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With the rapid development of artificial intelligence and the Internet of Things, there is an explosion of available
data for processing and analysis in any domain. However, signal processing efficiency is limited by the Von
Neumann structure for the conventional computing system. Therefore, the design and construction of artificial
synapse, which is the basic unit for the hardware-based neural network, by mimicking the structure and working
mechanisms of biological synapses, have attracted a great amount of attention to overcome this limitation. In
addition, a revolution in healthcare monitoring, neuro-prosthetics, and human—machine interfaces can be further
realized with a flexible device integrating sensing, memory, and processing functions by emulating the bionic
sensory and perceptual functions of neural systems. Therefore, low-dimensional materials, including both 0-
dimensional materials (OD), one-dimensional (1D) materials, and two-dimensional (2D), have been employed in

flexible neuromorphic devices and systems.

artificial synapse memristor transistor

| 1. Introduction

With the development of information technology and intelligent systems, the amount of data will double every two
years, and these data need to be processed with high efficiency. However, the memory wall in conventional Von
Neumann-based computing systems will limit their energy efficiency and their computing performance, due to the
frequent transmission of data between memory and the processing unit W2, In contrast, benefiting from large-
scale parallel processing and event-driven operation of the biological neural network, the human brain is able to
work in robust, fault tolerant, and energy-efficient modes B4 and only consumes about 20 W of power. In
addition, some level activities, such as reflex and muscle activation, are processed directly by the peripheral neural
system (PNS) without sending signals to the central neural system (CNS). That is to say, the decisions responding
to some sensory signals can be made locally and immediately, once the sensory signals are perceived [,
Localized processing can not only quickly respond to external stimuli and protect living creatures from further injury,
but also reduce the computational burden of the brain [EllZl. This is considered a potential approach for designing
and constructing a neuromorphic system by mimicking the structure and mechanism of its biological counterpart,
which can realize both the biological neural-sensing and processing functions BIEI20  Therefore, in-memory

computing and in-sensor computing have been proposed and the corresponding neuromorphic devices have been
fabricated [2H[12]13]
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The emerging applications of neuromorphic systems, such as healthcare monitoring, neuro-prosthetics, and
human—machine interfaces, require the flexibility of neuromorphic devices and systems in the morphology, which is
highly related to the mechanical properties of the materials. Usually, bulk inorganic materials are rigid and
incompatible with flexible electronics. In order to realize the high flexibility of the devices, several approaches have
been proposed. The employment of organics, such as biomaterials and polymers, in the fabrication of the devices
is one of the possible solutions L4LSI18IA7I18] Although devices with high flexibility can be obtained with organic
materials, environmental sensitivity (e.g., temperature, moisture, and chemicals) is an issue influencing the long-
term stability of the devices 1229 |norganic materials also show high flexibility when the thickness of the materials
is scaled to several micrometers and can be conformable with human skin, as reported in previous research. The

use of inorganic materials is also a possible approach to fabricating flexible electronics [211122],

Therefore, low-dimensional materials, including both 0-dimensional materials (0D), one-dimensional (1D) materials,
and two-dimensional (2D), have been employed in flexible neuromorphic devices and systems [231241(251[26]27] |y
addition, some low-dimensional materials, such as transition-metal dichalcogenide (TMDs), graphene, and
nanotubes, exhibit properties that are sensitive to external stimuli, which is also required for sensing applications.
In addition, power consumption is also an issue that needs to be considered in flexible electronics for neuromorphic

sensing applications. Thus, a number of self-powered flexible sensers were also designed and fabricated 281129130
)

Therefore, energy efficient in-sensor computing devices, fabricated with low-dimensional materials, show great

potential applications in neuromorphic engineering [B21331(34],

| 2. Low-Dimensional Materials

With the development of material science and processing technology, several novel materials with distinct electrical
and physical properties have been discovered and synthesized. Among them, low-dimensional materials with at
least one dimension at the nanoscale level, have distinct properties from their corresponding bulk materials (22!,
Due to their outstanding properties, low-dimensional materials have attracted a great amount of attention [S€I[371[38]
(3911491 For example, 2D materials, such as transitional metal dichalcogenides (TMDs), 2D oxides, and MXene, and
1D materials, such as carbon nanotubes, metal oxide nanotubes, and silicon nanowires, have been synthesized
and widely applied. In addition, 0D materials, such as quantum dots and nanopatrticles, were used in the dielectric
layer of a memristive device 281271141 These materials show superior flexibility for the implementation of flexible
electronics than their bulk counterparts. Mechanical flexibility allows the devices to stably adhere on the surfaces of
an arbitrary object, including human skin and organs, as shown in Figure 1. 42 In addition, the electrical
properties of low-dimensional materials range from insulators to conductors, and a number of flexible electronics,
ranging from flexible electrodes to heterostrcure devices consisting of both insulators and conductors, can be
fabricated with low-dimensional materials. Furthermore, the properties can be tuned by various methods, which will
further contribute to the various applications of low-dimensional materials. For example, the electrical and physical
properties of 2D materials can be tuned by adjusting the layer or doping with other elements 2!, For 1D and 0D

materials, the modification of the surface morphology and the functional groups can also change the properties 44!
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431 |n addition, size, diameter, and surface roughness will also lead to a variety of electrical and physical properties

of low-dimensional materials 4647,
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Figure 1. The application of low-dimensional materials in flexible electronics.

Hence, this section will provide a brief introduction to low-dimensional materials and their applications in flexible

electronics.

Before discussing low-dimensional materials and their artificial synapses applications in detail, Table 1 provides a

brief summary of the advantages and disadvantages of low-dimensional materials.

Table 1. Summary of the advantages and disadvantages of low-dimensional materials in the applications of flexible

artificial synapses.

0D Material 1D Material 2D Material
Synthesis of the materials Easy Medium Difficult
Material stability Medium High Low
Type of synaptic device Memristor Memristor/Transistor Memristor/Transistor
Device fabrication Easy Difficult Medium
Wafer scale fabrication Easy Difficult Difficult
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0D Material 1D Material 2D Material
Uniformity Low Low High *

2.1. Zero Dimensional Materials _ _ _
* High uniformity in the devices can be realized with wafer-scaled 2D materials.

0D materials are the group of materials that have all three dimensions less than 100 nm, such as nanoclusters,
quantum dots (QDs), and nanoparticles #8. Changes in spatial structure, morphology, size, and other parameters
of 0D materials will lead to versatility in their physical and chemical properties [42. Due to their unique electrical and
optical properties and their tuning properties, 0D materials have been widely employed in various electronic

devices, including flexible artificial synapses [2251152],

The performance of both memristors and transistors can be enhanced with the outstanding properties of 0D
materials BUB3IB4 For the application in memristors, conductive or semiconductive QDs were frequently used as
the charge-trapping materials to increase uniformity in the performance of resistive switching among different
cycles 331, Chen reported a MgO-graphene oxide quantum dot hybrid film with a solution processed method. The
device exhibited highly controllable RS behavior, due to the enhancement of the local electric field by QD and the
redox of QD under an electric field, and the basic synaptic behavior could be emulated B3B8, For the application in
synaptic transistors, conductive or semiconductive QDs can be embedded in the charge trapping layer or the
dielectric/semiconductor interface of the transistor to store the charges. As a result, the synaptic characteristics can
be mimicked. For example, Meng reported a synaptic transistor with a 2D MoSe channel and an 0D BPQD trap
layer. The device had low power consumption of 0.86 fJ/spike and was able to emulate the classical conditioning of
Pavlov's dog BUBS |n addition to the improvement in the electrical performance, the optical properties of the
materials could make the artificial synapse responsive to both electrical and optical signals, which contributed to

the advancement of optoelectronic synapses for neuromorphic electronics and artificial intelligence.

2.2. One-Dimensional Materials

Conductors, semiconductors, and insulators are three basic categories of materials, classified on the basis of their
bandgaps or conductivity, for the fabrication of electronic devices. Conventional bulk materials with outstanding
electrical properties are less useful in flexible electronics, which is desired for wearable systems, due to their
brittleness and rigidity. By contrast, 1D nanomaterials, a group of low-dimensional materials, have been widely
studied. For instance, conductive and semiconductor nanowires are used for the electrodes and channels,

respectively, of synaptic transistors 4. The memristor can be fabricated with various nanowires 58159,

Metal nanowires, such as Ag nanowire (AgNW), are typical conductive nanowires used in flexible electronics, due
to their excellent mechanical deformability, high conductivity with less than 20 Q/sq, and high transparency with a
transmittance of 85% (69, |n addition to their employment in drain/source/gate electrodes of transistors, AgNW is
also widely employed in flexible and wearable sensors 1. Carbon nanotube (CNT), another typical nanowire,
exhibits conductor and semiconductor properties, depending on its structure 62, In particular, the conductor-type
CNT shows high conductivity and excellent mechanical deformability, due to the high aspect ratio of its structural

characteristics 83, In addition, the electrochemical properties can be modified according to requirements through a
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wide range of functional groups. This phenomenon is beneficial for the fabrication of memristive devices, whose
working mechanism is based on the trapping/detrapping of the carriers 23, However, if high transparency is also
required, the layer of the conduction network should be carefully controlled, as a monolayer or a few layers 84, |n
addition, metal nanowires can be used in memristors when they are decorated with other materials, such as some
polymers [63],

Semiconductor-type nanowire is an indispensable component in flexible electronics, especially for transistor-based
devices. Conventional semiconductor-based nanowires, such as silicon, germanium, and other compound
semiconductor nanowires, have been widely studied, due to their excellent chemical stability, optical properties,
and compatability with complementary metal oxide semiconductor (CMOS) technology. Kim et al. reported on an
InGaAs nanowires-based field effect transistor (FET), which shows high stability and low variation in threshold
voltage shift 88, Apart from conventional semiconductor nanowires, metal-oxide nanowires have attracted great
attention due to the convenient synthesis method 881871, As previously reported, most metal-oxide nanowires can
be synthesized by either hydrothermal or chemical vapor deposition (CVD) methods B8IEA7A For example, Hong
et al. synthesized zinc oxide (ZnO) nanowires by the CVD method and fabricated the ZnO-based FETs by
transferring the nanowire to a pre-prepared substrate [Z2l, Both enhancement- and depletion-mode transistors were
fabricated by tuning the diameter of the ZnO nanowires. Hence, the fabrication of flexible transistors with 1D
materials provides a possible solution for the construction of transistor-type artificial synapses and corresponding
neuromorphic systems (161 Some semiconductor nanowires, such as Si nanowire and ZnO nanowire, can also be

used as resistive layers of memristor devices 23],

Insulator nanowires, synthesized on the basis of metal-oxide materials, are widely used in memristor devices due
to the wide bandgap, although semiconductor nanowires and decorated metal nanowires can also be used as the
resistive layer of a memristor B8 Compared with conventional memristors that are based on bulk metal-oxide
insulators requiring a high working voltage and exhibiting rigidity in morphology, flexible memristors with a low
working voltage can be fabricated with nanowire materials. Sun reported on the SiO, nanowire with a soft break
phenomenon, indicating that nanowires can be used to fabricate memristor devices /4. Shan investigated a
vertical-structure memristor based on TiO, nanowires, which implied that the fundamental synaptic characteristic
can be emulated 73],

2.3. Two-Dimensional Materials

Since the thickness of the material is one of the dominant factors for the flexibility of the devices, 2D materials with
one or a few layers of atoms have a great advantage in the fabrication of flexible devices [Z8. Therefore, a number

of 2D materials have been employed in the design and fabrication of flexible devices, based on their properties.

Graphene, a carbon allotrope composed of one layer of carbon atoms, was the first reported 2D material 37,
Although graphene transistors’ low on/off ratio, attributed to its gapless band structure, hinders its applications in
digital devices, its high carrier mobility of up to 250,000 cm? V= s71 contributes to its application in analog devices

and electrochemical sensors 7. In addition, its mechanical flexibility and outstanding Young’s modulus, due to
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strong atomic bonding, provide a foundation for the fabrication of flexible electronics 8. In addition to graphene,
graphene oxide (GO) shows a number of advantages in memristive devices and chemical sensors, due to the
plethora of functional groups (23],

TMDs, a group of 2D materials with a non-zero bandgap, obtain tunable electrical and physical properties by
various methods, such as defect engineering, electrostatic doping, and chemical intercalation “3IZEA \which
contribute to modifying the performance of FETs when TMDs are employed as the channel materials. MoS,, a
representative 2D material with high mobility and a suitable bandgap, is one of the most widely studied 2D
materials recently. For example, MoS, FETs with low-threshold voltage shift, free hysteresis, and long-term
reliability under bias were reported, involving the dielectrics’ optimal deposition and passivation methods [£1l,
Moreover, benefiting from the atomic thickness of 2D materials, memristors with ultra-low voltage at several
hundred millivoltages, called atomristors, can be achieved 8283l Although the underlying mechanism for the
memristive behavior is unclear, this device provides a novel approach to constructing low-power neuromorphic
devices. Taking advantage of the atomic thin property and free-standing nature of the 2D materials, a wide range of
van der Waals heterostructures can be obtained by stacking various individual layers on top of each other without
the constraints of lattice matching and processing compatibility. The heterostructure shows superior performances
in optical, electrical, and electrochemical properties than those of single 2D materials. Yang reported a
CugSs/PtS,/WSe, double-heterojunction bipolar transistor with an excellent current gain (B = 910) 4. Kim studied
a heterojunction FET by engineering the band structure, and a low threshold swing of about 22 mV/dec was

obtained, which paved the way for applications in low-power devices 2!,

In addition to conventional carbon-based 2D materials and TMDs, some novel 2D materials, such as MXene and
perovskite, have been reported and employed in flexible electronics. For example, benefiting from its excellent
mechanical, electrical, chemical, and physical properties and its hydrophilic surface, MXene has been widely used
in energy storage, hanocomposite fabrication, and chemical sensing [BEIE7IB8] Xy fabricated a label-free MXene-
FET using ultrathin-conductive Tiz;C,-MXene micropatterns for detecting dopamine, and a temporal resolution of
=50 ms for neural activity was obtained 2. In addition, perovskite and other novel 2D materials were investigated
in the application of electronic devices, although the long-term stability in ambient conditions still needs further
improvement 2294,
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