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Abstract

Neuromorphic computing systems, which mimic the operation of neurons and synapses in the
human brain, are seen as an appealing next-generation computing method due to their strong
and efficient computing abilities. Two-dimensional (2D) materials with dangling bond-free
surfaces and atomic-level thicknesses have emerged as promising candidates for neuromorphic
computing hardware. As a result, 2D neuromorphic devices may provide an ideal platform for
developing multifunctional neuromorphic applications. Here, we review the recent
neuromorphic devices based on 2D material and their multifunctional applications. The
synthesis and next micro—nano fabrication methods of 2D materials and their heterostructures
are first introduced. The recent advances of neuromorphic 2D devices are discussed in detail
using different operating principles. More importantly, we present a review of emerging
multifunctional neuromorphic applications, including neuromorphic visual, auditory, tactile,
and nociceptive systems based on 2D devices. In the end, we discuss the problems and methods
for 2D neuromorphic device developments in the future. This paper will give insights into
designing 2D neuromorphic devices and applying them to the future neuromorphic systems.

Keywords: 2D material, micro—nano fabrication, multifunctional system,
neuromorphic electronics, artificial intelligence
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1. Introduction

The amount of information in modern civilization is expand-
ing at an exponential rate due to the fast growth of informa-
tion technology and artificial intelligence (AI) [1]. However,
because of the separation of the central processing unit and
memory, the traditional digital computers confront the chal-
lenge of processing large amounts of data, which is known as
the von Neumann bottleneck [2]. Meanwhile, complementary
metal-oxide semiconductor (CMOS) devices are approaching
the physical limit in size. The Moore’s law is challenging to
maintain, and the computer performance improvement is thus
constrained [3]. In contrast, there are approximately 10'! neur-
ons and 10'3 synapses in the human brain, which can be con-
sidered a massively parallel, efficient, low-energy biological
supercomputer with energy consumption as low as 10 W [4,
5]. Carver Mead was inspired by this point and suggested a
new type of computation, named as the neuromorphic com-
puting, which can do both computation and memory like the
human brain [6]. Consequently, neuromorphic computing sys-
tems with benefits such as high paralleling and extremely low-
power consumption are regarded as a desired approach for the
future Al

Over the past few decades, a large number of elec-
tronic devices have been developed that can mimic synaptic
functions for high-performance neuromorphic computing.
Historically, conventional resistance random access memory
(RRAM) and phase change memory were first used to emu-
late synaptic plasticity, where the resistance of the device cor-
responds to the synaptic weights [7, 8]. With the develop-
ments of new materials and device architectures, more and
more neuromorphic devices are proposed for the emulation
of synaptic function and neuromorphic engineering, mainly
including the two-terminal memristors and three-terminal syn-
aptic transistors. Two-terminal memristors, with the advant-
ages of simple construction, low use of energy, compact phys-
ical dimension, and ready for massive integration, have been
frequently employed for mimicking synaptic function [9, 10].
In addition, memristors can be applied to large-scale cross-
bar array architectures with top and bottom electrode lines.
The use of crossbar memristors in conjunction together with
CMOS-based neurons has been intensively investigated to
implement neuromorphic computing. However, these devices
have difficulty performing both signal transmission and self-
learning functions, which hinders their further application in
the advanced neuromorphic engineering. Three-terminal syn-
aptic transistors may overcome these disadvantages [11]. More
importantly, synaptic transistors offer high stability, reason-
ably adjustable device performance, and well-defined work-
ing processes [12]. Synaptic transistors may translate environ-
mental stimuli (light, pressure, temperature, etc) into electrical
signals with proper materials and device design, allowing arti-
ficial synapses to respond immediately to their surroundings
[13, 14]. Therefore, benefitting from various photosensit-
ive materials with persistent photoconductivity (PPC) effects,
such as carbon nanotubes [15], 2D materials [16], metal

oxides [17, 18], and halide chalcogenides [19], the optoelec-
tronic synaptic devices have been rapidly developed. When
compared to electrical signals, the optical signals can real-
ize the faster transmission speeds and higher bandwidths
[20]. Thus, the optoelectronic synaptic devices not only emu-
late the important synaptic behaviors and functions of ret-
ina, but also have the advantages of broadening the band-
width, reducing crosstalk, and enabling ultra-fast signal
processing.

Lately, there has been a surge in employing 2D mater-
ials and their van der Waals heterostructures (vdWHs) to
develop artificial synapses within the field of neuromorphic
engineering. In particular, the graphene [21, 22], transition
metal dichalcogenides (TMDCs) [23, 24], hexagonal boron
nitride (h-BN) [25], black phosphorus (BP) [26], and MXenes
[27, 28] are the typical popular materials. The ultra-thin
characteristic and distinctive physicochemical attributes of
2D materials hold significant potential for the creation of
high-performance synaptic devices. Specifically, the vacancy
migration in 2D materials is usually characterized by higher
stability and better switching persistence than the random
formation of conducting filaments (CFs) along defect paths
or grain boundaries in 2D materials. Highlighting this, Chen
et al showcased vacancy-engineered RRAM devices that offer
prolonged retention and enhanced stability through precise
vacancy manipulation in h-BN. Similarly, Wang et al pre-
pared a memristor with good thermal stability based on
graphene/MoS,_,0O,/graphene vdWH. Moreover, Yan et al
exhibited superior performance and ultra-low power consump-
tion in a memristor based on 2H-phase 2D WS, operating at
femtojoule levels [25, 29, 30]. Furthermore, the high sensit-
ivity of 2D materials to external stimuli paves the way for
novel synaptic devices, including the electrolyte-gated field-
effect transistors (EGFETs) [31-33], floating-gate field-effect
transistors (FGFETs) [34, 35], and ferroelectric field-effect
transistors (FeFETs) [36-38]. In practical applications, the
stability of 2D materials critically underpins the reliability
and longevity of the devices [39], and current research con-
firms their appreciable stability [40, 41]. Moreover, the strong
light-matter interaction in 2D semiconductor materials offers a
promising avenue for optoelectronic synaptic devices to emu-
late aspects of the human visual system [42]. It is possible
to construct highly tunable energy-band constructions based
on the 2D material library. With large gate tunability and
versatility of energy-band arrangements, the vdWH offers a
large number of options for the development of novel syn-
aptic devices [13, 43, 44]. The significant breakthroughs in 2D
neuromorphic devices from 1990 to the present can be sum-
marized in figure 1. The first discovery of 2D graphene was
reported in 2004 [45], while the 2D MoO,/MoS; memristors
were developed in 2015 for mimicking biological synapses
[46]. Recently, there have been various neuromorphic applic-
ations developed based on 2D materials, including color
and mixed-color pattern recognition [47], the simulation of
sound localization [48] and self-powered mechano-nociceptor
systems [49].
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Figure 1. From 1990 until the present, milestones and significant breakthroughs in the field of 2D neuromorphic systems. Reprinted from
[50], © 2022 Elsevier Ltd. All rights reserved. [51] John Wiley & Sons. © 2021 Wiley-VCH GmbH. From [45]. Reprinted with permission
from AAAS. Reprinted with permission from [7]. Copyright (2010) American Chemical Society. Reproduced from [46], with permission
from Springer Nature. Reproduced from [52]. CC BY 4.0 [23]. John Wiley & Sons. © 2017 WILEY-VCH Verlag GmbH & Co. KGaA,
Weinheim. Reproduced from [47]. CC BY 4.0. Reproduced from [48]. CC BY 4.0. Reproduced from [53]. CC BY 4.0. [49] John Wiley &

Sons. © 2022 Wiley-VCH GmbH.

This review will provide a brief introduction to 2D mater-
ials and heterostructures using the micro—-nano fabrication
methods, and then summarize a variety of 2D neuromorphic
devices and emerging multifunctional neuromorphic systems,
as shown in figure 2. The recent advances and prospects for
the development of 2D neuromorphic devices are discussed in
the next parts.

2. Preparation and properties of 2D materials

Since the advent of graphene, research on 2D materials
has surged, becoming a focal point in the field of materi-
als science [45, 61-64]. This diverse array of 2D materials
spans from metals to insulators, offering an extensive palette
for tailoring device architectures to meet varied requirements
(figure 3(a)) [65, 66]. Two-dimensional (2D) materials, also
known as van der Waals (vdW) materials, are characterized
by robust covalent bonds within their layers and are held
together by weaker vdW forces across layers. Their unique
structure allows for the layer-by-layer separation and com-
bination without the need for lattice matching, enabling the
synthesis of various vdWHs (figures 3(b) and (c)). The low-
dimensional nature and distinctive electronic characteristics
of 2D materials have recently garnered interest in the field of
neuromorphic electronics, paving the way for creating a range
of high-performance and energy-efficient devices that are both
flexible and transparent. The following section briefly sum-
marizes the 2D material properties and synthesis methods, as
well as the preparation of 2D heterojunctions.

2.1 Properties and categories of 2D materials

Two-dimensional (2D) materials are defined as crystalline
materials consisting of a single atomic layer or multiple atomic
layers. Since graphene was discovered in 2004, 2D materials
began to develop rapidly. So far, at least several dozen 2D
materials with very different properties have been discovered,
covering insulators, semiconductors, metals, and other diverse
properties.

Graphene, which was first discovered, is a zero-bandgap
semimetallic material with the highest mechanical strength
and charge carrier mobility as a highly conductive 2D
material, as well as an important component of many
vdW heterojunctions [60]. Encapsulation of graphene mono-
layers within hexagonal boron nitride (h-BN) sheets, for
instance, has demonstrated mobility rates as remarkable as
120 000 cm?-V~!'.s~! [71]. h-BN has been widely studied as
a special substrate, which increases the electronic quality of
graphene by as much as 10 times [72-74]. It is a 2D insu-
lator that provides an ultra-flat dielectric layer in 2D neur-
omorphic devices, such as memristors based on electrochem-
ical metallization and conductive bridges, and synaptic tran-
sistors based on tunneling effects [10, 75]. Diverging from
graphene’s semimetallicity and h-BN’s insulating properties,
the TMDCs represent a versatile class of 2D materials. These
materials exhibit modifiable electronic attributes and energy
bandgaps that evolve from indirect in their bulk form to dir-
ect when in a single-layered form, as seen in MoS,, MoSe;,
and WS, [76]. Two-dimensional (2D) materials with different
bandgaps are constructed into diverse heterojunction energy
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Figure 2. A summary of 2D material neuromorphic devices and applications. Reprinted from [54], © 2021 Science China Press. Published
by Elsevier B.V. and Science China Press. All rights reserved. Reproduced from [55]. CC BY 4.0. Reproduced from [56]. CC BY 4.0. [57]
John Wiley & Sons. © 2022 Wiley-VCH GmbH. [28] John Wiley & Sons.© 2021 Wiley-VCH GmbH. Reproduced from [38] with
permission from the Royal Society of Chemistry. Reprinted with permission from [58]. Copyright (2019) American Chemical Society.
Reproduced from [59], with permission from Springer Nature. Reproduced from [60], with permission from Springer Nature. Reproduced
from [12], with permission from Springer Nature. [34] John Wiley & Sons. © 2020 Wiley-VCH GmbH.

band configurations, opening up new avenues for the creation
of varied electronic and photoelectronic synaptic devices. In
addition, the rich physical properties of 2D semiconductors,
including spin-transfer torque, phase transitions, and Joule
heating, make it possible to mimic synaptic devices [77, 78].
Besides, there is a group of oxides, including monolayer TiO,,
MoO3, WOs, etc. Most of these oxygen-rich vacancy crystals
are difficult to use for integration because they are too sensit-
ive to air and water. On the other hand, however, these oxygen
vacancies confer natural conditions for synaptic devices that
realize functions such as ion migration and charge trapping/de-
trapping. The emergence of graphene, alongside a spectrum of
2D atomic crystals with surfaces free of dangling bonds, has
significantly propelled vdW integration forward. This has been
pivotal in crafting an array of heterostructures with interfaces
that are atomically pristine and electronically precise [79].
More importantly, regardless of lattice matching and
CMOS technology compatibility, different 2D materials can

be freely combined to form vdWH with different functions
through mechanical transfer or chemical vapor deposition
(CVD). The adjustable barrier height can be used for differ-
ent synaptic strengths [80]. From an external point of view,
it is easy to modulate the physical properties of 2D materials
using different approaches. This is because they are atomic-
ally thin and have a lower shielding effect, which is favorable
for emulating synaptic functions.

2.2. Preparation of 2D materials

There are two predominant strategies, the top-down and
bottom-up approaches, for the preparation of single-layer or
few-layer 2D materials [59]. Among the top-down methods,
the highest quality material is obtained by mechanical exfoli-
ation, which is well suited for fundamental research, however,
the number and size of produced sheets (which are limited to
the micron range) limit the neuromorphic device integration.
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Figure 3. Top: properties of 2D materials and heterojunctions. (a) A broad library of 2D materials. (b) Schematic of MoSe,/WSe, vdWH
device. Reproduced from [59], with permission from Springer Nature. (c) Building vdWHs. Reproduced from [60], with permission from
Springer Nature. Schematic of the (d) bottom-up and (e) top-down processes. Reproduced from [67]. Used with permission of © 2020 The
Japan Society of Applied Physics, from [67] permission conveyed through Copyright Clearance Center, Inc. All rights reserved. (f)
MoS,/h-BN vdWH transferred by PDMS. Reproduced from [68]. © IOP Publishing Ltd. All rights reserved. (g) h-BN/graphene/h-BN
device fabricated by the PPC method. Reproduced from [69]. CC BY 4.0. (h) vdWs technique for polymer-free assembly of 2D materials.

From [70]. Reprinted with permission from AAAS.

To overcome this difficulty, additional scalable exfoliation
approaches have been proposed, such as the separation of bulk
2D materials with chemical and solution-based methods [81,
82]. It is common to separate the layers by chemical intercal-
ation or mechanical sonication to produce a number of mono-
layers or few-layer sheets in solution, although the specifics of
these methods vary. Unfortunately, dramatic intercalation or

sonication often seriously degrades their quality while incor-
porating a large number of impurities and defects that are unfa-
vorable for the application of neuromorphic optoelectronics.
Compared with the exfoliation method, since the CVD
method is less restrictive in substrate selection, simpler and
less costly, and higher quality material is obtained. This CVD
method is a common bottom-up method for preparing 2D
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thin films, which form solid deposits on the substrate sur-
face by chemical reactions, especially in the preparation of
TMDC:s films. So far, CVD methods have effectively gener-
ated most 2D materials, including graphene, h-BN, and dif-
ferent TMDCs and their alloys [83—88]. In addition, direct
CVD synthesis enables the preparation of vdWHs, including
vertical heterojunctions and in-plane heterojunctions based
on 2D materials, which are not available by top-down meth-
ods. While different CVD techniques can prepare scalable and
homogeneous 2D materials, inevitable problems, such as nat-
ural defects in the synthesis, remain an obstacle to practical
application. The appropriate 2D material preparation method
is one of the most crucial problems constraining the develop-
ment of 2D synaptic devices.

Molecular beam epitaxy is another method employed for
the synthesis of high-quality 2D materials, offering meticulous
control over film thickness and enabling epitaxial layering on
specific substrates, although it is not conducive to large-scale
production [89, 90]. Alternatively, metal-organic chemical
vapor deposition (MOCVD) utilizes metal-organic or organic
precursors to facilitate the growth of extensive 2D TMDCs
[91]. MOCVD technique boasts adaptability and scalabil-
ity, along with considerable control over film stoichiometry.
Nonetheless, its application is limited due to the toxicity of
the precursors, the protracted rate of film growth, and substan-
tial production expenses [92]. Atomic layer deposition (ALD)
operates as a gas-phase chemical procedure that deposits films
atom by atom, leveraging chemical reactions between precurs-
ors and a substrate. Presently, ALD has developed from the
widespread use of oxide materials to the preparation of sev-
eral binary sulfide materials [93, 94]. ALD methods are usu-
ally used at low substrate temperatures, but their high cost and
the use of highly sensitive precursors remain a major prob-
lem. Pulsed laser deposition represents a prototypical phys-
ical vapor deposition technique, extensively applied in fabric-
ating complex oxide films. Its recent adaptation for 2D mater-
ial synthesis has been noteworthy, attributing to rapid depos-
ition rates, precise control over film thickness, and the accurate
stoichiometric transfer from the target to the film [95, 96].

2.3. Construction of 2D heterojunctions

As mentioned previously, 2D vdWH can be produced by direct
CVD synthesis. In addition, mechanical assembly is another
important method to prepare 2D heterojunctions. Compared
to the VAWH grown by direct CVD, the mechanical stacking
can give a new degree of flexibility for controlling the twisting
angle and position between layers [97].

The transfer technique started with the work from Dean
et al in 2010 to obtain high-performance graphene devices
based on h-BN substrates [74]. The transfer technique of the
atomic layer is the pick and release of the flakes with the adhe-
sion of the transparent polymer [67]. There are two major
types of approaches: the bottom-up approach and the top-down
approach. The former is constructed by stacking layer by layer
from the bottom to the top of the structure (figure 3(d)). The
latter is to begin with the top layer and then attract the sub-
sequent layers via vdW force (figure 3(e)).

Among the bottom-up methods, the dry transfer is the most
widely used because of the cleaner interface and fewer defects
after transfer. As a simple and effective method for transferring
TMDCs, the PDMS dry transfer method has been extensively
applied. Firstly, the exfoliated flakes of different 2D materials
were transferred onto PDMS and Si0O,/Si substrates, respect-
ively. Afterward, with the PMDS in contact with the target
substrate, the 2D flake on the PDMS slowly peels off and is
left on the target, resulting in a 2D heterojunction (figure 3(f)).
It is noteworthy that the speed should be kept slow during the
peeling process, which is to reduce the adhesion due to the
inherent viscoelasticity of PDMS. However, it is difficult to
distinguish the transmittance of different layers of graphene
and h-BN under transparent PDMS. Therefore, it is difficult
to prepare monolayer graphene and few-layer h-BN by PDMS
dry transfer. Accordingly, Kinoshita et al devised a new dry
transfer technique based on polypropylene carbonate (PPC)
that effectively thinned graphene to monolayer and h-BN to
three layers, as shown in figure 3(g) [69].

In the bottom-up process, it is unavoidable that the atomic
layer comes into contact with the polymer layer whose pres-
ence harms the flakes. Another very clean approach (called
the ‘pick and lift’ approach) is based on the existence of strong
vdW interactions between layers. When a membrane with a 2D
flake comes in contact with another 2D flake, it does not dis-
solve but lifts upward. At this point, the second flake can stick
to the first flake and be lifted together with the first flake. This
process can be repeated several times. Wang et al prepared
h-BN/graphene/h-BN devices using the top-down approach
with layer-by-layer pickup by PPC, as shown in figure 3(h)
[70]. This technique allows for obtaining large clean interfaces
while obtaining higher electron mobility. Further advances can
be achieved by transferring the entire process to a controlled
atmosphere glove box.

3. 2D material-based neuromorphic devices

3.1. Biological synapses and synaptic plasticity

The human brain is a massively parallel computational
structure that controls the processing of human information
related to learning, memory, perception, language, movement,
expression, etc [98]. About 10'" neurons and 10" synapses
constitute the neural network. In biological systems, the effi-
ciency of neuron-to-neuron signal transmission is dependent
on synaptic weights, which are tunable by external stimula-
tion or training [99].

Synaptic plasticity, the dynamic modulation of synaptic
strength among neurons, is pivotal to learning and memory
processes within the biological brain. In synaptic electronics,
synaptic plasticity is usually achieved by changes in the con-
ductance of synaptic devices. Distinguished by the persistence
of their impact on synaptic strength, synaptic plasticity is cat-
egorized into two forms: short-term plasticity (STP), which
plays a crucial role in neuromorphic computing functions
related to spatiotemporal information [100, 101], and long-
term plasticity (LTP), which underpins learning and memory
in humans. The biological transition from STP to LTP is
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Table 1. Two-terminal devices based on 2D materials.

Energy
consumption/per
Working principle  Structure Synaptic behavior Retentions[s] Endurance spike References
Conductive Vertical Cu/MoS,/Au STDP 1.8 x 10* 20 ~2 x 1074 W [58]
filament formation
Vertical Ag/MoS,/Ag PPE, STDP 10° 108 7.35 nW [105]
Vertical Cu/MoTe,/Si PPF, STDP 5% 10° 35%x 10> 0.86 mW [106]
Vacancy migration  Vertical Pd/WS,/Pt PPE, STDP, STPto 3.5 x 10’ — 6x 107" W [30]
LTP transition
Vertical Gr/MoS,;_,0,/Gr Menmristive switching — 107 — [29]
Vertical Au/C-h-BN/Au Memristive switching 10* 500 — [25]
Phase transition Vertical Ti/Ni/MoTe,/Ti/Au  Memristive switching — — — [107]
Lateral Au/MoS,/Au Synaptic competition 7 X 10° 4 % 10* 40 nJ [108]
and cooperation
Vertical MoReS3/CFC PPF >10* 7000 — [109]
Table 2. Three-terminal devices based on 2D materials.
Energy
consumption/per
Transistor type  Gate dielectric layers ~ Channel material ~ Spike voltage  spike Function/application ~ References
EGFET PEO:LiCIO4 WSe; 02V ~30{J — [110]
LiSiO, MoS, 5V 0.55n] MNIST simulation [31]
Chitosan MoS, 1.5V 5pl Neuronal arithmetic [32]
operation
Al,O03/LiCl04/A1,03  MoSSe — — Light adaptation, [33]
pattern recognition
FeFET P(VDF-TrFE) WSe; +8V ~4 pJ R-STDP [35]
Al,O3 a-Iny Ses — — Pattern recognition [34]
FGFET h-BN MoS, —4/43V ~5 f] STDP [36]
h-BN InSe — — LTP [37]
h-BN MoS, 5V ~55p) Edge enhancement [38]

often triggered by repetitive stimulation. Similarly, Chang et al
induced a comparable transition in memristors via the aug-
mentation of electrical stimulation in terms of pulse number,
amplitude, and duration [102]. Likewise, Xie et al demon-
strated a shift from STP to LTP by modulating gate voltage
under polarized light [103]. The other important synaptic plas-
ticity also contains spike-timing-dependent plasticity (STDP),
spike-rate-dependent plasticity, etc [101]. Based on synaptic
plasticity, some learning memory rules can be implemen-
ted, such as Hebbian learning rules, learning-experience, non-
associative learning, associative learning, etc [104].

The development of efficient and versatile neuromorphic
applications is based on emulating the information processing
of biological systems. To build artificial neural systems, it
is fundamental to fabricate synaptic devices with adjustable
weights. Due to the atomic-level thicknesses and the fas-
cinating physical properties of sensitivity to environmental
stimuli, 2D materials provide a favorable foundation for the
advancement of various synaptic devices. Two-dimensional
(2D) material-based neuromorphic devices can be divided into
two-terminal and three-terminal devices, depending on the

number and type of terminals. Below, a brief description of
the working mechanisms of 2D material-based neuromorphic
devices is given, and some representative works are summar-
ized in tables 1-3.

3.2. Two-terminal devices based on 2D materials

Two-terminal synaptic devices achieve a synaptic response by
changing the electrical conductivity (i.e. synaptic plasticity)
between two electrodes, where one electrode acts as a pre-
neuron to apply a voltage pulse and the other electrode acts
as a post-neuron that generates a postsynaptic current. Two-
terminal synaptic devices, also known as memristors, whose
resistive state strongly depends on the past state, offer the pos-
sibility to mimic synaptic connections between neurons. In
the past few years, 2D materials have been extensively used
as active channel materials in which ions, holes, and defects
are involved in the resistive switching mechanism through
the applied voltage bias. Depending on their different work-
ing mechanisms, two-terminal devices can be classified into
conductive filament (CF) formation, vacancy migration, phase
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Table 3. 2D material-based optoelectronic devices.

Energy
consumption/per
Working principle Structure Auvailability of stimuli Synaptic behavior Light intensity  spike References
Trap states at the ~ Vertical 310 nm + electricity ~ Photonic 0.11 mW-ecm™2 — [111]
interface W/MoS,/p-Si potentiation and
electric
habituation
Parallel Au/MoS,/Au 445 nm + electricity ~ STDP, 0.5mW-mm~2 13 nJ [112]
metaplasticity
Type I and II Vertical 405 nm + electricity ~ dynamic 255mW-cm™ 2 42.93 nJ [113]
heterojunctions. CsPbBr3/MoS,/Si0; temporal filter,
neuronal coding
Vertical 1060 nm + electricity STP to LTP 1113 mW-cm™2 28 fJ [114]
In;Se3/MoS,/PET transition,
imaging
functions

transition, charge trapping/de-trapping, and ferroelectricity. In
this section, we will briefly describe the first three types.

3.2.1 CFs formation.  The formation of CFs is the main
operating mechanism of conventional memristors, which are
usually constructed as metal/2D material/metal sandwiches in
planar or vertical orientations. Electrochemically active metals
like Ag, Cu, and Ru are employed as electrode materials,
whereas inert metals like Pt, Pd, and W serve as counter elec-
trodes. Two-dimensional (2D) materials usually work as a
less conductive dielectric layer. Under the applied bias pres-
sure, the active metal atoms undergo a redox reaction in the
dielectric layer of the 2D material. The metal cations move
to the other electrode and form CFs. The device is capable
of switching from a high resistance state (HRS) to a low
resistance state (LRS), resulting in a hysteresis curve of the
I-V characteristics. Resistive switching is achieved by vary-
ing the voltage bias to regulate the formation and break-
ing of the CF (SET and RESET processes). Two-terminal
devices formed based on CFs are attracting growing attention
because of their high switching speed, low usage of energy,
and scalability.

Due to their versatility and high performance, TMDCs-
based memristors have been extensively reported in recent
years. Xu et al reported a vertically stacked Cu/MoS,/Au
memristor based on the principle of diffusion of Cu ions in
double-layer MoS; to form CFs (figures 4(a) and (c)) [58].
The device exhibits bipolar characteristic behavior as shown in
figure 4(b). The first STDP characteristic is achieved among all
2D material-based vertical memristors. Wang et al prepared a
high-performance memristor by employing pure 2H semicon-
ductor phase MoS, nanosheets obtained by exfoliation [105].
The device exhibits good retention of 10° s.

3.2.2. Phase transition. Phase-change-based 2D mem-
ristors have also been commonly performed for the
implementation of artificial synaptic functions with the

advantages of dependability, endurance, and multi-level pro-
grammability. For conventional phase change materials, the
transition takes place between amorphous and crystalline
phases. Furthermore, because of their polycrystalline nature
and atomically thin properties, TMDCs have drawn interest
in the field of 2D phase engineering for a variety of elec-
tronic applications. TMDCs are found in diverse crystalline
phases with semiconductive, semimetal, and metallic prop-
erties. Reversible transitions between the various crystalline
phases of TMDCs are possible when subjected to applied
voltages, lasers, electron beam irradiation, and ion doping,
along with significant changes in conductivity. The feas-
ibility of controlled phase transition properties in TMDCs
materials has been extensively researched for neuromorphic
applications.

MoTe, has the smallest energy barrier for the trans-
ition between 2H and 1T’ phases which are regarded as
one of the most prospective 2D phase transition materials.
Zhang et al presented vertical memristors based on MoTe;
and Mo;_,W,Te,, where a reversible transition from semi-
conducting 2H to highly conducting 2Hy phase was achieved
in this device by electric fields [107]. This work enables con-
trolled electrical state transitions in 2D materials and high-
lights the potential of TMDCs for memristor applications. In
addition, Zhu et al exhibited invertible modulation of mul-
tilayer MoS, by electric field-induced redistribution of LiT,
which is compatible with invertible and 2H (semiconductor)-
IT' (metal) phase transition, as shown in figures 4(d) and
(e) [108]. This electrically driven Li™ ion embedding effect-
ively lowers the energy difference for the 2H to 1T’ phase
transition, offering new possibilities for the development of
other TMDCs material-based memristors. More importantly,
the direct mutual coupling through local ion exchange sim-
ulates the synaptic competition and cooperation behavior in
biology (figure 4(f)). Recently, Xu et al described a memristor
made up of MoReS3 nanosheets distributed over the surface of
carbon fiber cloth (CFC) [109]. The shift from T’ to T phase
in Janus MoReS3 nanostructures reduces device-to-device and
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cycle-to-cycle variations during the resistive transition, ulti-
mately extending the device lifetime.

3.2.3. Vacancy migration.  In addition to the formation of
metallic conducting filaments, controlling the distribution of
intrinsic defects (e.g. oxygen or sulfur vacancies) in 2D mater-
ials is another way of adjusting synaptic weights. There are
some intrinsic vacancies in 2D materials, and more vacancies
are created by stimulation such as external electric fields. As
a result, the device’s resistance state can change from LRS to
HRS depending on the vacancy distribution.

Yan et al proposed a 2H-phase WS, memristor with great
performance and low energy [30]. Density functional theory
calculations show that the formation of vacancies and the elec-
tronic jumps between them are the main mechanisms underly-
ing the performance of resistive switching. Wang et al pro-
posed a robust memristor based on a vdWH composed of
graphene/MoS,_,O,/graphene (GMG) [29]. Further, in situ
scanning transmission electron microscopy (TEM) revealed
the switching mechanism of oxygen ion movement. Recently,
Chen et al intentionally introduced some carbon defects into
h-BN to prepare a new type of carbon-doped h-BN (C-h-
BN)-based memristor (figure 4(h)) [25]. Meanwhile, a defect-
induced resistive switching mechanism in C-h-BN memris-
tors is revealed using conducting atomic force microscopy (C-
AFM) (figures 4(g) and (1)).

3.3. Three-terminal devices based on 2D materials

Two-terminal synaptic devices with a simple crossbar archi-
tecture show a natural advantage in fabricating high-density
arrays. However, two-terminal synaptic devices are facing dif-
ficulties in mimicking natural synapses. Signal monitoring and
self-learning can hardly be achieved simultaneously in two-
terminal synaptic devices where shared physical space is avail-
able. The problem described above is well solved in a three-
terminal synaptic device based on the field-effect transistor
(FET). More importantly, three-terminal synaptic devices
benefit from good stability, relatively controllable device per-
formance, and clarity of working mechanisms. Notably, due
to the high sensitivity to interfacial charge transfer or electro-
static modulation, atomic-thick 2D materials offer an excel-
lent platform for the development of various synaptic transist-
ors, such as EGFETs, FeFETs, and FGFETs. Semiconducting
2D materials like TMDCs are effectively used in the chan-
nel layers of three-terminal transistors due to their easy gate
voltage modulation of conductance [115]. Meanwhile, due to
their semiconductor properties, TMDCs are usually sensitive
to light of a certain wavelength, and thus many TMDCs are
used as both channel layers and light-sensitive layers [116].
Additionally, few-layer h-BN, with its substantial optical
bandgap of approximately 6 eV, serves as an excellent elec-
trical insulator and is a crucial tunnel barrier layer in FGFETSs
[117]. In addition, for some 2D ferroelectric materials, such
as a-InySes, which have both semiconductor properties and
spontaneous ferroelectric polarization properties, they can be

used as both channel layers and ferroelectric polarization
dielectric layers for FeFETs [118].

3.3.1. Electrolyte-gated field-effect transistor (EGFET).
EGFETs are typical devices for low-voltage operation which
are ideally adapted to emulate synaptic activities at low power
consumption (~10 fJ/spike) [119]. EGFETs are divided into
two types according to if ions penetrate the channel layer,
including electric double-layer FET (EDL-FETs) based on
electrostatic coupling mechanisms and electrochemically
doped electrochemical transistors [120]. Using TEM and
ab initio, Zhu et al revealed that the time-scale variation of
synaptic activity is determined by the form of Li™ doping
[110]. Specifically, if Li* are attached to the surface of the
2D material, they gradually diffuse back into the electrolyte
once the gate bias is removed, leading to typical STP beha-
vior. However, when LiT are inserted into the 2D material,
they become stuck and cannot be unstuck once the gate bias
is removed, preventing the diffusion of the Li* and resulting
in LTP.

The strong lateral coupling effect of the electrolyte between
ions and electrons enables EGFETS to be equipped with mul-
tiple gates, which has great potential for multifunctional neur-
omorphic applications. Hu et al proposed a proton—electron-
coupled MoS, EGFET using a natural chitosan electrolyte
[32]. Using electrolyte-coupled multigate properties, import-
ant synaptic functions such as logistic kinetics, dendritic integ-
ration, and arithmetic operations were emulated. In addition,
an all-solid-state electrochemical FET was prepared by Yang
et al using a-phase MoO3 (a-MoO3) [12]. @-MoOj3 has a rel-
atively wide band gap (/3 eV) and therefore has low intrinsic
conductivity. Figures 5(a) and (b) illustrate the working prin-
ciple of the device, on the basis that the gate voltage drove the
invertible LiT insertion into the a-MoQj3. At ultra-low con-
ductivity values, a near-symmetric weight update is achieved.
This research demonstrates the feasibility of 2D oxides for
the applications of advanced, energy-efficient neuromorphic
computing networks using large-scale crossbar arrays. Hwang
et al reported an ultra-flexible artificial synaptic array with
concrete-mechanical cycling tolerance consisting of lithium
silicate (LiSiO,) with all-solid 2D MoS; channels (figure 5(c))
[31]. Recently, Oh et al developed an electrolyte-gated vertical
synaptic array using a graphene/WS, heterojunction, as shown
in figure 5(d) [121]. The electrolyte-gated vertical synaptic
array not only highlights the advantages of lossless readout
and parallel synaptic weight update of synaptic transistors but
also shows the great potential of vertical transistors in cross-
bar arrays. This work lays the foundation for future power-
efficient, fast parallel computing networks.

3.3.2. Ferroelectric-gated field-effect transistor (FeFET).

Ferroelectric materials are a group of crystals with low
symmetry and are subject to spontaneous polarization over
a range of temperatures [122]. Such polarization orienta-
tion is reversible under an external electric field, enabling
modulation of the threshold voltage and conductance in
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Figure 5. EGFET-based synaptic transistors. (a) Operating principle of a-MoOs-based EGFET. (b) Specific capacitance versus applied
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FeFET. Ferroelectric materials such as Pb(Zr, Ti)O3 (PZT),
poly(vinylidene fluoride), and HfO,-doped have great poten-
tial for neuromorphic applications due to the non-volatile mul-
tilevel memory effect [123, 124]. Recent advancements by
Zhou et al have introduced a novel synaptic device featur-
ing a two-transistor (2T) unit using WSe,/P(VDFTrFE)-based
FeFET [35]. The 2T unit exhibits a reconfigurable polarity
characteristic, with one channel adjustable to n-type and the
other to p-type (figure 5(e)). As a result, the synaptic unit real-
izes synaptic weight updating behavior with multilevel con-
ductance (>6 bit) and ultra-low nonlinearity (0.56/—1.23).
Furthermore, the 2T synaptic circuits implement the R-STDP
learning rule, demonstrating a solution to the classical cardinal

1

problem. This research offers inspiration for the realization
of low-energy, area-efficient hardware chips for reinforcement
learning.

Traditional FeFETs, however, are made up of a ferro-
electric gate dielectric and a semiconducting channel layer.
Recently, 2D materials, like a-InySes, SnS, and SnSe, have
been found to have stable room-temperature ferroelectri-
city even in monolayers [125-127]. Two-dimensional (2D)
FeFETs perform with large memory windows, high switch-
ing ratios, and high on-currents [128]. Particularly, the device
architecture has the advantage that the shift of the polarization
state takes place in the channel material itself but not in the
gate dielectric, thus potentially solving the charge trapping and
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leakage current problems. However, 2D ferroelectric synaptic
transistors have not been investigated systematically. Wang
et al prepared an a-In, Sez-based FeFET and revealed their fer-
roelectric dynamic switching characteristics (figure 5(f)) [34].
The FeFET exhibits a large hysteresis due to the reversible out-
of-plane polarization of a-In;Ses. In addition, the abnormal
resistances of a-Iny;Se; with the in-plane ferroelectric switch-
ing mechanism are also reported in this work (figure 5(g)).
This research lays the foundation for the development of neur-
omorphic devices based on 2D FeFETs.

3.3.3. Floating-gate field-effect transistor (FGFET).  Charge
tunneling as a means to mimic synaptic behavior can also be
facilitated between the channel and a floating gate (FG) [129].
FG transistors are essentially akin to standard FETs with the
addition of an embedded FG within the dielectric layer [130].
When programming the gate, electrons can be injected into
the FG through thermal emission or quantum tunneling. A
robust layer capable of blocking and tunneling charges ensures
that these charges are retained in a nonvolatile manner [131].
Crucially, the quantity of charges stored in the FG can be finely
controlled by adjusting the amplitude and duration of the gate
programming pulses [132].

However, FGFETSs often require high gate voltage oper-
ation. The high energy consumption limits its application
of synaptic devices. Paul et al proposed a strategy to
address this challenge with an extended graphene FG device
architecture [36]. This structure, which significantly improves
the gating efficiency, achieves nearly perfect subthreshold
swing (77 mV-dec™!) hysteresis switching with performance
competitive with the most advanced neuromorphic devices.
Therefore, the energy dissipation of the device is superior to
that of previously reported 2D synaptic devices. The min-
imum dissipation is approximately 5 fJ at a pulse width of
1 us. By taking control of the carriers tunneling through the
h-BN, they successfully achieved STDP. Moreover, Park et al
exploited the positive intrinsic property of threshold voltage
for the PdSe, channel material, which allowed the device
to have a gate bias with a turn-off voltage close to zero
and finally a small energy consumption [11]. Furthermore,
Hu et al performed subthreshold modulation of MoS;/h-
BN/graphene FGFET based on ZnPc molecules as surface
receptors (figure 5(h)) [38]. Besides the usual synaptic plas-
ticity, the device exhibits a bidirectional rectification beha-
vior that perfectly mimics the critical lateral inhibitory func-
tion of retina-to-edge enhancement for early visual processing
(figure 5(i)).

Conventional FG materials cannot be flexibly adjusted.
Therefore, the charge storage abilities of FG are often
restricted by its intrinsic properties. Wang et al prepared a
floating-gate-like transistor using InSe/h-BN/O,-h-BN vdWH
(figure 5(j)) [37]. It was found that the parameters during oxy-
gen plasma treatment could be readily tuned, thus offering
greater freedom in such FGFET performance. As a result, this
FG device has a synaptic weight of 104% for EPSC, being the
highest level of such devices in recent years (figure 5(k)).

3.4. 2D material-based optoelectronic devices

Using photoelectric or photothermal effects, conventional
photodetectors have successfully converted light stimuli into
electrical signals. However, their fast response and recovery
characteristics make it impossible to memorize the optical
information after the removal of the light stimuli [133]. As a
comparison, optoelectronic synaptic devices can incorporate
sensing and computing functions, enabling the simulation of
different synaptic properties and even the vital neural behavi-
ors from vision. Among the various photosensitive materials,
2D materials with strong light-matter interaction can provide a
large number of options for the development of optoelectronic
synaptic devices [134, 135]. Generally, the persistent photo-
conductance (PPC) effect is an intrinsic mechanism of pho-
toelectric synaptic plasticity in nanomaterial synaptic devices.
Specifically, the PPC effect in 2D materials can be achieved by
charge trapping at semiconductor-dielectric or heterojunction
interfaces. According to the different device mechanisms, 2D
optoelectronic synaptic devices can be divided into trap states
and type I and II heterojunctions, respectively.

3.4.1 Trap states.  Charge trapping at the dielectric/2D
semiconductor interface is an available method for imple-
menting optoelectronic synaptic transistors. He et al demon-
strated that electron trapping within the intrinsic SiO, layer
is responsible for the optoelectronic synaptic characteristics
of n-MoS,/p-Si based memristors (figures 6(a) and (b)) [111].
The optoelectronic memristor exhibits synaptic behavior when
exposed solely to light, and they also support neuromorphic
functions, such as photonic potentiation and electric habitu-
ation, due to a synergistic light—electricity interaction. Further
work has revealed that the EDL effect of EGFETsS also influ-
ences the compounding rate of photogenerated carriers in
the channel [136]. John et al developed a MoS,-based syn-
aptic device with multiple gating mechanisms (optical, elec-
trical, and ionic). This device effectively mimicked biological
synaptic signaling through electron, ion, and photosensitivity
modes (figures 6(c) and (d)) [112]. The classical conditioned
Pavlovian dog experiment was realized using such optoelec-
tronic coupling stimuli.

3.4.2. Type | and Il heterojunctions.  In recent years, the
novel research field of 2D energy band engineering has
received a lot of attention, which is well regulated by the
optoelectronic properties of 2D materials [137]. The enhanced
electron-hole separation efficiency improves the photore-
sponsivity, while the suppressed complex efficiency leads to
a delayed decay of the photocurrent. For example, Cheng
et al constructed a type-I vertical vdWH using 0D-CsPbBr3
and 2D-MoS; to prepare a novel optoelectronic synaptic tran-
sistor, as shown in figure 6(f) [113]. Benefiting from the pho-
togenerated carrier transport mechanism caused by the type I
energy band structure (figure 6(g)), the phototransistor exhib-
its the typical LTM behavior in the light-driven mode and
successfully emulates the functions of photoelectric Pavlovian
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conditional reflection and neuron encoding. Recently, Hu et al
designed a near-infrared (NIR) synaptic device using the
In,Ses/MoS, vdWH (figure 6(h)) [114]. The reduced poten-
tial barrier of type-II In,Se3/MoS; heterojunction leads to the
NIR synaptic behavior. In addition, the ultra-thin 2D mater-
ial confers excellent mechanical flexibility, and the associated
flexible optical synaptic behavior is further investigated. The
AEPSC of the NIR synaptic device was 38.4% under 1060 nm
light illumination. Applying 0.54% strain could increase the
AEPSC to 49.0% (figure 6(i)). Furthermore, the 10 x 10
In,Ses/MoS,; flexible synaptic arrays were prepared, and the
image sensing, learning, and storage functions were finally
achieved (figure 6(j)). This work expands the application of
optoelectronic synaptic devices for NIR imaging and target
recognition.

We introduced eight working principles of neuromorphic
devices based on 2D materials. In fact, there are many other
working mechanisms of neuromorphic devices based on 2D
materials. Furthermore, based on these different working
principles, various multifunctional neuromorphic applications
were developed. Two-dimensional (2D) optoelectronic neur-
omorphic devices are particularly suitable for studying visual
neuromorphic applications, thanks to their unique sensitiv-
ity to light. In addition, most of the 2D optoelectronic neur-
omorphic devices have a long time visual memory due to
the presence of an interfacial defect trapping mechanism
[112]. Thanks to the diverse heterojunction energy band
configurations, 2D optoelectronic neuromorphic devices can
achieve selective absorption of light wavelengths [42]. Recent
advancements have seen the creation of polarized neur-
omorphic devices using anisotropic 2D materials [103]. Based
on the Joule thermal effect in 2D materials, it not only has a
biologically comparable energy consumption (10 fJ), but can
also be used for the emulation of auditory sound localization
[78]. A mode-tunable nociceptor is demonstrated using bipolar
2D material transistors based on defect-engineered dominant
reversible doping behavior [138]. Furthermore, the integra-
tion of low-power 2D EGFETSs with nanogenerators has yiel-
ded self-powered tactile sensing systems, presenting signific-
ant potential for applications such as artificial skin [53].

4. 2D material-based multifunctional neuromorphic
system

The human brain is primarily concerned with acquiring
and processing information about the external environment
through the sensory system, including the visual, auditory,
tactile, nociceptive system, etc. Recently, 2D neuromorphic
devices can integrate the functions of memory-computing
devices and sensors into a single device, which provides a
novel pathway to implement multifunctional neuromorphic
computing for sensory and memory-computing perception
systems. Two-dimensional (2D) materials, with their super-
ior electrical, optical, mechanical, and thermal capabilit-
ies, offer a suitable foundation for implementing multiple
functionalities in such multifunctional neuromorphic devices.
Here, we present the recent multifunctional applications of

2D-based materials and their heterostructure devices in neur-
omorphic systems.

4.1. Neuromorphic visual system

The visual system is responsible for approximately 80% of the
sensory information that humans receive from their environ-
ment. As a result, the visual perception system is a key path-
way for humans in the acquisition and learning of information
from their surroundings. As shown in figure 7(a), the human
visual system schematically consists of two major parts: the
retina and the visual cortex of the brain, which are connec-
ted by optical nerve fibers. In particular, the human retina can
translate light information, such as wavelength, frequency, and
intensity, into nerve impulses that would be then transmitted to
the visual cortex for interpretation by optical nerves. In addi-
tion, the retina is not only able to detect light signals, but also to
perform preliminary pre-processing of images. The extracted
precise and accurate information is transmitted to the visual
cortex to perform more complex information processes.

Artificial neural network (ANN) is a computing model that
emulates the construction and behavior of biological neural
networks, and it can collectively and in parallel carry out
the computation of storage and computation as one [140]. A
three-layer ANN model is shown in figure 7(d). Figure 7(b)
shows the weight update mechanism for ANN emulation from
enhancement/suppression (LTP/LTD) curves. With the assist-
ance of ANN, advanced neuromorphic computing functions
can be implemented, including image localization, recogni-
tion, and classification [140]. However, the pre-processing
function of the retina cannot be ignored. Retina-inspired neur-
omorphic vision devices could simplify the circuitry and
lower the power dissipation of neuromorphic vision systems,
which can help to further enhance the processing efficiency
of dynamic visual information [17, 144]. Therefore, retina-
inspired neuromorphic vision devices have recently drawn
much attention, such as a photodiode array for ANN in
figure 7(c).

Retina-inspired neuromorphic visual devices are funda-
mentally characterized by conductance that could be altered
or even maintained depending on incident light signals.
Two-dimensional (2D) material-based optoelectronic synaptic
devices with PPC effects offer a natural advantage in simulat-
ing retinal function. In addition, 2D materials and their het-
erojunctions can not only mimic different retinal cells to per-
ceptually acquire different visual information but also apply
such retinal functions to different settings for advanced neur-
omorphic computations. Next, we will illustrate the applica-
tion potential of 2D material-based neuromorphic vision sys-
tems in terms of several visual information such as color, light-
ness/darkness, dynamic images, and polarization.

4.1.1. Color perception and adaptation.  Future intelligent
application scenarios, such as autonomous vehicles and smart
machines, will require excellent artificial vision systems,
especially for color image recognition (CIR) systems [47].
At present, state-of-the-art CIR systems generally employ
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charge-coupled device or CMOS sensor technology. However,
it is difficult to sense, store, and process color images through
the same physical process with CMOS technology. This is
because CMOS technology requires redundant information
detection, complicated signal translation operations, and addi-
tional storage components.

With their appropriate energy band structure and high
optical responsiveness, 2D materials and heterojunctions have
significant potential for visual information sensing, memor-
ization, and processing. Hou e al demonstrated a 2D WSe,-
based photoactive logic memory transistor integrated to sense,
store, and process information from visible light signals of dif-
ferent wavelengths [145]. More importantly, to implement the
image discrimination task, the 3 x 3 logic-memory transistors
were successfully prepared as an artificial visual perceptual-
memory processing system. In a recent study by Islam et al,
an innovative vision system comprising a phototransistor sens-
itive to multiple wavelengths, in conjunction with an ANN,
was engineered to achieve instantaneous image recognition
[143]. The device incorporates a gate electrode of PtTe,/Si
that is responsive to infrared light and a monolayer MoS, con-
ductive channel attuned to ultraviolet and visible light spectra.
The STP and LTP are controlled by optical stimulation, while
the LTD is driven electrically. Figure 7(k) shows the device
schematic. This artificial vision system can recognize single
and mixed wavelength images with the derived device weight
update parameters (figures 7(i), (j) and (1)).

Chromatic adaptation means the perceiving and pre-
processing of spectral information of incident light. In the ret-
inal structure, bipolar cells are the recipients of varying inputs
from distinct cone cells, which they then consolidate and relay
to amacrine and ganglion cells via ON and OFF channels. This
process culminates in the formation of a receptive field char-
acterized by chromatic opposition. Inspired by this, Tan et al
proposed a 2D oxygen-tuned PtSe device with spontaneous
chromatic adaptation [141]. The positive and negative photo-
conductive effects (PPC and NPC) of the device are due to
the physical adsorption and desorption of oxygen molecules
by the 2D material at different photon energies. This is dif-
ferent from prior gate-controlled retinal devices and therefore
more energy efficient. The antagonistic effect of the bipolar
cells is essential for the elimination of redundant informa-
tion and the improvement of color contrast. Using wavelength-
dependent PPC and NPC, the color contrast increases with the
number of pulses, resulting in a distinct red-blue (green) ant-
agonistic receptive field. More importantly, a convolutional
neural network (CNN) for wavelength-based image classific-
ation tasks was constructed by using the device, as shown in
figures 7(m) and (n). The wavelength-dependent bipolar PPC
and NPC of the device offer an efficient way to distinguish
between cold and warm colors, effectively separating brightly
colored objects from their background.

4.12. Visual adaptation. =~ Ambient light intensity spans a
vast range, covering more than ten orders of magnitude. In
contrast, the firing frequency range of optic nerve fibers is
comparatively narrow, not exceeding two orders of magnitude.

The human eye, as the most important sensory organ, is largely
attributed to visual adaptation. As shown in figure 8(c), visual
adaptation describes the adaptability of the eye to a variety of
brightness of light. Therefore it can function normally from
dim to brilliant illumination [146]. Neuromorphic visual sys-
tems, designed to emulate this adaptive capacity, are garnering
significant interest due to their potential in enhancing robotics
and machine vision technologies [147].

Visual adaptation regulates the state of retinal cells accord-
ing to variations in the surrounding environment, thus main-
taining the dynamic balancing of the visual system. Within a
circuit system, adaptive is often employed to extend the input
sensing range, to more accurately detect input variations, and
to maintain the dynamic equilibrium of the system. As shown
in figure 8(b), the basic network architecture of the adapt-
ive model-based negative feedback loop (NFL). Recently, Xie
et al proposed a gate-modulated OD-CsPbBr;-QDs/2D-MoS,
optoelectronic adaptive transistors [ 148]. Based on charge cap-
ture and release at the heterojunction interface, the adaptive
transistor can be used to emulate various biological adapta-
tions such as accuracy, sensitivity, inactivation, and desens-
itization behavior. In addition, the adaptive dynamic graph
and the mathematic description are shown in figure 8(a).
For example, accuracy (A..) describes the degree of adapta-
tion, while sensitivity (Se,) expresses the connection between
maximal response and input variation. Further, through
an optoelectronic synergistic approach, the device demon-
strates visual adaptation based on environmentally tunable
thresholds.

Capturing images accurately across various lighting condi-
tions is crucial for the proper interpretation of external envir-
onments. However, emerging applications such as autonom-
ous driving and intelligent robotics require effective visual
perception in the 280 dB natural light intensity range which
greatly exceeds the capability of current silicon-based pho-
todetection technologies (70 dB). To address this, Liao et al
employed a novel approach by introducing charge trap states
on the surface of MoS, and modulated these states using gate
voltage. This method facilitated visual adaptation at the single-
pixel level under different lighting, achieving an impressive
199 dB dynamic range at 660 nm wavelength [139]. The work-
ing mechanism of visual adaptation in the human eye relies
primarily on negative feedback between the rod and cone
cells through the horizontal cells and regenerative/bleaching
pigment conversion. At the device level, the light intensity-
dependent properties of the visual sensor conform to Weber’s
law, which states that the perceived stimulus change is propor-
tional to the light stimulus. Further, they constructed an 8 x 8
vision sensor array and built a three-layer ANN to demonstrate
adaptive image recognition (figures 8(d)—(g)).

However, most of the reported environmentally adaptive
optoelectronic neuromorphic devices are only concerned with
visible light perception. Zhang et al constructed a NIR photo-
transistor with adaptive properties by using a vertically stacked
graphene/lead sulfide (PbS) quantum dots/graphene vdWH as
a conducting channel [57]. The Fermi energy levels in the bot-
tom graphene and PbS quantum dot films could be adjusted
by implementing the gate voltage for effective control of the
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dynamic trapping and untrapping process in the PbS layer,
resulting in the Scotopic/photopic adaptation characteristics.
This research offers a simple approach to fabricating an envir-
onmentally adaptive photodetector that extends beyond the

visual area.

4.1.3. Dynamic image perception.  As the Internet of Things
(IoT) era begins to take hold, motion detection and recognition
(MDR) is becoming increasingly important. The current
most advanced MDR hardware systems are predominantly
by CMOS image sensor platforms. However, in comparison
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to the human retina, the platform incorporates redundant
sensors, transmission conversion, and storage components
that are bulky and inefficient. Apart from this, present vis-
ion sensors without memory function are only used to identify
static targets. By contrast, the human retina features temporal
differentiation, which is highly effective in acquiring motion
information. Current retinal emulation approaches are restric-
ted to basic static image processing, whereas complicated
sophisticated motion feature extraction and detection based on
compact and efficient devices are currently being explored.

Zhang et al proposed an all-in-one retinomorphic device
for small and efficient MDR hardware by utilizing the integ-
ration potential of 2D materials [149]. The retinomorphic
device is composed of BP/Al,03/WSe,/h-BN heterostructure
which exhibits non-volatile controlled PPC and NPC of red/-
green/blue light. In the retina, motion information is pro-
cessed synergistically by on and off bipolar cells and transmit-
ted to amacrine cells and ganglion cells, ultimately enabling
moving object detection. This device has controlled PPC and
NPC optoelectronic features, analogous to the on/off state of
a bipolar cell. A schematic of motion detection based on the
2D retinomorphic device is shown in figures 8(h) and (i). By
recombining the positive conductivity matrix (W}, ) and the
negative conductivity matrix (W2,)) of m x n pixels and per-
forming interframe differential calculations, the device can
achieve MDR. In addition, a CNN was employed for motion
detection of the trichromatic trolleys (figure 8(j)). The display
of a prototype 2D retinal imaging device with integrated sens-
ory memory and processing opens up the prospect of develop-
ing small and efficient MDR hardware.

Flying insects are characterized by a more efficient rate of
information transfer compared to humans. The main reason
for this is that they have graded neurons with multiple levels
of volatile responses. Inspired by this, Chen et al prepared
MoS, phototransistors containing shallow defect energy levels
using an annealing treatment for the emulation of graded neur-
ons in machine vision [151]. Moreover, based on a 20 x 20
MoS,; phototransistor array, a moving ball trajectory recogni-
tion rate of up to 99.2% was achieved. This insect-like sense-
computing all-in-one transistor is well-suited for applications
in areas such as distributed surveillance, drones, and human—
computer interaction.

4.14. Polarization perception. — Polarization properties, an
additional degree of freedom of light, are especially weakly
related to spectral images, which uncover additional valu-
able information in the atmosphere. Although invisible to
humans, many insects can detect the polarization of light.
Using polarization detection, insects can perform visual image
processing and navigation for their life activities. In addi-
tion, light polarization detection is widely used in imaging,
communications, biomedical and military applications. A
novel polarized perceptual neuromorphic transistor was first
presented by Xie er al, as shown in figure 8(k) [103]. As
a channel material, ReS, features direct bandgap semicon-
ductor characteristics and a strongly anisotropic crystal struc-
ture, which endows the device with excellent light detection

capability and polarization sensitivity. In addition, as shown
in figure 8§(l), two important polarization sensing applic-
ations, polarization navigation, and 3D polarization ima-
ging, have been successfully implemented using this artificial
compound eye system. Recently, Xie et al further prepared
a polarization-sensitive visual adaptive device using aniso-
tropic ReS, and porous metal-organic framework (MOF)
heterojunctions [150]. Porous heterojunction phototransist-
ors successfully mimic a series of neuromorphic functions
of polarization perception and reconfigurable sensory adapta-
tion behavior. More importantly, polarization-sensitive visual
adaptation with environmental dependence was also verified
using the polarization-electric synergy approach for the first
time, as shown in figures 8(m) and (n). The charge capture
and release mechanism at the ReS,/MOF heterojunction inter-
face is responsible for the polarization-sensitive adaptation
properties. Such devices could enable new pathways for the
future development of next-generation intelligent perceptual
systems.

4.2. Neuromorphic auditory system

The ability to localize the source of sound is critical to the sur-
vival of various biology, and the spatiotemporal nature of aud-
itory perception also facilitates human communication. Using
interaural time difference (ITD), the human brain can ana-
lyze the location of sounds [152]. ITD is the most import-
ant cue to the location of sound because there is a differ-
ence in the arrival time of sound waves depending on the dis-
tance between the two ears [153]. Sun ef al implemented a
neuromorphic function of sound localization, by combining a
MoS,; device with the Jeffress model circuit (figure 9(a)) [78].
This adjustable synaptic plasticity is achieved through chan-
nel joule heating. Since the opposite temperature-conductivity
dependence of the metal and the semiconductor, the MoS,
doping concentration and conductivity are changed by adjust-
ing the gate voltage. Barn owls feature an extraordinary hear-
ing system that allows them to locate sounds with 1-2 degrees
of precision in complete darkness. Inspired by this, Das ef al
employed a device consisting of several split gates connected
to channels of source/drain contacts on a single MoS, semi-
conductor for mimicking spatial maps of coincidence detector
neurons (figures 9(b) and (c)) [48]. The tunable RC circuits
are used for mimicking time-delayed neurons that can well fol-
low the Jeffress sound localization model. Individual split-gate
pairs perform numerical calculations to determine spike coin-
cidence, while the entire device uses the analog value of the
rejection ratio (IR) to define the spatial location of the coin-
cidence (figures 9(d) and (e)).

By detecting and extracting information from the surround-
ing medium, the human auditory system helps to accurately
understand what is happening in the environment. External
sound signals are collected through the auricle and then passed
to the auditory receptors in the inner ear, which makes these
sound signals detected from every direction. In the cochlea,
sound signals are converted into neural signals and transmitted
to the nervous system of the brain, where they are ultimately
processed and understood. However, the currently reported
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Figure 9. Two-dimensional (2D) material-based auditory neuromorphic system. (a) Schematic of sound localization. Reprinted with
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artificial auditory systems could only listen to commands and
voice intonation, but could not integrate and process data
from them. In addition, the large amount of redundant data
generated by these acoustic receptors leads to the challenge
of energy dissipation. Seo et al present vdWH-based hybrid
channel synaptic transistors with excellent linear and sym-
metric conductance variation properties [55]. After training
and inference simulations with the acoustic pattern recognition
task, the hybrid vdWH transistor achieved a recognition rate

of 93.8%, which was approaching that of the software neural
network (95.3%), as shown in figure 9(f). This work demon-
strates the potential of building hardware neural networks for
high-precision brain-like computing. Recently, Oh et al pre-
pared an electrolyte-gated vertical synaptic array consisting
of a graphene/WS, vdWH and an ionic gel [121]. By mod-
ulating the Fermi energy levels through ionic motion within
the ion-gel weight-controlled layer, the LTP/D performance
was successfully optimized. Combined with the training and
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inference tasks of a 1024 x 16 single-layer ANN for acoustic
and emotional patterns, the feasibility of a parallel computing
network was verified, as shown in figure 9(g).

4.3. Neuromorphic tactile system

Tactile perception is one of the primary methods by which
the human body coordinates and interacts with its surround-
ings. At the same time, touch operation is also the primary
way of human—computer interaction [154]. The human skin is
covered with different types of mechanoreceptors. When the
skin senses change in pressure, temperature, or humidity in
the external environment, it sends out tiny electrical signals
that are conveyed to the brain with nerve fibers, which in turn
produce the sense of touch (figure 10(a)) [54].

The combination of tactile sensors and synaptic devices
provides a way for implementing neuromorphic functional-
ities for strain pattern identification and processing. Chen
et al demonstrated a graphene piezoelectric sensing device
that integrates a piezoelectric nanogenerator (PENG) with an
EGFET (figure 10(b)) to achieve the function of sensing spa-
tiotemporal touch information [155]. Moreover, parallel strain
signal recognition and processing were achieved by coupling
two parallel PENGs into a graphene EGFET, as shown in
figure 10(d). This work demonstrates great potential for build-
ing more sophisticated neuromorphic self-powered electronic
skins, neuromorphic interfaces for neuro-robots, and human—
robot interaction.

For the distributed energy supply of sensing networks, the
application of tribological electric nanogenerators (TENGs)
is more versatile [157]. Based on the universal and ubiquit-
ous effect of tribological electricity, TENG can efficiently
transform various forms of mechanical energy into electrical
energy in the environment. With the tribological potential
coupled to the 2D device, the mechanical input can dir-
ectly and actively control the carrier transport of the 2D
channel. Based on the contact electrification (CE), Yu et al
proposed an artificial afferent neuron integrated by TENG
and MoS;-based EGFET (figure 10(e)) [53]. According to
the generality of CE effects, the tribological potentials can
effectively activate MoS, EGFETs and endow artificial affer-
ent neurons with excellent spatiotemporal recognition abil-
ities, including displacement, pressure, and touch patterns.
Furthermore, this artificial afferent neuron can be used to con-
struct dynamic logic and identify the frequency and magnitude
of external actions. More interestingly, the dynamic logic
recognition of spatiotemporal touch patterns was also suc-
cessfully demonstrated to trigger the LED logic, as shown in
figure 10(g).

By far, most neuromorphic tactile systems can only recog-
nize simple actions, such as touch, press, etc. The human kin-
esthetic system has the ability to real-time sense, memory, and
process motion signals, including muscle status and tension
and joint angle changes. For the complicated motion design
of intelligent robots, it is necessary to emulate the kines-
thetic perception system. Shan et al proposed a well-fitted skin
self-powered artificial kinesthetic system that collects human
motion signals in real-time for the sensing and integration of
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motion, as shown in figure 10(f) [156]. The kinesthetic sys-
tem consists of a single-electrode triboelectric nanogenerator
tailored for application on human skin and a field-effect syn-
aptic transistor for signal processing. The artificial kinesthetic
system can proficiently capture information about muscle,
joint flexion angle, and movement direction (figures 10(h) and
(3)). In addition, it has successfully integrated and assessed the
level of fatigue driving risk by placing TENGs at various loc-
ations on the driver’s face. Finally, the system also demon-
strates its potential in sign language recognition, resulting in
efficient and accurate human—computer interaction, as shown
in figure 10(i).

4.4. Neuromorphic nociceptive system

Perception of pain serves as an essential protective mech-
anism of the human sensory apparatus, alerting the body to
potential or occurring harm. As shown in figure 11(a), it
is a diagrammatic representation of the human pain percep-
tual system [56]. Different from other receptors, nocicept-
ors exhibit non-adaptation, meaning that they would main-
tain sensitivity to frequently experienced damaging stim-
uli. Furthermore, when confronted with a noxious stim-
ulus from the external environment, nociceptors initially
gauge the severity of the nociceptive electrical signal against
a preset threshold [158]. Thereafter, to generate nocicept-
ive warning signals, they decide whether to transmit the
generated action potentials to the central nervous sys-
tem. Moreover, in a bid to safeguard the affected region,
nociceptors lower their signal-generating threshold (a phe-
nomenon known as allodynia) and amplify their signal
response (known as hyperalgesia), thereby enhancing their
sensitivity.

It is expected that artificial pain-sensing systems will be
used in intelligent robots to prevent them from being harmed
by detecting various harmful stimuli and generating alarm
signals. The reliable and robust operation of pain recept-
ors in harsh environments relies on highly stable and low-
power devices. However, most of previous oxide-based mem-
ristors suffer from high threshold voltages and low switch-
ing ratios and require a high operation voltage to emulate
the nociceptors [160, 161]. In contrast, artificial nociceptors
based on 2D MoS, memristors with low threshold voltages
and high ON-OFF ratios (10°) have volatile resistive switch-
ing characteristics [162]. Recently, Ding er al designed a
self-powered mechanoreceptor system by connecting a BN-
DM (h-BN-based diffusive memristor) to tribological nano-
generator (TENG) (figures 11(b) and (c)) [49]. This sys-
tem successfully replicates key nociceptor features, including
threshold behavior, relaxation, and allodynia (figure 11(d)).
In addition, mechanically exfoliated 2D h-BNs have fewer
defects and good crystalline structure, and Ag™ has a higher
migration potential in h-BNs, which can improve the device
uniformity.

In neuroscience, visual nociceptor (VN) is a special sensory
neuron that recognizes noxious stimuli in the real world [163,
164]. Similar to electrical types of nociceptors, the VN exhib-
its the full range of pain perception behaviors of threshold,
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Figure 10. Two-dimensional (2D) material-based tactile neuromorphic system. (a) Schematic of the biological tactile afferent nerve system
and its synapse. Reprinted from [54], © 2021 Science China Press. Published by Elsevier B.V. and Science China Press. All rights reserved.
(b) Schematic of the piezotronic graphene synaptic device. (c) Circuit schematic. (d) Plot of EPSC versus Afpre2—prel. [155] John Wiley &
Sons. © 2019 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim. (e) Schematic diagram of CE-activated dynamic logic for artificial
afferents. (f) Schematic diagram of artificial kinesthetic system. (g) Red and green LEDs are triggered by TENG-1 and TENG-2,
respectively. Reproduced from [53]. CC BY 4.0. (h) EPSC triggered by movement signals. (i) Artificial kinesthetic system for assessing
fatigue driving risk level and sign language identification. (j) The kinesthetic orientation angle perception. Reprinted from [156], © 2021

Elsevier Ltd. All rights reserved.

nonadaptation, relaxation, and sensitization to harmful expos-
ure to light [160]. Li et al emulated the fundamental prop-
erties of VN at the device level based on the photoinduced
doping effect of bipolar 2D PdSe, material, as shown in
figure 11(e) [138]. Interestingly, this VN can vary between
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sensory adaptation and zero adaptation mode under different
electrostatic grating. Different from most artificial nocicept-
ors with inherent zero adaptation characteristics, the device
has adjustable adaptation modes to improve its perception
and adaptability for different hazard levels. As shown in
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Figure 11. Two-dimensional (2D) material-based nociceptive neuromorphic system. (a) The schematic of the nociceptor in the human body.
Reproduced from [56]. CC BY 4.0. (b) The schematic of the self-powered artificial nociceptor system. (c) The peak output voltage of TENG
under different force values. (d) Allodynia property test (left). Relaxation property test (right). [49] John Wiley & Sons. © 2022 Wiley-VCH
GmbH. (e) The PdSe; transistor-based artificial nociceptor. (f) 3D schematic of the PSC weight. (g) Schematic of image preprocessing of a

5 X 5 MR nociceptor array. [138] John Wiley & Sons. © 2020 Wiley-VCH GmbH. (h) Working mechanism of the visual nociceptor. (i) and
(j) The visual painful sensitization mechanism based on SCS. [159] John Wiley & Sons. © 2021 Wiley-VCH GmbH.

figure 11(f), the adaptive state delays the cautionary sig-
nal when subjected to an injurious stimulus, thus inducing a
short tolerance period. This self-adaptive process is import-
ant for improving the adaptability and efficiency of intelli-
gent robots in lower-level hazardous environments. Further,
the integrated 5 x 5 MR-nociceptive receptor array enabled

22

versatile image preprocessing (figure 11(g)). It is to be noted
that, there have been some advances in oxide-based VNs cur-
rently. Feng et al successfully demonstrated a wearable artifi-
cial vision system with pain perception capability using a flex-
ible transient transistor network with vertically coplanar mul-
tiple terminals and a 3 nm ultrashort channel (figure 11(h))
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[159]. However, most of the reported oxide-based photo-
nociceptors can only respond to UV light because of the inher-
ent wide band gap of the oxide, which is very different from
the working wavelengths for a practical eye. Accordingly,
the system utilizes short wavelength (360 nm) painful light
sensitization to eliminate secondary damage, as shown in
figures 11(i) and (j).

5. Challenges and perspectives

In this paper, we first reviewed the properties, synthesis, and
preparation of 2D materials and vdWH, then discussed the
emerging 2D neuromorphic devices. We clarified the underly-
ing mechanisms of synaptic weight modulation. More import-
antly, we presented recent applications of 2D neuromorphic
devices on visual, auditory, tactile, and nociceptive neur-
omorphic systems. The 2D materials offer innovative and vari-
ous working mechanisms for synaptic devices because of their
atom-thin structure and interesting physical characteristics.
However, it is still far from realizing artificial neuromorphic
computing for practical system-level devices. Furthermore,
the atomic scale properties of 2D materials are impressive in
terms of scaling and high integration, but the level of integra-
tion is insufficient to support the future ANNs. For this pur-
pose, the following critical problems should be addressed.

Preparation and transfer of high-quality 2D materials:
large-scale growth of 2D materials is crucial for integrated
circuits design. Therefore, we need to significantly develop
wafer-level synthesis processes and transfer technologies for
2D materials and heterojunctions. Currently, large-area growth
processes have been achieved for single-element 2D materials
like graphene [165]. However, most multi-element 2D mater-
ials have still not made a breakthrough in large-area growth
processes, which inevitably leads to large differences from
device to device [166, 167]. In addition, 2D neuromorphic
devices in real-world application scenarios are required to
be mechanically deformable, which relies on high-quality 2D
material wafer-level transfer technology that can determinist-
ically transfer pristine 2D materials to arbitrary substrates.
At present, there are inherent restrictions in existing meth-
ods that allow the transferred 2D materials to maintain their
growth quality. The inevitable introduction of folds, defects,
and impurities during the transfer process reduces device
uniformity and yield, leading to the degradation of device
performance.

Development of high-performance 2D devices: to advance
the capabilities of neuromorphic computing through increased
integration density and performance, miniaturization of 2D
synaptic devices to the nanometer scale is essential. The
atomic-level thickness nature of 2D materials contributes
to superior scalability and enhanced integration potential.
Nonetheless, considerable effort is still required to pattern and
integrate small-size 2D neuromorphic devices without sacri-
ficing the intrinsic switching performance and neuromorphic
functionality. Further complicating this endeavor is ensuring
that the fabrication methods for 2D materials are compatible
with existing CMOS processes, a hurdle that is critical to
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overcome for their widespread integration. Achieving on-chip
integration of 2D devices with various functionalities could
significantly boost circuit performance and reduce production
costs.

Implementation of multifunctional 2D neuromorphic sys-
tems: so far, 2D optoelectronic synaptic devices have proven
potential for applications in various artificial visual scenarios,
such as CIR [141, 143, 145], adaptive image recognition [57,
139, 148], motion recognition [149], and 3D visual polariza-
tion imaging [103]. Benefiting from the tunable synaptic plas-
ticity, 2D synaptic devices have also been employed to con-
struct artificial auditory systems, such as sound localization
[48, 78] and acoustic pattern recognition [55, 121]. Moreover,
tactile sensing elements, grounded in diverse operational
principles, have been incorporated into the construction of
artificial tactile systems [53, 155]. Two-dimensional (2D)
materials also offer novel ideas for developing artificial
nociceptive systems [49, 138]. At the same time, there is an
emerging demand for compact, energy-efficient systems cap-
able of mimicking human brain functions in the perception
and processing of olfactory and gustatory stimuli [168, 169].
However, the exploration into artificial systems for olfaction
and taste, utilizing 2D neuromorphic devices, remains nascent
[170]. Therefore, we believe that Al would achieve a real-time
dynamic interaction with the real world in future. This will be
realistic for many applications, such as the IoT, driverless cars,
and smart cities.

It can be expected that the next generation of neuromorphic
computing systems based on 2D semiconductors can be
brought to the fore soon through continuous efforts in material
preparation, device fabrication, and system integration.
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