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Abstract

With the rapid development of data-driven human interaction, advanced data-

storage technologies with lower power consumption, larger storage capacity,

faster switching speed, and higher integration density have become the goals

of future memory electronics. Nevertheless, the physical limitations of conven-

tional Si-based binary storage systems lag far behind the ultrahigh-density

requirements of post-Moore information storage. In this regard, the pursuit of

alternatives and/or supplements to the existing storage technology has come to

the forefront. Recently, organic-based resistive memory materials have

emerged as promising candidates for next-generation information storage

applications, which provide new possibilities of realizing high-performance

organic electronics. Herein, the memory device structure, switching types,

mechanisms, and recent advances in organic resistive memory materials are

reviewed. In particular, their potential of fulfilling multilevel storage is sum-

marized. Besides, the present challenges and future prospects confronted by

organic resistive memory materials and devices are discussed.
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1 | INTRODUCTION

The advent of big data era has produced an unprece-
dented impact on the style of mutual communication in
the human life.1 Nowadays, the whole digital information
generated by the internet within 1 day can store up to bil-
lions of disks, which clearly reveals an increasing demand
for ultrahigh-density data storage (UHDDS) in the future.
To fulfill this target, the mainstream approach is to scale
down the conventional Si-based memory cell size and
improve the device integration capability.2 However, the
current microelectronic manufacturing technology of
complementary metal-oxide-semiconductor (CMOS) is
running into the difficulty of physical miniaturizing limi-
tations due to technical complexity and high cost, which
gradually lags behind the prediction of Moore's law.2-4

Therefore, striving for alternative information storage
solutions that can get rid of CMOS technical constrains
and benefit for realizing UHDDS is imperative.

Recently, resistive switching memory has emerged as a
promising contender for next-generation data storage tech-
nology due to its advantages of simple structure and flexibil-
ity.5-12 Besides, resistive memory holds great potential to
implement high storage capacity, fast data transfer rate,
short access time, low power consumption, and
neuromorphic computing, which can satisfy the critical
requirements for upcoming UHDDS electronics and artifi-
cial intelligent technologies.12-14 A typical resistive memory
device generally consists of two electrodes and a switching
layer between them, which can switch between high and
low resistance (conductance) states in response to an exter-
nal electric voltage.8,15 The high resistance state (HRS) can
be regarded as “0” bit in data storage, and thus the switching
from HRS to the low resistance state (LRS) is equivalent to
“0”-to-“1” binary conversion. Based on this concept, multi-
bit storage (eg, “0,” “1,” “2”) can be expected when more
than two resistance states of one material are acquired
under the electric field,16-18 which contributes to exponen-
tially increase the storage capacity within one memory cell.

To date, a variety of functional materials have
been discovered for resistive switching memory
applications,12,15 including organic materials,17-23 inor-
ganic compounds,24-27 and organic-inorganic hybrid
materials,28-32 in either single-component or multiple-

component form. Among these, organic-based and
organic-inorganic hybrid materials have aroused particu-
lar interests due to their fascinating properties.21,30,33-37

Compared with the inorganic counterparts, organic and
hybrid materials possess unique merits, such as low cost,
light weight, high scalability, and, more importantly,
compatibility with large-area solution-processing tech-
niques (eg, screen printing and inkjet printing) for roll-to-
roll fabrication.21,28,38-40 In addition, their optoelectronic
properties can be easily modulated by molecular design-
cum-synthesis strategy, which opens up possibilities of
achieving diverse memory functions.41-44 Their intrinsic
flexibility and softness also endow them superior ability
for stretchable and wearable electronics,45-47 which can
bring us closer to the future artificial intelligent lifestyle.
Thanks to these charming advantages, numerous research
efforts have been devoted to seeking for high-performance
organic-based data storage materials and devices.

In this review, we focus on the recent advances in
organic and organic-inorganic hybrid materials for resis-
tive memory applications, and aim to provide methodical
and comprehensive concepts to develop highly efficient
organic electronic devices for next-generation information
storage. This review begins with a brief introduction about
the structure of memory devices, switching types, and
operational mechanisms. Then, the research progress of
resistive switching based on organic small molecules, poly-
mers, bio-based materials, 2D graphenes, organometallic
molecules, metal-organic frameworks, polyoxometalate
(POM) molecules, and organic-inorganic hybrid perov-
skites, is summarized, as illustrated in Figure 1. Finally,
we outline the challenges and outlook for the further
development of organic-based resistive memory devices.

2 | MEMORY DEVICE
STRUCTURE, SWITCHING TYPES,
AND MECHANISMS

2.1 | Memory device structure

Most of the reported organic-based memory devices are
usually fabricated with two typical types of configura-
tions, namely, vertical metal-insulator-metal (MIM)
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structure and lateral field-effect transistor (FET) structure
(Figure 2). For both device structures, the electrodes and
organic active switching layers are prerequisite. Leaving
aside the organic memory functional materials, the most
widely used electrodes are metals or metal oxides, such

as Al, Au, Ag, Cu, Pt, p/n-doped Si, indium tin oxide
(ITO), fluorine-doped tin oxide (FTO), and so on. In addi-
tion to metal or metal oxide electrodes, organic electrode
materials have also been developed for the fabrication of
resistive memory devices, such as conductive polymers,
charge-transfer complexes, and highly conductive
reduced graphene oxide (rGO).

2.1.1 | Vertical MIM structures

Many organic-based memory devices are fabricated with
a vertical MIM structure, which sandwiches the resistive
switching layer between the bottom and top electrodes.
The vertical MIM structure can afford orderly device cell
arrays, such as a crossbar array geometry, which can lead
to an increase of integration density.55 In particular, a
crossbar configuration facilitates the fabrication of 3D
stacking of memory cell arrays, which is an efficient way
of realizing higher data storage capacity.56 For example,
Song et al demonstrated a 3D-stacked crossbar arrayed
resistive memory device of polyimide (PI) and 6-phenyl-
C61 butyric acid methyl ester (PCBM) composites, which
exhibited a high storage density with a vertical multilayer
device structure of Al/PI:PCBM/Al/PI:PCBM/Al/PI:
PCBM/Al (Figure 2A).53 It is noteworthy that the vertical
geometry also contributes to fabricate heterostructures
vertically by using various materials as the active layers.

2.1.2 | Lateral field-effect transistor
structure

In addition to the vertical MIM memory, another com-
mon organic memory device structure is organic field-
effect transistor memory (OFETM), which has a trans-
verse device structure with two laterally distributed

FIGURE 1 Schematic illustration of various kinds of organic-

based materials for resistive memory applications. Organic small

molecule-based materials. Reproduced with permission.48

Copyright © 2018 Wiley-VCH. Polymer-based materials.

Reproduced with permission.49 Copyright © 2017 The Royal

Society of Chemistry. Bio-based materials. Reproduced with

permission.50 Copyright © 2019 American Chemical Society. 2D

graphene-based materials. Reproduced with permission.51

Copyright © 2013 Wiley-VCH. Organic–inorganic hybrid materials.

Reproduced with permission.52 Copyright © 2016 Wiley-VCH

FIGURE 2 Schematic illustration of two typical memory device configurations. A, Vertical MIM structure. Reproduced with

permission.53 Copyright © 2011 Wiley-VCH. B, Lateral FET structure. Reproduced with permission.54 Copyright © 2015 American Chemical

Society. FET, field-effect transistor; MIM, metal-insulator-metal
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electrodes and an organic semiconductor channel, as
illustrated by an example from Chen et al54

(Figure 2B). The structure of OFETM is analogical
with that of OFET, which holds an architectural
advantage of compatibility with the conventional
CMOS technology. Generally, OFETM can be classified
into three types: (a) charge trap OFETM, which adopts
polymer or small molecules as the charge trapping
layers; (b) floating-gate OFETM, which uses a con-
ducting or semiconducting layer as charge-storage
part; and (c) ferroelectric OFETM, which relies on the
molecular dipoles of the dielectric materials.57 For
OFETM geometry, one major issue that remains to be
addressed is to lower the relatively high operating
voltages.

2.2 | Memory switching types

From the view of volatility, resistive memory devices can
be sorted out into volatile and nonvolatile ones
(Figure 3), which rely on whether the external electric
supply is required to retain the LRS. Both volatile and
nonvolatile memory switching are crucial for information
storage, which can implement different functions in light
of the specific memory storage requirement.

2.2.1 | Volatile memory

Volatile memory needs the continuous external elec-
tric power to sustain the given state. One common
volatile memory type is the dynamic random access
memory (DRAM). The DRAM can only maintain the
LRS for a short time after withdrawing the external
electric supply, which is not suitable for permanent
information storage. Volatile memory has the potential
for secure semiconductors and integrated electronic
circuits.

2.2.2 | Nonvolatile memory

Nonvolatile memory is categorized as the memory type
that can hold the stored information for quite a long time
after the removal of the electric pulse. Write-once-read-
many-times (WORM) memory and rewritable Flash
memory are two typical nonvolatile memory behaviors in
resistive switching materials and devices. The former is
not erasable. It switches from HRS to LRS when a certain
voltage sweep is applied. Afterwards, the LRS will not
change after retracting the external electric field. The lat-
ter can be erased and reprogrammed under the opposite
voltage pulse. In practice, Flash-type resistive memory
materials are promising alternatives in data storage
devices such as USB drives, hard disks, and other rele-
vant digital domains.

2.3 | Memory switching mechanisms

Accompanying the progress toward high-performance
organic resistive memory devices, considerable endeavors
have been dedicated to clarifying the underlying mecha-
nisms of the switching characteristics. Although there still
exist certain ambiguities, several referable memory mech-
anisms have been proposed on the basis of theoretical cal-
culations and experimental analysis, which are closely
correlated with the active materials and electrodes used in
the devices.15,58-61 Here, we enumerate the most common
and widely accepted switching mechanisms in the field of
organic resistive memory devices, including charge trans-
fer (CT), charge trapping, conformational change, redox
reaction, and filamentary conduction (Figure 4).

2.3.1 | Charge transfer

CT is a typical mechanism for explaining the resistive
memory behavior.60,66 It is the process that usually takes
place in donor-acceptor (D-A) systems under an external
electric field. During the period, the charges among
donor moieties receive the external energy and transfer
to acceptors (Figure 4A), forming a charge-redistributed
state to promote the transportation of charge carriers
among the molecular skeleton, thus leading to a more
conductive state (ie, HRS-to-LRS transition). Further-
more, this CT process would be reversible if the trans-
ferred charges could return back to the donors under the
opposite electric stimuli, thus recovering the D-A system
to its original state.

The formation of dipole moment caused by CT pro-
cess in D-A systems also contributes to the conductive
promotion. The large dipole moment is usually related to

FIGURE 3 Schematic illustration of the resistive memory

switching types
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a stable charge-separated state, corresponding to nonvol-
atile memory behavior. When the formed dipole moment
is small, the charge-separated state might be unstable
and has the tendency to dissociate after removing the
external electric field, affording volatile memory prop-
erty. Moreover, the CT process of D-A systems can be
influenced by several factors, such as the strength and
arrangement of D/A units, molecular conjugation, and
length. Noticeably, some measurements such as density
functional theory (DFT), in situ fluorescence spectra, and
UV/Vis absorption spectra can be adopted for CT
verification.

2.3.2 | Charge trapping

Charge trapping corresponds to a process arisen from
charge traps such as metal nanoparticles (NPs),67

fullerenes,68 carbon nanotubes,69 and organic electron-
withdrawing moieties.70-73 For the active materials with
charge trapping sites, charge carriers would gradually
inject from the electrodes into the trapping centers
among films as the voltage increases. When the voltage
reaches a certain value, nearly all traps can be filled
with charge carriers. The gathering of charges over trap-
ping sites facilitates the formation of a continuous

pathway for charge transport and thus enhances the
conductivity (Figure 4B). Accordingly, the device
switches from HRS to LRS, suggesting the OFF-to-ON
state transition.

From the view of charge trapping/detrapping, there
are two ways for the device to switch back to its initial
state, resulting in the reversible memory behavior. One is
to continue increasing the external unipolar electric field,
and then the amount of injected charges will exceed the
capacity of the conductive channel and induce the cou-
lomb repulsion between the trapped charges among the
active layer and those in the interface. As a result, the
conductive channel will decompose, causing the device
to switch back to its initial HRS. The other way is to
apply the reverse electric field to the device, and then the
trapped charge carriers will release from the trapping
centers, leading to the rupture of conductive transport
pathways and reversion from LRS to original HRS.

2.3.3 | Conformation change

Several organic molecules can undergo conformational
transformation under the action of electric field, causing
the changes of electric conductivities.63,74 For instance,
some polymers containing pendent carbazole groups or

FIGURE 4 Schematic illustration of different resistive switching mechanisms. A, Charge transfer. Reproduced with permission.18

Copyright © 2010 American Chemical Society. B, Charge trapping. Reproduced with permission.62 Copyright © 2012 Wiley-VCH. C,

Conformation change. Reproduced with permission.63 Copyright © 2012 Wiley-VCH. D, Redox reaction. Reproduced with permission.64

Copyright © 2019 American Chemical Society. E, Filamentary conduction. Reproduced with permission.65 Copyright © 2019 The Royal

Society of Chemistry
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other planar-conjugated moieties have been reported to
generate conformational change under the electric stim-
uli, producing a transition from a disordered orientation
to an ordered π-π stacking (Figure 4C). At the initial dis-
ordered structure, the charge transport efficiency is insuf-
ficient, and the molecular conductivity is low. When the
face-to-face π-π stacking is formed, the molecular
arrangement converts from irregularity to regularity, and
the ordered conformation can promote a conductive path
for the charge carrier transport, leading to the enhance-
ment of molecular conductivity from HRS to LRS.

2.3.4 | Redox reaction

Redox-dominated memories are based on the electro-
chemical redox reactions under the electric field, which
invoke electrons to transmit between molecular reduc-
tion and oxidation states, and thus alter the conductivity
of devices.17,75 The redox reactions of active materials are
often closely related with the metal atoms contained in
the molecular backbone, such as Fe, Co, and Mn. The
transition metal atoms usually possess various valences
and can be switched to each other under the influence of
external voltage, resulting in the change of molecular
conductivity to achieve binary or multilevel resistive
states. For instance, the ferrocene-containing organome-
tallic molecules can demonstrate reversible resistive
memory performance according to the redox reactions of
Fe2+ − e− = Fe3+ and Fe3+ + e− = Fe2+ (Figure 4D).76

For the redox-based memory, cyclic voltammetry
(CV) studies are often utilized to provide the experimen-
tal evidence of corresponding electrochemical redox
reactions.

2.3.5 | Filamentary conduction

For some memory devices, two types of filamentary con-
duction modes, namely, electrochemical metallization
memory (ECM)77-80 and valence change memory
(VCM),65 can account for the resistive switching behav-
ior. ECM demands an active top metallic electrode such
as Cu and Ag. By applying an electric voltage to the top
electrode, cations can be released from the top active
electrode and transport through the active layer, which
ultimately reduce to metal atoms at the counter electrode
and hence form metal filament. When the filament con-
nects both electrodes, the conductivity of device will
increase remarkably, switching from HRS to LRS. By fur-
ther applying a reverse voltage, the metal atoms are grad-
ually oxidized into cations again, thus the conductive

filament will decompose, and the conductivity of device
will decrease to its initial state simultaneously.

VCM forms a conducting filament through the mobile
donor-type defects such as oxygen vacancies (Figure 4E).
By applying an electric voltage, oxygen vacancies will be
collected at the cathode and diffused into the active layer,
forming oxygen-deficient filaments and thereby altering
the local conductivity. In a similar vein to ECM, VCM
also shows a bipolar filamentary switching behavior,
which is reversible under the opposite electric field. It
should be noted that several experimental methods have
been reported to verify ECM and VCM mechanisms, such
as the high-resolution transmission electron microscopy
(TEM), scanning electron microscopy (SEM), and in situ
scanning probe microscopy (SPM).

It should be worth noting that for the filamentary
conduction-based resistive memory devices, quantum
conductance effect can occur when the size of the con-
ductive filaments is confined to atomic scale, which
can facilitate the formation of discrete quantized
resistance states.80-82 For instance, Gao et al reported a
resistive memory device using the blend of poly
(3-hexylthiophene) (P3HT) and PCBM as organic storage
media.80 This Ag/P3HT:PCBM/ITO sandwich device
exhibited multiple LRS with quantized conductance
values by adopting appropriate compliance currents
(CCs), which originated from the formed Ag filaments
with different atomic point contacts, and showed the
potential for realizing ultrahigh-density memory storage
applications.

3 | ORGANIC SMALL MOLECULE-
BASED MATERIALS FOR RESISTIVE
MEMORY

Extensive studies have revealed that organic small mole-
cules could be applied as excellent resistive memory
materials, attributing to their advantages of low cost,
light weight, mechanical flexibility, and ease of
processing.47,48,66,70,83-104 Many organic small molecules
have been reported to exhibit resistive switching charac-
teristics, including the binary and even higher multilevel
nature.70,83-96,105,106 Especially for the multilevel resistive
memory, once demonstrated by Li et al with single-
component azobenzene-based organic small molecules,18

it has attracted numerous interests due to its promising
application for high-density data storage (capacity per
cell from 2n to 3n or even higher). Since then, intensive
efforts have been devoted to exploring organic small mol-
ecules and their multifarious derivatives with intrinsic
multilevel resistive switching properties.
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3.1 | Single-component organic small
molecules

Single-component organic small molecules can realize
multilevel memory through rational molecular design
and offer opportunities to modulate device performance
via structural tuning and understand their resistive
switching mechanism by theoretical calculations.41,70,94

One common and effective strategy of developing single-
component organic small molecules-based multilevel
memory is to incorporate different types of electron
donors (eg, methoxy, carbazole, and thiophene) and elec-
tron acceptors (eg, naphthalimide, benzothiadiazole, and
cyano) into one molecular skeleton. This molecular
design could induce stepwise CT processes in a single
D-A system, and thus lead to multilevel resistive
switching controlled by CT mechanism. For instance,
Poon et al reported a boron-based organic small molecule
(denoted as BF2BTDT, Figure 5A), which employed thio-
phene as donor and benzothiadiazole and boron

diketonates as two different acceptors.86 The as-fabricated
two-terminal memory device exhibited a distinct ternary
resistive switching behavior because of two-step CT pro-
cesses caused by the distinct acceptors (Figure 5B). Our
group recently also demonstrated a ternary memory
device based on a pyrene-fused large N-heterocene (den-
oted as PyTTQ, Figure 5C), which contained one type of
donor (thiophene) and two different types of acceptors
(pyrazine and benzothiadiazole), and presented tristable
resistive switching (Figure 5D).94 It is worth noting that
Zhang et al successfully fabricated a quaternary memory
device by rationally introducing three different electron
acceptors into a benzothiadiazole-based small molecule
NONIBTDT (Figure 5E and F), which extended the stor-
age capacity into a higher level (4n per device cell).97

Nevertheless, incorporating different electron accep-
tors is not the only way of implementing multilevel mem-
ory for single-component small molecules. As a
representative example, Song et al designed a meta-
conjugated donor-bridge-acceptor (DBA) optoelectronic

FIGURE 5 A, Chemical structure of BF2BTDT. B, The current–voltage (I–V) characteristics and retention time test of BF2BTDT-based

memory device. Reproduced with permission.86 Copyright © 2015 Wiley-VCH. C, Chemical structure of PyTTQ. D, I–V characteristics and

retention time test of PyTTQ-based memory device. Reproduced with permission.94 Copyright © 2018 Wiley-VCH. E, Chemical structure of

NONIBTDT. F, I–V characteristics and retention time test of NONIBTDT-based memory device. Reproduced with permission.97 Copyright ©

2015 Wiley-VCH
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FIGURE 6 A, Chemical structure of DBA. Inset: schematic illustration of ITO/DBA/Al sandwich device. B, I−V characteristics of the

device under dark and UV light. Reproduced with permission.107 Copyright © 2012 American Chemical Society. C, Chemical structure of

BCPO. D, BCPO-based resistive memory device with a crossbar structure, and the corresponding I−V characteristics under different CCs.

Reproduced with permission.108 Copyright © 2019 The Royal Society of Chemistry. BCPO, (bis-4-[N-carbazolyl]phenyl)phenylphosphine

oxide; CCs, compliance currents; DBA, donor-bridge-acceptor; ITO, indium tin oxide

FIGURE 7 A, Chemical structures of SubPc-P and SubPc-A. B, I–V characteristics of ITO/SubPc-P/Al and ITO/SubPc-A/Al devices,

switching from binary to ternary resistive memory. Reproduced with permission.41 Copyright © 2017 American Chemical Society. ITO,

indium tin oxide
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molecule (Figure 6A).98 Although DBA molecule con-
tained only one type of electron acceptor (cyano), the ver-
tical ITO/DBA/Al device could exhibit ternary resistive
switching under the cooperation of UV light and electric
stimuli (Figure 6B), providing an opportunity for achiev-
ing multifunctional devices. Mao et al recently reported a
memory device based on an active material of (bis-4-[N-
carbazolyl]phenyl)phenylphosphine oxide (BCPO,
Figure 6C).99 The ITO/BCPO/Al device presented high
reproducibility, excellent endurance, good thermal stabil-
ity, and biological synapse mimic ability. Moreover, four-
level distinct resistive states were successfully obtained
by gradient adjustment of the CCs from 10−4 to 10−1 A
(ie, 10−4, 10−3, 10−2, and 10−1 A, Figure 6D), indicating
potential application for multilevel information storage.

More impressively, the memory device performance
of single-component small molecules can be well modu-
lated through several structural engineering strategies,
such as molecular planarity, molecular length, single
atom substitution, intermolecular interactions, and so
on.60,62,92,100,101 For example, by improving the molecular
planarity as well as the molecular length, the operational
voltages of resistive memory devices were found to be
obviously decreased, which benefits for low power con-
sumption.62,100,101 Besides, Chan et al prepared two
subphthalocyanine (SubPc)-based small molecules (den-
oted as SubPc-P and SubPc-A, Figure 7A) and discovered
that altering the molecular substituent position from
peripheral SubPc-P to axial SubPc-A could succeed in
promoting binary to ternary resistive memory
(Figure 7B).41 Furthermore, our group recently reported
that the fabrication method of active films could also
influence the ultimate memory device performance.87

Compared with the conventional spin-coating method,
we employed a dip-coating technique to prepare small
molecular thin films, which enabled high-quality, homo-
geneous, and large-area nanopatterns, and thus realized
uniform resistive performances with high reproducibility
up to 96%. Another efficient strategy was proposed by
Zhao et al, which modified the bottom ITO electrode sur-
faces by octylphosphonic acid (OPA) monolayers, and
succeeded in boosting the ternary resistive memory yield
from pristine 42% to ultimate 86%.102 Overall, the unique
properties of single-component organic small molecules
make them promising candidates for next-generation
data storage devices.

3.2 | Multicomponent organic small
molecule blends and/or mixtures

In addition to the single-component counterparts,
organic small molecule blends, which are composed of

two or more different components, can also be adopted
as the active elements in resistive memories. On the one
hand, organic small molecule blends can utilize the
advantages of each component, which can thus afford
unique photonic and electronic properties. On the other
hand, the intermolecular interactions between different
components can be purposely tuned to trigger excep-
tional nanostructures and behaviors. In light of these
considerations, Li et al developed ordered vertical
nanostructural arrays from binary organic small mole-
cule blends of [2-(9-(4-[octyloxy]phenyl)-9H-fluoren-2-yl)
thiophene]3 (WG3) and trimethylolpropane (TMP) as a
charge trapping layer (Figure 8A), which improved the
charge trapping and charge-exciton annihilation effi-
ciency, and hence achieved high-performance pentacene-
based OFETM devices (as illustrated in Figure 8B) with a
large memory window of 45 V (Figure 8C), a fast
switching speed of 1.0 second, and a stable program-
ming/erasing endurance of 1.5 × 102 cycles (Figure 8D).48

Miao et al simply blended a donor of tri-carbazole (TCz)
with an acceptor of perylenediimide (PDI) and found that
the MIM-type ITO/TCz:PDI/Al devices displayed tunable
resistive memory behaviors from volatility to non-
volatility as the D/A blending ratio varies (5:1, 2:1, 1:1,
and 1:2).103 Zhu et al from the same group utilized a simi-
lar strategy of blending donor of indolo[3,2-b]carbazole
(ICz) with PDI acceptor (ICz:PDI = 2:1, 1:1, and 1:2), and
the resistive memory behaviors were modulated from
binary to ternary through the interactive coupling
between the donor and acceptor, which was confirmed
by the UV-vis spectroscopy and CV test of the blending
films.104

Meanwhile, several studies reveal that blending
organic small molecules with inorganic compounds can
also be useful for resistive switching applications. Bozano
et al demonstrated that embedding metallic NPs into
organic layers could result in evident bistable memory
behavior.67 In their work, MIM devices of Al/small mole-
cule/NPs/small molecule/Al structure were fabricated by
stepwise thermal evaporation, which could not exhibit
reliable resistive switching in the absence of NPs layer,
verifying the importance of metallic NPs. Yang et al also
carried out a lot of work about incorporating metallic
NPs into organic materials to acquire electrical memory
effects.109 Besides, Chang et al demonstrated that this
strategy could also be effective in OFETM.110 They pre-
pared a double floating-gate pentacene-based device
through adopting p-type copper phthalocyanine (CuPc)
NPs as the hole trapping sites and n-type single-crystal
fullerene (C60) needles as the electron trapping sites
(Figure 9A). Compared with the single floating-gate
CuPc-only (Figure 9B) and C60-only (Figure 9C) devices,
the as-prepared CuPc/C60 double floating-gate OFETM
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device exhibited unique multilevel memory behavior
with robust endurance of 5 × 102 cycles (Figure 9D),
remarkable retention stability of 104 s (Figure 9E), and
wide memory windows (Figure 9F). In a similar way,
Zhou et al utilized C60 as the floating gate and pentacene
or F16CuPc as the semiconducting layer, respectively,
and discovered that the as-fabricated flexible OFETM
devices showed a long retention time over 104 s and an
acceptable endurance under bending conditions.107 As
another typical example, Chen et al fabricated a
pentacene-based OFETM device using a photoactive
hybrid bilayer as dielectric, which comprised a self-
assembled monolayer of organic photochromic
diarylethenes and an ultrathin inorganic HfO2 layer.

54 In
light of writing input and electricity for erasing input,
the OFET device displayed reversible memory

characteristics over 104 endurable cycles. From these
advances, it can be anticipated that the organic small
molecule blends can also be applied for highly efficient
data storage materials.

4 | POLYMER-BASED MATERIALS
FOR RESISTIVE MEMORY

Polymer-based materials are another class of promising
contenders for the development of novel resistive mem-
ory devices.17,43,44,49,74,108,111-129 Polymer functional mate-
rials possess similar advantages to organic small
molecules, such as low cost, good flexibility, and ease of
processing, which can serve as alternatives or supple-
ments to their inorganic counterparts.43,111-120 As a

FIGURE 8 A, Schematic illustration of the fabrication process for WG3 nanostructural arrays. B, Schematic illustration of WG3

nanostructures-based OFETM device, and the energy-level diagram of pentacene, WG3, and TMP. C, Transfer characteristics obtained after

programming and erasing operations of the device. D, programming/erasing (P/E) endurance cycles of the device. Reproduced with

permission.48 Copyright © 2017 Wiley-VCH. OFETM, organic field-effect transistor memory; TMP, trimethylolpropane
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consequence, numerous research attention have been
paid to exploit various kinds of polymer materials that
own appealing memory performances. To date, there
have been several comprehensive reviews on the
polymer-based memory materials and devices. Two rep-
resentative reviews provided by Lin et al44 and Chen
et al121 systematically summarized the studies of utilizing
polymers as active elements for memory applications
before 2014. Herein, we mainly focus on the recent
research progress of the polymer-based resistive memo-
ries, in particular for multilevel storage implementation.

4.1 | Single-component polymers

Among the progresses of polymer-based resistive memo-
ries, single-component polymers have aroused extensive
concern due to their advantage of realizing binary and
multilevel resistive memory switching within one
designed macromolecule, which can avoid the probability
of phase separation in composite systems.17,63,114,115 In
2012, Liu et al reported the first single-component
polymer-based ternary memory device of P55
(Figure 10A,B)63 by combining the D-A induced CT and
conformational change mechanisms, which stimulated
the research interests of obtaining multilevel storage in a

single polymer system. Subsequently, a mass of conju-
gated or nonconjugated single-component polymers have
been reported to exhibit multilevel resistive switching
behaviors, usually accompanied by different D/A groups
within the macromolecular chain or connected as lateral
pendants. As a typical example, Zhuang et al presented a
copolymer of PMIDO3 (Figure 10C), which contained
carbazole as donor and nitroazobenzene as acceptor, and
exhibited three resistance states under electric field
(Figure 10D).114 They attributed this ternary memory
property to the dual-mechanism control of CT between
carbazole and nitroazobenzene, and the filamentary con-
duction induced by the high nitrogen contents in the lat-
eral chains. Zhang et al prepared a conjugated polymer of
PFTPA-Fc (Figure 10E) and astoundingly demonstrated a
quaternary memristive switching capability.17 PFTPA-Fc
was designed to comprise three redox active moieties,
that is, fluorene as main conjugated backbone, and
triphenylamine/ferrocene as lateral pendant groups.
Accordingly, the polymer presented triple oxidation
behavior, which made the vertical ITO/PFTPA-Fc/Pt
device capable of realizing quaternary resistive switching
(Figure 10F). More intriguingly, Liu et al synthesized
wafer-scale ultrathin 2D imine polymer (2DP) films at
the air-water interface with controllable thickness from
simple Schiff base polycondensation of benzene-

FIGURE 9 A, Schematic illustration of the pentacene-based OFETM device with CuPc/C60 double floating-gate, along with optical and

TEM images. B, Transfer characteristics of CuPc single floating-gate device under P/E operation. C, Transfer characteristics of C60 memory

device. D, Endurance test of CuPc/C60 double floating-gate OFETM memory device monitored after P/E processes. E, Retention time test of

CuPc/C60 double floating-gate device. F, Transfer characteristics of CuPc/C60 double floating-gate device. Reproduced with permission.111

Copyright © 2014 Wiley-VCH. OFETM, organic field-effect transistor memory; TEM, transmission electron microscopy
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1,3,5-tricarbaldehyde and p-phenylenediamine.115 They
discovered that this 2D polymer was porous, insulating,
and covalently linked, which was ideal for ECM-type
memory applications. The as-fabricated ITO/2DP/Ag
device exhibited bipolar resistive switching behavior with
a high ON/OFF current ratio of 105, a long retention time
up to 3.5 × 104 s, and a high device yield of 97%. In addi-
tion, the resistances of 2DP-based memory device varied
in different polar and nonpolar solvents, which showed
the potential of fulfilling multilevel storage.

Moreover, the memory device performance of single-
component polymers can also be well modulated by struc-
tural tuning and/or postprocessing.43,74,116,122 For instance,
Yen et al synthesized a series of single-component
benzodithiophene-based D/D and D/A-type conjugated
polymers and successfully acquired thermally recoverable
WORM memory behavior by adjusting the number of

thienyl donors in the side chains.116 Hung et al discovered
that the resistive switching types of as-prepared
carbohydrate-block-polyisoprene (MH-b-PIn) copolymers
(Figure 11A) could be easily modulated by solvent
annealing (THF/H2O = 1:1), while serving as active mem-
ory elements (Figure 11B).43 They carried out the solvent
annealing for different time periods and found that MH-b-
PI3.8k (annealed for 8 and 48 hours) and MH-b-PI12.6k
(annealed for 24 hours) could exhibit vertical cylinder
(Figure 11C), horizontal cylinder (Figure 11D), and spheri-
cal (Figure 11E) self-assembly nanostructures, respectively.
The fabricated ITO/MH-b-PI3.8k/Al and ITO/MH-b-PI12.6k/
Al devices thus afforded apparently different binary resis-
tive memory types, switching from WORM (Figure 11F) to
Flash (Figure 11G) and DRAM (Figure 11H) type behav-
iors. Notably, through increasing the flexible PI block con-
tents, the strain of MH-b-PI12.6k could be markedly

FIGURE 10 A, Chemical structure of P55. B, I–V characteristics and retention time test of P55-based memory device. Reproduced with

permission.63 Copyright © 2012 Wiley-VCH. C, Chemical structure of PMIDO3. D, I–V characteristics and retention time test of

PMIDO3-based memory device. Reproduced with permission.114 Copyright © 2012 American Chemical Society. E, Chemical structure of

PFTPA-Fc. F, I–V characteristics and retention time test of PFTPA-Fc-based memory device. Reproduced with permission,17 under the

Creative Commons License
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improved to 100%, leading to an excellent stretchable mem-
ory device (Figure 11I) with a large ON/OFF current ratio
over 106 (Figure 11J) and satisfactory endurance over
5 × 102 cycles under 40% strain (Figure 11K). Wang et al
prepared two homopolymers of PMNPE and PMPPE based
on the monomers of 2-methyl-acrylic acid 4-(1-cyano-
2-naphthalen-1-yl-vinyl)-phenyl ester (MNPE) and
2-methyl-acrylic acid 4-(1-cyano-2-pyren-1-yl-vinyl)-phenyl
ester (MPPE), which consisted of the same polymer chain
and electron acceptor (cyano group), but adopted different
terminal pedant moieties as electron donors (naphthalene
for PMNPE and pyrene for PMPPE).74 Through altering
donor moiety, the device performance of
ITO/homopolymer/Al varied from binary WORM memory

to ternary rewritable resistive switching, which was
ascribed to the cooperation of intramolecular D/A-induced
CT process and conformational change caused by the face-
to-face stacking of larger pyrene groups. In general, the
tuning feasibility of polymer-based resistive memory per-
formances is beneficial for obtaining desired electronic
properties.

4.2 | Multicomponent polymer blends
and/or mixtures

Polymer blends or mixtures with organic small molecules
have also been employed as the active materials for

FIGURE 11 A, Chemical structure of MH-b-PIn block copolymers. B, Schematic illustration of MH-b-PIn-based memory device. C,

AFM image of 8 hours annealed MH-b-PI3.8k film. D, AFM image of 48 hours annealed MH-b-PI3.8k film. E, AFM image of 24 hours

annealed MH-b-PI12.6k film. F, I–V characteristics of 8 hours annealed MH-b-PI3.8k-based device. G, I–V characteristics of 48 hours annealed

MH-b-PI3.8k-based device. H, I–V characteristics of 24 hours annealed MH-b-PI12.6k-based device. I, Schematic illustration of MH-b-PIn-based

stretchable memory device. J, ON/OFF current ratio and threshold voltage as function of different strains for MH-b-PI12.6k device. K, The

stability of MH-b-PI12.6k device at 40% strain. Reproduced with permission.43 Copyright © 2017 Wiley-VCH. AFM, atomic force microscopy;

PI, polyimide
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resistive switching memories.21,59,123-125 Lai et al fabri-
cated a transferable and flexible sticker-type macromolec-
ular memory device based on the graphene electrode,
which utilized the polymer blends of poly(methyl meth-
acrylate) (PMMA) and poly(3-butylthiophene) (P3BT) as
the active component (Figure 12A).120 The composite of
PMMA and P3BT exhibited excellent stability, flexibility,
and reproducibility for resistive memory on arbitrary sub-
strates, including rigid, flexible, stretchable, and non-
planar substrates (Figure 12B,C), which indicated the
prospect for implementing advanced wearable electron-
ics. Taking PMMA as the reference polymer, fullerenes
such as C60 were also demonstrated to be efficient blend-
ing components for electroactive resistive switching. For
example, Qi et al developed a C60 molecular wire in the
syndiotactic PMMA (st-PMMA) matrix, wherein the st-
PMMA folded into a helical conformation and encapsu-
lated C60 into its helical cavity to form a peapod-like 1D
st-PMMA/C60 complex (Figure 12D).68 The vertical MIM-
type memory device based on the st-PMMA/C60 complex
afforded irreversible WORM-type electric switching char-
acteristics (Figure 12E). Likewise, Cha et al reported a
PMMA-based blending system as an active layer for
organic resistive memory, whereas the other blending
component was chosen as a highly polar organic small
molecule of succinonitrile (SN).124 By mixing SN into
insulating PMMA solutions with increased

concentrations from 0 to 3 wt%, the polymer composites
showed unipolar-type resistive switching behavior with a
high ON/OFF current ratio over 104 and long retention
time over 104 s.

In addition, polymer composites with organic small
molecules have emerged as efficient materials for multi-
level resistive memory.21,130 For instance, Hu et al
designed a composite of conjugated polyazomethine poly-
mer and p-toluenesulfonic acid small molecule according
to the proton doping strategy (PA-TsOH, as shown in
Figure 13A).130 Under the effects of electric field-
controlled molecular doping/dedoping between p-
toluenesulfonic acid and polyazomethine, PA-TsOH
showed bipolar resistive switching behavior (Figure 13B).
Moreover, PA-TsOH could exhibit excellent multilevel
storage capability by applying different RESET voltages
(Figure 13C), which showed reliable endurance of
8 × 102 cycles (Figure 13D). Leydecker et al reported a
multilevel optical thin-film transistor memory device
based on a polymer/small molecule bicomponent blend
of poly(3-hexylthiophene) and photochromic diar-
ylethene, which could switch under ultraviolet and green
light irradiation.21 The as-fabricated photoresponsive
device on a flexible substrate achieved over 256 (8 bit
storage) current levels, with stable endurance over
70 cycles, nonvolatility beyond 500 days, and a fast
switching speed of 3 ns.

FIGURE 12 A, Schematic illustration of the memory device along with the chemical structures of PMMA and P3BT. B, Photographs of

the device under repetitive bending. C, I–V characteristics of the device under bending condition. Reproduced with permission.120 Copyright

© 2013 Wiley-VCH. D, Schematic illustration of C60-based 1D molecular wire formed within st-PMMA helical cavity. E, I–V characteristics

of st-PMMA/C60-based memory device. Reproduced with permission.68 Copyright © 2013 Wiley-VCH. P3BT, poly(3-butylthiophene);

PMMA, poly(methyl methacrylate); st-PMMA, syndiotactic PMMA
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It should be noted that polymers could also serve as
matrixes for metallic NPs or other inorganic compounds
for memory operations.49,126-129 Zhang et al prepared uni-
form charge-trapping Co9Se8 quantum dots (CSQDs) and
blended them with polyvinylpyrrolidone (PVP). Based on

this blend, they demonstrated a flexible Al/CSQDs-PVP/Pt
resistive memory device (Figure 14A) with a high ON/OFF
current ratio, a low operating voltage of 1.6 V (Figure 14B),
and good retention stability over 3.2 × 103 s
(Figure 14C).126 Yeon et al used water-soluble polyvinyl

FIGURE 13 A, Chemical structure of PA-TsOH. B, Consecutive I−V cycles of Pt/PA-TsOH/Pt memory device. C, Multilevel operation

of the device. D, Endurance measurement of the device in a pulse mode. Reproduced with permission.130 Copyright © 2012 American

Chemical Society

FIGURE 14 A, Photograph of the flexible Al/CSQDs-PVP/Pt/PET memory device. B, I–V characteristics of the device. C, Retention

time test of the device. Reproduced with permission.126 Copyright © 2016 American Chemical Society. D, I–V characteristics of ZnO:Ga/

MoS2–PVA/Ag device. E, I–V characteristics of ZnO:Ga/WS2–PVA/Ag device. F, Retention time test of ZnO:Ga/WS2–PVA/Ag device.
Reproduced with permission.128 Copyright © 2017 Wiley-VCH. CSQDs, Co9Se8 quantum dots; PVA, polyvinyl alcohol; PVP,

polyvinylpyrrolidone
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alcohol (PVA) as an insulating matrix for 2D transition
metal dichalcogenides of MoS2 and WS2 nanosheets. The
vertical MIM devices of ZnO:Ga/MoS2-PVA/Ag and ZnO:
Ga/WS2-PVA/Ag were fabricated and demonstrated binary
WORM-type memory behavior with a high ON/OFF cur-
rent ratio of ~103 at 2.0 V for MoS2 (Figure 14D) and at
−1.0 V for WS2 (Figure 14E,F), respectively.128 Compara-
bly, Siddiqui et al mixed PVA with 2D hexagonal boron
nitride (hBN) materials and obtained an organic-inorganic
nanocomposite of hBN-PVA.49 Through an all-printed
method, a flexible MIM device of Ag/hBN-PVA/ITO on the
PET substrate was fabricated and found to display typical
rewritable resistive switching characteristics, with a small
operating voltage of 0.78 V and highly robust write-read-
erase-read (WRER) biasing endurance over 103 cycles.
These results suggest that polymer composites are potential
candidates for future flexible, robust, and low-power resis-
tive memory devices. Attributed to the abovementioned
research progress, polymer materials and their derivatives
are increasingly attracting interest for realizing information
storage applications.

5 | BIO-BASED MATERIALS FOR
RESISTIVE MEMORY

Recently, there is an emerging demand on the develop-
ment of bio-based materials for resistive memory devices.
Compared with inorganic materials, bio-based materials

are renewable and environment friendly and usually
exhibit superior biocompatibility, biodegradability, sus-
tainability, and flexibility.39,50,131-141 Many biomaterials
can be easily extracted from natural abundant resources
and hence are of low expenditure. Bio-based materials
can effectively suppress the shortage of toxic and pollut-
ing characteristics that exist in traditional inorganic
materials. Thanks to these advantages, biomaterials have
already invoked great concern for biocompatible and bio-
degradable resistive switching devices.

Egg albumen is one of the common biomaterials that
can be acquired in the daily life. Yan et al proposed a
highly transparent and flexible memristor device, which
selected egg albumen as the active element
(Figure 15A).50 This albumen-based memristor device
possessed outstanding memristive property (Figure 15B),
which could mimic certain neural bionic behaviors by
applying pulse trains (Figure 15C), proving natural low-
cost materials applicable for intelligent artificial synaptic
systems. Albumen-based, large-area paper substrates with
both robust physical flexibility and excellent electrical
properties were fabricated by Zhou et al (Figure 15D) via
a simple thermal and chemical reaction process.131 The
developed flexible Au/egg albumen/Au device on the
albumen paper substrate (Figure 15E) showed excellent
memory behavior with good stability, satisfactory endur-
ance, and device-to-device reproducibility (Figure 15F).
Jang et al used recombinant DnaJ protein as the
switching layer in a Cu/DnaJ/Pt memory cell

FIGURE 15 A, Fabrication process and schematic illustration of W/egg albumen/ITO/PET memristor. B, I−V characteristics of the

device. C, Current vs time in device measurement under successive 50 pulses. Reproduced with permission.50 Copyright © 2019, American

Chemical Society. D, Photograph of the artificial flexible egg albumen substrate. E, Photograph of the Au/egg albumen/Au crossbar arrays in

high-angle bending state. F, Device-to-device stability of the resistive switching behavior. Reproduced with permission.131 Copyright © 2019

The Royal Society of Chemistry. ITO, indium tin oxide
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(Figure 16A), and successfully obtained high-performance
resistive switching devices (Figure 16B) owing to the for-
mation/rupture of conductive Cu filaments in the protein
layer (Figure 16C).134 Human hair is another easily avail-
able biomaterial with reasonable endurance and adapta-
tion. Guo et al extracted organic keratin from hair
(Figure 16D) and discovered that the related memory
devices could maintain outstanding resistive characteris-
tics after 150 consecutive WRER cycles (Figure 16E,F).136

Furthermore, some bio-based materials have proven
to exhibit highly efficient multilevel memory behaviors
through fine-tuning of CCs. Lin et al demonstrated that
utilizing organic keratin from human hair as the solid
electrolyte layer in memory devices could further result
in multilevel resistive switching (Figure 17A).137 They
prepared the MIM-type Ag/keratin/FTO devices and
found that these devices displayed Flash-type resistive
switching (Figure 17B) and afforded reliable nonvolatile
multilevel memory behaviors by altering CCs
(Figure 17C), wherein the resistive switching property
originated from the electrochemical formation/rupture of
Ag conductive filaments in the keratin layer. Wang et al
acquired sericin protein from silk and adopted it as the
functional material for flexible memory devices
(Figure 17D).140 The Ag/sericin/Au devices presented a
large ON/OFF current ratio above 106 (Figure 17E) and
multilevel memory performance by setting different CCs
(Figure 17F). Interestingly, Xu et al used biocompatible
pectin from orange peel for resistive memory

(Figure 17G).141 The flexible Ag/pectin/ITO sandwich
device on the PET substrate exhibited a low switching
voltage of ~1.1 V (Figure 17H), a fast switching speed
(< 70 ns), and multilevel storage behaviors under the
assistance of different CCs (Figure 17I). More impres-
sively, the biopectin functional layer could be dissolved
rapidly into water within 10 minutes due to its good solu-
bility, which made the memory device applicable for
secure high-density data storage. These research pro-
gresses facilitate the development of smart and wearable
memory electronics based on bio-inspired materials. The
fabrication of biocompatible resistive memory devices
has emerged as an exciting research topic, which pro-
vides another technical solution for next-generation
information storage technology.

6 | 2D GRAPHENE-BASED
MATERIALS FOR RESISTIVE
MEMORY

Graphene is an elemental carbon allotrope with sp2 con-
figuration of a honeycomb crystal lattice in a single-layer
sheet, and it is regarded as the first member of 2D mate-
rials family. Since its discovery, graphene has undergone
a rapid development and shown broad prospects in a
variety of fields including batteries, sensors, field-effect
transistors, and optoelectronic devices.142-150 Notably,
graphene-based materials have also demonstrated

FIGURE 16 A, Schematic illustration of Cu/DnaJ/Pt memory device. B, I−V characteristics of the device. C, Schematic illustration of

Cu atom distribution throughout the device in LRS and HRS. Reproduced with permission.134 Copyright © 2018 American Chemical

Society. D, Chemical structure of keratin. E, Typical I–V curves of Ag/keratin/ITO with different laps. F, Endurance test of the device.136

Copyright © 2019 The Royal Society of Chemistry. HRS, high resistance state; ITO, indium tin oxide; LRS, low resistance state
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as promising alternatives for resistive memory applica-
tions, thanks to its easy solution-processing features,
outstanding physical and chemical adjustability, 3D
stacking capability, and possibility of obtaining hetero-
structures.51,151-167 The most common solution-
processing forms of graphene-based derivatives for resis-
tive memory are GO and rGO.51,154,156 Their composites
functionalized with other materials such as polymers and
inorganic NPs can also be utilized as effective active
memory elements.157-160,166

He et al reported the first example of single-
component GO-based resistive memory device, which
introduced a thickness of ~30-nm GO layer between Cu
and Pt electrodes.155 The fabricated Cu/GO/Pt device

showed typical rewritable memory characteristics with a
low operational voltage of 0.8 V (Figure 18A), a
switching endurance of 102 cycles (Figure 18B), and a
long retention time of 104 s (Figure 18C). Moreover,
through setting various magnitudes of CCs, multilevel
resistive switching behavior could be achieved, which
implied high-density data storage potential. In their
study, the formation of Cu filament was supposed to
cause the associated switching behavior. In the follow-
ing research, GO was further demonstrated to be appli-
cable for flexible nonvolatile memory devices. Besides,
single-component rGO materials have also been used as
functional elements for resistive memories. Zhao et al
prepared partially reduced rGO nanosheet (Figure 18D)

FIGURE 17 A, Chemical bonds and structure of keratin. B, I–V characteristics of Ag/keratin/FTO memory device. C, I–V
characteristics of the device under different CCs. Reproduced with permission.137 Copyright © 2019 The Royal Society of Chemistry. D,

Photograph of flexible Ag/sericin/Au memory device. E, I–V characteristics of the device. F, I–V characteristics of the device under different

CCs. Reproduced with permission.140 Copyright © 2013 Wiley-VCH. G, Photograph of pectin powders and suspension extracted from orange

peel. H, I–V characteristics of Ag/pectin/ITO memory device. I, I–V characteristics of the device under different CCs. Reproduced with

permission.141 Copyright © 2018 Wiley-VCH. CCs, compliance currents; FTO, fluorine-doped tin oxide; ITO, indium tin oxide
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and inserted it between Au and ITO substrates to fabri-
cate an MIM-type memory device.156 The corresponding
device displayed WORM resistive switching with an
operational voltage of ~5.0 V (Figure 18E), a reliable
ON/OFF current ratio of 103, and a long retention time
of 105 s (Figure 18F). Noteworthily, the same group also
acquired an all-GO-based flexible resistive memory
device by using highly conductive rGO (hrGO) as top
and bottom electrodes and lightly reduced rGO (lrGO)
as storage medium (Figure 18G).51 The vertical hrGO/
lrGO/hrGO device succeeded in presenting nonvolatile
WORM-type resistive memory behavior, accompanied
by a switching voltage of −13 V (Figure 18H), an
ON/OFF current ratio of 102, and a remarkable bending
reliability of 103 times (Figure 18I). Because the hrGO
was inert with respect to the common active metal elec-
trodes (eg, Cu, Ag, and Al), the origin of switching was

ascribed to the irreversible oxygen migration in the
lrGO film. This report of all-GO resistive switching pro-
vided possibilities of achieving all-organic-based elec-
tronic memory devices.

Besides, polymer-functionalized composites of
graphene have also been widely used for resistive mem-
ory due to their flexibility, simple fabrication process,
and tunable memory properties.157-160 Engineering
graphene-based materials with polymer matrixes can
demonstrate excellent memory characteristics, for exam-
ple, Zhuang et al covalently grafted triphenylamine-based
polyazomethine (TPAPAM) onto GO sheets, which con-
sisted of carboxyl groups at the plane edge.158 Through
amido bonding, a TPAPAM-GO composite was formed,
which was then integrated into a memory device of
ITO/TPAPAM-GO/Al (Figure 19A). The resultant device
exhibited prominent rewritable binary memory behavior

FIGURE 18 A, I–V characteristics of Cu/GO/Pt memory device. B, Endurance test of the device. C, Retention time test of the device.

Reproduced with permission.155 Copyright © 2009 American Institute of Physics. D, Chemical structure of partially reduced rGO

nanosheet. E, I–V characteristics of Au/rGO/ITO memory device. F, Retention time test of the device. Reproduced with permission.156

Copyright © 2012 American Chemical Society. G, Schematic illustration of all-carbon-based hrGO/lrGO/hrGO memory device. H, I–V
characteristics of the device. I, Bending test of the device. Reproduced with permission.51 Copyright © 2013 Wiley-VCH. rGO, reduced

graphene oxide; hrGO, highly conductive rGO; ITO, indium tin oxide; lrGO, lightly reduced rGO
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with a low operational voltage of −1.0 V (Figure 19B), a
high ON/OFF current ratio above 103, a long retention
time of 3 hours (Figure 19C), and read cycles up to 108

under a constant voltage bias of −1.0 V. In light of this
study, the subsequent research witnessed a variety of
polymer-GO composites for memory storage, such as
PI,159 P3HT,160 and polystyrene (PS),161 which could even
actuate multilevel resistive switching for high storage
capacity. In addition to polymers, composites of GO/rGO
sheets with organic small molecules or inorganic com-
pounds (eg, Au NPs and MoS2) were also developed for
resistive memory devices.162-169 Cui et al decorated
4-mercapto-benzenediazonium tetrafluoroborate salts
onto the surface of rGO sheets, which subsequently
attached onto the surfaces of Au NPs via strong Au-S
bonding interactions.164 The resulted rGO-AuNP com-
posite was fabricated into vertical MIM and lateral FET
structured memory devices, respectively. The vertical
device of Al/rGO-AuNP/ITO showed bistable FLASH-
type memory performance, while the lateral device dis-
played a reversible hysteresis of DRAM behavior. Zhu
et al embedded a 2D multilayer hBN material between
two graphene electrodes (Figure 19D) to obtain a
memristor of Au/Ti/G/hBN/G/Au (G = graphene).165

The device was demonstrated to display ternary resistive

memory performance under the CC of 1 mA
(Figure 19E), along with repeatable switching endurance
of 3 × 102 cycles (Figure 19F). An analogous study was
proposed by Shin et al,166 which sandwiched a metallic
1 T-MoS2 layer between two GO films. The fabricated
heterostructures of Au/GO/MoS2/GO/Al exhibited satis-
factory resistive switching characteristics of at least four
resistance states, a long retention time above 108 s, and a
reliable WRER endurance over 102 cycles, which were
attributed to the charge trapping/detrapping effects of
MoS2. Taking advantages of MoS2, Yalagala et al grew a
hybrid of graphene and MoS2 (Gr/MoS2) on cellulose
paper substrate and fabricated a paper-assisted Cu/Gr/
MoS2/Ag memristor, which displayed excellent resistive
switching behavior with a high ON/OFF ratio of 104, a
stable retention time of 104 s, and robust mechanical
bending flexibility of 5 × 102 cycles.167

In short, the exploration of 2D graphene-based resis-
tive memory devices remains to be a promising research
direction. Benefiting from the deep understanding of
switching mechanisms and the discovery of novel func-
tional materials with clear structure-property relations,
resistive memories based on graphene and related 2D
materials hold great promise to realize next-generation
data storage technology.

FIGURE 19 A, Chemical structure of TPAPAM-GO. B, I–V characteristics and stability of ITO/TPAPAM-GO/Al memory device. C,

Retention time test of the device. Reproduced with permission.158 Copyright © 2010 Wiley-VCH. D, Cross-sectional illustration of Au/Ti/G/

hBN/G/Au memory device. E, I–V characteristics of the device. F, Endurance test of the device. Reproduced with permission.165 Copyright ©

2019 American Chemical Society. hBN, hexagonal boron nitride; ITO, indium tin oxide; TPAPAM, triphenylamine-based polyazomethine
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7 | ORGANIC-INORGANIC
HYBRID MATERIALS FOR
RESISTIVE MEMORY

7.1 | Organometallic complexes

Organometallic complexes (OMCs) have also attracted
great interest for resistive memory switching in recent
years. Many research teams have successfully synthesized
OMCs for information storage applications.35,40,170-179

OMCs are usually made of transition metals with well-
defined coordination structures and surrounding ligands.
The interactions between metal ions and ligands endow
OMCs with tunable electrochemical properties that can
facilitate the formation of binary or multilevel states for
resistive memories. Some of these features, such as the
presence of multiple well-defined redox states and the

abundance of metal-ligand CT processes, are particularly
favorable for implementing unique resistive switching
behaviors.

Ferrocene-containing organometallic molecules are
typical materials that possess robust electrochemical
properties and have been used in a wide range of applica-
tions including memory devices. The redox property of
Fe center between ferrocene (Fe2+) and ferrocenium (Fe3
+) can greatly change its electrical conductivity, thus
resulting in resistor-type memories. For instance, Xiang
et al prepared four conjugated ferrocene-containing
fluorenylethynylene polymers (denoted as PFcFE1,
PFcFE2, PFcFE3, and PFcFE4) with the donors of
triphenylamine (TPA), carbazole, or thiophene moiety in
the main chain (Figure 20A).76 The different donors were
found to significantly affect the memory behaviors. The
TPA or carbazole-containing PFcFE1, PFcFE2, and

FIGURE 20 A, Synthesis of PFcFE1–PFcFE4. B, I–V characteristics of ITO/PFcFE1–PFcFE4/Al memory devices. Reproduced with

permission.76 Copyright © 2016 The Royal Society of Chemistry. C, Synthesis of Py-Fc. D, I–V characteristics of ITO/Py-Fc/Al memory

device. The inset denotes the surface morphology of Py-Fc film. E, Schematic illustration of the redox-controlled mechanism for the resistive

switching. Reproduced with permission.64 Copyright © 2019 American Chemical Society. ITO, indium tin oxide
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PFcFE3 showed FLASH-type memory while the
thiophene-containing PFcFE4 showed WORM-type
memory performance (Figure 20B). According to the CV
results and DFT calculation, the different resistive
switching was ascribed to the redox property of ferrocene
and the distinct main-chain structures of four conjugated
polymers. Recently, our group reported a ferrocene-based
organometallic molecule, namely Py-Fc, which intro-
duced the redox-active ferrocene into an organic small
molecular skeleton (Figure 20C).64 Py-Fc afforded reli-
able FLASH-type resistive memory characteristics
(Figure 20D), which relied on the redox-controlled
switching of ferrocene moiety (as illustrated in
Figure 20E).

Besides, recent works have revealed that various tran-
sition metals can be adopted in OMCs for resistive mem-
ory devices, such as noble metals (Ru, Ir, Pt, and Au) and
non-noble metals (Fe and Co). A typical work was
reported by Goswami et al, which utilized an aromatic
azopyridyl Ru complex of mer-[Ru(L)3](PF6)2 as the
active layer for high-performance resistive memory
devices.35 They prepared the MIM-type devices with two
different configurations of ITO/mer-[Ru(L)3](PF6)2/Au
and ITO/Au NPs/mer-[Ru(L)3](PF6)2/Au, respectively.
Au NPs were sputtered at the ITO-complex interface for
decreasing the charge injection barrier. These mer-[Ru
(L)3](PF6)2-based devices exhibited remarkable Flash-
type memory performance with fast switching speed
(≤30 ns), excellent endurance (~1012 cycles), high

retention stability (>106 s), and satisfactory scalability
(down to 60 nm2). The insertion of Au NPs layer between
ITO and Ru complex was found to greatly decrease the
SET/RESET switching voltages from around ±4.0 V to
around ±0.5 V, which manifested the potential for low-
power consumption. Tang et al fabricated a TPA-
appended bis-terpyridine Co(II) complex (1(PF6)2,
Figure 21A) as the functional material for resistive
switching.174 As shown in Figure 21B, the ITO/1(PF6)2/
Au device displayed a Flash-type resistive memory behav-
ior with a large ON/OFF current ratio over 103 and low
SET/RESET voltages (< ±3 V). Besides, the voltage
sequence and current response of the repeated WRER
cycles (−3 V/+0.2 V/+3 V/+0.2 V) suggested reliable
endurance of the memory performance (Figure 21C, D).

Note that in addition to the binary memory features
described earlier, OMCs can also implement multilevel
storage. In 2015, Au et al for the first time reported a
small-molecule bis-cyclometalated alkynylgold(III) com-
plex with TPA moiety connected to the terminal of the
alkynyl group (denoted as TPA-Au, Figure 22A),175

which was found to exhibit excellent bipolar WORM-type
binary memory behavior with a switching voltage of
2.2-2.8 V (Figure 22B), a high ON/OFF current ratio
above 105, and a long retention time above 104 s
(Figure 22C). More intriguingly, by replacing the TPA
unit with a phosphole oxide moiety, the as-obtained com-
plex (denoted as PPO-Au, Figure 22D) displayed ternary
memory behavior with low operational voltages of ~1.54

FIGURE 21 A, Chemical structure of 1(PF6)2. B, I–V characteristics of ITO/1(PF6)2/Au memory device. C, Input applied voltage

sequence and D, output current responses of repeated WRER cycles of the device. Reproduced with permission.174 Copyright © 2017 The

Royal Society of Chemistry. ITO, indium tin oxide; WRER, write-read-erase-read
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and 2.64 V (Figure 22E), high OFF/ON1/ON2 current
ratios of 1/103/107, and a good retention stability of
7.5 × 103 s (Figure 22F).176 In light of these progresses,
researchers from the same group prepared a series of
small molecular OMCs for high-performance resistive
memory devices,40,177,178 which manifested the potential
of OMC materials in data storage application. The OMC-
containing polymers can also achieve such binary to mul-
tilevel transition. Ma et al synthesized a nonconjugated
polymer containing an azobenzene-pyridine unit in the
lateral chain (PAzo-py).180 In addition, they coordinated
a metal complex (M[Phen]Cl2, M = Cu, Pd) to the pyri-
dine group and obtained polymeric complexes of PAzo-
py-Cu(Phen)Cl2 and PAzo-py-Pd(Phen)Cl2. Although the
polymer of PAzo-py presented binary resistive switching,
the complexes of PAzo-py-Cu(Phen)Cl2 and PAzo-py-Pd
(Phen)Cl2 performed nonvolatile ternary memory behav-
ior, which could be ascribed to the two different electron
transport pathways: one was the HOMO-LUMO electron
transition within the polymer backbone and the other
was the electron transition of metal-ligand induced CT
process. Generally speaking, the unique characteristics of
OMCs can be acquired by the rational usage of commer-
cially available metals and flexible ligands design. There-
fore, TMCs have been regarded as excellent supplements

to the state-of-the-art active materials for resistive mem-
ory devices.

7.2 | Metal-organic frameworks

Metal-organic frameworks (MOFs) are categorized as
organic-inorganic hybrid materials that consist of metal
ions and organic linkers. MOFs have played a significant
role in many research fields since their appearance,
including gas storage, sensors, catalysis, separation, and
energy storage.181-191 Compared with the abovementioned
applications, the examples of utilizing MOFs for elec-
tronic devices remained rare since many of them showed
insulating properties. However, as MOF materials inte-
grate the advantages of both organic ligands and inor-
ganic metal atoms, more attention has been paid to
extend their applications into electronic devices. In recent
years, researchers have successfully achieved the effective
ways for improving the conductive ability of MOF mate-
rials by adsorbing small molecules and ions, which take
full advantages of the unique periodic and porous
structure of MOFs. These progresses also bring the
new application of MOFs into the field of resistive
memories.29,30,192-195

FIGURE 22 A, Chemical structure of TPA-Au complex. B, I−V characteristics of ITO/TPA-Au/Al memory device. C, Retention time

test of the device. Reproduced with permission.175 Copyright © 2015 American Chemical Society. D, Chemical structure of PPO-Au

complex. E, I − V characteristics of ITO/PPO-Au/Al memory device. F, Retention time test of the device. Reproduced with permission.176

Copyright © 2016 American Chemical Society. ITO, indium tin oxide; TPA, triphenylamine
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In 2014, Yoon et al reported an Ag/single-crystal
Rb-CD-MOF/Ag heterostructured memristor
(Figure 23A),193 which could be electrically switched
between HRS and LRS by infusing an ionic electrolyte of
RbOH into the pore network of γ-cyclodextrin-based Rb-
CD-MOF crystals (Figure 23B). The conductivity of Rb-
CD-MOF was successfully improved via the hydroxyl
ionic transport through the sub-nanometer channels, and
the corresponding resistive memory device exhibited
repeatable WRER cycles. The as-synthesized Rb-CD-
MOF was rich in free hydroxyl ions, which could migrate
to the anode and induce a layer of silver oxide on the
electrode under the applied electric field. When the
polarization of the electric field was inverted, the silver
oxide layer would be reduced and the other Ag electrode
would be gradually oxidized, resulting in resistive
switching behavior (as illustrated in Figure 23C) with a
symmetric negative differential resistance effect. More
recently, Yao reported a nonvolatile resistive memory
device based on a chiral single-crystal MOF of {[ZnL
(H2O)]3(H2O)4}n (FJU-23-H2O) with highly ordered lat-
tice water molecules.30 In this device, the turn ON/OFF
of the switched hydrogen bond pathway could be gener-
ated under the external electric stimuli, resulting in the
different proton conductivities and hence the associated
resistive transitions. FJU-23-H2O also showed rectifica-
tion effects due to its unidirectional transport of protons,

which could accurately denote the electric field direc-
tions. This study demonstrated the first MOF example of
both resistive switching and rectification characteristics,
accompanied by a low switching voltage of ~0.2 V, a high
ON/OFF ratio of ~105, and a high rectifying ratio of ~105.

Moreover, MOFs can also be strategically modified
for high-density multilevel storage applications. Liu et al
successfully fabricated an alcohol-mediated memory
device based on a typical MOF material of zeolitic
imidazolate framework-8 (ZIF-8, Figure 23D), which
presented reliable resistive switching behavior and real-
ized multilevel storage under alcohol vapors.194 They
sandwiched ZIF-8 between Ag and Si substrate and dis-
covered that the Ag/ZIF-8/Si device exhibited nonvolatile
rewritable memory behavior. The origin of resistive
switching was attributed to the formation of Ag
nanoparticles in the active layer, wherein the electron
hopped between the nanoparticles and thus generated a
conductive channel for HRS-to-LRS transition. Moreover,
they succeeded in improving the conductivity of ZIF-8 by
adsorbing small alcohol molecules (Figure 23E) through
host-guest interactions and adjusted the resistive states
under saturated alcohol vapors for multilevel memory
performance (eg, methanol, Figure 23F). The ordered
packing mode of alcohol molecules in ZIF-8 pores and
the as-formed hydrogen-bonded network among the mol-
ecules were claimed to be responsible for the tunable

FIGURE 23 A, Schematic illustration of Ag/Rb-CD-MOF/Ag memory device. B, I − V characteristics of the device infused with

100 mm RbOH. C, Proposed resistive switching mechanism. Reproduced with permission.193 Copyright © 2014 Wiley-VCH. D, Schematic

illustration of Ag/ZIF-8/Si memory device. E, I − V characteristics of the device in air and different saturated alcohol vapors. F, Typical I–V
characteristics of the device in air and saturated methanol vapor. Reproduced with permission.194 Copyright © 2016 Wiley-VCH. MOF,

metal-organic frameworks; ZIF-8, zeolitic imidazolate framework-8
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resistances of ZIF-8-based memory device, which could
function as environment-responsive electronic devices
and sensors. As another example, Ding et al demon-
strated a 2D MOF-based memory device with Zn-TCPP

(TCPP: tetrakis[4-carboxyphenyl]porphyrin) nanosheets
as the active switching layer (Figure 24A).195 The as-
fabricated device displayed typical forming-free
rewritable switching characteristics with an ON/OFF

FIGURE 24 A, Chemical structure of 2D MOF Zn-TCPP and schematic illustration of the related memory device. B, I−V

characteristics of the device. C, Retention time test of the device. D, Endurance test of the device. E, I−V characteristics of the device under

different CCs. Reproduced with permission.176 Copyright © 2018 Wiley-VCH. CCs, compliance currents; MOF, metal-organic frameworks;

TCPP, tetrakis[4-carboxyphenyl]porphyrin

FIGURE 25 A, Schematic illustration of [V6O13{(OCH2)3CCHR0SR}2]
2− type POMs adsorbed on Au electrodes with a top STM tip. B,

IRRAS spectra. C, STM image of drop-coated [V6O13{(OCH2)3CCH2SMe}2]
2−. D, STM image of drop-coated [V6O13{(OCH2)3CCH2SPh}2]

2−. E,

I−V characteristics of [V6O13{(OCH2)3CCH2SMe}2]
2− via single-point STS. F, I − V characteristics of [V6O13{(OCH2)3CCH2SPh}2]

2− via

single-point STS. Reproduced with permission.204 Copyright © 2018 American Chemical Society. IRRAS, infrared reflection−absorption
spectroscopy; POMs, polyoxometalate; STM, scanning tunneling microscope; STS, scanning tunneling spectroscopy
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ratio of 103 (Figure 24B), a long retention time of 104 s
(Figure 24C), and reliable switching endurance over 103

cycles (Figure 24D). Furthermore, the multilevel resistive
memory characteristics were acquired by setting different
CCs (Figure 24E). From these representative examples, it
can be noted that MOFs are emerging as promising mate-
rials for novel data storage applications.

7.3 | POM molecules

POM molecules are a class of anionic metal-oxide
nanoclusters, which can achieve multiple stable metal-
centered redox states in a narrow potential range.196-199

Because of this multiredox behavior, POMs and their

organic-inorganic hybrid derivatives have become a new
family of contenders for redox-based resistive memory
electronics.200-206

One typical work was reported by Linnenberg et al,204

which successfully addressed multiple resistive states of
single POM molecules of [V6O13{(OCH2)3CCH2SMe}2]

2−

and [V6O13{(OCH2)3CCH2SPh}2]
2− due to their molecular

redox abilities. The POM molecules were sandwiched
between the bottom electrode of Au and the top electrode
of a scanning tunneling microscope (STM) Pt tip
(Figure 25A). The structures of these POM
molecules were proved by infrared reflection−absorption
spectroscopy (IRRAS, Figure 25B). Moreover, I−V
characteristics of [V6O13{(OCH2)3CCH2SMe}2]

2− and
[V6O13{(OCH2)3CCH2SPh}2]

2− were recorded via single-

FIGURE 26 A, Chemical structures of MAPOM and PMMA-MAPOM polymer. B, Schematic illustration and I–V characteristics of

ITO/PMMA-MAPOM/Pt memory device. C, Endurance test of the device. D, Retention time test of the device. Reproduced with

permission.61 Copyright © 2014 The Royal Society of Chemistry. ITO, indium tin oxide; PMMA, poly(methyl methacrylate)
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point scanning tunneling spectroscopy (STS) at room tem-
perature (Figure 25C,D), which showed Coulomb
staircase-like potential-dependent increase of current with
distinct steps at 0.66/1.08/1.48 V (Figure 25E) and
0.61/1.09/1.55 V (Figure 25F), respectively. These results
demonstrated the potential of POM molecules for multi-
level resistive memory. Chen et al used a blend of Keggin-
type POM cluster of H3PW12O40 and the PMMA polymer
matrix (weight ratio of 1:1) as the resistive switching com-
ponent and clarified the underlying mechanism to be the
formation/rupture of conductive filaments caused by the
migration of oxygen ions in H3PW12O40 molecules.65 The
electron energy loss spectroscopy revealed that oxygen
concentration in the LRS was apparently lower than that
in the HRS of device, which verified the conductive fila-
ments of oxygen migration.

It is noteworthy that our group previously
synthesized a POM-based organic-inorganic hybrid poly-
mer through the copolymerization of methyl methacrylate
and [N(C4H9)4]3[MnMo6O18{(OCH2)3CNH2}2] hetero-
polymolybdate, which integrated the multi-redox behavior
of POM molecule and the processability of flexible poly-
mer together (Figure 26A).61 This hybrid polymer, namely
PMMA-MAPOM, exhibited two oxidation processes of
Mn(II) to Mn(III) and Mn(III) to Mn(IV), and one reduc-
tion process of Mn(III)/Mn(IV) to Mn(II). Attributed to
these unique redox properties, the as-fabricated
Pt/PMMA-MAPOM/ITO device displayed tristable resis-
tive switching behavior (Figure 26B), along with

satisfactory endurance stability over 50 WRER cycles
(Figure 26C) and long retention time of 104 s
(Figure 26D). In addition, Parrot et al prepared a POM-
based organic-inorganic hybrid of KSn[BSPR] through
covalently bounding a Keggin-type POM of [PW11O39Sn]

4−

with an organic small molecule of benzospiropyran
(BSPR).205 The isomeric closed and open forms of
KSn[BSPR] could be switched to each other under the
cooperation of optical and thermal stimulus, which could
lead to two distinct resistive states. Their study opened
new insights for the development of multifunctional mem-
ory devices through organic-inorganic POM hybrids. The
multi-redox property and high scalability have invoked
POMs and their derivatives to be potential candidates for
novel high-performance resistive memory materials.

7.4 | Organic-inorganic hybrid
perovskites

Moreover, recent years have witnessed the broad pros-
pects of applying organic-inorganic hybrid perovskites
(OIPs) into various fields such as solar cells, photodetec-
tors, light-emitting diodes, flexible memristors,
and so on.71,207-214 OIPs own a chemical formula
ABX3, in which A stands for an organic cation (eg,
methylammonium MA+ and formamidinium FA+),
while B represents a metal cation (eg, Pb2+ and Sn2+),
and X is a halide counter-ion (eg, Cl−, Br−, and I−).

FIGURE 27 A, Schematic illustration of Au/MAPbI3-xClx/FTO memory device. B, I–V characteristics of the device. C, Endurance test

of the device. Reproduced with permission.220 Copyright © 2015 Wiley-VCH. D, Schematic illustration and photograph of Au/MAPbI3/ITO

memory device. E, I − V characteristics of the device without and with bending stress. F, Device stability of repetitive bending cycles.

Reproduced with permission.221 Copyright © 2016 American Chemical Society. FTO, fluorine-doped tin oxide; ITO, indium tin oxide

LI ET AL. 1021



OIPs have played a significant role in optoelectronic
devices due to their outstanding properties that were
not observed in previous materials. Their fascinating
optical absorption, tunable bandgaps, ultraflexibility,
and fast ion migration property have offered the possi-
bilities of appealing applications in diverse organic
electronics.

In this section, we pay our attention to recent
progress in OIP-based resistive switching memo-
ries.37,52,58,215-225 Previous studies have revealed that two
mechanisms, ionic migration and charge trapping/det-
rapping, can account for the resistive switching behaviors

of OIPs,218,219 which guided a series of materials design.
In 2015, Yoo et al claimed for the first time the successful
fabrication of an OIP-based memristor, which possessed
fascinating nonvolatile memory properties.220 In this
device, a tetragonal-phase MAPbI3-xClx layer of 2.5 μm in
thickness was sandwiched between the Au and FTO elec-
trodes (Figure 27A). The Pb, I, and Cl atomic percents of
MAPbI3-xClx were determined to be 8.05%, 19.9%, and
6.3%, respectively. As the I−V curve indicated, the resis-
tive switching from HRS to LRS occurred at ~0.8 V under
an external voltage bias from 0 to 1.0 V (Figure 27B). The
LRS remained until a negative bias was applied. I−V

FIGURE 28 A, Schematic illustration of the fabrication process for 8 × 8 crossbar arrayed Au/MAPbI3/Au memory device. B, I–V
characteristics of the device. C, ON/OFF ratio as a function of applied voltage. D, Endurance test of the device. E, Retention time test of the

device. Reproduced with permission.37 Copyright © 2019 Wiley-VCH
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FIGURE 29 A, Crystal structure of MAPbI3 perovskite. B, I–V characteristics of Ag/MAPbI3/Pt memory device under different CCs. C,

Reversible resistive switching over 40 cycles under different CCs. Reproduced with permission.52 Copyright © 2016 Wiley-VCH. D,

Schematic illustration of Au/MAPbI3-xClx/FTO memory device. E, Photo-assisted I–V characteristics of the device. F, Light-intensity-

controlled multilevel resistance states. Reproduced with permission.223 Copyright © 2018 Wiley-VCH. CCs, compliance currents; FTO,

fluorine-doped tin oxide

FIGURE 30 A, Crystal structure of MASnBr3 perovskite. B, Retention time test of Au/MASnBr3/ITO memristor that displays four

resistance states. C, Endurance test of four resistance states. Reproduced with permission,224 under the Creative Commons License. D,

Crystal structure of MA3Sb2Br9 perovskite. E, Schematic application of Ag/MA3Sb2Br9/ITO memristor to biosynaptic mimicking between

presynaptic and postsynaptic neurons. F, Spike-timing-dependent plasticity behavior of the memristor. Reproduced with permission.225

Copyright © 2019 The Royal Society of Chemistry. ITO, indium tin oxide

LI ET AL. 1023



loops of the memristor were analogous to the initial
curve after 102 repeatable cycles (Figure 27C), demon-
strating the outstanding stability of the device. Mean-
while, the hysteresis of I−V characteristics was observed
in their memristor device. Gu et al adopted an MAPbI3
film as the flexible resistive switching layer
(Figure 27D),221 which presented rewritable memory per-
formance (Figure 27E) with stable endurance and
remarkable bending flexibility over 102 cycles
(Figure 27F). In 2017, Heo et al fabricated an MIM-type
Au/MAPbI3/ITO structured device and clarified that the
hysteresis of I-V characteristics from MAPbI3 was closely
correlated with the domain size of MAPbI3.

222 They
proved that the hysteresis was facilitated by a smaller
crystal grain, which could improve the resistive memory
performance. Very recently, Kang et al developed an
8 × 8 crossbar-arrayed unipolar resistive memory
device with a vertical Au/MAPbI3/Au architecture
(Figure 28A).37 The device showed binary memory
behavior (Figure 28B), which possessed a high ON/OFF
ratio of 108 (Figure 28C), an excellent endurance over
1.2 × 103 cycles (Figure 28D), and a long retention time
over 104 s (Figure 28E). In addition, the reproducibility of
this OIP-based device was demonstrated to be as high as
94% through the statistical analysis of memory cells,
revealing prominent reliability and stability.

Besides, OIP-based devices with multilevel resistive
switching behaviors have also been explored. As a typical
example, Choi et al used MAPbI3 as an active material
(Figure 29A) and fabricated an Ag/MAPbI3/Pt device that
exhibited reliable resistive switching with a large
ON/OFF current ratio over 106 and a low operational
voltage of ~0.13 V (Figure 29B).52 Through the first-
principles DFT calculations, it was believed that the for-
mation and annihilation of iodine interstitials were
responsible for the low-voltage resistive switching. In
addition, through setting different CCs, this Ag/MAPbI3/
Pt device demonstrated four-level resistance states
(Figure 29C). It should be noted that the multifunctional
perovskites have emerged as another class of fascinating
materials for multilevel memories. On the basis of previ-
ous study, Zhou et al successfully fabricated an optoelec-
tronic memory device by adopting OIPs of MAPbI3-xClx
as a resistive switching layer (Figure 29D), which pos-
sessed excellent light absorption property.223 Attributed
to this unique photoresponse ability, the SET voltage
of Au/MAPbI3-xClx/FTO memory device could be signifi-
cantly decreased from 1.5 to 0.1 V under the assistance of
light illumination (Figure 29E), suggestive of ultralow
power consumption. Additionally, multiple resistive
states were successfully obtained by the cooperation of
optical and electrical pulses. Through modulating the
light intensities from 0 to 3.20 mW cm−2, four-level

nonvolatile resistance states were achieved accordingly
(Figure 29F), which held promise to realize multilevel
data storage. Enlightened by the hole trapping centers at
the MAPbI3-xClx surface, they explained this resistive
switching behavior by a probable trap-mediated mecha-
nism. It is worth noting that some researchers also
devoted to explore lead-free resistive memory devices due
to the toxicity of Pb. As shown in Figure 30A, Qian et al
synthesized a lead-free perovskite with four distinct resis-
tive switching states.224 The as-prepared Au/MASnBr3/
ITO memristor could retain the four-level states for 104 s
(Figure 30B) and repeat the WRER cycles for 104 times
(Figure 30C). Through in situ Raman spectra and SEM,
the formation and rupture of conductive filaments caused
by the migration of Br ions was proven to be the origin of
the quaternary memristive behavior. More interestingly,
Yang et al also studied a lead-free perovskite MA3Sb2Br9
(Figure 30D), which not only implemented multilevel
storage but also succeeded to mimic biological synaptic
functions (Figure 30E).225 They prepared an Ag/PMMA/
MA3Sb2Br9/ITO memristor device, wherein the PMMA
layer was inserted to suppress the exposure of MA3Sb2Br9
film to oxygen and moisture in air. This memristor
exhibited outstanding artificial synaptic characteristics,
such as excitatory postsynaptic current, inhibitory post-
synaptic current, long-term potentiation, long-term
depression, and spike-timing-dependent plasticity
(Figure 30F), which are promising for neuromorphic
computing. Given these research efforts, it can be
anticipated that the superior characteristics of OIPs will
continue to stimulate the potential for realizing high-
performance memristors and other related memory
applications.

8 | CONCLUSIONS AND
PROSPECTIVE

In conclusion, this review provides a summary of recent
advances in organic-based functional materials for resis-
tive memory applications. Briefly, the memory device
structure, switching types, and mechanisms are intro-
duced. The main text covers organic small molecule-
based materials, polymer-based materials, bio-based
materials, and 2D graphene-based materials, which have
shown remarkable advantages for electronic memory
devices, especially for multilevel data storage. We also
focus on the organic-inorganic hybrid materials since
plenty of researches have uncovered their engaging
optoelectronic properties. OMCs, MOFs, POMs, and
OIPs are listed as four representative types of organic-
inorganic hybrid materials for data storage. Based on
these enlightening researches, we have faith in that the
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organic-based resistive memory materials and devices
will open novel opportunities of boosting the data stor-
age field.

Although tremendous progress has been witnessed in
the exploitation of organic materials for resistive mem-
ory, there still exist several obstacles that need to be con-
quered. Compared with other organic optoelectronic
fields such as organic photovoltaics, organic field-effect
transistors, and organic light-emitting diodes, organic
memories remain at an early stage and demand the joint
participation from chemists, physicists, theorists, material
scientists, and electrical engineers to address the follow-
ing issues. (a) To date, although various memory
switching behaviors of organic-based materials have been
acquired for different functions, the key device parame-
ters (eg, ON/OFF ratio, operational voltage, switching
speed, cycling endurance, and retention property) are not
very competitive, which will largely influence the evalua-
tion of suitability for practical application, and thus
require more research endeavors to optimize. (b) Several
operational mechanisms have been proposed to account
for the developed organic materials; however, the definite
resistive switching mechanism with both effective theo-
retical and experimental evidence is not yet completely
established. Hence, it is believed that a deeper under-
standing of different types of mechanisms is essential for
materials design and modification. (c) Compared with
the mature manufacturing technology of Si-based data
storage electronics, many fabricating approaches of cur-
rent organic-based memory materials lack sufficient com-
petence in realizing large-area and batch-to-batch
uniformity and reproducibility. Therefore, the develop-
ment of simple, low-cost, and versatile methods for fabri-
cating devices from laboratory to industry is another
research direction. (d) Toward the cutting-edge artificial
intelligence and neuromorphic computing, the pursuit of
high-performance organic-based memristors and related
devices is promising but challenging, which deserves a
particular research focus.

Overall, envisaging the future, the emerging organic
materials for resistive memories hold great potential to
play an important role in optoelectronic and semicon-
ducting fields, through addressing the aforementioned
scientific and technical issues. The acquisition of novel
organic-inorganic hybrid materials also provides possibil-
ities of breaking the bottleneck of incompatibility
between organic electronics and conventional CMOS
technology. There are sound reasons to believe that
organic-based resistive memory materials and devices
will garner more research interests and witness continu-
ous progress for next-generation information storage
applications.
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