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HIGHLIGHTS

•	 This review highlights the pivotal role of asymmetry as a core design strategy for realizing key neuromorphic functionalities by 
breaking symmetry across scales to induce unique physical phenomena.

•	 It systematically synthesizes asymmetric engineering at materials, structures, and device levels, with a focus on 2D materials to 
elaborate how their multi-level asymmetry enables tunable synaptic plasticity emulation.

•	 It addresses existing research gaps, discusses current challenges, and provides a forward-looking perspective to establish a coherent 
design framework for next-generation 2D material-based neuromorphic hardware.

ABSTRACT  Asymmetry has emerged as a critical design strategy for implementing essential 
neuromorphic functionalities, such as directional signal propagation, programmable plasticity, 
and bio-inspired dynamics. This principle involves deliberately breaking symmetry at various 
scales, which introduces unique physical phenomena including spontaneous built-in fields, 
anisotropic carrier transport, and memristive switching, which are foundational to synaptic 
and neuronal emulation. Despite growing research, a systematic synthesis of how asymmetry 
function across different design levels is lacking, hindering the development of guiding design 
principles. This review bridges this gap by systematically examining asymmetric engineering 
across three levels: materials, structures, and device. Benefiting from the inherent structural 
and electronic versatility of two-dimensional (2D) materials, their unique physical properties 
arising from such multi-level asymmetry for emulating and regulating synaptic plasticity are 
analyzed to demonstrate the resultant functional diversity and tunability of neuromorphic devices. Furthermore, existing challenges are 
discussed and a forward-looking perspective on integrating multiple asymmetries and extending the concept to circuit and system levels 
is provided. This work aims to establish a coherent design framework and provide a unique pathway for developing next-generation neu-

romorphic intelligent hardware based on 2D materials.
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1  Introduction

The burgeoning field of neuromorphic intelligence hardware 
aims to transcend the limitations of von Neumann architec-
ture by emulating the brain-like parallel, event-driven, and 
ultra-efficient computational principles [1]. While conven-
tional silicon-based circuits have demonstrated rudimentary 
neuromorphic functions, they often struggle to replicate the 
brain’s fundamental building blocks, neurons and synapses, 
with the requisite energy efficiency, dynamic plasticity, and 
integration density [2]. In this context, two-dimensional 
(2D) materials have emerged as a revolutionary platform, 
offering exceptional advantages such as atomic-scale thick-
ness, gate-tunable electronic properties, and rich band-struc-
ture engineering possibilities [3]. These inherent attributes 
have inspired diverse device engineering strategies, such as 
the fabrication of memristive crossbars from switchable 2D 
layers [4], the construction of heterojunctions for synaptic 
function simulation [5], and the design of synaptic transis-
tors with optimized weight storage and updating [6].

However, the performance of these neuromorphic 
devices is often hampered by critical challenges, such as 
high switching variability, excessive power consumption, 
and inadequate linearity in synaptic weight updates. These 
issues predominantly stem from the stochastic and isotropic 
nature of charge transport in conventional symmetric mate-
rial systems, which lacks the directional control and built-in 
biases inherent to biological neural networks [7, 8]. Address-
ing these limitations necessitates a shift toward more sophis-
ticated design paradigms that can introduce deterministic 
control over physical processes. A key dimension of this 
effort involves exploiting engineered asymmetry across the 
material, interface, and device hierarchies to precisely tailor 
charge transport and synaptic dynamics.

The introduction of asymmetry in 2D materials serves as 
a fundamental strategy to directly modulate the core physi-
cal mechanisms underlying neuromorphic behaviors. By 
deliberately tailoring structural, interfacial, or geometric 
asymmetries of 2D materials, it becomes possible to gov-
ern charge drift versus stochastic diffusion, or anisotropic 
ion transport [9]. This deterministic control is crucial for 
emulating the sophisticated dynamics of biological synapses 
and neurons, enabling devices that not only mimic but also 
potentially surpass biological efficiency in specific metrics 
[10]. For example, the in-plane anisotropic optoelectronic 

properties of ReSe2 allows for the realization of the angle-
dependent synaptic plasticity at device level, where the 
efficacy of synaptic weight updates can be modulated by 
aligning the input signal with specific crystal directions, 
thereby reducing switching variability and introducing a new 
degree of freedom for neural network design [11]. Besides, 
the asymmetric contact geometry in the α-In2Se3-based tran-
sistor enables self-powered neuromorphic vision, where the 
built-in electric field generated by unequal electrode areas 
facilitates zero-bias photodetection, adaptive light response, 
and optical memory formation, integrating perception and 
processing within a single energy-efficient platform [12]. 
Ultimately, by leveraging asymmetry as a core design prin-
ciple, neuromorphic devices are transformed from passive 
elements into active and reconfigurable systems, paving the 
way for a new generation of versatile, low-power, and high-
fidelity brain-inspired hardware.

This review introduces a hierarchical framework of 
multi-level engineering to systematically synthesize recent 
advancements in 2D neuromorphic devices, distinct from 
previous reviews by its focus on asymmetry as a universal 
design principle across three complementary scales: the 
material, heterostructure, and device architecture as illus-
trated schematically in Fig. 1. Here, we define “asymmetry” 
as the deliberate breaking of structural, compositional, or 
geometric symmetry within a material or device system to 
generate net vectorial properties such as directional charge 
transport or anisotropic optical responses that would other-
wise be absent in perfectly symmetric configurations. This 
definition explicitly excludes random, stochastic variations 
arising from fabrication imperfections, focusing instead on 
engineered asymmetries that are intentionally introduced and 
spatially well defined, including crystallographic anisotropy 
in intrinsically low-symmetry 2D materials, compositional 
asymmetry in Janus structures and heterojunctions, interfa-
cial asymmetry through selective functionalization, and geo-
metric asymmetry in contact configuration or gate placement. 
What distinguishes this design philosophy from conventional 
approaches is its emphasis on harnessing asymmetry as a 
predictive and programmable degree of freedom, rather than 
treating it as an unavoidable deviation from an ideal sym-
metric baseline. Within this framework, we will elucidate 
how intrinsic symmetry breaking at the atomic level defines 
fundamental neuromorphic properties; how engineered inter-
facial asymmetry in van der Waals (vdWs) heterostructures 
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creates novel synaptic functionalities; and how extrinsic 
geometric asymmetry in device design can be leveraged to 
enhance performance and enable new computing paradigms. 
By establishing this cross-scale perspective, this review aims 
not only to catalog progress but also to provide a unifying 
design strategy and a forward-looking outlook on the chal-
lenges and opportunities, thereby guiding the development of 
next-generation neuromorphic intelligence hardware.

2 � Material Level: Intrinsic Atomic 
Asymmetry

Intrinsic asymmetry at the atomic scale determines funda-
mental physical properties in 2D materials such as aniso-
tropic charge transport [13], built-in electric field [14], and 
non-volatile switching characteristics [15]. These emergent 
properties provide a crucial foundation for neuromorphic 
functionalities by directly emulating biological processes 
such as directional signal propagation and dynamic synaptic 
weight modulation [16]. Prominent material-level strategies 
to harness this design principle include anisotropic crystal 
structures, Janus configurations, and symmetry-breaking-
induced ferroelectric polarization in 2D materials. The fol-
lowing sections will elaborate on how these atomic-scale 
paradigms enable the hardware implementation of advanced 
neuromorphic intelligence devices.

2.1 � Anisotropic Crystal Structure

The anisotropic crystal structure in 2D materials is char-
acterized by a low-symmetry lattice configuration where 
physical properties exhibit a strong directional dependence 
on the in-plane crystal direction. This intrinsic directionality 
originates from non-equivalent atomic bonding along differ-
ent crystallographic axes, such as the distinct arrangements 
along the armchair versus zigzag directions in layered semi-
conductors. The structural anisotropy manifests in funda-
mental material properties including inherently directional 
charge transport [17], dichroic optical absorption [18], ani-
sotropic thermal conductivity [19], and orientation-depend-
ent mechanical response [20]. Table 1 summarizes the state-
of-the-art anisotropic 2D materials with the highlighted 
physical properties, where the anisotropic ratio describes 
the difference of the corresponding characteristics obtained 
in different directions. These direction-dependent charac-
teristics provide a robust physical basis for implementing 
vectorial functionalities in electronic devices. However, the 
selection of suitable anisotropic materials for neuromorphic 
applications requires careful consideration of how specific 
anisotropy types align with target computational functions. 
For instance, materials with high electrical anisotropic ratios 
may be preferred for directional charge transport in synap-
tic weight modulation, while those exhibiting strong optical 

Fig. 1   Overview of this review. Illustration of asymmetry engineering from multi-levels ranging from 2D materials, vdWs heterojunction, and 
device structure
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anisotropy are better suited for polarization-sensitive vision 
systems. Mechanical anisotropy can be exploited in flex-
ible or wearable neuromorphic platforms where direction-
dependent strain responses are desired, while thermal ani-
sotropy may be relevant for managing heat dissipation in 

high-density integrations. Thus, the choice of anisotropic 
material must align with the intended computational para-
digm, considering which physical property offers the most 
direct and efficient pathway to implement the desired neu-
romorphic function.

Table 1   The summary of crystal structure and anisotropic physical properties of 2D materials

Component Materials Structure Anisotropic ratio

Mobility Photocurrent Thermal conduc-
tivity

Young’s modulus

Simple substance Black phosphorus
(BP)

16 for [21] 8.7 at 1550 nm [22]  ~ 0.5 for thick film
 ~ 0.67 for thin film 

[23]

 ~ 0.46 [24]

Violet phosphorus
(VP)

2.7 [25] 3.9 at 520 nm [25]  ~ 1.33 for 200 nm 
thick [26]

–

Te 1.42 [27] 4.6 at 1064 nm [28] 1.47 for 100 nm 
thick

2.67 for 15 nm thick 
[29]

 ~ 0.44 [30]

Sb – 2.4 at 496 nm [31] /  ~ 0.29 [32]

Compound PdSe2 2.5 [33] 2.2 at 369 nm [33] 1.42 for 7.2 nm 
thick [34]

0.62 [35]

ReS2  ~ 2.85 [36] 4.1 at 532 nm [37] 1.4 for 203 nm thick 
[38]

–

PtSe2  ~ 3.6 for holes [17] –  ~ 1.26 (Theoretical 
value) [39]

–

GeAs 4.8 for holes [40] 4.4 at 830 nm [41] 2.9 (Theoretical 
value) [42]

–
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Among the diverse anisotropic properties exhibited by 
low-symmetry 2D materials, optical anisotropy holds par-
ticular significance for neuromorphic device engineering due 
to its ability to directly encode external visual information 
into synaptic weights without intermediate electrical conver-
sion, thereby enabling intrinsically parallel and energy-effi-
cient processing of optical signals [43]. Unlike conventional 
electrical synapses that rely solely on amplitude or timing 
modulation, polarization-based encoding offers inherent 
parallelism, wavelength selectivity, and direct compatibil-
ity with optical communication. Realizing this paradigm in 
hardware requires materials that exhibit strong and tunable 
anisotropic light–matter interactions. The intrinsically ani-
sotropic crystal structures of 2D materials provide a direct 
physical substrate for mapping polarization information onto 
synaptic weights and learning rules. This section examines 
how the fundamental anisotropy of 2D materials can be har-
nessed not merely as a physical property to be characterized, 
but as a computational resource to implement polarization-
encoded synaptic plasticity, thereby establishing a materials-
to-function pipeline for next-generation neuromorphic vision 
systems. For instance, the divergent carrier mobilities along 
different crystallographic axes can be harnessed to create 
synaptic devices with inherent spike-timing-dependent plas-
ticity (STDP) [44]. Furthermore, the strong linear dichroism 
allows for the construction of optoelectronic neurons where 
synaptic weight is directly modulated by the polarization 
state of incident light [45]. As shown in Fig. 2a, Peng et al. 
on elemental 2D selenium (Se) highlights its unique quasi-
1D chain-derived anisotropy to fabricate photodetectors with 
a high polarization ratio (PR≈3.09) [46]. Furthermore, this 
work demonstrated polarization-dependent imaging by cap-
turing distinct “Se” pattern contrasts at 0° and 90° polari-
zation angles, directly visualizing the in-plane anisotropic 
photoresponse of their 2D selenium flake (Fig. 2b). This 
anisotropic optical response provides a direct hardware 
counterpart to biological polarization vision, enabling neu-
romorphic devices to natively process and distinguish com-
plex optical information patterns without pre-conversion to 
electronic signals, which is pivotal for realizing ultra-low-
power, parallel visual processing systems.

Xie et  al. demonstrated a ReS2 neuro-transistor with 
remarkable wavelength-dependent reconfigurability in visual 
perception, fundamentally altering its anisotropic photore-
sponse with excitation transitions from visible (552 nm) to 
near-infrared (860 nm) illumination (Fig. 2c, d) [45]. More 

significantly, the device achieves unprecedented dynamic 
modulation of STDP learning rules, where both asym-
metric and symmetric Hebbian learning behaviors are pre-
cisely governed by the polarization state of incident light 
(Fig. 2e). The underlying mechanism lies in the in-plane 
anisotropic band structure of ReS2, which results in polariza-
tion-dependent photogeneration rates and carrier mobilities. 
Specifically, the excitation of anisotropic excitons with dis-
tinct polarization orientations leads to their dissociation and 
transport being governed by directionally effective masses, 
thereby modulating the number and temporal profile of car-
riers reaching the channel. This directly influences the STDP 
timing window and the polarity of weight updates, linking 
optical polarization to synaptic learning rules. This break-
through effectively encodes polarization information directly 
into neuromorphic computational algorithms, establishing 
a physical hardware platform that intrinsically links optical 
stimulus properties with adaptive learning capabilities.

Recently, Zhu et al. designed a ReSe2-based optoelec-
tronic memristor with polarization angle-dependent syn-
aptic plasticity, demonstrating the orientation-tunable 
dichroic responses attributed to defect-mediated charge 
trapping/detrapping at Se vacancy sites (Fig. 2f) [11]. It 
reveals that Se vacancies preferentially align along specific 
crystallographic directions in ReSe2, creating an aniso-
tropic distribution of trap state densities. This asymmetric 
trap potential leads to direction-dependent rate constants 
for charge capture and emission. As the polarization angle 
of incident light varies, the absorption coefficient and 
exciton generation efficiency along different axes change, 
modulating the trap occupancy and ultimately yielding 
polarization-dependent synaptic plasticity. Such anisot-
ropy-induced kinetics in trapping/detrapping dynamics 
underpins the observed dependence of conductance update 
characteristics such as linearity and symmetry on polariza-
tion orientation. To realize the integration of sensing and 
processing, the compound-eye-inspired polarized vision 
system was proposed to mimic hymenopteran optical com-
munication via polarization-selective synaptic plasticity 
(Fig. 2g), where a high pattern recognition accuracy of 
90.4% was achieved, exceeding unpolarized implementa-
tions by 9.3% (Fig. 2h). Finally, considering the applica-
tion of polarization imaging technology in surface flaw 
detection, a polarization-engineered defect detection para-
digm for aircraft glass was designed by harnessing the 
polarization-state perturbations caused by surface flaws 
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under natural light to generate angle-dependent reflections 
that highlight defects (Fig. 2i).

Collectively, this progression from polarization-sensi-
tive photodetectors to bio-inspired systems and plasticity-
engineered memristors charts a promising pathway for 

polarization-perceptual neuromorphic hardware based on 
anisotropic 2D materials. However, the synaptic plasticity 
and memoristic behaviors in these single-material enabled 
devices are often fundamentally constrained by stochastic 
charge trapping at intrinsic or engineered defects, and this 

Fig. 2   Anisotropic 2D materials enabled polarization-sensitive photodetectors and artificial synaptic devices. a Schematic illustration of the 
polarization-sensitive photodetector based on 2D Se and its anisotropic photoresponse under a 638 nm laser with various power densities. b 
Polarized imaging under 638 nm laser illumination with the patterns of “Se” at polarizing angles of 90° and 0°, respectively [46]. Copyright 
2025, American Chemical Society. c Schematic diagram of artificial compound eyes based on ReS2 neuro-transistor. d Extracted excitatory 
postsynaptic current (EPSC) under different modulatory voltages plotted in the polar coordinates with different laser wavelengths of 552 nm and 
860 nm. e Asymmetric and symmetric Hebbian STDP learning behavior under different polarization angles [45]. Copyright 2022, Royal Society 
of Chemistry. f Schematic diagram of the synaptic structure and synaptic behavior based on 2D ReSe2. g Schematic diagram of bees recognizing 
images under different polarized light directions and a simulation diagram of the image recognition. h Image recognition function of the device 
with image recognition accuracy for 0°/90° polarized directions. i Schematic diagram illustrating the flaw of hidden scratches on aircraft glass 
using polarized light for improved flaw detection information [11]. Copyright 2025, American Chemical Society
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originates from the asymmetric spatial distribution of trap 
states within the anisotropic potential landscape, which gives 
rise to direction-dependent kinetics and fluctuations in trap-
ping/detrapping processes, ultimately limiting the linearity, 
symmetry, and precision of conductance updates. Therefore, 
future integration of heterostructure engineering to introduce 
reliable memory mechanisms, synergistically combined with 
their intrinsic anisotropy, is poised to advance the devel-
opment of high-performance neuromorphic devices with 
enhanced stability and controllability.

2.2 � Janus 2D Configurations

Janus 2D materials represent an emerging class of atomic-
scale sheets characterized by their intrinsic structural asym-
metry [14]. Unlike conventional 2D materials like graphene, 
a typical Janus monolayer, such as MoSSe, is constructed 
by sandwiching a transition metal layer between two dif-
ferent chalcogen layers as shown in Fig. 3a. This breaks 
the out-of-plane mirror symmetry, creating a polar axis 
perpendicular to the plane. This unique asymmetric struc-
ture directly gives rise to extraordinary physical properties 
such as a strong built-in electric field [47]. Such built-in 
field originates directly from the net dipole moment created 
by the electronegativity difference and structural disparity 
between the two distinct surface layers. This inherent polari-
zation facilitates the creation of novel piezoelectric sensors 
and energy-efficient, atomically thin field-effect transistors 
without the need for external gating, enabling a new genera-
tion of low-power electronics [48].

Furthermore, the unique physical properties of Janus 2D 
materials position them as a highly promising platform for 
neuromorphic applications. The inherent built-in electric 
field that enables efficient photogenerated carrier separa-
tion and the strong spin–orbit coupling allowing for spin-
manipulated photocurrent for non-volatile memory can be 
leveraged to modulate synaptic weight with high energy 
efficiency, emulating the behavior of biological synapses 
[49]. As shown in Fig. 3b, an artificial retina based on 2D 
Janus MoSSe was fabricated with Al2O3 as the trapping 
layer and Li+-based electrolyte as the functional layer [50]. 
This work demonstrates that the out-of-plane polarization 
and ion-coupling properties of Janus 2D MoSSe enable 
opto-electro-ionic multimodal co-modulation, allowing a 
single device to simultaneously achieve light perception, 

spike-timing-dependent plasticity, and preprocessing-
recognition functions. Besides, Paolo et al. designed and 
fabricated a Janus MoS2 by asymmetrically functionalizing 
its two surfaces with a ferrocene (Fc)/ferrocenium (Fc+) 
redox couple and a photochromic azobenzene (Azo) self-
assembled monolayer, enabling precise electrochemical 
doping and adsorption/desorption control of Fc/Fc+ spe-
cies (Fig. 3c) [51]. By tuning the electrochemical stimulus 
magnitude as shown in Fig. 3d, the transition between vola-
tile short-term plasticity (STP) and non-volatile long-term 
plasticity (LTP) is achieved, where lower potentials induce 
reversible charge transfer for STP, while higher potentials 
trigger Fc+ adsorption on MoS2 for LTP. Unlike tradi-
tional Janus 2D materials created via atomic substitution, 
this supramolecular engineering approach asymmetrically 
dresses the basal planes with distinct functional molecules, 
enabling dynamic and reversible multimodal synaptic plas-
ticity without altering the intrinsic lattice structure.

More significantly, the piezoelectricity of Janus structure 
enables the direct conversion of mechanical stimuli into 
electronic signals, facilitating the development of self-pow-
ered, multimodal artificial synapses that can simultaneously 
process tactile and electrical information [52]. However, cur-
rent research on piezoelectric tactile sensors primarily uti-
lizes Janus structures based on fibers or composite systems 
[53], while the inherent and strong piezoelectricity of atomi-
cally thin Janus 2D materials themselves remains relatively 
under-explored for such biomimetic applications. Therefore, 
leveraging the intrinsic piezoelectricity of Janus 2D mate-
rials to fabricate ultrathin, direct neural-interfaced sensors 
represents a promising avenue for achieving highly sensitive.

2.3 � Symmetry‑Broken 2D Ferroelectrics

The emergence of 2D ferroelectric materials is fundamen-
tally rooted in symmetry breaking within the atomic lattice. 
Unlike their non-ferroelectric counterparts, these materials 
possess a non-centrosymmetric crystal structure, which is a 
prerequisite for spontaneous polarization. As summarized in 
Fig. 4a, the origins of spontaneous polarization in 2D fer-
roelectrics primarily encompass ionic-displacement-induced 
polarization, contributions from polar molecular groups, 
charge redistribution-induced polarization, and spin-driven 
polarization, contributing to the critical breaking of inver-
sion symmetry [54]. Although multiple mechanisms often 
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interact in real 2D systems such as CuInP2S6 (CIPS) [55] 
and α-In2Se3 [56], complicating the analysis, the resultant 
inversion symmetry breaking allows the polarization to be 
electrically switched and enables the essential non-volatility 
for memory devices.

This intrinsic non-volatile memory characteristic is 
pivotal for next-generation electronics, most notably for 
neuromorphic devices, where the analog-like switch-
ing of ferroelectric domains directly emulates synaptic 
weight modulation, enabling energy-efficient in-memory 
computing beyond the von Neumann architecture [57]. 

For neuromorphic devices, 2D ferroelectric materials can 
be broadly categorized by their functional role within the 
device architecture: as a dielectric layer, exemplified by 
CIPS, or as a conductive layer, represented by semicon-
ducting α-In2Se3. Recently, Sungjoo et al. demonstrated an 
energy-efficient spiking neuron device based on a CuInP2S6 
(CIPS) threshold-switching field-effect transistor (FET), 
which harnesses the tunable dynamics of Cu⁺ ion migration 
to induce an abrupt resistive transition as shown in Fig. 4b 
[58]. This CIPS-based neuron successfully emulates the 
essential leaky integrate-and-fire (LIF) behavior, enabling 

Fig. 3   Artificial synaptic devices based on Janus 2D materials. a Schematic illustration of the Janus 2D MoSSe. b An optoelectronic synaptic 
transistor based on Janus MoSSe with typical long-term potentiation–depression (LTP/LTD) and its applications in artificial retina system to 
realize image recognition [50]. opyright 2022, American Chemical Society. c Schematic representation of device structure of Janus Fc/MoS2/
Azo and the electrochemical charge transfer between Fc/Fc+ and MoS2 and adsorption of Fc+. d Transition between STP and LTP achieved by 
applying different electrochemical pulses [51]. Copyright 2023, WILEY–VCH
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its seamless integration into a spiking neural network that 
achieves high recognition accuracy. Furthermore, CIPS 
has also been implemented as a gate dielectric in synaptic 
transistors [59] or resistive switching layer in memristors 
[60], enabling the construction of diverse synaptic devices. 

Sungjoo Lee et al. reported an all-optically controlled mem-
ristive device based on a van der Waals heterostructure of 
ferroelectric CIPS and semiconducting MoS2 as shown in 
Fig. 4c [61]. In this system, wavelength-dependent illumi-
nation modulates the interaction between photogenerated 

Fig. 4   Applications of 2D ferroelectrics in neuromorphic devices. a Schematic illustration of the origin mechanism of polarization characteris-
tics in 2D ferroelectric. i) Cu ions migration [63]. Copyright 2023, WILEY–VCH. ii) Hybrid perovskite [64]. Copyright 2018, WILEY–VCH. 
iii) Stacked bilayer structure [65]. Copyright 2022, Springer Nature. iv) Spin-helix order induced polarization [66]. Copyright 2022, WILEY–
VCH. b Schematic of a ferroionic TS-FET and its emulation of a biological neuron. The device, integrating a MoS2 channel with a CIPS thresh-
old switch, exhibits abrupt switching via Cu⁺ ion migration, enabling integrate-and-fire spiking dynamics that depend on input pulse intervals 
[58]. Copyright 2025, WILEY–VCH. c Structure of all-optically controlled neuromorphic device consisting of 2D ferroelectric heterostructure 
and its working principle for polarization switching [61]. Copyright 2026, The Author(s). d Schematic of the α-In2Se3-based FeFET under dark 
and light conditions, illustrating the light-enhanced built-in electric field and its influence on polarization transition. The resultant improvement 
in synaptic plasticity and recognition accuracy highlights the efficacy of photo-assisted modulation [62]. Copyright 2024, WILEY–VCH 
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carriers and ferroelectric polarization charges, enabling 
bidirectional polarization switching in CIPS. The distinct 
carrier dynamics under different excitation wavelengths lead 
to opposite interfacial charge accumulation, thereby induc-
ing opposite polarization states. This optically driven control 
of ferroelectric polarization introduces a tunable interfacial 
asymmetry in carrier distribution, which can be exploited 
to emulate excitatory and inhibitory synaptic plasticity. 
Such a mechanism highlights the important role of symme-
try breaking mediated by optically controlled ferroelectric 
polarization in regulating carrier transport and neuromor-
phic functionalities in 2D material systems. Besides, Fig. 4d 
shows α-In2Se3-based synaptic transistor, where the light 
illumination cooperating with electrical gates tailored the 
ferroelectric polarization [62]. This photo-ferroionic synergy 
effectively improves the linearity of synaptic weight update, 
notably in LTD, thereby significantly enhancing the recog-
nition accuracy in neuromorphic simulation. Overall, the 
intrinsic, non-volatile polarization in 2D ferroelectrics pro-
vides a direct and robust physical embodiment of synaptic 
weight, enabling the creation of energy-efficient neuromor-
phic devices with inherently memory-centric architectures.

3 � Structure Level: Engineered Interface 
Asymmetry

While exploiting intrinsic asymmetric properties of 2D 
materials provides a promising platform for neuromor-
phic computing, it often faces challenges in terms of pre-
cise modulation and device integration. To overcome these 
limitations, constructing artificial asymmetric structures, 
particularly heterojunctions, offers an alternative pathway 
[67]. This structural engineering approach enables precise 
manipulation of interface physics, such as carrier transport 
[68] and band alignment [69], which not only enhances 
device performance but also introduces additional degrees of 
freedom for functional tailoring. By harnessing such interfa-
cial effects, rich neuromorphic behaviors, including synaptic 
plasticity and dynamic filtering, can be effectively emulated, 
highlighting the unique advantages of structural asymmetry 
in building advanced neuromorphic systems [70]. In this 
section, we reviewed the state-of-the-art neuromorphic 
devices engineered by the structure-level asymmetric design.

3.1 � Mixed‑Dimensional Heterojunction

The construction of mixed-dimensional heterostructures 
(MDHs), which involve the integration of materials with dif-
ferent dimensionalities such as 2D/0D, 2D/1D, and 2D/3D, 
presents a powerful strategy for engineering asymmetry 
[71]. The inherent dimensional mismatch and the result-
ing interfacial effects, such as modified charge transfer and 
spatially confined band bending, create a pronounced built-
in asymmetry. This pronounced asymmetry gives rise to a 
rich spectrum of tailorable physical phenomena, such as a 
photo-gating effect (PGE) that unifies perception and learn-
ing [72], and highly anisotropic charge transport engineered 
by incorporating intrinsically anisotropic 2D materials for 
implementing direction-sensitive neural dynamics [73]. 
These emergent properties of MDHs are highly conducive 
to emulating complex neurobiological behaviors, which are 
fundamental for building advanced neuromorphic systems 
[5].

In 2D/0D mixed-dimensional heterostructures, the 
formed interface always facilitates efficient carrier sepa-
ration, while the quantum confinement of 0D quantum dots 
(QDs) extends the spectral response range, which is a criti-
cal advantage for developing artificial vision systems [74]. 
Recently, Soobin et al. reported a retinomorphic artificial 
synapse device based on 2D WSe2/InAs QDs heterostruc-
ture as shown in Fig. 5a, where the quantum confinement 
effects of InAs QDs facilitated efficient short-wavelength 
infrared detection [75]. Notably, the InAs QDs components 
also worked as charge-trapping centers, inducing asym-
metry in photogenerated electron–hole separation. The 
subsequent trapping of one type of carrier acts as a light-
induced gate field, known as the PGE. This mechanism 
not only enhances the gate modulation on photoresponse 
(Fig. 5b) but also prolongs the carrier lifetime, thereby 
enabling fundamental memory characteristics that form 
the basis for synapse-like learning and forgetting operation 
(Fig. 5c). Furthermore, the simulation work demonstrated 
a high accuracy of ~ 96.55% in the digit MNIST dataset 
(Fig. 5d), underscoring the potential of integrating QDs 
with 2D materials to construct advanced retina-inspired 
neuromorphic devices. Besides, Ferrarese Lupi et  al. 
designed a neuromorphic 2D memitter by integrating self-
assembled plasmonic gold nanoparticles (AuNPs) with 
chemical vapor deposition (CVD)-grown monolayer WS2 
flakes, which capitalized on the dimensional mismatch 
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between 2D WS2 and 0D AuNPs [76]. Such memitter is 
an all-optical neuromorphic device capable of memoriz-
ing the history of optical stimulation and converting it 
into adaptive photoluminescence (PL) responses, which 

can emulate core functionalities such as short-term syn-
aptic plasticity and visual memory. The MDH is vital for 
high-performance memitters, as AuNP-induced localized 
surface plasmon resonance (LSPR) enhances light–matter 

Fig. 5   MDHs enabled neuromorphic devices. a Schematic illustration of a retinomorphic device based on 2D WSe2/0D InAs QDs MDHs. b 
Responsivity and detectivity of the bare WSe2 and WSe2/InAs FET under gate modulation. c Typical EPSC triggered by a single(blue) pulse and 
three (red) optical pulses to emulate the learning and forgetting behavior. d Schematic of ANN training for classification of the digit MNIST and 
the simulated recognition accuracy [75]. Copyright 2025, WILEY–VCH. e Schematic diagram of the artificial synapse devices constructed by 
the 2D BP/1D CNT hybrid filter membrane. f Transition from STM to LTM mode by increasing light pulse numbers. g Device response to etha-
nol gas at different volumes and the simulation of the “learn-forget-learn” function in ethanol gas. h Pavlov experiment diagram and simulation 
of Pavlovian conditioning experiments [77]. Copyright 2024, WILEY–VCH. i Schematic diagram of the Au/(PEA)2PbI4/MAPbI3/ITO 2D/3D 
hybrid memristor structure and its enabled circuit of LISN. j Firing characteristics of LISN at different light densities. k LISN-based color fea-
ture extraction of visual images [79]. Copyright 2025, WILEY–VCH
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interactions, boosts PL intensity while preserving the 
adaptive PL dynamics of WS2, and accelerates potentia-
tion–depression kinetics, enabling a scalable, high-effi-
ciency all-optical neuromorphic platform.

Distinct from 2D/0D system, the 2D/1D heterostructure 
such as 2D BP/1D carbon nanotube (CNT) (Fig. 5e) forms 
anisotropic charge transport pathway, which enable efficient 
carrier separation and stable interfacial charge trapping 
[77]. This asymmetric design underpins the transition from 
short (STM)- to long-term memory (LTM) under optical 
stimulation via a persistent PGE (Fig. 5f). More interest-
ingly, the device exhibited synergistic multi-sensory integra-
tion, where gas adsorption modulates carrier density, while 
optical and electrical stimuli cooperatively tune synaptic 
weight (Fig. 5g). Furthermore, the heterostructure success-
fully emulates associative learning in a Pavlovian paradigm 
(Fig. 5h), demonstrating its capability to process and retain 
complex multimodal information for advanced neuromor-
phic functions. While effective, 2D/0D and 2D/1D systems 
face constraints in achieving the functional complexity and 
environmental stability offered by 2D/3D heterostructures, 
which provide a more robust and versatile platform [78]. Fig-
ure 5i demonstrates a 2D–3D organic–inorganic hybrid per-
ovskites (OHPs) memristor which, by leveraging its tunable 
decay and wavelength selectivity, enabled the development 
of a light-induced sensitized neuron (LISN) with enhanced 
firing frequency through fundamental circuit design [79]. 
Such 2D/3D heterostructure contributed to optically regu-
lated neuronal spiking behavior by modulating the hetero-
junction potential barrier through photogenerated carriers, 
which effectively tuned the spike frequency in response to 
varying light intensities (Fig. 5j). Owing to the modulation 
of pulse frequency and rate of change by wavelength, as-
fabricated LISN was able to emulate the color-perception 
mechanism of biological visual systems (Fig. 5k). In sum-
mary, the asymmetric structure of MDHs provides a power-
ful and versatile mechanism for tailoring device response 
characteristics, underscoring their significant advantage in 
the design of multifunctional neuromorphic systems.

3.2 � Band Alignment Engineering

In contrast to the geometric asymmetry of MDHs, vdWs 
heterostructures composed entirely of 2D materials exhibit 
intrinsic asymmetry primarily through their band alignment. 

As illustrated in Fig. 6a, three representative band alignment 
configurations including Type I (Straddling Gap), Type II 
(Staggered Gap) and Type III (Broken Gap) demonstrate 
this inherent asymmetric characteristic. The band structure 
of 2D materials is not only material-dependent but also 
exhibits strong layer-thickness sensitivity [80–82]. This 
tunability enables precise engineering of band alignment in 
vdWs heterostructures, thereby effectively modulating car-
rier transport behaviors and opening avenues for developing 
neuromorphic devices with diverse functionalities [83–85].

In a Type I band alignment, the smaller-bandgap semi-
conductor is energetically nested within the conduction- and 
valence-band edges of the larger-bandgap one, exhibiting an 
intrinsic asymmetry wherein both carrier confinement poten-
tials are directed toward the same layer due to the simul-
taneous downward shift of its conduction-band minimum 
and upward shift of its valence band maximum relative to 
the adjacent semiconductor. As shown in Fig. 6b, a vdWs 
heterojunction contrasted by smaller-bandgap Sb2Te3 and 
larger-bandgap WSe2 was fabricated with a typical Type I 
band alignment, which demonstrated the integrated pho-
toelectric and gas sensing performance in a single device 
(Fig. 6c) [86]. The simultaneous realization of such dual-
mode sensing could be attributed to the fact that the single-
side valence-band barrier of the Type I band alignment sup-
pressed dark current for enhanced photoresponse, while its 
near-zero conduction-band offset was leveraged to amplify 
gas-induced charge transfer perturbations for highly sensi-
tive and selective gas detection. The asymmetric potential 
profile of the Type I band alignment directly governs car-
rier dynamics. The valence-band barrier selectively sup-
presses hole injection/extraction, enhancing the separation 
efficiency of photogenerated electron–hole pairs, while the 
near-zero conduction-band offset facilitates electron transfer 
and amplifies charge transfer perturbations induced by gas 
adsorption. Moreover, this asymmetric barrier shapes the 
energy distribution of trap states at the interface, leading to 
improved linearity in conductance updates by modulating 
the field-dependent capture/emission rates. Benefiting from 
these synergistic properties, the heterojunction achieves bio-
mimetic visual–olfactory dual-mode recognition within a 
single device, boosting the accuracy of distinguishing elec-
tric and fuel-powered vehicles from ~ 50 to ~ 96% (Fig. 6d).

Distinct from the carrier-confined Type I configura-
tion, a Type II band alignment places the conduction-
band minimum and valence-band maximum in different 
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semiconductors, creating a pronounced interlayer asym-
metry that drives directional electron–hole separation and 
establishes a built-in potential gradient across the heteroin-
terface. A Type II SnS2/Te vdWs heterojunction provided 
an energetically staggered band configuration that spatially 
separated photogenerated carriers, allowing optical stim-
uli to modulate channel conductance with high efficiency 
(Fig. 6e, f) [87]. When combined with gate-voltage control, 

this interlayer asymmetry enables synergistic tuning of 
excitatory and inhibitory synaptic responses, thereby emu-
lating key neuromorphic functions (Fig. 6g). The staggered 
band alignment creates an internal electric field that spatially 
separates electrons and holes, extending carrier lifetimes and 
enabling efficient optical modulation of channel conduct-
ance. The gate voltage further tunes the band bending, alter-
ing the overlap of wavefunctions and the effective barrier 

Fig. 6   Engineered band alignment in neuromorphic devices based on 2D vdWs heterojunctions. a Schematic illustration of three typical band 
alignment in 2D vdWs heterojunction. b Schematic image of the Sb2Te3/WSe2 heterojunction device and their band structure before contact. 
c Scheme illustration of the Type I heterojunction design strategy for high light on/off ratio photodetector and high-sensitivity gas sensor. d 
Vision-olfaction dual-mode recognition, along with simulated sensory perception images [86]. Copyright 2024, WILEY–VCH. e Schematic 
diagram of SnS2/Te vdWs heterojunction. f Schematic band structure under the modulation of Vg. g Optical potentiation and electrical depres-
sion characteristics. h Demonstration on the light adaptation of the device [87]. Copyright 2025, WILEY–VCH. i Schematic of the BP/SnS2 
heterostructure device. j Energy band alignment under different voltage configurations. k EPSC and IPSC triggered by the opposite voltage pulse 
amplitudes. l LTP/LTD behaviors and the calculated nonlinearity with respect to different voltage amplitudes [88]. Copyright 2025, American 
Chemical Society
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for carrier recombination or trapping. This dual modulation 
allows precise control over the kinetics of trap filling and 
emptying, which directly dictates the linearity and sym-
metry of excitatory and inhibitory synaptic responses. The 
adaptability to different light intensities, as demonstrated by 
the visually comfortable state, arises from the gate-tunable 
asymmetry of the potential profile, which compensates for 
variations in photogenerated carrier density. As shown in 
Fig. 6h, this dual-modulation pathway enhanced plasticity 
programmability and made it adaptive to the visually com-
fortable state like human eye under strong light by adjusting 
Vg.

Defined by a broken-gap configuration where the con-
duction-band minimum of one semiconductor drops below 
the valence-band maximum of the other, the Type III het-
erojunction exhibits a pronounced asymmetry that origi-
nates from this inverted band ordering, enabling cross-
band carrier transfer and interlayer tunneling, which is not 
available in Type I or Type II band structure. Recently, Lv 
et al. demonstrated an artificial synaptic device based on 
a BP/SnS2 vdWs heterojunction (Fig. 6i) [88]. Figure 6j 
illustrates the gate-voltage-modulated carrier tunneling 
mechanisms within its Type III band alignment where the 
Fermi-level shift under different gate biases effectively 
switched between band-to-band tunneling and direct tun-
neling, enabling versatile and tunable synaptic conduct-
ance updates. In the broken-gap alignment, the inverted 
band ordering enables interlayer tunneling, which is highly 
sensitive to the applied gate bias. The Fermi-level shift 
modulates the tunneling mechanism from band-to-band 
tunneling to direct tunneling. This tunable tunneling kinet-
ics results in linear and symmetric conductance updates 
because the tunneling probability can be engineered to 
vary linearly with gate voltage over a certain range. Addi-
tionally, trap-assisted tunneling processes at the interface 
may contribute to the superior linearity observed in long-
term depression, as the asymmetric potential confines 
carriers and enhances the uniformity of charge redistribu-
tion. Finally, this device demonstrated the transition from 
excitatory to inhibitory plasticity by modulating gate pulse 
polarity (Fig. 6k), while the heterostructure interface ena-
bled superior linearity in long-term depression, which was 
crucial for high-accuracy neural network training (Fig. 6l).

In fact, band alignment is not static but undergoes 
dynamic reconfiguration under external stimuli such as 
applied voltage, forming the foundation for achieving 

diverse neuromorphic functionalities through band align-
ment engineering. This dynamic reconfiguration directly 
impacts carrier capture and release kinetics because 
applied voltages modify the potential profile and in turn 
alter trap depths, barrier heights, and tunneling probabili-
ties. These changes further determine the temporal evo-
lution of conductance such as the linearity or symmetry 
and precision of synaptic weight updates. By engineering 
the band alignment and its response to external stimuli, 
one can achieve mechanistic control over the underlying 
physical processes that govern neuromorphic performance. 
Moreover, the aforementioned band alignment configura-
tions are not limited to 2D vdWs heterostructures but are 
equally applicable for analyzing other heterojunctions such 
as MDHs.

3.3 � Surface and Interface Engineering

The emerging strategy of constructing asymmetric struc-
tures within a single 2D material system via localized 
surface and interface modification presents a compelling 
avenue for neuromorphic engineering. This approach fun-
damentally relies on tailoring local properties, for exam-
ple, through selective doping or defect engineering, to cre-
ate built-in fields and electronic asymmetry [89–91]. This 
site-specific engineering avoids the lattice mismatch of 
heterostructures, thus enabling precise spatial modulation 
of conductance and switching dynamics within a homoge-
neous medium. In addition, surface adsorbates commonly 
present on exposed 2D materials can act as another form 
of local surface modification. They modify the interfacial 
potential and carrier distribution, thereby further intro-
ducing asymmetry in the device response [92, 93]. Such 
structural and interfacial asymmetry is crucial for emulat-
ing neurobiological functions, including directional signal 
propagation and various synaptic learning rules [94]. Con-
sequently, this methodology establishes a robust and scal-
able platform for developing high-performance neuromor-
phic devices, unifying the required functional complexity 
with structural simplicity and integration compatibility.

Given the numerous works covering homojunctions 
formed through local modification [95–97], this section 
focuses on recent progress in surface and interface engi-
neering through adsorbates or controlled doping to construct 
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asymmetric electronic structures within a single 2D mate-
rial system for neuromorphic devices. Figure 7a illustrates 
an asymmetric MoS2 homojunction via chemical lithi-
ation, where the device is immersed in n-butyllithium to 
locally convert the semiconducting 2H phase of MoS2 into 
a metallic 1 T’ phase, which was further demonstrated by 
the comparison of transfer curves before and after lithiation 
(Fig. 7b) [98]. This phase configuration creates a dynamic 
Schottky barrier, enabling non-volatile, multi-level resis-
tive switching through electric field-driven redistribution 
of the pre-intercalated Li+ ions (Fig. 7c). The controllable 
migration of these Li+ ions directly modulate the channel 
conductance, emulating essential synaptic behaviors such 
as a multi-state computing window with a higher degree of 
freedom achieved by electrostatic gating (Fig. 7d).

Surface adsorbates commonly present on exposed 2D 
materials can introduce pronounced electronic asymmetry 
and significantly influence device operation. Adsorbed mol-
ecules modify the local surface potential and carrier density 
through charge transfer. When adsorption is spatially non-
uniform, asymmetric carrier distributions and built-in elec-
tric fields emerge, providing an alternative route to imple-
ment neuromorphic functionalities. Zhao et al. demonstrated 
that adsorbate-induced asymmetry can be deliberately engi-
neered to enhance neuromorphic device performance [99]. 
They introduced defects into 2D MoS2 as receptors that 
strongly bind H2O molecules (Fig. 7e). This gas–receptor 
synergistic interaction (GRSI) creates pronounced electronic 
asymmetry, where charge transfer from adsorbed H2O to the 
defective lattice reversibly dopes the channel, enabling volt-
age-controlled switching between high- and low-resistance 
states with ratios exceeding 104. Unlike passive adsorption 
effects, this mechanism leverages defect-engineered surface 
chemistry to achieve dynamic, tunable asymmetry. The 
resulting devices emulate both homosynaptic and heterosyn-
aptic plasticity with large dynamic range (> 200) (Fig. 7f). 
This work establishes adsorbate-defect coupling as a design-
able principle for introducing functional asymmetry in 2D 
neuromorphic systems.

In addition to the effects of the above chemicals, mate-
rial properties can also be modified via localized selective 
irradiation. This technique, as illustrated in Fig. 7g, utilized 
region-specific electron beam irradiation on a MoS2 sur-
face to create trap sites and generated spatial conductance 
anisotropy through crystallographic orientation variations 
[100]. The anisotropic characteristics originated from the 

localized doping contrast between electron beam-irradiated 
and unirradiated regions, induced by electron–hole pair 
generation in the SiO2 layer, which causes a Fermi-level 
shift toward the conduction band in the irradiated areas as 
shown in Fig. 7h. Consequently, the periodic n–n⁺ junctions 
in Synapse 1 resulted in limited conductivity, in contrast 
to the highly enhanced conductivity of Synapse 2, which 
featured parallel conductive stripes. From Fig. 7i, the larger 
PSC change observed in Synapse 1 compared to Synapse 2 
under both electrical (left panel) and photonic-potentiation/
electrical-habitation stimuli (right panel) could be attributed 
to its limited conductance, which provided a wider dynamic 
range for modulation.

4 � Device Level: Extrinsic Geometric 
Asymmetry

Having discussed the significance of asymmetric design at 
the material and structure levels for enabling neuromorphic 
behaviors, this section now shifts the focus to the device 
level, where asymmetric configurations and their corre-
sponding performance modulation strategies will be exam-
ined. This approach not only capitalizes on the advantages of 
material- and structure-level designs but also offers unique 
capabilities for system-level integration and dynamic control 
of device performance. Since neuromorphic devices are pri-
marily categorized structurally into two-terminal memristors 
and three-terminal synaptic transistors, the following discus-
sion will accordingly elaborate on asymmetric design strate-
gies and performance modulation within these two dominant 
device architectures.

4.1 � Asymmetric Diffusive Memristor

Memristors, as non-volatile memory devices whose resist-
ance states depend on the history of applied electrical 
stimuli, have emerged as fundamental building blocks for 
neuromorphic computing due to their inherent ability to 
emulate synaptic weight updates [101]. Among various 
types, diffusive memristors distinguish themselves by utiliz-
ing the controllable diffusion of metal ions or atoms within 
a switching medium to achieve volatile conductance switch-
ing, thereby effectively mimicking the temporal dynamics 
and decay characteristics of biological synapses [102]. 
To precisely control these spatiotemporal ion dynamics, 



	 Nano-Micro Lett.          (2026) 18:354   354   Page 16 of 35

https://doi.org/10.1007/s40820-026-02214-8© The authors

Fig. 7   Neuromorphic devices based on 2D homojunctions achieved by local modification. a Schematics of the fabricated device before (left) 
and after (right) selective lithiation. b Transfer characteristics of 1 T’-only MoS2 (left) and 2H/1 T’-hybrid MoS2 devices (right) before and after 
lithiation. c Raman maps of the 1 T’-MoS2 phonon peak in LRS and HRS (top) and corresponding schematic images (bottom) representing the 
distribution of Li+ ions. d Schematic of the synapse-like MoS2 homojunction FET and its output current acquired at varying VBG and the RS 
status [98]. Copyright 2020, WILEY–VCH. e Schematic of the GRSI mechanism in 2D TMDC memristors. f LTP and LTD measurements of 
the pr-MoS2 device and the de-MoS2 device and the extracted LTP dynamic ranges [99]. Copyright 2025, Elsevier Inc. g Schematic of the device 
n-type doping treatment procedures by electron beam. Synapse 1 and synapse 2 are represented by devices along direction 1 and direction 2, 
respectively. h Energy band diagrams of the MoS2 transistor before and after EBI. i Conductance modulation of the device for synapse 1 and 
synapse 2 under electric stimuli (left) and optical/electric stimuli (right), respectively [100]. Copyright 2024, WILEY–VCH
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asymmetric design strategies are critical. 2D materials and 
their heterostructures offer unparalleled advantages for fab-
ricating asymmetric diffusive memristors. Their atomically 
flat interfaces and tunable interlayer coupling enable precise 
spatial confinement and anisotropic modulation of metal ion 
diffusion pathways and kinetics, while the ultrathin thickness 
and high carrier mobility boost the switching speed and con-
ductance tuning precision of devices. Figure 8a presents an 
asymmetric diffusive memristor based on Al/MoS2/Poly-Si, 
where the asymmetry of S ion/vacancy diffusion and migra-
tion contributed to the bipolar resistive switching behaviors 
[103]. Additionally, the I-V sweeping measurements further 
revealed its asymmetric bipolar resistive switching behav-
ior with the current rising abruptly under positive bias (set 

process) due to the rapid aggregation of sulfur vacancies into 
conductive filaments, while decreasing gradually under neg-
ative bias (reset process) as sulfur ions diffused back slowly 
to annihilate the filaments, reflecting the asymmetric dynam-
ics of ion migration in the device. From Fig. 8b, a detailed 
illustration of the polarity-dependent diffusion process of 
sulfur ions and vacancies in the as-fabricated memristor was 
presented, where sulfur vacancies aggregated along grain 
boundaries to form filaments under positive bias (ii), and 
sulfur ions recombined with vacancies to break the filaments 
under negative bias (iii), with the incomplete annihilation 
of filaments in high-cycle operation (iv). This work reveals 
that engineering the asymmetric diffusion of ions/vacan-
cies via grain boundary and interfacial layer modulation in 

Fig. 8   Asymmetric diffusive memristor. a Schematic of the memristor based on Al/MoS2/Poly-Si and its I-V sweeping characteristics. b Sche-
matics showing the corresponding sulfur ions and vacancies distribution in different conditions [103]. Copyright 2024, American Chemical 
Society. c An illustration shows a DropConnect hardware implementation of the synaptic devices with self-drop capability. d Threshold switch 
resistance states corresponding to the five different states under positive bias conditions. e Evaluation accuracy of SpikingViT with or without 
DropConnect unit. f Relative saved power consumption for each category [104]. Copyright 2025, WILEY–VCH
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2D diffusive memristors provides a key design principle for 
mimicking biological synaptic asymmetry, offering critical 
guidance for developing high-performance neuromorphic 
devices.

Besides, recent systems-oriented works have demon-
strated how asymmetric ion migration in 2D-based devices 
can directly address network-level challenges in neuro-
morphic computing. For example, Yu et al. demonstrated 
a threshold switch based on an Ag/h-BN/graphene hetero-
structure integrated with an α-In2Se3 ferroelectric field-effect 
transistor to implement hardware-level DropConnect regu-
larization (Fig. 8c) [104]. The non-volatile memory effect 
in this device originates from the asymmetric diffusion 
behavior of Ag ions within the 2D layered h-BN (Fig. 8d). 
Under positive bias, Ag+ ions penetrate the h-BN stack to 
form conductive filaments, while upon voltage removal, 
the filaments spontaneously rupture due to the atomically 
pristine nature of h-BN and the chemically inert graphene 
electrode, which promotes spontaneous filament dissolution. 
Crucially, the intrinsic cycle-to-cycle variation in threshold 
voltage enables the threshold switch to function as a built‑in 
random number generator. This intrinsic stochasticity, aris-
ing from the probabilistic nature of Ag filament formation/
dissolution in the 2D heterostructure, allows each synaptic 
connection to be randomly dropped during network train-
ing without any auxiliary circuits. At the system level, this 
hardware‑implemented DropConnect effectively combats 
overfitting in deep neural networks. When deployed in a 
spiking vision transformer for MNIST classification using 
only 2% of the training data, the network achieved a 1.36% 
accuracy improvement (Fig. 8e) and ~ 31.7% energy reduc-
tion (Fig. 8f) compared to DropConnect-free implementa-
tions. This exemplifies how the asymmetric, stochastic ion 
dynamics inherent to 2D heterostructures can be harnessed 
to address the critical network-level bottleneck of overfitting 
while enhancing energy efficiency. In another bio‑inspired 
design, a visual neuron transistor employing a MoSe2/MoS2 
heterojunction channel integrated with parallel Al2O3‑based 
threshold switches demonstrated how asymmetric device 
configurations can enable robust population coding [105]. It 
shows that intrinsic variability in ion-based diffusive mem-
ristors can be transformed into a computational advantage 
at the network level, enabling more reliable and biologically 
inspired neuromorphic processing.

Collectively, these advances demonstrate that the unique 
weight update properties of 2D-based asymmetric diffusive 

memristors, particularly intrinsic stochasticity and popula-
tion-level statistical averaging, directly address persistent 
network-level bottlenecks. The inherent randomness of ion 
migration dynamics enables hardware-native regularization 
that mitigates overfitting without peripheral overhead, while 
integrating multiple asymmetric units converts device vari-
ability into enhanced encoding fidelity and fault tolerance. 
By leveraging atomically precise interfaces and tunable 
ion kinetics in 2D heterostructures, these design principles 
establish a direct bridge between device physics and system-
level computational efficiency, offering a scalable pathway 
toward robust learning models and biologically plausible 
neural encoding in next-generation neuromorphic hardware.

4.2 � Asymmetric Contact Engineering

Compared to memristors, field-effect transistors (FETs) offer 
greater tunability for the realization of neuromorphic behav-
iors. This advantage of FETs is evident in both structural and 
functional aspects. Structurally, they emulate a biological 
synapse by employing the gate electrode as the presynap-
tic terminal, the gate dielectric as the synaptic cleft, and 
the channel as the postsynaptic terminal. Functionally, their 
architectural design enables the incorporation of diverse 
technological approaches, including gate dielectric, contact, 
and channel engineering, which offer extensive degrees of 
freedom for tailoring synaptic plasticity [106–110]. In par-
ticular, asymmetric device design, which introduces struc-
tural asymmetry into the gate and channel, enables perfor-
mance customization and offers a promising pathway for 
developing multifunctional neuromorphic devices. This sec-
tion will primarily focus on 2D neuromorphic devices based 
on asymmetric contact engineering. Asymmetric contacts 
mainly arise from two strategies: the use of different metals 
for the two contacts [111, 112] and geometric asymmetry in 
the channel region [113, 114]. These asymmetric configura-
tions lead to differentiated energy barriers at the interfaces 
between the channel and the two electrodes. Such asym-
metric barrier characteristics are often exploited to achieve 
rectifying behavior and self-powered photoresponse, which 
are crucial for realizing low-power neuromorphic devices 
[115–117].

The atomically thin nature of 2D materials is particu-
larly advantageous here, as it allows for precise control over 
these interfacial barriers, making them highly susceptible 
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to engineered asymmetry. Figure 9a presents an asymme-
try-Schottky-barrier MoS2 phototransistor contacted by Pd 
and Ni/Au, respectively [118]. The spatially resolved pho-
tocurrent mapping (SRPM) dynamically captures how the 
photoresponse shifts from localized bright spots at the Pd 
contact (photovoltaic effect) under zero/reverse bias to a dis-
tributed current across the channel (photoconductive effect) 
under positive bias. This visually observed, bias-dependent 
evolution governed by asymmetric Schottky contacts could 
be further clarified by the corresponding energy band dia-
grams under different conditions (Fig. 9b), providing a cru-
cial pathway for designing reconfigurable and low-power 
neuromorphic vision devices. Furthermore, the difference 
in Schottky barrier heights between the two contacts ena-
bles the device to generate a net photocurrent under zero 
or minimal bias, due to their distinct carrier separation 
efficiencies. As illustrated in Fig. 9c, the energy consump-
tion of each synaptic event was determined to be approxi-
mately 90 zJ (9 × 1020 J) under extremely low read voltages 
(VDS = 0.24 μV). Combined with Vds-induced reconfigurable 
synaptic behaviors, a low-energy bionic vision system with 
graded adaptation process was achieved by defining two 
modulation channels, I and II, referring to the positive and 
negative Vds bias, respectively (Fig. 9d). This is achieved 
via a dual-channel synergistic modulation strategy: Under a 
constant stimulus, switching to the low-sensitivity channel 
(II) triggers rapid desensitization to prevent oversaturation 
from strong inputs, while switching to the high-sensitivity 
channel (I) provides immediate amplification to enhance 
weak signals. This intelligent transition allows the device to 
flexibly interpret signals of varying intensities, effectively 
emulating the adaptive behaviors of biological sensory neu-
rons in dynamic environments.

Another attempt to realize the asymmetric contact 
between 2D materials and electrodes is to induce the dif-
ferent contact areas as shown in Fig. 9e, where a triangular 
α-In2Se3 possessed a different contact geometry with Au 
electrodes [12]. The formation of built-in potential was due 
to the difference of work functions, in which the work func-
tion with large contact area was larger, and the work func-
tion with small contact area was smaller (Fig. 9f). By this 
way, an optical memory behavior could be obtained under 
zero bias after light illumination (Fig. 9g), which laid the 
foundation of the visual perception in the retina. Figure 9h 
demonstrates the successful optical memory and retrieval of 
an “L”-shaped pattern at zero bias, achieved by sequentially 

recording and erasing each pixel’s photoresponse through 
pulsed illumination and gate-controlled reset operations. In 
summary, introducing asymmetric contact offers a powerful 
means to tailor interfacial energy barriers, modulate car-
rier dynamics, and thus encode rich synaptic functionalities 
directly within the device physics. This approach not only 
enables essential features such as rectification, self-powered 
operation, and ultra-low power consumption but also facili-
tates the design of reconfigurable and adaptive systems capa-
ble of processing complex, real-world stimuli.

4.3 � Asymmetric Gate Modulation

Asymmetric design at the gate terminal offers another potent 
avenue for tailoring synaptic functionalities in FETs. Funda-
mentally, introducing geometrical or functional asymmetry 
to the gate structure such as employing half-gates or non-
uniform gate dielectrics creates a lateral or graded electric 
field within the channel [119–121]. This inhomogeneous 
field profile directly modulates the spatial distribution of 
charge carriers, enabling precise and dynamic control over 
the channel conductance, which is the fundamental analogue 
to synaptic weight. When combined with 2D materials as 
the channel, this strategy gains further prominence. The 
atomically thin body of 2D semiconductors renders their 
electronic properties exceptionally sensitive to local gate 
fields, amplifying the impact of asymmetric gate designs. 
Furthermore, the pristine interfaces and mechanical flex-
ibility of 2D materials allow for the innovative integration 
of heterogeneous or patterned gate stacks, paving the way for 
novel device architectures to achieve advanced biomimetic 
sensing, learning, and adaptation in neuromorphic systems. 
Here, we highlighted two design schemes of asymmetric 
gate, namely local gate structure and double gate structure.

Zhou et al. designed and fabricated a semi-floating-gate 
structure, where near- to mid-infrared photodetection, mem-
ory and computing (PMC) functionalities were integrated 
in a single device as shown in Fig. 10a [122]. Here, MoS2/
BP heterojunction was chosen as conducting channel, h-BN 
worked as a tunneling layer underneath MoS2 channel and 
graphene was selected as a floating-gate layer to gate the 
MoS2 channel only, referring to a semi-floating-gate struc-
ture. Such semi-floating-gate region effectively modulated 
the conduction states and threshold voltage by controlling 
the carrier tunneling process between MoS2 and graphene 
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Fig. 9   Neuromorphic FETs with asymmetric contacts. a Optical image of the MoS2 device with asymmetric Schottky barrier and its spatially resolved photocurrent 
mapping at different VDS. b Schematic energy band diagrams of the MoS2 FET under different conditions. c Synaptic event triggered by light pulse with ultra-low 
power consumption. d Schematic of the graded adaptation process achieved with switching channel operations [118]. Copyright 2025, AIP Publishing. e Structural 
diagram of the α-In2Se3-based FET with asymmetric contact areas. f Schematic energy band diagrams under illumination. g Temporal response of IDS under dark 
and illumination at VGS = 0 V and VDS = 0 V. h Schematic illustration of real-time object recognition and reconstructed object image from the IDS vs time curves 
[12]. Copyright 2025, American Chemical Society
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(Fig. 10b). This mechanism enabled the structure to function 
as a memory element capable of achieving a wide range of 
conductance modulation (Fig. 10c). The change in the con-
ductance state of MoS2 directly influenced the energy band 
alignment at the MoS2/BP heterojunction, thereby altering 
its photoresponse. This characteristic established a direct 
link between the memory state and optoelectronic perfor-
mance. As shown in Fig. 10d, the photoresponse gradually 
enhanced with an increase in the conductance state. This 
correlation is further confirmed in Fig. 10e, which illustrated 
the relationship between responsivity, conductance state, and 
incident wavelength, demonstrating that a higher conduct-
ance state led to a stronger photoresponse across a broad 
spectral range. This unique feature was further validated 
through simulation tasks involving the processing and recog-
nition of mid‑wave infrared images. Besides, integrating dif-
ferent gate dielectrics into a single device also introduced the 
asymmetric gate modulation as shown in Fig. 10f, where the 
top-gate dielectric was composed of organic ferroelectrics 

but the bottom-gate dielectric was the SiO2 layer functional-
ized by interface defects [106]. Befitting from the different 
memory mechanisms induced by ferroelectric polarization 
and charge trapping/detrapping, a bidirectional synaptic 
plasticity modulation was achieved. From Fig. 10g, the 
direction hysteresis loop was determined by ferroelectric 
polarization switching that contributed to an inhibitory PSC 
under positive voltage spikes but excitatory PSC under nega-
tive ones (Fig. 10h). Interestingly, the direction hysteresis 
loop was completely opposite observed in bottom-gating 
mode, which was dominated by charge-trapping/detrapping 
process (Fig. 10i, j). The bidirectional plasticity dynamics 
induced by the asymmetric gate dielectrics contributed to 
the controllable conversion between inhibitory and excita-
tory plasticity, which could be used to emulate the in self-
adaptive characteristics of neural systems. The results above 
indicate that the asymmetric gate modulation is of signifi-
cant importance for achieving reconfigurable plasticity and 

Fig. 10   Neuromorphic FETs with asymmetric gate modulation. a Device structure of MoS2/BP heterojunction-based transistor with graphene 
semi-floating structure. b Hysteresis behaviors of the device under different bottom-gate voltage (VBG). c Cyclic change of conductance states 
by applying different electrical voltage pulses. d Real-time test for conductance configuration and the photo-response at different conductance 
states. e Responsivity mapping plots at different wavelengths for different conductivity states [122]. Copyright 2024, Springer Nature. f Sche-
matic diagram of signal transmission between biological neurons and the corresponding operation mode in dual-gate synaptic FETs. g Hysteresis 
loop obtained in top-gating mode. h PSC change under positive and negative top-gate voltage spikes. i Hysteresis loop obtained in bottom-gating 
mode. j PSC change under positive and negative bottom-gate voltage spikes [106]. Copyright 2023, WILEY–VCH
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its dynamic modulation, which benefits from the structural 
complexity compared to other device designs.

5 � Summary and Perspectives

In summary, this review has systematically examined the 
deliberate incorporation of asymmetry across material, 
structural, and device levels as a powerful design princi-
ple for 2D neuromorphic devices. The core rationale lies in 
harnessing the intrinsic or engineered asymmetric physical 
properties such as heterogeneous ion migration, Schottky 
barrier modulation, built-in electric fields, and interfacial 
dipole formations to emulate and control the essential syn-
aptic plasticity found in biological neural systems. These 
asymmetrically enabled mechanisms provide a robust 

physical foundation for implementing key neuromorphic 
functionalities, including STP/LTP, STDP, and reconfigur-
able plasticity, thereby bridging the gap between fundamen-
tal device physics and complex neuronal behaviors. Table 2 
summarizes the asymmetric designs highlighted in this 
review and indicated the underlying relationship between 
them and neuromorphic functions. It should be noted that 
in this table, we primarily highlight the key physical char-
acteristics of each design, which does not imply that each 
design possesses only that specific characteristic. In fact, 
the listed physical properties may be realized across multi-
ple designs. Additionally, the neuromorphic functionalities 
presented are potential and prospective; namely, some have 
already been achieved through these designs, while others 
represent future applications derived from our perspectives 

Table 2   The summary of the reviewed asymmetric designs and the underlying relationships between their physical features and potential neuro-
morphic functions

Level Design paradigm Typical example Key Physical features Potential Neuromorphic 
applications

References

Material Anisotropic crystal structure BP Direction-Dependent Charge 
Transport and light–matter 
interaction

Polarization-Sensitive 
Vision Sensing System

[123]

Janus atomic composition WSSe Built-in Vertical Electric 
Dipole

Temporal synaptic dynamics 
with enhanced plasticity 
and energy efficiency

[124]

Symmetry-broken induced 
polarization

CIPS Non-Volatile and Switchable 
Polarization

Precise control of memory 
characteristics in neuro-
morphic and in-memory 
computing devices

[125]

Structure MDHs 2D/0D
2D/1D
2D/3D

Dimensionally confined car-
rier charge transports

Enhanced Learning Rules 
and Implementation of 
Spatiotemporal Computing

[126]

Band alignment engineering Straddling/Staggered/Bro-
ken Gap

Spatiotemporally modulated 
carrier dynamics

Multi-timescale synaptic 
plasticity and complex 
signal processing for asso-
ciative learning

[86]

Selective interface modifica-
tion

Localized selective irradia-
tion

Interface-controlled carrier 
dynamics

Precise tuning of synaptic 
behaviors and multi-state 
memory to emulate neural 
adaptability

[127]

Device Asymmetric diffusive 
memristor

Al/MoS2/Poly-Si Gradient-tunable memcon-
ductance states

Analog synaptic plasticity 
and support multi-level 
learning and memory

[128]

Asymmetric contact engi-
neering

Pd/MoS2/Ni/Au Inherent differentiated 
Schottky barrier heights

Self-powered neuromorphic 
devices and systems with 
extremely low energy 
consumption

[12]

Asymmetric gate modula-
tion

Half-floating-gate transistor Controllable spatial distribu-
tion of charge carriers

Reconfigurable neuromor-
phic devices endowed with 
multiple plasticity modula-
tion strategies

[129]
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on the corresponding physical properties. Overall, this table 
aims to provide researchers with inspiration in the field of 
neuromorphic device research. The field of 2D neuromor-
phic devices remains at a nascent stage, and a unified set of 
benchmarking protocols for evaluating device performance 
has yet to be established. This lack of standardization makes 
direct comparison across different device architectures chal-
lenging, as reported metrics often depend heavily on specific 
measurement conditions and device configurations. To pro-
vide a preliminary comparative assessment, we summarize 
the key neuromorphic metrics for representative asymmetric 
2D devices alongside conventional counterparts in Table 3. 
Notably, asymmetric 2D devices demonstrate compelling 
strengths in several key metrics; for example, asymmetric 
contact engineering enables self-powered operation with 
ultra-low energy consumption down to 90 zJ per spike, 
representing a fundamental advantage for edge computing 
applications where power budget is severely constrained. 
Meanwhile, 2D Janus WSSe and ferroelectric CIPS devices 
exhibit excellent endurance exceeding 105 and 104 cycles, 
respectively, demonstrating reliable switching character-
istics. These examples illustrate that asymmetric design 
strategies not only enable novel functionalities but also 
deliver competitive performance metrics that position them 
as promising candidates for next-generation neuromorphic 

hardware. However, it should be noted that the variations in 
reported performance metrics may not solely originate from 
the devices themselves but are also strongly influenced by 
differences in measurement protocols, device geometries, 
and testing environments. For instance, energy per spike val-
ues is often calculated under different pulse conditions, and 
dynamic range measurements may employ varying defini-
tions of conductance states. This observation underscores 
the urgent need for the development of standardized testing 
methodologies and benchmark metrics tailored to neuromor-
phic devices, which would enable fair comparisons across 
studies and accelerate progress toward practical applications.

Strategic implementation of asymmetry has emerged as 
a powerful paradigm for enriching the functionality of 2D 
neuromorphic devices. However, translating this potential 
into practical technologies requires a balanced assessment 
of both opportunities and inherent challenges. This per-
spective critically examines the road ahead, addressing 
manufacturing trade-offs, system-level integration require-
ments, architectural opportunities, and the concrete steps 
needed to bridge the gap between laboratory demonstra-
tions and functional neuromorphic hardware.

Table 3   Comparison of key neuromorphic metrics between asymmetric 2D neuromorphic devices and traditional devices

Category Typical design Key neuromorphic metrics References

Weight update nonlin-
earity or linearity (*) 
(LTP/LTD)

Dynamic range Endurance Energy per spike

Asymmetric 2D devices Anisotropic ReSe2 – 27.5% – – [11]
2D Janus WSSe 5.65/2.4* – 105 119.5 pJ [124]
Ferroelectric CIPS 0.7/4.9 24.2  > 104 – [61]
WSe2/InAs 2D/0D 

MDHs
0.0005/ − 0.002 1.2 (LTP)

1.81 (LTD)
– 33.5 pJ [75]

Type III Band align-
ment BP/SnS2

1.1–2.7 – – 83 pJ [88]

Adsorbate-induced 
asymmetry

0.6 only for LTP  > 200 4000 Pprog < 100 pW, 
Pread < 1 pW

[99]

Asymmetric diffusive 
memristor

2.6/ − 0.5 – 800 37 pJ [130]

Asymmetric Contact – – – 90 zJ [118]
Asymmetric Gating  − 0.08/2.86 15.1 – 0.86 pJ [106]

Traditional Symmetric 
Devices

COMS Transistor 0.06/0.21  > 103  > 107 415 pJ/m [131]
Oxide-based RRAM – 2.5  > 200 k 0.51 fJ [132]
GeTe/Sb2Te3PCM 0.32/0.32 13.1 – – [133]
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5.1 � Toward Manufacturability and Reliability: The 
Trade‑offs of Asymmetric Design

While the techniques employed to introduce asymmetry 
enhance individual device performance, they are also 
well-established sources of increased device-to-device and 
cycle-to-cycle variability. At the material level, asymmet-
ric designs rely on precisely controlled anisotropy, polari-
zation, or stoichiometry, where minor variations during 
synthesis or transfer can alter the intended electronic prop-
erties [99, 134]. At the structural level, heterojunctions 
and engineered interfaces depend exquisitely on interfacial 
quality and alignment accuracy, meaning that nanometer-
scale variations in layer overlap or contact configuration 
translate directly into large fluctuations in carrier trans-
port [135]. At the device level, asymmetric configurations 
operate on the principle of controlled spatial imbalance, 
indicating that any non-uniformity is amplified rather than 
averaged out because device function hinges on the dif-
ference between intentionally mismatched regions [136]. 
This presents a critical challenge for wafer-scale integra-
tion, as maintaining process uniformity across large arrays 
becomes intrinsically more difficult when intentional 
asymmetry is introduced.

Current literature rarely reports device yield statistics 
for asymmetric 2D devices, yet this metric will be deci-
sive for technological viability. This scarcity reflects the 
inherent limitations of current research in the field of 2D 
material-based neuromorphic devices because most stud-
ies remain at the proof-of-concept stage, focusing on indi-
vidual device performance optimization rather than large-
scale array integration [137]. The absence of wafer-scale 
fabrication demonstrations and systematic yield analysis 
underscores the gap between laboratory innovation and 
technological readiness. Despite these challenges, the 
pursuit of asymmetric 2D neuromorphic devices remains 
a critical research frontier, as the potential gains in func-
tionality, energy efficiency, and bio-realistic computing 
far outweigh the obstacles. Mitigating variability while 
preserving desired asymmetric function will require co-
optimization across multiple levels from material design 
through device engineering to circuit/algorithm-level 
solutions.

Yang et al. provide a compelling example of this co-opti-
mization strategy through wafer-scale fabrication of poly-
crystalline 2H-MoTe2 memristor arrays (Fig. 11a) [138]. 

Rather than attempting to eliminate asymmetry-induced 
variability, this work strategically engineers it by directly 
synthesizing highly polycrystalline 2H-MoTe2 films with 
high-density vertically aligned grain boundaries on 2-inch 
SiO2/Si wafers (Fig. 11b). These aligned GBs serve as 
confined and uniform diffusion pathways for metal ions, 
transforming stochastic defect formation into determinis-
tic filament confinement. During resistive switching, Au 
ions migrate preferentially along the vertically aligned GBs 
rather than randomly disrupting the crystalline lattice. This 
design achieves reliable bipolar resistive switching with 
markedly reduced variability with cycle-to-cycle variation 
coefficients of 8.3% (Fig. 11c), device yields exceeding 
83.6% across 104 devices (Fig. 11d). Critically, the approach 
preserves asymmetric function, where the GBs themselves 
constitute a structural asymmetry that directs ion migration, 
while mitigating its negative impact on uniformity. The work 
further demonstrates wafer-scale uniformity and a damage-
free transfer process using pre-deposited metal electrodes, 
avoiding cracks and contamination typical of conventional 
PMMA-based transfer. This study illustrates that by engi-
neering asymmetry itself and transforming randomly dis-
tributed intrinsic defects into ordered, predefined pathways, 
it is possible to retain the functional benefits of asymmetric 
design while overcoming the manufacturability challenges.

5.2 � Toward System Integration: From Single Device 
to Circuit‑Level Integration

Expanding asymmetry from single devices to circuit and 
system level represents a critical frontier for neuromorphic 
computing. While individual asymmetric devices have dem-
onstrated enhanced functionality, their true potential can 
only be realized through integration into functional circuits 
and architectures [139]. This transition is essential because 
practical neural computation requires not isolated synapses 
but interconnected networks capable of processing temporal 
information, performing parallel operations, and executing 
complex learning rules. System-level co-design, where net-
work functionality directly leverages the physical proper-
ties of asymmetric building blocks such as directional signal 
filtering, hysteresis, or nonlinear response, offers a pathway 
beyond simple synapse emulation toward more efficient, 
brain-inspired computing systems.
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Current progress in this direction, while promising, 
remains at an early stage. Present investigations predomi-
nantly focus on using individual asymmetric devices as 
foundational elements for constructing basic neuromor-
phic circuits. Zhu et al. reported high-integration-density 
2D-CMOS hybrid microchips, integrating h-BN memris-
tors with CMOS transistors to form 1T1M units with asym-
metric layered structures as shown in Fig. 12a [140]. This 
system-level co-design leverages asymmetric ion diffusion 
in memristors, enabled by CMOS control, realizing STDP 
characteristics essential for synapses (Fig. 12b). They fur-
ther proposed a neuron–synapse–neuron circuit schematic 
(Fig. 12c) and validated pre-/postsynaptic signal transmis-
sion via SPICE simulation (Fig. 12d, e), achieving spiking 
neural networks with ~ 90% MNIST classification accuracy. 
This work represents a pivotal advance in circuit-level asym-
metric neuromorphic systems, bridging device physics and 
practical computing. Another example is the work by Zhao 

et al. that strategically employed an asymmetric diffusive 
memristor as the core nonlinear and directional switch-
ing element to realize a compact one diffusive memristor, 
one transistor, and one resistor (1M1T1R) enabled spiking 
neuron circuit [141]. This design effectively transduced the 
inherent ionic dynamics and threshold characteristics of the 
asymmetric device into rich neuronal functionalities such as 
leaky integration, threshold firing, and a refractory period. 
This work illustrated a significant step in exploiting device-
level asymmetry at the circuit level to create efficient and 
bio-inspired computational platform toward future complex 
neuromorphic system development.

Nonetheless, several challenges hinder the transition 
from individual devices to integrated circuit systems. 
The diversity of operating mechanisms across asymmet-
ric designs complicates unified peripheral circuitry and 
programming protocols [142]. The absence of standard-
ized compact models limits architecture-level simulations, 

Fig. 11   a Schematic of fabrication process for polycrystalline 2H-MoTe2 memristor crossbar array. b Photography image of the poly-MoTe2 film 
synthesized on a 2-inch wafer. Scale bar: 1.5 cm. The inset is atomic-resolution (AR-STEM) image of grain boundaries in the poly-MoTe2 film. 
Scale bar: 1 nm. c I-V curves for 300 cycles of the polycrystalline 2H-MoTe2 memristor. d Set voltage (red) and reset voltage (blue) measure-
ment results for 104 memristors. Blanks indicate device failure. And the corresponding OM image of cross-point memristor array. Scale bar: 
300 μm [138]. Copyright 2024, WILEY–VCH
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and device variability induced by asymmetric design as 
discussed in 5.1 also degrades reliability as arrays scale 
[143]. Addressing these challenges requires coordinated 
efforts such as developing design frameworks that map 
neural network architectures onto device characteristics 
and implementing variability-aware techniques such as 
adaptive biasing.

5.3 � Toward In‑Sensor Computing: Architectural 
Advantages and Challenges

The asymmetric design strategies discussed throughout 
this review offer distinct advantages for realizing integrated 

sensing-memory-computing architectures, a paradigm 
broadly termed in-sensor computing [144]. Conventional 
neuromorphic systems, inspired by foundational perspec-
tives on in-sensor computing, typically rely on separate 
functional blocks for sensory transduction, analog-to-dig-
ital conversion, and neural network processing, leading to 
significant data movement overhead and energy consump-
tion [145]. Asymmetric 2D neuromorphic devices provide 
a pathway to overcome these limitations by enabling the 
co-localization of multiple functionalities within a single 
device unit.

The architectural advantages of asymmetric 2D neuro-
morphic devices for in-sensor computing stem from three 

Fig. 12   Hybrid 2D-CMOS microchips. a Photograph of the 2  cm × 2 cm microchips containing the CMOS circuitry and high-angle annular 
dark-field cross-sectional SEM image of a 1T1M cell in the crossbar array. Scale bar, 600 nm. b STDP characteristic of the 1T1M cell with 
Au-Ti-h-BN-W memristor. c Circuit schematic of the proposed neuron–synapse–neuron block combining h-BN-based 1T1M cells and CMOS 
circuitry. d SPICE simulation of the pre- and postsynaptic signals applied to the CMOS-h-BN-based 1T1M. e SPICE simulation of the neuron’s 
membrane potential [140]. Copyright 2023, The Author(s)
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intrinsic characteristics. First, the inherent anisotropy and 
polarization effects in asymmetric material systems such 
as anisotropic 2D materials allow direct encoding of sen-
sory information, including light intensity, wavelength, or 
polarization, into conductance states without separate sen-
sor frontends [123]. Second, the nonlinear and hysteretic 
switching dynamics arising from asymmetric device con-
figurations naturally implement synaptic weight update 
rules and temporal integration functions essential for neural 

computation [128]. Third, the atomic thickness and van 
der Waals integration capability of 2D materials enable 
monolithic three-dimensional (M3D) stacking of sensing, 
memory, and processing layers with minimal footprint and 
parasitic capacitance [146]. Kang et al. successfully stacked 
six layers of device arrays comprising MoS2 transistors and 
WSe2/h-BN memristors into a fully integrated AI process-
ing system (Fig. 13a) [146]. This work illustrates how the 
WSe2/h-BN double-layer configuration as a device-level 

Fig. 13   Monolithic 3D integration of 2D material-based AI processing hardware. a Schematic illustration of in-sensor computing system based 
on M3D-integrated, 2D material-based electronics. b Schematic diagram of M3D-integrated AI processor comprising WSe2/h-BN-based mem-
ristors and MoS2-based transistors (top) and its DC switching performance (bottom). c DNA motif discovery using this M3D-integrated, 2D 
material-based AI system [146]. Copyright 2023, The Author(s)
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asymmetry enables reliable memristive switching with con-
trolled ion migration pathways (Fig. 13b), while the 1T1M 
integration scheme as a circuit-level asymmetry allows pre-
cise programming of conductance states via gate-controlled 
current limiting. Such vertically integrated architecture 
achieves key in-sensor computing objectives, including 
dense interlayer connectivity that minimizes routing paths 
and parasitic capacitance, parallel processing across stacked 
layers that reduces latency and voltage drops, and mechani-
cal flexibility for wearable integration. The demonstration 
of DNA motif discovery using this M3D-integrated system 
further validates how asymmetric device characteristics 
can be harnessed for practical computing tasks (Fig. 13c). 
This work provides concrete validation that asymmetric 2D 
devices can be organized into vertically integrated systems 
realizing co-localization of memory and processing with 
unprecedented density and efficiency, establishing a tem-
plate for moving beyond incremental device optimization 
toward transformative system architectures.

Despite these promising advantages, significant chal-
lenges remain before asymmetric 2D devices can realize 
their full potential in integrated intelligent systems. The 
sensitivity to environmental perturbations that enables ver-
satile sensory responses simultaneously introduces instabil-
ity in memory retention and computing accuracy. Further-
more, the diversity of operating mechanisms across different 
asymmetric designs complicates the development of unified 
peripheral circuitry and programming protocols required for 
large-scale array integration. Addressing these challenges 
requires coordinated progress across multiple fronts such 
as developing encapsulation strategies that stabilize device 
operation without compromising sensory responsiveness 
[147], designing hybrid architectures that strategically allo-
cate different asymmetric functions to optimized sub-blocks, 
and establishing standardized interfaces between 2D device 
layers and CMOS peripheral circuits [148].

Looking toward future technological translation, several 
asymmetry strategies emerge as particularly promising for 
large-scale integration based on their compatibility with 
wafer-scale control. Material-level approaches that embed 
asymmetry during synthesis, such as intrinsic anisotropy 
of 2D materials introduced by controllable growth, offer 
inherent scalability because asymmetry is defined by growth 
conditions rather than post-fabrication patterning. These 
strategies transform the challenge of variability control 

from one of suppressing random fluctuations into one of 
engineering deterministic, uniform structural features across 
entire wafers. Device-level strategies leveraging asymmet-
ric contact engineering and gate modulation present more 
immediate integration pathways, as they build upon estab-
lished microfabrication techniques and have already dem-
onstrated compatibility with CMOS hybrid integration. The 
convergence of these strategies toward wafer-scale manu-
facturability, rather than isolated device optimization, will 
ultimately determine whether asymmetric 2D neuromorphic 
devices transition from laboratory curiosities to platform 
technologies for next-generation computing. By providing 
a direct pathway to encode multi-level conductance states 
and dynamic synaptic weights within structures amenable 
to large-scale fabrication, asymmetry serves as a cornerstone 
for translating the remarkable capabilities of biological neu-
ral networks into practical solid-state hardware. Continued 
exploration along these directions, with explicit attention to 
the manufacturability criteria outlined throughout this per-
spective, will be vital for unlocking the full potential of 2D 
materials in creating next-generation, low-power, and adap-
tive neuromorphic computing technologies.
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