non-
volatile memory.***

The memristive behavior of the BFO-based FTJs can be uti-
lized as an electronic synapse due to the sensitive voltage

tunable conductance (Fig. 29a).”®* In the Pt/Co/BFO/(Ca,Ce)
MnO; ferroelectric memristor (Fig. 37d), the applied voltage
pulse can engineer the domain population, which further
results in resistance changes. In such a memristor, the resis-
tance is dependent on the history of the applied voltage, which
emulates the synaptic function with the plasticity (Fig. 37¢).
BFO can also be utilized in capacitors,*” especially the so-
called ferroelectric capacitive memory.*****° In the BFO/Si;N,/
p-Si heterostructures, the polarized charge of ferroelectric BFO
can stabilize the positive charges of Siz;N,, which can generate
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Fig. 38 Retention test of (a) Voc and (b) Jsc in the Fe/BFO/Lag,Sro sMNnOs heterostructures under a halogen lamp of 20 mW cm™2. (c) P—E and (d)
I-V curves of the Fe/BFO/Lag 7Sro sMnO3 heterostructure after repetitive polarization switching by a pulse of +3 V with 1 ms. The blue and red colors
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the memcapacitive effect,>*® which is advantageous for the
capacitive switching in a pure Si;N,/p-Si structure without
coated BFO. Meanwhile, the capacitive switching of the BFO/
SizN,/p-Si heterostructures can be modulated by the intensity
and wavelength of light due to the ferroelectric photovoltaic
effect of BFO, which can serve as a photodetector.*** Besides,
except the nonvolatile data storage and synapse-like devices,
the BFO-based heterostructures also can be utilized in the fer-
roelectric-modulated superconducting critical temperature and
strong ferroelectric field effect in YBa,Cuz;O,_s/BFO hetero-
and magnetic field modulated surface acoustic
341 These phenomena make the BFO-
based heterostructures attractive for developing multifunc-
tional electronic devices.

structures,®*°
wave excitation on BFO.

B. Photoelectrochemical water splitting and
photoelectrocatalysis

BFO with the ferroelectric-modulated photovoltaic effect can
serve as the photoelectrode under visible-light illumination. In
particular, ferroelectric BFO films can form high-frequency in-
plane and out-of-plane electromechanical images under the
liquid conditions,****** which expands the applications of fer-
roelectricity in BFO. Ren et al. indicated that the photocurrent
and photo-to-current efficiency of BFO can be improved by
bringing it in contact with hydrophilic materials, such as RGO
(Fig. 6d).>* Such an RGO/BFO composite electrode can be uti-
lized in photoelectrochemical water splitting, where the light
energy can be efficiently converted into chemical and electrical
energies.

Particularly, the BFO-based heterostructures can also be
used in the photocatalytic process, where BFO is commonly
utilized in the form of nanoparticles owing to its high surface
area.*** Generally, visible light sensitive BFO is always inter-
acted with typical semiconductor-based photocatalysts to
improve the photocatalytic efficiency under visible light, such

N
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as TiO, with a band gap of 3.0 eV or 3.2 eV,>*>**® metal-free
graphitic C;N, with a band gap of 2.7 eV>*" and magnetic
spinel ZnFe,O, with a band gap of 1.92 eV.>*® In the C;N,/
xBFO heterostructures, the photocatalytic efficiency is 1.4
times higher than that of pure C3N, by optimizing the compo-
sition of BFO at x = 10 wt%, where x indicates the weight
ratio of BFO to C3N, and the photocatalytic efficiency is
evaluated by degrading rhodamine B in an aqueous solution
under visible light irradiation.®®” Moreover, owing to the
aligned ferroelectric polarization, the photocatalytic activities
of C3;N,/xBFO heterostructures can further increase by 1.3
times via mechanical pressing and by 1.8 times via electrical
poling.**

In the TiO,/BFO heterostructures illuminated with visible
light in an energy interval from 2.53 to 2.70 eV, the pattern of
reduced silver cations at the TiO, surface simulates the
domain structure of BFO.*** However, the silver reduction is
insignificant in pure TiO,. So, the photo-generated electrons
are modulated by the dipolar field in ferroelectric domains,
which finally pass through TiO, and reduce the silver cations
at the surface.>*®> Moreover, as seen in Fig. 37e, the BFO/TiO,
composite electrode is utilized to degrade rhodamine B, which
can be divided into two pathways.> On the one hand, the
photo-generated electrons react with chemisorbed O,, which
combines with H' in the solution and subsequently forms
H,0,. The formed H,0, further reacts with the electrons in
the counter electrode, which will modulate the degradation
and mineralization of the adsorbed molecules near rhodamine
B (Fig. 37e). On the other hand, the visible-light irradiation
can directly excite the rhodamine B molecules. The photo-
excited electrons and holes in rhodamine B interact with the
BFO/TiO, composite electrodes, as shown in Fig. 37e,*® which
can further modulate the photoelectrocatalytic degradation
towards rhodamine B under visible light with improved photo-
conversion efficiency (Fig. 11a).

Phase (°)

Phase (°)

;'i

| 90 ) -90

Fig. 39 (a and c) Diagram of modulated ferroelectric polarization switching of BFO on the SrTiOz substrate with a (La,Sr)MnOs5 buffer layer, where
the polarization switches from downward (upward) to upward (downward) when BFO is exposed to Milli-Q water (acidic solution). The arrow indi-
cates the out-of-plane component of ferroelectric polarization. (b and d) Piezoresponse force microscopy images of BFO before and after exposure
to the aqueous solution, corresponding to (a) and (c), respectively. The scale bar in (b) and (d) is 2 pm. Adapted with permission from ref. 350.

Copyright 2018, Nature Publishing Group.
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Fig. 40 Piezoresponse force microscopy images of (a) initially upward-polarized BFO, (b) downward-polarized BFO after being exposed to acidic
solution and (c) cyclically switchable polarization of BFO after being exposed to Milli-Q water and acidic solution. The scale bar in (a—c) is 2 pm. (d)
Out-of-plane component of polarization in initially upward-polarized BFO in aqueous solution with different PH values. (e) Schematics of printing
and erasing the ferroelectric polarization of BFO by controlling the PH value of the aqueous solution in contact with the surface of BFO. (f)
Piezoresponse force microscopy images of Chinese characteristic water from a calligraphy artwork. The scale bar in (f) is 10 pm. Adapted with per-

mission from ref. 350. Copyright 2018, Nature Publishing Group.

Additionally, BFO itself can serve as the main photo-
catalyst, and its photocatalystic efficiency can be improved by
combining with other materials, such as graphene.**° Li et al.
synthesized graphene-BFO nanocomposites by a one-pot
hydrothermal method, where the band gap of the nano-
composites can be easily modulated into 1.78-2.24 eV by con-
trolling the concentrated OH group.**® Overall, the photo-
voltaic characteristics in the BFO-based composite photo-
electrode under visible-light irradiation provide a promising
tool to improve the photoelectrochemical water splitting and
photoelectrocatalysis.

However, the interaction between BFO and degraded
organics is not only revealed by the photovoltaic effect of BFO
on organics, but also reflected by the aqueous solution modu-
lation on the ferroelectric polarization of BFO. In the BFO/
(La,Sr)MnO;/SrTiO; structures, the internal ferroelectric
polarization of the BFO layer can be switched using Milli-Q
water (PH = 7) and acidic solution (PH = 3), which is in
contact with the surface of BFO, as shown in Fig. 39.%°
Moreover, the ferroelectric polarization of BFO can be cycli-
cally switched upward and downward by the aqueous solution
at different PH values (Fig. 40d), which enables an erasable
type-printing polarization of BFO. As seen in Fig. 40e, the

514 | Nanoscale, 2020, 12, 477-523

initially upward polarization of BFO turns into downward
polarization by the acidic solution. Then, a pattern is coated
on the surface of BFO by photoengraving, where the polariz-
ation of the patterned BFO region is reversed upward by
exposed to Milli-Q water. After removing the photoresist,
Chinese characteristic water is successfully printed by the
tunable ferroelectric polarization of BFO. Moreover, owing to
the reversible PH-tailored polarization switching of BFO, the
printed character becomes erasable. The water-modulated fer-
roelectric polarization of BFO offers opportunities to develop
multifunctional catalysis, which also paves a new way to
utilize green energy.

V. Conclusion and outlook

This review offers a comprehensive review of BFO-based
heterostructures, where the materials, properties and appli-
cations are reviewed, respectively. The morphologies of BFO
and medium materials in the heterostructures stimulate novel
optical, electrical, magnetic and valley characteristics. In par-
ticular, these properties are connected with each other, which
clarifies the mechanism behind the photovoltaic effect, electric

This journal is © The Royal Society of Chemistry 2020
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field control of magnetism, RS and valley characteristics, as
shown in Fig. 1. Moreover, the novel physical properties of the
BFO-based heterostructures enable two main kinds of appli-
cations: one is the nonvolatile data storage and logic switching
with a BFO ferroelectric barrier and the other is the photoelec-
trochemical water splitting and photocatalysis with the BFO
photoelectrodes. These glorious properties and applications in
BFO-based heterostructures provide a way for developing
efficient data storage and integrated multifunctional devices in
the future. Nevertheless, the physical properties of the BFO-
based heterostructures have not been explored sufficiently,
which mainly focus on the domain-, phase transition- and
valley-related properties:

(i) The ferroelectric polarization and domain structure of
BFO are crucial for the photovoltaic effect and resistance
states in related heterostructures and junctions. Different
from the ferroelectric polarization induced depolarization
field, the ferroelectric domain walls of BFO films have an
extra electrostatic potential to separate the photo-generated
charge carrier,'®” which can result in an above-bandgap
voltage.®® Moreover, the domain-dependent above-band-gap
photovoltaic response of BFO is tunable by an electric
field."®* It is noted that the domain walls become a new
index to modulate the photovoltaic effects. However, many
special characteristics have been induced in the domain walls
of BFO. The charged domain walls have been stimulated by
gathering the free charges, which can produce a large con-
ductance®”” and RS.**® The anisotropic ferroelectric domain
walls have been observed in BFO films,'®” where the tail-to-
tail domain walls are more conductive than the head-to-head
or head-to-tail domain walls. So, we suppose that the engin-
eered charged domain walls and anisotropic domain struc-
ture can be used to induce novel photovoltaic effects in the
BFO-based heterostructures.

Besides, the ferroelectric topological textures have been
demonstrated in epitaxial BFO square nanoplates at a large
strain gradient of 10> m™", along with the vortices and antivor-
tices.*** The net number of vortices in the BFO nanoplates
is tunable by selective domain switching.*®" Moreover, the
topologically confined ferroelectric domain walls have been
demonstrated in self-assembled BFO nanoislands.>”’
So, the ferroelectric topological textures and mechanism
should be addressed in the self-assembled BFO-based nano-
structures. Owing to the advanced fabrication methods,
tunable BFO self-assembled nanostructures have been fabri-
cated successfully,’®!01:13

(if) The phase transition of BFO is able to affect the ferro-
electric polarization and RS of the heterostructures.®®
However, in the BFO/La,;Sr;,;MnO; heterostructures,*® initial
R-phase BFO can transform into the T phase (Fig. 26h) at the
locally charged domain wall boundaries. So, the phase tran-
sition of BFO should be tailored by engineering the charged
domain walls, which can affect the RS in the heterostructures.

(iii) valley-related photovoltaic characteristics of the (111)-
oriented bilayered R-BFO-based heterostructures have been
investigated by theoretical and experimental means. The fabri-

This journal is © The Royal Society of Chemistry 2020
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cation of the (111)-oriented perovskite oxide superlattices has
reached the atomic level.*** The (111)-oriented Cag 5STo5IrOs/
SrTiO; superlattices have been grown by pulsed laser depo-
sition,>* and (111)-oriented (LaNiO;),/(LaMnO;),, superlat-
tices were fabricated by off-axis radiofrequency magnetron
sputtering.>** The (BFO),/(SrTiO;), superlattices also were suc-
cessfully fabricated by pulsed laser deposition.®® These
advanced fabrication methods offer opportunities for future
experimental work on BFO-based superlattices with novel
valley-spin characteristics.
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