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The rapid development of neuromorphic computing has led to widespread investigation of artificial
synapses. These synapses can perform parallel in-memory computing functions while transmitting signals,
enabling low-energy and fast artificial intelligence. Robots are the most ideal endpoint for the application of
artificial intelligence. In the human nervous system, there are different types of synapses for sensory input,
allowing for signal preprocessing at the receiving end. Therefore, the development of anthropomorphic
intelligent robots requires not only an artificial intelligence system as the brain but also the combination
of multimodal artificial synapses for multisensory sensing, including visual, tactile, olfactory, auditory, and
taste. This article reviews the working mechanisms of artificial synapses with different stimulation and
response modalities, and presents their use in various neuromorphic tasks. We aim to provide researchers
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in this frontier field with a comprehensive understanding of multimodal artificial synapses.

Introduction

With the development of artificial intelligence (AI), neuromor-
phic systems capable of mimicking and performing intelligence
functions have been extensively investigated [1-3]. Al has driven
the evolution of a wide range of mechanical systems, especially
robots. Equipped with Al robots can be endowed with a cer-
tain level of intelligence and thus be capable of executing more
complex tasks [4,5]. In order to truly replace humans in various
jobs, intelligence robots require not only an Al system as the
brain but also smarter sensory systems for visual, tactile, olfac-
tory, auditory, and taste. Multimodal artificial synapse devices
can serve as this role to achieve faster, lower-energy, and more
anthropomorphic intelligent robots [6]. As shown in the center
of Fig. 1, external information can be perceived through mul-
tiple types of artificial synapses, whereas cross-modal integra-
tions occur in higher cortical areas.

Artificial synapses are devices that mimic the function of
biological synapses. In human nervous system, different types
of synapses can form excitatory postsynaptic currents (EPSCs)
or inhibitory postsynaptic currents (IPSCs) by stimulation
from different modal signals [7]. The strength of the connec-
tion between presynaptic neurons and postsynaptic neurons
caused by neurotransmitters is defined as synaptic weight.
Synaptic plasticity, which refers to the changes in synaptic
weight caused by external stimulus signals, is considered the
foundation of brain memory and learning [8]. For artificial
synapses, the basic function is synaptic plasticity. The weights
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of them can be modulated by external multimodal stimuli,
including electrical, optical, acoustic, temperature, and gas
signals. Further, by compactly arranging and parallelly con-
necting artificial synapses in neural networks, large-scale
brain-like computing can be achieved with in-memory archi-
tecture and spiking configuration. Compared with conven-
tional computer systems, the neural networks composed of
artificial synapses demonstrate stronger adaptability, faster
computing speed, and lower energy consumption.

Here, we review the latest advancements in multimodal arti-
ficial synapses from their mechanism to neuromorphic applica-
tion. The structures and overviews of these artificial synapses
are categorized according to the different types of stimulus and
response signals (Fig. 1). It is clear that the response signal of
most artificial synapses is electrical. This aligns with the char-
acteristics of the human nervous system, where all external
information is eventually converted into bioelectrical signals
for processing. In addition, artificial synapses with light response
have also attracted widespread attention in recent years. It fea-
tures low power consumption and high speed, but has lower
integration and programmability compared with electrical
counterparts [9]. This review is structured as follows. In the first
part, we summarize and generalize the mechanisms of the dif-
ferent types of synapses and elaborate on their characteristics.
In the second part, we present the typical neuromorphic appli-
cations based on artificial synapses. Finally, we provide an out-
look on the potential challenges and opportunities that may
arise during the development of artificial synapses.
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Fig.1.Classification of multimodal artificial synapses.

Categories of Artificial Synapses

Electrically stimulated electrical-response

artificial synapses

Electrical stimulated synapses have a relatively long research
history and high maturity. We call them electrical artificial syn-
apses (EASs). The synaptic plasticity of EAS is manifested in
that their resistance can be programmed with a memory effect
by electrical stimulation, which means that the resistance will
continue to remain for a certain period of time after the stimu-
lus disappears. This can be achieved by various physical mecha-
nisms, such as capacitance, resistance, and magnetoresistance.
Depending on the electrode structure, artificial synapses based
on electrical signal stimulation can be divided into 2 categories:
2-terminal and 3-terminal. Here, we focus on 2-terminal arti-
ficial synapses, namely, memristors.

Memristors are the most widely studied electrical synaptic
devices, which represents the relationship between charge and
magnetic flux. The basic effect of memristor is that the resistance
changes with the amount of current passing through it. Even if
the current stops, its resistance can remain. The multistate resis-
tance changes and nonvolatile properties of memristors closely
resemble synaptic functions in the biological nervous system.
As 2-terminal devices, they can be easily integrated in large scale
through the cross-bar circuit structure, thus enabling in-memory
process vector input signals in parallel.

lonic migration

Ionic effect includes anionic effects (e.g., 0*,-CO0™,and 1)
and cationic effects (e.g., Ag*, Cu’*, and other reactive metal
ions). The dielectric layer of anionic effect memristors consists
of oxide insulator materials, including transition metal oxides,
perovskite-type complex oxides, and wide bandgap insulators
[10-13]. Chang et al. [14] reported a nanoscale memristive
device based on a thin film of WO,. The schematic structure
of the device is shown in Fig. 2A. Oxygen vacancies (VOs)
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conductive channel is formed by the migration of oxygen ions
in the dielectric layer of oxide insulator under the action of an
electric field. When a positive bias voltage is applied to the elec-
trode (anode), it induces the migration of VO toward the rela-
tive bottom electrode with the increase of the conductivity of
the channel. On the contrary, when a negative bias voltage is
applied, the ions return to the active layer within the interfacial
oxide layer with the disappearance of the conductive channels.
The cationic effect mainly refers to the physical migration and
electrochemical reactions of active metal ions [15]. Metal ions
generated by electrochemical reactions are reduced and form
metal conductive filaments (MCFs) that connect both ends of
the electrodes. The formation/dissolution process of the con-
ductive metal filaments corresponds to the switching between
low resistance state (LRS) and high resistance state (HRS) [16].
Devices with high cation migration rate electrolytes experience
an excess of ionic current, resulting in the growth of tapered
conductive filaments from the active electrode toward the inert
electrode. In nonconventional electrolyte devices (such as SiO,
and other oxides), the conductive filaments start to grow from
the inert electrode, but during the growth process, a limited
number of cations diffuse into the filaments, resulting in branch-
ing growth. It is worth noting that the dissolution of the conduc-
tive filaments occurs near the interface of the dielectric layer
and the inert electrode. Li et al. [17] reported a dual-terminal
memristor-enhanced Pt-Ag/TiO,:Ag/p**-Si memristor by insert-
ing a thin layer of TiO, into the resistive switching layer. The
schematic of the formation process of MCF is shown in Fig. 2B.
When a positive bias is applied to the Ag electrode, the oxidized
Ag" ions migrate to the inert TiO, layer and are reduced back
to Ag atoms. Therefore, the device is in LRS. When a negative
voltage is applied, the conductive Ag wire breaks and the resis-
tance state of the device returns to the HRS. After removing
the electrical stimulation, the current gradually decreases and
returns to the initial state in approximately 40 s.

Electron effect

The electron effect mechanism is fundamentally different from
the cation/anion migration mechanism. The cation/anion migra-
tion mechanism is based on the migration of ions, involving
chemical redox reactions and physical thermal effects during the
process. In contrast, the electron effect generally involves only
electron transfer. The transition between HRS and LRS is
achieved by trapping carriers through traps, resulting in the
changes of carrier concentration in the channel. Shi etal. [18]
used the chemical vapor deposition (CVD) to grow multilayer
hexagonal boron nitride (h-BN) as the resistive switching dielec-
tric to fabricate high-performance bidirectional EAS. Under the
influence of an electric field, h-BN generates boron vacancies
that can be filled by metal ions from adjacent electrodes. The
power consumption for the high-to-low resistance state transi-
tion of the device can be as low as 600 pW, and the switching
time is less than 10 ns. Figure 2C illustrates the EPSC behavior
and the relaxation process during the high-to-low resistance state
transition.

Phase transition

Phase change materials (PCMs) can undergo phase change at
a certain temperature. After the phase change, the lattice struc-
ture changes, which leads to changes in the electrical, optical,
and/or other properties of the material (Fig. 2D). At the same
time, by regulating the temperature or using other methods,
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Fig.2.Mechanisms of synaptic plasticity in electrically stimulated electrical-response artificial synapses. (A) Anionic effects. (B) Cationic effects. (C) Electron effect.
(D) Electro-induced phase transition. (E) Ferroelectric effects. Reprinted permission from [14,17,18,20,30], respectively.

the structure of the PCM can return to its initial state, thereby
achieving switching between different memory states. PCMs
are widely investigated in artificial synapses not only in electri-
cally stimulated synapses but also in other types of synapses.
Currently, commonly used PCMs include bulk materials, such
as GST (Ge,Sb,Te;), GeSb, vanadium, and Sb,Te, as well as some
2-dimensional (2D) materials, like MoTe, [19-21]. Taking GST
as an example, it can switch between the crystalline and amor-
phous states, thus realizing the 2 resistance states of LRS and
HRS [22]. There are many factors that influence the phase
transitions, among which the electro-induced phase transition
mechanism [23-25] and the thermo-induced phase transition
mechanism [26,27] have received considerable attention. MoTe,
can switch between semiconducting (2H) and semimetallic
(IT") phases. Recently, Hou et al. [20] reported a MoTe,-based
phase change memristor with an ultralow phase switching volt-
age (Fig. 2D). This is achieved by a strain-engineering tech-
nique, the contact metal applies strain to MoTe,, bringing the
active region closer to the phase switching point. Therefore, the
device can achieve phase switching with a relative low energy
consumption. Their device exhibits excellent performance with
a switching voltage of 90 mV and a switching energy of 150a].

Ferroelectric or ferromagnet effect

Memristive models based on ferroelectric or ferromagnet
effects have also been gradually developed and applied in the
field of neuromorphic computing. Their memristive behavior
is typically associated with the hysteresis properties exhibited
by spontaneous polarization or spontaneous magnetization
under electric field stimulation or magnetic field stimulation
[28,29]. Ferroelectric tunneling is the primary underlying
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mechanism of these synapse. Yu et al. [30] proposed an Au/
HZO/p+-Si ferroelectric memristor, which can be modulated
to multiple resistance states by changing the polarization state
of the ferroelectric material through applied pulse voltages.
The device structure is schematically shown in Fig. 2E, in
which p+-Siis used as the bottom electrode, HZO film is used
as the tunneling layer, and Au is used as the upper electrode.
The curve shows the resistance changes of the device under a
series of positive and negative voltage pulses.

To summarize EAS, memristors, due to their conductivity
that can be modulated with a memory characteristic, are widely
used as EAS. In addition, memristors have the advantages of
simple structure and nanoscale dimensions, making them well
suited for high-density integration, which holds important
importance for the on-chip realization of brain-inspired com-
puting. Besides, EAS can realize fast switching speed (in the
nanosecond range) and low switching energy consumption
(approximately 1 pJ), allowing them to more effectively update
weights. Besides, the nonlinear computational capability of
memristor arrays has enabled them to be used in various Al
tasks such as recognition [31] and classification [32,33].

Optically stimulated electrical-response

artificial synapses

Recently, researches on optically stimulated electrical-response

artificial synapses have gained considerable attention. Artificial

synapses, whose conductivity can be modulated by optical sig-

nals, are called optoelectronic artificial synapses (OEASs).
Using light as stimulation, OEASs offer the advantage of fast

response speed, low energy consumption, and low cross talk

[34]. The OEAS with unidirectional conduction can solve the
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sneak path issues that appeared in electrical stimulated syn-
apses [35]. Besides, OEASs offer a noncontact input method,
which is crucial for the further development of optical wireless
communication [36]. More importantly, OEAS can emulate the
retinal neurons in the human eye. Since about 80% information
of the outside world is conveyed to the human brain through
visual perception, the use of OEAS can seamlessly translate
optical stimuli into electrical signals [37], enabling efficient
real-time image preprocessing.

The synaptic plasticity of OEAS is manifested in that its
resistance can be modulated by light stimulation, which is
reflected in the photocurrent. To achieve the memory effect of
photocurrent, it is necessary to extend the lifetime of photo-
generated carriers. According to different mechanisms, OEAS
can be categorized into different types.

VO ionization

The inherent persistent photoconductivity characteristics (PPCs)
of oxide semiconductor materials are important for their appli-
cations in optoelectronics [38]. PPC effect is closely related to
nonvolatile photo-conductance and is commonly observed in
various oxide semiconductors. In general, there are noncon-
ductive a-type defects and conductive p-type defects in n-type
semiconductors, in which a-type defects generate defect local-
ized states within the bandgap. Conductive p-type defects can
induce electrons to the conduction band minimum, which
occupy the perturbed host states below the conduction band
minimum for relaxation processes [39]. However, certain
unique defects can exhibit both a-type and f-type behaviors
simultaneously, in which the nonconducting ground state

is transformed into a metastable conducting state by optical
stimulation [40]. VOs in oxide semiconductors exhibit insulating
a-type behavior in neutral ground state (VO°) but display conduc-
tive B-type characteristics in their metastable ionized states (VO'*
or VO*") [41]. The change from stable conducting state to meta-
stable ionized state in VO can be caused by light illumination
when the photon energy exceeds the bandgap of the oxide semi-
conductors. Thereafter, when the light stimulus disappears, the
electrons in the metastable ionized state will return to the stable
state. This process is low because the electrons in the metastable
ionized state need to circumvent a barrier (E,), resulting in the
current memory effect.

Li et al. [42] developed an artificial synaptic device based
on a ZnO/PbS heterojunction with the schematic structure
shown in Fig. 3A. In this device, ultraviolet (UV) light can
induce EPSCs, while infrared light can induce IPSCs. Besides,
other synaptic behaviors, like long-term plasticity (LTP), short-
term plasticity (STP), paired-pulse facilitation (PPF), and paired-
pulse depression (PPD), are also demonstrated [18]. Under UV
light illumination, VOs’ are ionized to form VOs'* or VOs™*,
which are gradually increased by increasing the number of
pulses or prolonging the light exposure time, leading to the
generation of EPSCs. In contrast, infrared light can suppress
the generation of ionized VOs, therefore resulting in inhibitory
effects. After stimulation with light pulses of UV light, the EPSCs
can exhibit a relaxation time over 150 s.

Photogenerated carrier capture and/or release
By designing the device structure or material to capture photogen-
erated electrons or holes, the recombination of photogenerated
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carriers can be effectively slowed down, thereby extending their
lifetime. At present, the commonly used methods include intro-
ducing defects or building heterojunction.

1. Defect-induced photogenerated carrier capture

Defects can form traps capable of capturing photogenerated
electrons or holes, thereby slowing down the recombination
of photogenerated carriers. There are many methods that can
introduce defects in materials including using lattice defects of
materials, using surface dangling bonds of nanomaterials, and
using interface defects [43-45].

For using lattice defects of materials, Li et al. [45] developed
such OEAS device based on CsPbBr; quantum dots (QDs) and
graphene nanowalls. The graphene nanowalls were grown by
plasma-assisted CVD and has a certain amount of defects,
which naturally have a photocurrent memory effect [46]. They
further extended the lifetime of photogenerated carriers by
introducing a heterojunction by coating CsPbBr; QDs on gra-
phene nanowalls. Figure 3B illustrates the device structure and
the photocurrent under dual-pulsed laser stimulation. For using
surface dangling bonds, Tan et al. [44] reported a 3-terminal
OEAS using Si nanocrystals (Si NCs). The dangling bonds on
Si NCs can form deep energy levels that enable trapping pho-
togenerated electrons. They proved the existence of dangling
bonds by electron paramagnetic resonance signal. For using
interface defects, Chung et al. [43] used a defective layer to
enhance the synaptic properties of OEAS. Based on conven-
tional indium-gallium-zinc oxide (IGZO) optoelectronic syn-
apse, they introduced an additional quasi-2D IGZO defective
layer (2 nm) by spin coating. In the device, the photogenerated
carries can be trapped at the defective interface, resulting in a
lower de-trapping speed compared with the device without
defective layer. In this way, the PPC behavior can be further
improved.

2. Heterojunction-induced photogenerated carrier capture

Heterojunction typically involves 2 types of materials. One
is the photoactive material that acts as the light absorber and
the other acts as the conductive channel. Usually, the photo-
sensitive material can be attached to the conductive channel by
spin coating, transfer, deposition, or dripping. Figure 3B shows
a typical OEAS with heterojunction [45]. Since the 2 materials
have different work functions, the resulting built-in electric field
can separate the photogenerated carriers. The photosensitive
material can be oxide semiconductors [47,48], perovskite mate-
rials [49], 2D materials [50], and sulfur compound [51]. Due
to the presence of these materials, the devices tend to have a
higher response compared to the VO types. The valence elec-
trons in photosensitive material can be excited to the con-
duction band after absorbing photons with the increasing of
carrier concentration in the conductive channel, resulting in
the increase of conductivity. Because of the existence of barrier
in built-in electric field, the conductivity will not quickly return
to the initial state after removal of light, leading to the exhibition
of memory characteristics. This physical phenomenon enables
the mimicking of synaptic plasticity. By varying the wavelength,
frequency, or intensity of light pulse stimulus, the response
intensity of these devices can be effectively controlled.

Photo-induced phase transition

The electrical and optical properties of PCMs exhibit a signifi-
cant contrast on different phases [52-54]. PCMs, based on tel-
lurides and antimonides, exhibit ultrafast electrical switching
on the sub-nanosecond time scale [55]. The states can remain
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highly stable for several years at operating temperatures, which
isa critical requirement for nonvolatile memory [56]. Vanadium
dioxide (VO,), serving as a representative PCM, undergoes a
distinctive phase transition from low-temperature monoclinic
phase to high-temperature rutile phase at critical temperature
of around 341 K [57,58]. During this process, the electrical
resistance of VO, undergoes a drastic change by several orders
of magnitude.

Li et al. [59] demonstrate an OEAS device by growing VO,
thin film on Si wafers. UV light (375 nm) is able to release VO
from the VO, lattice because the activation energy to generate
VO in VO, is between 3 and 3.5 eV, and the photon energy of
375-nm UV light only satisfies this requirement (3.35 eV [60].
Meanwhile, the photon energies of red and green light are lower
than the activation energy [61,62]. Thus, the device is capable
of extracting UV information from the surrounding environ-
ment, thereby providing a pathway for neural morphological
sensor. The difference in lattice spacing caused by the release
of VO and electrons leads to strain in VO,, resulting in transi-
tion from the low-symmetry monoclinic phase to the high-
symmetry rutile phase [63]. Then, the structure of VO, can
gradually return to the initial state by applying a negative volt-
age that can drive oxygen ions back to VO, lattice [64]. This
reversible phase transition can be used for optical programming
and electrical erasing at room temperature. The response of
EPSCs to different pulse numbers are shown in Fig. 3C, where
the increasing number of pulse light stimuli promotes the tran-
sition from STP to LTP.

Interaction of light and ferroelectric materials
Ferroelectric materials have also been used in OEAS devices.
The basic principle is based on the interaction of ferroelectric
materials and various external factors such as electric fields,
stress fields, and optical fields [65-68]. Ferroelectric materials
are widely used in nonvolatile memories due to their inherent
spontaneous polarization properties. Heterostructures com-
posed of 2D direct-bandgap materials and ferroelectric oxides
are considered as potential candidates for emerging semicon-
ductor memory due to their low operating voltage, small size,
and excellent nonvolatile properties [69-71].

While ferroelectric polarization reversal is typically achieved
by applying an electric field, recent research has increasingly
shown that optical-induced methods can also serve as a mean
of controlling ferroelectric polarization [72]. As a noncontact
method, optical stimulation offers new possibility for the real-
ization of multi-degree-of-freedom devices. Compared to elec-
tric field stimulation, optical stimulation can significantly
reduce the requirements on circuit design and enhance switch-
ing speed [73]. Currently, the application of ferroelectric mate-
rials in OEAS mainly exploits the property of optical-induced
ferroelectric polarization reversal [74-76].

Figure 3D shows the MoS,/BaTiO; (BTO) ferroelectric
transistor-based OEAS reported by Du et al [77]. The mono-
layer MoS, serves as the channel, while the BTO thin film acts
as the gate dielectric. The photo-induced polarization state
switching after irradiating the device with a triple-pulse light
stimulation is illustrated in Fig. 3D. With increasing exposure
time, the initially up-polarized region gradually switches to a
down-polarized state, while the initially down-polarized region
remains unchanged. The photo-controlled ferroelectric polar-
ization switch can be explained by the interaction between
photogenerated charges in MoS, and ferroelectric polarization
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charges in BTO [72]. The conductivity of the device changes
under different light stimulation times (wavelength, 450 nm;
power density, 10 mW/cm?) and shows a good linear relation-
ship with the exposure time.

Floating gate effect

The floating gate effect is inspired by the flash memory. The
typical structure of this type of OEAS is shown in Fig. 3E includ-
ing blocking dielectric layer, floating gate, tunneling dielectric
layer, and conductive channel layer. The floating gate is usually
made of photoactive materials used to achieve the light-stimulated
response of OEAS [78]. The tunneling dielectric layer usually
has a thin thickness, which is convenient for photogenerated
hot carriers to tunnel. Besides, to effectively prevent the recom-
bination of photogenerated carriers, it also needs to have low
defects and a large band gap. When stimulated by photons with
energy exceeding this bandgap, the floating gate absorbs pho-
tons and generates photogenerated carriers, where photogen-
erated electrons or holes tunnel into the conductive channel,
while the other type of carriers are trapped in the floating gate.
Thus, the conductivity of the conductive channel is changed,
resulting in a photocurrent response. Due to the existence of
the dielectric layer, the photogenerated carriers will not recom-
bine immediately after the light stimulus disappears. As a result,
the OEAS can have the photocurrent memory characteristics.
Wang et al. [79] reported an OEAS with this structure, using
CsPbBr; QDs as the floating gate and pentacene as the conduc-
tive channel. The device can respond at multiple wavelengths
and exhibits good memory properties.

Interestingly, under the same device structure, the floating
gate may have different photogenerated electron transfer mech-
anisms. Zhang et al. [80] introduced an additional gate electrode
based on the floating gate structure. They used WSe, as the float-
ing gate material. When a positive bias is applied to the gate, the
photogenerated electrons of the WSe, will tunnel to the gate
electrode through the gate dielectric. Thus, the holes retained
in WSe, will generate an electric field that points from the float-
ing gate to the conductive channel. The electric field will increase
the conductivity of the conductive channel, resulting a positive
photocurrent. Conversely, when the gate voltage is negative, light
stimulation will generate a negative photocurrent.

In the above works, the floating gate serves as the role for
light absorption. In addition, the conductive channel can also
serve as this role. Sun et al. [81] reported this type of OEAS.
They use MoS, as the conductive channel and multilayer gra-
phene as the floating gate material. Under light stimulation, the
photogenerated electrons in MoS, tunnel to the graphene, thus
forming a negative gate voltage on the floating gate, causing the
conductance of the MoS, conductive channel to change.

Other types
1. Multi-device integration

OEAS can also be achieved by integrating multiple types of
devices and making full use of the functions of each device. For
instance, photoresistor and resistive load can be integrated with
electrical synapse [78]. Here, the electrical synapse adopts a
3-terminal transistor structure, and the conductive channel is
the electrolyte insulator. The photoresistor is connected in series
with the resistive load, while the gate of the electrical synapse is
connected in parallel with the resistive load. When light stimu-
lates the photoresistor, the resistance of the photoresistor changes.
According to Kirchhoft’s law, the voltage on the resistive load
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changes, which causes the gate voltage of the electrical synapse
to change, resulting in the movement of cations in the electro-
Iyte insulator. Therefore, the conductance of the electrical syn-
apse changes, resulting in a current response. When the light
stimulation stops, the current response does not disappear
immediately due to the slow recovery motion of the metal cat-
ions, thus achieving current memory characteristics.

2. Photon-modulated electrochemical doping

Ion migration is also used in this mechanism. Chen et al.
[82] reported an OEAS based on an organic 3-terminal elec-
trochemical transistor (OECT). They incorporate a bulk
heterojunction as the photoactive layer into the channel of
OECTs. An electrolyte is used between the gate electrode
and the channel. Light stimulation can perturb the electro-
chemical doping of channel. When stimulated by light, light-
induced charge carriers in the heterojunction will lead to
ion transport from the electrolyte to the channel for charge
compensation, resulting in electrochemical doping of chan-
nel. Thus, the conductance of the channel changes and a
photocurrent response is observed. The slow motion of ions
enables the memory characteristics of the device.

To summarize OEAS, light as the stimulus signal for OEAS
can generally achieve higher bandwidth and lower crosstalk.
In the era of Al the collection and processing of visual informa-
tion occupies a significant portion of Al tasks. OEAS can be
used to simulation the human visual synapses. A network based
on OEAS can be used to complete the preprocessing of the
optical image at the receiving end, such as direct recognition
of simple and feature extraction. In this way, it can reduce the
energy consumption of the whole system and improve the pro-
cessing speed.

At present, the responsivity of OEAS is generally low; especially
in the OEASs that rely on defects to achieve memory character-
istics. This causes the energy consumption of light stimulation
required for OEAS to be still high. Energy consumption is an
important evaluation index of synaptic devices. This can be
improved by increasing the light absorption. Plasmon effect is an
important method. Based on the mechanism of surface plasma
resonance, it can effectively enhance the light absorption of the
device, thereby increasing the number of photogenerated hot car-
riers and improving the response of the device [83-85]. In addi-
tion, we found that some metal nanostructures can have other
unique effects. For instance, OEAS based on Ag nanoparticles can
demonstrate both long-term potentiation and long-term depres-
sion by light stimulation with different wavelength, which may
be related to oxidation and reduction of the Ag nanoparticles
under light irradiation [86].

Optically stimulated optical-response

artificial synapses

Here, we call this type of synapses all-optical artificial synapses
(OASs). In OAS, both the stimulus and response are optical
signals, and synaptic weight modulation is achieved by chang-
ing the optical parameters (refractive index or transmittance)
of the material or device through optical stimulation and thus
affecting the intensity or phase of the optical response signals.
Compared with all EAS or OEAS, OASs provide a much faster
and energy-efficient way to construct neural network. In addi-
tion, light, as an information carrier, has more degrees of free-
dom compared to electrons, so OASs have lower crosstalk and
can be used for multiplexed information processing. Innovative
materials such as tungsten trioxide photochromic materials,
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perovskite photochromic materials, phase-change materials,
photochromic materials, and long persistent phosphorescent
(LPP) materials have been used in OAS.

PCMs have also been widely used in OAS. Cheng et al. [87]
used GST PCMs and integrated silicon nitride waveguides to
fabricate OAS, as shown in Fig. 4A. The response mechanism
is the transformation of GST material from crystalline to amor-
phous under light irradiation. Under light stimulation, GST
can undergo a transition from the crystalline state to the amor-
phous state. Different states correspond to different refractive
indices, which leads to a change in the coupling between GST
and the waveguide, resulting in the change in the transmittance
of the waveguide. Thus, the synaptic weight function can be
realized. Lu et al. [9] proposed an OAS based on the hybrid of
LPP material (SrAl,O,:Eu**,Dy’*) and polydimethylsiloxane
(PDMS). As shown in Fig. 4B, the device uses PDMS as a sub-
strate with the LPP material embedded on its surface. The lumi-
nescence mechanism of LPP is the formation, transfer, storage,
release, and recombination of holes under UV irradiation. This
device illustrates typical excitatory postsynaptic intensity (EPSI)
behavior of biological synapse, where the output intensity signal
reaches a maximum value under UV light stimulation and grad-
ually decays to initial intensity, showing a memory characteristic.
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Sharma et al. [88] introduced a simple-structure OAS based on
the photochromic organic compound called spiropyran. When
exposed to UV pulse illumination, the energy of the light pulse can
break the C-O bond in the spiropyran molecule, leading to an
increase in isomer content and darkening of the color, as shown
in Fig. 4C. The increase and decrease in transmittance caused
by visible and UV pulses correspond to the EPSI and inhibitory
postsynaptic intensity (IPSI) behaviors, respectively. Wei et al.
[89] demonstrate an all-photonic synapse device based on a double
metal-clad waveguide, as shown in Fig. 4D. The response mech-
anism is that the internal electric field formed by the drift of elec-
trons and ions under light illumination changes the refractive index
of the crystal through nonlinear effects. Therefore, the synapse
can be switched in different states with probe and recording light.

In conclusion, OAS possesses the characteristic of light-speed
ultralow-energy-consumption computing. It is worth mention-
ing that light has multiple physical dimensions, such as wave-
length, phase, amplitude, and angular momentum, so OAS has
the potential to be used for multiplexed computation to achieve
high-throughput information processing. Although OASs show
advantages in many ways, they still face considerable challenges
in terms of integration and manufacturing at scale. Meanwhile,
compared to EAS, OASs are still slower in weight modulation
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Fig. 4. Mechanisms of synaptic plasticity in optically stimulated optical-response artificial synapses. (A) Photo-induced phase transition [87]. (B) Long-afterglow
material [9]. (C) Photochromic compounds [88]. (D) Charge carrier drift [89]. Images reprinted with permission from [9,87-89].
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speed despite that they have higher computational speeds.
Therefore, improving the weight modulation speed and realizing
on-chip integration will be an important direction in this field.
In addition to being the basic component for all-optical neuro-
morphic computing, OAS can also be integrated with various
optical systems to realize preprocess of optical data. In this way,
the energy consumption of these systems can be further reduced.
Moreover, OASs are not easily affected by environment, so they
have the potential to be used in various extreme environments.

Electrically stimulated optical-response

artificial synapses

This type of artificial synapses can be called EOAS. EOAS has
the same function to be used in optical neural networks as OAS
because they have also optical response. Compared with light
stimulation, electrical stimulation has better programmability
and higher precision modulation capabilities [90]. Zheng et al.
[91] fabricated a nonvolatile electrically reconfigurable artificial
synaptic device with GST phase transitions actuated by heating
silicon positive-intrinsic-negative (PIN) diode. The in situ heat-
ing has less heat loss compared with the conventional external
heater scheme, so the crystallization voltage and amorphous
voltage are greatly reduced. At the same time, the silicon PIN
structure is compatible with the complementary metal-oxide
semiconductor (CMOS) process, which is suitable for the fabrica-
tion of large-scale optical field-programmable gate arrays.

Artificial synapses based on other types

of stimulation

Based on the concept of multisensory integration, artificial
synapses that can be regulated by other types of stimulus signals
such as sound, chemical odor, pressure, and heat have also been
extensively studied [92].

Artificial synapses stimulated by auditory

Auditory systems are the most efficient and direct means of
communication between humans and robots. Therefore, arti-
ficial synapses with flexible acoustic sensing capabilities are
considered crucial components of human-machine interaction
interfaces. Chen et al. [93] reported a synaptic device that achieves
STP and LTP functions by modulating the amplitude and pulse
duration of an applied surface acoustic wave (SAW). The magnetic
film is sandwiched between a pair of interdigitated transducers
(IDTs), where the SAW signal is generated by one IDT and the
received signal is detected by the other IDTs. The number of
skyrmions depends on the amplitude of the SAW. The number
of skyrmions increases as the decrease of the SAW sequence
interval, which can be regarded as the transition from STP to
LTP. Chen et al. [94] studied a novel MXene/MoS,-based flexible
vibration artificial synapse device. This artificial synapse device,
stimulated by sound, achieves high sensitivity for acoustic recog-
nition with a sensitivity of 25.8 mV/dB and a broadband response
of 40 to 3,000 Hz. Additionally, they designed and trained a
machine learning-based speaker recognition process using
an artificial neural network (ANN) with high accuracy (99.1%)
for speaker identification.

Chemically stimulated artificial synapses

Chemically stimulated artificial synapses are an emerging field
in recent years, which can be used to mimic the human olfactory
system. Deng et al. [95] proposed a flexible biomimetic olfactory
synapse based on a porous solid polymer electrolyte (SPE). The
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device has excellent sensitivity to hydrogen sulfide (H,S) and
memory capability for cumulative effects. When the device is
in an H,S atmosphere, the SPE can establish ion association
with H,S, electrostatic interaction between weak cations and
anions, forming and enhancing ion migration. In addition, after
the gate pulse is removed, the doped cations in the polymer poly
(3,4-ethylenedi-oxythiophene) doped with poly (styrene sulfo-
nate) (PEDOT:PSS) channel cannot immediately diffuse back
into the SPE, showing relaxation behavior. The release of H,S
was detected to evaluate rotten eggs, and the conversion from
short-term memory (STM) to long-term memory (LTM) was
successfully demonstrated by adjusting the pulse duration. Hu
et al. [96] demonstrated an artificial olfactory chemical-resistant
synapse composed of 3D layered WO,@WO, nanofibers. These
nanofibers exhibit a persistent electrical resistance response due
to the strong adsorption of water molecules. By using recurrent
neural networks to process time-dependent data, they success-
fully identified gaseous chemical substances such as 3-hydroxy-
2-butanone, triethylamine, and trimethylamine. This research
achieved gas recognition with an accuracy of over 90% without
the need for training. It provides a new avenue for artificial
olfactory system research and holds vast potential for applications.

Pressure-stimulated artificial synapses

The development of low-power, low-cost, low-complexity, and
high-efliciency artificial synapse tactile sensing systems holds
tremendous potential in Internet of Things (IoT) and Al Jia et al.
[97] demonstrate a mechanoplastic semi-floating gate transistor
artificial synapse based on integrated graphene/h-BN/tungsten
diselenide heterostructures and triboelectric nanogenerators
(TENGsS). The operating mechanism is attributed to carrier trap-
ping and detrapping in the graphene layer. This device exhibits
synaptic plasticity with an ultra-low energy consumption of
74.2 ] per synaptic event. Zhang et al. [98] developed a self-
powered tactile sensing system, which is expected to advance the
field of intelligent perception . The gas-ions-gated (GIG) transis-
tor serves as the artificial synapse, while the triboelectric plasma
acts both as the tactile sensor and as the driver signal for the GIG
transistor. Triboelectric plasma contains N** ions that directly
adhere to the graphene surface, functioning as a floating gate to
modulate its electrical transport properties.

Temperature-stimulated artificial synapses
Temperature-sensitive artificial synapse devices play a crucial
role in future electronic skin and intelligent sensing systems.
Based on temperature stimulation, artificial synapses can
achieve rapid and accurate responses to temperature changes,
creating a more intelligent and sensitive perception environ-
ment for humans. Han et al. [99] demonstrated an artificial
synapse for multimodal perception that simultaneously receives
visual and thermal stimuli and converts them into electrical
signals. This unique pattern is used for fingerprint identifica-
tion, where the fingerprint pattern is identified by light and real
skin or fake skin is identified by heat. Duan et al. [100] pro-
posed a bioinspired tactile-temperature fusion artificial synapse
device based on the volatility of VO,. It utilizes the inherent
thermal sensitivity of the metal-insulator transition in VO, to
sense temperature. This device can be used to integrate multiple
spatially related sensory stimuli, such as touch and temperature,
to identify Braille characters. It provides new insights into neu-
romorphic perception and neuromorphic computing based on
sensory integration.
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Magnetically stimulated artificial synapses

The artificial synapse based on magnetic stimulation achieves
switching between HRS and LRS through the magnetic-electric
(ME) coupling mechanism [101]. The magnetoresistive element
converts magnetic signals into induced voltages, where the ME
voltage coeflicient is considered as the synaptic weight. The
ferroelectric tunnel junction (FTJ) is one of the simplest struc-
tures for magnetic stimulation artificial synapses. Electrons
tunnel through an ultra-thin ferroelectric barrier, relying on
the polarization of the ferroelectric material. Lu et al. [102]
presented a novel artificial synapse device based on Cu/P(VDF-
TrFE)/Ni. This device exhibits significant nonlinear magneto-
electric effects and flexible nonvolatile multi-level memory at
room temperature. Binary information is encoded by changing
the magnetoelectric voltage coeflicient (aE) of the magnetore-
sistive element through selective electric field pulses. Under
pulsed voltage, the state of oE can repetitively switch among
2n states (n =1, 2, 3) in a zero DC bias magnetic field. oE is
used as the weight of the synapse, while the induced magneto-
electric voltage V;; is considered the postsynaptic potential
(excitatory or inhibitory). Shen et al. [103] demonstrated the
switchable behavior of a multiferroic heterostructure memory
resistor, which comprises a piezoelectric layer [Pb, ,(Mg, ;Nb,,;)
0, ¢;PbTiO; or PMN-PT] and 2 magnetostrictive layers (Ni).
The ME coupling mechanism in this heterostructure is achieved
through the interface transfer of strain induced by either the
piezoelectric behavior of PMN-PT or the magnetostriction of
Ni. Jia et al. [97] developed a perception system comprising a
remote tactile tip and magnetic synapses. The system exhibits
high sensitivity and a wide dynamic range and can detect pres-
sures as low as 6 Pa. With separate touch and sensing compo-
nents, it can measure tactile stimuli up to 1,000 Hz without
distortion. Its excellent performance in surface texture recogni-
tion, wrist pulse measurement, and underwater detection high-
light its significant potential for various mechanical sensing
applications in different environments.

Applications of Artificial Synapse Devices

The development of artificial synapses has promoted the
advancement of in-sensor and in-memory computing. With
the diversification of device functions and the maturity of fab-
rication technology, this field has gradually developed from the
early demonstration of synaptic plasticity behavior to the real-
ization of complex AT applications.

Vision tasks

Vision is the main means for humans to obtain information.
Therefore, current neuromorphic applications are mainly centered
around the perception and processing of visual information.

Image perception

Image perception is the most basic function of the biological
visual nervous system. Currently, many studies have also
achieved this function through OEAS. Zhu et al. [49] demon-
strated image reinforcement learning based on PPF of OEAS
devices. By increasing the number of light pulses and the opti-
cal power density, the on-current steadily increases. A larger
on-current represents higher-quality image sensing, akin to
how the human brain forms deeper impressions through learn-
ing and training. This process demonstrates the function of
neuromorphic pattern reinforcement. Additionally, synaptic
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plasticity includes the characteristic of relearning. Gao et al. [48]
demonstrated this function in OEAS. That is, it usually takes less
time to relearn previously memorized but lost information. Based
on this, Li et al. [45] used CsPbBr,/graphene OEAS to demonstrate
the process of the human brain perceiving and learning images,
which is the typical “learning—forgetting-relearning—forgetting
again” cycle. In perceptual learning, the learning process distin-
guishes useful input signals from a large amount of information
and transforms them into effective recognition signals. With
the accumulation of learning experience, the ability to differ-
entiate information gradually improves. The realization of human
perceptual learning has great potential for high-performance
Al perception devices.

Image preprocessing

Image preprocessing is used for effective information extraction
or image downscale, thereby reducing the amount of computation
required for further processing by the subsequent network. In
this way, computation speed can be accelerated and the energy
consumption can be reduced. ANNs, based on OEAS or OAS,
can realize preprocessing of analog optical images. First, the long-
term memory characteristics of OEAS can be used to enhance
the contrast of perceived images [104]. When a weak light signal
is used to repeatedly stimulate the OEAS array, the device illumi-
nated by the effective signal will produce a stronger light response
and have a longer current memory time compared with the device
illuminated by the noise signals. After a period of forgetting, the
difference in photocurrent between the 2 increases, indicating an
enhancement in image contrast. In addition, OEAS and OAS
can realize image edge detection. Wang et al. [105] demonstrate
a dual-modal OEAS based on the hybrid structure of Si NCs and
poly(3-hexylthiophene) (P3HT), which is capable of working in
2-terminal and 3-terminal modes. In the 2-terminal mode, they
demonstrated the edge detection of images in simulations. At
different threshold frequency, the device can realize detection of
different image details. Feldmann et al. [106] reported an OAS
array based on PCM integrated optical waveguides, which can
realize the function of convolution kernel, as shown in Fig. 5A.
By encoding different weights in the devices, the convolution
kernel can perform different image edge detection tasks.
Subsequently, based on the PCM integrated optical waveguides.
Wen Zhou et al. [90] reported an artificial synapse array with
electrical stimulation and light response. Compared with OAS,
electrical stimulation has higher programming flexibility and scal-
ability. Edge detection was also demonstrated by their chip.

Image recognition

At present, the processing of visual information in the visible band
has received widespread attention. In addition to the visible wave-
lengths, the invisible light also contains many important informa-
tion in animal and plant behavior. Li et al. [59] extracted UV light
information from the environment by using the difterent responses
of VO, artificial synapse devices in UV light and visible light. This
information extraction behavior, which focuses only on specific
colors, performs a weighted averaging operation on pixels in a
small area through an appropriate convolutional control. A UV
vision system with preprocessing and recognition functions is
shown in Fig. 5B. The image recognition accuracies of 3 types of
test datasets [original grayscale Mixed National Institute of
Standards and Technology (MNIST) test dataset, the MNIST test
datasets adding RGB Gaussian noise, and the weighted average
MNIST test datasets processed by the sensor] show great
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Fig. 5. Visual tasks based on artificial synapses. (A) Convolution kernel performs image edge detection [106]. (B) Image preprocessing and recognition [59]. (C) Face
recognition [82]. (D) Gesture recognition [80]. Images reprinted with permission from [59,80,82,106].

differences. This result shows the effectiveness of the device in
extracting UV information. Chen et al. [82] report a photonic
organic synapse based on photon-modulated electrochemical
doping. A layer of synapse array was demonstrated acting as
an artificial retina, as shown in Fig. 5C. When the facial images
are input in the form of light intensity, the array can sense the
light information and reconstruct the images showing the key
information of the face. The information can then be used for
face recognition. Seo et al. [107] simulated the color and color-
mixed pattern recognition of the human visual system using
artificial synapses and optical sensing functions based on h-BN/
WSe, heterojunctions. The OEAS exhibits nearly linear weight
updates, with the weight change for each conductance state
being less than 1%. The OEAS device can operate at a read
voltage of 0.3 V, with each spike consuming only 66 fJ. It enables
accurate and energy-efficient color and color-mixed pattern
recognition, suitable for more complex pattern recognition
tasks.

Motion detection and recognition

A core requirement for various intelligent scenarios such as
artificial vision, security monitoring, driverless cars, and mili-
tary defense is motion detection and recognition (MDR).
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Zhang et al. [80] constructed a 2D retinomorphic artificial
synaptic device that integrates optical perception, memory, and
computation to implement MDR. Pulsed light can induce posi-
tive photocurrents and negative photocurrents at different gate
voltages, which is similar to how human retinal bipolar cells
divide visual signals into ON and OFF signals. By applying
different gate voltages to the devices in an array to enable the
array to function as a convolutional kernel, moving objects in
the video can be detected and extracted (Fig. 5D). Recently,
Zhou et al. [108] reported an event-driven vision sensor unit
by using bidirectional floating gate transistors with a parallel
structure of capacitor and resistor. This vision unit only gener-
ates photocurrent pulses in response to changes in light inten-
sity. Therefore, it can realize the function of event camera, that
is, extract only moving objects in visual information. Besides,
the structure of the floating gate enables the intensity encoding
of photocurrent, thereby realizing the in-sensor recognition of
moving objects.

Nonvisual tasks

Using artificial synapses to simulate the synaptic plasticity and
neural processing capabilities in the human brain, artificial syn-
apses also have significant applications in many nonvisual fields.

10
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Edge learning

Edge learning is an important application in neuromorphic
computing. Edge learning is an energy-intensive training, which
requires low energy consumption and high training speed. The
in-memory computing configuration of artificial synapses effec-
tively circumvents the substantial energy consumption resulting
from extensive data movement. Zhang et al. [109] developed a
fully integrated memristor crossbar array memory chip for
executing edge learning tasks, such as motion control, image
classification, and speech recognition as shown in Fig. 6A. This
chip demonstrated advantages in data processing speed, energy
efficiency, and real-time environmental adaptability when per-
forming edge learning tasks such as motion control, image clas-
sification, and speech recognition. This research is poised to
drive the development of edge computing and intelligent sys-
tems, providing critical support for future smart devices and
IoT technologies.

Multimodal signal recognition/processing

Artificial synapses stimulated by different modalities can be
used to process or recognize corresponding modal information.
In tactile tasks, artificial synapses can perceive and respond to

touch, enhancing the flexibility and interaction capabilities of
robots and prosthetic devices. Voice-stimulated artificial syn-
apses can be used for acoustic signal processing, which may
have potential application in hearing aids, cochlear implants,
and speech-activated interfaces. Additionally, in olfactory tasks,
chemically stimulated artificial synapses have been used to
detect and differentiate various compounds, playing an impor-
tant role in environmental monitoring, food safety, and quality
control.

Liu et al. [110] fabricated a stretchable nanowire neuromor-
phic transistor artificial synapse that can sense tactile informa-
tion and perform gesture recognition, as shown in Fig. 6B. The
device can sense skin deformations under close contact. Different
degrees of deformation can stimulate the device to produce dif-
ferent response signals. The authors pasted 5 devices on each of
the 5 fingers of one hand. The 5 devices respond differently to
different gestures, after which these responses are processed by
an ANN to realize gesture recognition.

Seo et al. [111] used van der Waals hybrid synaptic devices
for acoustic pattern recognition, as shown in Fig. 6C. They first
converted sound signals into acoustic patterns and prepared a
dataset, validating the device’s feasibility in hardware neural
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Fig. 6. Nonvisual tasks based on artificial synapses. (A) Edge learning [109]. (B) Motion detection and recognition [110]. (C) Voice recognition [111]. (D) Braille recognition

[100]. Images reprinted with permission from [100,109-111].

Li et al. 2024 | https://doi.org/10.34133/research.0427

1


https://doi.org/10.34133/research.0427

Research

networks (HW-NNs). Sound signals were transformed into time
or frequency functions, sampled to generate 20 X 20 pixels acous-
tic images of 5 words for training and inference. They designed
a single-layer ANN and applied the sigmoid activation function
to convert acoustic pattern pixels into the input neuron layer,
updating synaptic weights via the backpropagation algorithm.
This resulted in establishing an HW-NN capable of acoustic and
MNIST digit pattern recognition. Chen et al. [94] reported a
sound recognition system based on MXene/MoS, flexible vibra-
tion artificial synapses. Due to its excellent sound recording
properties, MXene/MoS, flexible vibration sensor (FVS) shows
enormous potential as a voice recognition device. It was used
to record piano notes (“Do,” “Re;” “Mi,” “Fa,” and “So”). The
voltage variations when stimulated by different note intensities
and at the same intensity matched well, demonstrating excellent
recording accuracy and sensitivity.

Duan et al. [100] utilized artificial synapses to detect and
encode pressure and temperature to recognize braille, as shown
in Fig. 6D. These synapses integrate tactile and temperature
information and exhibit cross-modal perception capabilities.
They constructed a multilayer perceptron network to recognize
multimodal environmental events (pressure and temperature),
highlighting their potential and application prospects in mul-
tisensory fusion.

Conclusion and Outlook

We have summarized the performance of electrical, optoelec-
tronic, and OAS, as shown in Fig. 7 [112-140]. As one of the key
indicators, the x axis shows the ratio of the post-response recovery
time to stimulus time. This ratio is often used to describe the
dynamic response characteristics of artificial synapses. Optimizing

this ratio allows the artificial synapse to better perform percep-
tual learning and mimic the human memory function. The y
axis is the energy consumption of each synaptic event. Reducing
energy consumption is a common goal pursued by all the arti-
ficial synapses. Unfortunately, we are still a long way from the
human brain (1 fJ/synaptic event [22]) in this direction.

Among them, the principle of electron effect has been the
most widely used. Artificial synapses based on PCMs have the
highest conversion energy. Compared with optical stimulation,
EAS have lower weight modulation power consumption.
However, OASs have lower computational power consumption.
OAS has a higher post-response recovery time, which means
that it is more suitable for artificial synapses in memory and
recognition tasks. For neuromorphic computing, we still do
not know which strategy is better, optical, optoelectronic, or
all-electric. This will take time to prove. For now, they each
have their own advantages and limitations, which we have dis-
cussed in each chapter. The large-scale integration of nanoscale
artificial synapses faces common challenges such as thermal
diffusion, cross-talk, and circuit design issues. Achieving power
consumption levels comparable to or approaching those of
biological synapses in individual artificial synapse devices is a
challenge that remains to be addressed. In addition, realizing
artificial synapse devices with improved responsiveness and
the ability to detect small signals comparable to biological syn-
apses is also a goal that needs to be achieved.

The research and development of multimodal artificial syn-
apses with biological synaptic functions signify significant
progress in the field of AL. To mimic the human brain’s nervous
system, existing multimodal synapses should be combined
and developed into an organic whole. In such a multimodal
neuromorphic system, optical-stimulated synapses mimic visual
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sensing, odor-stimulated synapses mimic olfactory sensing,
pressure-stimulated synapses mimic tactile sensing, sound-
stimulated synapses mimic auditory sensing, and temperature-
stimulated synapses mimic temperature sensing. These synapses
perform the first step of preprocessing the external information
and then pass the signals to the all-electrical synapse network
for the final AI task. A great application scenario for this system
would be edge computing on robots to realize a real anthropo-
morphic intelligent robots. OAS, as a special case, can be used
to build all-optical neural network processing of optical signals.
For other types of signals, they need to be converted to optical
signals by active optoelectronic devices [141].

Acknowledgments

Funding: This research was supported by the Science and
Technology Commission of Shanghai Municipality (grant no.
21DZ1100500), the Shanghai Municipal Science and Tech-
nology Major Project, the Shanghai Frontiers Science Center
Program (2021-2025 No. 20), and the Shanghai Sailing Program
(23YF1429500).

Author contributions: M.G. conceived the idea. Z.Y. and Y.D.
guided the writing. R.L. prepared the draft. All authors contrib-
uted to the editing.

Competing interests: The authors declare that they have no
competing interests.

References

1. CaiH, Ao Z, Tian C, Wu Z, Liu H, Tchieu ], Gu M, Mackie K,
Guo F Brain organoid reservoir computing for artificial
intelligence. Nat Electron. 2023;6:1032-1039.

2. Ektefaie Y, Dasoulas G, Noori A, Farhat M, Zitnik MJNMI.
Multimodal learning with graphs. Nat Mach Intell.
2023;5(4):340-350.

3. Wang L, Zhang X, Li Q, Zhang M, Su H, Zhu J, Zhong YJNML
Incorporating neuro-inspired adaptability for continual
learning in artificial intelligence. Nat Mach Intell.
2023;5(12):1-13.

4. Dautenhahn K. Socially intelligent robots: Dimensions of
human-robot interaction. Philos Trans R Soc Lond Ser B Biol
Sci. 2007;362(1480):679-704.

5. Murphy RRJSR. Would you trust an intelligent robot? Sci
Robot. 2022;7(69):eade0862.

6. Sadaf MUK, Sakib NU, Pannone A, Ravichandran H, Das S.
A bio-inspired visuotactile neuron for multisensory
integration. Nat Commun. 2023;14(1):5729.

7. XiFE Han'Y, Liu M, Bae JH, Tiedemann A, Grutzmacher D,
Zhao QT. Artificial synapses based on ferroelectric Schottky
barrier field-effect transistors for neuromorphic applications.
ACS Appl Mater Interfaces. 2021;13(27):32005-32012.

8. Abbott LE Regehr WG. Synaptic computation. Nature.
2004;431(7010):796-803.

9. LuW, Chen Q, Zeng H, Wang H, Liu L, Guo T, Chen H,
Wang R. All optical artificial synapses based on long-
afterglow material for optical neural network. Nano Res.
2023;16:10004-10010.

10. Yu S, Wu Y, Jeyasingh R, Kuzum D, Wong HSP. An electronic
synapse device based on metal oxide resistive switching
memory for neuromorphic computation. IEEE Trans Electron
Dev. 2011;58(8):2729-2737.

Li et al. 2024 | https://doi.org/10.34133/research.0427

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

Mahata C, Kang M, Kim S. Multi-level analog resistive
switching characteristics in tri-layer HfO,/Al,0,/HfO, based
memristor on ITO electrode. Nanomaterials. 2020;10(10):2069.
Chang T, Jo S-H, Kim K-H, Sheridan P, Gaba S, Lu W.
Synaptic behaviors and modeling of a metal oxide memristive
device. Appl Phys A. 2011;102(4):857-863.

Abbas Y, Jeon YR, Sokolov AS, Kim S, Ku B, Choi C.
Compliance-free, digital SET and analog RESET synaptic
characteristics of sub-tantalum oxide based neuromorphic
device. Sci Rep. 2018;8(1):1228.

Chang T, Jo SH, Lu W. Short-term memory to long-term
memory transition in a nanoscale memristor. ACS Nano.
2011;5(9):7669-7676.

Yan X, Zhang L, Chen H, Li X, Wang J, Liu Q, Lu C, Chen J,
Wu H, Zhou P. Graphene oxide quantum dots based
memristors with progressive conduction tuning for artificial
synaptic learning. Adv Funct Mater. 2018;28:1803728.
Waser R, Dittmann R, Staikov G, Szot K. Redox-based
resistive switching memories—Nanoionic mechanisms,
prospects, and challenges. Adv Mater. 2009;21(25-26):
2632-2663.

Li D, Ilyas N, Li C, Jiang X, Jiang Y, Li W. Synaptic learning
and memory functions in SiO,:Ag/TiO, based memristor
devices. ] Phys D Appl Phys. 2020;53(17):175102.

Shi YY, Liang XH, Yuan B, Chen V, Li HT, Hui E Yu Z, Yuan F,
Pop E, Wong HSP, et al. Electronic synapses made of layered
two-dimensional materials. Nat Electron. 2018;1(8):458-465.
Zhang E Zhang H, Krylyuk S, Milligan CA, Zhu Y,
Zemlyanov DY, Bendersky LA, Burton BP, Davydov AV,
Appenzeller J. Electric-field induced structural transition in
vertical MoTe,- and Mo, W, Te,-based resistive memories.
Nat Mater. 2019;18(1):55-61.

Hou W, Azizimanesh A, Dey A, Yang Y, Wang W, Shao C,
Wu H, Askari H, Singh S, Wu SM. Strain engineering of
vertical molybdenum ditelluride phase-change memristors.
Nat Electron. 2023;(7):8-16.

Ehrmann A, Blachowicz T, Ehrmann G, Grethe T. Recent
developments in phase-change memory. Appl Res.
2022;1(4):€202200024.

Choi S, Yang ], Wang G. Emerging memristive artificial
synapses and neurons for energy-efficient neuromorphic
computing. Adv Mater. 2020;32(51):Article €2004659.
Driscoll T, Kim H-T, Chae B-G, Ventra MD, Basov DN.
Phase-transition driven memristive system. Appl Phys Lett.
2009;95(4):Article 043503.

Ha SD, Shi J, Meroz Y, Mahadevan L, Ramanathan S.
Neuromimetic circuits with synaptic devices based on
strongly correlated electron systems. Phys Rev Appl.
2014;2(6):Article 064003.

LiY, Zhong Y, Xu L, Zhang J, Xu X, Sun H, Miao X. Ultrafast
synaptic events in a chalcogenide memristor. Sci Rep.
2013;3:1619.

Abbas Y, Sokolov AS, Jeon Y-R, Kim S, Ku B, Choi C.
Structural engineering of tantalum oxide based memristor
and its electrical switching responses using rapid thermal
annealing. ] Alloys Compd. 2018;759:44-51.

Yang F, Gordon MP, Urban JJ. Theoretical framework of the
thermal memristor via a solid-state phase change material.
J Appl Phys. 2019;125(2):Article 025109.

Al-Bustami H, Koplovitz G, Primc D, Yochelis S, Capua E,
Porath D, Naaman R, Paltiel Y. Single nanoparticle magnetic
spin memristor. Small. 2018;14(30):Article €1801249.

13


https://doi.org/10.34133/research.0427

Research

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

Junquera J, Ghosez P. Critical thickness for ferroelectricity in
perovskite ultrathin films. Nature. 2003;422(6931):506-515.
Yu T, He E, Zhao ], Zhou Z, Chang J, Chen J, Yan X.

Hf, sZr, ;0,-based ferroelectric memristor with multilevel
storage potential and artificial synaptic plasticity. Sci Chin
Mater. 2020;64(3):727-738.

Li C, Hu M, LiY, Jiang H, Ge N, Montgomery E, Zhang J,
Song W, Davila N, Graves CE, et al. Analogue signal and
image processing with large memristor crossbars. Nat
Electron. 2017;1(1):52-59.

Hu M, Graves CE, Li C, Li Y, Ge N, Montgomery E, Davila N,
Jiang H, Williams RS, Yang J], et al. Memristor-based analog
computation and neural network classification with a dot
product engine. Adv Mater. 2018;30(9):1705914.

Li C, Belkin D, Li Y, Yan P, Hu M, Ge N, Jiang H,
Montgomery E, Lin P, Wang Z, et al. Efficient and self-
adaptive in-situ learning in multilayer memristor neural
networks. Nat Commun. 2018;9(1):2385.

Fang Y, Zhai S, Chu L, Zhong J. Advances in halide perovskite
memristor from lead-based to lead-free materials. ACS Appl
Mater Interfaces. 2021;13(15):17141-17157.

Shi L, Zheng G, Tian B, Dkhil B, Duan C. Research progress
on solutions to the sneak path issue in memristor crossbar
arrays. Nanoscale Adv. 2020;2(5):1811-1827.

Sabesan R, Schmidt BP, Tuten WS, Roorda A. The elementary
representation of spatial and color vision in the human retina.
Sci Adv. 2016;2(9):Article e1600797.

Zhang BY, Liu T, Meng B, Li X, Liang G, Hu X,

Wang BY. Broadband high photoresponse from pure
monolayergraphene photodetector. Nat Commun.
2013;4(1):1811.

Teng E, Hu K, Ouyang W, Fang X. Photoelectric detectors
based on inorganic p-type semiconductor materials. Adv
Mater. 2018;30(35):Article €1706262.

Lany S, Zunger A. Anion vacancies as a source of persistent
photoconductivity in II-VI and chalcopyrite semiconductors.
Phys Rev B. 2005;72(3):5215.

Burkey BC, Khosla RP, Fischer JR, Losee DL. Persistent
photoconductivity in donor-doped Cd,_,Zn Te. ] Appl Phys.
1976;47(3):1095-1102.

Jiang HX, Lin JY. Persistent photoconductivity and related
critical phenomena in Zn0.3Cd0.7Se. Phys Rev B Condens
Matter. 1989;40(14):10025-10028.

Li HL, Jiang XT, Ye WB, Zhang H, Zhou L, Zhang E She D,
Zhou Y, Han S-T. Fully photon modulated heterostructure for
neuromorphic computing. Nano Energy. 2019;65:104000.
Chung J, Park K, Kim GI, An JB, Jung S, Choi DH, Kim H]J.
Visible light-driven indium-gallium-zinc-oxide
optoelectronic synaptic transistor with defect engineering for
neuromorphic computing system and artificial intelligence.
Appl Surf Sci. 2023;610:155532.

Tan H, Ni Z, Peng W, Du S, Liu X, Zhao S, Li W, Ye Z, Xu M,
Xu Y, et al. Broadband optoelectronic synaptic devices based
on silicon nanocrystals for neuromorphic computing. Nano
Energy. 2018;52:422-430.

LiR, Dong Y, Qian E Xie Y, Chen X, Zhang Q, Yue Z, Gu M.
CsPbBr/graphene nanowall artificial optoelectronic
synapses for controllable perceptual learning. PhotoniX.
2023;4(1):4.

Qian FS, Deng ], Xiong FZ, Dong YB, Hu L, Pan G, Wang Q,
Xie Y, Sun J, Xu C. Direct growth of high quality graphene
nanowalls on dielectric surfaces by plasma-enhanced

Li et al. 2024 | https://doi.org/10.34133/research.0427

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

chemical vapor deposition for photo detection. Optic Mater
Express. 2020;10(11):29009.

Liang J, Yu X, Qiu J, Wang M, Cheng C, Huang B, Zhang H,
Chen R, Pei W, Chen H. All-optically controlled artificial
synapses based on light-induced adsorption and desorption
for neuromorphic vision. ACS Appl Mater Interfaces.
2023;15(7):9584-9592.

Gao S, Liu G, Yang HL, Hu C, Chen Q, Gong G, Xue W,

Yi X, Shang J, Li RW. An oxide Schottky junction artificial
optoelectronic synapse. ACS Nano. 2019;13(2):2634-2642.
Zhu QB, Li B, Yang DD, Liu C, Feng S, Chen ML, Sun Y,
Tian YN, Su X, Wang XM, et al. A flexible ultrasensitive
optoelectronic sensor array for neuromorphic vision systems.
Nat Commun. 2021;12(1):1798.

Zhou DH, Yu LY, Zhu P, Zhao HQ, Feng S, Shen J. Lateral
structured phototransistor based on mesoscopic graphene/
perovskite heterojunctions. Nano. 2021;11(3):641.

Yu WJ, Liu Y, Zhou H, Yin A, Li Z, Huang Y, Duan X. Highly
efficient gate-tunable photocurrent generation in vertical
heterostructures of layered materials. Nat Nanotechnol.
2013;8(12):952-958.

Raoux S, Xiong F, Wuttig M, Pop E. Phase change materials
and phase change memory. MRS Bull. 2014;39(8):703-710.
Wright CD, Hosseini P, Diosdado JAV. Beyond von-Neumann
computing with nanoscale phase-change memory devices.
Adv Funct Mater. 2012;23(18):2248-2254.

Burr GW, Breitwisch M]J, Franceschini M, Garetto D,
Gopalakrishnan K, Jackson B, Kurdi B, Lam C, Lastras LA,
Padilla A, et al. Phase change memory technology. J Vac Sci
Technol B. 2010;28:223-262.

Jeyasingh R, Fong SW, Lee J, Li Z, Chang KW, Mantegazza D,
Asheghi M, Goodson KE, Wong HS. Ultrafast
characterization of phase-change material crystallization
properties in the melt-quenched amorphous phase. Nano
Lett. 2014;14(6):3419-3426.

Lee SH, Jung Y, Agarwal R. Highly scalable non-volatile

and ultra-low-power phase-change nanowire memory. Nat
Nanotechnol. 2007;2(10):626-630.

Jeong J, Aetukuri N, Graf T, Schladt TD, Samant MG, Parkin SS.
Suppression of metal-insulator transition in VO, by

electric field-induced oxygen vacancy formation. Science.
2013;339(6126):1402-1405.

Nakano M, Shibuya K, Okuyama D, Hatano T, Ono S,
Kawasaki M, Iwasa Y, Tokura Y. Collective bulk carrier
delocalization driven by electrostatic surface charge
accumulation. Nature. 2012;487(7408):459-462.

Li G, Xie D, Zhong H, Zhang Z, Fu X, Zhou Q, Li Q, Ni H,
Wang J, Guo EJ, et al. Photo-induced non-volatile VO,

phase transition for neuromorphic ultraviolet sensors. Nat
Commun. 2022;13(1):1729.

Zhang HT, Guo L, Stone G, Zhang L, Zheng YX, Freeman E,
Keefer DW, Chaudhuri S, Paik H, Moyer JA, et al. Imprinting
of local metallic states into VO, with ultraviolet light. Adv
Funct Mater. 2016;26:6612-6618.

Appavoo K, Lei DY, Sonnefraud Y, Wang B, Pantelides ST,
Maier SA, Haglund RF Jr. Role of defects in the phase
transition of VO, nanoparticles probed by plasmon resonance
spectroscopy. Nano Lett. 2012;12(2):780-786.

Mellan TA, Grau-Crespo R. Density functional theory study of
rutile VO, surfaces. ] Chem Phys. 2012;137(15):Article 154706.
Lee D, Chung B, Shi Y, Kim GY, Campbell N, Xue F, Song K,
Choi SY, Podkaminer JP, Kim TH, et al. Isostructural metal-

14


https://doi.org/10.34133/research.0427

Research

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

insulator transition in VO,. Science. 2018;362(6418):
1037-1040.

Huang HY, Ge C, Zhang QH, Liu CX, DuJY, Li JK, Wang C,
Gu L, Yang GZ, Jin KJ. Electrolyte-gated synaptic transistor
with oxygen ions. Adv Funct Mater. 2019;29(29):1902702.
Song SJ, Kim YJ, Park MH, Lee YH, Kim HJ, Moon T,

Do Kim K, Choi JH, Chen Z, Jiang A, et al. Alternative
interpretations for decreasing voltage with increasing charge
in ferroelectric capacitors. Sci Rep. 2016;6:20825.

Abel S, Eltes E, Ortmann JE, Messner A, Castera P, Wagner T,
Urbonas D, Rosa A, Gutierrez AM, Tulli D, et al. Large
Pockels effect in micro- and nanostructured barium titanate
integrated on silicon. Nat Mater. 2019;18(1):42-47.
Meirzadeh E, Christensen DV, Makagon E, Cohen H,
Rosenhek-Goldian I, Morales EH, Bhowmik A, Lastra JMG,
Rappe AM, Ehre D, et al. Surface pyroelectricity in cubic
SrTiO;. Adv Mater. 2019;31(44):Article €1904733.

Zhang Y, Chen Y, Mietschke M, Zhang L, Yuan F, Abel S,
Huhne R, Nielsch K, Fompeyrine J, Ding F, et al.
Monolithically integrated microelectromechanical systems
for on-chip strain engineering of quantum dots. Nano Lett.
2016;16(9):5785-5791.

Chai X, Jiang J, Zhang Q, Hou X, Meng F, Wang ], Gu L,
Zhang DW, Jiang AQ. Nonvolatile ferroelectric field-effect
transistors. Nat Commun. 2020;11(1):2811.

Guo R, You L, Lin W, Abdelsamie A, Shu X, Zhou G, Chen S,
Liu L, Yan X, Wang J, et al. Continuously controllable
photoconductance in freestanding BiFeO; by the macroscopic
flexoelectric effect. Nat Commun. 2020;11(1):2571.

Carroli M, Dixon AG, Herder M, Pavlica E, Hecht

S, Bratina G, Orgiu E, Samori P. Multiresponsive
nonvolatile memories based on optically switchable
ferroelectric organic field-effect transistors. Adv Mater.
2021;33(14):Article e2007965.

LiT, Lipatov A, Lu H, Lee H, Lee JW, Torun E, Wirtz L, Eom
CB, Iniguez J, Sinitskii A, et al. Optical control of polarization
in ferroelectric heterostructures. Nat Commun. 2018;9(1):3344.
Long X, Tan H, Sanchez F, Fina I, Fontcuberta J. Non-volatile
optical switch of resistance in photoferroelectric tunnel
junctions. Nat Commun. 2021;12(1):382.

Luo ZD, Xia X, Yang MM, Wilson NR, Gruverman A, Alexe M.
Artificial optoelectronic synapses based on ferroelectric field-
effect enabled 2D transition metal dichalcogenide memristive
transistors. ACS Nano. 2020;14(1):746-754.

Cui B, Fan Z, Li W, Chen Y, Dong S, Tan Z, Cheng S, Tian B,
Tao R, Tian G, et al. Ferroelectric photosensor network: An
advanced hardware solution to real-time machine vision. Nat
Commun. 2022;13(1):1707.

LiJ-K, Ge G, Jin K-J, Du J-Y, Yang J-T, Lu H-B, Yang G-Z.
Self-driven visible-blind photodetector based on ferroelectric
perovskite oxides. Appl Phys Lett. 2017;110:Article 142901.
DuJ, Xie D, Zhang Q, Zhong H, Meng F, Fu X, Sun Q,Ni H, Li T,
Guo E-J, et al. A robust neuromorphic vision sensor with optical
control of ferroelectric switching. Nano Energy. 2021;89:106439.
Cho SW, Kwon SM, Kim YH, Park SK. Recent progress

in transistor-based optoelectronic synapses: From
neuromorphic computing to artificial sensory system. Adv
Intell Syst. 2021;3:2000162.

Wang Y, Lv Z, Chen J, Wang Z, Zhou Y, Zhou L, Chen X,
Han ST. Photonic synapses based on inorganic perovskite
quantum dots for neuromorphic computing. Adv Mater.
2018;30(38):e1802883.

Li et al. 2024 | https://doi.org/10.34133/research.0427

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

Zhang Z, Wang S, Liu C, Xie R, Hu W, Zhou P. All-in-one
two-dimensional retinomorphic hardware device for motion
detection and recognition. Nat Nanotechnol. 2022;17(1):
27-32.

Sun'Y, Li M, Ding Y, Wang H, Wang H, Chen Z, Xie D.
Programmable van-der-Waals heterostructure-enabled
optoelectronic synaptic floating-gate transistors with ultra-
low energy consumption. InfoMat. 2022;4(10):Article e12317.
Chen K, Hu H, Song I, Gobeze HB, Lee W-]J, Abtahi A,
Schanze KS, Mei J. Organic optoelectronic synapse based on
photon-modulated electrochemical doping. Nat Photonics.
2023;17:629-637.

Luo ZR, Xie YE Li ZW, Wang Y], Li LH, Luo ZY, Zhu CG,
Yang X, Huang M, Huang JH, et al. Plasmonically engineered
light-matter interactions in Au-nanoparticle/MoS
heterostructures for artificial optoelectronic synapse. Nano
Res. 2022;15(4):3539-3547.

Zhou C, Niu W, Li L, Hao D, Huang H, Fu H, Liu X, Zou X,
Shan F, Yang Z. Surface-plasmon-enhanced MoS,
multifunctional optoelectronic memory for emulating human
retinal imaging. Appl Phys Lett. 2023;123(12):Article 123506.
Karbalaei Akbari M, Ramachandran RK, Detavernier C,

Hu J, Kim ], Verpoort F, Zhuiykov S. Heterostructured
plasmonic memristors with tunable opto-synaptic
functionalities. ] Mater Chem C. 2021;9(6):2539-2549.

Shan X, Zhao C, Wang X, Wang Z, Fu S, Lin Y, Zeng T,

Zhao X, Xu H, Zhang X, et al. Plasmonic optoelectronic
memristor enabling fully light-modulated synaptic plasticity
for neuromorphic vision. Adv Sci. 2022;9(6):Article €2104632.
Cheng Z, Rios C, Pernice WHP, Wright CD, Bhaskaran H.
On-chip photonic synapse. Sci Adv. 2017;3(9):

€1700160.

Sharma D, Rao D, Saha B. A photonic artificial synapse with a
reversible multifaceted photochromic compound. Nanoscale
Horiz. 2023;8(4):543-549.

Wei Q, Dai H, Shan H, Li H, Cao Z, Chen X. All-photonic
synapse based on iron-doped lithium niobate double metal-
cladding waveguides. Phys Rev B. 2021;104(23):235308.

Zhou W, Dong B, Farmakidis N, Li X, Youngblood N,

Huang K, He Y, David Wright C, Pernice WHP, Bhaskaran H.
In-memory photonic dot-product engine with electrically
programmable weight banks. Nat Commun. 2023;14(1):2887.
Zheng ], Fang Z, Wu C, Zhu S, Xu P, Doylend JK, Deshmukh S,
Pop E, Dunham S, Li M, et al. Nonvolatile electrically
reconfigurable integrated photonic switch enabled by a silicon
PIN diode heater. Adv Mater. 2020;32(31):Article €2001218.
Pan X, Jin T, Gao J, Han C, Shi Y, Chen W. Stimuli-enabled
artificial synapses for neuromorphic perception: Progress and
perspectives. Small. 2020;16(34):Article €2001504.

Chen C, Lin T, Niu J, Sun Y, Yang L, Kang W, Lei N. Surface
acoustic wave controlled skyrmion-based synapse devices.
Nanotechnology. 2021;33(11):115205.

Chen J, Li L, Ran W, Chen D, Wang L, Shen G. An intelligent
MZXene/MoS, acoustic sensor with high accuracy for
mechano-acoustic recognition. Nano Res. 2022;16:3180-3187.
Deng Y, Zhao M, Ma Y, Liu S, Liu M, Shen B, Li R, Ding H,
Cheng H, Sheng X, et al. A flexible and biomimetic olfactory
synapse with gasotransmitter-mediated plasticity. Adv Funct
Mater. 2023;33(18):Article 2214139.

Hu F, Cao C, Han S, Wang D, Chen XJAMT. An artificial
olfactory chemical-resistant synapse for training-free gas
recognition. Adv Mater Technol. 2024;9(7):2301814.

15


https://doi.org/10.34133/research.0427

Research

97.

98.

99.

100.

101.

102.

103.

104.

105.

106.

107.

108.

109.

110.

111.

112.

113.

Jia M, Guo P, Wang W, Yu A, Zhang Y, Wang ZL, Zhai J.
Tactile tribotronic reconfigurable p-n junctions for artificial
synapses. Sci Bull. 2022;67(8):803-812.

Zhang S, Guo J, Liu L, Ruan H, Kong C, Yuan X, Zhang B,
Gu G, Cui P, Cheng G, et al. The self-powered artificial
synapse mechanotactile sensing system by integrating
triboelectric plasma and gas-ionic-gated graphene transistor.
Nano Energy. 2022;91:106660.

Han J-K, Yun S-Y, Yu J-M, Jeon S-B, Choi Y-K. Artificial
multisensory neuron with a single transistor for multimodal
perception through hybrid visual and thermal sensing. ACS
Appl Mater Interfaces. 2023;15(4):5449-5455.

Duan Q, Zhang T, Liu C, Yuan R, Li G, Jun Tiw P, Yang K,
Ge C, Yang Y, Huang R. Artificial multisensory neurons with
fused haptic and temperature perception for multimodal in-
sensor computing. Adv Intell Syst. 2022;4(8):2200039.

Vaz CA, Hoffman ], Ahn CH, Ramesh R. Magnetoelectric
coupling effects in multiferroic complex oxide composite
structures. Adv Mater. 2010;22(26-27):2900-2918.

Lu PP, Shen JX, Shang DS, Sun Y. Nonvolatile memory and
artificial synapse based on the cu/P(VDE-TrFE)/Ni organic
memtranstor. ACS Appl Mater Interfaces. 2020;12(4):
4673-4677.

Shen JX, Shang DS, Chai YS, Wang SG, Shen BG, Sun Y.
Mimicking synaptic plasticity and neural network using
memtranstors. Adv Mater. 2018;30(12):Article e1706717.
Zhou F, Zhou Z, Chen ], Choy TH, Wang J, Zhang N, Lin Z,
Yu S, Kang J, Wong HSP, et al. Optoelectronic resistive
random access memory for neuromorphic vision sensors.
Nat Nanotechnol. 2019;14(8):776-782.

Wang Y, Zhu Y, Li Y, Zhang Y, Yang D, Pi X. Dual-modal
optoelectronic synaptic devices with versatile synaptic
plasticity. Adv Funct Mater. 2021;32(1):Article 2107973.
Feldmann J, Youngblood N, Karpov M, Gehring H, Li X,
Stappers M, Le Gallo M, Fu X, Lukashchuk A, Raja AS, et al.
Parallel convolutional processing using an integrated
photonic tensor core. Nature. 2021;589(7840):52-58.

Seo S, Jo SH, Kim S, Shim J, Oh S, Kim JH, Heo K, Choi JW,
Choi C, Oh S, et al. Artificial optic-neural synapse for
colored and color-mixed pattern recognition. Nat Commun.
2018;9(1):5106.

Zhou Y, Fu ], Chen Z, Zhuge F, Wang Y, Yan J, Ma S, Xu L,
Yuan H, Chan M, et al. Computational event-driven vision
sensors for in-sensor spiking neural networks. Nat Electron.
2023;6(11):870-878.

Zhang W, Yao P, Gao B, Liu Q, Wu D, Zhang Q, Li Y, Qin Q,
LiJ, Zhu Z, et al. Edge learning using a fully integrated neuro-
inspired memristor chip. Science. 2023;381(6663):1205-1211.
LiuL, Xu W, Ni Y, Xu Z, Cui B, Liu ], Wei H, Xu W.
Stretchable neuromorphic transistor that combines
multisensing and information processing for epidermal
gesture recognition. ACS Nano. 2022;16(2):2282-2291.

Seo S, Kang BS, Lee JJ, Ryu HJ, Kim S, Kim H, Oh §, Shim J,
Heo K, Oh S, et al. Artificial van der Waals hybrid synapse
and its application to acoustic pattern recognition. Nat
Commun. 2020;11(1):3936.

Jang S, Jang S, Lee EH, Kang M, Wang G, Kim TW. Ultrathin
conformable organic artificial synapse for wearable
intelligent device applications. ACS Appl Mater Interfaces.
2019;11(1):1071-1080.

Pradhan B, Das S, Li J, Chowdhury F, Cherusseri J, Pandey D,
Dev D, Krishnaprasad A, Barrios E, Towers A, et al.

Li et al. 2024 | https://doi.org/10.34133/research.0427

114.

115.

116.

117.

118.

119.

120.

121.

122.

123.

124.

125.

126.

127.

128.

Ultrasensitive and ultrathin phototransistors and photonic
synapses using perovskite quantum dots grown from
graphene lattice. Sci Adv. 2020;6(7):eaay5225.

Wang TY, Meng JL, He ZY, Chen L, Zhu H, Sun QQ, Ding §J,
Zhou P, Zhang DW. Ultralow power wearable heterosynapse
with photoelectric synergistic modulation. Adv Sci.
2020;7(8):1903480.

Wan ZF, Zhang QW, Hu FZ, Dong YB, Li RZ, Hu LC, Xie YY,
Yue ZJ, Chen X, Gu M. Topological insulator optoelectronic
synapses for high-accuracy binary image recognition

using recurrent neural networks. Adv Optic Mater.
2022;11(2):2201852.

Yang CS, Shang DS, Liu N, Shi G, Shen X, Yu RC, Li YQ,

Sun Y. A synaptic transistor based on quasi-2D molybdenum
oxide. Adv Mater. 2017;29(27):1700906.

Chen Y, Qiu WJ, Wang XW, Liu WR, Wang ], Dai G, Yuan Y,
Gao Y, Sun J. Solar-blind SnO, nanowire photo-synapses for
associative learning and coincidence detection. Nano Energy.
2019;62:393-400.

LiJ, Ge C, DuJ, Wang C, Yang G, Jin K. Reproducible
ultrathin ferroelectric domain switching for high-
performance neuromorphic computing. Adv Mater.
2020;32(7):Article €1905764.

Feng P, Xu W, Yang Y, Wan X, Shi Y, Wan Q, Zhao J,

Cui Z. Printed neuromorphic devices based on printed
carbon nanotube thin-film transistors. Adv Funct Mater.
2016;27(5):1604447.

Chen TQ, Wang X, Hao DD, Dai SL, Ou Q, Zhang J, Huang J.
Photonic synapses with ultra-low energy consumption based
on vertical organic field-effect transistors. Adv Optic Mater.
2021;9(8):2002030.

Xu W, Min SY, Hwang H, Lee TW. Organic core-sheath
nanowire artificial synapses with femtojoule energy
consumption. Sci Adv. 2016;2(6):Article e1501326.

Sun J, Oh S, Choi Y, Seo S, Oh MJ, Lee M, Lee WB, Yoo PJ,
Cho JH, Park J-H. Optoelectronic synapse based on IGZO-
alkylated graphene oxide hybrid structure. Adv Funct Mater.
2018;28(47):1804397.

Yu JJ, Liang LY, Hu LX, Duan HX, Wu WH, Zhang HL, Gao JH,
Zhuge E, Chang TC, Cao HT. Optoelectronic neuromorphic
thin-film transistors capable of selective attention and with
ultra-low power dissipation. Nano Energy. 2019;62:772-780.
Yin L, Huang W, Xiao RL, Peng W, Zhu Y, Zhang Y, Pi X,
Yang D. Optically stimulated synaptic devices based on the
hybrid structure of silicon nanomembrane and perovskite.
Nano Lett. 2020;20(5):3378-3387.

Wang SY, Chen CE, Yu ZH, He YL, Chen X, Wan Q, Shi Y,
Zhang DW, Zhou H, Wang X, et al. A MoS,/PTCDA hybrid
heterojunction synapse with efficient photoelectric dual
modulation and versatility. Adv Mater. 2019;31(3):

Article €1806227.

Yang X, Yu J, Zhao J, Chen Y, Gao G, Wang Y, Sun Q, Wang ZL.
Mechanoplastic tribotronic floating-gate neuromorphic
transistor. Adv Funct Mater. 2020;30(34):Article 2002506.
Jiang C, LiuJ, Ni Y, Qu S, Liu L, Li Y, Yang L, Xu W.
Mammalian-brain-inspired neuromorphic motion-cognition
nerve achieves cross-modal perceptual enhancement. Nat
Commun. 2023;14(1):1344.

Sharbati MT, Du Y, Torres J, Ardolino ND, Yun M, Xiong F.
Low-power, electrochemically tunable graphene synapses for
neuromorphic computing. Adv Mater. 2018;30:

Article €1802353.

16


https://doi.org/10.34133/research.0427

Research

129.

130.

131.

132.

133.

134.

135.

Yang Y, Wen J, Guo L, Wan X, Du P, Feng P, Shi Y, Wan Q.
Long-term synaptic plasticity emulated in modified graphene
oxide electrolyte gated IZO-based thin-film transistors. ACS
Appl Mater Interfaces. 2016;8(44):30281-30286.

Sun ZH, Liu ZK, Li JH, Tai GA, Lau SP, Yan F. Infrared
photodetectors based on CVD-grown graphene and PbS
quantum dots with ultrahigh responsivity. Adv Mater.
2012;24(43):5878-5883.

Yang Q, Yang HH, Lv DX, Yu RJ, Li E, He L, Chen Q, Chen H,
Guo T. High-performance organic synaptic transistors with
an ultrathin active layer for neuromorphic computing. ACS
Appl Mater Interfaces. 2021;13(7):8672-8681.

Wang HL, Zhao Q, Ni ZJ, Li QY, Liu H, Yang Y, Wang L,

Ran Y, Guo Y, Hu W, et al. A ferroelectric/electrochemical
modulated organic synapse for ultraflexible, artificial visual-
perception system. Adv Mater. 2018;30(46):Article e1803961.
Tian H, Zhao L, Wang X, Yeh YW, Yao N, Rand BP, Ren TL.
Extremely low operating current resistive memory based on
exfoliated 2D perovskite single crystals for neuromorphic
computing. ACS Nano. 2017;11(12):12247-12256.

Kwon SM, Cho SW, Kim M, Heo JS, Kim YH, Park SK.
Environment-adaptable artificial visual perception behaviors
using a light-adjustable optoelectronic neuromorphic device
array. Adv Mater. 2019;31(52):Article e1906433.

Majumdar S, Tan H, Qin QH, van Dijken S. Energy-

efficient organic ferroelectric tunnel junction memristors

Li et al. 2024 | https://doi.org/10.34133/research.0427

136.

137.

138.

139.

140.

141.

for neuromorphic computing. Adv Electron Mater.
2019;5(3):1800795.

DuJY, Ge C, Riahi H, Guo EJ, He M, Wang C, Yang GZ, Jin K]J.
Dual-gated MoS, transistors for synaptic and programmable
logic functions. Adv Electron Mater. 2020;6(5):1901408.
Wang Y, Zheng Y, Gao J, Jin T, Li E, Lian X, Pan X,

Han C, Chen H, Chen W. Band-tailored van der Waals
heterostructure for multilevel memory and artificial synapse.
InfoMat. 2021;3(8):917-928.

Yang JT, Ge C, DuJY, Huang HY, He M, Wang C, Lu HB,
Yang GZ, Jin KJ. Artificial synapses emulated by an
electrolyte-gated tungsten-oxide transistor. Adv Mater.
2018;34:Article e1801548.

Wang RZ, Chen PY, Hao DD, Zhang J, Shi Q, Liu D, Li L,
Xiong L, Zhou J, Huang J. Artificial synapses based on lead-
free perovskite floating-gate organic field-effect transistors
for supervised and unsupervised learning. ACS Appl Mater
Interfaces. 2021;13(36):43144-43154.

John RA, Tiwari N, Yaoyi C, Ankit NT, Kulkarni M, Nirmal A,
Nguyen AC, Basu A, Mathews N. Ultralow power dual-

gated subthreshold oxide neuristors: An enabler for

higher order neuronal temporal correlations. ACS Nano.
2018;12(11):11263-11273.

Gu M, Dong Y, Yu H, Luan H, Zhang Q. Perspective on 3D
vertically-integrated photonic neural networks based on
VCSEL arrays. Nano. 2023;12(5):827-832.

17


https://doi.org/10.34133/research.0427



