We are IntechOpen,
the world’s leading publisher of

Open Access books
Built by scientists, for scientists

6,900 185,000 200M

ailable International authors and editors Downloads

among the

154 TOP 1% 12.2%

Countries deliv most cited s Contributors from top 500 universities

Sa
S

BOOK
CITATION
INDEX

Selection of our books indexed in the Book Citation Index
in Web of Science™ Core Collection (BKCI)

Interested in publishing with us?
Contact book.department@intechopen.com

Numbers displayed above are based on latest data collected.
For more information visit www.intechopen.com

Y



Chapter

Perovskite Materials for Resistive
Random Access Memories

Jiaqi Zhang and Wubo Li

Abstract

Resistive random access memory (RRAM) utilizes the resistive switching behav-
ior to store information. Compared to charge-based memory devices, the merits
of RRAM devices include multi-bit capability, smaller cell size, and energy per bit
(~fJ/bit). In this chapter, we review different perovskite material-based resistive
random access memories (RRAMs). We first introduce the history of RRAM devel-
opment and operational mechanism of conduction, followed by a review of two
types of materials with perovskite crystal structure. One is conventional perovskite
oxides (PCMO, a-LCMO, etc.), and the other is perovskite halides (organic-inor-
ganic hybrid perovskites and inorganic perovskites) that have recently emerged as
novel materials in optoelectronic fields. Our goal is to give a comprehensive review
of perovskite-based RRAM materials that can be used for neuromorphic computing
and to help further ongoing development in the field.

Keywords: memory devices, RRAM, perovskite oxides, perovskite halides,
memristors

1. Introduction

Resistive random access memory (RRAM) devices use the resistance switching
(RS) behavior to save information, which has attracted much attention due to its
outstanding performance compared with traditional semiconductor electronic
devices. In comparison to charge-based memory cells, RRAM device possesses vari-
ous advantages, such as multi-bit capability, simpler device structure (electrode/
active layer/electrode), as well as lower energy consumption (~fJ/bit) [1]. Another
advantage of RRAM is its good compatibility to the conventional CMOS, which
allows it to be integrated into current integrated circuit (IC) technology [2].

RRAM has various potential applications. First, RRAM is considered as the
most promising candidate as the next-generation memory device because it acts
excellently as both main memory and working memory. As main memory, RRAM
is nonvolatile with high memory capacity. As working memory, the operation
voltage and power of RRAM are very low, and the write/erase rate is very high.
Apart from the memory application, RRAM is also utilized in low-energy-
consumption computing as nonvolatile logic circuit [3, 4] and in neuromorphic
computing as a synaptic cell, with the latter being a research hotspot in recent
years [1].

A typical RRAM device is a metal/insulator/metal (MIM) stack, in which an
insulating active layer is sandwiched between the top and the bottom metal elec-
trodes, as shown in Figure 1. The device resistance can be tuned by applying an
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Figure 1.

(a) Schematic diagram of an RRAM device; (b) cross-sectional view of a RRAM device with conductive
filament mechanism. Reproduced with permission [2]. Copyright 2016, Elsevier.

electric bias across two electrodes, forming high resistance state (HRS) and low
resistance state (LRS). So the nonvolatile memory phenomenon in RRAM device is
realized by electrically modulating the RS between HRS and LRS.

The transformation from HRS to LRS is normally named the Set process, and
the transformation from LRS to HRS is named the Reset process. There are three
kinds of RS switching behaviors. One is unipolar switching, in which the Set
and Reset processes can happen at the same polarity of the external bias. Second
is bipolar switching, in which RS switching occurs at different polarities of the
applied bias. The third is nonpolar resistive memory, in which both RS switching
from HRS to LRS and RS switching from LRS to HRS can be achieved without
altering the voltage polarity (unipolar), while they can also be achieved by altering
the polarity (bipolar).

The schematic I-V characteristics of unipolar switching and bipolar switching
are illustrated in Figure 2, respectively. In addition to the Set and Reset processes, a
Forming process typically exists for many initially prepared RRAM devices, in which
an applied forming voltage (Vi) drives the formation of CFs with the compliance
current limitation. The forming process is normally accomplished before the RRAM
device enables to work, and the Vg, is usually larger than the setting voltage (V).
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Figure 2.

Typical curvent voltage (I-V) charactevistics of memory devices with (a) unipolar switching and (b) bipolar
switching. Reproduced with permission [1]. Copyright 2018, Springer.



Perovskite Materials for Resistive Random Access Memories
DOI: http://dx.doi.org/10.5772/intechopen.86849

As aforementioned, a basic RRAM device usually consists of two electrodes and
an active layer. The top and bottom electrodes can use various materials, including
elementary substantial metals (Ag, Cu, Al, Au, Pt, W, etc.) [5], metallic alloys (Pt-
Al, Cu-Ti, etc.) [6], and oxides (ITO, SrRuOs;, Nb:SrTiOs, etc.) [7-9]. Based on the
functions in RS conversion, the electrode materials can be divided into two types.
One is active electrodes (Cu, Ag, etc.), which contribute to the RS conversion by the
migration and/or redox reaction of the electrode ions around the electrode/active
layer junction. The other is inert electrodes (Pt, Au, etc.), which do not directly
participate in the RS conversion.

As for the active layer, various materials have been utilized in memory devices,
such as amorphous metal oxides, polymers, hybrid composites, perovskite oxides,
and perovskite halides [10, 11]. The material choice of RRAM active layer has
significant influence on the device performance. In this chapter, we will mainly
introduce oxides and halides with perovskite structures. Perovskite oxides are a
conventional active material family for memories. In addition to high-endurance,
chemically stable, and high-speed operation, the strong electron correlation induces
many unique properties for perovskite oxides, which makes it remain as one of the
most promising materials for RRAM yet. Compared with conventional RRAMs,
perovskite halides can make flexible devices with low-cost fabrication, composi-
tional flexibility, and excellent optoelectronic properties, enabling the perovskite
halides as a promising next-generation memory material family. Next, we will
introduce the memory devices with perovskite oxides and halides separately.

2. Perovskite oxide memory devices

In 2002, perovskite oxide Pr(;Cag 3MnO; was firstly utilized in a 64-bit RRAM
array by a 500-nm complementary metal oxide semiconductor (CMOS) process
[1]. Nearly two decades passed, transition metal perovskite oxides are still one of
the best materials for RRAM active layers. Perovskite oxides possess stable crystal
structure with high defect tolerance and structure flexibility, which enables the
accommodation of nonstoichiometric ions. The nonstoichiometric ions contribute
to the local ionic migration and thermochemical reaction therefore allowing for the
RS conversion. In addition, the strongly correlated electrons in perovskite oxides
provide various electronic phases and bring out multifunctionality, e.g., colossal
magnetoresistance/electroresistance, ferroelectricity, multiferroics, superconductiv-
ity, etc. [12]. Also, the competing behavior among different electronic phases brings
out the metal-insulator transition (MIT) phenomenon, which allows a significant
change of resistance with a tiny electric stimulus [12, 13]. In the following, based on
different resistance switching mechanisms, we will introduce RRAM with transition
metal perovskite oxides via filament mode and uniform mode, respectively.

2.1 Conductive filament mechanism

Conductive filament (CF) is the most common mechanism to explain the
resistance switching of memristor devices, in which the formation and the breakage
of filaments are in Set and Reset process, respectively. Many works have proven
the conductive filament in RRAM devices. For instance, a co-doped BaTiO;-based
device is forming as LRS, and the top electrode is divided into two portions (TE-I
and TE-II). Then people measured the resistance between the bottom electrode and
TE-I or TE-II. Significantly different resistances are found for two parts, which indi-
cates inhomogeneous conductivity inside the whole memory device [14]. Besides,
in an YMnOjs-based memory device, people found that the switching I-V curves of
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devices with various electrode areas are not remarkably different and that the lateral
distribution of filaments is not uniform [15]. Real-time observation of conductive
filament was also conducted by TEM in oxide-based memory devices, which shows
direct evidence of conductive filament mechanism [16, 17].

Next, we will give a brief introduction on the microscopic mechanisms of fila-
ments, mainly including two types: ion migration and metal-insulator transition.

2.1.1 Ion migration

For the conductive filaments caused by ion migration, the presence of CFs s
very random owing to the random distribution of ions and defects in the active
layer. Therefore, the formation and rupture of the CFs are strongly dependent on
the initial distribution of ions and defects. For bipolar RRAM devices, the micro-
scopic mechanism of ion migration can be classified into three types.

First, the filament is formed by the local redox reaction of metallic cations from
the active metal electrode. For example, in an Ag/a-LSMO (amorphous Sr-doped
LaMnO;)/Pt device, Ag is demonstrated as the main component of the CFs [18].
When a positive bias is applied to the Ag electrode, some Ag atoms around the
Ag/a-LSMO interface will be oxidized into Ag cations, and these Ag cations will
move toward the opposite cathode under the external electrical field and are even-
tually reduced back to Ag atoms around the cathode/a-LSMO interface, therefore
forming the CFs between two electrodes. Now if we apply a negative bias to the Ag
electrode, the Ag atoms around the cathode will be re-oxidized into Ag" and move
back toward the Ag electrode, thus leading to the breakage of the filaments. A typi-
cal RRAM device of this mode is an insulating active layer sandwiched between an
active metallic electrode and an inert electrode [17].

A second mechanism of ion migration is that the positive-charged defects drift
under the external voltage. The charged defects, such as oxygen vacancies and
excess cations, can tune the Fermi level and correspondingly change the electrical
conductivity in the local area. For instance, in a TiO,-based memory device, the
filaments are formed by the oxygen-deficient Ti,O; phase under positive voltage
[19]. When applying a negative voltage, the reverse redox occurs with the backward
electric field and the parasitic Joule heating and consequently leads to the rupture
of CFs [20].

Redox reactions both exist in the aforementioned two microscopic mechanisms.
However, bipolar RS phenomenon also can be caused by the ion migration without
redox. Pt/NSTO (Nb-doped SrTiO;) device is taken as an example. Under electrical
field, the movement of oxygen vacancies can change the Schottky barrier height
and the depletion width of the Pt/NSTO junction at some local areas of the inter-
face, resulting in the change of the electrical conductivity alongside the Pt/NSTO
interface [21, 22].

For unipolar RS behavior with ion migration, the rupture of the CFs is different
from that in the bipolar counterparts. In bipolar devices, the filament rupture is
caused by the retraction of the initially moved ions or by the change of interfacial
junction barriers. However, in unipolar memory devices, the filament rupture is
driven by the Joule heat-assisted thermochemical reaction. For example, in a Au/
YMn;_s05/Pt unipolar memory device, after the filament is formed under forward
bias, a reverse bias with a similar value cannot supply sufficient energy to retract the
initially migrated ions and activate the local reverse redox [15]. Instead, the electri-
cal current can provide enough Joule heat in local areas of the filament; sometimes
the local temperature can be increased by several hundreds of Kelvin [15, 23],
thus assuring the local reverse redox and the corresponding rupture of CFs. As for
the HRS to LRS transformation, accompanied by the ion migration, the electron
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hopping barriers and the related trapping states which exist in HRS are removed by
the further increase of the applying voltage [15, 17, 24]. The same mechanism has
also been proven in the Au/co-doped BaTiOs/Pt unipolar memory device [14].

2.1.2 Metal-insulator transition

Metal-insulator transition (MIT) effect has been found in many perovskite
oxides, in which the electronic charges are injected into the insulating material to
induct the current with an external bias [25-27]. Pr;_,Ca,MnO; (PCMO), now one
of the most developed memory materials for neuromorphic computing, is taken
as an example, in which resistive switching behavior was first discovered in late
1990s [25]. The electron injection distorts the superlattice structure and the mixed
valence band in the strongly electronic correlated PCBM system, which acts as an
ion doping process. The rebuilding of the electronic phase separation state can also
contribute to the MIT, induced by the external electrical stimulus and parasitical
Joule heating, which exhibits CFs-based unipolar RS phenomenon [28]. In addition,
filament-type RS behavior may also derive from the Mott transition, which has been
demonstrated in many transition metal perovskite oxides [26, 29, 30].

2.2 Uniform resistance switching

In CF-based memory devices, the conductive filaments are formed under elec-
tric stimuli in local areas. The I-V characteristics are not proportional to the elec-
trode area due to the random distribution of the filaments. Apart from the CF-based
RRAMs, uniform resistance switching mechanism has already been demonstrated,
in which the device resistance variation is spatially uniform. Thus the variations
of HRS and LRS are both proportional to the electrode area. Uniform RS behavior
mainly includes two types, one is the carrier trapping/detrapping, and the other is
the ferroelectric polarization.

Carrier trapping/detrapping and the migration of charged defects can tune the
Schottky barrier at the metal-insulator interface thus modulating the device resis-
tance. This modulation could occur in local regions near the interface (i.e., filament
mode) or occur laterally uniform near the interface (i.e., uniform mode), which is
strongly dependent on the interfacial electrical and morphological uniformity. A
smooth interface with uniform distribution of charges and defects may bring out
uniform RS. Otherwise, filaments may tend to form with nonuniform interfaces.
Researchers found that the uniform migration of charged defects (e.g., oxygen vacan-
cies) is too slow thus leading to very slow RS [31]. Nevertheless, the charge trapping/
detrapping at the junction can be very fast, enabling uniform RS with fast response,
which has been confirmed in the Au/Nb-doped SrTiO; heterojunction [14].

For the uniform RS by ferroelectric polarization, ferroelectric tunnel junctions
(FTJs) are utilized for the RRAM devices, including a ferroelectric tunnel barrier
sandwiched by two electrodes. Many perovskite oxide materials have been utilized
in the FTJ-based memory devices, such as Pt/BaTiO;/SrRuO; [8], Pt/BiFeOs;/SrRuO;
[32], Co/BaTiOs/Lag 7St sMnO;s [33], etc. The polarization at the ferroelectric/metal
junction has a significant influence on the junction barrier profile and modulates
the electron tunneling. Thus when the polarization is varied with the external
electric field, the resistance state is obviously changed.

Although uniform RS behavior exhibits many advantages, currently the practical
application of uniform-type memory devices is still restricted by some intrinsic demer-
its. The key issue is that the uniform-type device performance is closely dependent on
the quality of the films and the junction [6]. For the carrier trapping-/detrapping-based
devices, the LRS and the HRS often show considerable relaxation, which deteriorates



Perovskite Materials, Devices and Integration

the device performance [9]. An effective interfacial modification is commonly required
to solve this problem. For the FT]-based devices, the tunneling current tuned by the
polarization is normally remarkably small, which hinders its actual application. In
addition, the ferroelectric layer is usually ultrathin, and how to maintain the ultrathin
film uniformity in a large scale is another technical issue.

3. Perovskite halide memory devices

In recent years, halide perovskites (HPs) have become a star material due to
its excellent optical and charge transport properties. The rapid advance in power-
conversion efficiency (PCE) of perovskite solar cells has exceeded by 20% [34], and
the simple and solution-based preparation enables low-cost production. HPs have
excellent electron migration ability and good optical absorption. With the develop-
ment of HPs, the hysteresis in the current voltage curve was observed and described
[35]. It is found that the hysteresis has a strong dependence on the voltage scanning
rate and transient response. lon migration is thought to be a possible origin of the
slow response [36]. This discovery paves the way for HPs’ applications in other
electronic devices, for example, resistive switching memory (memristors) [37-39],
field-effect transistors [40-42], and artificial synapse devices [43, 44]. Owing to its
unique features and manufacturing advantages, rapid progress has been made, and
HPs are considered as a promising candidate for the next generation of electronic
devices [45, 46].

3.1 Tunable bandgap

The perovskite material is an ABX; compound with a 3D framework
(Figure 3a), where A is a monovalent cation. A-site can be an inorganic or organic
cation, for example, methylammonium (MA*, CH;NH;"), formamidinium (FA®,
HC(NH,)?**), or Cs*; B is a divalent cation, and X is an anion. B is typically Pb (also
Sn) and X is a halide such as Cl, Br, or I. Based on the composition flexibility of
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Figure 3.

(a) Crystal structure of HPs [47]. (b) A schematic diagram of device structure halide perovskite memory [48].
(c) FET; based on CsPbBr; and fabrication method [47]. (d) Biological synapse compared to artificial synapses
[49]. (a, c) Reproduced with permission [47]. Copyright 2015, American Chemical Society. (b) Reproduced
with permission [48]. Copyright 2018, American Chemical Society. (d) Reproduced with permission [49].
Copyright 2019, American Chemical Society.
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HPs, the bandgap can be tuned by replacing elements at each position. In addition,
the bandgap can be tuned by controlling the crystalline structure of HPs and the
grain size [50].

It is a feasible method to change the length of the bonds between A and B/C
sites. In theory, the crystal lattice of the perovskite ABXj is expandable, and the gap
of the forbidden band is narrow. For example, the material obtained by replacing
the MA" in the MAPDI; with an ethylamine, a propylamine, a long-chain alkyl, or
an arylamine cation is generally a two-dimensional layered structure. The length
of alkylammonium cations at position A was reported in 1990 by Calabrese et al.,
and the synthesized HPs demonstrated a two-dimensional layered structure [51].
With the increase of the length of cation at site A, the maximum absorption peak
is red-shifted from 390 to 450 nm [51]. The modulation of the perovskite bandgap
by the substitution of A-site has been demonstrated by the density functional
theory (DFT), showing an obvious change, i.e., FA (1.5eV), MA (1.55eV), and Cs
(1.73 eV) [52, 53]. The angle of B-X-B bond in perovskite structure plays an impor-
tant role in regulating the bandgap of perovskite materials. Therefore, the change of
different metal ions (B) to regulate the structure and properties of perovskite mate-
rials is also of great concern. By substituting Pb by Sn at B site, MASnI; (1.3 eV)
exhibits a smaller bandgap than MAPbI; (1.55 eV) [53]. For the X site, when I ions
in MASnl; are doped with Br in different proportions, the bandgap of the materials
can be modulated between 1.3 and 2.15 eV, and the corresponding absorptions are
between 950 and 650 nm [54].

Another important way to adjust the bandgap is to control the quantum con-
finement in the nanoscale. Compared with 0D quantum dots or 1D nanowires, 2D
geometry provides a natural way to accurately control the thickness of quantum
wells for perovskite halides, resulting in a confinement effect. Huang et al. found
that a two-dimensional MAPbBr; perovskite layer could be regulated by the concen-
tration of oleic acid and the balance between surfactant and precursor in two phases
[55]. Two-dimensional MAPDbBr; nano-sheets with different layers show different
representative absorption spectra and photoluminescence spectra [55].

3.2 Ion migration

Many perovskite photovoltaic cells have exhibited I-V hysteresis behavior, as
shown in Figure 4 [36, 56, 57]. lon migration is thought to be an origin of the pho-
tocurrent hysteresis. Low formation energy of ionic defects combined with low acti-
vation energy for ion migration enables easy and fast ion migration in perovskite
halide materials. Although raising potential stability is an issue in HP solar cells, the
ion migration combined with the excellent optical and electrical properties of the
material also provides an opportunity for new devices such as optically controlled
memory and switched diodes.

HPs are good ionic conductors with fast ion migration ability. There are many
factors affecting ion migration, such as component ions, defects, cation rotation,
etc. We first briefly introduce the defect ions in perovskite crystals. HPs possess
various intrinsic point defects, such as vacancies, interstitial defects, and antisite
defects. Shao et al. found that ion migration at grain or grain boundary of MAPbI;
perovskite membrane is different [58]. Ion migration in perovskite membranes
can be regulated by the introduction of other foreign substances into grain bound-
aries, such as large fullerene derivatives (PC¢oBM) or small chloride ions [59,

60]. The modulation of ion migration is desirable for the development of high-
performance perovskite-based optically adjustable resistors and synaptic devices
[60]. Perovskite has been proven as an excellent ion conductor. Because of the ion
motion, the semiconductor material can be changed from p-doped to n-doped.
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Figure 4.

A typical IV hysteresis behavior of perovskite solar cells, with forward bias to short civcuit sweep (FB-SC) and
short circuit to forward bias sweep (SC-FB) [36]. Reproduced with permission [36]. Copyright 2014, American
Chemical Society.

By applying external bias, the device structure can be changed from p-i-n structure
to n-i-p structure, thus gradually changing the resistance of the device. This
memory characteristic of perovskite materials can simulate the signal process-
ing, learning, and memory functions of the nervous system [61]. Perovskite
memristors can reduce the energy consumption required for the primary signal
transmission of artificial synaptic devices to femto-Joule/(100 nm)? which is
similar to the ultralow energy consumption required for primary signal transmis-
sion in biological synapses. Due to the excellent optical and electrical properties
of perovskite materials, some biological functions read by optical signals have also
been discovered [62].

3.3 Flexibility

Flexible devices have enormous potentials for applications in emerging areas
such as wearable electronics, portable chargers, remote power supplies, auto-
mobiles, and aircrafts. The fabrication of the substrate is very important for the
flexibility of the final device, and the flexible device based on the polymer substrate
is usually needed, resulting in general processing, and manufacturing only in low-
temperature environments cannot withstand high-temperature processes. But HP
materials do not require high temperatures and can be processed at low tempera-
tures, and HPs provide mechanical flexibility. These make HPs a great advantage
in flexible device applications (Figure 5). For typical HPs, MAPbBr;, they have
weak interactions between organic elements. This combination is relatively weak,
so the shear between perovskite surfaces is easy to occur, which explains why this
perovskite can provide elasticity under mechanical deformation. The annealing
temperature of HPs is generally only one hundred degrees. Therefore, high flexible
polymer substrates can be used in HP-based flexible devices because of the low
processing temperature. Many repeated bending tests of HP solar cells and stor-
age devices have been reported. These studies show that the materials have a good
mechanical flexibility.
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(a) Photograph of a flexible RRAM device with the Al/CsPbBry/PEDOT:PSS/ITO structure [63]. (b)
Memory device based on flexible substrate of the Au/perovskite/ITO structure and I-V charactevistics [37].
(a) Reproduced with permission [63]. Copyright 2017, Amevican Chemical Society. (b) Reproduced with
permission [37]. Copyright 2016, American Chemical Society.

HP-based flexible resistive switch storage device has been fabricated on a
plastic substrate. After more than 100 times of bending radius of 1.5 cm, the stor-
age device still has electrical performance (Figure 5b) [37]. The first fiber-shaped
perovskite memristor was developed in 2016 [64]. In particular, fiber morphology
is expected to promote the application of perovskite materials in wearable memory
and computing device. Therefore, thanks to the good mechanical and electrical
reliability, HP-based devices are very promising for the next-generation flexible
memory devices.

3.4 Thin film preparation methods

In the field of perovskite solar cells, it is necessary to improve the photoelectric
conversion efficiency of perovskite solar cells with good thin film preparation
technology [65, 66]. Generally good perovskite thin films have smooth surface and
large grain size with relatively few defects. In order to achieve high-performance
devices, controlling the uniformity, thickness, and grain size of the HP layer is of
great importance in the fabrication process.

In the early preparation of the solar cell, the perovskite precursor solution is
usually spin-coated on the hydrophilic TiO, layer, and due to the hydrophilicity,
the perovskite is easily deposited on the TiO, [67, 68]. Resistive switch memory
and logic device is a kind of device with an insulating layer sandwiched between
two metal layers. Thus when we use a solution method to prepare HP layers for
the memristor devices, the perovskite precursor solution needs to be deposited on
the hydrophobic metal layer. However, it is difficult to use the solution method to
deposit a HP film on a hydrophobic metal surface. Because of the hydrophobicity of
metal electrodes, for example, a simple spin coating method of MAPbI; precursor
solution may produce island growth on the metal surface. One-step spin coating
therefore is not suitable for the fabrication of memory and logic device structures
without interfacial modification. In order to solve this problem, the surface of metal
electrode is usually treated with ultraviolet ozone (UVO) or O, plasma to change
the hydrophobicity of metal electrode. However, it is still not easy for HP thin films
to get a good uniformity, both in one-step spin coating and two-step spin coating.
This mainly originates from the difference between the general perovskite layer
annealing temperature and the solvent boiling point temperature. For example,
the annealing temperature of MAPBI; is generally 100-150°C, while for the solvent
perovskite, such as y-butyrolactone and N,N dimethylformamide, possessing high
boiling points of 204 and 153°C, respectively [44]. Thus the nucleation during the
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substrate annealing could be very slow, which tends to achieve poor film morphol-
ogy, such as cracks or even pores. Anti-solvent engineering can be applied in

spin coating process to eliminate this issue. In anti-solvent engineering, toluene,
chloroform, and other substances are often used as anti-solvents. Because they are
insoluble to perovskite, when anti-solvent is added, the anti-solvent begins to dif-
fuse and permeate into HPs solution. It is helpful for rapid nucleation. Anti-solvent
engineering has been successfully used in the fabrication of HP-based flexible
resistive switch memory [37]. However, the use of anti-solvent engineering will also
bring some problems. With the addition of anti-solvent, it gradually begins to dif-
fuse and permeate in HP solution. However, it is not possible for the anti-solvent to
diffuse and penetrate uniformly throughout the perovskite film, which may result
in a large distribution of the perovskite crystal size throughout the film. In order to
prepare more uniform membranes, it is usually necessary to add additives such as
alkane dimercaptan to control the crystallization kinetics of perovskite [69].

3.5 HPs for resistive switching memories

With the advent of the information age and the rapid development of the
Internet, the information that needs to be stored has been explosively increased,
and the traditional storage equipment is more and more difficult to meet the
demand. As a new-generation storage device, the memristor has great potential in
the field of storage. In terms of storage performance, excellent memory devices
need to have the advantages of fast working time, long service life, low power
consumption, and low cost.

For memristor applications, many materials have been used, from organic mate-
rials and binary metal oxides to perovskite halide. Among them, metal oxide-based
resistive switch devices have been extensively studied and applied in many fields.
However, the technology has many demerits, such as high-power consumption and
complicated fabrication process, which is not suitable for fabrication of flexible/
wearable devices. As discussed above, perovskite halides are an ideal alternative to
fabricate flexible devices [46].

For example, the change in the resistance switching for the MAPbI; memristor
is a filament-type mechanism with the direct reaction of the charge carriers with
the defects [39]. For RRAMs, fast charge transfer can reduce energy consumption.
In HPs, the carrier transport capacity can be enhanced with appropriate concentra-
tions of defects. For instance, doping MAPbI; with Br reduces the “SET” voltage,
thereby reducing the power consumption of the device. This is because the activa-
tion energy of ion migration with Br vacancies is smaller than that with I. Thus, the
HRS to LRS switching energy is reduced, and the switching response is accelerated.

At mentioned above, anti-solvent engineering has been utilized in the prepara-
tion of HP thin Films. The MAPbDI; thin films treated with toluene as anti-solvent
exhibit extremely low electric field about 3.25 x 10° V/cm and high switch-specific
resistance switching behavior [70].

As alow-cost material, HPs have a great potential for the development of wear-
able and portable devices. Yan et al. developed the first fiber-shaped perovskite
memristor [64]. In particular, fiber morphology is expected to promote the applica-
tion of perovskite materials in wearable memory and computing device.

As the volume of information increases, devices that can store more data in the
same size are the trend in the future. So, it is important to develop the memory
device into a device with high storage density. Hwang et al. fabricated MAPDI; layer
for nano-RRAM devices on 250 nm perforated silicon wafers by vapor deposition
[71]. The device has the characteristics of bipolar resistance switch, low operating
voltage, high switching speed (200 ns), high durability, and high data retention
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time (>10° s). In addition, the continuous vapor deposition technology is extended
to MAPbI; memristor with a cross-point array structure. This method enables large
area device fabrication for high-density memory devices [71].

All-inorganic perovskite halides, such as CsPbBr3, have also demonstrated
as working flexible nonvolatile memories, with a filament-type RS mechanism
(Figure 6a) [63]. CsPbBr; quantum dots are also developed for the memory cells
[73, 74]. Besides, due to lead in HPs being a component that pollutes the environ-
ment and is harmful to humans, it is also necessary to develop lead-free devices.
Han et al. successfully fabricated RRAMs based on lead-free inorganic cesium
iodide (CsSnl;) perovskite material, as shown in Figure 6b [72]. Some typical
HP-based RRAMs are compared, as shown in Table 1.

In addition to the traditional perovskite halides with ABXj structure, other
new types of materials have also been utilized in memory devices. 2D perovskite is
another promising candidate for RRAM. The conductivity of HPs is low, but it has
a good carrier transport ability. At present, most of the HP RRAMs are based on 3D
MAPDbX; and some 2D Ruddlesden-Popper (RP) phase perovskite. 2D perovskite
material has high Schottky barrier, 2D anisotropic structure, and electrothermal
activation energy characteristics. Compared with 3D perovskite devices, the off
current of 2D perovskite devices can be greatly reduced. Tian et al. reported the
utilization of single-crystalline 2D (PEA),PbBr, and graphene for RRAM [76].
The two sides of 2D HPs are entrapped by graphene and Au, respectively. Due to
the low conductivity of 2D HPs caused by multilayer organic ligands, there is no
leakage current channel in perovskite grain boundaries of 2D HPs. The off current
is limited to 1 pA. It is proven that the switching behavior has good reproducibility
by switching devices at 10 pA program current circulate 100 times. Cheng et al.
fabricated into Al/2D (CH3NH;),Pbl,(SCN); perovskite film/indium-tin oxide
[78]. The RRAM shows ternary switching. The three states have a conductivity
ratio of 1:10%10, with long retention over 10,000 s. A transparent 2D perovskite
(C4HyNHj;),PbBr, has also been developed for compliance-free multilevel RS
devices [79]. Ultrathin bismuth halide Cs;Bil, is also used as an electronic memory
device with a typical bipolar RS behavior [80].

For most exploited devices, the data only transiently converts the optical signal
into a circuit under illumination, which requires the use of additional converters
to further store the output signal and record the occurrence of optical stimuli. HPs
have a very strong optical absorption ability, low exciton binding energy, and long
life carrier transmission time, so HPs can display a short signal under illumina-
tion, which can be used in light-stimulated devices. Chen et al. first introduced the
concept of floating gate flash memory and successfully fabricated HP floating gate
photomemory with a multilevel memory behavior [81]. Wang et al. first introduced
a photonic RRAM based on CsPbBr; quantum dots. The CsPbBr; quantum dot layer

(a) (b)

Al electrode
CsPhBr film <
PEDOT:PSS=

Flexible 1'TO substrate

Figure 6.

(a) Schematic drawing of the CsPbBr;-based flexible vesistive switching memory [63]. (b) Schematic diagram
of the Ag or Au/PMMA/CsSnl,/Pt/SiO,/Si vertical stack structure [72]. (a) Reproduced with permission [63].
Copyright 2017, American Chemical Society. (b) Reproduced with permission [72]. Copyright 2019, American
Chemical Society.
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Device structure Set voltage On/off Retention Endurance Ref.
[V] ratio [s] [cycles]
Au/MAPbI;_,CL/FTO 0.8 10 1x10* 10? [38]
Ag/MAPbI/Pt 0.13 10° 1x10* 400 [70]
Ni/ZnO/CsPbBr;/FTO -0.95 10° 1x10* — [75]
Al/CsPbBry/PEDOT:PSS/ITO/PET -06 10? — 50 [63]
Ag/PMMA/CsPbls/Pt 0.18 10° — 300 [62]
Graphene/PEA,PbBr,/Au 2.8 10 1x 103 100 [76]
Ag/PMMA/CsSnls/Pt/SiO,/Si 0.13 10° 7 x 10° 600 [72]
Au/MAPbI;/Au 0.96 10® 1x10* 1000 [77]
Table 1.

Summary of hybrid perovskite RRAMs in this review.

is sandwiched by two PMMA layers. Silver is selected as the top electrode by ther-
mal evaporation [82]. In the absence of light, the device displays a bipolar resistive
switch memory. By inputting the light field and electric field signals, the current
will be used as the output signal to realize the switching logic operation.

The traditional von Neumann architecture requires a large amount of data trans-
mission directly in CPU and memory (memory wall). This leads to increased power
consumption. In order to solve this problem, Tian et al. proposed a fully distributed
architecture based on optical synapse. The optical synapse based on layered 2D
(PEA),Pbl, perovskite structure was prepared [83]. This 2D perovskite-type optical
synapse is similar to the biologic optical synapse with light-induced excitation/inhi-
bition. Based on the unique optical gate control effect, the ultrahigh light response
rate can reach 730 a/w. Lead-free 2D perovskite was also utilized for the first time in
the study of flexible optical synaptic devices [84]. A flexible optical synapse based on
2D perovskite (PEA),Snl; can mimic the short-term plasticity of biological synapses.

In addition to the single device operation, we should also pay attention to cross-
array arrangement of RRAMs. A large number of RRAMs can be connected to each
other in micro-space to form a cross-array structure. This architecture combines
the memory advantage of the RRAMs and the massively parallel processing of the
cross array. Cross arrays exhibit the characteristics of large-scale parallel process-
ing, distributed information storage, self-organization, self-adaptation, etc. RRAM
cross array provides a more convenient storage structure for binary images and a
new storage scheme for gray-scale images. Hwang et al. prepared homogeneous
perovskite thin films by sequential evaporation deposition and then prepared
16 x 16 cross-point array of RRAM [71]. The I-V characteristics of the memory cells
show a variation among different points, while the setting voltages remain similar,
and the on/off ratios are large for all devices. The memory characteristics prove
the feasibility of HPs in the application of high-density cross-point memory. Kang
et al. fabricated perovskite RRAM devices with high yield in 8 x 8 cross-bar arrays
using solution-treated perovskite films [77]. Among the 64 memory cells, 55 cells
are functional. These results are of great significance for the practical perovskite
storage equipment with low cost and high density through a simple solution.

4. Conclusions

In this chapter, we have outlined an overview of the application of perovskite
oxides and perovskite halides in memory devices. In the new era, artificial
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intelligence and IoTs are dramatically developing. Correspondingly, memory cells
are getting more and more important, especially in low-power information stor-
age and in neuromorphic computing. Although already developing for around two
decades, perovskite oxides are still one of the most promising materials for RRAM
owing to its high-endurance, chemically stable, and high-speed operation. However,
more efforts are expected for perovskite oxide-based memories. Technologically,
improving the endurance of the RS is still required for better actual application.
Fundamentally, the basic operational mechanism of perovskite oxide RRAM device
needs further investigation, especially considering the strong electron correlation
system. For the perovskite halide, as a rising star, it has exhibited a great potential in
the application of memristors. Flexible devices, low-cost fabrication, compositional
flexibility, and excellent optoelectronic properties enable the perovskite halides to
obtain potential application into wearable memory devices and artificial synapse.
However, the film quality of HPs should be further improved, because the memory
device performance is significantly dependent on the film uniformity. In addition,
the intrinsic stability issue needs to be addressed by intended doping and interfacial
passivation. Overall, further investigation is required to fulfill the expectation on
these promising materials for the next-generation electronics.
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