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The unique electron spin, transfer, polarization and magnetoelectric coupling characteristics of ABOz
multiferroic perovskite materials make them promising candidates for application in multifunctional
nanoelectronic devices. Reversible ferroelectric polarization, controllable defect concentration and
domain wall movement originated from the ABOs; multiferroic perovskite materials promotes its
memristive effect, which further highlights data storage, information processing and neuromorphic
computing in diverse artificial intelligence applications. In particular, ion doping, electrode selection, and
interface modulation have been demonstrated in ABOz-based memristive devices for ultrahigh data
storage, ultrafast information processing, and efficient neuromorphic computing. These approaches
presented today including controlling the dopant in the active layer, altering the oxygen vacancy
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1. Introduction

The RS phenomenon was first observed in various binary metal
oxides in the 1960s," but the physical mechanism was not
discovered. In 1971, Chua proposed four fundamental passive
circuit elements described by the relationship among four basic
circuit variables: voltage (v), current (i), charge (g), and mag-
netic flux (¢),” as shown in Fig. 1. Analogous with a resistor (R),
capacitor (C), and inductor (L), the existence of a memristor (M)
was symmetrically predicted based on the relationship between
g and ¢.? However, the experimental realization of a memristor
remained elusive until 2008, when the Hewlett-Packard (HP)
laboratory reported that a memristor can be achieved using the RS
effect in the TiO, films sandwiched between two Pt electrodes,?
which led to new research interests in the materials science,
information technology and physical science.*® Subsequently,
it was recognized that a pinched (or zero-crossing) hysteretic
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current-voltage (I-V) curve can represent the memristive effect.'®
Currently, a memristor demonstrates the ability of high-density
information storage, ultra-fast logic operations, simulation of
nerve synapses, efficient neuromorphic computing, etc. Therefore,
the memristive devices present great potential for application in
the fields of multifunctional devices, electronics, neurology, bio-
medicine, computer science, and artificial intelligence.
Resistance random access memory (RRAM) based on
the memristive effect is considered to be the most promising
next-generation data storage technology because it can break
through the physical limitations of traditional memory
devices.""™ The RRAM can achieve higher storage density,
smaller storage unit volume, lower power consumption, faster
reading and writing speed and other advantages compared with
other existing memories. In particular, the memristor unit can
ideally simulate the function of a biological synapse, as shown
in Fig. 2. The top electrode (TE) and the bottom electrode (BE)
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Fig.1 The relationship among four basic circuit variables: voltage (v),
current (i), charge (q), and magnetic flux ().

of the memristive unit are just like the pre- and post-synaptic
neurons, the carriers (ions or electrons) in the active material
are like neurotransmitters, and the flow of electrical signals in
the memristor unit is similar to the transmission of biological
signals between neurons. Thus, the cross bar array based on the
RRAM device structure could be beneficial to the integration of
synaptic devices for complicated neuromorphic computing
functions because the RRAM shares the same dynamics with
the synapse.'®*® For these reasons, the neuromorphic comput-
ing realized by memristive devices for artificial intelligence
applications has attracted the attention of many researchers.'® >
The hardware realization of this biological synapse function is also
an important factor in promoting the development of robots.
Therefore, the study of the memristive effect has become a current
research focus in materials science, electronics, biology, computer
science, etc.>*3°

Compared with other electronic devices, memristors have
obvious advantages in material selection and device structure.*'

.
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L
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Fig. 2 The memristor can simulate the function of biological synapses

because the sandwich structure of the memristor unit is similar to nerve
synapses.
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In the past ten years, the research on memristive functional
materials has made great progress. It has been found that the
materials like metal oxide semiconductors, insulators or polymers
and biomaterials show a good memristive effect.**™° In particu-
lar, it has also been proved that many perovskite materials have
excellent RS effects.”® This diversified material selection not only
speeds up the research process of the memristive device, but also
effectively reduces the manufacturing cost of the device. In this
review, we mainly discuss the research progress of the RS effect
based on ABO;-type multiferroic perovskite materials, the fabrica-
tion method of RS devices, the approaches of building a neural
network, and the potential applications of ABO;-type multiferroic
perovskite materials in the hardware artificial intelligence systems.
The research progress from ABOs-type multiferroic perovskite
materials to artificial intelligence is shown in Fig. 3. Finally, we
point out the developmental trend and the advanced potential
applications of ABO;-type multiferroic perovskite materials based
on the RS effect.

2. ABOz multiferroic perovskite
materials

The multiferroic effect is a phenomenon in which a material
with a single or composite-phase exhibits at least two ferro-
electric parameters (ferromagnetism, ferroelectricity or ferro-
elasticity) under certain conditions.*'"*> Fig. 4a clearly shows
the conceptual relationship among multiferroic/ferromagnetic/
ferroelectric/ferroelastic properties. Based on the applied con-
siderations, current research mainly focuses on multiferroic
materials that simultaneously exhibit both magnetism and
ferroelectricity. This type of multiferroic material is also called
magnetoelectric material,**~*> which has attracted the attention
of researchers from the fields of physical and materials science,
and it is expected to develop multistate memory devices due
to the magnetoelectric coupling effect.**™*® Fig. 4b shows the
conceptual relationship among magnetoelectric coupling/ferro-
magnetism/ferroelectricity, which clearly displays their concept
range and the corresponding hysteresis curves. Among the
discovered single-phase multiferroic/magnetoelectric materials,
it is generally considered that the most practically promising
multiferroic materials are TbMnO; and BiFeO;.***° Besides, the
development of composite multiferroic materials has played a
good supplement to the application of multiferroic materials.>>**
It is well known that material composite technology can combine
a variety of nanoparticles of materials with different properties
through physical or chemical methods. It is a commonly used
material synthesis and processing approach. Therefore, the mate-
rial composite technology also shows strong effectiveness in the
preparation of composite multiferroic materials.

In fact, the concept of multiferroic materials was proposed
as early as 1994. Subsequently, several new physical pheno-
mena were triggered due to the special physical properties
of multiferroic materials. For example, the magnetoelectric
coupling effect can induce a new ferroelectric polarization in
a magnetic field or a new ferromagnetic magnetization in an

Nanoscale Horiz., 2021, 6, 939-970 | 941
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Fig. 4 (a) The relationship among multiferroic/ferromagnetic/ferroelectric/ferroelastic materials clearly shows their concept range. (b) The relationship
among magnetoelectric coupling/ferromagnetism/ferroelectricity clearly shows their concept range and the corresponding hysteresis curves.

electric field. At present, multiferroic materials have become a
research focus in the field of materials science. It should be
noted that N. A. Spaldin and R. Ramesh have summarized the
multiferroic family tree based on recent development of multi-
ferroic materials,*®* as shown in Fig. 5. This figure gives us
an intuitive understanding of the evolution of multiferroic
materials, including single-phase and composite multiferroic
materials. It can be seen that the four roots of the multi-
ferroic family tree combine and interweave in various compli-
cated ways to organize the branches. The most obvious strategies
for engineering new multiferroics are to combine one magnetic
and one ferroelectric mechanism from these roots to make
new branches in this tree. With the continuous discovery of
new multiferroic materials, the multiferroic family tree will
also grow new branches, and the application of multiferroic
materials will also make rapid progress. It is expected to realize
a new generation of multifunctional devices, such as new
magnetoelectric sensors, spintronic devices, multistate mem-
ory devices, etc.>*

942 | Nanoscale Horiz., 2021, 6, 939-970

Among the well-known multiferroic materials, BiFeO; and
TbMnO, remain as the most seriously arguable.®*** The room
temperature crystal structure of BiFeOj; is shown in Fig. 6. The
displacement of these cations corresponds to the distortion of
the ferroelectric phase, and the tilt of the octahedron is usually
called the distortion rotation of the antiferromagnetic state.
When the rotation direction of the adjacent oxygen octahedra
along the crystal direction is reversed, it means the reverse of
the antiferroelastic displacement and deformation, and the
residual magnetization moment deviates from the b-axis direc-
tion at this time.® In fact, the change of the bond length plays a
vital role in the stability of the ferroelectric phase. Based on the
changeable structure of BiFeO;, it can exhibit many special
physical properties.

In particular, BiFeO; as a typical ABO; type multiferroic
perovskite material has been widely studied with respect to
photovoltaic, photoelectric, and magnetoelectric coupling
effects,®®®” as shown in Fig. 7. Such multiple properties make
BiFeO; a potential candidate to realize multifunctional devices.

This journal is © The Royal Society of Chemistry 2021
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Fig. 5 The schematic diagram of the multiferroic family tree, which shows the mechanism of different types of multiferroic materials due to different
combinations. Reproduced with permission.** Copyright 2019, Nature Publishing Group.

Fig. 6 (a) Pseudocubic unit cell including one unit cell. (b) Rhombohedral
unit cell including two unit cells.

BiFeO; has a typical tripartite structure at room temperature,
and its space group belongs to R3c. The ferroelectricity of the
BiFeO; crystal is caused by the lone pair of electrons from the Bi
ion. At the same time, BiFeO; has a G-type antiferromagnetic
and spatially modulated magnetic structure. At present, there
are many methods for preparing BiFeOj3, such as the sintering
method, sol-gel method, hydrothermal method, etc.%%¢”

In addition, other perovskite materials with multiferroic
properties have attracted the attention of many researchers.®®”°
For example, the multiferroic TbMnO; has an orthogonal perovs-
kite structure, which not only shows good multiferroicity, but also

This journal is © The Royal Society of Chemistry 2021
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Fig. 7 The multiferroic BiFeOs single crystal material has good photo-
voltaic, ferroelectric and magnetic properties.

excellent optical properties.** Thus, TbMnO; is also a multifunc-
tional material with ferroelectric, ferromagnetic and optical prop-
erties. Next, we will discuss the research progress of the RS effect
and potential applications in artificial intelligence systems based
on these ABO;-type multiferroic perovskite materials.

Nanoscale Horiz., 2021, 6, 939-970 | 943
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3. RS effect of ABOz multiferroic
perovskite materials
3.1 Research progress

Utilizing the ferroelectric polarization to modify the electron
transfer in an ABO;-type function layer, a self-rectifying RS memory
behaviour, which was desired for the ultra-large memristor
array integration because the sneak current could be suppressed
by this self-rectifying effect, was firstly observed in a BiFeO;-
based device.”! During the experimental process, a highly
oriented ferroelectric BiFeO; nano-islands array was prepared

View Article Online
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using a thin anodic aluminum oxide (AAO) nano-template on
single-crystal SrRuO;/SrTiO; (100) substrates by the pulsed
laser deposition (PLD) technique. The preparation process is
shown in Fig. 8a. In order to deeply explore the polarization-
related charge conduction process of BiFeO; nano-islands, the
periodic current-voltage (I-V) characteristics by conductive
atomic force microscopy (CAFM) during piezo-response force
microscopy (PFM) on BiFeO3/SrRuO;/SrTiO; nano-islands were
simultaneously measured. The schematic of the experimental
measurement is shown in the inset of Fig. 8b. In the process
of testing, an atomic force microscopy (AFM) tip coated with

a AAO template

SrRuO,
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Fig. 8 (a) Fabrication process of the BiFeOs nano-islands array; (b) /-V curves of the Pt/BiFeO3z/SrRuO=/SrTiOs device demonstrate the switchable

ferroelectric diode effect in the voltage range of +3.5 V; (c) /-V curves measured on a single BiFeOz nano-island at down-polarization (positive-forward
diode) and up-polarization (negative-forward diode) states below the coercive voltage, respectively. Panels a—c reproduced with permission.”* Copyright
2013, Wiley-VCH. (d) Schematic flow chart illustrating the fabrication procedure of the BiFeO3/SrRuOs nanocapacitor arrays on a Nb-doped SrTiOs
substrate. (e) The schematic diagram of the device measurement. (f) Local /-V curves show both a large rectification and a RS behavior at a maximum
bias voltage of 4.0 V. (g) The replotted /-V curve in a semi-logarithmic form. (h) The endurance test with 15 cycles under a readout voltage of 1.0 V.
Panels d—h reproduced with permission.”? Copyright 2015, Nature Publishing Group.
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conductive Pt/Ir acts as the top electrode of the device and
SrRuO; acts directly as the bottom electrode. Thus, this struc-
ture constitutes a typical sandwich device. The I-V measure-
ments were carried out repeatedly by sweeping the applied
voltage in the sequence of 0 - 3.5V —» —3.5V — 0 V. One can
clearly observe a large hysteresis behavior in the I~V curve in
Fig. 8b, reflecting the existence of a RS effect. Besides, the
comparison between PFM amplitude/phase images and the
obtained I-V curve in the low voltage region of £1.5 V below
transition voltages confirmed that the ferroelectric polarization
reversal induced transitions of the forward-direction, and thus
the down- and up-polarizations were accompanied by positive-
and negative-forward, respectively, as shown in Fig. 8c. Taking
into account the self-rectifying RS effect, low SET/RESET cur-
rent and nanoscale cell size, the BiFeOjz-based memristor
exhibits great potential application in the neuromorphic com-
puting system with low power consumption, reliable computing
accuracy and considerable hashrate.

In previous reports, the preparation of nanomaterials using
AAO nano-templates has shown many advantages, such as
uniform distribution, good orientation, and controllable size
and density.”>”7® The AAO template can usually be prepared by
an electrochemical corrosion process, which has the advantage
of being simple and easy to implement, and size of the hole
diameter can be adjusted according to different experimental
requirements. Currently, AAO templates have a wide range of
applications in nano-assembly systems, including the assembly
of quantum dots, nanowires, nanotubes, and “coaxial cable
type”’ layered nanowire materials. Their use not only simplifies
the preparation process of nanomaterials, but also provides
good feasibility for industrialized production.

The method of preparing nanodevices using AAO templates
has been adopted by many researchers. Lina Zhao et al. pre-
pared well-ordered multiferroic BiFeO; nanocapacitor arrays on
conductive Nb-doped SrTiO; (Nb-STO) substrates by a combi-
nation of PLD method and AAO template.”” After the deposition
was completed, the removal of the AAO template depends on
its ability to be easily dissolved in acidic solutions. Then, an
apparent current-rectification effect and RS behavior in the
sandwich structure cells consisting of BiFeO;/SrRuO; (BFO/
SRO) heterostructure nanodots have been observed. The RS
device was obtained after four production steps, as illustrated
in Fig. 8d. To further examine the RS memory behavior, the I-V
characteristics of a single BiFeO; nanodot were tested by using
the CAFM tip as the top electrode and Nb-STO as the bottom
electrode of the device. The schematic structure of the device is
depicted in Fig. 8e. A hysteresis behavior in the I-V curve can be
observed in Fig. 8f, indicating an apparent RS effect with an
obvious rectification property. Fig. 8g shows the corresponding
non-zero-crossing I-V curve based on logarithmic coordinates,
indicating that a polarized internal electric field caused by the
ferroelectric polarization effect was generated under an external
electric field. Finally, to examine the stability of the RS behavior,
the I-V sweeps with 15 cycles under a reading bias of 4.0 V were
performed. The ON/OFF currents at a reading voltage of 1.0 V
are plotted in Fig. 8h, showing that the device has almost no

This journal is © The Royal Society of Chemistry 2021
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attenuation after 15 successive cycles. These experimental results
indicate that the multiferroic BiFeO; nanodot arrays offer
potential possibilities to utilize these simple sandwich structure
arrays in high-density nonvolatile RRAM memories and other
multifunctional nano-electronic devices.

Similar to the preparation method of the device in the above
works, Zengxing Lu et al. prepared well-ordered and high-density
isolated Pt nano electrode arrays on BiFeO; (BFO) ultrathin films
grown on a SrTiO; substrate using the AAO nano-template, and
observed a good ferroelectric RS characteristic.”” The fabrication
processes of the Pt/BiFeO;/SrRuO; device are shown in Fig. 9a.
The nanocapacitor arrays are well-ordered, and the diameter
of Pt nano electrodes observed from Fig. 9b is ~60 nm. The
thickness of Pt nano electrodes is ~8 nm (Fig. 9¢). Thus, the
volume of each device unit is very small. The I-V hysteresis
loops were measured using the sweeping applied voltage with a
sequence of 0 - 6.0 V- 0 - —6.0 V— 0, as shown in Fig. 9d,
showing a stable RS performance. It should be noted that there
is a relatively small output current. This kind of device can be
used in electronic devices requiring a small current. The corres-
ponding I-V curve in a logarithmic form is shown in the inset of
Fig. 9d, in which we can see that this I-V curve is almost
completely symmetrical even though the structure of the device
is asymmetrical. In particular, this device has a very large
resistance window of approximately 10>, This large resistance
window provides the possibility for high-density information
storage. Fig. 9e shows that the ON/OFF current values only
slightly deviate with the increasing number of cycles, indicating
the good reproducibility of the RS behavior in the Pt/BiFeO,/
SrRuO; device. These results suggest that the BiFeO; ultrathin
film-based nanocapacitors are promising candidates for non-
volatile ferroelectric RS memories with a small output current
and ultrahigh integrated density. In addition, the use of AAO
templates provides a reliable way for the preparation of
high-density integrated RS memory devices. Furthermore, this
preparation method using AAO template associated pulsed laser
deposition is simple and easy to implement during the actual
experiment, and thus it is easy for large-scale industrial
production.

Furthermore, Lei Feng et al. investigated the ferroelectric
RS effects of the Au/BiFeOs;/Lag ¢S MnO; (Au/BFO/LSMO)
multiferroic heterostructure on a SrTiO; (001) single crystal
substrate,”® in which the Au top electrode with a diameter of
0.3 mm was sputtered on the BiFeO; thin film, as shown in
Fig. 9f. For testing of the RS properties, the traditional current
perpendicular to the film plane was employed, and the forward
bias was defined as a positive voltage applied to the device unit.
The cross section STEM-HAADF image of the interface of the
BiFeOs/Lay 6Sro 4MnO; heterostructure by scanning transmis-
sion electron microscopy (STEM) using a high angle annular
dark field (HAADF) detector is illustrated in Fig. 9g, in which
the position of the BiFeOs/La, ¢Sry4MnO; interface is labeled
by a green line. The room temperature ferroelectric hysteresis
loop (P-V) at 5 kHz is shown in Fig. 9h. It exhibits a large
coercive force and residual ferroelectric polarization, and no
leakage current is observed. To study the RS behaviors of the

Nanoscale Horiz., 2021, 6, 939-970 | 945
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(c) 3D topography images of the Pt nanodots; (d) /-V hysteresis loops measured for multiple cycles, and the inset shows the /-V hysteresis loop plotted
on a semilogarithmic scale; (e) RS parameters measured for different nano capacitors. Panels a—e reproduced with permission.”” Copyright 2016,
American Chemical Society. (f) Schematic illustration of the measurement configuration of the sample; (g) typical STEM-HAADF image of the BiFeOs/
Lap.6Sro.4MnOs3 interface showing the good epitaxial properties of the heterostructure; (h) remnant P—V hysteresis loop of the heterostructure with
f = 5 kHz at room temperature; (i) schematic pulse train for the -V pulse loop; (j) steady-state current measured as a function of 100 ps writing pulses
using the pulse train shown in part (i); the corresponding domain structures measured by the out of plane piezoelectric AFM are shown in the middle
right, bottom left, and top left insets for the LRS (ON), HRS (OFF), and zero polarized states, respectively; (k) /-V curves measured after applying

Ve = £20 V. Panels f-k reproduced with permission.”® Copyright 2015, American Chemical Society.

heterostructure, the I-V pulse is measured with the testing
pulses composed of a series of write-pulses (0 V. — 20.0 V —
—20.0 V > 0 V) with different amplitudes and a read-pulse
(0.3 V) following each write-pulse as shown in Fig. 9i. With the
heterostructure prepolarized upward by a pulse (amplitude:
—20.0 V), the nonvolatile RS phenomenon of the heterostruc-
ture is demonstrated by the clear hysteretic I-V curve (Fig. 9j).
To investigate the origin of the low resistance state (LRS) or
“ON” state and the high resistance state (HRS) or “OFF” state,
the I-V curves at the fully downward and upward polarization
states were further measured, as shown in Fig. 9k, in which a
standard bipolar RS behavior with a clear HRS (red line) and
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LRS (dark blue line) was observed, which is relative to the
upward polarization and downward polarization of the device.
In a word, the above findings are helpful for us to understand
the effects of interfaces and the ferromagnetism of ferroelectric
domain walls (DWs) in multiferroic heterostructures on the
nonvolatile RS characteristics. This interface coupling is
directly related to the electron spin coupling by ferroelectric
polarization. Therefore, this work may give a possibility for
combining the RS device with spintronics. In fact, many devices
based on the spin of electrons and molecules have been
developed, such as spin diodes and spin photovoltaic devices.
They have completely new device functions that are extremely

This journal is © The Royal Society of Chemistry 2021
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different from those of traditional electronic devices. Such
devices might have great potential applications in spintronics.

It is well known that the ferroelectric properties of ferro-
electric materials originate from the spontaneous polarization
of electrons in the ferroelectric domains,”® and the sponta-
neous magnetization of electrons in the magnetic domains
makes the material exhibit magnetism.®® Therefore, the macro-
scopic performance of multiferroic materials comes from the
rotation or movement of microscopic ferroelectric domains and
magnetic domains. In addition, molecular electronics uses
functional molecular materials to construct various electronic
components in circuits, such as molecular wires, switches,
diodes, field effect transistors, memory devices, etc.®'% The
target of studying molecular electronic devices is to use single
molecules, supramolecules or molecular clusters to replace
silicon-based semiconductor transistors and other solid elec-
tronic components to assemble logic circuits. In particular, the
molecules of ferroelectric materials are rearranged under the
action of an externally applied voltage, so that the polarization
moment of ferroelectric polarization in a certain direction in
the crystal is not equal to zero, thereby presenting a polarized
electric field in that direction.®*"®® Molecular memory devices
are the basic memory element of all electronic devices, which is
also an important part of molecular storage and logic devices.
Therefore, molecular memory devices are becoming an impor-
tant research direction for the development of electronic
devices in the future.

Electron-type RS behaviour featured by continuous SET/
RESET process enables the neuromorphic computing system
with high computing precision and avoids the conductance
clamping, thus, it is favorable to establish the electron-type RS
system by controlling the proportion of charged domain walls
in the ferroelectric or ferromagnetic ABO; perovskites. The
reversible RS behavior between stable, nanoscale, strongly
charged domain walls (sCDWSs) and the corresponding nano
domains in an epitaxial BiFeO; (BFO) thin film was reported by
Xiaoqing Pan’s group.®® In this research, the RS was performed
upon 20 nm thick (001)p oriented BFO single crystalline films.
A bias was applied between a tungsten surface probe and the
Lay ;Sro3Mn0O; (LSMO) bottom electrode (Fig. 10a). Fig. 10a
presents a schematic diagram of the change of the domain
walls (DWs) in the functional layer corresponding to the writing
and erasing processes. Interestingly, the bulk domains possess
a rhombohedral-like perovskite structure with polarization pointing
along the body diagonal of the BiFeO, lattice (Fig. 10b). The
polarization near the strongly charged domain wall has rotated in
the direction normal to the BFO/LSMO interface, which can form a
tetragonal-like perovskite structure. This structural change was also
reproduced by phase-field simulation of the SCDWs’ configuration
although the sCDW was inclined (Fig. 10c). On the other hand,
the system can be stable without a sSCDW under the simulated
result (Fig. 10d). This work indicates that the ultrahigh-density
information storage can be realized based on the sCDW, which
has laid a good experimental foundation for the development
of multifunctional molecular memory devices based on multi-
ferroic perovskite materials.

This journal is © The Royal Society of Chemistry 2021
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Based on the aforementioned research on tetragonal-like
perovskite BiFeO; (T-BFO), the photoelectric properties of
multiferroic materials have attracted widespread attention. In
particular, the photovoltaic effect of BiFeO; shows its unique
potential applications.’® Since the bandgap width of BiFeOj; is
about 2.0-3.0 eV, BiFeO; is expected to achieve good visible
light photovoltaic and photocatalytic effects, suggesting that
BiFeO; can be used in the research of solar water splitting
to produce hydrogen. Thus, BiFeO; has good application
prospects in the preparation of new energy.””>* In previous
reports, it was generally believed that the photovoltaic effect of
BiFeO; is attributed to the interface energy barrier (interface
effect), ferroelectric polarization (body effect), and the defect
concentration gradient under an applied electric field.”® In
order to better present these effects, a single crystal film
prepared by the epitaxy method is crucial. A typical experiment
should be mentioned in which a well-ordered microarray of
epitaxial tetragonal BiFeO; (T-BFO) films on the single-crystal
(001)-LaAlO; substrate with a 10 nm thick Lag ;51 33Mn0O;
(LSMO) buffer layer was deposited by PLD.”® This single-
crystal (001)-LaAlO; substrate provides a key factor for the
preparation of single-crystal T-BFO films. In the micro-array,
each cell was designed as a square with various side lengths
and gap widths, as shown in Fig. 10e. To study the ferroelectric
photovoltaic effect of the Au/Cr(Ti)/T-BFO/LSMO structure, a
combined measurement system integrating a scan probe
microscope (SPM) was used, as sketched in Fig. 10f. The rapid
photovoltaic response to incident light provides a feasible way
to develop a unique technology for information memory and
logical computing. In order to build an array of memory
devices, a sandwich structure based on the Au/Cr/T-BFO/LSMO
microarray was proposed, as shown in Fig. 10g. Each inter-
section of the device represents a logic state, which can achieve
good information processing through logic operations.
In addition, a RS device using the presented tunable ferro-
electric photovoltaic effect of Au/Cr/T-BFO/LSMO was also
developed, as shown in Fig. 10h. For a given cell (such as B
device unit) with the Py, State, its logic state can be reversibly
switched between the ON and OFF states by controlling the
incident laser, and then it can be read out by detecting the
corresponding Voc (Jsc). Therefore, this work is greatly mean-
ingful for deeply understanding the photovoltaic process of
BiFeO;-based devices at the microscale and provides a feasible
approach for developing information memory and in-memory
devices using the ferroelectric photovoltaic effect.

In addition to BiFeOs;, BaTiO; was also reported as an
important multiferroic material in the ABO; system with a wide
range of applications.’®™°° BaTiO; has a large dielectric con-
stant and a small dielectric loss, and it is one of the widely used
materials in electronic insulating ceramic materials. The spon-
taneous polarization of BaTiO; mainly comes from the ion
displacement polarization of Ti*" and the electron displace-
ment polarization of O*>". In the field of ceramics, BaTiO; is
mainly used as an insulation layer in electronic ceramics,
thermistors, capacitors, electronic components, and in the
reinforcement of some composite materials. Furthermore, the
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Fig. 10 (a) Schematic of the experimental set-up; (b) atomic models of the R-like structure of the domains and the T-like structure of the SCDW in
BiFeOs, in which the polarizations are shown by green arrows; (c) phase-field simulation of the polarization distribution in the plane of the image of the
stable domain structure with a SCDW in a BiFeOs film; (d) simulated polarization distribution in the plane of the image of the stable domain structure of
the system without a SCDW where the arrows mark the polarization orientations. Panels a—d reproduced with permission.8® Copyright 2016, Wiley-VCH.
(e) Optical image of the microarray derived from Au/Ti (or Cr)/T-BFO/LSMO, in which the side length of each square electrode is [ = 2.5, 5, 10, and 20 um and
the gap between the squaresis d = 1.5, 5, 5, and 5 um; (f) setup for measuring the local photovoltaic effect; (g) data storage and (h) logic switching microdevice
prototype designed based on the Au/Cr/T-BFO/LSMO microarray. The yellow bars represent electrodes (LSMO and Cr); the red and blue columns represent
the Pgown State and P, state, respectively, of the T-BFO films. Panels e~h reproduced with permission.°® Copyright 2017, American Chemical Society.

multiferroic perovskite-type BaTiO; has also been used in
energy storage and catalysis research,'®’'°® and it can present
more characteristics through element doping. BaTiO; as one of
the important members of the ABO; family also exhibits great
potential application in the neuromorphic computing system
because its spontaneous polarization features are possibly used
to simulate the physical biodynamic process.

Zhibo Yan et al. fabricated a RS memory device using 5 at%
Co-doped BaTiO; (BTCO) as a functional layer, which demon-
strated a unipolar RS characteristic.’®® Fig. 11a depicts a
schematic drawing of the measurement configuration, in which
Au works as the top electrode and Pt works as the bottom
electrode. Fig. 11b shows the typical I-V characteristics of the
memory cell, displaying an obvious set and reset process
appearing in the same voltage area (positive voltage region or
negative voltage region), which is confirmed as a unipolar RS
effect. The SEM image of the cross-sectional profile of the
as-prepared BTCO thin film is shown in Fig. 11c, showing that
the thickness of the BTCO layer is ~400 nm. Finally, to verify
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the inhomogeneous conduction of the memory cell and therein
the filament model, an Au top electrode was prepared to
set the memory cell into the LRS, then the electrode was cut
into two parts (TE-I and TE-II) using the probe tip, and the
resistances between the bottom electrode and TE-I or TE-II
were measured, as shown in Fig. 11d. It shows multiple logic
states by selecting contacts with different electrodes. The data
obtained above confirm that the multiferroic perovskite
BaTiO; can offer a good opportunity for developing RRAM
devices with more promising functionalities. Furthermore,
Nathalie Jedrecy et al. prepared a RS device based on the
multiferroic BaTiOs/Lag 75S1025Mn0; (BTO/LSMO) system.'”
The hysteretic I-V curves of the Au/BTO/LSMO structure show
an obvious bipolar RS behavior, as shown in Fig. 11e. It can be
confirmed that Ba and Ti ions in LSMO are diffused from the
observation of the high-resolution STEM image in Fig. 11f.
Therefore, this study confirmed the important role of ion
exchange and redox processes in the heterojunction interface
in RS devices.

This journal is © The Royal Society of Chemistry 2021
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Fig. 11 (a) A schematic drawing of the measurement configuration; (b) typical /-V characteristics of the device; (c) cross-sectional SEM image of a
memory cell; (d) resistances measured for various configurations, in which the top electrode (TE) was cut into TE-/ and TE-II by the probe tip after the cell
was switched from a HRS to a LRS. Panels a—d reproduced with permission.’°® Copyright 2011, Wiley-VCH. (e) The /-V hysteresis curve in a logarithmic
form, and the inset shows the Au/BTO/LSMO structure; (f) the high resolution raw (left) and filtered (right) STEM images. Panels e and f reproduced with

permission.®” Copyright 2021, Wiley-VCH.

At present, the perovskite-type LaMnO; is used for various
energy storage and magnetic devices, and has become a widely
studied functional material.'"®®*** LaMnO; is a typical ferro-
magnetic material, and it has a wide range of applications in
spin valves, magnetic read heads and exchange bias devices."*™"”
In particular, LaMnO; exhibits a good exchange bias dependence
on direction in a heterojunction superlattice."*® These charac-
teristics make LaMnO; an advanced functional material in the
preparation of spintronic devices. The ferromagnetic property
originating from LaMnO; endows the LaMnOs-based memristor
with enriched spin electron effects, such as electron spin trans-
port, coupling and resonance. Utilizing these advantages, the RS
behaviours elaborately modulated by signal parameters (voltage
magnitude) in a computing system can efficiently simplify the
external circuit, and thus cutoff the hardware cost.

It should be mentioned that Andrés Gomez et al. prepared
a RS device with BaTiO;_s/Lay,Sry;MnO;/SrTiO;/Si structure
by a relatively complicated process and measured the RS
characteristics.’*® It was found that the ferroelectric polariza-
tion can be reversed upon a mechanical load in the as-prepared
RS device. Thus, a mechanically controlled multilevel device
was further designed. Fig. 12a shows the complex epitaxial

This journal is © The Royal Society of Chemistry 2021

heterostructures grown in three different stages. The SEM image
confirms this multi-layer structure device (Fig. 12b). The mea-
surements of electron energy-loss spectroscopy (EELS) with
atomic resolution shows some cation intermixing is restricted
in the interface, which is in agreement with the contrast, as
shown in Fig. 12c¢. This special interface is usually an important
factor for heterojunction devices. Next, the charge transport
and RS behavior of the BaTiO;_; film were investigated. The
test configuration is shown in Fig. 12d, in which the CAFM tip
works as the top electrode and La,,Sr,;MnO; works as the
bottom electrode. By setting a bias voltage of —6.0 V on the
La, ,SresMnO; bottom electrode, the device was set into a LRS
while a +6.0 V bias switched the device to a HRS (Fig. 12e),
implying that a bipolar RS effect with obvious asymmetry can be
implemented in the as-fabricated RS device. Fig. 12f shows the
mapping diagram of the BaTiO; film with a thickness of 45 nm.
It can be seen that the RS device can be driven by electric
polarization (right) and mechanical loading force (left), and
the resistance state can be changed between LRS and HRS.
Finally, the authors summarize the configurations in which
the system can be switched internally between HRS and LRS
upon application of those external stimuli.'*® Therefore, this

Nanoscale Horiz., 2021, 6, 939-970 | 949


https://doi.org/10.1039/d1nh00292a

Published on 22 akamannu 2021. Downloaded on 2025-06-01 12:07:07.

Review

View Article Online

Nanoscale Horizons

snm - g (001)

| AT

sennsnsasnsh

/
C

olumnar La,,Sr, ,Mn0O,
8 ¥ SENO® N B

SiCz

Si(001)

Photodiode

Conductive
Cantilever

e From -6V to +6V
= From +6V to -6V

Sample Bias (V)

Fig. 12 (a) Schematic diagram illustrating a new preparation approach combining molecular beam epitaxy (MBE) and polymer assisted deposition (PAD).
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Lao7Sro.sMnOs layers. (d) Schematic of the CAFM system used for nanoscale electrical measurements. (e) The bipolar RS characteristic of epitaxial
columnar BaTiOs_s/Lag 7Sro 3sMnO=/SrTiO3z/Si (001) films. (f) Mapping of the electrical current of the 45 nm thick BaTiOs film shows the piezo-driven RS

effect between a LRS and a HRS domain by electrical poling (right) and mechanical loading force (left). All panels reproduced with permission.

Copyright 2017, Wiley-VCH.

work indicates that perovskite-type heterojunctions have great
potential applications in multistate RS devices due to the special
performance of the interface layer, which provides an innovative
pathway toward the design and integration of nonvolatile
mechanoelectrically controlled multilevel RS devices. The
mechanoelectrical RS performance has potential applications
in information memory and sensor applications.

SrTiO; (STO) is one of the most extensively studied perovs-
kite materials with multiferroic properties in the family of
multiferroic materials, and it exhibits many intriguing physical
and chemical properties."””°™*>* SrTiO; has very good thermal
stability, and thus it can be used in electronic ceramic materials
and in the manufacture of diamonds.’®* %% SrTiO; is a center-
symmetric paraelectric dielectric material with a perovskite
structure at room temperature, and it has a very large dielectric
constant at low temperatures.'*® In addition, SrTiO; has a band
gap of 3.2 eV and shows good photocatalytic activity.'** Many
reports have confirmed that SrTiO; has unique oxidation-
reduction catalytic activity, and it has been widely used in the
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fields of photocatalytic water splitting to produce hydrogen,
photocatalytic degradation, photochemical batteries, and so
on.’*"3% The SrTiO;-based memristor endowed with both
nonvolatile and volatile RS behaviors triggered by the multi-
ferroic-induced phase change exhibits multi-order states, which
enables more faithful simulation of the synaptic plasticity.

At present, SrTiO; also presents many advantages in the
research of RS devices."**™*® Hyunsoo Lee et al. demonstrated
a bipolar RS device based on Nb-doped SrTiO;."*” During the
experiment, the CAFM tip was used to contact the Pt nanodisk
electrode on a Nb-doped SrTiO; (Nb:STO) single crystal under
the condition of ultrahigh vacuum. By applying a bias of £8.0 V
on the RS device, the I-V curves were obtained. In the process of
testing, silver paste and indium with good conductivity were
employed to make Ohmic contact between the Nb:STO single
crystal and the bottom electrode, as shown in Fig. 13a. The
results suggested that the RS device can be scaled down to the
10 nm range for high-density RRAM devices. In addition,
Shuxiang Wu et al. reported a reversible RS behavior in a

This journal is © The Royal Society of Chemistry 2021
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Fig. 13 (a) Scheme for nanoscale bipolar RS phenomena on a triangular-
shaped Pt nanodisks/Nb:STO single crystal Schottky junction; probing with
CAFM in ultrahigh vacuum. Reproduced with permission.’*” Copyright
2013, American Chemical Society. (b) Schematic diagram of the transpar-
ent ITO/LAO/STO memristor. Reproduced with permission.**® Copyright
2014, American Chemical Society. (c) Schematic of the TEM sample used
for in situ |-V experiments. Reproduced with permission.*** Copyright
2019, Wiley-VCH. (d) Schematic diagram of the Ag/Fe-SrTiOs/Pt memory
cell. Reproduced with permission.}*® Copyright 2020, AIP Publishing.

transparent ITO/LaAlOs/SrTiO; (ITO/LAO/STO) structure device
at room temperature.'*® To investigate the RS characteristics,
wire-shaped Al electrodes were directly contacted with the
electron gas and ITO as a counter electrode, as shown in
Fig. 13b. This work shows that the LAO/STO heterostructure-
based device features good electronic transparency, a high
HRS/LRS resistance ratio, good endurance, and long retention
of logic states, and is expected to be used in high-performance
information processing technologies.

Further, Deok-Hwang Kwon et al. elucidated the mechanism
of filament formation and observed its associated RS effect in a
SrTiO; based special shaped structural device."*® Fig. 13¢ shows
a schematic diagram of the structure of the device. In the
process of electronic testing, a bias was applied to the bottom
electrode while grounding the Pt/Ir-coated W scanning tunne-
ling microscope (STM) tip, which remained in contact with the
top electrode of the device. In order to hinder the flow of DC
current to the Cu grid through the top electrode, a focused ion
beam (FIB) was used to cut off the top electrode near the grid.
Thus, this work provides detailed insights into the origin and
mechanisms of filament generation and rupture. In addition,
many reports confirm that the doping of metal elements can
effectively reduce the switching voltage of the device.'*"'*?
Xue Jiang et al. deposited Fe-doped SrTiO; (Fe-STO) films on
a Si substrate by magnetron sputtering to build a RS device with
Ag/Fe-STO/Pt structure as illustrated in Fig. 13d, and then
investigated the effect of deposition temperature on the RS
characteristics.’*® It was experimentally observed that the
stability of the RS device was significantly improved as the
deposition temperature increased. This work indicates that Fe
doping can effectively improve the formation of oxygen vacancy

This journal is © The Royal Society of Chemistry 2021
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conductive filaments in highly crystalline SrTiO; films, resulting
in a small switching voltage for the Ag/Fe-STO/Pt device.
Therefore, such devices have potential applications in low-
voltage RS memory devices.

More recently, the RS applications of composite multiferroic
perovskite oxides, such as SrFeO,, SrTiO; and La,/3Sr;,3MnO;3,
have also attracted the attention of researchers."**'*> The
structure can change between limonite and perovskite when
oxygen ions are diffused."*®'*” The memristive effect based
on the structural phase change has led to the realization of
phase-change memristors. As the name suggests, phase change
memory is a kind of RS memory that uses the reversible
conversion of conductivity in special materials between the
crystalline state and the amorphous state as a logic state to
store data. Moreover, phase change memory has the advantages
of fast access speed and high reliability, and has broader
application space and better developmental trends than other
memories. Among all phase change materials studied, the
reversible phase transformation between brownmillerite
SrCo0, 5 (BM-SCO) and perovskite SrCoO; (P-SCO) has impor-
tant potential applications and has received widespread atten-
tion. Jie Zhang et al. prepared SrCoO;_; films by the PLD
technique and demonstrated a phase competition under dif-
ferent temperatures.’*® The summarization of c-axis lattice
constants is shown in Fig. 14a, in which the dashed line
indicates the theoretical c-axis lattice constant for the P-SCO
film strained on LaAlO; substrates. In this figure, it can be
divided into three areas duo to the c-axis lattice constants
compared with the theoretical parameter. Fig. 14b shows the
temperature dependent Gibbs free energy of SrCoO,s and
SrCoOj; by first principles calculations, in which the structure
models of SrCoO; and SrCoO, 5 are displayed in the left and
right areas, respectively, and the arrows in the inset schematic
diagrams indicate the trend of stabilizing the specific phase
structure. Therefore, the conversion between BM-SCO and
P-SCO is closely related to a large number of oxygen vacancies.

Hung-Yang Lo et al. deposited SrCoO, (SCO) on a niobium-
doped SrTiO; (Nb-STO) substrate by PLD as the functional layer
to prepare a RS device with Au as the top electrode and Nb-STO
as the bottom electrode."” The schematic diagram of the
device is shown in Fig. 14c; Fig. 14d shows the obvious bipolar
RS behavior of the device. We can see that the RS device has a
very stable property, and it can be circulated continuously for
100 cycles without any attenuation. Fig. 14e shows a retention
time of 10* s for the Au/SCO/Nb-STO device. Further, the
detailed information of the conductive filament can be directly
derived from the STEM image in Fig. 14f and g. The color
difference can indirectly reflect the structural changes of the
material. Fig. 14h shows the EELS spectrum of the Co L-edge
from the conductive filament. Fig. 14i shows the schematic
diagram of the topotactic phase transformation behavior
between BM-SCO and P-SCO under an applied voltage. This
reversible change of the phase structure provides a good
guarantee for the information processing of the phase change
memory device. The work demonstrated the excellent RS pro-
perties of the Au/SCO/Nb-STO device and also provided a new
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calculations. Panels a and b reproduced with permission.**® Copyright 2020, AIP Publishing. (c) The schematic diagram of devices, in which the bias was
applied to the Au electrode and the Nb-STO electrode was grounded; (d) the electrical measurement of the RS behavior shows the typical Forming, Set,
and Reset processes where the red and blue curves indicate the first and last 100 cycling tests, respectively; (e) the retention measurement of devices;
(f) STEM image of the nanofilament region; (g) HR-STEM image of the interface between the P-SCO nanofilament and the STO electrode; (h) Co L-edge

EELS spectrum of the nanofilament region; (i) the schematic diagram of
c—i reproduced with permission.*4° Copyright 2020, Elsevier.

aspect for selecting the dielectric layer material in RS devices.
It can be believed that the complex oxides can be widely applied
as effective functional materials of memory devices in the near
future."™®

With the development of research on multiferroic perovskite
materials, some new materials are constantly being discovered.
For example, the perovskite AlFeO; has been studied as one of
the potential multiferroic materials,"***** and it can be used
for preparing information memory devices. It is confirmed
that AlFeO; is composed of oxygen octahedra and tetrahedra
containing Al and Fe ions,"** as shown in Fig. 15a. Its crystal
has a non-centrosymmetric polar structure corresponding to
the space group Pna2,. Generally, the structure of AlFeO; can
be described as a combination of hexagonal close packing and

cubic close packing of oxygen ions (Fig. 15b). AlFeO; can usually
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the topotactic phase transformation between BM-SCO and P-SCO. Panels

be successfully prepared by a high temperature solid phase
method or an epitaxy method.'*® In addition to good ferro-
electric properties, AlFeO; exhibits obvious ferromagnetic pro-
perties with a Néel temperature of 317 K."** This special
combination makes multiferroic perovskite AlIFeO; have many
special physical properties, and it is expected that some com-
ponents with multiple physical properties can be used in
multifunctional electronic devices. Badari Narayana Rao et al.
prepared Al,Fe, ,0; (0.5 < x <1) thin films,’* in which
ferrimagnetism, ferroelectricity, and magnetoelectric coupling
were simultaneously observed. The schematic of the orienta-
tion relationship between film domains and the substrate is
shown in Fig. 15c. Fig. 15d shows the room temperature
hysteresis loops (M-H) of Al,Fe, ,Oz; with x = 0.5, 0.8 and 0.9,
indicating the ferrimagnetism of Al,Fe, ,Os. Fig. 15e graphically
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Fig. 15 (a) Crystal structure of AlFeOs; (b) close-packed oxygen layers projected along the c-axis. Panels a and b reproduced with permission.'>*
Copyright 2014, AIP Publishing. (c) Schematic of the orientation relationship between film domains and the substrate; (d) room temperature hysteresis
loops (M—H) with different compositions; (e) schematic of the direction of magnetic moments of Fe** ions at each site; (f) P—E hysteresis loops of AlFeOs
(x = 1) at 10 kHz with increasing maximum electric fields. Panels c—f reproduced with permission.’>> Copyright 2020, Royal Society of Chemistry.
(9) Model of the orthorhombic crystal structure of the AlFeOs film; (h) schematic of the Pt/AlFeOs/Nb:STO heterostructure; (i) /-V loops of the
heterostructure show the RS behavior. Panels g—i reproduced with permission.**® Copyright 2020, American Chemical Society.

shows the magnetic moment direction of Fe*" ions at each posi-
tion in a unit cell, in which © indicates that the spin orientation
of Fe’" is outside the paper plane and ® indicates that the spin
orientation is within the paper plane. It can be seen that Fe2, Al2
and Fel correspond to the octahedral oxygen coordination sites,
while All corresponds to the tetrahedral coordination site.
Fig. 15f shows the polarization vs. electric-field (P-E) hysteresis
curves of the AlFeO; (x = 1) sample with increasing electric field.
Therefore, this study confirms that Al,Fe, ,0; (0.5 < x < 1)isa
potential multiferroic perovskite material, which can simulta-
neously exhibit ferromagnetism and ferroelectricity at room
temperature.

Importantly, Badari Narayana Rao et al. reported the multi-
level RS characteristics of the Pt/AlFeOs;/Nb-doped SrTiO; (111)
heterostructure.'*® In this research, they carried out a systema-
tic study to characterize and understood the switching process
in the as-prepared RS device. A schematic of the crystal struc-
ture of the perovskite AlFeOj; is shown in Fig. 15g. The structure
schematic of the RS device is shown in Fig. 15h, in which the Pt
electrode with a diameter of 100 pm was deposited on the
AlFeO; film. Fig. 151 shows a typical bipolar I-V plot obtained
from the Pt/AlFeO;/Nb-doped SrTiO; heterostructure device,

This journal is © The Royal Society of Chemistry 2021

which clearly shows the presence of two resistance states
(HRS and LRS) and the reversible transition between HRS
and LRS. Finally, the mechanism of the Fe-redox process
through the participation of oxygen vacancies and oxygen ions
was proposed. Therefore, the multilevel RS can be realized in
the Pt/AlFeO;/Nb-doped SrTiO; heterostructure device. Indeed,
the multilevel RS characteristics are attractive for high-density
nonvolatile memories and neuromorphic computing.'” %
These results should inspire further research in order to
achieve attractive RS properties with potential applicability in
intelligent systems.

It is known that perovskite oxides are prone to generate
oxygen vacancies due to the lack of oxygen during the prepara-
tion process,™®" so it is generally considered that the oxygen
vacancies are a major cause of the RS effect in perovskite oxide
thin films with rich oxygen vacancies.'®>*** Zhong-tang Xu
et al. prepared LaMnO; (LMO) films with different concentra-
tions of oxygen vacancies on a SrTiOs:Nb (0.8 wt%) (SNTO)
substrate by adjusting the oxygen pressure during the deposi-
tion process using vacuum deposition technology.'®® Fig. 16a-c
displays the cross-sectional annular-bright-field (ABF) micro-
graphs, in which some obvious changes can be seen at the
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Fig. 16 (a—c) Annular-bright-field (ABF) micrographs of the LMO/SNTO interfaces along the [001] axis corresponding to oxygen pressures of 10, 5 x

1072, and 5 x 10~ Pa, respectively, in which La is represented by the darkest spots, whereas O is represented by the lightest spots. (d) Typical /-V curves
for Pt/LMO/SNTO devices under oxygen pressures of 10, 5 x 1074, 5 x 1072, 5 x 1073, and 5 x 10~* Pa. The direction of bias sweeping is indicated by
arrows, and the inset shows the measurement configuration of the devices. (e) Pulse measurements of the Pt/LMO/SNTO devices with a fabrication
oxygen pressure of 5 x 10~ Pa; the pulse condition for the HRS is +5.0 V with a pulse width of 1 ms and for the LRS it is —5.0 V with a pulse width of 1 ms,
and the resistance was read out at 0.1 uA. Panels a—e reproduced with permission.*®> Copyright 2012, Wiley-VCH. (f) Schematic diagram of the

microscopic mechanisms of local interfacial RS in LaMnOs, 5. Reproduced with permission.t%¢ Copyright 2020, American Chemical Society.

LMO/SNTO interface when the preparation condition was
changed. Furthermore, a RS memory device with Pt/LMO/SNTO
structure was built using the as-prepared heterostructure.
Fig. 16d displays the typical I-V characteristics of the Pt/LMO/
SNTO device under various oxygen pressures. The inset of
Fig. 16d exhibits the schematic setup for I-V measurements,
in which Pt works as the top electrode and SNTO works as the
bottom electrode. We can see that the resistance window of the

954 | Nanoscale Horiz., 2021, 6, 939-970

device in the positive voltage region gradually decreases as
the oxygen pressure increases, which implies that the oxygen
vacancy concentration can effectively affect the RS performance
of the Pt/LMO/SNTO device. Finally, to evaluate the stability
of the Pt/LMO/SNTO device for information storage applica-
tions, the endurance measurements were further performed for
the as-fabricated Pt/LMO/SNTO device under a stable oxygen
pressure of 5.0 x 10 * Pa. The device did not show significant
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attenuation after 50 testing cycles, as shown in Fig. 16e. There-
fore, it is a feasible method to control the concentration of
oxygen vacancies in the perovskite oxide by controlling the
oxygen pressure during the vacuum deposition process or the
subsequent annealing treatment in the oxygen atmosphere of
the sample, thereby controlling its RS memory performance.
Furthermore, Benjamin Meunier et al. prepared a RS device
using a perovskite LaMnO;.; thin film with a thickness of
25 nm as a functional layer on the SiN,/SiO,/Si substrate by
chemical vapor deposition (CVD)."*® 1t was found, based on
conductive atomic force microscopy (c-AFM), that the resis-
tance change would be triggered when the oxygen ions were
adsorbed on the surface, as shown in Fig. 16f. This work
provides a complete and comprehensive description of the
physical mechanism involved in the interface resistance con-
version on the surface of the LaMnOs,s film based on the
oxygen content.

It should be mentioned that single crystal LaAlO; has the
characteristics of good lattice matching to a variety of perovs-
kite structure materials, and is usually used as a substrate
material for preparing perovskite thin films.'®” The dielectric
properties of LaAlO; are favorable for low-loss microwave and
dielectric resonance applications.'®® Generally, LaAlO; has
stable chemical properties and is insoluble in mineral acids
at room temperature.'®® LaAlO; usually has a hexagonal crystal
structure at room temperature, and it will transform into a
cubic structure when the temperature exceeds 400 °C."7%'7!
Tom Wu’ group reported the RS memory behavior of the
Pt/LaAlO,/SrTiO; (Pt/LAO/STO) device.'”? The structures of the
memristor and FET are shown in Fig. 17a. It can be seen that
the uppermost unit cell of LAO is discontinuous, which implies
that there is a certain degree of transitional fluctuation in the
thickness of the LAO layer (Fig. 17b). The interface between the
LAO layer and the STO substrate is atomically flat, which is
indicated by arrows in Fig. 17c. The I-V curves of the Pt/LAO/
STO device exhibit a significant RS feature in an applied voltage
sweep from —4.0 to 4.0 V, as shown in Fig. 17d. At the same
time, Fig. 17e shows good endurance and consistent perfor-
mance during more than 2000 operation cycles. Finally, it was
proposed that the RS behavior may be caused by the drift of the
charged oxygen vacancies across the LAO/STO interface led by
the electric field and the gap states led by defects in the
ultrathin LAO layer. Besides, Zhaomeng Gao et al. developed
a ferroelectric memristor, in which the 2D electron gas resis-
tance can be changed at the LaAlO;/SrTiO; heterointerface.'”?
The schematic of the Pt/BFO/LAO/STO heterostructure device
is shown in Fig. 17f. Fig. 17g shows an optical image of the
Pt/BFO/LAO/STO device and the measurement pattern. This
work confirmed that the ABO; perovskites heterojunction
device exhibited intriguing properties, which can be respected
to be used as nonvolatile memories and photodetectors in
electronics. Therefore, it can be concluded that these metal-
oxide-oxide heterojunctions with atomically smooth interfaces
and controlled defect transmission have good RS memory
behavior, which provides a development space for integrated
logic and nanoelectronics for memory technology. Here, we
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should note that the LaAlO;z/SrTiO; heterojunction has many
important applications, such as superconductivity, two-dimensional
(2D) electron gas, spin-valve devices, etc."’*”® These important
applications stem from special interface effects of LaAlOs/SrTiOs.
Therefore, the interface effect of the perovskite heterojunction is a
very important research topic in material applications.

Finally, we should mention a special perovskite material
PbTi,Zr; ,O; (PZT), which is also the main component of
piezoelectric ceramics. The piezoelectric properties of PZT not
only change with the atomic ratio of Zr/Ti, but also change with
different additives."’°"® When the additive has the same
valence as Pb>" and Zr** (Ti*") and the ionic radius is similar,
it can form a replacement solid solution. When the additive is
different from Pb>" and Zr*', it can form A'"B*"0; or A*'B3'0,
type compounds. In addition, PZT ceramics are usually sintered
by Pb;0,, TiO,, ZrO, and a small amount of additives at high
temperature.'®™'®° Furthermore, PZT has a very wide range of
applications. It can be used in ultrasonic transducers, under-
water acoustic transducers, ceramic transformers, electroacoustic
devices and pyroelectric detectors.'®®'®” In particular, as a
transparent ferroelectric material, PZT can also be used in
photoelectric switches, image recognition, image display,
photosensitive imaging, etc.'®® It also has obvious application
advantages in RS devices.

Daniel Pantel et al. confirmed that the ferroelectric polariza-
tion direction and resistance state are closely related in the
ferroelectric Pb(Zr, ,Tiy )O3 (PZT) based RS devices prepared by
the self-assembly method.'®® The preparation process of the
metal-ferroelectric-metal (MFM) structure is sketched in
Fig. 18a. Fig. 18b shows the perfect self-assembly of the spheres
on the PZT surface into a single layer after metal deposition.
At the same time, ordered metal nanostructures can be
obtained by dissolving latex nanospheres in dichloromethane
(Fig. 18c). In the test of the as-prepared ferroelectric nonvolatile
memory device, a high resistance ratio of 1500 was obtained.
In addition, Christoph Baeumer et al. proved that the degree
of graphene doping and ferroelectric polarization have a two-
way interdependence in the graphene/PbZr, ,TiysO; hybrid
structure-based RS device,"® as shown in Fig. 18d. In particular,
the memory device prepared by using graphene/PbZr, ,Ti, sO; as
the functional layer has good non-volatility, so it can be used for
non-volatile memory. This indicates that the doping of graphene
can promote the reversible ferroelectric polarization of the PZT
film, and the ferroelectric polarization of the PZT film can in
turn control the type and density of carriers in the graphene.'®
Therefore, it can be concluded from the above research works
that perovskite-type PZT materials can be used in the prepara-
tion of RS devices for information memory applications. PZT is
further expected to be prepared into a new type of multifunc-
tional electronic device because it has multiple characteristics of
piezoelectricity, ferroelectricity, transparency, etc.

3.2 The involved main mechanisms

It is well known that for any new physical phenomenon to be
put into practical application a clear understanding of its
mechanism is essential. The mechanism of the RS effect is
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Fig. 17 (a) Proposed scheme of integrating both the high performance memristor and FET at the oxide interfaces; (b) high-resolution high-angle annular

dark-field scanning transmission-electron-microscopy (HAADF-STEM) images of a Pt/LAO/STO heterostructure; (c) high-resolution image of the LAO/
STO interface, which is marked by arrows; (d) forming process (voltage sweeps 1-4) transforms the device into the switchable states (sweeps 5-8); the red and
the blue lines represent the LRS and HRS, respectively, and the arrows mark the directions of the sweeping voltage; (e) the endurance data with a readout voltage
of 0.2 V. Panels a—e reproduced with permission.’? Copyright 2013, American Physical Society. (f) Schematic of the Pt/BFO/LAOQ/STO heterostructure; (g) the

optical image of the Pt/BFO/LAQ/STO structure and measurement. Panels f-g reproduced with permission.*’*> Copyright 2018, Wiley-VCH.

often related to the formation of conductive filaments, the
generation of Schottky barriers, the redox reaction of metal
ions, ferroelectric polarization, etc.”*””> However, the mechan-
isms of RS effects are often different due to the diverse material
selection. Firstly, to understand the mechanism of the RS effect
based on ABO;-type multiferroic perovskite materials, Sahwan
Hong et al. proposed the switchable Schottky-to-Ohmic inter-
facial contacts between electrodes and BiFeO; nano-islands in a
RS device with Pt/BiFeQ,/SrRuQ; structure.”’ The diagram of
the physical mechanism is shown in Fig. 19a. It mainly explains
the reversible change of the resistance states between HRS and
LRS through the reversible transition of the interface barrier
caused by the ferroelectric polarization reversal of the BiFeO;
layer under an external bias, and the mechanism agrees very

956 | Nanoscale Horiz., 2021, 6, 939-970

well with the experimental data. Similar to the above report,
Wangqiong Dai et al. explained the observed RS behavior in the
Lay 1Big.oFeO3/Nb-doped SrTiO; (LBFO/NSTO) heterostructure
by using the influence of ferroelectric polarization on the width
of the depletion region and the modulation effect of the
Schottky barrier height of the LBFO/NSTO interface,"*" as
shown in Fig. 19b. When a positive voltage pulse is applied to
the Pt top electrode of the RS device, the polarization direction
of the functional layer film is downward, and the generated
positive electrode charge will be accumulated near the interface
of the ferroelectric layer, thereby reducing the width of the
depletion layer. When a negative voltage pulse is applied to
the Pt top electrode of the RS device, a large number of carriers
in the n-type semiconductor NSTO will be repelled by the
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Fig. 18 (a) Schematic of the nanosphere lithography (NSL) process adapted for nanoscale electrode preparation on PZT surfaces; (b) SEM image of a
hexagonally close packed monolayer of polystyrene spheres; (c) the resulting Au-capped Cu nanoislands (by AFM) on top of a PZT surface. Panels a-c
reproduced with permission.’®® Copyright 2011, American Chemical Society. (d) Tunable carrier type and density in graphene/PbZrq 5 Tig O3 hybrid
structures through ferroelectric switching. Reproduced with permission.**® Copyright 2013, American Chemical Society.

negatively polarized accumulated charge, so that it can signifi-
cantly increase the width of the depletion layer. Therefore, this
work proves that it is possible to control the RS effect by
adjusting the depletion width of the ferroelectric layer interface
through ferroelectric polarization. Further, Lei Jin et al. attri-
buted the variation in trap characteristics to changes in polari-
zation ordering and trap densities, which were caused by the
release of polarization domains and the generation of oxygen
vacancies during the operation of the Au/BiFeO;/SrRuO;
device."®> As shown in Fig. 19c, most of the traps are empty
at the beginning, leading to the device exhibit a low conduc-
tivity, which corresponds to HRS of the device. When a negative
bias is applied on the top electrode of the device, the electrons
can be captured by trap centers according to semiconductor
theory. Thus, the Schottky barrier at the Au/BiFeO; interface is
lowered, and hence, this device exhibits a highly conductive
behavior and the resistance state is switched from HRS to LRS.
Subsequently, the trapped carriers still remain after the applied
bias is removed, so the LRS can be retained until a positive bias
is applied to switch the Au/BiFeO;/SrRuO; device from LRS to
HRS. In this way, this device can continuously complete the
information processing between two resistance states (HRS and
LRS) under an applied bias.

Moreover, Tiangui You et al established a modifiable
Schottky barrier height model in a BiFeO; memristor with

This journal is © The Royal Society of Chemistry 2021

abundant movable oxygen vacancies, and further clarified the
physical mechanism of RS memory.'>® As shown in Fig. 19d,
the mechanism of the RS effect can be explained by adjusting
the Schottky barrier of the BiFeO3/Pt interface, which means
that the height of the Schottky barrier of the interface can be
adjusted by applying an electric field to adjust the drift of the
oxygen vacancies (V,>"). Under the adjusted bias pulses, V,>*
can act as a mobile donor and Ti*" can act as a fixed donor in
the BiFeO; functional layer. Therefore, the RS behavior can be
continuously configured by adjusting the amplitude and length
of the applied bias pulse, which makes it possible to achieve
multilevel memory logic and improve the switching speed.
Chandni Kumari et al. used a low-cost process to fabricate a
resistive random access memory (RRAM) device based on
BiFeO3, and further studied the influence of the Al top elec-
trode on the RS characteristic and reliability.'®* The switching
mechanism was clarified by the formation and fracture of
oxygen vacancy conductive filaments and the participation of
the AlO, thin layer on the Al/BiFeO; interface, as shown in
Fig. 19e. It should be known that the conductive filament
mechanism is a very recognized mechanism of the RS effect.
It is rarely limited to the type of functional material, and has a
very close relationship with the type of electrode material.
Finally, we should mention that M. J. Han fabricated a RS device
based on high-density self-assembled BiFeO; nano-islands grown
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Fig. 19 (a) Schematics of energy band diagrams of the Schottky-to-Ohmic interfacial contacts in Pt/BiFeOs/SrRuOs modulated by polarization
orientations. Reproduced with permission.”* Copyright 2013, Wiley-VCH. (b) Schematic of energy band diagrams of the Pt/LagBigoFeOs/Nb-doped
SrTiO3 heterostructure at LRS and HRS. Reproduced with permission.*®* Copyright 2020, Royal Society of Chemistry. (c) Filling status of traps and the
band diagram at the initial state of the device, negative voltage —15.0 V (applied), —15.0 V (removed), and +15.0 V (applied). Reproduced with
permission.'*? Copyright 2020 Elsevier. (d) Schematic representation of the distribution of mobile V,* (black circles) and fixed Ti** (orange circles) donors
in the BiFeOs3 thin film for HRS and LRS. Reproduced with permission.*®® Copyright 2014, American Chemical Society. (e) Schematic of the AlO, assisted
filament formation mechanism for set and reset states in Al/BiFeOs/FTO RRAM devices. Reproduced with permission.1** Copyright 2020, AIP Publishing.
(f) Schematics showing the charged domain wall mediated RS mechanism of Au/BiFeOs/Nb-doped SrTiOs heterojunctions. Reproduced with

permission.'*> Copyright 2020, Elsevier.

on a Nb doped SrTiO; (0.7 wt%) (NSTO) substrate.’®® The RS
property was induced by the formation and rupture of the
conductive filament at the charged domain wall due to the change
of charge carrier concentrations under the applied voltage.
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Fig. 19f shows a schematic diagram of the charge distribution
in a charged domain wall under different applied voltages. In this
device, the NSTO substrate is an n-type semiconductor, which
makes the electrons here as carriers. In this way, a large number
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of electron carriers from the NSTO substrate will be effectively
accumulated on the head-to-head charged domain wall. There-
fore, this research provides us with a new way to improve the RS
performance by adjusting the charged domain wall. In fact,
because ferroelectric materials contain a large number of sponta-
neously polarized ferroelectric domains, the effect of the domain
wall on nano-devices will stimulate new ideas in the construction
of nanoscale electronic devices in future.

Anyway, the physical mechanism of the RS effect is currently
inconclusive. In other words, there is no mechanism that can
fully and profoundly explain all the observed RS behaviors." %%
Certainly, the RS mechanism of ABO; type multiferroic perovskite
materials is still under extensive exploration. In the above discus-
sion, we have only listed a few typical mechanisms. Therefore, in
future research, the physical mechanism of the RS device is still a
focus that needs to be further studied.'*>%

4. ABOsz memristor-based synaptic
device for neuromorphic computing

A synaptic device is an electrical device that can simulate the
function of neurons for information transmission. According to
the device structure, synaptic devices can be divided into
synaptic transistors and synaptic memristors. Recently, the
research of synaptic devices based on the memristive effect
has received extensive attention. Neurons are the basic building
blocks of the human brain, and synapse is the key part of
transmitting information between neurons. Therefore, if we
can develop electronic components with similar functions to
biological synapses, it will be of great significance to realize
artificial intelligence. Among all the known circuit elements,
the memristor is a non-linear resistance device with informa-
tion memory function, which has similar characteristics to the
biological nerve synapse with nanometer size. Therefore, the
memristive unit is one of the ideal electronic devices to realize
synaptic function.?*"*°* In the study of synaptic devices based
on memristors, Soren Boyn et al. reported a synapse device
based on ferroelectric tunnel heterojunctions and observed
the spike-timing-dependent plasticity (STDP).>** Among them,
synaptic strength can be characterized through STDP based on
the time and dependence of the electrical signals of neigh-
boring neurons. Fig. 20a shows a memristive device with Pt/Co/
BiFeO;/(Ca,Ce)MnO;/YAIO; (Pt/Co/BFO/CCMO/YAO) multilayer
structure, and the resistance of the device strongly depends on
the relative fraction of ferroelectric domains. In order to con-
struct a neural network using the as-prepared sandwich mem-
ristive unit, the simulated neural network was built using a
crossbar array of 9 x 5 ferroelectric memristors (Fig. 20b). In a
typical crossbar structure, each cross section represents a device
unit. Using this method, neural networks can be constructed.
Fig. 20c shows that the image recognition rate of the neural
network increases with the increase of the number of image
presentations, reaching almost 100% for low noise levels and
nearly 80% for high noise levels. These experimental results lay
the experimental foundation for the realization of low-power
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hardware for billions of reliable and predictable artificial synapses
(such as deep neural networks) in artificial brain-based computers
in the future,”**** which can be effectively applied to the
intelligent recognition of images and information.

In recent research, Lei Liu et al. mimicked some biological
synaptic functions based on a Pt/BiFeO5;/HfO,/TiN memristor
with an RS area of ~1.0 x 1.0 um>.>°® Fig. 20d shows a stable
bipolar RS behavior of HfO,-based memristors with and
without the BiFeO; inserted layer. It is obvious that an enlarged
resistance window can be achieved by adding the BiFeOj;
inserted layer into the functional layer. Fig. 20e schematically
illustrates the similar synapse structure and transmission
characteristic of a memristor. Indeed, the biosynaptic weight
reflects the connection strength of neurons, which can be repre-
sented by the conductance or resistance of the memristor.>"”
As shown in Fig. 20f, the conductance of the memristive device
can be adjusted periodically by applying a voltage pulse, which is
similar to the information transmission characteristic of a
synapse. It is feasible to simulate the function of bio-synapse by
adjusting the conductance of the memristor. This device can be
applied to wearable systems and biomedical equipment. There-
fore, this work proves that Pt/BiFeO;/HfO,/TiN memristors have
potential applications in neuromorphic computing and artificial
intelligence systems, opening up a new way for the integration
of neural networks. Finally, it should be noted that Venkata
Raveendra Nallagatla et al. studied the RS effect of the epitaxial
brownmillerite SrFeO,s; (BM-SrFeO,s) thin film by systemati-
cally controlling the oxygen concentration to realize synaptic
learning.>*® This synaptic device exhibited either bipolar RS or
complementary RS behaviors. Fig. 20g shows the synaptic device
with Au/BM-StFeO, 5 (111)/SfRuO,/SrTiO; (111) structure which
has out-of-plane-oriented oxygen-vacancy channels with the
BM-SrFeO, 5 insulating layer. The typical I-V curves are shown
in Fig. 20h, indicating a low-power bipolar RS property under a
current compliance (CC) of 10 pA in the negative voltage region;
the arrows in the figure indicate the direction of the applied
voltage sweeps. The retention testing is shown in the inset of
Fig. 20h, which presents a large switching window accompanied
by a weak attenuation. This result implies that the RS device can
be used in information processing and memory technology.
Fig. 20i displays a schematic diagram of a bio-synapse, and the
SrFeO,(111) RS device can be used to simulate the synaptic
function. Fig. 20j shows the I-V curves under consecutive negative
voltage sweeps (blue lines) and positive voltage sweeps (orange
lines, after the negative voltage sweeps). Fig. 20k shows that the
current of the RS device can be gradually increased by a con-
secutive potentiating electric pulse of —4.0 V ms " and decreased
by a depressing electric pulse of 5.0 V ms ™" under a read voltage of
0.5 V, indicating that the RS device can be useful for synaptic
operations in smart applications.

Therefore, it can be confirmed that the memristor unit is an
effective component to realize artificial intelligence hardware.?®®
In the brain, the basic law of biological memory and learning is
synaptic plasticity. Artificial synaptic devices are required to
achieve synaptic weight adjustment with good stability and
repeatability under appropriate excitability and pulse stimulation.
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Fig. 20 (a) Sketch of the ferroelectric memristor where a ferroelectric tunnel barrier of BiFeOs (BFO) is sandwiched between the bottom electrode of

(Ca,Ce)MNnO3 (CCMO) and the top submicron pillar of Pt/Co, and YAO stands for YAIOs; (b) simulated spiking neural network comprising nine input
neurons connected to five output neurons by an array of ferroelectric memristors, in which the inputs are noisy images of the patterns to be recognized:
horizontal (A), diagonal (B) and vertical (C) bars in 3 x 3 pixel images; (c) recognition rate as a function of the number of presented images for different
noise levels, in which the colored images are conductance maps of the memristors in each line and show their evolution for a noise level of 0.3 (blue line).
Panels a—c reproduced with permission.2°® Copyright 2016, Nature Publishing Group. (d) 100 continuous /-V curves for HfO,-based memristors with
and without the BiFeOs layer, and the inset shows the forming process. (e) Schematic diagram of the brain neural network and a Pt/BiFeOs/HfO,/TiN
synaptic memristor; (f) the reproducible conductance modulation under repeated potentiation and depression pulses to mimic the change of synaptic
weight in the biological synapse. Panels d—f reproduced with permission.?°® Copyright 2020, Wiley-VCH. (g) Schematic representation of the Au/BM-
SrFeO, 5 (111)/SrRuO3/SrTiO3 (111) device with the PV-SrFeOs conductive path; (h) typical /-V curves of the device; (i) schematic representation of the
bio-synapse and the conductive path formation. (j) /-V curves under consecutive negative voltage sweeps (blue lines) and positive voltage sweeps
(orange lines, after the negative voltage sweeps). (k) Current in the synaptic device was gradually increased and decreased under the read voltage of 0.5 V.
Panels g—k reproduced with permission.2°® Copyright 2020, American Chemical Society.

The condition for simulating the plasticity of biological nerve
synapses is that the conductance (or resistance) of the artificial

synaptic device can be continuously adjusted. The resistance of
the memristor can be changed with the amount of charge flowing
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through it, and the resistance can be maintained after power
failure state, so the memristor is considered to be an ideal device
to simulate nerve synapses.?**?!* The synaptic devices reported so
far are based on the principle of oxygen vacancy migration to
realize the time-dependent synaptic plasticity (STDP) function of
neuronal electrical pulse activity.>'>*"? Therefore, the effect of this
sequence of synaptic activity on synaptic information transmis-
sion is considered to be directly related to brain learning and
memory functions.

Actually, neuromorphic computing is a process that mimics the
information processing at biological synapses. The neuromorphic
computing can realize high-efficiency massive parallel computing

View Article Online

Review
to conquer the limitation of the Von Neumann bottleneck.”**>"°
The physical mechanism of neuromorphic computing is based on
the ion transport at the device interface to achieve efficient transfer
and computation of information at the same location,**° which is
different from the logic circuit in digital systems.”*' Besides,
neuromorphic computing is characterized by distributed memory
and computational elements.>** For the research and application
of memristive devices, neuromorphic computing is a necessary
step for memristors to be applied to artificial intelligence.>** Many
recent studies have effectively proved that the use of memristors in
neuromorphic computing has practical significance and research
foundation.”**
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Fig. 21 (a) Resistances as a function of V, with ty = 10 ps, in which the arrows indicate the sweeping directions of V,; (b) schematic diagram of a two-

layer perceptron neural network; (c) simulation results based on the realistic device behavioral model and ideal synaptic devices. Panels a—c reproduced
with permission.??® Copyright 2020, American Chemical Society. (d) Schematic diagram of a two-layer perceptron neural network (784 x 100 x 10)
trained to clarify the 28 x 28 MNIST pixel handwritten digits, and (e) the corresponding recognition accuracies for experimental and ideal synaptic
devices; (f) schematic diagram of a three-layer neural network (784 x 1024 x 512 x 10) trained to clarify the 28 x 28 FMNIST pixel images, and (g) the
corresponding recognition accuracies based on experimental and ideal synaptic devices. Panels d—g reproduced with permission.2* Copyright 2021,
Elsevier.
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In previous reports, it has been proved that the BiFeO;
single-crystal orientation films can be successfully prepared
using appropriate technical means.>**?” Haoyang Sun grew
high-quality (111)-oriented BiFeOj; ferroelectric films on flexible
mica substrates with StTRuO;/BaTiO; double buffer layers, and a
ferroelectric memristive behavior with continuously tunable
resistance states was observed.??® The BaTiO;, SrRuO;, and
BiFeO; films have a quasi-hexagonal structure. As shown in
Fig. 21a, with the pulse duration ¢4 = 10 ps, the memristor is set
to the LRS by an applied voltage of +13.0 V or the HRS by an
applied voltage of —16.0 V. Then, using the as-prepared mem-
ristor device, a two-layer perceptron with 784 input neurons,
100 hidden neurons, and 10 output neurons was simulated, as
shown in Fig. 21b. Fig. 21c shows the deep neural network
(DNN) with a flexible BiFeO; memristor, which can reach a
pattern recognition accuracy of ~90% after 1500 training
cycles. Therefore, this study shows that it is feasible to prepare
high-quality multiferroic perovskite films on flexible substrates.
It also confirms that the flexible ferroelectric memristive devices
have obvious advantages in non-volatile information processing
and neuromorphic computing in advanced artificial intelligence
systems.”*® Haoyang Sun et al. used an ultra-thin BiFeO; ferro-
electric barrier layer, a ZnO semiconductor layer and a SrRuO;
electrode to prepare a flexible ferroelectric tunnel junction (FTJ)
memristor, and found that the FTJ memristor shows multistable
memory behavior.*° In this study, a perceptron neural network
(784 x 100 x 10) was constructed to recognize Modified National
Institute of Standard and Technology (MNIST) handwritten digits,
as shown in Fig. 21d. After 3000 training cycles, a high recognition
accuracy of 92.8% can be achieved using this neural network
(Fig. 21e). In addition to the two-layer artificial neural network
that can be used to recognize handwritten digits, they further built
a more complex three-layer perceptron neural network (784 X
1024 x 512 X 10) to recognize the Fashion-MNIST (F-MNIST)
image dataset as shown in Fig. 21f. After 55 000 cycles, the neural
network can still achieve an image recognition accuracy of 86.2%,
as shown in Fig. 21g. This research may provide a new path for
the development of nonvolatile memory and neuromorphic
computing systems based on flexible FT] memristors.

Furthermore, Yihao Yang et al. demonstrated a memristive
ferroelectric tunnel junction (FTJ) synapse based on the multi-
ferroic BaTiOs/CoFe,0, composite.>*" Fig. 22a shows the sche-
matic of the (Lag ¢, St 33)MnO; (LSMO)/BaTiO; (BTO)/CoFe,0,
(CFO)/NDb:SrTiO; (Nb:STO) FTJ device. Fig. 22b shows the sche-
matic of the piezoresponse force microscopy (PFM) measure-
ments, in which the arrows inside the BTO layer represent
polarizations. Fig. 22c shows that one can implement the
neuromorphic computing by constructing a cross-node neural
network based on the spin filter LSMO/BTO/CFO/Nb:STO mem-
ristive FTJ as an artificial synaptic unit, thereby realizing the
long-term plasticity of each node of the brain-inspired intelli-
gent recognition. Therefore, the memristive FTJ device provides
a new approach toward neuromorphic computing with energy-
efficiency, which further expands the broad scope of applications.
Moreover, Rao et al. used epitaxy to prepare a high crystalli-
nity SrFeO, heterojunction and characterized the memristive
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properties of the Au/SrFeO,/StTRuO; device.”** Fig. 22d shows
the schematic of a conductive filament induced RS device
consisting of a brownmillerite SrFeO, ;5 (BM-SFO) matrix and
a perovskite SrFeO; (PV-SFO) conductive filament, and Fig. 22e
shows an interface effect induced RS device consisting of a
PV-SFO matrix and a BM-SFO interfacial layer. The hysteresis-
type I-V characteristics are shown in Fig. 22f and g, in which it
can be found that the RS effect induced by the conductive
filament has a more obvious SET and RESET process, and it is
usually accompanied by a larger HRS/LRS resistance ratio.
In this work, they found that the SrFeO, based memristive
device exhibits an excellent synaptic function, which can be
used to construct neuromorphic computing circuits.”*” Fig. 22h
and i presents a simulation diagram of a three-layer neural
network with a crossbar consisting of SrFeO,-based synaptic
memristors, which can effectively recognize images with
accuracies of ~88%, indicating that SrFeO,-based synaptic
memristors as building blocks have important potential appli-
cations in neuromorphic computing circuits.

5. Summary and outlook

Table 1 exhibits the comparison results of the typical ABO;-
based memristive devices in terms of the switching function
layer, electrode schedule, cycling endurance, retention time,
HRS/LRS ratio, and energy consumption. Among these features,
the cycling endurance exceeds 10’ for the SrFeO,-based memris-
tive device with ~pJ energy consumption. Importantly, the
oxygen-rich stoichiometry of ABO; endows the memristor with a
variety of RS behaviors to faithfully mimic the neuron networks.
Electrode engineering as one of the most efficient methods to
obtain the target RS behavior such as the binary, electron-type,
and analog RS behavior was extensively investigated for applica-
tion in T bits data storage and neuromorphic computing.?*?
Although great progress has been made in ABOz-based memris-
tors in recent years, the sneak current issue has not been over-
come because of the lack of an ideal ABO; memristive cell. One
possible solution is optimizing the preparation methods to
develop a self-rectification ABO;-based memristor or integrate
the stable ABO;-based memristor with back-to-back diodes to
enlarge the memristor crossbar array.

The ABO;-based memristor array has shown high capability
in operating the convolutional neural network (CNN), which
has been extensively applied in image processing, language
recognition, automatic driving, and so on.>**?*” The ABO;-
based memristor array has shown great potential application in
neuromorphic computing,?**** but the insufficient hashrate
is also a bottleneck for complicated applications. One solution
is constructing an analog-type ABO;-based memristor with high
precision and developing ultrahigh scale integration techno-
logies (i.e., nano imprint, directed self-assembly, DSA) to improve
the capability of parallel computing.>**>*” Fig. 23 schematically
demonstrates the ABOjz-based materials including BiFeO;,
BaTiO;, SrRuO;, LaMnOs;, and AlFeO; for the internal dynamic
process to faithfully mimic our human brain. By constructing a
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different RS device structures and /-V characteristics; (h) schematic of a three layer neural network; (i) a crossbar consisting of SrFeO,-based synapses.

Panels d-i reproduced with permission.?*> Copyright 2021, Elsevier.

large scale ABO;-based memristor array, the ABO;-based memris-
tor array enables the high efficiency neuromorphic computing.
In addition, multiferroic perovskite materials also have
potential for application in spintronic devices.>**>** The inter-
active coupling of ferroelectric domains and magnetic domains
makes electron spin more diversified. Besides, multiferroic

This journal is © The Royal Society of Chemistry 2021

heterojunctions with both ferroelectric and ferromagnetic
properties can achieve voltage-regulated magnetic properties
or magnetic field-regulated ferroelectric properties through
magnetoelectric coupling effects, which provides the possibility
to generate spin currents. Therefore, the research of multi-
ferroic perovskite materials in neuromorphic technology is
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Table 1 Comparison of the functional layer, top and bottom electrodes, endurance, retention, HRS/LRS ratio, and energy consumption of some

representative ABOz multiferroic perovskite-based RS devices

Functional layer Top electrode

Bottom electrode Endurance (cycles) Retention (s) HRS/LRS ratio Energy consumption Ref.

BiFeO, Pt SrRuO; — 10° 753 — 71

BiFeO; SrRuO; Nb-Doped SrTiO; 15 — 593 — 72

BiFeO, Pt SrRuO; 24 6 x 10° 10° — 77

Co-Doped BaTiO; Au Pt 1 x 10° 7 x 10* >10* — 106
BaTiO; Au Lag 755r9,sMnO; — — ~18 — 107
BaTiO; Conductive cantilever of AFM La,,SrosMnO;  — — — — 119
Nb-Doped SrTiO; Pt Nb-Doped SrTiO; 36 — — — 137
LaAlO; ITO SrTiO; 2 x 10° 4 x 10* ~10% — 138
SITiO, Pt Pt — — — — 139
Fe-Doped SrTiO; Ag Pt 2.5 x 10° — ~10° — 140
SrCoO, Au Nb-Doped SrTiO; 100 1 x 10* >10° — 149
AlFeO, Pt Nb-Doped SrTiO; 1 x 10* 1 x 10* ~10? — 156
LaMnO; Pt Nb-Doped SrTiO; 50 — ~18 — 165
LaMnOg,; Conductive cantilever of AFM Au — — — — 166
LaAlO, Pt SrTiO; 2 x 10° 4.32 x 10*  ~10? — 172
BiFeO;/LaAlO; Pt SrTiO; — — ~10? — 173
BiFeO,/HfO, Pt TiN 100 1 x 10* ~10* 206
SrFeO, 5 Au SrRuO; 1 x 10° — >10 208
SrFeO, Au SrRuO; 1 x 107 — >10 ~0.24 pJ per spike 232

Fig. 23 The development from ABOs-type multiferroic perovskite mate-
rials to artificial intelligence applications.

expected to produce new physical phenomena and advanced
applications.

Finally, it should be noted that multiferroic perovskite
materials can also be used in the field of catalysis.>>**” For
example, multiferroic perovskite type BisCoTizO;5 exhibits high
electrocatalytic efficiency due to the synergistic effect of elec-
tron spin and ferroelectric polarization.**® Thus, multiferroic
perovskite materials have a wide range of potential applications
in materials science, physics, chemistry, electronics, infor-
matics, and computer science. And, the all-round research on
this multifunctional perovskite material is expected to explore
its powerful functions for better serving scientific and techno-
logical requirements in interdisciplinary fields.>**?%°

In summary, we have discussed in detail the research progress
of ABO; multiferroic perovskite materials in the preparation
of memristive devices, the realization of synaptic devices, the

964 | Nanoscale Horiz., 2021, 6, 939-970

construction of neural networks, and neuromorphic computing.
Because the ABO; multiferroic perovskite materials have unique
electron spin, transfer, polarization, and coupling behaviors,
they show a very potential application in multifunctional
electronics when combining their advantages of multiferroic
properties with the memristive effect. These devices have
already laid a scientific foundation for the manufacture of
spin-moment-based multistate memristive memory devices.
This domain wall feature in multiferroic perovskite materials
generally improves the mutual controllability of the memristive
effect and the electron spin effect. Therefore, it is expected to
play more important applications in computer science, electro-
nics, biomedicine, etc.
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