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Abstract: With the development of the Internet of things, artificial intelligence, and wearable devices,
massive amounts of data are generated and need to be processed. High standards are required to store
and analyze this information. In the face of the explosive growth of information, the memory used in
data storage and processing faces great challenges. Among many types of memories, memristors have
received extensive attentions due to their low energy consumption, strong tolerance, simple structure,
and strong miniaturization. However, they still face many problems, especially in the application
of artificial bionic synapses, which call for higher requirements in the mechanical properties of the
device. The progress of integrated circuit and micro-processing manufacturing technology has greatly
promoted development of the flexible memristor. The use of a flexible memristor to simulate nerve
synapses will provide new methods for neural network computing and bionic sensing systems. In
this paper, the materials and structure of the flexible memristor are summarized and discussed, and
the latest configuration and new materials are described. In addition, this paper will focus on its
application in artificial bionic synapses and discuss the challenges and development direction of
flexible memristors from this perspective.

Keywords: flexible memristor; bionic synapse; mechanical behavior; natural ingredients

1. Introduction

According to circuit theory, any two of the circuit variables voltage (v), charge (q), current
(i), and magnetic flux (P) have a certain relationship, that is, voltage/current = resistance,
charge/voltage = capacitance, magnetic flux/current = inductance, but there is no circuit
element associating charge with magnetic flux. Around the year 1800, the University
of California discovered memristive switching behavior [1]. Until 1971, Cai studied the
relationship between the four basic circuit variables of voltage, current, charge and magnetic
flux (Figure 1). Based on the principle of complete circuit combination and physical
symmetry, he believed that in addition to resistance, capacitance, and inductance, there
should be an element (missing element) that represents the relationship between electric
charge and magnetic flux, and he named the circuit element “memristor” [2,3]. In 2008,
researchers prepared the first working memristor with a metal/oxide/metal sandwich
structure based on TiO; and measured its electrical properties as well as obtained the “8”
shape of the device [4]. After analyzing the volt-ampere characteristic curve, they finally
determined that the device whose resistance can be changed by the externally controllable
operating voltage and current is the memristor [4]. Since then, researchers in various fields
have continued to invest in it, and memristors made of various new materials, such as
inorganic materials and two-dimensional materials, and innovative structures have been
continuously studied, and their working mechanisms have been continuously explored.
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Figure 1. The relationship between four basic electrical physical quantities and circuits.

Under the stimulation of voltage or current, the memristor will be switched between
high and low resistances, corresponding to the two states of “0” and “1” in the computer
to store data. At present, the memristor has a simple structure, good scalability (<10 nm),
high-density storage, low power consumption (<0.1 pJ), ultra-fast operating speed (sub-ns),
high durability (>10'? switching cycles), and other advantages. It has become an important
next-generation storage technology [5-10].

The electrical characteristics of the memristor match the transmission working prin-
ciple of the nerve synapse. The pre-synapse and post-synapse correspond to the top and
bottom electrodes of the memristor, and the synaptic cleft corresponds to the dielectric
layer (Figure 2). The memristor can simulate the nerve synapse’s working process, such as
discharge time, which depends on plasticity (STDP) [11], long/short-term synaptic plastic-
ity (STP/LTP) [12], and joint memory [13]. In addition, the memristor can be used to create
a neural network chip to perform certain functions, such as perception calculations [14].
These functions are realized by the interconnection of about 10! neurons and 10'> synapses
in the human brain. The connection mode and strength are affected by the level of memory
and information processing [15]. The traditional integrated chip simulation has the bottle-
neck problem of von Neumann architecture [16]. Adopting memristors by imitating the
structure and working mechanism of biological synapses and the information processing
methods of the human brain to develop neural network-like calculations has natural ad-
vantages in terms of reliability, scalability, and fault tolerance, which is a potential way to
achieve efficient calculations.

In addition, the rapid development of electronic information technology has attracted
more and more attention to functional electronic devices. Medical health monitoring has
an urgent need for flexible, wearable electronic devices. To ensure that the entire electronic
system has excellent flexibility, the memristor, as the key component, will also develop in
the direction of flexibility [17]. Furthermore, the memristor shows great advantages and
potential in terms of flexibility, which can meet the requirements for miniaturization, high
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density, high durability, and low energy consumption. In the future, they will become an
important part of wearable electronic devices and artificial nerve synaptic bionic devices.

.
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Figure 2. The analogy diagram of memristor and nerve synapse.

In this review, we introduce the latest development in the research of flexible memris-
tors, focusing on summarizing the important basic functions and innovative research results.
This review mainly elaborates on these three aspects: (1) the flexible memristor materials,
including electrode materials, dielectric layer materials (metal oxides, two-dimensional
materials, biodegradable materials, etc.), and substrate materials; (2) the structures of the
flexible memristor, including traditional sandwich structures, planar structures, and new
derivative structures, etc.; (3) based on the application of flexible memristors, focusing on
the application of artificial bionic synapses at both ends, and introducing their research in
simulating synaptic plasticity, including STDP, LTP, STP, and memory formation, etc. In
addition, we summarized the calculation and work of the artificial synaptic neural network
for the memristor and analyzed the problems it faces and future development.

2. Flexible Memristor Material

The memristor is composed of the upper and lower electrode layers, the intermediate
dielectric layer, and the substrate. Different materials have a crucial influence on the
performance of the memristor. This chapter will review the common materials and new
types of the various components of the flexible memristor material.

2.1. Flexible Electrode Material

The electrode material of the memristor must not only have the function of conducting
current but must also participate in the resistance change reaction [18-20]. The electronic
barrier at the electrode/dielectric interface is formed by the presence of high concentrations
of interface states [21]. Therefore, the interfacial states greatly determine the resistance
values and switching properties of the device. Currently, commonly used electrode materi-
als include metals (Al, Mg, Au, and Ag), oxides (ITO), nitrides (AIN), and silicon-based
materials [18,21]. Among electrode materials, due to their excellent mechanical properties,
metals and oxides are promising flexible memristor electrode materials.

Some of these metal materials have high conductivity and flexibility, such as Ti [22],
Mg [23], Ag [24], and W [25]. These materials are used in the preparation of flexible
memristors. Nagareddy et al. [26] used Ti and Pt as the electrodes to prepare a high-
performance memristor, with a size of 50 nm, an operating speed of less than 5 ns, and
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a thickness of 8 nm. Even after bending 5000 times under a radius of 9 mm, there was
almost no obvious degradation in the device performance. When the bending radius was
reduced to 6 mm (considered as “extreme bending”), the high-to-low resistance ratio of
the device remains unchanged. With continued further bends to 4 and 2 mm (almost
folded in half), due to electrode fracture, the device fails. The device showed excellent
durability and mechanical flexibility. Andrey et al. [27] used Pt as the electrode material
and prepared Ti/TaOx/IGZO/Pt flexible memristor switches. As the bending curvature
increased, the device showed a slight reduction in the synaptic memory window. When the
bending curvature @ < ~10mm, the “cracks” appeared in TaOy/IGZO thin films. However,
Young’s moduli of Ti, Pt, TaO,, and IZGO thin films are ~110, ~170, ~120, and ~129 GPa,
respectively. Because of the elasticity of Pt, the device can work normally even after the
cracks are formed in the TaO, /IGZO film.

In order to meet the requirements of some wearable devices, the prepared memristor
must be both flexible and transparent. Therefore, many transparent materials have also been
applied to the electrodes of the memristor, such as indium tin oxide (ITO) [28], ZnO [29],
etc. Shang et al. [30] prepared a flexible, transparent ITO/H{O, /ITO/PET memristor with
excellent optical and mechanical properties. It is observed that the device has a high optical
transmittance exceeding 80% and low dispersion. The dispersion coefficient is less than
12.8%. In addition, the device can withstand up to 2.12% mechanical tensile stress. When
the bending radius is not less than 5 mm (bending strain is not more than 1.27%), the device
can undergo 1200 bending fatigue tests, and the resistance transformation performance is
almost unaffected. Zhou et al. [31] designed a multi-color, light-modulated, transparent
ITO/BP@PS/ITO memristor based on black phosphorous (BP), showing a transmittance of
>75% between 350 and 1100 nm. The memristor’s performance is improved by light in the
ultraviolet (380 nm) and near-infrared (785 nm) range, the power consumption and reset
voltage are decreased, and the on/off ratio is increased 10 fold. It has great potential in
wearable and transparent electronic devices.

ZnO not only has the characteristics of flexibility and transparency but also has
optoelectronic properties comparable to traditional ITO films. It is also rich in raw materials,
low in price, nontoxic, and high in thermal stability. Mundle et al. [29] used an atomic layer
deposition and obtained the ZnO and an Al: ZnO layer on a ZnO-based substrate, prepared
a ZnO/Al:ZnO transparent memristor switch, and demonstrated it under different light
sources which has good switching performance.

Doping Al in the ZnO system can produce ZnO: Al transparent conductive film, i.e.,
AZO film. After doping, the conductivity of the film is greatly improved. Le et al. [32]
designed the AZO/NiO/AZO/muscovite (ANA/muscovite) transparent flexible mem-
ristor structure (Figure 3). The memristor meets all the most stringent requirements of
transparent soft devices; it has more than 80% optical transparency, a high performance
under visible light, an on/off resistance ratio >10°, high durability of 10° cycles, and
a long retention time of 10° s. Additionally, the ANA/muscovite memristor can work
under various bending radii below 5 mm and can mechanically bend with a radius of
curvature of 6.5 mm and a high temperature of up to 185 °C after 1000 cycles, which
have future applications. This research marks an important milestone in the progress
of transparent, flexible, and nonvolatile electronic technology for next-generation, smart
wearable devices.

Moreover, the transparent memristor is more conducive to the observation princi-
ple. Qian et al. [33] proposed an ITO/hBN/graphene/PDMS memory device with high
transmittance (~85%) over the visible region and excellent stability at bending conditions.
What's more, they directly observed indium filaments in the device via ex-situ transmission
electron microscopy [33].
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Figure 3. The photograph and optical properties of ANA/muscovite heterostructure. Reprinted
with permission from Ref. [32]. Copyright 2019 Elsevier: (a) Flexible and transparent features
of the ANA/muscovite heterostructure. (b) Optical transmittance. (c) XRD patterns of the
NiO/AZO/muscovite. (d) ¢-scans of NiO{022}, AZO{101}, and muscovite{202} diffraction peaks of
the ANA/muscovite heterostructure. (e) The cross-sectional TEM images and diffraction pattern.
(f) Schematic illustration of the epitaxial relationship between NiO, AZO, and muscovite layers.

2.2. Flexible Dielectric Layer Material

The electrochemical performance and working mechanism of memristors largely
depend on the material of the dielectric layer. In order to obtain a memristor with excellent
performance, various materials have been applied to it, such as metal oxides [34], organic
polymers, two-dimensional materials [35], and biodegradable materials [36].

2.2.1. Metal Oxide Flexible Memristor

Compared with other materials, the flexible memristor with oxide as the dielectric
layer has a simple structure, and the material composition is easy to control. Metal oxides
used in memristors mainly include TiO,, NiO, HfO,, etc.

However, most transition metal oxide films are naturally rigid, so they require special
treatment before application in flexible electronic devices. Son et al. [37] designed the
TiO, dielectric layer to be serpentine (~66 nm) and deposited it on the Al electrode using
magnetron sputtering. In the case of stretching to 25%, the stress induced at the junction of
the TiO, dielectric layer and the two electrodes is lower than 0.1% and 0.05%, respectively, so
that damage is not caused to the device structure and performance degradation. Even after
1000 stretching cycles (30% strain), the device can still maintain stable electrical properties.

With an excellent dielectric constant (~25) and Young’s modulus (~74.3 GPa) [20,21],
HfO, exhibits satisfactory switching performance and will provide potential applications
in flexible electronic devices [38]. Zhang et al. [38] prepared an ITO/HfO,/TiN/polyimide
access memory (memristor) device that used HfO, as a dielectric layer. This flexible device
showed stable resistance characteristics at different bending radii up to 4 mm, and after
bending the device 1000 times, it showed more than 1.5 x 10° write/erase cycles.
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In metal-oxide based memristors, the formation and fracture of conductive filaments
cause impedance changes during the switching cycle. The bending and stretching of the
memristor will affect the formation and fracture of conductive filaments. Doping ions in
metal oxide is an effective way to solve the problem [39]. Paul et al. [40] dopped Al in
HfOy as a dielectric layer and fabricated a flexible Al/Al-doped HfO, /ITO/PET resistive
memory device, and it showed excellent switching performance, such as resistance ratio
(>10%) and retention (10* s). They also investigated the applications of the 7.5% Al-doped
HfO, device. The memory window slightly decreases as the bending radius starts from the
flat condition (20 mm) to the bending condition (5 mm). This should be due to cracks in the
bottom electrode of ITO at extreme bending conditions.

The TiO, /HfO, double-layer structure shows excellent characteristics, such as multiple re-
sistance states, self-rectification, self-compliance, and stable bipolar electrical impedance char-
acteristics, while being flexible [41]. Compared with Ti/TiO,/Si devices, Ti/TiO, /HfO, /Si
devices exhibit nonlinearity and high rectification current-voltage characteristics [42].
Zhang et al. [43] prepared a flexible memristor with a double-layer TiO, /HfO, structure on
a polyethylene naphthalate (PEN) substrate, which showed excellent uniformity, excellent
mechanical flexibility, and high durability. Under mechanical stress with a bending radius
of 10-70 mm, no performance degradation was observed. Interestingly, the performance
degradation after long-term stability testing can be recovered. The asymmetric, hourglass-
shaped, oxygen vacancy distribution on the hafnium dioxide/titanium dioxide interface
has a key role in the performance of this flexible memristor device.

Adding a buffer layer between electrode and dielectric layer is also a way to improve
the flexibility of the memristor. In addition, it can also improve the adhesion between
them and improve the memristor switching characteristics. Kumar et al. [44] used Al,O3
buffer layers on both sides of the ZnO, which help stabilize the local oxygen migration
of conductive filament formation and rupture during continuous switching cycles, and
studied a bipolar resistive switch memristor with TiN/Al,O3/Zn0O/Al,O3/TiN structure
and flexible, non-volatile memory applications. It showed uniform and very stable bipolar
resistance switching characteristics. Its resistance on-off ratio is two orders of magnitude
higher, maintained at 120 °C for more than 10* s, and its durability is more than 10® cycles
without any degradation. In addition, when under 10* consecutive repeated flexible bends
(bending radius of up to 3 mm), the device showed high mechanical stability and high
durability. Fang et al. [45] inserted MgO as an intermediate layer between MoQOj layers to
improve device performance and prepared a high-performance, biodegradable, transient,
resistance random access memory with a Mg/MoO3/MgO/MoOs /Mg structure on a
polylactic acid substrate.

2.2.2. Organic Polymers Flexible Memristor

There has been some scientific research on memristors in recent years, and the mech-
anism of inorganic memristors is relatively clear, but there are still some shortcomings.
Inorganic devices are rigid, fragile, and incompatible with biological tissues, which greatly
restrict their applications in wearable devices. In addition, the materials produced in
the process of preparing the metal oxide memristor pollute the environment. In con-
trast, organic materials with good flexibility, biocompatibility, and low-cost preparation,
have a greater potential in the preparation of flexible and stretchable high-performance
memristors [46].

So far, many organic materials have been reported to have resistance transition proper-
ties and have been used in flexible resistive random access memory, including inorganic ma-
terials, polymers, and their composite materials, which generally exhibit better mechanical
flexibility. Wang et al. [47] designed a highly transparent, flexible, biocompatible, PEDOT:
PSS-based memristor (Al/PEDOT: PSS/ITO). After 1000 folding destructive experiments,
the synaptic weight enhancement/inhibition behavior of the memristive device was tested
and it was found that it can still simulate 10 long-term enhancement/inhibition cycles,
indicating that the device has good flexibility. The manufacturing process is low-cost, facile,
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and compatible with flexible substrates which can be performed at a temperature lower
than 120 °C. Jang et al. [48] fabricated a poly (1,3,5-trivinyl-1,3,5-trimethyl cyclotrisiloxane)
(pV3D3)-based flexible memristor (Figure 4). Due to the inherent flexibility of pV3D3 film,
even under mechanical deformation, the pV3D3 memristor with a copper top electrode
and an aluminum bottom electrode works in a binary switch mode through the formation
and fracture of the copper wire.
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Figure 4. Cu/pV3D3/Al/PES devices. Reprinted with permission from Ref. [48]. Copyright 2019
American Chemical Society. (a) Cu/pV3D3/Al/PES memristor. (b) Cross-sectional TEM image of
the flexible pV3D3 memristor.

Solution processing manufacturing methods including spin-coating, are low-cost,
facile, and scalable, so they are suitable for large-scale, industry-standard coatings. There-
fore, there is a lot of room for the development of flexible and low-cost transient storage
devices using facile and easy solution processing and manufacturing technologies, such
as spin coating biodegradable composite transient materials [49,50]. However, resistance
switching is determined by the formation and fracture of metallic conductive wires (CFs).
The overall injection of metal ions in the electrolyte and any ion migration in the electrolyte
leads to the random formation of CFs, which inevitably involves low uniformity and poor
reliability of the device [51]. Besides, the organic film produced by a typical solution
process is thicker than the inorganic film, which reduces the flexibility, and the organic
memristor requires higher power [52]. Park et al. [53] introduced an interface load layer
(PMMA) into the device and demonstrated a solution-processed organic memristor with
high reliability, high uniformity, and low operating current. At the bending radius of up
to 5 mm, mechanically deformed devices continue to work as stable bipolar memories.
During the repeated cycles of bending and relaxation of 7, = 5 mm, the current level of the
device at LRS and HRS states remained good, and there was no degradation in 2.8 x 10% s.

Compared with the traditional device without ILP, the flexible memristor with ILP
works stably at repeated bending-straightening deformation and provides higher electrical
performance (uniformity, reliability, and operating currents). Lee et al. [54] introduced the
ITSs for interfacial triggering and developed a flexible memristor with high reliability and
superior uniformity. The device exhibits stable bipolar memory at bending deformation
with a radius of curvature of 1, = 5 mm, bending and relaxing twice in each interval of
500 s, and the current level at each state was maintained (Figure 5).

Functionalized CNT-doped conjugated polymer composites at room temperature
can increase conductance switching and electrical bistability. Gu et al. [55] synthesized
novel MWNTs covalently functionalized with poly((1,4-diethynyl-benzene)-alt-9,9-bis(4-
diphenylamino-phenyl)fluorene) (hereafter abbreviated as PDDF-g-MWNTs). A flexible
electronic device was prepared with Al/PDDF-g-MWNTs/ITO-coated polydimethylsilox-
ane. The volt-ampere characteristic curves of the device with bending distances of §, 11, 14,
and 17 mm show almost the same nonvolatile memory performance as at the flat state. In
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addition, the memory performances of the device at stretching conditions of 0, 5, 10, 15,
and 20% strain are measured. The results indicated that the observed memory performance
did not change much. In addition, the on/off state current and the on/off current ratio are
not sensitive to tensile strain, although there are some slight changes in the write/erase
current and the on/off current ratio.
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Figure 5. The electrical and mechanical stabilities of the ITSs-based flexible memristor. Reprinted
with permission from Ref. [54]. Copyright 2019 American Chemical Society. (a) A photograph of our
flexible device under bending. (b) I-V characteristics under bending deformation with the radius
of curvature r, =5 mm. (c) Retention performance of the device under bending deformations with
", =5 mm at Vieaq =2 V. (d) Switching cycle tests at Vy,,q =2 V for the durability characteristics of
the device.

Most organic flexible memristors are prepared via the solution method and the vapor
deposition method. Parylene-based devices can be patterned by standard photolithography
techniques due to their excellent chemical stability. Chen et al. [56] used parylene-C as
all the functional films of the sidewall resistance switch layer, encapsulation layer, and
flexible substrate. The prepared flexible memristor retention time was >10° s, the durability
cycle was >300, and the resistance on/off ratio was >10. In addition, the three-dimensional
array fabricated on a 10 pm parylene-carbon substrate shows excellent flexibility and
transparency. Even under bending conditions (radius <10 mm), good mechanical and
electrical stability can be obtained.

2.2.3. Two-Dimensional Materials: Flexible Memristor

In a flexible memristor, due to the poor bonding force between the dielectric layer ma-
terial (e.g., thicker films, nanoparticles, etc.) and the electrode substrate, it usually causes
the device to break or interface separation occurs after continuous bending. In addition
to the excellent mechanical properties and adhesion to the substrate, two-dimensional
material also has unique electronic structure, which greatly promotes the development
of flexible integrated electronic devices [57]. Two-dimensional materials have unique
mechanical and physical performances, such as flexibility and transparency, and low-cost
solution processing (spin coating, spray, and inkjet printing). Due to the atomic-level
thickness of the two-dimensional material, the device can be shrunk to a size below
10 nanometers. Because of their flexibility, transparency, ease of manufacturing, and low
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cost, memristive devices based on two-dimensional materials such as transition metal
chalcogenide (TMD) and graphene are promising alternatives as next-generation memory
devices [58].

Graphene is a transparent (97.7%), two-dimensional crystalline carbon layer with a
thickness of one atom. It has excellent physical and chemical properties, ultra-high carrier
mobility and structural stability, good stretchability (25%), mechanical strength E > 10'2 Pa,
and exhibits very good biocompatibility [59-61]. Similarly, its related materials, such as
graphene oxide, the active material of memristor devices, are considered to be good substi-
tutes for metal oxides. GRMs have excellent physical and chemical advantages, such as the
inherent Young’s modulus (1.0 TPa), high tensile strength (130 GPa), excellent carrier mo-
bility (2.0 x 10° cm?-V~1.s71), and excellent electrical conductivity (1.0 x 10 s-m~1) [61].
Many specific studies showed that graphene and related materials will play an important
role in promoting the possibility of large-scale commercialization of memristor devices.
Yalagala et al. [49] prepared a new type of magnesium oxide-polyvinylpyrrolidone-graphite
composite material through a low-cost solution processing method with a device on/off
ratio of 8.5 x 103, 500 cycles of switch durability, and data retention time > 10* s at the lower
setting. Due to the high Young’s modulus of graphene, after 100, 250, and 500 bending
cycles, the device exhibits excellent mechanical strength and stability. Abunahla et al. [62]
prepared a flexible planar memristor using graphene oxide as a dielectric layer, and the
preparation process of graphene oxide is facile, cost-effective, and suitable for large-scale
production of the device. It can also manufacture low-cost, disposable, flexible electronic
products. This provides new opportunities for facile, flexible, and economical manufactur-
ing of solution-based graphene memristors.

Although the huge application potential of graphene-based materials in nonvolatile
memory is confirmed in related studies, some limitations cannot be ignored. The switching
behavior of the device can be directly affected by the oxygen, the inherent variability
of the chemical structure of graphene oxide, and the random distribution of graphene
oxide sheets during the manufacturing and deposition processes. In addition, many current
synthesis technologies of graphene-based materials are immature, limiting the development
of large-scale production with high uniformity [60].

As a 2D material, hBN has a structure similar to graphene and is called “white
graphene”. There is a strong covalent bond between boron and nitrogen atoms, which
gives it excellent flexibility. hBN has a fairly high elastic constant (503 N-m~!) and breaking
strength (15.7 N-m 1) [63]. Due to its high thermal conductivity, inherent fluidity, high
temperature stability, nontoxicity, and biocompatibility, it has received a lot of attention [64].
Qian et al. [65] used the chemical vapor deposition method and used the ultra-thin, two-
dimensional material hexagonal boron nitride (hBN, ~3 nm) as the dielectric layer to
prepare flexible ReRAM devices. The prepared Ag TE/hBN/Cu memory device has an
on/ off ratio of about 100, a write/erase cycle (about 550), and a hold time (about 3 x 10% s).
After bending 750 times (bending radius of 7 mm), it still shows excellent performance
(Figure 6). Compared with other two-dimensional material ReRAM devices, the hBN
memristor on the copper foil substrate can be grown in a large area in a tube furnace. The
growth preparation process does not involve additional pollution caused by solution and
film transfer. In addition, the hBN film can also be transferred to other flexible substrates,
such as ITO/PET, to prepare flexible translucent hBN memristors. After that, the research
team used the hBN film as the dielectric layer again to prepare a flexible and transparent
ITO/HBN/ graphene/PDMS memristor on a polydimethylsiloxane (PDMS) substrate. The
device shows excellent performance in the light transmittance (visible light wavelength
85%), on/ off ratio (480), retention time (5 x 10* s), and also has high flexibility at bending
conditions and can work stably on any substrates [66].
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Figure 6. Ag/hBN/Cu foil flexible device [65]. (a) Ag/hBN/Cu foil/PET substrate device. (b) Cross-
section TEM image, and the thickness of hBN is about ~ 3 nm. (c) The electroforming process for
hBN memory device with V forming =~ 1.87 V. (d) The switching characteristics of the hBN memory
device after electroforming process.

TMDs are widely used as switching materials due to their considerable band gap
between 1 and 2 eV [67], and are considered as a substitute and supplement for graphene in
modern electronic and optoelectronic devices. The elastic modulus of MoS, is 123 N-m~!,
and the Poisson’s ratio is 0.25 [68]. It is softer than graphene. The low pretension and
high elasticity of MoS, make it suitable for the preparation of flexible memristors. Zhao
et al. [69] prepared an Ag/MoS,/Au memory on an ethylene terephthalate substrate and
observed reversible alternation between bipolar and unipolar resistance switching modes.
After 10* bending cycles with a bending diameter of 1 cm, performance of the device did
not decrease, which indicates its high flexibility.

WS, is one of the candidates for memristors due to its advantages, such as its layered
structure, simple composition, easy manufacturing, and high compatibility with CMOS
technology [70]. Lee et al. [71], based on the WS;, designed an Al/WS; NSs:PMMA /indium
tin oxides (ITO) structure device with a radius of curvature of 10 mm, which has an on/off
ratio up to 10% at 0.5 V. The memristive device also exhibits low power consumption and
high-performance bipolar switching characteristics at the bending state with a radius of
curvature of 10 and 20 mm. He et al. [72] prepared graphene//WSe;_ Oy / graphene flexible
full two-dimensional memristors. The tungsten oxide wafer is treated by oxygen plasma,
which greatly improves the memristive performance of the device and it is prepared on
a flexible polyimide substrate. In 1000 bending cycles (a bending radius of 10 mm), the
device exhibits excellent mechanical durability. When the bending radius reaches 4 mm,
the I-V loop remains unchanged, and the resistance switching is stable at a bending strain
of approximately 2.5%.

2.2.4. Biodegradable Materials: Flexible Memristor

Metal oxides, organic polymers, two-dimensional materials, etc., are commonly used
in flexible memristors. Although some of these materials have a higher performance, many
manufacturing methods and prepared devices are not sustainable in the long run. It will
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produce e-waste with nondegradable and toxic components. In addition, the demand for
wearable devices places higher requirements on materials, such as biocompatibility and
biodegradability. Natural biomaterials can provide a promising platform for the application
of “green” neuromorphic devices due to their inherent sustainability, bioabsorbability,
biocompatibility, and biodegradability [73,74]. However, the green memory device still
faces challenges, even though the biodegradable material shows good memory property
and adequate flexibility [75].

Most biological materials have the advantages of low cost and high convenience in
preparation processes, such as silk fibroin, egg protein and lignin, etc. They have been used
as the functional layer for the preparation of memristor units and have a wide range of
applications in electronic skin, biomedicine, and brain chip applications [76]. Li et al. [24]
used bovine serum albumin: gold as the dielectric layer and added a layer of hafnium
between the intermediate layer and the electrode to stabilize the relative performance of the
device. Ag/HfO,/BSA:Au/Pt was prepared on a polydimethylsiloxane flexible substrate
to check the functional performance of biological systems under bending conditions. When
the bending radii of the device are 6.5, 5.4, 3.2, and 2.1 mm, the I-V curve does not
change significantly, which indicates that the electrical characteristics are stable during the
bending stress. After the device was bent 10, 100, 200, 300, 400, and 500 times, no obvious
fluctuations were observed between the set and reset threshold voltages as shown in the
volt-ampere curve. Besides, after being immersed in deionized water for 15 min, it was
found that the silver electrode began to dissolve. After 30 min, the silver electrode was
dissolved. After 90 min, the entire biomolecule almost disappeared in the deionized water,
leaving only the flexible substrate PDMS.

Among the globular proteins, egg white protein is widely used to construct protein-
based memristors due to its stable quality and simple extraction. The egg white protein
is composed of about 10% of protein (including ovalbumin, co-albumin, oval nucleus,
bacteriolytic enzymes, globulins, and oval nucleoproteins) and 90% of water [77]. Egg white
protein can be directly extracted from fresh eggs with high efficiency, without additional
chemical purification or extraction. Moreover, the egg white protein has a high viscosity,
which means that it can be directly rotated onto the cleaned conductive substrate and can
ensure contact with the electrode even in a bent state. This reduces the manufacturing cost
of the device and the complexity of the use method. Yan et al. [78] used W as the upper
electrode and ITO-PET as the bottom electrode to construct a new type of chicken albumin
material-based memristor (Figure 7). The resistance of the device bends 1000 times under
different bending states and still maintains an appropriate ratio. After being immersed
in deionized water for 20 h, the entire device almost disappeared in the water, with good
degradability. It provides an idea for manufacturing of implantable biomedical devices
and degradable devices.

Gelatin is derived from various sources of collagen, such as fish skin, fish bones,
and bird feet. It is a water-soluble protein and is widely applied in the food industry
to synthesize biopolymer complexes as a biodegradable polymer [79]. Liu et al. [80]
developed a completely biodegradable, flexible, resistive random access memory using
low-cost biomaterial gelatin as the dielectric layer. The prepared memory device exhibits
reliable nonvolatile resistance switching characteristics, has a long retention time of more
than 10* s, and still has a nearly constant on/ off resistance ratio of 10 after 200 bending
cycles. The entire device can be completely degraded in water. Dissolution of the metal
and gelatin layer is completed within a few days, while the dissolution time of PLGA is
about 6 months. It can be altered by changing the synthesis conditions of the membrane,
and design biodegradable electronics with different dissolution times.
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Figure 7. Proposed fabrication process and schematic of a tungsten (W)/egg albumen/indium tin
oxide (ITO)/polyethylene terephthalate (PET) memristor. Reprinted with permission from ref. [78].
Copyright 2019 American Chemical Society.

However, incomplete compatibility with traditional lithography technology is a con-
siderable obstacle to the protein structure device [81]. For example, the toxic organic
solvents used in traditional photolithography can destroy the integrity of proteins [74].
Wang et al. used fibroin from the silkworm as the substrate and dielectric layer to prepare a
flexible and degradable bipolar memristive device (Figure 8). The resistance OFF/ON ratio
of the device was larger than 10?, and the resistance holding time was longer than 10* s. In
addition to having good flexibility and storage performance, the device can be completely
dissolved in deionized water or phosphate-buffered saline within two hours [23].
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deposition fibroin Peeled off

e 44 oo 4
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Figure 8. Au/Mg/fibroin/Mg flexible device. Reprinted with permission from ref. [23]. Copyright
2016 John Wiley and Sons. (a) Optical images of the fibroin fibers and aqueous solution of fibroin.
(b) Schematic of the transient resistive switching memory device. (c) Schematic diagram of the
fabrication procedures for the fibroin substrates. (d) Schematic diagram of the fabrication procedures
for the resistive switching devices.
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Kook et al. [82] found that several chemicals such as hydrochloric acid, ammonium
hydroxide, and hydrogen peroxide are compatible with fibroin and will not damage
fibroin during the manufacturing process. In addition, they designed a series of novel silk
fibroin membrane cross memristor structure manufacturing processes (Figure 9), which
can use ultraviolet lithography to manufacture a silk fibroin memristor without causing
any damage to silk fibroin. Because of this precise arrangement between layers, compared
with previously reported fibroin memristors, the cell density of the fibroin memristors
manufactured is 25 times higher than that of the manufactured memristors. The relative
ratio remains constant within 1000 s of the measurement, and remains constant during the
bending of the cylinder with a radius of curvature of 1.3 mm. The silk fibroin maintains
biocompatibility and biodegradability after undergoing the manufacturing process.

(a)

Parylene-C film Au patterning Silk fibroin casting Al deposition
on a silicon wafer by lift-off & PR patterning
W
€ .6 .
Ag etching Ag deposition Silk fibroin etching Al etching
& PR strip & PR patterning & Al strip & PR strip

(b) Top Electrode (Ag) —
Release\ y | /
\y ¥ 1 WFibroin
i

@ silicon  Parylene-C (g Gold  Silk Fibroin @ Aluminum  Photoresist - Silver

Figure 9. Schematics of the fabrication process and the fabricated device. Reprinted with permission
from ref. [82]. Copyright 2020 John Wiley and Sons. (a) Fabrication process of fibroin memristors
on a Parylene-C film utilizing UV photolithography. (b) Close-in schematic of a single cell in the
crossbar architecture.

Lignin is a biodegradable waste product of paper industry. The active layer of de-
vice can be easily formed on the plastic substrate using a simple solution process. This
compound is cheap, ecologically harmless, biodegradable, and is a useful feature for bi-
ological excitation and implantation of electronic devices [83]. Lee et al. [83] used lignin
as a dielectric layer to prepare a polymorphic ReRAM device on a flexible PET substrate
(Figure 10). Even in the case of bending, the on/off current ratio did not change much,
and it was observed during 100 bending cycles that there was stable resistance switching
behavior. The device also exhibits stable and uniform information storage capabilities at
four different multilevel resistance states.

Deoxyribonucleic acid (DNA), as the most important genetic material of organisms,
has not only been studied in genetic engineering but has also been used to make various
sensor devices due to its biocompatibility. Lam et al. [84], using DNA as the active layer,
designed an all-polymer resistive switching memory device. Under bending with different
radii of curvature and after 1000 bending cycles, no significant degradation was observed,
indicating that the device had excellent durability and repeated deformation, and good
potential for wearable and implantable bioelectronic applications.
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Figure 10. Au/Lignin/ITO/PET flexible device. Reprinted with permission from ref. [83]. Copyright 2017
American Chemical Society. (a) Schematic and structure of lignin in lignocellulose. (b) Schematic structure
of flexible Au/Lignin/ITO/PET device. (c) Photograph of the memory array on flexible substrate.

2.3. Flexible Substrate Material

The substrate mainly plays a role in supporting and improving the mechanical proper-
ties of the memristor. Physical and chemical properties of the substrate material and its
surface morphology have a certain impact on the device. Substrate surface is required to
be flat and small in roughness and does not involve the electrical behavior of the mem-
ory. The existing memristor devices are usually fabricated on glass or silicon substrates,
which do not show high flexibility [85]. In order to make the memristive device have the
characteristics of extension, stretchability, and biocompatibility, it needs to be prepared on
some non-traditional substrates, such as PET (polyethylene terephthalate), polyimide (PI),
polydimethylsiloxane (PDMS), etc. [86,87].

Andrey et al. [22] prepared a Ti/TaO, /IGZO/Pt double-layer memristor switch on a
PET substrate and used a “homemade” plastic platform to measure the flexibility of the
device. The test results show that the parameters of the device do not change much after
more than 300 bends. Li et al. [24] prepared an Ag/HfO,/BSA:Au/Pt device on PDMS
flexible substrate and showed good flexibility. However, after immersing in deionized
water, the entire biomolecule almost disappeared except PDMS.

PLGA has the advantages of low cost, wide availability, simple preparation process,
high thermal stability, and low elastic modulus. In addition, PLGA has high biocompatibil-
ity and biodegradability and has been approved by the U.S. Food and Drug Administration
(FDA) for medical applications [88]. Liu et al. [80] developed a completely biodegradable,
flexible, resistive random access memory (memristor) based on biodegradable polymer
polylactide-glycolactone acid (PLGA). The fabricated memory device approaches a con-
stant on/ off resistance ratio of 10 after 200 bending cycles. In addition, PLGA has high
biocompatibility and biodegradability, and the entire device can be completely degraded
in water.

The development of wearable devices puts forward higher requirements for indus-
trial production of memristors, so controlling their costs and realizing mass production
are still the focus. The flexible substrate has good processing performance and can be
mass-produced by printing and other methods [89]. Lien et al. [90] prepared a flexible
and biocompatible TiO, memristor on an A4 paper substrate by inkjet and screen-printing
methods, and it still maintains relatively stable electrical properties under bending condi-
tions. In addition, the cost of preparing the device by printing is low (~0.0003 cent /bit). At
the same time, the paper-based flexible memristive device can be completely destroyed by
simple crushing or burning, meaning it has excellent data security storage performance.
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In addition, some special materials are also used as substrate materials to meet the
specific needs of memristors. For example, most plastic substrate memristors cannot
work or grow in high-temperature environments [91,92]. Some materials require high-
temperature processing (metal oxide) when used in the preparation of memristors, which
limits the process of flexible oxide-based memristors. In order to solve the above problems,
mica materials are widely used. Le et al. [32] prepared a flexible memristor using muscovite
as a substrate. ANA /Muscovite memristor not only has excellent mechanical properties,
but also can work normally at a high temperature of 185 °C. Yan et al. [91] used thin
(10 microns) mica as the substrate, prepared a flexible memristor with a structure of
TiN/ZHO/IGZO, which has excellent flexibility and thermal stability. After 103 times
of bending, the device still showed excellent electrical characteristics. In addition, at
temperatures up to 300 °C, it can also switch between high resistance and low resistance.

In order to transfer the memristor without damaging the memristor, Lin et al. [93] con-
structed a flexible and transferable water-soluble NaCl substrate Pt/WOx/Ti memristive
device. Due to the high heat resistance of NaCl substrate, the preparation of memristive
devices will not damage the substrate. After dissolving the NaCl substrate with water, the
memristive device can be transferred to four types of substrates: printing paper, 3D glass
hemisphere, pectin, and PDMS, as shown in Figure 11, which also shows flexibility and
different application prospects. PDMS is used for future flexible storage, printed paper is
used for electronic displays, glass hemispheres are used for nonplanar surfaces, and pectin
is used for biocompatible applications. More importantly, the devices transferred to the
above four substrates can still work normally, and the devices are not damaged during the
transfer process. This broadens the integration of neuromorphic computing systems with
new conformal and flexible features in the future.
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Figure 11. Pt/WO, /Ti flexible device. Reprinted with permission from ref. [93]. Copyright 2018 John
Wiley and Sons. (a) Fabrication process using water-dissolution method. (b) Schematic diagrams
of electrical measurement of Pt/WOx/Ti device transferred on PEN substrate. (c¢) The device is
transferred on PEN substrate under bending. (d) Flexible printing paper, a glass dome hemisphere
with a 3D surface, pectin substrate, and then onto skin and PDMS substrate.
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Stainless steel is evaluated as an alternative flexible substrate for memristors, and
it provides excellent tensile strength [94]. Yan et al. [85] fabricated a memristor with
a Ta/TapO5_,/Al,O3/InGaZNOy structure on stainless steel. Under a tensile force of
200 N, performance of the device remained basically unchanged, which indicates that the
memristor device has excellent stability. The flexibility and tensile strength of the device
are promising in application of neuromorphological calculations.

This chapter focuses on the electrode materials, dielectric layer materials, and substrate
materials of flexible memristors. Table 1 summarizes the flexible memristor materials. It can
be seen that green and degradable flexible materials are very popular, including degradable
metal electrode materials and flexible degradable substrate materials. In particular, natural
polymer biomaterials have great research value for dielectric layer materials. It is not
only cheap and environmentally friendly, but also flexible and biocompatible, which is
of great significance to the research of wearable devices. However, its performance still
needs to be improved compared with metal oxides and other materials. In subsequent
research, quantum dot deposition, doping, and other methods can be used to improve
the performance of the material to prepare flexible memristive devices with lower energy
consumption, faster response speed, and stronger storage capacity.

Table 1. A summary of the flexible memristor materials.

Materials Advantages Disadvantages Reference
Ti [27]
Pt [23]
Metals Mg Degradability High cost [24]
Flexible memristor Ag [25]
material w [78]
ITO [29]
Oxides ZnO Transparency High cost [31]
AZO [32]
. TiO, High [37]
Metal ox1d.e HfO, memr%stive Poor flexibility [38]
flexible memristor 7n0 performance [44]
PEDOT:PSS [47]
Organic polymers %’)IY/I?\ii High flexibility Unsustainable {gg%
flexible memristor PDDF-g-MWNTs development [55]
Flexible Parylene-C [56]
dielectric Two-dimensional Graphene [621
. . . HBN . - . [65]
layer material materials flexible High flexibility High cost
. MoS; [69]
memristor WS, [71]
BSA High flexibility [24]
. Egg white protein Poor tolerance [78]
Biodegradable Gelatin Low cost Device [79]
i i inable
materials .ﬂex1ble Fibroin dSustlama ¢ performance needs [23]
memristor Lignin Bioec‘(;;(;)}:lr’:ilsirlli ty to be improved [82]
DNA [83]
PET [27]
Organic flexible PDMS Low cost Poor heat [24]
Flexible substrate material PLGA resistance [89]
substrate material A4 paper [90]
Inorganic flexible Muscovite High temperature Complex [91]
substrate material NaCl resistance preparation process [93]
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3. Flexible Memristor Structure

The structure of the memristor includes the “sandwich” structure, planar structure,
crossbar structure. Different structures have an important impact on the working efficiency
of the memristor. This chapter will introduce the above three memristor structures and
their derivative structures.

3.1. Flexible “Sandwich” Structure

The “sandwich” structure is the classic structure of the memristor, including the upper
and lower electrode layers, and the middle dielectric layer. This structure is simple and
easy to prepare. When studying the basic performance and resistive mechanism of the
memristor, this structure is used more often. The first memristor that could work was
a metal /oxide/metal sandwich structure memristor prepared by HP Lab researchers in
2008 based on TiO; [4]. Later, researchers used different materials to prepare a variety of
memristors based on the classic “sandwich” structure.

In addition, some new memristor structures were derived based on the “sandwich”
structure to improve flexibility. Zhang et al. [95] deposited an LTO film on the nano-
platinum bottom electrode layer and used electron beams to etch holes of different sizes on
it. The dielectric layer HfOy is grown in the hole. In this structure, the insulating dielectric
layer is located around the dielectric layer, which can effectively prevent the dielectric layer
from contacting the external environment and improve the reliability of the memristor for
storing information. However, the preparation process is complicated, and the operation
is difficult. Yang et al. [96] manufactured a stretchable corrugated memristor based on
highly elastic TPU: silver nanoparticles and PDMS through the combination of peeling and
lamination technology. Even if the strain is as high as 60%, the memristor can still work
well. The memristor also shows high mechanical performance through repeated stretching
and relaxation experiments. After 300 cycles of 35% tensile strain, the device still maintains
its original performance.

3.2. Flexible Plane Structure

In addition to “sandwich” memristors, there are also planar memristors. In a mem-
ristor with a planar structure, the upper electrode layer and the lower electrode layer are
on the same substrate plane, with a dielectric layer in the middle. Illarionov et al. [97]
deposited a layer of nano-gold on the substrate and used photolithography to etch a narrow
bottleneck area in the middle of the electrode layer to form a trench across the electrode.
Then they used inkjet printing to deposit titanium dioxide nanoparticles in the trench. The
depth of the trench exceeds the thickness of the electrode, so the resulting narrow gap
divides the original electrode into two terminals, and the titanium dioxide nanoparticles in
the gap form the dielectric layer of the memristor. However, due to incomplete trench filling
and weak device response, the fabrication technology still needs to be further improved.

Planar devices require fewer manufacturing steps, especially if the two electrodes are
of the same material, leading to lower cost and faster manufacturing process. Abunahla
et al. [62] proposed a new type of planar memristor consisting of gold electrodes separated
by a gap containing a prGO film. The prGO film and metal electrodes are located on COC
substrate, and the device exhibits a unique behavior, generating more than 20 different
resistance states by applying continuous voltage sweeps. After each new writing process,
the device maintains its final state and requires a higher voltage amplitude to move to the
next level and shows excellent flexibility.

In addition to improving the performance of the device, the phenomenon of the resis-
tance change mechanism can be more intuitively observed under the planar structure [98].
Sun et al. [99] prepared a memristor with an Ag/SiO, /Pt structure. The gap of the device
is designed to be 100 nanometers to 2 m. Through scanning electron microscopy, it was
proved that silver nanoparticles first formed near the silver anode, then gradually migrated
in the dielectric layer and grew toward the cathode. This directly proved that the discrete
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silver nanoparticle chains were originally produced during the electroforming process,
rather than evolved from continuous carbon fiber.

3.3. Flexible Crossbar Structure

The crossbar structure memristor is also an important part of the memristor. Its
upper and lower electrodes are perpendicular to each other. The dielectric layer is
located between the upper and lower electrodes. Each node at the intersection can be
regarded as an effective logic storage unit. It can realize large-capacity storage. The
device of the crossbar structure has huge application potential, such as simple structure,
high integration, high nonvolatility, good fault tolerance and parallelism, and multiple
logic functions.

In 2002, the Sharp Lab developed the earliest crossbar structure memristor. They
fabricated a 0.5 pm 64-bit 1T1R crossbar device on COMS. After testing, it was shown
that the device can be programmed by byte or text. It laid the foundation for the devel-
opment of the memristor with a crossbar structure [100]. Subsequently, many electronic
companies and researchers have continued to invest in the research of crossbar memris-
tors. Zhang et al. [101] prepared Al/CSQDs-PVP/Pt/PET flexible resistance switching
memory device based on a mixture of silicon quantum dots and polyvinylpyrrolidone
(PVP). The device has a high switching current ratio (10°), low operating voltage (1.6 V),
high stability, and flexibility. When bending to a radius of 7.1 mm, its on/off ratio almost
maintains its initial value. It has great potential in flexible and high-performance storage
applications. He et al. [102] used carbon fiber as the substrate and electrode, and titanium
dioxide nanorods (TiO, NRs) as the active layer to prepare a flexible crossbar memristor.
The device exhibits bidirectional threshold switching behavior under periodic voltage
sweeps, with an on/off ratio of 10°. Conductance of the device can be continuously
adjusted through continuous bias voltage scanning, and it exhibits excellent durability
over 1500 cycles.

In order to solve the practical application obstacles caused by individual cells or
low storage cell density of storage devices, three-dimensional (3D) stacking of storage
devices provides a method for achieving a substantial increase in storage cell density [103].
Wang et al. [104] prepared a multilayer, stacked 3D Pt/HfAlO, /TaN crossbar structure
flexible memristor. With a multilevel information transmission function, the energy
consumption is 4.28 aJ, and the response speed is 50 ns. In addition, it can simulate stable
LTP/LTD behavior under the bending state with a radius of 5 mm. It is an important
step in the research of efficient and high-speed wearable 3D neuromorphic computing
systems. Pan et al. [105] prepared a triangular prism-shaped conformal structure Ag/silk
fibroin (silk fibroin)/Ag flexible memristor by printing and used a curved template to
induce a stretch-resistant curved cross array (pictured), and it was printed on a flexible
substrate (PDMS, polydimethylsiloxane) to achieve flexibility. When the interleaved
memory device was bent at a radius of curvature of 5 mm, the device’s on-off ratio
was greater than 10°, and the time was >10% s. Its storage density is 2.5 x 10° bits/cm?
(10° bits higher than the previously reported result). Chen et al. [56] used parylene-C
as all functional films of the sidewall resistance switch layer, encapsulation layer, and
flexible substrate to prepare a 3D stacked flexible memristor (Figure 12). On the parylene-
carbon film substrate, alternate layers of parylene-carbon/tungsten films are formed
and patterned into encapsulation layers and flat bottom electrodes. A parylene-carbon
film of approximately 30 nanometers was deposited along the sidewalls as a resistive
layer. Finally, an aluminum film is formed and patterned into a vertical top electrode.
Device retention time is >10° s, endurance cycle is >300, and resistance on/off ratio is
>10. In addition, the 3D array fabricated on a 10 um parylene-carbon substrate shows
excellent flexibility and transparency. Even at bending conditions (radius < 10 mm), high
mechanical and electrical stability can be obtained.
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Figure 12. 3D stacked flexible memristor. Reprinted with permission from ref. [56]. Copyright 2020
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John Wiley and Sons. (a) Schematic diagram of the proposed organic 3D Vmemristor based on
parylene-C. (b) Polymer CVD process for fabricating parylene-C film. (c—j) Fabrication flow of the
proposed organic 3D Vmemristor.

This chapter focuses on the structure of the flexible memristor. It can be seen that the
memristor structure is no longer limited to the sandwich structure, but on this basis, a
structure with better performance has been developed from a structural point of view. In
addition, the development of neural network computing puts forward higher requirements
for the flexible crossbar structure memristor. How to make the stack more stable while
ensuring flexibility is still a problem that requires continuous exploration by researchers.
Table 2 summarizes the properties of the flexible memristor.

Table 2. A summary of the flexible memristors.

Retention SET/RESET ON/OFF

Memristor Time (s)  Voltage (V) Ratio Stability Flexibility Reference
Withstand a mechanical
8 .
ITO/ I_g]?%/ ITO/ 10° 0.4/-0.2 ~40 0 . tpl,lll.l s moci'le tensile stress of up [30]
switching cycles t02.12%
AZO/NiO/AZO/ 5 5 Stable endurance to Work at various bending
; 10 0.5 >10 3 . [32]
muscovite 10° cycles radii down to 5 mm
. HRS and LRS resistances Withstand bending
ITO/I}:?IEIQII\}I 02/ 10* 1.5/-15 >10 are estimated to be radius ranging from 70 [43]
~ 3.2% and ~ 3.0% to 10 mm
TiN/Al,O3/ZnO/ 4 5 Stable endurance Withstand a bending
Al,O3/TiN >10 5 >10 > 10% cycles radius of up to 3 mm [44]
Withstand bending
3D Al/parylene- >10° 2.6/0.75 >10 Stable endurance > conditions (radius [56]
C/W 300 cycles
<10 mm)
Withstand various
Ag/(}l\;l;gICr)r—CI)’VP— >10* 4/—-4 8.5 x 103 Stabl;oegl ;:lucliizce to bending cycles after 100, [48]
4 250, 500 cycles
Ag 3 B Stable endurance to Bending endurance
TE/hBN/Cu/PET 310 0.72/-037 100 550 cycles ~ 750 cycles [65]
. Remains the same
Ag/silk Stable endurance to during bending over a
fibroin/Au/ 103 3/4 103-10° ) ; . [82]
30 cycles cylinder with a radius of
Parylene-C
curvature of 1.3 mm
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4. Application of Flexible Memristor

The human brain, which contains about 10! neurons and 10'® synapses, consumes
less than 20 watts of energy when calculating, which is more efficient than other computing
systems [106]. The huge amount of data processing between memory and central processing
unit of the traditional von Neumann architecture limits the speed of current computer
system [107]. Therefore, the development of neural network-like computing is a new way to
achieve efficient computing. Despite the complexity of the human brain, research exploring
the human brain is still underway, hoping to mimic the human brain in function [108]. In
recent years, memristor devices have become the main memory components that mimic
the synaptic function of the human brain and have shown advantages in brain-inspired
calculations [109-111]. At present, artificial synaptic devices based on crystal memristors
have been successfully used to simulate the synaptic characteristics of organisms, and
realize bionic functions such as neural computing, vision, and touch.

Sun et al. [112] found that, when using a flexible ferroelectric thin film BiFeO memristor
to simulate STDP, the STDP characteristics did not show any significant deterioration after
10° bends at a bending radius of r = 8 mm. In addition, in the artificial neural network sim-
ulation based on experimental characteristics of the memristor, about 90% of handwritten
digit recognition accuracy was obtained through online supervised learning. These results
highlight the potential wearable applications of flexible ferroelectric memristors in data
storage and computing. Park et al. [113] prepared organic memristors using predefined
local ion migration paths in cross-linkable polymers. The device exhibits stable memory
characteristics in bipolar mode, and the device has memory retention performance under
repeated mechanical stress. In addition, the prepared neuromorphic array of memristors
showed a learning accuracy of 96.3%, comparable with an ideal software baseline. The
concept of predefining LIP in organic memristors is expected to provide a new platform
for development of flexible electronics and realize various practical neural networks for
artificial intelligence applications.

Nevertheless, every neuron in a real biological system is connected to 5000-10,000
different neurons; a single synaptic unit is not sufficient for information transmission and
processing. Therefore, the introduction of a three-dimensional artificial neural network
to simulate the multilevel information transmission and processing of nervous system
makes the artificial neural network more efficient than that of human brain and has massive
parallel computing capabilities [104]. Pan et al. [105] prepared a triangular prism-shaped
conformal structure Ag/silk fibroin (silk fibroin)/Ag flexible memristor by printing and
accomplished pattern matching efficiently in visual display. After the programming voltage
is applied to the device, the input pattern (heart, smiling face, and letter “CAS”) and the
corresponding experimental output image show effective pattern matching. In addition,
this fully printed flexible storage device meets storage requirements. The device is attached
to the wrist and cargo, and combined with the characteristics of resistance switching
and flexibility, it has potential in wearable electronic devices and flexible radio frequency
identification tags.

Wang et al. [104] proposed a three-dimensional wearable artificial neural network,
which is composed of a multilayer stack of flexible Pt/HfAlO,/TaN memristors with
ultra-low power consumption and multilevel information transmission. In the flat and
curved state, simulated long-term potentiation (LTP) and suppression showed 10* spikes.
Further simulating the behavior of synaptic weight modulation, by changing amplitude
of the applied pulse, proved the spike voltage-dependent plasticity (SVDP) in synaptic
device. The power consumption per synapse event is 4.28 aJ, and the response speed is
50 ns. In the image test, “3” (28 x 28 pixels) images with different noise levels (0~90%)
are used to simulate recognition. After 1000 epochs of artificial neural network training,
MNIST pattern recognition is simulated without noise, and the recognition accuracy rate
reaches 88.8%. When the noise level is 30% and 60%, the accuracy of pattern recognition
is 80.9% and 74.1%, respectively. When the artificial neural network output of the test
image of numbers from “1” to “9” during the training process of 1000 epochs, as the
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number of training epochs increased, the output of the letter “0” is greater than the output
of other letters, indicating that the recognition of the number “0” is successful. As the
number of epochs increases, all patterns (“0-9”) are successfully recognized. The results
show that the proposed flexible three-dimensional neural network has great potential in
information processing such as pattern recognition. The proposed flexible neural network
with a multilayer crossbar structure shows the potential of ultra-low-power neuromorphic
computing lower than that of human brain, which is a significant advancement in the new
wearable neuromorphic system.

Lu et al. [114] prepared flexible memristors based on chitosan and utilized biological
sensing working mechanisms to simulate synaptic behavior (Figure 13). The device exhibits
a history-dependent memristive behavior with continuous change in the conductance state,
and has successfully simulated short-term enhancement, long-term enhancement, and
spike rate-dependent plasticity (SRDP) (Figure 14). By inputting the letters “LH” and “X”
into the memristor matrix synapse simulation, “LX” is stimulated by 100 continuous pulses
with an amplitude of 2 V and a pulse width of 30 milliseconds, and “X” is trained with
the same number of pulses. The pulse width is 500 milliseconds. As the number of spikes
increases, “LX” and “X” are gradually memorized by this device, which represents the
dynamic learning process. After learning 100 times, the applied stimulus is removed and
the forgetting process is investigated. For the shorter pulse width (e.g., 30 milliseconds),
“LX” is almost completely forgotten within 10 s, while the letter “X” can be stored for
more than 10 min, successfully simulating the learning forgetting behavior (Figure 15).
In general, the biosensing memristor artificial synaptic devices have great potential in
neuromorphic networks. Artificial synapses based on memristors can be regarded as the
building blocks of artificial neural networks and represent an important step towards
neuromorphic applications.
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Figure 13. Structures and working mechanism of biological synapses and electrical properties of the
receptor-inspired counterpart [114]. (a) a-I Schematic diagram for the connection of two neurons by
a synapse in the biological system and a-II, the working principle of the G-protein-linked receptor.
(b) Schematic diagram. (c) Optical image of the flexible memristors. CS and rGO were used as the
top and bottom layers of the device channels, respectively. (d—f) Characteristics for the devices with
(d) rGO, (e) CS, and (f) rGO covered by CS as the channel materials.
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Figure 14. Proposed model for working mechanism of the artificial synapse [114]. (a) Schematic
diagram for the working mechanism of the memristor. The current is formed due to the hopping
of protons provided by CS through functional groups and limited by the traps in rGO nanosheets.
(b—d) Proposed model consisting of a number of face-to-face diodes for the memristor working in
zero bias, forward bias, and reverse bias conditions, respectively.

Wang et al. [115] simulated typical synaptic plasticity, including excitatory postsy-
naptic current (EPSC), paired impulse facilitation (PPF), long-term potentiation/inhibition
(LTP/LTD), and learning to forget the rules. In addition, these trainable biomolecules are
used to simulate array learning behaviors similar to the human brain. A 3 x 4 device array
matrix was constructed to simulate the learning process of the letter “L”. After training
the memristor array 50 times, current of the selected 7 cells to the letter “L” increased
significantly, indicating that the memristor array successfully emulated the process of
learning and memory. The forgetting behavior after learning process is demonstrated in
the memristor array by monitoring current of the selected device after 1000 s of training.
Although the current state of the memristor has a certain degree of attenuation, the current
level is still higher than the initial state.

Memristors have been widely used in information storage and neuromorphic comput-
ing. The excellent resistance switching characteristics of memristors also provide a new
strategy for constructing artificial nociceptors. It has important scientific and technical
significance for development of humanoid robots and dermatoelectronics. Ge et al. [116]
studied Ag/carboxymethyl-carrageenan/ITO/PET flexible memristors and proved that
they can be used as nociceptors. The Ag filaments in the device are formed and sponta-
neously broken under the action of diffusion kinetics, so that the injury behavior can be
perceived. The device simulates important nociceptor characteristics, such as the “thresh-
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old” and “relaxation” behaviors of nociceptors at the normal state, the “allodynia” and
“hyperalgesia” behaviors in the abnormal state, and the transition from abnormal state to
hyperalgesia after adequate rest and self-healing phenomenon in a normal state. Artificial
pain receptors can also establish a pressure-sensing alarm system. These results will pro-
mote the development of non-silicon electronic devices based on biocompatible polymers

to simulate biological nociceptive function of the human sensory system.
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Figure 15. Emulation of learning and forgetting process with the designed artificial synapse [114].
(a,b) The STP and LTP behaviors of the artificial synapse. (c,d) A demonstration of STM and LTM of
the artificial synapses by putting letters “LH” and “X” into the matrix.

Although artificial synaptic devices are developed to a certain extent, the structure
and performance of the devices still need to be improved [117]. Reducing the size of the
device, reducing the energy consumption, and improving its stability are still the primary
focuses and difficulties of the research. In addition, the integrated preparation of flexible
artificial synaptic devices remains to be explored. Improving the compatibility of flexible
systems, such as organisms and simulating complex biological neural signal transmission
and processing functions, are future development directions. With the development, the
field of memristor artificial bionic synapses will achieve greater breakthroughs and will
promote the rapid development of related fields.
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5. Conclusions

As a new type of storage device, memristors are expected to meet the requirements
of high density, low power consumption, high durability, and nonvolatility of future
memories. With the development, the memristor is constantly optimized. Compared
with traditional silicon-based memristors, high-performance flexible memristive devices
are more in line with the requirements and development direction of wearable devices.
This article reviews the materials and structures of flexible memristors, the latest research
progress and their applications in the field of flexible bionic artificial synapses. Although
the development of new materials and device structures has greatly promoted the progress
of the flexibility of the memristor, there are still some problems. For example, although the
metal oxide memristor has a good switching ratio, it is difficult to achieve flexibility due
to the Young’s modulus of metal oxide. In addition, it will cause environmental pollution
during the preparation process. Two-dimensional materials have good flexibility, but their
preparation process is complicated, and it is difficult to realize industrialization. Organic
natural materials are cheap and easy to prepare, as well as flexible. However, how to
improve their memristive properties is still a difficult problem. Moreover, in order to
realize a large-scale array of artificial neural networks, the variability and uniformity of the
memristor need special attention. Although the neural network can bear a certain degree
of error, variability and uniformity are still very important for high recognition accuracy
of the neural network. In order to realize a large-scale neural network with high learning
accuracy, it is still important to improve the stability and flexibility of the memristor. In
the future, flexible memristors will continue to develop and shine in wearable devices and
artificial bionic synapses.
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