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HIGHLIGHTS

• This review delves into the recent progress in high-performance and multifunctional neuromorphic devices for artificial intelligence 
applications from a novel perspective of plasticity modulation.

• It provides an in-depth discussion on the plasticity modulation strategies by chemical techniques, device structure design and physical 
signal modulation for advanced neuromorphic applications.

• It offers the prospects of exploring novel plasticity modulation mechanisms and techniques for scaled neural networks and examining 
their potentials in multimodal collaborative neuromorphic systems.

ABSTRACT Manipulating the expression of synaptic plasticity of neuromorphic 
devices provides fascinating opportunities to develop hardware platforms for artifi-
cial intelligence. However, great efforts have been devoted to exploring biomimetic 
mechanisms of plasticity simulation in the last few years. Recent progress in various 
plasticity modulation techniques has pushed the research of synaptic electronics 
from static plasticity simulation to dynamic plasticity modulation, improving the 
accuracy of neuromorphic computing and providing strategies for implementing 
neuromorphic sensing functions. Herein, several fascinating strategies for synap-
tic plasticity modulation through chemical techniques, device structure design, 
and physical signal sensing are reviewed. For chemical techniques, the underly-
ing mechanisms for the modification of functional materials were clarified and 
its effect on the expression of synaptic plasticity was also highlighted. Based on device structure design, the reconfigurable operation of 
neuromorphic devices was well demonstrated to achieve programmable neuromorphic functions. Besides, integrating the sensory units 
with neuromorphic processing circuits paved a new way to achieve human-like intelligent perception under the modulation of physical 
signals such as light, strain, and temperature. Finally, considering that the relevant technology is still in the basic exploration stage, some 
prospects or development suggestions are put forward to promote the development of neuromorphic devices.
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1 Introduction

Synaptic electronics is a branch of electronics that aims to 
develop electrical systems that mimic the functions of bio-
logical neurons and synapses [1–3]. This interdisciplinary 
field combines cutting-edge research results from neuro-
science, computer science, physical and material science, 
electrical engineering, and artificial intelligence. The ulti-
mate goal of synaptic electronics is to create efficient and 
adaptive artificial neural systems that can learn and evolve, 
much like the human brain [4, 5]. In recent years, a variety 
of synapse-inspired hardware platforms have been developed 
to mimic the neuromorphic function of biological systems, 
which brings great insights into overcoming the limitations 
of conventional von Neumann architectures, for example, 
a mismatch between memory and CPU and the resulting 
latency and power consumption [6, 7]. However, artificial 
neural systems are still far inferior to biological ones in 
terms of scale and complexity in information processing 
due to the limited manufacturing technology, the lack of 
adaptive ability and the low level of plasticity. Even so, it is 
noted that the goal of artificial neural systems is not neces-
sarily to replicate the whole complexity of the human brain 
but to learn from its principles to create efficient artificial 
hardware platforms able to solve complex tasks. From this 
view, exploring the approach to achieving high-level plas-
ticity of synaptic devices is of great significance because 
synaptic plasticity is the foundation of learning, memory, 
and development in neural circuits[8].

Synaptic devices, based on the theory of synaptic elec-
tronics, utilize artificial electronic devices such as two-ter-
minal memristors and three-terminal field-effect transistors 
(FETs) to simulate the plasticity of synapses in biomimetic 
organisms [9–11]. Specifically, memristors based on nano-
materials such as two-dimensional (2D) materials have been 
demonstrated to be key components for neuromorphic com-
puting due to their simplified device structure, high-density 
arrays, and ability to emulate biological synaptic plastic-
ity, providing possibilities for the development of artificial 
intelligence from a hardware perspective [12–14]. Before 
further discussions, two questions must be answered: (i) 
what is the synaptic plasticity? (ii) how can it be emulated 
in artificial devices? Firstly, the plasticity of biological syn-
apses represents the experience-dependent change in con-
nectivity between neurons, which can be emulated by the 

continuous, repeatable, and non-volatile change of device 
electrical parameters (such as current or conductivity), also 
known as synaptic weight, under excitation signals. Accord-
ing to the time scale of synaptic weight change, plasticity 
can be classified into short-term plasticity (STP) which 
lasts for several seconds or minutes, and long-term plastic-
ity (LTP) which indicates a permanent change of synaptic 
weight [15–17]. Moreover, the transition from STP to LTP 
can be achieved by repeated stimuli [18]. Besides, artificial 
synaptic devices are also endowed with other synaptic func-
tions such as pair-pulse facilitation (PPF), one of typical 
STP, spike-timing-dependent plasticity (STDP) and excita-
tory and inhibitory plasticity that refers to the enhanced or 
weakened synaptic weight under stimuli, respectively [19]. 
Secondly, the physical mechanism behind synaptic plasticity 
emulation determines how synaptic function can be achieved 
in artificial devices. Biological synapse can simultaneously 
process and store information in an in-memory computing 
manner, which is completely different from von Neumann 
architecture. Following this principle, current artificial syn-
aptic devices have evolved from structures or devices with 
storage and memory functions, including sandwich structure 
memristors [20], floating-gate structure [21, 22], electrolyte-
gated transistor [23] and ferroelectric-gate transistors [24, 
25]. The weights in artificial synaptic devices can undergo 
continuous changes and exhibit multiple conductance 
states under external stimulation, and the change of syn-
aptic weight is associated with the temporal characteristics 
(frequency, period, spike duration and time sequence et al.) 
of applied pre-synaptic stimuli, which separates it from the 
conventional memory devices. Although great efforts have 
been devoted to designing and fabricating synaptic devices 
to emulate the plasticity of biological ones, the dynamics of 
such devices, however, have been not well achieved, which 
is essential for the complicated neuromorphic functions of 
living creatures [26].

The dynamics of synaptic plasticity refer to a control-
lable expression of synaptic functions in both the changing 
external environment and self-regulating internal environ-
ment of living organisms [27]. A similar idea can be also 
implemented in artificial synaptic devices to modulate the 
plasticity through a specific technique, which contributes to 
a better understanding of the working principles of artificial 
neural networks and inspires innovation in neuromorphic 
computation applications. However, most reported synaptic 
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devices can only exhibit the ability to emulate static plastic-
ity without effective modulation methods to realize dynamic 
plasticity. Table 1 summarizes the recent great efforts on 
plasticity modulation techniques [28–41]. The targets of 
synaptic plasticity modulation can be classified into two 
aspects: enhanced neuromorphic computing and advanced 
neuromorphic sensing. Neuromorphic computing depends 
on the synaptic weight updating rules and programmable 
or reconfigurable synaptic functions realized in neuromor-
phic devices, which means that optimization is needed for 
typical synaptic plasticity such as STP and LTP, potential 
and depression, and nonlinearity (NL) and symmetry. For 
example, the smaller value of NL has been demonstrated 
to contribute to a higher accuracy of artificial neural net-
works for pattern recognition [42]. To achieve more efficient 

neuromorphic computing, plasticity modulation techniques 
are needed to control the expression of synaptic plasticity 
and optimize the performance of synaptic devices. From 
Table 1, it can be inferred that the performance of synap-
tic devices is directly determined by the active material 
properties tuned by chemical techniques or the controlla-
ble carrier transport characteristics by specifically designed 
device structure. For neuromorphic sensing, it refers to the 
interaction between synaptic devices and external physical 
signals, which can control the expression of synaptic plas-
ticity. Such an idea laid the foundation for artificial intel-
ligence perception systems. The works shown in Table 1 
reveal that external physic signals such as light, strain and 
temperature can effectively modulate the synaptic behaviors 
toward advanced neuromorphic sensing applications. These 

Table 1  The summary of plasticity modulation techniques in synaptic devices

Targets Functional element Techniques Achievements Types References

Controllable STP/LTP Na+ intercalated  WOx Electrochemical inter-
calation

Improved LTP by 20 
times

Chemical techniques [28]

2D Perovskite Sn vacancies control Transmission from LTP 
to STP

Chemical techniques [29]

Optimized nonlinearity 
(NL)

Ta2O5 Oxygen vacancy control Decreased NL from 
4.61/− 8.1 to 
1.21/− 0.15

Chemical techniques [30]

UVO-treated IGZO Surface engineering Decreased NL from 
5.91/− 6.11 to 
0.32/− 0.55

Chemical techniques [31]

WSe2/APTES/h-BN Interface engineering Decreased NL from 
3.64/− 4.60 to 
2.03/− 1.75

Chemical techniques [32]

Improved symmetry Nb-doped  WSe2 Doing Strategies Asymmetry ratio 
decreased from 0.97 
to 0.54

Chemical techniques [33]

Controllable STDP WSe2 transistor Dual-gate structure Reconfigurable STDP Device design [34]
Controllable excita-

tory and inhibitory 
plasticity

Ferroelectric-gated CNT 
transistor

Dual-gate structure Bi-directional response 
to stimuli

Device design [35]

h-BN/WSe2/BP vdWs heterojunctions Light-induced inhibitory 
plasticity

Device design [36]

Y6/PEA2SnI4 Hybrid channel Light-induced inhibitory 
plasticity

Device design [37]

Programmable synaptic 
behaviors

MoS2/h-BN/graphene 
floating-gate structure

vdWs heterojunctions Switching between silent 
and function synapse

Device design [38]

Visual perception MoS2/QDs Light-induced shift of 
 Vth

Retina-inspired neuro-
morphic sensing

External physic modula-
tion

[39]

Tactile perception Pressure sensor-Oscilla-
tor-Synaptic transistor

Convention from pres-
sure to spike signals

Artificial afferent nerves 
and braille symbol 
recognition

External physic modula-
tion

[40]

Temperature recognition Chitosan-gated IGZO 
transistor

Temperature modulated 
plasticity

Temperature induced 
spiking AND to OR 
logic switching

External physic modula-
tion

[41]
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results demonstrate that the dynamics of synaptic plasticity 
can be realized by diversified modulation techniques, which 
promotes the implementation of more complex and diverse 
neuromorphic functions. It is obvious that research on plas-
ticity modulation is currently in full swing, and a compre-
hensive summary of existing techniques is also needed to 
help researchers choose corresponding technical means 
according to specific application requirements. However, 
implementing multiple plasticity regulation techniques into 
a single device to achieve complex bio-inspired neuromor-
phic functions remains challenging.

Recently, neuromorphic devices have attracted much 
attention due to their ability to emulate synaptic plasticity, 
which aroused extensive discussion on the material synthesis 
and structural design for neuromorphic devices in the pub-
lished review papers [5, 13, 43–46]. Although these works 
provide valuable insights into the design and fabrication of 
neuromorphic devices and the exploration of physical mech-
anisms and plasticity simulations, the increasing demand 
for functional diversity and integration of synaptic devices 
in the neuromorphic system is shifting the focus of research 
works from plasticity simulation to modulation, achieving 

better performance and complex functionality. Considering 
the lack of systematic analysis of plasticity modulation tech-
niques, this review is dedicated to giving a comprehensive 
discussion on plasticity modulation techniques from the 
view of chemical techniques, device structure design and 
external physical modulation as shown in Fig. 1.

First, the chemical technique means such as surface modi-
fication and component regulation were discussed to modu-
late the properties of active materials in synaptic devices. 
The reason for choosing this topic is that chemical tech-
nique is an effective and simple way to directly modulate the 
properties of active materials, thereby changing the synaptic 
behaviors and optimizing the synaptic weight updating rules. 
Second, the designed device structures of artificial synapses 
are illustrated to clarify the principles of plasticity modula-
tion. The emulation of synaptic plasticity indicates the non-
volatile change of synaptic weight under stimulation, which 
depends on the memory mechanism of synaptic devices. In 
this way, the synaptic behaviors can be programmable by 
introducing different memory components through structure 
design such as floating-gate or ferroelectric gating. Third, 
the unique mechanisms of external physic modulation are 

Fig. 1  Overview of this review. Doping strategy [47]. Reproduced with Permission.  Copyright 2021, Elsevier. Vacancy control [30]. Repro-
duced with Permission. Copyright 2022, Elsevier. Surface or interface engineering [95]. Reproduced with Permission. Copyright 2022, WILEY–
VCH. Dual-gate [34]. Reproduced with Permission. Copyright 2020, The Author(s), under exclusive licence to Springer Nature Limited. vdWs 
heterostructures [38]. Reproduced under the terms of the Creative Commons CC BY license. Copyright 2022, The authors. Hybrid structure 
[37]. Reproduced with Permission. Copyright 2021, WILEY–VCH Verlag GmbH



Nano-Micro Lett.          (2024) 16:211  Page 5 of 32   211 

1 3

clarified to show how the synaptic plasticity dynamically 
responds to external stimuli such as light, pressure or strain 
and temperature. The interaction between external physi-
cal signals and synaptic devices provides an opportunity to 
realize artificial perception systems. At last, the challenges 
and potential opportunities in neuroplasticity modulation 
techniques are proposed.

2  Optimized Synaptic Weight Updating Rules 
via Chemical Techniques

Chemical techniques provide a featured way to tailor the 
properties of materials, promoting the design and fabrica-
tion of advanced functional devices. For example, He et al. 
achieved the polarity control of carbon nanotubes (CNTs)-
based transistor by chemical doping strategy, where the 
p-type CNTs channel and n-type CNTs channel were fab-
ricated by triethyl oxonium hexachloro antimonate doping 
and polyethylene imine doping, respectively [48]. In our 
previous work [29], we proposed the composition control 
on the ternary structure of two-dimensional perovskite, 
(PEA)2SnI4, to realize the dynamic transition from STP to 
LTP. In this section, several typical chemical techniques have 
been introduced to illustrate how to realize plasticity regula-
tion from the perspective of materials science. The plastic-
ity modulation by chemical techniques is mainly achieved 
through changes in the properties of active materials. There-
fore, the active materials for neuromorphic devices should 
be sensitive to chemical doping or facilitating the property 
regulation during the material synthesis stage.

2.1  Doping Strategy

Chemical doping is an effective strategy to modify the elec-
tronic structures and properties of semiconductors, thus 
improving their performances in electronic or optoelectronic 
devices [49–52]. For synaptic devices, the characteristics of 
functional materials play an important role in their neuro-
morphic functions, especially considering the requirements 
of dynamic plasticity. Therefore, developing a specific dop-
ing strategy for plasticity modulation is of great importance 
to building artificial neuromorphic systems with tunable 
plasticity. Up to now, various doping strategies have been 
proposed to regulate and enrich the properties of semicon-
ductors, including substitutional doping [53–55], surface 

charge transfer doping [56, 57] and intercalation [58–60]. 
Figure 2a illustrates an example of nitrogen-doped  MoS2 
by plasma treatment, where S atoms are partially replaced 
by N atoms, resulting in an increased work function, and 
providing evidence of p-type doping [61]. From Fig. 2b, the 
transfer curves of a back-gate transistor based on such an 
N-doped  MoS2 channel present a positive shift of threshold 
voltage, further demonstrating the p-doping effect of nitro-
gen in  MoS2. These results reveal that substitutional doping 
is an effective and stable way to modulate the electrical prop-
erties of semiconductors, especially for 2D materials, which 
also give a possible way to realize plasticity modulation.

Inspired by the high efficiency of the substitutional doping 
strategy, Azcatl et al. fabricated a synaptic transistor based 
on vanadium-doped monolayer  MoS2 grown by in situ chem-
ical vapor deposition, where the vanadium atom can trap/de-
trap electrons, resulting in controllable hysteretic behaviors 
by changing the doping concentration [62]. In this work, 
the synaptic transistor based on highly vanadium-doped 
 MoS2 exhibited the best synaptic potentiation and depres-
sion. Recently, an Nb-doped  WSe2 back-gate transistor was 
developed to emulate the synaptic functions of biological 
ones as shown in Fig. 2c [33]. In this study, the incorpora-
tion of Nb introduced charge trap levels within the band gap 
and slowed down the degradation of trapped charges. As a 
result, it optimized artificial synaptic plasticity by promot-
ing enhanced short-term and long-term plasticity, increased 
multilevel states as well as improved symmetry ratios. From 
Fig. 2d, the values of NL have been greatly decreased from 
1.18 (undoped) to 0.009 (Nb-doped) and the values of asym-
metry ratio were evaluated to be 0.97 (undoped) and 0.54 
(Nb-doped), respectively, which contributed to a better 
recognition accuracy of artificial neural networks (ANNs) 
(Fig. 2e). Thus, it can be inferred that chemical doping pro-
vides a stable and controllable way to modulate the synap-
tic plasticity for the development of excellent neuromorphic 
computing architectures.

Another widely used doping strategy is surface charge trans-
fer doping, which is an effective and non-destructive doping 
technique, especially for 2D semiconductors [63]. The carrier 
charge transfer between the surface dopant and semiconductor 
can induce reliable doping in a non-destructive manner, which 
can modulate the carrier concentration in semiconductors. In 
our previous work [47], we proposed an opposite strategy to 
enhance the p-type conducting behavior of the SWCNT chan-
nel by  AuCl3 doping due to the capture of the electrons in the 
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Fig. 2  Chemical doping strategy for plasticity modulation. a Schematic of the covalent nitrogen doping in  MoS2 upon  N2 plasma surface treat-
ment and energy band diagram for as-exfoliated  MoS2 and nitrogen-doped  MoS2. b Transfer curves (ID-VBG) of  MoS2 transistor before and after 
nitrogen doping [61]. Reproduced with permission.  Copyright 2016, American Chemical Society. c Three-dimensional diagram of a biological 
synapse and back-gate structured  WSe2 or Nb-doped  WSe2 transistor. d Conductance change under a train of pulses for the Nb-doped and pris-
tine  WSe2 synaptic transistor. e Schematic of an ANN based on backpropagation for pattern recognition accuracy based on the ideal networks, 
Nb-doped  WSe2 and  WSe2 synaptic devices [33]. Reproduced with permission. Copyright 2023, American Chemical Society. f Schematic illus-
tration of the  AuCl3-doped SWCNT FET. g Hysteretic loop of as-fabricated device before and after  AuCl3 doping. Evolution of MNIST recog-
nition accuracy as a function of training epoch for the pristine and  AuCl3-doped CNFET synaptic device [47]. Reproduced with Permission. 
Copyright 2021, Elsevier
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SWCNT channel by  Au3+ (Fig. 2f). Benefiting the improved 
conductance of the SWCNT channel (Fig. 2g), both excita-
tory and inhibitory synaptic behaviors were enhanced with an 
improved symmetry, which contributed to an increased rec-
ognition accuracy (~ 98%) for the recognition of handwritten 
digits (Fig. 2h). It is noted that the high NL or low symmetry 
ratios has been attributed to unipolar conducting behaviors of 
semiconductor channel because potentiation and depression 
have been usually achieved by the pre-synaptic voltages with 
the opposite polarity. It means that for p-type transistors, a 
negative voltage made the channel be switched “ON” but a 
positive one contributed to the pinching of the channel, result-
ing in the difference in available conductive states and their 
updating speed, thus the poor symmetry ratios between poten-
tiation behavior and depression behavior. To solve this issue, 
surface charge transfer doping is an effective way to reduce the 
NL and improve the symmetry of synaptic devices because it 
could easily tune the conductive states, even conductive polar-
ity, of semiconductor channels [64–66].

Besides the above common doping strategies, the electro-
chemical intercalation of foreign species at the interface between 
atomically thin van der Waals (vdWs) layered structures has 
attracted much attention due to its excellent tunability of elec-
tronic structures [67]. Generally, electrochemical intercalation 
has been utilized to emulate the synaptic plasticity in an ion-
gated transistor by exactly controlling the concentration of Li or 
Na ions in host materials [68, 69]. However, the synaptic func-
tions were affected by the high ionic diffusivity, resulting in poor 
retention stability. Recently, Lee et al. proposed an all-solid-
state Na ion-based synaptic transistor with a  WOx channel with 
better state retention than Li ion-based ones due to the lower 
ionic diffusivity of Na ions in  WOx [28]. Baek et al. reported a 
two-terminal Au/LixCoO2/Pt artificial synaptic device, which 
exhibited extraordinary neuromorphic behaviors based on a 
progressive dearth of Li in  LixCoO2 film [70]. The improved 
weight control functionality was realized by precisely control-
ling the intercalation and deintercalation of Li-ion inside the 
films. It can be inferred that the synaptic behaviors can be also 
effectively modulated by the concentration and type of ions and 
their special interactions with semiconductors.

2.2  Vacancy Control

Vacancies are formed when atoms escape from the lattice, 
which has been widely observed in metallic oxides [71, 72], 

nanostructured semiconductors [73] and atom-thick 2D sol-
ids [74]. The existence of vacancies could induce changes in 
the materials’ electronic and geometric structures, offering 
a potential opportunity to manipulate the physicochemical 
properties of materials by tuning the concentration, types, 
and distribution of vacancies [75, 76]. As one of the typi-
cal neuromorphic devices, two-terminal memristors that 
directly relate electrical charge to flux has been developed to 
achieve synaptic functions such as PPF, STP and LTP [77]. 
The resistive switching mechanism of memristors based 
on metallic oxides has been widely attributed to the migra-
tion, accumulation, and rearrangement of oxygen vacancies 
within a dielectric medium driven by the external electric 
field [78]. Based on oxygen vacancy engineering, the adjust-
able electric conductivity of resistive switching layers with 
memory characteristics can be used to represent the con-
nection strength between neurons, namely synaptic weight 
[79–81]. Specifically, manipulating the oxygen vacancies in 
the resistive switching layers could directly modulate the 
synaptic behaviors, resulting in dynamic plasticity.

As shown in Fig. 3a, b, Hwang et al. fabricated a  Ta2O5 
memristor with bipolar switching properties based on the 
growth and destruction of oxygen vacancy filaments [30]. 
In this work, the authors proposed a simple annealing strat-
egy under different various atmospheres to improve the 
conductance modulation linearity of synaptic devices. The 
X-ray photoelectron spectroscopy analysis indicated that 
numerous oxygen vacancies were formed in the  Ta2O5 layer 
when heated under  N2 at 10 Torr. The increase of oxygen 
vacancy could contribute to the fast redox reaction, which 
further controlled the growth of oxygen vacancy filaments 
and improved the conductance modulation linearity. From 
Fig. 3c, the best conductance modulation linearity was 
achieved with the smallest curvatures of the potentiation 
(Cp) and depression (Cd) curves of the  Ta2O5 memristors 
heated under  N2 at 10 Torr (iv) compared with other condi-
tions. Benefiting from the good linearity, the  Ta2O5 memris-
tors heated under  N2 at 10 Torr exhibited the highest classi-
fication accuracy of the convolutional neural network for the 
learning process as shown in Fig. 3d. This work illustrated 
how to achieve plasticity modulation by applying different 
annealing conditions to control the growth and migration of 
oxygen vacancies without the insertion of extra layers. This 
simple method is very suitable for the oxide-based memris-
tors for neuromorphic chips.
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Fig. 3  Chemical doping strategy based on the element control. a and b Schematic of oxygen vacancies and growth of the filament. c Variation 
of the conductance triggered by 100 potential spikes and 100 depression spikes for  Ta2O5 memristors heated under different atmospheres: (i)  O2 
at 5 Torr, (ii) without heating, (iii)  N2 at 5 Torr, and (iv)  N2 at 10 Torr. d Schematic of the CNN structure and calculated recognition accuracy 
of the MNIST patterns with respect to the number of training epochs under various atmospheres [30]. Reproduced with Permission.  Copyright 
2022, Elsevier. e Solvent-assisted vacancy engineering (SAVE) method with  MoS2. f A schematic of the  MoS2 device structure and cross-sec-
tional transmission electron microscopy (TEM) image. g I–V curve of pristine-MoS2 without the memristive effect. h I–V curves of tetrahy-
drofuran (THF)-MoS2, chlorobenzene (CB)-MoS2, and toluene (TO)-MoS2 with bipolar resistive switching [85]. Reproduced with Permission. 
Copyright 2023, Royal Society of Chemistry. i Schematic of a biological synapse and synaptic device based on 2D perovskite. j The calculated 
two distinct time constants  (t1 and  t2) with a function of duration time of light spikes. k The time constants  t1 and  t2 are plotted as a function of 
the concentration of the added  SnF2 [29]. Reproduced with Permission. Copyright 2019, WILEY–VCH
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Moreover, 2D materials-enabled memristors also exhibit 
great potential in neuromorphic applications because their 
properties can be precisely controlled by introducing the 
defects, such as vacancies, in atomic structures during the 
material synthesis stage or by surface plasma treatment 
[82–84]. Recently, a novel solvent-assisted vacancy engi-
neering (SAVE) method was proposed to modulate sulfur 
vacancies in  MoS2, avoiding the physical damage on the 
structure of  MoS2 by the ion bombardment (Fig. 3e) [85]. 
This method contributed to the non-destructive and uni-
form generation of sulfur vacancies on the  MoS2 surface, 
which could be further implemented in a synaptic memristor 
with a sandwich structure (Fig. 3f). Compared with pristine 
 MoS2-based memristors (Fig. 3g), the memristors based on 
SAVE-treated  MoS2 exhibited non-volatile characteristics, 
which also depended on the types of solvent. In this work, 
the THF-MoS2 synaptic memristor showed high uniform-
ity and reliability and a much higher recognition accuracy 
than that of pristine  MoS2 by Modified National Institute of 
Standards and Technology (MNIST) training. The underly-
ing mechanism for such a plasticity modulation technique 
based on solvent engineering could be attributed to the fact 
that when solvents have similar Hansen solubility param-
eters, the bipolar solvent could generate sulfur vacancies 
because it can remove both polar and nonpolar sulfur, result-
ing in sulfur vacancies.

Another way to regulate the concentration of vacancies in 
nanomaterials is to add control agents during the synthesis 
phase. This idea has been well implemented in solution-pro-
cessable 2D layered perovskites, which provided an oppor-
tunity to manipulate its physical properties by introducing 
specific ions. For example, a vertically aligned 2D halide 
perovskite-enabled artificial synapse was demonstrated, 
where the nanostructure of perovskite grains was adjusted 
by employing the pseudo-halide SCN additive, thus achiev-
ing the programmable potentiation and depression with 
distinguished multistates [86]. In another work, 2D layered 
perovskite ((PEA)2SnI4) was chosen as a conductive chan-
nel for a two-terminal synaptic device to emulate the light-
stimulated synaptic behaviors (Fig. 3i) [29]. In this work, 
the photo-induced memory characteristics were attributed to 
two different trapping states: the shallower traps induced by 
the uncompensated dangling bonds or the structural defects 
and the deeper traps induced by Sn vacancies. The photocur-
rent decay curves were fitted by a temporal model with two 

exponential terms, the smaller t1 for shallower traps and the 
larger t2 for deeper traps, respectively (Fig. 3j). Based on 
this principle, we further proposed a component regulation 
technology by introducing  SnF2 to control the amount of Sn 
vacancies, resulting in the adjustable value of t2 (Fig. 3k). In 
general, the larger t2 means a stronger memory effect and is 
responsible for the LTP. Therefore, by controlling the con-
centration of  SnF2, the conversion between STP and LTP 
could be manipulated to achieve dynamic plasticity.

2.3  Surface or Interface Engineering

Electronic devices are usually constructed by various types 
of materials, resulting in the specific surface or interface 
between them, especially for 2D materials, where the intrin-
sic atomic level thickness makes its properties extremely 
susceptible to surface or interface qualities [87]. The impact 
of surface or interface characteristics on the performance of 
two-dimensional electronic devices can be divided into the 
following aspects:

i) Contact resistance: In electronic devices, interfaces 
play a crucial role in the electrical contact between differ-
ent materials. The presence of high contact resistance at the 
interface can hinder efficient charge carrier transport, lead-
ing to increased power consumption, reduced device per-
formance, and limited functionality [88]. Optimizing the 
interface properties can help reduce contact resistance and 
improve device performance.

ii) Charge carrier scattering: Interfaces or surfaces can 
introduce scattering centers that scatter charge carriers (elec-
trons or holes) as they move through the device. This scatter-
ing can degrade the mobility of charge carriers, reducing the 
overall device performance. By engineering interfaces with 
appropriate properties, such as reduced defects or proper 
passivation, the scattering can be minimized, leading to 
enhanced charge carrier mobility and improved device per-
formance [89].

iii) Band alignment and energy level alignment: Inter-
faces between different materials can lead to the forma-
tion of energy barriers or energy level mismatches [90]. 
These energy barriers can impede charge carrier injection 
or extraction at the interfaces, affecting the device’s effi-
ciency and overall performance. By carefully designing the 
interface properties, such as adjusting the energy levels or 
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achieving proper band alignment, efficient charge carrier 
injection and extraction can be achieved, improving device 
performance.

iv) Surface passivation and protection: 2D materials, 
such as graphene or TMDs, have exposed surfaces that can 
be sensitive to environmental factors, such as moisture or 
oxygen [91]. These interactions can degrade the material’s 
properties and affect device performance. By introducing 
suitable surface passivation or protection layers at the inter-
faces, the materials can be shielded from external factors, 
preserving their properties, and maintaining device perfor-
mance over time.

It can be inferred that the properties of interfaces or sur-
faces in electronic devices, especially in devices based on 2D 
materials, have a significant impact on device performance. 
Optimizing these surfaces or interfaces can help modulate 
the electrical or optical properties of 2D materials to realize 
plasticity modulation. As shown in Fig. 4a, an ultraviolet 
ozone (UVO) treatment was applied to functionalize the sur-
face of indium-gallium-zinc oxide (IGZO) with trap sites, 
which resulted in the enlarged hysteresis loop in the transfer 
curves due to the interaction between trap sites and lithium 
cations in electrolytes (Fig. 4b) [31]. Under positive pulse, 
the lithium cations could occupy the trap sites induced by 
UVO treatment, liberating originally trapped electrons into 
IGZO channel to maintain the high current value even after 
the pulse removed (Fig. 4c). Benefitting from the adjustabil-
ity on the channel conductance by the number and polarity 
of the input voltage spikes, the UVO-treated synaptic devices 
exhibited a lower NL of long-term potentiation (LTP) and 
depression (LTD) compared with untreated one (Fig. 4d). 
This work demonstrated that the surface engineering could 
be an efficient technique for sophisticated ion transport and 
enabled various applicability of electrolyte-gated synaptic 
transistors with tunable plasticity.

As mentioned above, surface passivation is another popu-
lar technique to protect 2D materials from damage of the 
surrounding environment. In fact, surface passivation can 
not only protect materials from structural or performance 
damage, but also modify the electrical or optical properties 
of materials. Specifically, few-layer black phosphorus (BP) 
flakes have been found to degrade rapidly in ambient condi-
tions due to a photo-assisted oxidation reaction with oxygen 
dissolved in the water [92]. However, recent studies revealed 
that the oxidation of BP into phosphorus oxide  (PxOy) can 
serve as a self-passivation layer for the underneath BP and 

improve the performance of BP-based electronic devices 
[93, 94]. As shown in Fig. 4e, Ahmed et al. demonstrated a 
fully light-controlled neuromorphic transistor based on lay-
ered BP flakes with an amorphous thin layer of native  PxOy 
on their surfaces [95]. Interestingly, such devices showed a 
wavelength-dependent photoresponse with a positive shift of 
threshold voltage after the illumination of 280 nm and a neg-
ative shift after the illumination of 365 nm (Fig. 4f). From 
Fig. 4g, h, it is obvious that a negative photocurrent could 
be achieved under the illumination of 365 nm, which has 
been attributed to the carrier scattering by charged defects 
under low energy (365 nm) excitation. In this way, all-opti-
cally driven neuromorphic computation is demonstrated by 
machine learning to classify numbers and recognize images 
based on high energy (280 nm) induced potentiation and low 
energy (365 nm) induced depression behaviors.

Besides, 2D layered materials with no dangling bonds 
and diverse band structures can be stacked to construct the 
devices with different functions, where the interface between 
layered structures can be utilized to regulate the electrical 
performances. Seo et al. have realized dynamic synaptic 
plasticity in an optic-neural synaptic device by inserting 
a weight control (WC) layer on the defect-free interface 
between h-BN and  WSe2 to precisely control the channel 
conductance [96]. As shown in Fig. 4i, a WC layer composed 
of 3-aminopropyltriethoxysilane (APTES) has been inserted 
on the interface between  WSe2 and h-BN, which dominated 
the hysteresis behaviors in the transfer curves (Fig. 4j) [32]. 
A bottom-gate terminal could work as a weight control ter-
minal by applying a voltage pulse to manipulate the holes 
trapping and de-trapping at the APTES interface, resulting 
in the conversion between LTP and LTD (Fig. 4k) and an 
almost ideal NL (Fig. 4l).

Overall, after reviewing the prevailing chemical tech-
niques for plasticity modulation, it can be inferred that 
chemical techniques were an effective way to achieve 
dynamic plasticity by directly modulating the properties 
of 2D materials or their heterostructures. The underlying 
mechanism was mostly attributed to the controllability of 
the carrier or charge trapping/de-trapping process, which 
further affected the synaptic weight updating rules and 
non-volatile memory characteristics. However, it is also 
noted that chemical techniques cause permanent changes 
in the properties of materials or the physical structure 
of devices. For example, for the doping strategy, once 
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the type and concentration of dopants were determined, 
the function of synaptic devices was fixed. For synaptic 
devices that expect programmable operation, chemical 
doping technology may lack flexibility and reconfigurable 
characteristics.

3  Programmable Synaptic Plasticity 
by Designing Device Structure

To overcome the limitation of chemical techniques, design-
ing the device structures to control the expression of 

Fig. 4  Chemical modulation strategies based on surface or interface engineering. a Schematic illustration of chemical bonding at the surface 
of UVO-treated IGZO film. b Hysteretic loops of the IGZO-based transistors without UVO treatment and after UVO treatment. c Energy band 
diagram of as-fabricated synaptic transistors and the illustration of carrier trapping/de-trapping through the interface. d Comparison of linearity 
and symmetricity between untreated and UVO-treated (w/UVO) devices [31]. Reproduced with Permission.  Copyright 2022, WILEY–VCH. e 
Schematic of a black phosphorus-based transistor with the oxidized surface. f Transfer curves of such devices in dark and under illumination of 
280 and 365 nm. The normalized transient photocurrent under the illumination of g 280 nm and h 365 nm, respectively [95]. Reproduced with 
Permission. Copyright 2022, WILEY–VCH. i The schematic illustration of an  WSe2-based synaptic device with APTES modified interface. 
j Hysteretic behaviors of  WSe2-based synaptic devices with and without APTES layer. k Schematic illustrations on hole releasing and trap-
ping mechanisms. l Nonlinearity extracted in the LTP/LTD characteristic curves [32]. Reproduced with Permission. Copyright 2020, American 
Chemical Society
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synaptic plasticity could be a more advantageous choice. 
In recent years, great efforts have been devoted to design-
ing and optimizing device structures for the diversification 
of device performance, such as nBn or pBp structures for 
unipolar barrier photodetectors [97], double-gate floating 
structures for enhanced non-volatile memory [21], and 
mixed-dimensional vdWs heterostructures for reconfigur-
able optical memory [98]. In biological systems, synapses 
are the basic functional units that simultaneously achieve 
both information processing and storage through plasticity 
modulation. Therefore, the manipulation of memory behav-
iors provides a feasible way to achieve plasticity modulation 
by device structure design. Figure 5 shows the prevailing 
memory mechanisms and their device structures for neuro-
morphic devices [24, 99–102]. Integrating different memory 
mechanisms into a single device or manipulating different 
storage states in a single memory device to control the 
response to pre-synaptic stimuli makes it possible to realize 

programmable or reconfigurable synaptic plasticity. In this 
section, we would like to discuss several ingenious device 
designs for realizing plasticity modulation and comment on 
their working principles.

3.1  Dual‑Gate Structure

In biological synapses, modulatory neurons could refresh the 
connection strengths between two other neurons and con-
trol the neural signal transmissions through the synapses, 
which contributes to the implementation of complex neural 
behaviors [103, 104]. Therefore, multiterminal transistors 
give the ability to modulate the electrical performance by 
controlling the polarity of voltages applied to the gate or 
drain electrodes. It means that the functions of such devices 
can be easily manipulated by different voltage configura-
tion combinations, which is also well-known as reconfigur-
able operation. As shown in Fig. 6a, Pan et al. fabricated 

Fig. 5  Different memory mechanisms for neuromorphic devices. Defect trapping memory [99]. Reproduced with Permission.  Copyright 2022, 
The authors. Ferroelectric polarization memory [24]. Reproduced with Permission. Copyright 2019, American Chemical Society. Floating-gate 
memory [100]. Reproduced with Permission. Copyright 2021, WILEY–VCH. Electron spin memory [101]. Reproduced with Permission. Copy-
right 2021, WILEY–VCH. Resistive switching memory [102]. Reproduced with Permission. Copyright 2020, WILEY–VCH
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Fig. 6  Dual-gate synaptic transistor with modulated plasticity. a Schematic of  WSe2-based synaptic transistors with dual bottom-gate. b Energy 
level diagram of the  WSe2 channel under different combination of gate voltages. c Schematic of a biological synapse (top) and a circuit for 
reconfigurable synaptic functions (bottom). d Illustration of six rectangular waves to simulate presynaptic (red) and post-synaptic (blue) spikes. 
The STDP learning rules for e anti-Hebbian  (V1 = 0 V,  V2 = 3 V) and f Hebbian  (V1 = 3 V,  V2 = 0 V) [34]. Reproduced with Permission.  Copy-
right 2020, The author(s), under exclusive licence to Springer Nature Limited. g Schematic diagram of synaptic transmission between neurons 
and the operation mode in a dual-gate artificial synaptic transistor. h Clockwise hysteretic behavior measured from ferroelectric top-gate transis-
tor. i Anti-clockwise hysteretic behavior measured from  SiO2 bottom-gate transistor. j Change of PSC (ΔPSC) induced by different top-gate volt-
ages. k Change of PSC (ΔPSC) induced by different bottom-gate voltages [35]. Reproduced with Permission. Copyright 2023, WILEY–VCH
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a homojunction device made from 2D  WSe2 with a dual 
bottom gate, Gate A and Gate B, to control the electrical 
characteristics by polarity combinations of the gate and 
drain voltage inputs [34]. From Fig. 6b, the polarity of VgA 
and VgB determined the injection of carriers by modulating 
the height of the Schottky barrier between  WSe2 and drain/
source electrodes, while the polarity of Vds determined the 
on/off state of the conductive channel. Therefore, eight dif-
ferent working operating principles were achieved, which 
was the foundation of reconfigurable multifunctional logic 
and neuromorphic capabilities. The authors further proposed 
synaptic circuits based on only three such homojunction 
devices to achieve reconfigurable spiking-timing-depend-
ent plasticity (STDP) (Fig. 6c). Here, they used a combina-
tion of six rectangular wave pulses to simulate the pre- and 
post-synaptic spikes (Fig. 6d). Figure 6e shows the STDP 
behaviors at  V1 = 0 V and  V2 = 3 V, which resembled the 
anti-Hebbian synaptic learning rule with enhanced synaptic 
weight when Δt < 0. While by varying the relative electrical 
potential between  V1 and  V2  (V1 = 3 V and  V2 = 0 V), the 
STDP behaviors indicated a Hebbian synaptic learning rule 
that indicated an opposite response (Fig. 6f). In this case, 
synaptic weight updating rules could be switched by chang-
ing the polarity combinations of the dual-gate voltages, 
which referred to the reconfigurable synaptic functions.

Another advantage of dual-gate structure is introducing 
different dielectric layers at different gate terminals to inte-
grate diverse synaptic functions into a single device. In a 
recently published work [35], a multiterminal synaptic tran-
sistor with ferroelectric top-gating and  SiO2 bottom-gating 
has been designed and fabricated to emulate the bi-direc-
tional modulation on synaptic plasticity (Fig. 6g). Due to 
the opposite direction of hysteretic loops in transfer curves 
by ferroelectric top-gating (Fig. 6h) and  SiO2 bottom-gat-
ing (Fig. 6i), such device showed opposite response to the 
same pre-synaptic voltages. From Fig. 6j, positive synaptic 
weight change could be achieved for negative Vtg spikes, 
indicating excitatory synaptic plasticity and negative synap-
tic weight change referring to inhibitory synaptic plasticity 
was obtained for positive Vtg spikes. By switching the input 
terminal, inhibitory synaptic plasticity was achieved for 
negative Vbg spikes while excitatory synaptic plasticity was 
obtained for positive Vbg spikes. Such bi-directional modu-
lation on plasticity was attributed to two different physical 
mechanisms, namely ferroelectric polarization switching in 
top-gate and carrier trapping/de-trapping process through 

the interface defects. Based on such operation principles, the 
conversion of inhibitory and excitatory synaptic plasticity 
can not only be achieved by changing the polarity of pre-
synaptic voltages but switching the input terminal, which 
opened a new way to fulfill diversified plasticity modulation 
techniques in a single device.

3.2  vdWs Heterostructure

Since graphene with a single carbon atom-thick planar struc-
ture was obtained by mechanical exfoliation [105], 2D mate-
rials have gradually entered the vision of researchers and 
promoted the development of 2D electronics. In the last few 
decades, the 2D material family has achieved tremendous 
prosperity, covering semiconductors [106], insulators [107], 
and metals [108], which are the essential components that 
constitute electronic devices. Besides, it is fascinating that 
such dangling-bond-free atomic planes can also be stacked 
layer by layer into designer heterostructures in a precisely 
chosen sequence to form vdWs heterostructures like “Lego 
Blocks”, bringing unusual properties and new phenom-
ena [109]. Therefore, utilizing van der Waals heterojunc-
tion design to achieve plasticity modulation is a promising 
approach.

In this field, Peng Zhou’s group has developed a series 
of van der Waals heterojunction devices and verified their 
potential applications in various fields such as photodetec-
tors [97], floating-gate memory [110], and reconfigurable 
logic-in-memory devices [111]. In 2022, they proposed 
an all-in-one retinomorphic hardware device based on 2D 
vdWs heterostructures as shown in Fig. 7a, which inte-
grated the perception, memory and computing capabilities 
for the detection and recognition of moving trolleys into 
a single device [36]. The implementation of this concept 
mainly relied on progressively tunable positive/negative 
photoresponses with non-volatile memory characteristics 
(Fig. 7b–e). The underlying mechanism for positive photo-
current (PPC) and negative photocurrent (NPC) was attrib-
uted to the gate-voltage programmable carrier tunneling 
process through vdWs interfaces. A similar working opera-
tion has been also implemented in a vdWs heterostructure-
enabled floating-gate synaptic transistor with multilayer 
graphene as the floating-gate, h-BN as tunneling layer, and 
 MoS2 as a conductive channel (Fig. 7f) [38]. This work dem-
onstrated a programmable operation to control the response 
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to pre-synaptic light stimuli. As shown in Fig. 6g, when a 
negative bottom-gate pulse was applied, such a float-gating 
transistor was set to an “erase state” with high conductance 
due to the electrons tunneling from graphene to the  MoS2 
channel, which suppressed the response to light stimuli, 
resulting in a silent synapse. After a positive voltage pulse 
was applied, the  MoS2 channel would be switched to a “pro-
gram state” with ultra-low conductance due to the electrons 
tunneling from the  MoS2 channel to graphene and exhibit 
the response to light stimuli in an excitatory synapse-like 

way. The working mode could be switched from “Silent” 
to “Exhibitory” by applying different polarity of bottom-
gate voltages. Benefitting from the suppressed background 
current at the program state, an ultra-low power consump-
tion of ~ 2.52 fJ per light spike event was achieved. These 
results demonstrated that manipulating the carrier transport 
characteristics through the designed vdWs heterostructures 
could be an efficient way to realize plasticity modulation in 
a programmable way.

Fig. 7  vdW heterostructures enabled synaptic transistors. a Schematic of h-BN/WSe2/BP vdWs heterojunction-based transistor. b Retina-
inspired all-in-one 2D retinomorphic devices and the optical perception and response of the 2D materials mimic the signal collection and con-
version of the photoreceptors. c Essential PPC and NPC curves under drain voltage modulation. d Modulation of photocurrent by normalized 
laser intensity. e Cumulative positive and negative photoconductivity with progressive multilevel states [36]. Reproduced with Permission.  Cop-
yright 2022, The Author(s), under exclusive licence to Springer Nature Limited. f Devices structure of graphene/h-BN/MoS2 vdWs heterojunc-
tion-based floating-gate transistor. g Electrical response to the light stimuli at program state and erase state. h Power consumption as a function 
of Vds [38]. Reproduced under the terms of the Creative Commons CC BY license. Copyright 2022, The authors
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3.3  Hybrid Structure

Comprehensive sophisticated synaptic functions generally 
rely on the designed functional layers, which was usually 
composed of hybrid channel layers or insulating dielectric 
layers in a transistor device. For example, a chitosan elec-
trolyte and a  Ta2O5 high-k dielectric thin film were stacked 
in a bottom-gate dielectric as an electric double layer (EDL) 
to trigger the ionic excitatory post-synaptic current [112]. In 
this work,  Ta2O5 high-k dielectric thin film passivated the 
organic chitosan electrolyte and improved the gate effect, 
while the mobile ions in the chitosan electrolyte driven by 
the gate electric field induced the change of channel conduct-
ance to emulate the synaptic plasticity. Lv et al. proposed a 
carbon dots/silk protein (CDs/silk) hybrid functional layer 
for gate dielectrics to achieve a light-tunable charge trap-
ping (Fig. 8a) [113]. In this work, the non-volatile change of 
channel conductance triggered by pre-synaptic light stimuli 
was attributed to the photo-gating effect induced by the 
trapped photo-generated electrons in hybrid CDs/silk. As 
shown in Fig. 8b, an excitatory post-synaptic current was 
achieved upon the photonic pulse and remained at a higher 
conductance state compared with the initial state, demon-
strating a long-term plasticity, which could be reset to the 
initial state by applying a negative electric pulse. In this 
way, photonic potentiation and electric habituation could be 
realized by applying consecutive photonic pulses followed 
by electric pulses (Fig. 8c), which represented the synaptic 
weight updating rules and affected the synaptic transmission 
efficiency.

Besides the hybrid dielectric layer, a hybrid channel is 
another choice for designing multifunctional transistors with 
the assistance of energy band engineering [114–117]. Based 
on such an idea, Huang et al. reported an ambipolar synaptic 
transistor based on a 2D perovskite/organic heterojunction 
 (PEA2SnI4/Y6) hybrid channel, which displayed a dual-
mode learning process under light stimulation (Fig. 8d) [37]. 
When a positive voltage was applied to the bottom-gate, the 
electron–hole pairs under the visible light illumination could 
be generated in both 2D perovskite and Y6 layers. In this 
process, the photo-generated electrons tended to be captured 
by the Sn vacancies in the 2D perovskite film, while induced 
more holes had the possibility to be recombined with parts 
of the electrons in channel, resulting in a decreased chan-
nel conductance, namely inhibitory post-synaptic current 
(Fig. 8e). However, when the device was irradiated with 

near-infrared, electron–hole pairs could be only generated 
in Y6 layer, where the photo-generated holes would flow 
from Y6 into 2D perovskite driven by the difference of band 
structure, resulting in the accumulation of electrons and an 
enhanced channel conductance, representing the excitatory 
post-synaptic current (Fig. 8f). This wave-length dependent 
conversion between inhibitory and excitatory post-synaptic 
current (IPSC and EPSC) has been well demonstrated under 
the visible and infrared pre-synaptic light spikes, respec-
tively (Fig. 8g). Such idea was also utilized to construct a 
biomimetic eye visual system for color recognition by dis-
tinguishing the type of excitement and the magnitude of the 
post-synaptic current value (Fig. 8h).

Overall, plasticity modulation techniques realized by 
device structure design are conducive to manipulating the 
expression of plasticity more flexibly through programmable 
operations compared with chemical techniques. The proper 
structure design for synaptic devices enables them to achieve 
diverse functions like the biological synapses, which is the 
foundation for building high-performance neural networks 
at the hardware level. However, complex structural design 
will make the preparation of single devices and large-scale 
neural networks difficult. Therefore, optimizing device struc-
ture design while enhancing plasticity modulation capabil-
ity is an important direction for the development of future 
neuromorphic devices.

4  External Physical Modulation 
toward Neuromorphic Sensing

In the human body, a neural system composed of large num-
bers of synapses is responsible for information processing, 
learning, cognition, and memory under the modulation of 
diverse neural activities. Another process is also of great 
significance for humans and other living creatures, where 
external stimuli such as light, temperature or strain et al. 
could be received by the receptors in the sensory organs. 
The external physical signals are encoded as neural spikes 
and processed by neural systems with the functions of 
adaptation, filtering, amplification, and memory, and then 
transmitted to the cerebral cortex for achieving perception, 
classification, and identification [118–120]. It also inspires 
the basic principle to realize the artificial intelligence func-
tions, including vision, tactile sensation, auditory and olfac-
tory as illustrated in Fig. 9. Recent great efforts have been 
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devoted to developing neuromorphic sensing systems based 
on artificial synaptic devices or neuron devices due to their 
unique advantages over conventional sensing systems, such 
as low energy consumption, good adaptability to changing 

external environments, excellent robustness to noise, varia-
tions, and uncertainties in the input data, and real-time pro-
cessing of data with less data redundancy [121–123]. How-
ever, the conversion from physical signals to neural spikes 

Fig. 8  Dynamic plasticity realized in synaptic transistors based on hybrid channel. a Schematic of the CDs/silk-based optoelectronic flash 
memory. b Readout current of the such device under the stimulation of input optical and electrical pulses. c Photonic potentiation and electric 
depression triggered series of optical pulses and negative gate pulses [113]. Reproduced with Permission.  Copyright 2019, WILEY–VCH Ver-
lag GmbH & Co. KGaA, Weinheim. d Device structure of synaptic transistor based on  PEA2SnI4/Y6 hybrid channel. Work mechanism of as-
fabricated synaptic transistor under e visible light stimuli and f NIR light stimuli at VGS = 40 V, respectively. g IPSC triggered by ten visible light 
spikes at VGS = 40 V and VDS = 40 V and the EPSC triggered by NIR light spikes. h Simulated process of the synaptic transistor’s recognition of 
unknown light [37]. Reproduced with Permission. Copyright 2021, WILEY–VCH Verlag GmbH
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in a biological way is extremely complex, and may involve 
various neural modulation processes. Because most of the 
signals in living organisms come from a vision and tactile 
sensation, we review artificial neural systems with the ability 
to realize the conversion between external physical signals 
including light, strain and temperature and neural spikes by 
plasticity modulation techniques and clarify their physical 
mechanisms.

4.1  Optogenetics‑Inspired Neuromorphic Visions

Photoelectric synapses have attracted much attention due to 
the wider bandwidth, lower crosstalk, and better scalabil-
ity of light stimuli instead of electric ones [124–126]. In 
most reported works, light spikes are applied as pre-syn-
aptic stimuli and the non-volatile change of channel con-
ductance induced by the trapping/de-trapping process of 
photo-generated carriers represents the synaptic plasticity 
[127–129]. Such light-stimulated synaptic devices emulated 
the signal transmission from light spikes to electric spikes 
in a synapse-like way, which promoted fast neuromorphic 
computing with low crosstalk and high bandwidth. Light 
signals can not only serve as input signals but also as control 
signals, which is consistent with the biological behaviors 

described by optogenetics [130]. In biological systems, 
optogenetics highlights the role of light in controlling the 
generation of proteins or neurotransmitters, which further 
activate the ion channels and modify the plasticity, result-
ing in the generation of vision. In this section, we mainly 
discussed the optogenetics-inspired plasticity modulation 
techniques, where light worked as a controller to determine 
the expression of synaptic plasticity for potential applica-
tions in neuromorphic visions. Neuromorphic visual systems 
need to develop new materials and devices to achieve a dif-
ferent mechanism of light-matter interaction from traditional 
optoelectronic devices [131].

Figure 10a shows a typical retina with a three-layer struc-
ture, namely photoreceptor cell (Rods and Cones), bipolar 
cell and Ganglion cell [39]. In the dark, the neurotransmit-
ters are realized into the photosensitive synapse and the 
bipolar cells will be inhibited, resulting in no signal trans-
mission through electrical synapse between bipolar cells 
and ganglion cells, indicating no neural actions are gener-
ated from ganglion cells. However, under illumination, the 
reflected light from external objects will restrict the release 
of neurotransmitters from photoreceptor cells and the bipolar 
cells can be self-excited to realize the neurotransmitters into 
the electrical synapse, triggering the neural actions in the 
ganglion cells, which are further transmitted along neural 
systems into the cerebral cortex to form vision. It can be 
inferred that the generation of vision is primarily determined 
by the light-controlled synaptic plasticity. In short, no post-
synaptic current is triggered in the dark but continuous post-
synaptic current can be obtained under illumination.

Inspired by this idea, a mixed-dimensional (MD) hetero-
structure based on  MoS2/QDs has been proposed to emulate 
the optically modulated synaptic plasticity in an optoge-
netic way (Fig. 10b, c) [39]. From the transfer curves, the 
shift of threshold voltage indicated the photo-gating effect 
dominated the response of such devices to the illumina-
tion, which demonstrated that light can control the switch-
ing characteristics of FETs. A detailed working principle is 
illustrated in Fig. 10c, where when a specific train of bottom 
voltage spikes was applied to the gate terminal in the dark, 
the channel was pinched off, resulting in no post-synaptic 
current. Under illumination, when the same voltage spikes 
were applied, the post-synaptic current could be obtained 
due to the ON states of the channel caused by light. This 
idea has been experimentally demonstrated as shown in 
Fig. 9d, where three regions represent the silent mode in 

Fig. 9  Illustration of perception of external signals by organisms 
through sensory organs for bio-inspired AI applications
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the dark, the working mode under illumination, and the 
recovery mode after illumination. Besides, similar optically 
modulated synaptic behaviors were achieved in a perovs-
kite-based memristor, where the light controlled the gen-
eration and annihilation of iodine vacancy (Fig. 10e) [132]. 
From Fig. 10f, the post-synaptic current could be only trig-
gered in the dark because the illumination could inhibit the 

generation of iodine vacancy, resulting in an unchanged high 
resistance state.

These works reveal the neuromorphic sensing mechanism 
of simulating the retina of biomimetic organisms using the 
photo-gating effect (PGE) at the device level, which paves a 
new way to develop artificial visual systems. Recently, the 
PGE has been widely reported in hybrid structures, where 

Fig. 10  Light-modulated plasticity in artificial synaptic devices. a Schematic of the synaptic signal transmission of a biological retina with a 
three-layer cell structure. b Transfer curves of  MoS2/QDs MD vdW heterostructure-based synaptic transistor in dark and under the illumination. 
c Illustration of light-modulated response of conducting channel to the bottom-gate voltage spikes. d Time evolution of PSC triggered by gate 
voltage spikes under the modulation of illumination [39]. Reproduced with Permission.  Copyright 2021, Wiley–VCH GmbH. e Schematic of 
the  MAPbI3 memristor measured under light illumination and the mechanism for the light-controlled formation and inhabitation of vacancies. f 
Coincidence detection of electrical and light stimulations, exhibiting the light-controlled response to electrical stimulations [132]. Reproduced 
with Permission. Copyright 2018, American Chemical Society
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layer A is responsible for trapping one type of photo-gen-
erated carriers while layer B provides the channel for the 
transport of another type of photo-generated carriers [133, 
134]. In this way, the trapped photo-generated carriers will 
modulate the potential energy of the channel layer/dielectric 
interface, resulting in the shift of threshold voltage due to the 
light-induced additional electric gating effect. Interestingly, 
the PGE can not only enhance the photoelectric response 
but also control the switching characteristics of the channel 
like a transistor gate, providing a theoretical basis for the 
development of retina-inspired neuromorphic sensors.

4.2  Strain

The tactile perception system of living creatures composed 
of stimuli receptors and the afferent nervous system can 
efficiently convert mechanical stimuli from surrounding 
environments into physiological responses that could be fur-
ther delivered into the brain to form the sensory feedback 
[135–137]. And with this, great efforts have been devoted 
to developing an artificial tactile perception system that can 
be embedded into prosthetics and artificial skin to restore 
the tactile sensation of people with disabilities [138–140]. 
Besides, with the rapid development of artificial intelligence 
(AI) and the Internet of Things (IoT), wearable electron-
ics integrating tactile sensors and information processors 
provide intelligent human–computer interaction solutions 
to achieve external information perception and human bio-
logical information acquisition [141]. Recently, high-per-
formance tactile perception systems with the integration of 
sensitive elements and spike-based synaptic devices have 
been proposed to emulate the neuromorphic functions [142, 
143]. Here, two featured works were presented to showcase 
completely different modulation mechanisms.

First, inspired by the neuromorphic sensing functions of 
skins, artificial tactile perception systems are responsible 
for the converting and encoding of pressure signals into 
neural spikes. Kim et al. proposed a strategy to fabricate 
artificial afferent nerves (Fig. 11a) [40], where pressure 
sensors preliminarily completed the collection of pres-
sure signals and converted them into electrical signals that 
were further chopped into action potentials with control-
lable frequency by ring oscillators (Fig. 11b). Finally, the 
actions potentials were applied to a synaptic transistor as 

pre-synaptic stimuli to trigger the post-synaptic current. 
Interestingly, the post-synaptic currents can be directly 
modulated by the duration and strength of pressure signals 
(Fig. 11c, d), which help the brain to accurately perceive 
external pressure information and make appropriate judg-
ments or actions. In this work, the authors successfully 
built a hybrid reflex arc that could deliver biomimetic 
post-synaptic signals into the biological efferent nerves 
in a detached cockroach leg, causing activity of the tibial 
extensor muscles (Fig. 11e). This work provided a well-
demonstrated illustration how to transmit pressure signals 
into the nervous system of an organism by artificial affer-
ent nerves.

Second, another idea about bridging the strain sig-
nals and neural actions was demonstrated in sketchable 
neuromorphic devices that could exhibit various synap-
tic functions under the modulation of strains [135, 144, 
145]. Different from the afferent nerve shown in Fig. 10a, 
these works directly applied the strain onto the synaptic 
devices to control the expression of plasticity. As shown 
in Fig. 10f, an elastic and reconfigurable synaptic tran-
sistor has been fabricated based on a stretchable bilayer 
semiconductor, which exhibited excellent mechanical flex-
ibility and deformability with strain ranging from 0 to 50% 
(Fig. 11g) [146]. The strain modulation on the electrical 
performance and synaptic functions has been also well 
investigated (Fig. 11h–k), indicating that such devices 
could retain synaptic functions even when stretched by 
50%. Besides, the strength of applied strain could directly 
affect the synaptic weight change under the same pre-syn-
aptic stimuli, demonstrating the coupling effect between 
strain and plasticity.

Overall, strain engineering provides the opportunity to 
modulate the lattice structure of active materials in the 
stretched or compressed states, which directly changes the 
electrical band structure such as the magnitude and type 
of bandgaps, known as the piezoresistive effect [147]. In 
this way, the resistance or conductance of active materials 
may be modulated by the applied strain, which contributes 
to the dynamic plasticity of neuromorphic devices due to 
the coupling between strain end electrical performance. 
Therefore, it is a feasible strategy to develop artificial elec-
tronic skin by integrating the strain-modulated synaptic 
devices with information processors.
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4.3  Temperature

Temperature is another major factor that significantly 
affects the physiological and mental activities of living 
creatures because their life activities need to be carried 
out within a suitable temperature range [148–150]. At the 
cellular level of organisms, the influence of temperature is 
more extensive, which involves enzymatic activity, chemi-
cal synthesis of neurotransmitters, switching of ion chan-
nels on cell membranes and synaptic action transmission, 

further modulating the expression of synaptic plasticity 
[151]. For example, when the temperature drops below the 
appropriate value, the release of neurotransmitters would 
be slowed down, resulting in weakened synaptic connec-
tions and inefficient information transmission [152]. How-
ever, if the temperature exceeds the acceptable threshold 
value, the structures of the cell would be inactivated or 
directly destroyed [153]. Therefore, the synapses of organ-
isms need to maintain their function within a certain tem-
perature range, while considering the sensitive perception 

Fig. 11  Pressure or strain modulated plasticity in artificial synaptic devices. a A biological afferent nerve that is stimulated by pressure. b An 
artificial afferent nerve made of pressure sensors, an organic ring oscillator, and a synaptic transistor. The post-synaptic current under the stimu-
lation of the pressure signals c with different strengths and d duration, respectively. e Hybrid reflex arc made of an artificial afferent nerve and 
a biological efferent nerve [40]. Reproduced with Permission.  Copyright 2018, the AAAS. f Schematic of a stretchable reconfigurable synaptic 
transistor. g Optical images of the stretchable reconfigurable synaptic transistor before and after uniaxial stretching by 10%, 30% and 50% along 
the channel length direction. h Transfer curves of such synaptic transistor before and under 50% strain. i The EPSC without strain and with 50% 
strain. j EPSC results triggered by two successive pulses without strain and with 50% strain. k EPSC results of the device without strain and with 
50% strain on the application of ten successive presynaptic pulses [146]. Reproduced with Permission. Copyright 2022, The Author(s), under 
exclusive licence to Springer Nature Limited



 Nano-Micro Lett.          (2024) 16:211   211  Page 22 of 32

https://doi.org/10.1007/s40820-024-01445-x© The authors

of external temperature changes to adjust life activities, 
the expression of plasticity needs to be highly sensitive to 
temperature. Of course, it is of great significance to inves-
tigate the temperature-modulated synaptic plasticity at the 
device level for developing neuromorphic computing and 
bionic perception from artificial hardware.

As mentioned above, neuromorphic electronics should 
maintain their synaptic functions at an appropriate tem-
perature and their plasticity dynamics could be realized 
by changing temperature, which means that temperature-
sensitive units need to be integrated into such devices. 
Figure 12a shows a floating-gate organic synaptic transis-
tor with the polyvinylpyrrolidone (PVP)-mixed QDs as 
floating-gate layer and indacenodithiophene-co-benzothi-
adiazole (IDTBT) as conducting channel, which exhibited 
the typical synaptic behaviors triggered by voltage spikes 
with different width due to the charge trapping effect 
through floating nanogates (Fig. 12b) [154]. Moreover, 
from Fig. 12c, d the synaptic weight was greatly enhanced 
with the temperature increasing from 20 to 80 °C due to 
the thermally motivated carriers and the decreased ioniza-
tion activation energy with the increase of temperatures, 
which induced more free charge carriers [155]. Interest-
ingly, the simulation mechanism of Pavlov’s dog based on 
the synaptic functions of such devices and the influence 
of temperature on the training and extinctive process is 
illustrated in Fig. 12e. From Fig. 12f, it can be inferred 
that the higher temperature could reduce the times of 
training process and strengthen the association between 
bell stimulation and food stimulation, demonstrating the 
temperature-facilitated modulation of synaptic plasticity. 
Another example of temperature modulation on synap-
tic plasticity is illustrated in Fig. 12g, where an indium-
gallium-zinc-oxide (IGZO) based electrical-double layer 
neuromorphic transistor was given two separate gate ter-
minals (VG1 and VG2) and a train of voltage spikes was 
in sequence applied onto such two pre-synaptic terminals 
(left panel of Fig. 12g) [41]. The EPSC triggered by the 
input voltage spike trains under different temperatures is 
shown in Fig. 11h and the threshold value was set to be 30 
nA. From the results, the devices exhibited no response 
at 20 °C and worked in a mode of “AND logic” at 40 °C, 
which was further developed into the operation of “OR 
logic” at 60 °C (Fig. 12i). The underlying mechanism 
could be attributed to the temperature modulated move-
ment of proton migration in the chitosan dielectric layer. 

In this way, the temperature could be seen as a modulatory 
parameter to control the spiking logic switching, which is 
crucial for synaptic transmission.

The correlation between temperature and synaptic plas-
ticity can be attributed to the thermally motivated carriers 
and temperature-dependent charge trapping/de-trapping 
process [155, 156]. With the increasing temperature, more 
free charge carriers could be induced, which intensifies the 
response of neuromorphic devices to presynaptic stimuli, 
thereby leading to enhanced synaptic weight. Besides, the 
synaptic plasticity of many reported neuromorphic devices 
was achieved by the charge trapping/de-trapping process, 
which caused the origin of STP and LTP. The retention 
time of STP and LTP is related to the temperature, which 
can be further understood by the relationship between the 
relaxation time (τ) and activation energy (E) with the tem-
perature (T) as shown below [154]:

where E stands for the activation energy, k is the Boltzmann 
constant, and A acts as a stochastic parameter. The higher 
temperature will lower the activation energy and accelerate 
the process of charge de-trapping, resulting in the transition 
from LTP to STP. In this way, temperature can be used to 
control the synaptic weight and memory behaviors of neu-
romorphic devices, which can conversely reflect temperature 
changes.

From this section, we reviewed the modulation of exter-
nal physical signals such as light, strain and temperature 
on the synaptic plasticity, which plays an important role 
in controlling the synaptic signal transmission and biomi-
metic perception function. The interaction between exter-
nal physical signals and synaptic plasticity has been clari-
fied to illustrate the underlying physical mechanisms for 
plasticity modulation techniques, which lays the founda-
tion for artificial intelligence perception systems. Besides, 
artificial olfactory synaptic devices have been proposed to 
investigate the synaptic functions when exposed to target 
gases, which provided a new way to realize gas recog-
nition based on the specific synaptic behaviors induced 
by gas response [157, 158]. Chen et al. reported a novel 
artificial neuron-like gas sensor based on CuS QDs/Bi2S3 
nanosheets (NSs), where CuS QDs provided adsorption 
sites for target gas molecules and  Bi2S3 NSs worked as fast 
charge transport channels [159]. In this work, as-fabricated 
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Fig. 12  Temperature-modulated synaptic plasticity of artificial synaptic devices. a Schematic diagram of the device architecture of the synaptic 
transistor based on PVP/QDs floating nanogates. b Decay of the channel current as a function of time measured after the stimulation. c Synaptic 
weight as a function pulse width measured in different temperatures. d PPF index as a function of different temperatures. e Stimulation of clas-
sical conditioning experiment of Pavlov’s dog at 20 °C. f Training and extinction process measured at 40, 50, and 60 °C, respectively, and sum-
mary of learning and memory ability of the synaptic transistor at different temperatures [154]. Reproduced with Permission.  Copyright 2019, 
American Chemical Society. g A schematic illustration of a neuron with two synaptic inputs and one output and the schematic diagram of a mul-
titerminal in-plane lateral coupled synaptic transistor for logic signal processing. h Output current triggered by the presynaptic pulses at 20, 40, 
and 60 °C, respectively. i Truth tables at 20, 40, and 60 °C, respectively [41]. Reproduced with Permission. Copyright 2022, Science China Press 
and Springer-Verlag GmbH Germany, part of Springer Nature
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artificial neuron-like sensors can be stimulated by gas in 
a way of biological olfactory perception. The core idea of 
designing such devices is how to establish the connection 
between physical signal sensitivity characteristics and neu-
ral behavior and achieve the transmission and perception 
of synaptic signals through this method.

5  Conclusions and Perspectives

In neuromorphic devices, the purpose of plasticity modula-
tion is to use technological means to simulate the complex 
neural activities of organisms. Therefore, synaptic plasticity 
modulation is an important pathway for achieving diverse 
neuromorphic functions, which are especially important 
for achieving reconfigurable neuromorphic computing and 
intelligent perception of similar organisms. In principle, the 
controllable expression of plasticity is achieved through the 
modification of functional materials, the functionalization of 
device structures, and the response of substances to exter-
nal stimulus signals. This makes it possible to manipulate 
the plasticity expression of neuromorphic devices through 
chemical methods, device structure design, and physical 
signal regulation as discussed in this review. However, the 
existing methods of plasticity modulation are relatively 
monotonous, and related research is still in the exploratory 
stage. Therefore, this review provides the following pros-
pects for the future development trends of plasticity modula-
tion techniques.

5.1  Enriching Plasticity Modulation Mechanism

The high intelligence of organisms depends on the com-
plex modulatory mechanisms of the nervous system. How-
ever, the structural complexity of artificial neuromorphic 
devices is far lower than that of the neurons and synapses of 
organisms. Moreover, artificial neuromorphic devices can-
not achieve the modulation level like organisms. In fact, for 
artificial neuromorphic hardware inspired by the informa-
tion processing and intelligent perception methods of the 
nervous system of organisms, its performance can be sig-
nificantly improved without pursuing the requirements of 
organisms completely. Currently, the main results of plastic-
ity modulation are still focused on the conversion between 
STP and LTP, the controllable expression between excita-
tory and inhibitory plasticity, as well as the improvement of 

symmetry and nonlinearity for synaptic weight updating. 
Such limitation on the modulation effectiveness is mainly 
due to the lack of reliable, flexible, and diverse plasticity 
modulation mechanisms from the device level. Therefore, 
enriching the plasticity modulation mechanisms of neu-
romorphic devices will be conducive to achieving break-
throughs in operating speed, power consumption, and func-
tional diversity of neuromorphic chips.

5.2  Efficient Modulation Techniques for Scaled Neural 
Networks

It is a consensus that only when neuromorphic devices are 
used to construct large-scale networks can their advantages 
in information processing be fully utilized. Although the 
study of plasticity modulation for individual devices can 
enrich the modulation mechanism and methods, it is still 
necessary to consider how to achieve selective modulation 
and its reliability for large-scale neuromorphic device arrays 
in practical applications. From this point of view, chemical 
methods make it easier to achieve large-scale performance 
modulation by introducing doping during the synthesis stage 
of functional materials or modifying devices through sur-
face treatment to achieve the synaptic plasticity modulation. 
However, as mentioned in Sect. 2, the disadvantage of chem-
ical methods is that once doping is completed, the properties 
become fixed, which is not conducive to the adaptive and 
self-regulation characteristics of neural networks. Thus, it is 
a practical and feasible research solution to achieve reconfig-
urable modulation of neuromorphic chips using voltage bias 
signals through circuit structure design. For this solution, it 
is necessary to consider how to reduce the issues of area, 
power consumption, and process complexity caused by the 
introduction of additional control circuits.

5.3  Multimodal Collaborative Plasticity Modulation 
Techniques

Compared with neuromorphic computing, neuromorphic 
sensing needs to consider the perceptual integration of mul-
tiple physical signals, because organisms never perceive a 
single signal when receiving external information. They 
often combine the fusion of multisensory information, such 
as vision, hearing, and touch, and achieve an understand-
ing of the world through comprehensive processing by the 



Nano-Micro Lett.          (2024) 16:211  Page 25 of 32   211 

1 3

brain. This requires that when designing and developing 
neuromorphic sensors, consideration should be given to the 
conversion mechanisms of various physical signals to neural 
signals and the collaborative processing mechanisms of the 

signals from different sensory units. Recently, Saptarshi Das 
et al. designed and fabricated a visuotactile neuron device 
with the integration of a photosensitive monolayer  MoS2 
memtransistor and a triboelectric tactile sensor [160]. The 

Fig. 13  A concept demonstration of light and pressure co-modulated synaptic devices. a Schematic representation of multisensory integration 
of visual and tactile information within the biological nervous system. b A bio-inspired visuotactile multisensory neuron (MN) comprising a 
triboelectric tactile sensor connected to the gate terminal of a monolayer  MoS2 photomemtransistor along with the associated spike encoding 
circuit. c The three characteristic features of multisensory integration, i.e., super-additive response to cross-modal cues, inverse effective effect, 
and temporal congruency, are demonstrated by such multisensory devices [160]. Reproduced with Permission.  Copyright 2023, Springer Nature 
Limited
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main idea of this work is illustrated in Fig. 13a, where the 
photosensitive unit was responsible for the conversion of the 
visual stimulus into neural signals and the pressure unit con-
verted the tactile stimulus into neural signals, respectively. 
Finally, the integration of neural signals from two different 
sensatory units would be completed in a visuotactile neuron. 
Figure 13b further clarifies how to achieve such integra-
tion of multisensory signals by artificial neuromorphic cir-
cuits. The tactile stimuli were encoded into voltage spikes 
by the triboelectric effect, which was further transcribed 
into source-to-drain output current spikes in the  MoS2 pho-
tomemtransistor by connecting the output of tactile sensors 
with the gate terminal of  MoS2 photomemtransistor. Besides, 
the photo-gating effect induced by the unique light-matter 
interaction between  MoS2 and input illumination contributed 
to the conversion of visual stimuli into electrical responses. 
A  MoS2 memtransistor-based encoding circuit was adopted 
to complete the integration of spike signals. Interestingly, 
three characteristic features of multisensory integration, 
i.e., super-additive response to cross-modal cues, inverse 
effective effect, and temporal congruency, have been suc-
cessfully simulated, which highlighted the importance of 
multisignal perception in achieving complex neural func-
tions (Fig. 13c). Therefore, exploring different neuromorphic 
sensing mechanisms and multisignal fusion processing is an 
important research direction for the further development of 
neuromorphic sensors.

In conclusion, current research works on plasticity modu-
lation techniques are still in its initial stage, and reported 
plasticity modulation techniques cannot meet the needs of 
high-performance neuromorphic chips. This review sum-
marized the modulation mechanism of chemical techniques, 
device structure design and external physical signal sens-
ing, which contributed to the performance improvement 
and functional diversification of neuromorphic devices for 
enhanced computing and advanced sensing. A comprehen-
sive review of plasticity modulation techniques from the 
types of modulation, physical mechanisms, and achieve-
ments can enable researchers to quickly select correspond-
ing technologies based on their research objectives. This 
hot topic could provoke a heated discussion on manipulat-
ing the performance of neuromorphic devices, which would 
bridge the artificial neuromorphic electronics and artificial 
intelligence.

Acknowledgements The authors are grateful for financial sup-
port from the National Natural Science Foundation of China (Nos. 
62104017 and 52072204) and Beijing Institute of Technology 
Research Fund Program for Young Scholars.

Declarations 

Conflict of interest The authors declare no conflict of interest. They 
have no known competing financial interests or personal relationships 
that could have appeared to influence the work reported in this paper.

Open Access  This article is licensed under a Creative Commons 
Attribution 4.0 International License, which permits use, sharing, 
adaptation, distribution and reproduction in any medium or format, 
as long as you give appropriate credit to the original author(s) and 
the source, provide a link to the Creative Commons licence, and 
indicate if changes were made. The images or other third party 
material in this article are included in the article’s Creative Com-
mons licence, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Com-
mons licence and your intended use is not permitted by statutory 
regulation or exceeds the permitted use, you will need to obtain 
permission directly from the copyright holder. To view a copy of 
this licence, visit http:// creat iveco mmons. org/ licen ses/ by/4. 0/.

References

 1. S. Wang, D.W. Zhang, P. Zhou, Two-dimensional materials 
for synaptic electronics and neuromorphic systems. Sci. Bull. 
64, 1056–1066 (2019). https:// doi. org/ 10. 1016/j. scib. 2019. 
01. 016

 2. Q. Wan, M.T. Sharbati, J.R. Erickson, Y. Du, F. Xiong, 
Emerging artificial synaptic devices for neuromorphic com-
puting. Adv. Mater. Technol. 4, 1900037 (2019). https:// doi. 
org/ 10. 1002/ admt. 20190 0037

 3. K. Lu, X. Li, Q. Sun, X. Pang, J. Chen et al., Solution-pro-
cessed electronics for artificial synapses. Mater. Horiz. 8, 
447–470 (2021). https:// doi. org/ 10. 1039/ d0mh0 1520b

 4. L. Sun, W. Wang, H. Yang, Recent progress in synaptic 
devices based on 2D materials. Adv. Intell. Syst. 2, 1900167 
(2020). https:// doi. org/ 10. 1002/ aisy. 20190 0167

 5. G. Cao, P. Meng, J. Chen, H. Liu, R. Bian et al., 2D material 
based synaptic devices for neuromorphic computing. Adv. 
Funct. Mater. 31, 2005443 (2021). https:// doi. org/ 10. 1002/ 
adfm. 20200 5443

 6. X. Zou, S. Xu, X. Chen, L. Yan, Y. Han, Breaking the von 
Neumann bottleneck: architecture-level processing-in-
memory technology. Sci. China Inf. Sci. 64, 160404 (2021). 
https:// doi. org/ 10. 1007/ s11432- 020- 3227-1

 7. R. Pendurthi, D. Jayachandran, A. Kozhakhmetov, N. Trainor, 
J.A. Robinson et al., Heterogeneous integration of atomically 
thin semiconductors for non-von Neumann CMOS. Small 18, 
e2202590 (2022). https:// doi. org/ 10. 1002/ smll. 20220 2590

http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1016/j.scib.2019.01.016
https://doi.org/10.1016/j.scib.2019.01.016
https://doi.org/10.1002/admt.201900037
https://doi.org/10.1002/admt.201900037
https://doi.org/10.1039/d0mh01520b
https://doi.org/10.1002/aisy.201900167
https://doi.org/10.1002/adfm.202005443
https://doi.org/10.1002/adfm.202005443
https://doi.org/10.1007/s11432-020-3227-1
https://doi.org/10.1002/smll.202202590


Nano-Micro Lett.          (2024) 16:211  Page 27 of 32   211 

1 3

 8. L.F. Abbott, S.B. Nelson, Synaptic plasticity: taming the 
beast. Nat. Neurosci. 3(Suppl), 1178–1183 (2000). https:// 
doi. org/ 10. 1038/ 81453

 9. P. Yao, H. Wu, B. Gao, J. Tang, Q. Zhang et al., Fully 
hardware-implemented memristor convolutional neural 
network. Nature 577, 641–646 (2020). https:// doi. org/ 10. 
1038/ s41586- 020- 1942-4

 10. K.-N. Kim, M.-J. Sung, H.-L. Park, T.-W. Lee, Organic 
synaptic transistors for bio-hybrid neuromorphic electron-
ics. Adv. Electron. Mater. 8, 2100935 (2022). https:// doi. 
org/ 10. 1002/ aelm. 20210 0935

 11. R. Yu, E. Li, X. Wu, Y. Yan, W. He et al., Electret-based 
organic synaptic transistor for neuromorphic computing. 
ACS Appl. Mater. Interfaces 12, 15446–15455 (2020). 
https:// doi. org/ 10. 1021/ acsami. 9b229 25

 12. S.J. Kim, S. Kim, H.W. Jang, Competing memristors for 
brain-inspired computing. iScience 24, 101889 (2021). 
https:// doi. org/ 10. 1016/j. isci. 2020. 101889

 13. K.C. Kwon, J.H. Baek, K. Hong, S.Y. Kim, H.W. Jang, 
Memristive devices based on two-dimensional transi-
tion metal chalcogenides for neuromorphic computing. 
Nano Micro Lett. 14, 58 (2022). https:// doi. org/ 10. 1007/ 
s40820- 021- 00784-3

 14. H. Zhou, S. Li, K.-W. Ang, Y.-W. Zhang, Recent advances in 
In-memory computing: exploring memristor and memtran-
sistor arrays with 2D materials. Nano Micro Lett. 16, 121 
(2024). https:// doi. org/ 10. 1007/ s40820- 024- 01335-2

 15. Z. Wang, S. Joshi, S.E. Savel’ev, H. Jiang, R. Midya et al., 
Memristors with diffusive dynamics as synaptic emulators 
for neuromorphic computing. Nat. Mater. 16, 101–108 
(2017). https:// doi. org/ 10. 1038/ nmat4 756

 16. R.S. Zucker, W.G. Regehr, Short-term synaptic plasticity. 
Ann. Rev. Physiol. 64(1), 355–405 (2002). https:// doi. org/ 
10. 1146/ annur ev. physi ol. 64. 092501. 114547

 17. T.V.P. Bliss, G.L. Collingridge, A synaptic model of mem-
ory: long-term potentiation in the hippocampus. Nature 
361, 31–39 (1993). https:// doi. org/ 10. 1038/ 36103 1a0

 18. M.-K. Kim, J.-S. Lee, Short-term plasticity and long-term 
potentiation in artificial biosynapses with diffusive dynam-
ics. ACS Nano 12, 1680–1687 (2018). https:// doi. org/ 10. 
1021/ acsna no. 7b083 31

 19. D. Kim, J.-S. Lee, Neurotransmitter-induced excitatory 
and inhibitory functions in artificial synapses. Adv. Funct. 
Mater. 32, 2200497 (2022). https:// doi. org/ 10. 1002/ adfm. 
20220 0497

 20. Y.-B. Leng, Y.-Q. Zhang, Z. Lv, J. Wang, T. Xie et al., 
Recent progress in multiterminal memristors for neuromor-
phic applications. Adv. Electron. Mater. 9, 2300108 (2023). 
https:// doi. org/ 10. 1002/ aelm. 20230 0108

 21. H. Cho, D. Lee, K. Ko, D.-Y. Lin, H. Lee et al., Double-
floating-gate van der Waals transistor for high-precision 
synaptic operations. ACS Nano 17, 7384–7393 (2023). 
https:// doi. org/ 10. 1021/ acsna no. 2c115 38

 22. W. Li, J. Li, Y. Chen, Z. Chen, W. Li et al., Demonstra-
tion of nonvolatile storage and synaptic functions in 

all-two-dimensional floating-gate transistors based on 
 MoS2 channels. ACS Appl. Electron. Mater. 5, 4354–4362 
(2023). https:// doi. org/ 10. 1021/ acsae lm. 3c005 95

 23. H.-Y. Huang, C. Ge, Q.-H. Zhang, C.-X. Liu, J.-Y. Du et al., 
Electrolyte-gated synaptic transistor with oxygen ions. Adv. 
Funct. Mater. 29, 1902702 (2019). https:// doi. org/ 10. 1002/ 
adfm. 20190 2702

 24. M.-K. Kim, J.-S. Lee, Ferroelectric analog synaptic transis-
tors. Nano Lett. 19, 2044–2050 (2019). https:// doi. org/ 10. 
1021/ acs. nanol ett. 9b001 80

 25. E. Li, X. Wu, Q. Chen, S. Wu, L. He et al., Nanoscale 
channel organic ferroelectric synaptic transistor array for 
high recognition accuracy neuromorphic computing. Nano 
Energy 85, 106010 (2021). https:// doi. org/ 10. 1016/j. 
nanoen. 2021. 106010

 26. H. Li, X. Jiang, W. Ye, H. Zhang, L. Zhou et al., Fully 
photon modulated heterostructure for neuromorphic com-
puting. Nano Energy 65, 104000 (2019). https:// doi. org/ 10. 
1016/j. nanoen. 2019. 104000

 27. W.C. Abraham, Metaplasticity: tuning synapses and net-
works for plasticity. Nat. Rev. Neurosci. 9, 387 (2008). 
https:// doi. org/ 10. 1038/ nrn23 56

 28. K. Lee, J. Lee, R.D. Nikam, S. Heo, H. Hwang, Sodium-
based nano-ionic synaptic transistor with improved reten-
tion characteristics. Nanotechnology 31, 455204 (2020). 
https:// doi. org/ 10. 1088/ 1361- 6528/ abaa0e

 29. Y. Sun, L. Qian, D. Xie, Y. Lin, M. Sun et al., Photoelectric 
synaptic plasticity realized by 2D perovskite. Adv. Funct. 
Mater. 29, 1902538 (2019). https:// doi. org/ 10. 1002/ adfm. 
20190 2538

 30. H.-G. Hwang, Y. Pyo, J.-U. Woo, I.-S. Kim, S.-W. Kim 
et al., Engineering synaptic plasticity through the control 
of oxygen vacancy concentration for the improvement of 
learning accuracy in a  Ta2O5 memristor. J. Alloys Compd. 
902, 163764 (2022). https:// doi. org/ 10. 1016/j. jallc om. 2022. 
163764

 31. H. Lee, M. Jin, H.-J. Na, C. Im, J.H. Lee et al., Implementa-
tion of synaptic device using ultraviolet ozone treated water-
in-bisalt/polymer electrolyte-gated transistor. Adv. Funct. 
Mater. 32, 2110591 (2022). https:// doi. org/ 10. 1002/ adfm. 
20211 0591

 32. S. Oh, S. Jung, M.H. Ali, J.-H. Kim, H. Kim et al., Highly 
stable artificial synapse consisting of low-surface defect van 
der Waals and self-assembled materials. ACS Appl. Mater. 
Interfaces 12, 38299–38305 (2020). https:// doi. org/ 10. 1021/ 
acsami. 0c073 94

 33. J. Bak, S. Kim, K. Park, J. Yoon, M. Yang et al., Reinforc-
ing synaptic plasticity of defect-tolerant states in alloyed 2D 
artificial transistors. ACS Appl. Mater. Interfaces 15(33), 
39539–39549 (2023). https:// doi. org/ 10. 1021/ acsami. 3c075 
78

 34. C. Pan, C.-Y. Wang, S.-J. Liang, Y. Wang, T. Cao et al., 
Reconfigurable logic and neuromorphic circuits based 
on electrically tunable two-dimensional homojunctions. 
Nat. Electron. 3, 383–390 (2020). https:// doi. org/ 10. 1038/ 
s41928- 020- 0433-9

https://doi.org/10.1038/81453
https://doi.org/10.1038/81453
https://doi.org/10.1038/s41586-020-1942-4
https://doi.org/10.1038/s41586-020-1942-4
https://doi.org/10.1002/aelm.202100935
https://doi.org/10.1002/aelm.202100935
https://doi.org/10.1021/acsami.9b22925
https://doi.org/10.1016/j.isci.2020.101889
https://doi.org/10.1007/s40820-021-00784-3
https://doi.org/10.1007/s40820-021-00784-3
https://doi.org/10.1007/s40820-024-01335-2
https://doi.org/10.1038/nmat4756
https://doi.org/10.1146/annurev.physiol.64.092501.114547
https://doi.org/10.1146/annurev.physiol.64.092501.114547
https://doi.org/10.1038/361031a0
https://doi.org/10.1021/acsnano.7b08331
https://doi.org/10.1021/acsnano.7b08331
https://doi.org/10.1002/adfm.202200497
https://doi.org/10.1002/adfm.202200497
https://doi.org/10.1002/aelm.202300108
https://doi.org/10.1021/acsnano.2c11538
https://doi.org/10.1021/acsaelm.3c00595
https://doi.org/10.1002/adfm.201902702
https://doi.org/10.1002/adfm.201902702
https://doi.org/10.1021/acs.nanolett.9b00180
https://doi.org/10.1021/acs.nanolett.9b00180
https://doi.org/10.1016/j.nanoen.2021.106010
https://doi.org/10.1016/j.nanoen.2021.106010
https://doi.org/10.1016/j.nanoen.2019.104000
https://doi.org/10.1016/j.nanoen.2019.104000
https://doi.org/10.1038/nrn2356
https://doi.org/10.1088/1361-6528/abaa0e
https://doi.org/10.1002/adfm.201902538
https://doi.org/10.1002/adfm.201902538
https://doi.org/10.1016/j.jallcom.2022.163764
https://doi.org/10.1016/j.jallcom.2022.163764
https://doi.org/10.1002/adfm.202110591
https://doi.org/10.1002/adfm.202110591
https://doi.org/10.1021/acsami.0c07394
https://doi.org/10.1021/acsami.0c07394
https://doi.org/10.1021/acsami.3c07578
https://doi.org/10.1021/acsami.3c07578
https://doi.org/10.1038/s41928-020-0433-9
https://doi.org/10.1038/s41928-020-0433-9


 Nano-Micro Lett.          (2024) 16:211   211  Page 28 of 32

https://doi.org/10.1007/s40820-024-01445-x© The authors

 35. M. Li, Z. Liu, Y. Sun, Y. Ding, H. Chen et al., Tailoring neu-
roplasticity in a ferroelectric-gated multi-terminal synaptic 
transistor by Bi-directional modulation for improved pattern 
edge recognition. Adv. Funct. Mater. 33, 2307986 (2023). 
https:// doi. org/ 10. 1002/ adfm. 20230 7986

 36. Z. Zhang, S. Wang, C. Liu, R. Xie, W. Hu et al., All-in-one 
two-dimensional retinomorphic hardware device for motion 
detection and recognition. Nat. Nanotechnol. 17, 27–32 
(2022). https:// doi. org/ 10. 1038/ s41565- 021- 01003-1

 37. X. Huang, Q. Li, W. Shi, K. Liu, Y. Zhang et al., Dual-mode 
learning of ambipolar synaptic phototransistor based on 2D 
perovskite/organic heterojunction for flexible color recogniz-
able visual system. Small 17, e2102820 (2021). https:// doi. 
org/ 10. 1002/ smll. 20210 2820

 38. Y. Sun, M. Li, Y. Ding, H. Wang, H. Wang et al., Program-
mable van-der-Waals heterostructure-enabled optoelectronic 
synaptic floating-gate transistors with ultra-low energy con-
sumption. InfoMat 4, e12317 (2022). https:// doi. org/ 10. 1002/ 
inf2. 12317

 39. Y. Sun, Y. Ding, D. Xie, J. Xu, M. Sun et al., Optogenetics-
inspired neuromorphic optoelectronic synaptic transistors 
with optically modulated plasticity. Adv. Opt. Mater. 9, 
2002232 (2021). https:// doi. org/ 10. 1002/ adom. 20200 2232

 40. Y. Kim, A. Chortos, W. Xu, Y. Liu, J.Y. Oh et al., A bioin-
spired flexible organic artificial afferent nerve. Science 360, 
998–1003 (2018). https:// doi. org/ 10. 1126/ scien ce. aao00 98

 41. Y. Zhu, Y. He, C. Chen, L. Zhu, C. Wan et al., IGZO-based 
neuromorphic transistors with temperature-dependent syn-
aptic plasticity and spiking logics. Sci. China Inf. Sci. 65, 
162401 (2022). https:// doi. org/ 10. 1007/ s11432- 021- 3326-6

 42. Y. Choi, S. Oh, C. Qian, J.-H. Park, J.H. Cho, Vertical organic 
synapse expandable to 3D crossbar array. Nat. Commun. 11, 
4595 (2020). https:// doi. org/ 10. 1038/ s41467- 020- 17850-w

 43. T. Mikolajick, M.H. Park, L. Begon-Lours, S. Slesazeck, 
From ferroelectric material optimization to neuromorphic 
devices. Adv. Mater. 35, 2206042 (2023). https:// doi. org/ 10. 
1002/ adma. 20220 6042

 44. M. Xu, X. Mai, J. Lin, W. Zhang, Y. Li et  al., Recent 
advances on neuromorphic devices based on chalcogenide 
phase-change materials. Adv. Funct. Mater. 30(50), 2003419 
(2020). https:// doi. org/ 10. 1002/ adfm. 20200 3419

 45. Q. Zhang, Z. Zhang, C. Li, R. Xu, D. Yang et al., Van der 
Waals materials-based floating gate memory for neuromor-
phic computing. Chip 2, 100059 (2023). https:// doi. org/ 10. 
1016/j. chip. 2023. 100059

 46. X. Lin, Y. Li, Y. Lei, Q. Sun, Electric-double-layer-gated 2D 
transistors for bioinspired sensors and neuromorphic devices. 
Int. J. Smart Nano Mater. 15, 238–259 (2024). https:// doi. org/ 
10. 1080/ 19475 411. 2024. 23068 37

 47. M. Song, Y. Sun, Z. Liu, B. Wei, H. Wang et al., Threshold 
voltage control of carbon nanotube-based synaptic transistors 
via chemical doping for plasticity modulation and symmetry 
improvement. Carbon 184, 295–302 (2021). https:// doi. org/ 
10. 1016/j. carbon. 2021. 08. 020

 48. N. He, Q. Yuan, Y. Wang, Y. Sun, D. Wen, Inverter and ter-
nary content-addressable memory based on carbon nanotube 

transistors using chemical doping strategy. Adv. Electron. 
Mater. 8, 2200424 (2022). https:// doi. org/ 10. 1002/ aelm. 
20220 0424

 49. W. Li, J. Huang, B. Han, C. Xie, X. Huang et al., Molten-
salt-assisted chemical vapor deposition process for substi-
tutional doping of monolayer  MoS2 and effectively altering 
the electronic structure and phononic properties. Adv. Sci. 
7, 2001080 (2020). https:// doi. org/ 10. 1002/ advs. 20200 1080

 50. H. Geng, M. Cheng, B. Wang, Y. Yang, Y. Zhang et al., 
Electronic structure regulation of layered vanadium oxide 
via interlayer doping strategy toward superior high-rate and 
low-temperature zinc-ion batteries. Adv. Funct. Mater. 30, 
1907684 (2020). https:// doi. org/ 10. 1002/ adfm. 20190 7684

 51. Q. Liu, S. Zeiske, X. Jiang, D. Desta, S. Mertens et al., 
Electron-donating amine-interlayer induced n-type doping 
of polymer: nonfullerene blends for efficient narrowband 
near-infrared photo-detection. Nat. Commun. 13, 5194 
(2022). https:// doi. org/ 10. 1038/ s41467- 022- 32845-5

 52. H. Huang, L. Wang, Y. Lv, X. Liu, X. Zhao et al., High-
performance  WSe2 n-type field-effect transistors enabled 
by  InOx damage-free doping. IEEE Electron Device Lett. 
42, 1081–1084 (2021). https:// doi. org/ 10. 1109/ LED. 2021. 
30821 40

 53. L. Loh, Z. Zhang, M. Bosman, G. Eda, Substitutional 
doping in 2D transition metal dichalcogenides. Nano 
Res. 14, 1668–1681 (2021). https:// doi. org/ 10. 1007/ 
s12274- 020- 3013-4

 54. M. Cargnello, A.C. Johnston-Peck, B.T. Diroll, E. Wong, B. 
Datta et al., Substitutional doping in nanocrystal superlat-
tices. Nature 524, 450–453 (2015). https:// doi. org/ 10. 1038/ 
natur e14872

 55. J. Suh, T.L. Tan, W. Zhao, J. Park, D.-Y. Lin et al., Reconfig-
uring crystal and electronic structures of  MoS2 by substitu-
tional doping. Nat. Commun. 9, 199 (2018). https:// doi. org/ 
10. 1038/ s41467- 017- 02631-9

 56. X. Zhang, Z. Shao, X. Zhang, Y. He, J. Jie, Surface charge 
transfer doping of low-dimensional nanostructures toward 
high-performance nanodevices. Adv. Mater. 28, 10409–
10442 (2016). https:// doi. org/ 10. 1002/ adma. 20160 1966

 57. S. Xiong, Y. Dai, J. Yang, W. Xiao, D. Li et al., Surface 
charge-transfer doping for highly efficient perovskite solar 
cells. Nano Energy 79, 105505 (2021). https:// doi. org/ 10. 
1016/j. nanoen. 2020. 105505

 58. Y. Gong, H. Yuan, C.-L. Wu, P. Tang, S.-Z. Yang et al., Spa-
tially controlled doping of two-dimensional  SnS2 through 
intercalation for electronics. Nat. Nanotechnol. 13, 294–299 
(2018). https:// doi. org/ 10. 1038/ s41565- 018- 0069-3

 59. J. Zhou, Z. Lin, H. Ren, X. Duan, I. Shakir et al., Layered 
intercalation materials. Adv. Mater. 33, 2004557 (2021). 
https:// doi. org/ 10. 1002/ adma. 20200 4557

 60. C. Zhou, Y. Yu, X. Zhang, Y. Cheng, J. Xu et al., Cu interca-
lation and Br doping to thermoelectric  SnSe2 lead to ultrahigh 
electron mobility and temperature-independent power factor. 
Adv. Funct. Mater. 30, 1908405 (2020). https:// doi. org/ 10. 
1002/ adfm. 20190 8405

https://doi.org/10.1002/adfm.202307986
https://doi.org/10.1038/s41565-021-01003-1
https://doi.org/10.1002/smll.202102820
https://doi.org/10.1002/smll.202102820
https://doi.org/10.1002/inf2.12317
https://doi.org/10.1002/inf2.12317
https://doi.org/10.1002/adom.202002232
https://doi.org/10.1126/science.aao0098
https://doi.org/10.1007/s11432-021-3326-6
https://doi.org/10.1038/s41467-020-17850-w
https://doi.org/10.1002/adma.202206042
https://doi.org/10.1002/adma.202206042
https://doi.org/10.1002/adfm.202003419
https://doi.org/10.1016/j.chip.2023.100059
https://doi.org/10.1016/j.chip.2023.100059
https://doi.org/10.1080/19475411.2024.2306837
https://doi.org/10.1080/19475411.2024.2306837
https://doi.org/10.1016/j.carbon.2021.08.020
https://doi.org/10.1016/j.carbon.2021.08.020
https://doi.org/10.1002/aelm.202200424
https://doi.org/10.1002/aelm.202200424
https://doi.org/10.1002/advs.202001080
https://doi.org/10.1002/adfm.201907684
https://doi.org/10.1038/s41467-022-32845-5
https://doi.org/10.1109/LED.2021.3082140
https://doi.org/10.1109/LED.2021.3082140
https://doi.org/10.1007/s12274-020-3013-4
https://doi.org/10.1007/s12274-020-3013-4
https://doi.org/10.1038/nature14872
https://doi.org/10.1038/nature14872
https://doi.org/10.1038/s41467-017-02631-9
https://doi.org/10.1038/s41467-017-02631-9
https://doi.org/10.1002/adma.201601966
https://doi.org/10.1016/j.nanoen.2020.105505
https://doi.org/10.1016/j.nanoen.2020.105505
https://doi.org/10.1038/s41565-018-0069-3
https://doi.org/10.1002/adma.202004557
https://doi.org/10.1002/adfm.201908405
https://doi.org/10.1002/adfm.201908405


Nano-Micro Lett.          (2024) 16:211  Page 29 of 32   211 

1 3

 61. A. Azcatl, X. Qin, A. Prakash, C. Zhang, L. Cheng et al., 
Covalent nitrogen doping and compressive strain in  MoS2 
by remote  N2 plasma exposure. Nano Lett. 16, 5437–5443 
(2016). https:// doi. org/ 10. 1021/ acs. nanol ett. 6b018 53

 62. J. Zou, Z. Cai, Y. Lai, J. Tan, R. Zhang et al., Doping concen-
tration modulation in vanadium-doped monolayer molybde-
num disulfide for synaptic transistors. ACS Nano 15, 7340–
7347 (2021). https:// doi. org/ 10. 1021/ acsna no. 1c005 96

 63. Y. Wang, Y. Zheng, C. Han, W. Chen, Surface charge transfer 
doping for two-dimensional semiconductor-based electronic 
and optoelectronic devices. Nano Res. 14, 1682–1697 (2021). 
https:// doi. org/ 10. 1007/ s12274- 020- 2919-1

 64. A. Nipane, D. Karmakar, N. Kaushik, S. Karande, S. Lodha, 
Few-layer  MoS2 p-type devices enabled by selective doping 
using low energy phosphorus implantation. ACS Nano 10, 
2128–2137 (2016). https:// doi. org/ 10. 1021/ acsna no. 5b065 29

 65. X. Liu, D. Qu, J. Ryu, F. Ahmed, Z. Yang et al., P-type polar 
transition of chemically doped multilayer  MoS2 transistor. 
Adv. Mater. 28, 2345–2351 (2016). https:// doi. org/ 10. 1002/ 
adma. 20150 5154

 66. X. Liu, Y. Yuan, D. Qu, J. Sun, Ambipolar  MoS2 field-effect 
transistor by spatially controlled chemical doping. Phys. Sta-
tus Solidi RRL 13, 1900208 (2019). https:// doi. org/ 10. 1002/ 
pssr. 20190 0208

 67. Y. Li, H. Yan, B. Xu, L. Zhen, C.-Y. Xu, Electrochemical 
intercalation in atomically thin van der Waals materials for 
structural phase transition and device applications. Adv. 
Mater. 33, e2000581 (2021). https:// doi. org/ 10. 1002/ adma. 
20200 0581

 68. J. Zhu, Y. Yang, R. Jia, Z. Liang, W. Zhu et al., Ion gated syn-
aptic transistors based on 2D van der Waals crystals with tun-
able diffusive dynamics. Adv. Mater. 30, e1800195 (2018). 
https:// doi. org/ 10. 1002/ adma. 20180 0195

 69. Y. Park, M.-K. Kim, J.-S. Lee, Ion-gating synaptic transistors 
with long-term synaptic weight modulation. J. Mater. Chem. 
C 9, 5396–5402 (2021). https:// doi. org/ 10. 1039/ D1TC0 
0048A

 70. J.H. Baek, K.J. Kwak, S.J. Kim, J. Kim, J.Y. Kim et al., Two-
terminal lithium-mediated artificial synapses with enhanced 
weight modulation for feasible hardware neural networks. 
Nano-Micro Lett. 15, 69 (2023). https:// doi. org/ 10. 1007/ 
s40820- 023- 01035-3

 71. Y. Du, X. Wang, J. Sun, Tunable oxygen vacancy concentra-
tion in vanadium oxide as mass-produced cathode for aque-
ous zinc-ion batteries. Nano Res. 14, 754–761 (2021). https:// 
doi. org/ 10. 1007/ s12274- 020- 3109-x

 72. Y. Tian, X. Liu, L. Xu, D. Yuan, Y. Dou et al., Engineering 
crystallinity and oxygen vacancies of co(II) oxide nanosheets 
for high performance and robust rechargeable Zn–air batter-
ies. Adv. Funct. Mater. 31, 2101239 (2021). https:// doi. org/ 
10. 1002/ adfm. 20210 1239

 73. B. Wang, J. Liu, S. Yao, F. Liu, Y. Li et al., Vacancy engineer-
ing in nanostructured semiconductors for enhancing photo-
catalysis. J. Mater. Chem. A 9, 17143–17172 (2021). https:// 
doi. org/ 10. 1039/ d1ta0 3895h

 74. Y. Liu, C. Xiao, Z. Li, Y. Xie, Vacancy engineering for tuning 
electron and phonon structures of two-dimensional materials. 
Adv. Energy Mater. 6, 1600436 (2016). https:// doi. org/ 10. 
1002/ aenm. 20160 0436

 75. Z. Wu, Y. Zhao, W. Jin, B. Jia, J. Wang et al., Recent progress 
of vacancy engineering for electrochemical energy conver-
sion related applications. Adv. Funct. Mater. 31, 2009070 
(2021). https:// doi. org/ 10. 1002/ adfm. 20200 9070

 76. Q. Gao, W. Luo, X. Ma, Z. Ma, S. Li et al., Electronic modu-
lation and vacancy engineering of Ni9S8 to synergistically 
boost efficient water splitting: active vacancy-metal pairs. 
Appl. Catal. B-Environ. 310, 121356 (2022). https:// doi. org/ 
10. 1016/j. apcatb. 2022. 121356

 77. Y. Zhang, Z. Wang, J. Zhu, Y. Yang, M. Rao et al., Brain-
inspired computing with memristors: challenges in devices, 
circuits, and systems. Appl. Phys. Rev. 7, 011308 (2020). 
https:// doi. org/ 10. 1063/1. 51240 27

 78. G. Di Martino, A. Demetriadou, W. Li, D. Kos, B. Zhu et al., 
Real-time in situ optical tracking of oxygen vacancy migra-
tion in memristors. Nat. Electron. 3, 687–693 (2020). https:// 
doi. org/ 10. 1038/ s41928- 020- 00478-5

 79. H. Tan, S. Majumdar, Q. Qin, J. Lahtinen, S. Dijken, Mim-
icking neurotransmitter release and long-term plasticity by 
oxygen vacancy migration in a tunnel junction memristor. 
Adv. Intelligent Syst. 1, 1900036 (2019). https:// doi. org/ 10. 
1002/ aisy. 20190 0036

 80. Y. Zhang, G.-Q. Mao, X. Zhao, Y. Li, M. Zhang et al., Evolu-
tion of the conductive filament system in  HfO2-based memris-
tors observed by direct atomic-scale imaging. Nat. Commun. 
12, 7232 (2021). https:// doi. org/ 10. 1038/ s41467- 021- 27575-z

 81. V. Humbert, R. El Hage, G. Krieger, G. Sanchez-Santolino, 
A. Sander et al., An oxygen vacancy memristor ruled by elec-
tron correlations. Adv. Sci. 9, e2201753 (2022). https:// doi. 
org/ 10. 1002/ advs. 20220 1753

 82. J. Jiang, T. Xu, J. Lu, L. Sun, Z. Ni, Defect engineering in 
2D materials: precise manipulation and improved function-
alities. Research 2019, 4641739 (2019). https:// doi. org/ 10. 
34133/ 2019/ 46417 39

 83. F. Bai, L. Xu, X. Zhai, X. Chen, W. Yang, Vacancy in 
ultrathin 2D nanomaterials toward sustainable energy appli-
cation. Adv. Energy Mater. 10, 1902107 (2020). https:// doi. 
org/ 10. 1002/ aenm. 20190 2107

 84. Z. Qin, K. Xu, H. Yue, H. Wang, J. Zhang et al., Enhanced 
room-temperature  NH3 gas sensing by 2D  SnS2 with sulfur 
vacancies synthesized by chemical exfoliation. Sens. Actuat. 
B Chem. 262, 771–779 (2018). https:// doi. org/ 10. 1016/j. snb. 
2018. 02. 060

 85. J. Kim, C. Im, C. Lee, J. Hwang, H. Jang et al., Solvent-
assisted sulfur vacancy engineering method in  MoS2 for a 
neuromorphic synaptic memristor. Nanoscale Horiz. 8, 1417–
1427 (2023). https:// doi. org/ 10. 1039/ d3nh0 0201b

 86. S.J. Kim, T.H. Lee, J.-M. Yang, J.W. Yang, Y.J. Lee et al., 
Vertically aligned two-dimensional halide perovskites for 
reliably operable artificial synapses. Mater. Today 52, 19–30 
(2022). https:// doi. org/ 10. 1016/j. mattod. 2021. 10. 035

https://doi.org/10.1021/acs.nanolett.6b01853
https://doi.org/10.1021/acsnano.1c00596
https://doi.org/10.1007/s12274-020-2919-1
https://doi.org/10.1021/acsnano.5b06529
https://doi.org/10.1002/adma.201505154
https://doi.org/10.1002/adma.201505154
https://doi.org/10.1002/pssr.201900208
https://doi.org/10.1002/pssr.201900208
https://doi.org/10.1002/adma.202000581
https://doi.org/10.1002/adma.202000581
https://doi.org/10.1002/adma.201800195
https://doi.org/10.1039/D1TC00048A
https://doi.org/10.1039/D1TC00048A
https://doi.org/10.1007/s40820-023-01035-3
https://doi.org/10.1007/s40820-023-01035-3
https://doi.org/10.1007/s12274-020-3109-x
https://doi.org/10.1007/s12274-020-3109-x
https://doi.org/10.1002/adfm.202101239
https://doi.org/10.1002/adfm.202101239
https://doi.org/10.1039/d1ta03895h
https://doi.org/10.1039/d1ta03895h
https://doi.org/10.1002/aenm.201600436
https://doi.org/10.1002/aenm.201600436
https://doi.org/10.1002/adfm.202009070
https://doi.org/10.1016/j.apcatb.2022.121356
https://doi.org/10.1016/j.apcatb.2022.121356
https://doi.org/10.1063/1.5124027
https://doi.org/10.1038/s41928-020-00478-5
https://doi.org/10.1038/s41928-020-00478-5
https://doi.org/10.1002/aisy.201900036
https://doi.org/10.1002/aisy.201900036
https://doi.org/10.1038/s41467-021-27575-z
https://doi.org/10.1002/advs.202201753
https://doi.org/10.1002/advs.202201753
https://doi.org/10.34133/2019/4641739
https://doi.org/10.34133/2019/4641739
https://doi.org/10.1002/aenm.201902107
https://doi.org/10.1002/aenm.201902107
https://doi.org/10.1016/j.snb.2018.02.060
https://doi.org/10.1016/j.snb.2018.02.060
https://doi.org/10.1039/d3nh00201b
https://doi.org/10.1016/j.mattod.2021.10.035


 Nano-Micro Lett.          (2024) 16:211   211  Page 30 of 32

https://doi.org/10.1007/s40820-024-01445-x© The authors

 87. X. Hou, T. Jin, Y. Zheng, W. Chen, Atomic-scale interface 
engineering for two-dimensional materials based field-effect 
transistors. SmartMat (2023). https:// doi. org/ 10. 1002/ smm2. 
1236

 88. S. Banerjee, J. Luginsland, P. Zhang, Interface engineering 
of electrical contacts. Phys. Rev. Applied 15, 064048 (2021). 
https:// doi. org/ 10. 1103/ physr evapp lied. 15. 064048

 89. Z. Yu, Y. Pan, Y. Shen, Z. Wang, Z.-Y. Ong et al., Towards 
intrinsic charge transport in monolayer molybdenum disulfide 
by defect and interface engineering. Nat. Commun. 5, 5290 
(2014). https:// doi. org/ 10. 1038/ ncomm s6290

 90. B. Zheng, C. Ma, D. Li, J. Lan, Z. Zhang et al., Band align-
ment engineering in two-dimensional lateral heterostructures. 
J. Am. Chem. Soc. 140, 11193–11197 (2018). https:// doi. org/ 
10. 1021/ jacs. 8b074 01

 91. Q. Li, Q. Zhou, L. Shi, Q. Chen, J. Wang, Recent advances in 
oxidation and degradation mechanisms of ultrathin 2D mate-
rials under ambient conditions and their passivation strate-
gies. J. Mater. Chem. A 7, 4291–4312 (2019). https:// doi. org/ 
10. 1039/ c8ta1 0306b

 92. A. Favron, E. Gaufrès, F. Fossard, A.-L. Phaneuf-L’Heureux, 
N.Y.-W. Tang et al., Photooxidation and quantum confine-
ment effects in exfoliated black phosphorus. Nat. Mater. 14, 
826–832 (2015). https:// doi. org/ 10. 1038/ nmat4 299

 93. Q. Zhou, Q. Chen, Y. Tong, J. Wang, Light-induced ambient 
degradation of few-layer black phosphorus: mechanism and 
protection. Angew. Chem. Int. Ed. 55, 11437–11441 (2016). 
https:// doi. org/ 10. 1002/ anie. 20160 5168

 94. J. Pei, X. Gai, J. Yang, X. Wang, Z. Yu et al., Producing air-
stable monolayers of phosphorene and their defect engineer-
ing. Nat. Commun. 7, 10450 (2016). https:// doi. org/ 10. 1038/ 
ncomm s10450

 95. T. Ahmed, M. Tahir, M.X. Low, Y. Ren, S.A. Tawfik et al., 
Fully light-controlled memory and neuromorphic computa-
tion in layered black phosphorus. Adv. Mater. 33, e2004207 
(2021). https:// doi. org/ 10. 1002/ adma. 20200 4207

 96. S. Seo, S.H. Jo, S. Kim, J. Shim, S. Oh et al., Artificial optic-
neural synapse for colored and color-mixed pattern recogni-
tion. Nat. Commun. 9, 5106 (2018). https:// doi. org/ 10. 1038/ 
s41467- 018- 07572-5

 97. Y. Chen, Y. Wang, Z. Wang, Y. Gu, Y. Ye et al., Unipolar bar-
rier photodetectors based on van der Waals heterostructures. 
Nat. Electron. 4, 357–363 (2021). https:// doi. org/ 10. 1038/ 
s41928- 021- 00586-w

 98. Y. Sun, Y. Ding, D. Xie, M. Sun, J. Xu et al., Reconfigur-
able optical memory based on  MoS2/QDs mixed-dimensional 
van der Waals heterostructure. 2D Mater. 8, 025021 (2021). 
https:// doi. org/ 10. 1088/ 2053- 1583/ abd90a

 99. M. Farronato, P. Mannocci, M. Melegari, S. Ricci, C.M. 
Compagnoni et al., Reservoir computing with charge-trap 
memory based on a  MoS2 channel for neuromorphic engi-
neering. Adv. Mater. 35, e2205381 (2023). https:// doi. org/ 
10. 1002/ adma. 20220 5381

 100. T. Zhao, C. Zhao, W. Xu, Y. Liu, H. Gao et al., Bio-inspired 
photoelectric artificial synapse based on two-dimensional 

 Ti3C2Tx mxenes floating gate. Adv. Funct. Mater. 31(45), 
2106000 (2021). https:// doi. org/ 10. 1002/ adfm. 20210 6000

 101. Y. Cao, A. Rushforth, Y. Sheng, H. Zheng, K. Wang, Tuning a 
binary ferromagnet into a multistate synapse with spin–orbit-
torque-induced plasticity. Adv. Funct. Mater. 29, 1808104 
(2019). https:// doi. org/ 10. 1002/ adfm. 20180 8104

 102. L. Liu, W. Xiong, Y. Liu, K. Chen, Z. Xu et al., Designing 
high-performance storage in  HfO2/BiFeO3 memristor for arti-
ficial synapse applications. Adv. Electron. Mater. 6, 1901012 
(2020). https:// doi. org/ 10. 1002/ aelm. 20190 1012

 103. I. Kupfermann, Modulatory actions of neurotransmitters. 
Annu. Rev. Neurosci. 2, 447–465 (1979). https:// doi. org/ 10. 
1146/ annur ev. ne. 02. 030179. 002311

 104. K.R. Weiss, E. Shapiro, I. Kupfermann, Modulatory synaptic 
actions of an identified histaminergic neuron on the seroton-
ergic metacerebral cell of Aplysia. J. Neurosci. 6, 2393–2402 
(1986). https:// doi. org/ 10. 1523/ JNEUR OSCI. 06- 08- 02393. 
1986

 105. K.S. Novoselov, A.K. Geim, S.V. Morozov, D. Jiang, Y. 
Zhang et al., Electric field effect in atomically thin carbon 
films. Science 306, 666–669 (2004). https:// doi. org/ 10. 1126/ 
scien ce. 11028 96

 106. Q.H. Wang, K. Kalantar-Zadeh, A. Kis, J.N. Coleman, M.S. 
Strano, Electronics and optoelectronics of two-dimensional 
transition metal dichalcogenides. Nat. Nanotechnol. 7, 699–
712 (2012). https:// doi. org/ 10. 1038/ nnano. 2012. 193

 107. T. Knobloch, Y.Y. Illarionov, F. Ducry, C. Schleich, S. 
Wachter et al., The performance limits of hexagonal boron 
nitride as an insulator for scaled CMOS devices based on 
two-dimensional materials. Nat. Electron. 4, 98–108 (2021). 
https:// doi. org/ 10. 1038/ s41928- 020- 00529-x

 108. R. Wu, Q. Tao, W. Dang, Y. Liu, B. Li et al., Van der Waals 
epitaxial growth of atomically thin 2D metals on dangling-
bond-free  WSe2 and  WS2. Adv. Funct. Mater. 29, 1806611 
(2019). https:// doi. org/ 10. 1002/ adfm. 20180 6611

 109. A.K. Geim, I.V. Grigorieva, Van der Waals heterostructures. 
Nature 499, 419–425 (2013). https:// doi. org/ 10. 1038/ natur 
e12385

 110. L. Liu, C. Liu, L. Jiang, J. Li, Y. Ding et al., Ultrafast non-
volatile flash memory based on van der Waals heterostruc-
tures. Nat. Nanotechnol. 16, 874–881 (2021). https:// doi. org/ 
10. 1038/ s41565- 021- 00921-4

 111. Z. Sheng, J. Dong, W. Hu, Y. Wang, H. Sun et al., Reconfigur-
able logic-in-memory computing based on a polarity-control-
lable two-dimensional transistor. Nano Lett. 23, 5242–5249 
(2023). https:// doi. org/ 10. 1021/ acs. nanol ett. 3c012 48

 112. S.-Y. Min, W.-J. Cho, CMOS-compatible synaptic transistor 
gated by chitosan electrolyte-Ta2O5 hybrid electric double 
layer. Sci. Rep. 10, 15561 (2020). https:// doi. org/ 10. 1038/ 
s41598- 020- 72684-2

 113. Z. Lv, M. Chen, F. Qian, V.A.L. Roy, W. Ye et al., Mimick-
ing neuroplasticity in a hybrid biopolymer transistor by dual 
modes modulation. Adv. Funct. Mater. 29, 1902374 (2019). 
https:// doi. org/ 10. 1002/ adfm. 20190 2374

https://doi.org/10.1002/smm2.1236
https://doi.org/10.1002/smm2.1236
https://doi.org/10.1103/physrevapplied.15.064048
https://doi.org/10.1038/ncomms6290
https://doi.org/10.1021/jacs.8b07401
https://doi.org/10.1021/jacs.8b07401
https://doi.org/10.1039/c8ta10306b
https://doi.org/10.1039/c8ta10306b
https://doi.org/10.1038/nmat4299
https://doi.org/10.1002/anie.201605168
https://doi.org/10.1038/ncomms10450
https://doi.org/10.1038/ncomms10450
https://doi.org/10.1002/adma.202004207
https://doi.org/10.1038/s41467-018-07572-5
https://doi.org/10.1038/s41467-018-07572-5
https://doi.org/10.1038/s41928-021-00586-w
https://doi.org/10.1038/s41928-021-00586-w
https://doi.org/10.1088/2053-1583/abd90a
https://doi.org/10.1002/adma.202205381
https://doi.org/10.1002/adma.202205381
https://doi.org/10.1002/adfm.202106000
https://doi.org/10.1002/adfm.201808104
https://doi.org/10.1002/aelm.201901012
https://doi.org/10.1146/annurev.ne.02.030179.002311
https://doi.org/10.1146/annurev.ne.02.030179.002311
https://doi.org/10.1523/JNEUROSCI.06-08-02393.1986
https://doi.org/10.1523/JNEUROSCI.06-08-02393.1986
https://doi.org/10.1126/science.1102896
https://doi.org/10.1126/science.1102896
https://doi.org/10.1038/nnano.2012.193
https://doi.org/10.1038/s41928-020-00529-x
https://doi.org/10.1002/adfm.201806611
https://doi.org/10.1038/nature12385
https://doi.org/10.1038/nature12385
https://doi.org/10.1038/s41565-021-00921-4
https://doi.org/10.1038/s41565-021-00921-4
https://doi.org/10.1021/acs.nanolett.3c01248
https://doi.org/10.1038/s41598-020-72684-2
https://doi.org/10.1038/s41598-020-72684-2
https://doi.org/10.1002/adfm.201902374


Nano-Micro Lett.          (2024) 16:211  Page 31 of 32   211 

1 3

 114. M. Ba, M. Erouel, S. Mansouri, L. Chouiref, M. Jdir et al., 
Channel length effect of P3HT: ZnO hybrid blend layer on 
electrical characteristics of thin-film transistors. Sens. Actuat. 
A Phys. 359, 114470 (2023). https:// doi. org/ 10. 1016/j. sna. 
2023. 114470

 115. F. Zhang, H. Zhang, L. Zhu, L. Qin, Y. Wang et al., Two-
dimensional organic–inorganic hybrid perovskite field-
effect transistors with polymers as bottom-gate dielectrics. 
J. Mater. Chem. C 7, 4004–4012 (2019). https:// doi. org/ 10. 
1039/ c8tc0 6249h

 116. I.Y. Jo, J.-G. Park, J.-H. Moon, J.Y. Jung, D.E. Kim et al., 
Low-voltage-operating complementary-like circuits using 
ambipolar organic-inorganic hybrid thin-film transistors 
with solid-state-electrolyte gate insulator. Org. Electron. 
75, 105358 (2019). https:// doi. org/ 10. 1016/j. orgel. 2019. 07. 
016

 117. K.S. Jung, K. Heo, M.J. Kim, M. Andreev, S. Seo et al., Dou-
ble negative differential resistance device based on hafnium 
disulfide/pentacene hybrid structure. Adv. Sci. 7, 2000991 
(2020). https:// doi. org/ 10. 1002/ advs. 20200 0991

 118. C. Jiang, J. Liu, L. Yang, J. Gong, H. Wei et al., A flexible 
artificial sensory nerve enabled by nanoparticle-assembled 
synaptic devices for neuromorphic tactile recognition. Adv. 
Sci. 9, e2106124 (2022). https:// doi. org/ 10. 1002/ advs. 20210 
6124

 119. K.S. Severson, D. Xu, M. Van de Loo, L. Bai, D.D. Ginty 
et al., Active touch and self-motion encoding by merkel cell-
associated afferents. Neuron 94, 666-676.e9 (2017). https:// 
doi. org/ 10. 1016/j. neuron. 2017. 03. 045

 120. Y.R. Lee, T.Q. Trung, B.U. Hwang, N.E. Lee, A flex-
ible artificial intrinsic-synaptic tactile sensory organ. 
Nat. Commun. 11, 2753 (2020). https:// doi. org/ 10. 1038/ 
s41467- 020- 16606-w

 121. L. Mao, Neuromorphic sensing: a new breed of intelligent 
sensors. ACS Sens. 8, 2896–2897 (2023). https:// doi. org/ 10. 
1021/ acsse nsors. 3c016 08

 122. M. Zeng, Y. He, C. Zhang, Q. Wan, Neuromorphic devices 
for bionic sensing and perception. Front. Neurosci. 15, 
690950 (2021). https:// doi. org/ 10. 3389/ fnins. 2021. 690950

 123. T. Sarkar, K. Lieberth, A. Pavlou, T. Frank, V. Mailaender 
et al., An organic artificial spiking neuron for in situ neuro-
morphic sensing and biointerfacing. Nat. Electron. 5, 774–
783 (2022). https:// doi. org/ 10. 1038/ s41928- 022- 00859-y

 124. M. Lee, W. Lee, S. Choi, J.W. Jo, J. Kim et al., Brain-inspired 
photonic neuromorphic devices using photodynamic amor-
phous oxide semiconductors and their persistent photocon-
ductivity. Adv. Mater. 29, 1700951 (2017). https:// doi. org/ 10. 
1002/ adma. 20170 0951

 125. L. Yin, W. Huang, R. Xiao, W. Peng, Y. Zhu et al., Optically 
stimulated synaptic devices based on the hybrid structure of 
silicon nanomembrane and perovskite. Nano Lett. 20, 3378–
3387 (2020). https:// doi. org/ 10. 1021/ acs. nanol ett. 0c002 98

 126. K. Wang, S. Dai, Y. Zhao, Y. Wang, C. Liu et al., Light-
stimulated synaptic transistors fabricated by a facile solu-
tion process based on inorganic perovskite quantum dots and 

organic semiconductors. Small 15, e1900010 (2019). https:// 
doi. org/ 10. 1002/ smll. 20190 0010

 127. F. Huang, F. Fang, Y. Zheng, Q. You, H. Li et al., Visible-
light stimulated synaptic plasticity in amorphous indium-
gallium-zinc oxide enabled by monocrystalline double per-
ovskite for high-performance neuromorphic applications. 
Nano Res. 16, 1304–1312 (2023). https:// doi. org/ 10. 1007/ 
s12274- 022- 4806-4

 128. C. Han, X. Han, J. Han, M. He, S. Peng et al., Light-stimu-
lated synaptic transistor with high PPF feature for artificial 
visual perception system application. Adv. Funct. Mater. 
32, 2113053 (2022). https:// doi. org/ 10. 1002/ adfm. 20211 
3053

 129. Y. Ran, W. Lu, X. Wang, Z. Qin, X. Qin et al., High-per-
formance asymmetric electrode structured light-stimulated 
synaptic transistor for artificial neural networks. Mater. 
Horiz. 10, 4438–4451 (2023). https:// doi. org/ 10. 1039/ 
D3MH0 0775H

 130. Y. Sun, Y. Ding, D. Xie, Mixed-dimensional van der Waals 
heterostructures enabled optoelectronic synaptic devices 
for neuromorphic applications. Adv. Funct. Mater. 31(47), 
2105625 (2021). https:// doi. org/ 10. 1002/ adfm. 20210 5625

 131. S.W. Cho, C. Jo, Y.-H. Kim, S.K. Park, Progress of materi-
als and devices for neuromorphic vision sensors. Nano-
Micro Lett. 14, 203 (2022). https:// doi. org/ 10. 1007/ 
s40820- 022- 00945-y

 132. X. Zhu, W.D. Lu, Optogenetics-inspired tunable synaptic 
functions in memristors. ACS Nano 12, 1242–1249 (2018). 
https:// doi. org/ 10. 1021/ acsna no. 7b073 17

 133. H. Fang, W. Hu, Photogating in low dimensional photo-
detectors. Adv. Sci. 4, 1700323 (2017). https:// doi. org/ 10. 
1002/ advs. 20170 0323

 134. J. Shin, H. Yoo, Photogating effect-driven photodetectors 
and their emerging applications. Nanomaterials 13, 882 
(2023). https:// doi. org/ 10. 3390/ nano1 30508 82

 135. M. Kumar, R. Singh, H. Kang, S. Kim, H. Seo, An artifi-
cial piezotronic synapse for tactile perception. Nano Energy 
73, 104756 (2020). https:// doi. org/ 10. 1016/j. nanoen. 2020. 
104756

 136. Y. Wu, Y. Liu, Y. Zhou, Q. Man, C. Hu et al., A skin-
inspired tactile sensor for smart prosthetics. Sci. Robot. 3, 
0429 (2018). https:// doi. org/ 10. 1126/ sciro botics. aat04 29

 137. B.C. Tee, A. Chortos, A. Berndt, A.K. Nguyen, A. Tom 
et al., A skin-inspired organic digital mechanoreceptor. Sci-
ence 350, 313–316 (2015). https:// doi. org/ 10. 1126/ scien ce. 
aaa93 06

 138. A. Chortos, J. Liu, Z. Bao, Pursuing prosthetic electronic 
skin. Nat. Mater. 15, 937–950 (2016). https:// doi. org/ 10. 
1038/ nmat4 671

 139. M.A. McEvoy, N. Correll, Materials science. Materials that 
couple sensing, actuation, computation, and communica-
tion. Science 347, 1261689 (2015). https:// doi. org/ 10. 1126/ 
scien ce. 12616 89

 140. Y. Zang, F. Zhang, C.-A. Di, D. Zhu, Advances of flexible 
pressure sensors toward artificial intelligence and health 

https://doi.org/10.1016/j.sna.2023.114470
https://doi.org/10.1016/j.sna.2023.114470
https://doi.org/10.1039/c8tc06249h
https://doi.org/10.1039/c8tc06249h
https://doi.org/10.1016/j.orgel.2019.07.016
https://doi.org/10.1016/j.orgel.2019.07.016
https://doi.org/10.1002/advs.202000991
https://doi.org/10.1002/advs.202106124
https://doi.org/10.1002/advs.202106124
https://doi.org/10.1016/j.neuron.2017.03.045
https://doi.org/10.1016/j.neuron.2017.03.045
https://doi.org/10.1038/s41467-020-16606-w
https://doi.org/10.1038/s41467-020-16606-w
https://doi.org/10.1021/acssensors.3c01608
https://doi.org/10.1021/acssensors.3c01608
https://doi.org/10.3389/fnins.2021.690950
https://doi.org/10.1038/s41928-022-00859-y
https://doi.org/10.1002/adma.201700951
https://doi.org/10.1002/adma.201700951
https://doi.org/10.1021/acs.nanolett.0c00298
https://doi.org/10.1002/smll.201900010
https://doi.org/10.1002/smll.201900010
https://doi.org/10.1007/s12274-022-4806-4
https://doi.org/10.1007/s12274-022-4806-4
https://doi.org/10.1002/adfm.202113053
https://doi.org/10.1002/adfm.202113053
https://doi.org/10.1039/D3MH00775H
https://doi.org/10.1039/D3MH00775H
https://doi.org/10.1002/adfm.202105625
https://doi.org/10.1007/s40820-022-00945-y
https://doi.org/10.1007/s40820-022-00945-y
https://doi.org/10.1021/acsnano.7b07317
https://doi.org/10.1002/advs.201700323
https://doi.org/10.1002/advs.201700323
https://doi.org/10.3390/nano13050882
https://doi.org/10.1016/j.nanoen.2020.104756
https://doi.org/10.1016/j.nanoen.2020.104756
https://doi.org/10.1126/scirobotics.aat0429
https://doi.org/10.1126/science.aaa9306
https://doi.org/10.1126/science.aaa9306
https://doi.org/10.1038/nmat4671
https://doi.org/10.1038/nmat4671
https://doi.org/10.1126/science.1261689
https://doi.org/10.1126/science.1261689


 Nano-Micro Lett.          (2024) 16:211   211  Page 32 of 32

https://doi.org/10.1007/s40820-024-01445-x© The authors

care applications. Mater. Horiz. 2, 140–156 (2015). https:// 
doi. org/ 10. 1039/ C4MH0 0147H

 141. Q. Shi, B. Dong, T. He, Z. Sun, J. Zhu et al., Progress in 
wearable electronics/photonics—moving toward the era of 
artificial intelligence and Internet of Things. InfoMat 2, 
1131–1162 (2020). https:// doi. org/ 10. 1002/ inf2. 12122

 142. Y. Lee, J. Park, A. Choe, S. Cho, J. Kim et al., Mimicking 
human and biological skins for multifunctional skin electron-
ics. Adv. Funct. Mater. 30, 1904523 (2020). https:// doi. org/ 
10. 1002/ adfm. 20190 4523

 143. C. Wan, P. Cai, M. Wang, Y. Qian, W. Huang et al., Artificial 
sensory memory. Adv. Mater. 32, 1902434 (2020). https:// 
doi. org/ 10. 1002/ adma. 20190 2434

 144. X. Han, Y. Zhang, Z. Huo, X. Wang, G. Hu et al., A two-ter-
minal optoelectronic synapses array based on the ZnO/Al2O3/
CdS heterojunction with strain-modulated synaptic weight. 
Adv. Electron. Mater. 9, 2201068 (2023). https:// doi. org/ 10. 
1002/ aelm. 20220 1068

 145. Y. Chen, G. Gao, J. Zhao, H. Zhang, J. Yu et al., Piezotronic 
graphene artificial sensory synapse. Adv. Funct. Mater. 29, 
1900959 (2019). https:// doi. org/ 10. 1002/ adfm. 20190 0959

 146. H. Shim, F. Ershad, S. Patel, Y. Zhang, B. Wang et al., An 
elastic and reconfigurable synaptic transistor based on a 
stretchable bilayer semiconductor. Nat. Electron. 5, 660–671 
(2022). https:// doi. org/ 10. 1038/ s41928- 022- 00836-5

 147. J. Du, H. Yu, B. Liu, M. Hong, Q. Liao et al., Strain engi-
neering in 2D material-based flexible optoelectronics. Small 
Methods 5, e2000919 (2021). https:// doi. org/ 10. 1002/ smtd. 
20200 0919

 148. T. Monteiro, F.S. Rodrigues, M. Pexirra, B.F. Cruz, A.I. Gon-
çalves et al., Using temperature to analyze the neural basis of 
a time-based decision. Nat. Neurosci. 26, 1407–1416 (2023). 
https:// doi. org/ 10. 1038/ s41593- 023- 01378-5

 149. K. Shibasaki, M. Suzuki, A. Mizuno, M. Tominaga, Effects of 
body temperature on neural activity in the hippocampus: reg-
ulation of resting membrane potentials by transient receptor 
potential vanilloid 4. J. Neurosci. 27(7), 1566–1575 (2007). 
https:// doi. org/ 10. 1523/ jneur osci. 4284- 06. 2007

 150. J.C. Montgomery, J.A. MacDonald, Effects of temperature 
on nervous system: implications for behavioral performance. 
Am. J. Physiol. Regul. Integr. Comp. Physiol. 259, R191–
R196 (1990). https:// doi. org/ 10. 1152/ ajpre gu. 1990. 259.2. 
r191

 151. M.J. Van Hook, Temperature effects on synaptic transmission 
and neuronal function in the visual thalamus. PLoS ONE 15, 

e0232451 (2020). https:// doi. org/ 10. 1371/ journ al. pone. 02324 
51

 152. F.F. Weight, S.D. Erulkar, Synaptic transmission and effects 
of temperature at the squid giant synapse. Nature 261, 720–
722 (1976). https:// doi. org/ 10. 1038/ 26172 0a0

 153. A. Mahanty, G.K. Purohit, S. Banerjee, D. Karunakaran, S. 
Mohanty et al., Proteomic changes in the liver of Channa 
striatus in response to high temperature stress. Electrophore-
sis 37, 1704–1717 (2016). https:// doi. org/ 10. 1002/ elps. 20150 
0393

 154. E. Li, W. Lin, Y. Yan, H. Yang, X. Wang et al., Synaptic 
transistor capable of accelerated learning induced by temper-
ature-facilitated modulation of synaptic plasticity. ACS Appl. 
Mater. Interfaces 11, 46008–46016 (2019). https:// doi. org/ 10. 
1021/ acsami. 9b172 27

 155. T. Sakanoue, H. Sirringhaus, Band-like temperature depend-
ence of mobility in asolution-processed organic semiconduc-
tor. Nat. Mater. 9, 736–740 (2010). https:// doi. org/ 10. 1038/ 
nmat2 825

 156. Y. Sun, D. Xie, X. Zhang, J. Xu, X. Li et al., Temperature-
dependent transport and hysteretic behaviors induced by 
interfacial states in  MoS2 field-effect transistors with lead-
zirconate-titanate ferroelectric gating. Nanotechnology 28, 
045204 (2017). https:// doi. org/ 10. 1088/ 1361- 6528/ 28/4/ 
045204

 157. Y. Deng, M. Zhao, Y. Ma, S. Liu, M. Liu et al., A flexible and 
biomimetic olfactory synapse with gasotransmitter-mediated 
plasticity. Adv. Funct. Mater. 33, 2214139 (2023). https:// doi. 
org/ 10. 1002/ adfm. 20221 4139

 158. M. Li, J. Deng, X. Wang, S. Shao, X. Li et al., Flexible 
printed single-walled carbon nanotubes olfactory synaptic 
transistors with crosslinked poly(4-vinylphenol) as dielec-
trics. Flexible Printed Electronics 6, 034001 (2021). https:// 
doi. org/ 10. 1088/ 2058- 8585/ abee2d

 159. X. Chen, T. Wang, J. Shi, W. Lv, Y. Han et al., A novel arti-
ficial neuron-like gas sensor constructed from CuS quantum 
dots/Bi2S3 nanosheets. Nano-Micro Lett. 14, 8 (2021). https:// 
doi. org/ 10. 1007/ s40820- 021- 00740-1

 160. M.U.K. Sadaf, N.U. Sakib, A. Pannone, H. Ravichandran, 
S. Das, A bio-inspired visuotactile neuron for multisensory 
integration. Nat. Commun. 14, 5729 (2023). https:// doi. org/ 
10. 1038/ s41467- 023- 40686-z

https://doi.org/10.1039/C4MH00147H
https://doi.org/10.1039/C4MH00147H
https://doi.org/10.1002/inf2.12122
https://doi.org/10.1002/adfm.201904523
https://doi.org/10.1002/adfm.201904523
https://doi.org/10.1002/adma.201902434
https://doi.org/10.1002/adma.201902434
https://doi.org/10.1002/aelm.202201068
https://doi.org/10.1002/aelm.202201068
https://doi.org/10.1002/adfm.201900959
https://doi.org/10.1038/s41928-022-00836-5
https://doi.org/10.1002/smtd.202000919
https://doi.org/10.1002/smtd.202000919
https://doi.org/10.1038/s41593-023-01378-5
https://doi.org/10.1523/jneurosci.4284-06.2007
https://doi.org/10.1152/ajpregu.1990.259.2.r191
https://doi.org/10.1152/ajpregu.1990.259.2.r191
https://doi.org/10.1371/journal.pone.0232451
https://doi.org/10.1371/journal.pone.0232451
https://doi.org/10.1038/261720a0
https://doi.org/10.1002/elps.201500393
https://doi.org/10.1002/elps.201500393
https://doi.org/10.1021/acsami.9b17227
https://doi.org/10.1021/acsami.9b17227
https://doi.org/10.1038/nmat2825
https://doi.org/10.1038/nmat2825
https://doi.org/10.1088/1361-6528/28/4/045204
https://doi.org/10.1088/1361-6528/28/4/045204
https://doi.org/10.1002/adfm.202214139
https://doi.org/10.1002/adfm.202214139
https://doi.org/10.1088/2058-8585/abee2d
https://doi.org/10.1088/2058-8585/abee2d
https://doi.org/10.1007/s40820-021-00740-1
https://doi.org/10.1007/s40820-021-00740-1
https://doi.org/10.1038/s41467-023-40686-z
https://doi.org/10.1038/s41467-023-40686-z

	Recent Advance in Synaptic Plasticity Modulation Techniques for Neuromorphic Applications
	Highlights
	Abstract 
	1 Introduction
	2 Optimized Synaptic Weight Updating Rules via Chemical Techniques
	2.1 Doping Strategy
	2.2 Vacancy Control
	2.3 Surface or Interface Engineering

	3 Programmable Synaptic Plasticity by Designing Device Structure
	3.1 Dual-Gate Structure
	3.2 vdWs Heterostructure
	3.3 Hybrid Structure

	4 External Physical Modulation toward Neuromorphic Sensing
	4.1 Optogenetics-Inspired Neuromorphic Visions
	4.2 Strain
	4.3 Temperature

	5 Conclusions and Perspectives
	5.1 Enriching Plasticity Modulation Mechanism
	5.2 Efficient Modulation Techniques for Scaled Neural Networks
	5.3 Multimodal Collaborative Plasticity Modulation Techniques

	Acknowledgements 
	References


