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2D Materials for Emerging Neuromorphic Vision: From
Devices to In-Sensor Computing

Pengshan Xie, Dengji Li, Weijun Wang, and Johnny C. Ho*

The von Neumann architecture faces significant challenges in meeting

the growing demand for energy-efficient, real-time visual processing

in edge applications, primarily due to data-transfer bottlenecks between
processors and memory. Two-dimensional (2D) materials, characterized by
their atomic-scale thickness, adjustable optoelectronic properties, and diverse
integration capabilities, present a promising avenue for advancing in-sensor
computing. These material systems, which include ferroelectric 2D materials,
topological insulators, and twistronic systems, enhance the device’s ability to
handle perception, computation, and storage efficiently. This review provides
a comprehensive overview of the latest advancements in 2D material systems,
exploring their operational mechanisms and key visual perceptual functions,
such as polarization sensing and spectral selection. The potential applications
of visual neural synaptic devices within current material systems are

also examined, highlighting ongoing efforts to integrate various deep learning
algorithmic architectures with innovative device integration strategies. This
includes everything from demand-side design to the selection of appropriate
material systems. By merging device and materials innovation with neuromor-
phic engineering, 2D materials hold the promise of overcoming the limitations
of the von Neumann architecture, paving the way for the development

of intelligent vision systems that harness the power of in-sensor computing.

program storage in a unified memory, with
the central processing unit (CPU) exe-
cuting computations by retrieving instruc-
tions from this memory.'=3! This architec-
ture primarily relies on sequential execu-
tion controlled by the central processor. De-
spite advancements that have led to more
complex instruction sets, enhanced pro-
cessing units, and expanded memory ca-
pacity, thereby improving computing sys-
tem performance, the von Neumann ar-
chitecture faces significant limitations and
challenges, particularly in terms of per-
formance enhancement and energy effi-
ciency as technology progresses.[l The
most notable of these challenges is the
von Neumann bottleneck, a performance
constraint arising from the limited speed
of data transfers between the CPU and
memory.’) These issues are especially
pronounced in visual perception tasks,
where the increasing volume of image
and video data necessitates rapid and fre-
quent data exchanges between the CPU and

1. Introduction

Modern computer architectures are fundamentally based on the
classical von Neumann architecture, which integrates data and
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memory.®l This separation between stor-

age and processing results in insufficient

memory bandwidth, access delays, and
performance degradation. Machine vision, which serves as a
critical link between AI and real-world applications, demands
more from architectural designs. In embedded systems, such
as self-driving cars, robots, and smart cameras, in-sensor com-
puting architectures that integrate computational capabilities
within the sensor itself hold significant promise for real-time
data processing, intelligent decision-making, and edge comput-
ing applications.”]

The choice of semiconductor material system plays a pivotal
role in determining the computing, storage, energy efficiency,
and responsiveness of neuromorphic devices. 2D material sys-
tems are emerging as strong contenders to traditional silicon
materials, garnering significant interest in the artificial intelli-
gence (Al) field due to their exceptional electrical conductivity,
unique physicochemical properties, and diverse material options,
all of which hold great potential for future in-sensor comput-
ing architectures.®] Unlike bulk materials, 2D materials, with
their structure comprising only a few atomic or even a single
layer, offer ultrafast carrier mobility, high-density integration ef-
ficiency, reduced energy consumption, and tunable quantum ef-
fects. Specifically, this material system offers a variety of ad-
vantages in in-sensor computing compared to bulk or thin film
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materials. In order to achieve sensing-computing integration and
reduce the latency and power consumption generated by data
handling, the material needs to perform neural-like functions at
the sensing end. Therefore, excellent optoelectronic properties
are an important foundation. Many 2D materials (e.g., molybde-
num disulfide, black phosphorus) are extremely sensitive to op-
tical signals, and can achieve high responsivity, detectivity, and
ultrawide detection band, demonstrating detection advantages
over silicon-based materials. Second, compared to various thin
film materials (including polycrystalline and amorphous films),
ultrathin 2D materials can greatly avoid interfacial scattering and
trapping caused by grain boundaries and defects during carrier
transport. As a result, 2D materials also offer certain advantages
in terms of carrier mobility and device switching performance,
demonstrating smaller switching voltages and operating power
consumption. In particular, compared to some n-type organic
semiconductor materials, some n-type 2D materials have better
stability in the air environment. Finally, regarding sensing di-
mensions, 2D materials can couple multiple physical fields. A se-
ries of 2D materials has demonstrated high sensitivity to external
stimuli such as light, electricity, heat, and force. By coupling and
decoupling different stimulus responses, neuromorphic devices
based on 2D materials can perform fusion analysis and individ-
ual discrimination of complex stimulus scenarios. Miniaturiza-
tion and wearability of sensory processing systems are important
foundations for the future development of human-machine in-
terfaces. 2D materials have an advantage over metal oxide films
regarding bending strain and scalability. The interlayer van der
Waals (vdW) forces of 2D materials confer a certain sliding abil-
ity on the lattice. Combined with miniaturized preparation pro-
cesses and vdW electrode contacts, interlayer sliding of materi-
als and material/electrode sliding would substantially release the
effects of external stresses on the microdevices. In-sensor com-
puting visual perception architectures require devices capable of
directly sensing and computing external stimuli in real time.*]
Consequently, 2D materials can fully exploit their multimodal
properties to integrate various dimensions of information in ma-
chine vision perception. Current favorable material systems for
achieving multimodal in-sensor computing for visual sensing in-
clude ferroelectric, thermoelectric, and spintronic 2D semicon-
ductors, as well as topological insulators, all based on optoelec-
tronic responses. Furthermore, the advent of twistronics intro-
duces novel concepts for 2D materials in the realm of neuromor-
phic responses.!1%11]

The von Neumann bottleneck of traditional computing archi-
tectures has demonstrated significant limitations in many ar-
eas. The separation of sensors and processors, and the time
and energy consumption associated with frequent data transfers,
greatly limit the full integration of Al algorithms and hardware.
Figure 1a shows a conventional computing architecture’s infor-
mation sensing, processing, and transmission flow. The cap-
tured information in analog form undergoes initial digitiza-
tion through an analog-to-digital converter (ADC) module, after
which it undergoes buffering in temporary storage buffers. This
digitized information is subsequently routed to computational
modules for analysis.!'2) However, this conventional architecture
employing sequential signal transformation and data transfer
mechanisms demonstrates suboptimal energy efficiency charac-
teristics while introducing significant processing delays. In visual
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Figure 1. Schematic diagram of the workflow of a) von Neumann and b)
in-sensor computing architectures.

sensing, the transmission of the object from the low-definition
picture to the current high-definition video, the entire sensing,
transmission, and processing system is experiencing huge func-
tional changes and needs to be improved. In the early days, in or-
der to cope with the rapid growth of data and the massive demand
for computing power, cloud computing, which is centered on re-
source virtualization and centralized management, began to be
widely used. As perceptual hardware rapidly evolves and imaging
rates and pixel counts grow exponentially, bandwidth constraints
and data explosion pressures make it difficult for cloud comput-
ing to process data quickly and in real-time, requiring immedi-
ate decision-making, such as autonomous driving and intelligent
robotics. Therefore, this potential latency in data transfer and pro-
cessing greatly limits the potential of cloud computing for offline,
fast, real-time tasks.!"*]

Thus, a better solution is to deploy computational tasks directly
to sensing devices at the outer edges of the computer system, re-
ducing unnecessary data movement. This structure, which pro-
cesses analog information directly from the sensors and elimi-
nates the sensor/processor interface, is the in-sensor computing
architecture (Figure 1b). In particular, in-sensor computing ar-
chitectures enable intrinsic execution of Boolean logic operations
(AND, OR, NOT gates) and mathematical computations (includ-
ing addition/multiplication algorithms) directly on the detection
matrix.['*] Moreover, it also enables preliminary data processing
(e.g., edge detection, feature extraction, dynamic filtering) to be
done directly at the sensor layer, significantly reducing power
consumption.I’®] For further complex operations that require
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decision making, such as autonomous driving, object recogni-
tion, and so on, in-sensor computing architectures can greatly
simplify the hardware design with extremely low latency for ef-
ficient advanced information processing such as classification,
recognition, and coding. Itis feasible to directly prepare in-sensor
computing device layouts based on the actual computational ma-
trix. According to Kirchhoff’s laws, the resulting currents can be
operated directly along a matrix circuit through a multimodal
sensing process, where multiplication of different stimuli and
responsiveness occurs in a single device. This real-time process-
ing architecture, which is almost exclusively related to device re-
sponse time and has no transmission delays, is suitable for vari-
ous fast decision-making scenarios.

This review focuses on the emerging field of neuromorphic vi-
sual devices based on 2D material systems. We begin by exploring
the current branches of 2D material systems widely utilized in
visual neuromorphic computing, covering material preparation
and system selection. We then summarize the current functional
layer designs and operational principles of devices implement-
ing optoelectronic neuromorphic responses. The subsequent sec-
tion highlights several key functions in visual neuromorphic
computing. Finally, we review the applications of various neuro-
morphic visual devices. Concluding with a forward-looking per-
spective, we discuss the perceptual and computational factors
and challenges that must be addressed to implement more ad-
vanced in-sensor computing for artificial vision systems based
on 2D materials. Figure 2 illustrates visual neuromorphic de-
vices’ material systems and application prospects based on 2D
materials.

2. 2D Material Systems

Since the 1990s, 2D materials have become a hotspot for research
on semiconductor material systems. Their wide range of material
choices and ideal optoelectronic response have made 2D materi-
als a major candidate for replacing silicon-based materials in the
future.'®! Particularly, 2D semiconductors exhibit excellent pho-
toresponsivity and offer broad bandgap coverage. Additionally,
the near-atomic thickness of these materials, characterized by co-
valent bonding and a surface free from dangling bonds, makes
them an ideal platform for developing artificial visual systems
and memristors.['718] After the successful mechanical exfoliation
of graphene (Gr), the preparation and application of 2D mate-
rials have ushered in a brand-new outbreak. Organic 2D mate-
rials, transition metal dichalcogenides (TMDs), monoelemental
2D materials, Mxenes, and 2D perovskite have been widely used
in artificial neural vision systems.[1-2]

For visual neuromorphic devices, the optoelectronic properties
of the material are the priority. For different material systems,
the energy band structure, bandgap, light absorption efficiency,
and carrier transport modes will be different. For organic semi-
conductors, most of the materials have direct bandgaps, where
- conjugated systems form carrier transport channels that
can efficiently conduct photogenerated carriers. The bandgap is
usually between 1 and 3 eV, enabling detection from the ultra-
violet (UV) to the near infrared (NIR) (Figure 3a).*!l The ad-
vantages of organic semiconductors lie in the high efficiency
of light absorption, especially 2D organic semiconductors, to
overcome the shortcomings of the carriers being easily compro-
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mised and low mobility. However, the lower photoelectric conver-
sion efficiency limits the application of some organic 2D semi-
conductor materials. For TMDs, the bandgap is typically in the
range of 1.0-2.5 eV, which is affected by the type of material
and the number of layers. For most TMDs, the single layer is
the direct bandgap, and the multilayer transition is the indirect
bandgap (reduced bandgap). Thus, the response band of TMDs
is similar to that of organic semiconductors (Figure 3b).[??] For
monoelemental 2D materials and some other 2D material sys-
tems, the detection range can be extended from UV to tera-
hertz (THz). In particular, some narrow bandgap materials, such
as BP, exhibit ideal light absorption and carrier separation ef-
ficiencies and are well suited for high-performance optoelec-
tronic devices. MXene is a typical light-absorbing material with
very strong broadband absorption. However, the properties of its
metallic state make it difficult for the photogenerated carriers
to separate intrinsically. Hence, energy band design (heterojunc-
tion) or acting as other types of functional layers are often re-
quired. 2D perovskite has been a star material in photovoltaics,
possessing excellent photovoltaic conversion capability and ab-
sorption efficiency. The detection band can range from visible
light to NIR. However, the low carrier mobility is a major prob-
lem for these materials. This section will introduce the corre-
sponding 2D material systems individually, including synthesis
methods, crystal structures, device performance, and application
scenarios.

2.1. Organic 2D Materials

Organic semiconductors possess excellent photoelectric re-
sponse, a wide range of material options, versatile fabrica-
tion techniques, compatibility with flexible substrates, and rel-
atively low costs, making them an indispensable component in
the semiconductor field.[?*?*] Depending on the type of mate-
rial, 2D organic semiconductors can now be categorized into
small-molecule and porous organic semiconductors.”>) Among
them,1]benzothieno[3,2-b]benzothiophene (BTBT) material sys-
tem is widely used in low-dimensional optoelectronic neuro-
morphic devices from material synthesis to different prepara-
tion methods. The unique electronic characteristics of BTBT
stem from its delocalized z-electron system, where optimized
intermolecular orbital interactions enable superior charge trans-
port properties. Structural modifications through molecular en-
gineering can significantly improve charge transfer efficiency.
Specifically, elongation of the aromatic backbone, introduction
of heteroatoms into the conjugated system, and functionaliza-
tion with branched long alkyl side chains collectively reduce
lattice vibration interference in charge transport processes.!2¢]
Crystalline analysis reveals a lamellar organization with peri-
odic alternation between aromatic moieties and insulating alkyl
chains. This layered architecture enables face-to-edge molec-
ular packing in the semiconductor component, creating effi-
cient charge transport pathways through conjugated system
interactions.[?’] Current developments demonstrate that organic
field-effect transistors utilizing BTBT derivatives achieve charge
mobility parameters that are approaching those of conventional
polycrystalline silicon semiconductors, suggesting promising ap-
plications in next-generation microelectronics, including flexible
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Figure 2. Specific classification and neuromorphic visual applications based on 2D material systems. Schematic of the synthesis in 2D COF films
on Si substrate.[33] Copyright 2024, Wiley-VCH. Cross-sectional transmission electron microscopy (TEM) image of a heterojunction with wrapped
structures.[>>! Copyright 2024, Wiley-VCH. Cross-sectional HAADF scanning transmission electron microscope (STEM) images of the heterojunction.[7¢]
Copyright 2023, Wiley-VCH. Schematic of MXene/VP hybrid films and photogenerated carrier transport.[81] Copyright 2024, Springer Nature. Schematic
of vertical device structure and array based on 2D Perovskite.[®*] Copyright 2024, Wiley-VCH. AND logic operation was realized by using two different light
irradiations.l72] Copyright 2024, American Chemical Society. Graphical perception and memory of “H” shapes on a 10 x 10 device array.l'®'l Copyright
2023, Springer Nature. Schematic structure of the device with integrated strain sensing and its channel type modulation.['®1] Copyright 2025, Elsevier.

Schematic of the multimode RC system.[202] Copyright 2024, American Chemical Society.

circuit fabrication and integrated smart systems. Previously
widely used preparation methods, such as spin-coating and ther-
mal evaporation, are unsuitable for preparing 2D single-crystal
organic semiconductors. Self-assembly and blade coating are pre-
ferred for both large area and high-quality preparations. Both
blade coating and self-assembly involve solid-liquid and liquid—
gas interfacial interactions and solvent evaporation processes in
preparing thin films. Self-assembly utilizes intermolecular in-
teractions (e.g., hydrogen bonding, vdW forces, etc.) to natu-
rally arrange the molecules into an ordered structure on the as-
sembled surface.[?!] Blade coating involves first coating the or-
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ganic solution onto a substrate with a spatula and then realiz-
ing an evaporation-crystallization process. Duan et al. adopted
the blade coating method to fabricate optoelectronic synapses
based on 2,7-Dioctyl[1]benzothieno[3,2-b][1]benzothiophene (C8-
BTBT) organic single-crystal phototransistors (Figure 4a).[?°! Po-
larized optical microscopy (POM) images and high-resolution
atomic force microscopy (AFM) verified the anisotropy and crys-
tallographic information of the organic crystal film. Because of
efficient carrier transport in a single-crystal thin film, the de-
vice demonstrated an on/off ratio close to 10® and a subthresh-
old swing (SS) of 59.8 mV dec™!, which was suitable for low
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Figure 3. a) The molecular structure formulas of organic semiconductor materials and the absorption range.['l Copyright 2023, Wiley-VCH. b) Response
bands corresponding to partial inorganic 2D materials.[?2] Copyright 2021, Wiley-VCH.

power consumption and ultrafast optoelectronic neuromorphic
response.

The self-assembly allows for finer film thickness control than
blade coating and a highly ordered arrangement of molecules
in single or fewer layers. Lv et al. realized the lateral epitaxial
growth of various 2D organic heterostructures using a vapor-
phase growth method after the liquid-phase growth process.*"!
Hu’s group specializes in self-assembling 2D high-quality or-
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ganic films using liquid interfaces. Among them, artificial visual
systems widely use self-assembled 2D films based on BTBT or-
ganic small molecule material systems. The researchers success-
fully prepared a few-layered 2D C8-BTBT film on a glycerol in-
terface, producing a high photoresponse of 2.3 x 10° A W~1.31
Then, they utilized a similar fabrication method to prepare a
2D molecular crystal optoelectronic synapse based on 2-decyl-
7-phenyl-[1]benzothieno(3,2-b][1]benzothiophene (Ph-BTBT-10).
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Figure 4. a) Schematic of the device structure based on 2D organic semiconductors (left). The corresponding high-resolution atomic force microscopy
(AFM) of 2D C8-BTBT films and fast Fourier transform patterns (right).[2°l Copyright 2024, Wiley-VCH. b) Schematic structure of the optoelectronic synap-
tic device based on 2D organic small molecule films.[32] Copyright 2024, Wiley-VCH. c) Schematic of the synthesis of 2D COF films on Si substrates.[’]
Copyright 2024, Wiley-VCH. d) MOF-based two-terminal optoelectronic synaptic devices.[*8] Copyright 2024, Wiley-VCH. e) Schematic diagram of a 2D
polymer film-based visual synaptic device and its carrier transport pathway.!38] Copyright 2024, Wiley-VCH.

Due to the high-quality single organic crystal film, the device
showed a high responsivity of 1.47 X 10* A W~ and effective po-
larized light detection. This multidimensional information per-
ception capability was applied to noncontact fingerprint detection
based on optoelectronic neuromorphic response and demon-
strates reliable recognition (Figure 4b).13]

At present, the most widely used pore-structured materi-
als for visual simulation and optoelectronic neuromorphic re-
sponse are covalent organic frameworks (COFs) and metal-
organic frameworks (MOFs), which are distinguished by their
structural composition and bonding mechanisms.33! The for-
mer is a highly organized and porous crystal structure gener-
ated by the covalent bonding of organic molecules. The latter
is a porous crystal structure formed by metal ions or metal
clusters coordinated to organic ligands through coordination
bonds. Although the applications of COF and MOF are still
mainly focused on catalysis, MOF and COF materials also have
significant advantages in photocatalysis due to their unique
structures and properties, including broadband response, good
carrier-directed transport properties, high specific surface area,
and pore structure.**) Hong et al. fabricated five highly crys-
talline 2D COF films based on different amino and aldehyde
precursors (Figure 4c). Under the light stimulation, the de-
vices realized the synaptic weight tunable characteristic, result-
ing in the photoconductivity changing from short-term plasticity
(STP) to long-term plasticity (LTP).[**! Song et al. prepared a 2D
HHHATN:hexahydroxyl-hexaazatrinaphthylene (Cu-HHHATN)
COF film for optoelectronic synapses (Figure 4d). Due to the
1.46 eV bandgap and intermediate Fermi energy, the flexible de-
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vice demonstrated broadband photoresponse ranging from UV
to short-wave infrared (370 to 1450 nm).*®! Then, Wang et al.
combined HHTP:2,3,6,7,10,11-hexahydroxytriphenylene hydrate
(Cu-HHTP) COF film with MXene to realize underwater vision
mimic based on light-driven active ion transport. Realization of a
mixed ion transport mode due to temperature gradient and pho-
toelectric effect under light using photothermal of MXene and
photoelectric of Cu-HHTP properties.[*’! In addition, polymer
porous 2D films have been used in neuromorphic computing.
Liu et al. designed the donor—acceptor—donor—acceptor alternat-
ing structure based on fluorine-containing 2D polymer film to
realize the efficient capture of carriers, leading to long-term stor-
age of conductivity information (Figure 4e).%®]

2.2. TMDs

Since the development of 2D semiconductors, TMDs have been
a pivotal branch that is considered one of the most promising
high-performance semiconductors to replace silicon-based mate-
rials. These materials feature a layered structure where covalent
bonds hold the atoms together within each layer while vdW forces
act between adjacent layers.3**% The diverse arrangements of
transition metal atoms and chalcogen elements (like sulfur) con-
tribute to various TMD crystal structures. TMDs exhibit var-
ious electronic states, including topological insulators, semi-
conductors, semi-metals, and superconductors.[*!] Additionally,
the different bonding configurations and structural arrange-
ments give rise to various crystalline phases of TMDs. Regarding
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Figure 5. a) Schematic diagram of the vertical two-terminal visual synaptic device structure.[*8] Copyright 2024, Elsevier. b) Schematic of charge trans-
fer at the MoS, interface under ion gate modulation.’® Copyright 2024, Wiley-VCH. c) Schematic of the perception process of WS,-based optical-
visual memory arrays.[>' Copyright 2024, Wiley-VCH. d) Schematic of the ferroelectric top-gate and 2D channel device.[*] Copyright 2024, Wiley-VCH.
e) Cross-sectional transmission electron microscopy (TEM) image of the heterojunction with wrapped structures.[*>] Copyright 2024, Wiley-VCH. f) The
high-resolution TEM (HRTEM) image of the multilayer MoSe, moiré superlattice.>’! Copyright 2024, Wiley-VCH.

material structure, monolayer 2D TMDs mainly have 1H (hexag-
onal) phase and 1T (trigonal) phase. Among them, the 1T phase
forms 1T and 1T” phases due to conformational distortions. Af-
ter different stacking methods, the 1H phase can form 2H and
3R (thombohedral) phases. The phase transitions are often ac-
companied by symmetry changes during the stacking process.[*?]
For the same TMDs, different crystallographic orientations often
cause the material to exhibit different properties. Therefore, the
multidimensional material properties of TMDs, including corre-
sponding changes in optoelectronic properties with changes in
the number of layers, have created broad conditions for applying
TMDs in neuromorphic devices.[**] At present, in terms of mate-
rial composition, TMDs are commonly denoted as MX or MX,,
where “M” stands for transition metal (such as Ti, Mo, Ta, Nb, W,
or Re), and “X” represents a chalcogen element (such as S, Se,
or Te).[**] For visual neuromorphic devices, the optoelectronic re-
sponse of the material is critical. To ensure the visual response of
the device, the material’s forbidden bandwidth should be suitable
for the target response band. Interestingly, the forbidden band-
width of some 2D materials decreases as the number of layers
increases, allowing for fine-tuning of the bandgap; they also con-
vert from a direct bandgap to an indirect bandgap.!**! Therefore,
a suitable material system is essential for TMD-based visual neu-
romorphic devices.

Currently, widely used material systems can be divided into
S and Se according to the chalcogen element. For S element,
MoS,, WS,, ReS,, and F,S, all have applications in visual neu-
romorphic devices. Among them, MoS, is the most widely used
material due to its high carrier mobility and excellent photoelec-
tric response.[*! Chai et al. utilized a large-area bilayer MoS,
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thin film to fabricate insect-like visual synaptic arrays. Efficient
response to ultrafast optical stimuli using energy level defects
and interfacial carrier trapping.l*’! In order to modulate the opto-
electronic response of MoS, channels, different types of device
structures, energy band modulation, and insulating layers are
valid approaches. A two-terminal CeO,/MoS, heterostructured-
optoelectronic channel was prepared by Lin et al. to realize a mul-
tifunctional artificial visual system with electrical storage, light
sense, and memory, and visual nociceptors (Figure 5a).[*! Wang
et al. on the other hand, used a ferroelectric insulating layer
with MoS, channel to achieve optoelectronic coupling.[**! Vari-
ous optoelectronic logic functions can be realized by adjusting
the sequence of optoelectronic pulses. The opto-electrochemical
channel modulation mechanism can also bind to MoS, by in-
troducing an ion-gel. Modulation of channel conductance by
electrochemical reactions enabled different responses to light
stimuli (Figure 5b).5% The WS,, which also has a hexagonal
crystal system structure, has optoelectronic properties similar
to MoS,. The bandgap of WS, is slightly larger than that of
MoS, due to the larger atomic mass (monolayer), resulting in
slight differences in detection bands. Lupi et al. adopted mono-
layers of WS, to achieve visual memory by laser-induced air en-
vironmental desorption/absorption process on the WS, surface
(Figure 5¢).°! Gong et al. utilized WS, to fabricate the artificial
visual recognition system. Combined with the in-sensor reser-
voir computing (RC) system, the photoresponse’s temporal and
spatial information was involved in data classification, training,
and recognition.[’2! In order to expand the perceptual dimension,
ReS,, belonging to the triclinic crystal system, has been intro-
duced into the artificial vision system. Unlike other TMDs, the
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crystal in each layer of ReS, shows an irregular, low-symmetry
arrangement. As a result, it exhibits strong anisotropy in elec-
trical, optical, and mechanical properties, making it uniquely
suited for different applications (e.g., polarization detection, opti-
cal imaging, etc.). Xie et al. realized polarization detection for ar-
tificial vision systems using the ReS, channel.l®] Like the works
mentioned above, Dang et al. also utilized the ferroelectric di-
electric layer to modulate the conductivity of the ReS, channel
(Figure 5d).>* Popular materials and some less commonly used
TMDs are gradually being developed and assuming a function
in artificial visual devices. F,S; was adopted as the trapping layer
to maintain the photoconductivity in the MoS, channel during
light irradiation (Figure 5e).°°] In practical applications, combi-
nations of different materials can achieve increased functionality
and improved performance.>®!

For Se-based TMDs, the bandgap is usually smaller than the
corresponding sulfur-based TMDs, making them more suitable
for applications in the infrared range, such as infrared photode-
tectors, infrared solar cells, and so on. At present, widely used Se-
based TMDs include MoSe, and WSe,. Hu's group introduced a
multilayer MoSe, moiré superlattice into an optical synapse to
have broadband absorption from 240 to 1700 nm. The formation
of moiré stripes in MoSe,, attributed to interlayer lattice mis-
match, enhanced the interlayer interactions, leading to the for-
mation of interlayer excitons, further reducing the bandgap. The
enhanced NIR photoresponse was realized, and the NIR synap-
tic functions were achieved (Figure 5f).”] Gong et al. utilized
WSe, as the channel material to fabricate visible-range artificial
visual system arrays. Combined with certain spectrally selective
properties, the array demonstrated a good recognition rate in ar-
tificial neural networks (ANN).[®] In addition to this, tellurium-
based TMDs, such as MoTe,, have also received extensive atten-
tion from researchers due to their unique physical and chemi-
cal properties. The temperature-induced phase transition proper-
ties between the 2H and 1T” phases achieved by MoTe,, resulting
in the transformation of the semiconducting and semi-metallic
states, enable the modification of the electrical, optical, and me-
chanical properties of the material.5*%] Therefore, when com-
bined with the dimension of temperature, the perception space
of artificial visual bionic systems can be expanded and closer to
different practical application scenarios and actual biological sys-
tem performance.[6!]

2.3. Monoelemental 2D Materials

The three most widely recognized material systems in this cate-
gory are Gr, phosphorus, and tellurium (Te). In terms of atomic
structure, Gr consists of a single layer of carbon atoms, which are
hybridized by sp? to form a hexagonal honeycomb lattice. Each
carbon atom is bonded to three neighboring carbon atoms by co-
valent bonds, leaving one unpaired electron free to move in a
r-orbital, forming a z-bond.[°2] The difference is that the phos-
phorus atom forms a tetrahedral structure with its neighboring
phosphorus atoms by sp* hybridization.[%] Te is usually a tetra-
hedral structure formed by sp* hybridization, but Te atoms are
arranged differently than phosphorus ones. Te atoms form a he-
lical layered structure with strong orientation through covalent
bonds.[¢4]
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With a unique Dirac-cone gapless energy band structure, Gr
has very high electrical conductivity and carrier mobility. Due to
the specificity of the bandgap and Dirac point, Gr will exhibit
some exotic quantum effects when subjected to an external elec-
tric field, magnetic field, or light, such as the quantum Hall ef-
fect, negative magnetoresistance effect, etc. Gr plays three main
roles in visual synaptic devices based on 2D materials: conduc-
tive electrodes, carrier trapping, and a portion of the conduction
channel.[>%6] Chen et al. utilized monolayer Gr as the trapping
layer to realize floating gate modulation. Photogenerated carriers
are trapped by Gr through a tunneling effect, leading to a persis-
tent photocurrent in the ReS, channel.l®”] Although Gr has a very
high carrier mobility, its light absorption efficiency is very low.
Therefore, Gr is not suitable as a solo photoresponsive material.
Guo et al. used Gr as the contact channel, while z-conjugated
COFs were the photogating layer. Photoelectrocatalytic reactions
in COF effectively modulated the Gr channel’s carrier concen-
tration and relaxation time (Figure 6a).l%) Gao’s group adopted
the Gr/WSe, heterojunction to realize positive and negative pho-
toconductivity (PPC and NPC). Transformation of carrier types
in Gr by synergistic modulation of voltage and light intensity
(Figure 6b).1%!

As allotropes, black phosphorus (BP) and violet phosphorus
(VP) are two of the most widely used phosphorus-based mo-
noelemental 2D materials in current visual neuromorphic de-
vices. Normally, the atoms of both black and violet phosphorus
are sp’ hybridized. However, each phosphorus atom in VP forms
a triangular conical structure with three surrounding phospho-
rus atoms, and the stacking structure between different layers is
different from that of BP.[l Unlike TMDs, BP is a direct bandgap
semiconductor regardless of the thickness. With excellent light
absorption ability, high carrier mobility, and anisotropic prop-
erties, BP has great potential for optoelectronic applications.!”!]
Compared to BP, the advantages of VP are the absorption capac-
ity in the visible light band and relatively better air stability.[”2] VP
retains the material advantages of BP, including anisotropy and
broadband response. At the same time, it alleviates the shortcom-
ings of BP, which is easily oxidized in the air environment.!”*!
Zhu et al. utilized the infrared absorption of BP and integrated
the infrared photodetector unit with an in-memory computing
unit. The whole visual system demonstrated object detection and
recognition for the mid-wavelength infrared range (Figure 6c).l”*
Instead, Shao etal. implemented PPC and NPC visual adaptation
using BP and 0D perovskite quantum dots.”®! Liu et al. also used
a device-integrated process to combine a VP-MoS, heterostruc-
ture and a single MoS, channel for VP application. The synaptic
properties were realized, including over 60 dB dynamic range,
7-bit distinguishable conductance states, and electro—optical de-
pendent plasticity. (Figure 6d).l”°]

As a hot single-atom material in recent years, Te has shown
great potential for applications in many fields, including cataly-
sis, semiconductor devices, and photodetectors. Te typically ex-
hibits a semi-metallic property at room temperature with high
carrier mobility. Due to the narrow bandgap, Te has an ex-
cellent photoelectric response in the infrared spectral region.
The 1D chain-like structure of its crystals also endows Te with
anisotropy, demonstrating the ability for multimodal detection.
Nguyen et al. fabricated an Al,O;-encapsulated Te/ReS, P-N
junction to realize logical operations based on optoelectronic
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Figure 6. a) Schematic of the COF/Gr heterojunction and carrier transport for photoelectrocatalytic reactions.[®8] Copyright 2024, Wiley-VCH. b) The
bidirectional photocurrent with different light intensities and gate voltages.[®?] Copyright 2024, Wiley-VCH. c) The device structure combines with the
infrared photodetector and in-memory computing units.l”#] Copyright 2024, Springer Nature. d) Cross-sectional HAADF scanning transmission electron
microscope (STEM) images of the heterojunction.[’®] Copyright 2023, Wiley-VCH. e) Schematic structure of a polarization-detecting heterojunction
device and polar diagram of normalized photocurrent as a function of polarization angle.[’8] Copyright 2025, American Chemical Society.

synergy, including inverter and AND/OR gates.[”’! In the same
materials structure, Chen et al. exploited the infrared detec-
tion properties and crystal anisotropy of Te to achieve a high
anisotropy ratio detection (8.9) and broad spectral photoresponse
(Figure 6e).[78!

2.4. MXenes

MZXenes are a new class of 2D inorganic materials composed of
transition metal carbides, nitrides, or carbon-nitrides with the
general chemical formula M, ; X, T, . MXenes have a layered struc-
ture similar to that of Gr, which could be regulated by the chem-
ical and physical properties at the nanoscale level.l””) MXenes
have good electrical conductivity, a large specific surface area,
and abundant functional groups on the surface, and they have
been widely used in photoelectrocatalysis.!®] The optoelectronic
performance of MXenes has been a hot area of research in re-
cent years. Specifically, MXenes can absorb a wide spectral range
and prolong carrier lifetime due to their 2D structure and abun-
dant surface groups. The narrower bandgap also contributes to

the fast transport of photogenerated carriers. Chai’s group used
the MXene/VP vdW heterojunctions to construct the optoelec-
tronic synapse for vision-olfactory crossmodal perception. The
device realized the synaptic behaviors with only light pulses and
responded in different humidity and gas conditions, which is
highly relevant to the hydrophilicity and rich surface groups of
MXene (Figure 7).[81]

The current strategies for realizing neuromorphic responses
using MXene are generally divided into four categories: carrier
trapping and de-trapping, energy band structure matching, in-
terlayer ion transport, and metal filament formation.®2%3] For
Ti, C,T,-based devices, oxidation under air conditions and the for-
mation of TiO, on the surface are unavoidable. Oxygen vacancies
formed during oxidation can form photocarrier trapping sites to
realize the carrier trapping and release process under different
light illumination. Moreover, stimulated by only light irradiation,
vacancies tend to cause a pronounced and persistent photocon-
ductive effect. In addition to oxygen vacancies, surface groups,
such as hydroxyl groups (OH™), can also effectively modulate the
photoconductivity of MXene-based devices. This charged group

Figure 7. Schematic of MXene/VP hybrid films and photogenerated carrier transport.[81] Copyright 2024, Springer Nature.
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can accelerate the carriers’ release process trapped by MXene va-
cancies, leading to rapid conductance reduction and breaking the
persistent photoconductivity effect.®¥ Therefore, the humidity,
which is directly related to the density of OH™, can also be an
important stimulus source. Energy band design is an important
strategy for optoelectronic neuromorphic devices. MXene’s ex-
cellent conductivity implies a narrow bandgap with metallic or
semi-metallic properties. In some neuromorphic device designs,
it is often used as a carrier trapping layer to realize the effect of
the floating gate. Chen’s group utilized the CsPbBr;-MXene hy-
brid floating gate layer to realize the long-term storage of opti-
cal signals in the organic channel.’®>! In contrast to this strategy,
Shen et al. introduced phenylsulfonic acid groups to change the
bandgap of metalloid Ti;C,T, MXene. About 1.53 eV bandgap
imparted semiconducting properties and broadband response
to the device, showing potential in a flexible visual sensory—
neuromorphic system. (8]

The multilayer structure of MXene is held together by
vdW forces. The spacing of the layers can be dynamically changed
by the humidity environment (water absorption), the type of
groups, and other factors. Thus, driven by voltage, the layer-to-
layer gap becomes a channel for ion movement, which makes the
ion gate widely used in MXene-based neuromorphic devices.!*”]
By adjusting the relative magnitude of the gate and source—drain
voltages, Zhang et al. induced ions to move and separate between
the MXene layers, forming an electric double layer and regulat-
ing the ITO channel conductance.®® Metal filament formation
can be generally divided into vertical and planar structures. Like
most top and bottom electrode memristors, forming Ag conduct-
ing filaments is an important working principle of the device.
Among them, MXene was often required to form the channel
with some oxide layer, such as TiO,, SiO,, HfO,, etc.¥=!] Park’s
group realized the formation and annihilation of Cu conduct-
ing filaments on the surface of MXene. This planar two-terminal
structure enabled gradual resistive switching dynamics under the
principle of surface functional groups inducing the formation of
a Cu-conducting channel.[?]

2.5. Perovskite

A large class of 2D perovskites consists of alternating stacks of
inorganic metal halide octahedral layers and organic/inorganic
spacer layers. The structure is derived from conventional 3D
chalcogenides, where the 3D structure is separated into a 2D
layered structure by introducing bulky organic cations.®®! The
structure of 2D chalcogenides can be represented by the chemi-
cal formula (RNH,),MX,, where R stands for the organic cation.
The typical structures include the Ruddlesden-Popper phase (RP
phase) and the Dion-Jacobson phase (D] phase). Compared with
3D structures, 2D perovskites have higher carrier mobility, better
stability, and wider light absorption range, which are suitable for
optoelectronic neuromorphic devices.[**! 2D Ruddlesden-Popper
perovskite was adopted to fabricate the 2D artificial optoelec-
tronic synapses for neuromorphic vision sensors. The synaptic
device demonstrated an ultralow electrical power consumption of
0.145 f] when triggered by a light spike (Figure 8a,b).[°] Recently,
Kim et al. utilized the Dion-Jacobson 2D perovskite channel to
achieve highly linear and symmetrical conductance changes. A
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77 array demonstrated exceptional fabrication yield and min-
imal operational variability. 2D DJ-phase perovskite’s advantage
of environmental stability was fully utilized, showcasing impres-
sive moisture resistance for up to 7 months.®

The other class of materials consists of oxides. The 2D ox-
ide perovskites usually have a layered structure, and the chem-
ical formula can usually be expressed as A ;B O;,,,. For oxide
2D materials, both air and thermal stability are superior. Also,
the persistent photoconductive effect due to oxygen vacancies
is well-suited for some visual synaptic applications. Chen et al.
prepared Ca,Nb;O,, nanosheets using calcination—exfoliation
to construct a flexible UV optoelectronic neuromorphic device
(Figure 8¢,d).[”l Wang et al. fabricated plane two-terminal devices
with a 2D CaTa, 0, channel. UV illumination induced interfacial
carrier trapping and modulated the activity of the metal conduc-
tive filaments inside the channel.®®]

2.6. Other Compounds

In addition to some of the material systems mentioned above,
many interesting 2D materials have been synthesized and ap-
plied to in-sensor computing neuromorphic vision. Overall, the
new material systems are designed to give unique optoelectronic
properties to the devices.””! Therefore, we will summarize some
unique material systems here. The first thing to mention is
bismuth oxyselenide (Bi,O,Se), exhibiting a tetragonal crystal
structure with the 14/mmm space group.l'%! The material has a
stratified configuration characterized by the periodic stacking of
cationic [Bi,0,]** layers and anionic Se?~ sheets along the crys-
tallographic c-axis, forming an ordered heterostructure through
electrostatic interlayer interactions.[10192] A bandgap of ~0.8 eV
confers Bi,0,Se semimetallic properties and demonstrates the
potential to achieve high mobility. As photodetectors, Bi,O,Se-
based devices possess three general mechanisms of operation,
including the photoconductive effect, the photothermoelectric ef-
fect, and the bolometric effect.'®! Ren et al. used the Bi,0,Se
channel to fabricate a self-powered broadband optical synapse.
The Se vacancy-induced persistent photoconductivity effectively
mimicked the multiple visual responses (Figure 9a).11%*1%4] More-
over, the low symmetry crystal structure and the displacement of
Bi?* ions make Bi,0,Se a ferroelectric semiconductor material.
This ferroelectric and optoelectronic coupling material presents
new ideas for developing in-sensor computing visual devices
(Figure 9D).['%] In addition to Bi,0,Se, 2D ferroelectric semicon-
ductors include CulnP, S, (CIPS) and a-In, Se;. CIPS can be used
both as a 2D ferroelectric channel material and as a strong room-
temperature ferroelectric layer to modulate the transport proper-
ties of other materials.l'%] Shang et al. fabricated the synaptic de-
vices based on the CIPS channel. By modulating the out-of-plane
ferroelectric polarization of channel materials, photogenerated
carrier transport can be efficiently enhanced (Figure 9c,d).[*”]
Depending on the crystal structure, 2D In,Se; has different ma-
terial properties, including the paraelectric (f), ferroelectric (a),
and antiferroelectric (') phases.!'®®] Similar to previous material
choices, materials in the ferroelectric phase have unique advan-
tages in neuromorphic computation. Ferroelectric polarization,
particularly the remanent polarization, provides a new dimen-
sion for regulating the channel state.['%] Yang’s group utilized
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Figure 8. a) Schematic of the vertical device structure and array based on 2D perovskites.!?] Copyright 2024, Wiley-VCH. b) I-T curves for optical signal
writing and electrical signal erasure of the device.[®®] Copyright 2024, Wiley-VCH. c) The SEM image of the Ca,Nb; O, nanosheets, and the inset is the
corresponding HRTEM image.[*’] Copyright 2024, Wiley-VCH. d) UV response of flexible devices under different bending conditions.[®”] Copyright 2024,

Wiley-VCH.

the a-In,Se; channel for neuromorphic computing with opto-
electronic coupling. Combined with the RC system, a high noise
level recognition task and a temporal signal prediction task were
completed.!'1!

3. Working Mechanisms of Neuromorphic and
Optoelectronic Visual Systems

State-of-the-art 2D material systems manifest atomic-level pre-
cision in layer engineering, coupled with gate-tunable quantum
transport and programmable phase transitions. The absence of
interlayer covalent bonding enables defect-suppressed heteroin-
terfaces, a critical enabler for next-generation neuromorphic ar-
chitectures. In order to better utilize the advantages of the ma-
terial and to target the design of the device structure, multiple
working mechanisms of artificial visual systems are studied.!''!]
Notably, the dangling bond-free nature of 2D heterostructures fa-
cilitates carrier transport across atomic interfaces, which is a pre-
requisite for super-fast and ultralow power consumption optical
neuromorphic circuits.

3.1. Energy Band Engineering

Energy band engineering is currently one of the most effective
means of realizing optoelectronic synapses. Currently, there are
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two main directions in the development of energy band engi-
neering; one is to form different types of optoelectronic hetero-
junctions by combining different materials.l''? Photogenerated
carriers are separated by the built-in electric field at the hetero-
junction and transported into the target material.'3] Generally,
in order to prolong the carrier lifetime, the carrier recombina-
tion time is increased by corresponding material selection. In
this structure, PN junction, Schottky junction, quantum well, su-
perlattice, and so on are reported to be used in optoelectronic
synaptic devices.[''*l Another way to achieve modulation of car-
rier dynamics is to change the crystal structure of the channel
to create a potential barrier in the homogeneous material. The
main approaches are to introduce crystal deformation or asym-
metric capacitive coupling. Li et al. utilized localized strain engi-
neering to change the crystal structure of Bi,0,Se, causing dif-
ferences in energy bands of homogeneous channels. The band
structure of the suspended Bi, O, Se channel area would bend up-
ward, leading to the back-to-back built-in electric field. Combined
with this flexoelectric effect, the visual synaptic behaviors were
successfully realized.!'"] Du et al. introduced the electrostriction
effect into the MoS, channel. The semi-floating MoS, would pro-
duce lattice stretching under the source/drain (S/D) voltage reg-
ulation, resulting in a type-I heterojunction in the homogenous
channel.[110]

A heterojunction structure can generally be divided into two
categories according to the position of the electrodes relative to
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Figure 9. a) Schematic of the Se vacancy-doped Bi,O,Se optical synaptic device and the self-power synaptic response.l'%] Copyright 2024, American
Chemical Society. b) Piezoelectric hysteresis loops with the application of a DC voltage to thin Bi202Se nanosheets.['%] Copyright 2023, Wiley-VCH.
c) Schematic of optoelectronic synaptic devices based on ferroelectric 2D materials and the corresponding P—E hysteresis loop testing.['%’] Copyright
2024, American Chemical Society. d) The synaptic photoresponse with different 450 nm light pulses.l'%”] Copyright 2024, American Chemical Society.

the channel. One type is where both S/D electrodes contact the
same channel, and the other is where the electrodes contact sep-
arate materials.['¥18] Cao et al. combined GeO,-coated MXene
nanosheets with n-type solution-processed zinc tin oxide to con-
struct a bulk heterojunction. The S/D electrodes were in direct
contact with the hybrid film, and the multilevel energy band
structure caused the transport and trapping of photogenerated
carriers, prolonging carrier lifetime (Figure 10a)."% Xu et al.
used the methylammonium lead iodide (MAPbI,) perovskite
as the light absorption layer. The device realized bidirectional
photoconductivity by modulating the energy band structure of
the type-1 heterojunction by gate voltage (V) (Figure 10b,c).[12]
Moreover, the device preparation strategy of Zhang et al. was to
use epitaxial growth to prepare a three-layer vertical structure
(SnSe/InSe/GaN). GaN served as a substrate for epitaxial growth
and as one end of the optoelectronic heterojunctions. By switch-
ing the material contacted by the S/D electrodes, the energy band
structure of the acting heterojunction also changes, and different
visual adaptation effects are realized.!'?!]

3.2. Trap State

Carrier trapping and de-trapping are widespread during the op-
eration of optoelectronic devices. Carriers are bound by defect
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states in the material (e.g., impurities, lattice defects, surface
states, etc.), making it difficult for photogenerated carriers to
recombine.['??] 2D materials have many advantages regarding
surface state and material properties, including a large surface-
to-volume ratio, ultrathin structure, clean interface without dan-
gling bonds, and high carrier mobility. However, some defects are
inevitably introduced during material transfer and device prepa-
ration. Therefore, implementing the carrier trap and release pro-
cess in a controlled manner is crucial for achieving visual neural
devices.

Current approaches to achieving stable reconfigurable neuro-
morphic devices using trap and de-trap processes focus on in-
troducing functional layer interfaces. As a necessary functional
layer for three-terminal field effect transistor (FET) devices, the
insulating layer is rich in surface states that provide the basic con-
ditions for carrier trapping. From the utilization of Al,O; to real-
ize the interface trapping of carriers to the adoption of electron
beam irradiation to realize the area trapping of photogenerated
carriers, the oxide insulating layer has been widely used due to its
surface defect state and strong dielectric effect (Figure 11a).'%3
Due to this regional irradiation, photogenerated carrier trapping
in the SiO, layer results in localized n-type doping in the MoS,
channel, transforming its transport properties from isotropic to
anisotropic (Figure 11b,c).'?* In addition to that, Chen et al.
combined lattice strain engineering, anisotropic channeling, and
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Figure 10. a) Schematic of the energy band diagram of the heterojunction and the corresponding carrier dynamics.!'™! Copyright 2023, Elsevier.
b) Schematic of the device structure with the perovskite light-absorbing layer and the corresponding cross-sectional HRTEM image.l'2%) Copyright 2024,
Springer Nature. c) Structural changes and photogenerated carrier transport in type-l heterojunctions at different V.['20] Copyright 2024, Springer

Nature.

insulating layer trapping with multiple modulation mechanisms.
Wrinkled anisotropic ReS, channels were realized by preparing
a patterned Si;N, insulating layer. The wrinkled structure facil-
itated the photogenerated carrier trapping/de-trapping process
at the ReS,/dielectric layer interface, realizing reconfigurable
and non-volatile behaviors of the devices (Figure 11d,e).'%] Tan
et al. used the silicon-rich silicon nitride (sr-SiN,) as the trap-
ping dielectric layer for a broadband in-sensor computing visual
system.!126] Although insulating layer materials have many con-
veniences and advantages, defects and insulating properties have
contradictions and trade-offs. Therefore, some trapping func-
tional materials can also be prepared as an interpolation layer
between the insulating and the channel layers. Liu et al. used
PbI, as a carrier trapping layer between MoS, and SiO, to realize
the device’s high storage performance and fast read/write speeds
(Figure 11f).01%7]

In general, the introduction of the trap state follows several
main strategies. If the trap state is introduced above the chan-
nel material, it aims to realize the trapping effect on the pho-
togenerated carriers. In this device structure, the carrier of the
trap state can be some surface defect state, such as introducing
some defects by plasma etching or using oxidation to generate
a nanoscale oxide layer on the channel surface. It can also be
some specific optical structures or some light-absorbing materi-
als. For optoelectronic synapses, the surface trap functional layer
should affect the optoelectronic performance of the channel ma-
terial as little as possible. Therefore, introducing additional light-
absorbing materials on the channel surface should be consid-
ered in terms of the coverage area, the light transmittance, and
other factors. In this case, quantum dots and other micro-sized
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materials such as COF, MOF, and metal nanoparticles are good
choices. If a trap state is introduced underneath the channel ma-
terial, it is often desired to enable carrier trapping and release
under the modulation of the V. As a classical carrier trapping
material, oxides are widely used in optoelectronic neuromorphic
devices because of their abundant defect states, wide bandgap
(easier to form deep/shallow trap energy levels), and interfa-
cial states generated upon contact with semiconductors. In addi-
tion, some materials prone to vacancy defects, such as Se- and I-
chemicals, can serve as effective carriers of defective states. More-
over, lattice strain is also a means of generating carrier trapping
for 2D materials, which are only a few nanometers thick. Fab-
ricating repetitive microstructures using methods such as etch-
ing allows the 2D material channels to generate periodic strains.
This strain alters the energy band structure of the corresponding
channel, thus creating a periodic energy band change structure
within the same channel, similar to the energy well structure of a
superlattice.

For the analysis of trap state, rigorous controlled experiments
are an effective way to verify it. By comparing the performance
changes before and after the same device, it can be effectively
seen whether the trap state is successfully introduced and func-
tioning. For quantitative analysis, the effect of the defective state
on the device performance can be visualized by testing the de-
vice’s output and transfer characteristic curves under light and
non-light conditions, including threshold voltage, saturation cur-
rent, hysteresis window, and so on. The corresponding parame-
ters can be extracted to calculate the defect density of the device’s
states and analyze carrier trapping. Certainly, density functional
theory (DFT), as a first-principles computational method, also
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Figure 11. a) Charge trapping in the dielectric layer at different gate voltages.l 23] Copyright 2024, Wiley-VCH. b) Schematic diagram of a device structure
with ultraviolet/ozone-induced defects.['24] Copyright 2024, Wiley-VCH. c) Two different modes of the light-induced channel doping.['24] Copyright 2024,
Wiley-VCH. d) Schematic of carrier trapping/de-trapping at the interface with the wrinkled structure.l'?’! Copyright 2024, American Chemical Society.
e) Transfer characteristic curves for two different contact interfaces.['?] Copyright 2024, American Chemical Society. f) Carrier trapping and de-trapping

processes in Pbl, modulated by V¢.["?’] Copyright 2024, Wiley-VCH.

allows for the direct computation and analysis of defect states,
interface behavior, and capture centers in neuromorphic devices.

3.3. Floating Gate

Although it has similarities with the carrier trap in some pro-
cesses, a floating gate is a charge storage structure. The charge
can be retained for long time without easy leakage and has bet-
ter storage stability. In phototransistor devices, the charge storage
characteristics of the floating gate modulate the photovoltaic re-
sponse. Therefore, to ensure the long-term stability of the car-
riers after the floating gate captures them, an insulating layer
is generally required to isolate the floating gate from the chan-
nel material. Li et al. adopted the classical ReS, /h-BN/Gr (chan-
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nel/isolation/floating gate) floating gate device structure to real-
ize photoelectrical hybrid modulations (Figure 12a).1%8] The ad-
vantages of 2D materials are fully utilized in this device structure.
The ultrathin structure, high carrier concentration, and clean in-
terface allow the carriers to tunnel efficiently and rapidly through
the BN isolation layer under voltage, resulting in low operation
power consumption (+8 V/2 ms), long retention (>1000 s), and
stable endurance (>1000 times). After the floating gate captured
the carriers, the optoelectronic response of the channel was mod-
ulated accordingly, and the inheritance of the synaptic weight
conductance also occurred. In addition to Gr, oxides can also be
used as floating gate layers. Chai’s group fabricated the oxide-
stacked structure to serve as dielectric and floating gate layers.
In this Al,0,/HfO, /Al,O, sandwich structure, the carriers were
driven by the V. and light irradiation, tunneled through the
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Figure 12. a) Structural schematic of the Gr floating gate-based device and V-regulated carrier tunneling floating gate modulation process.!'?8! Copy-
right 2024, Wiley-VCH. b) Schematic of the energy bands of the floating gate structure without applied V regulation and the device response under

different light illumination.['?] Copyright 2024, American Chemical Society.

Al,O;, and finally captured by HfO,. Because the carriers pre-
served in the floating gate persist for a long time, the floating
gate can still apply an electric field to the channel after the V¢, is
removed, resulting in a different ground state (Figure 12b).[?]

3.4. Ferroelectric Polarization

The application of ferroelectric polarization in visual neural
devices has received increasing attention, mainly because the
unique properties of ferroelectric materials can mimic the behav-
ior of neurons to a certain extent, providing different advantages
from conventional materials.['**] Ferroelectric materials can ex-
hibit spontaneous polarization in response to an applied electric
field.[3! Tt can maintain this polarized state for a long time un-
til the application of an opposing electric field reverses it. Here,
coercive field and remanent polarization are the two important
performance parameters to focus on. For different types of fer-
roelectric materials, a high coercive field means greater stability
and higher immunity to interference. High remanent polariza-
tion indicates that the ferroelectric material remains strongly po-
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larized after removing the external electric field. This property is
similar to the “memory” ability of neurons. Therefore, ferroelec-
tric materials provide an incomparably stable electrical regulation
mechanism that enables more stable and effective optoelectronic
coupling regulation.[132133]

For visual synapses based on 2D materials, there are three gen-
eral mechanisms of ferroelectric modulation. The first is the fer-
roelectric 2D semiconductor. As mentioned above, this class of
materials is ideal for realizing low-complexity ferroelectric, opto-
electronic modulated artificial vision chips because of the speci-
ficity of the lattice structure, which inherently possesses ferro-
electric and semiconductor properties. Wu et al. selected a-In, Se,
as the channel material to construct an in-sensor computing de-
vice (Figure 13a).**] The room-temperature ferroelectric prop-
erties of the material allowed the channel conductance to con-
tinue accumulating in response to electrical pulses’ stimulation.
The ferroelectric polarization was also affected by light stimula-
tion, and the excitatory post-synaptic current (EPSC) and relax-
ation time of the device increased significantly under progres-
sively increasing light stimulation. In addition, stacking the 3R
phase allows some materials that are not ferroelectric to achieve
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Figure 13. a) Piezoelectric force microscopy (PFM) phase and amplitude measured with the a-In,Se;/Au structure.l’* Copyright 2024, Elsevier.
b) Schematic of the device based on the Gr/3R-WS,/Gr sandwich structure.l’38] Copyright 2025, Springer Nature. c) The -V curves for positive and
negative photovoltaic effects under different poled voltages.!'3°! Copyright 2025, Springer Nature. d) Modulation of channel high/low resistance states
and coupling with optoelectronic response using 2D ferroelectric materials.l'3° Copyright 2024, Wiley-VCH. e) Schematic of thferroelectric polymer
modulated bipolar channel.['#%] Copyright 2022, Wiley-VCH. f) Transfer characteristic curves for bipolar devices with different Vs.l14%] Copyright 2022,

Wiley-VCH.

slip-stacked ferroelectricity.'*1%7] Gong et al. utilized the 3R
stacked WS, to realize reconfigurable and nonvolatile ferroelec-
tric bulk photovoltaics. Gr/3R stacked WS,/Gr sandwich struc-
ture can modulate the contact barriers of Gr/semiconductor lay-
ers by changing the direction of the ferroelectric polarization, fur-
ther enabling different built-in electric field and photocurrent di-
rections (Figure 13b,c)."*®! The second is using ferroelectric 2D
materials to modulate other 2D channels. For such devices, the
2D ferroelectric layers must have a strong remanent polarization
strength, a suitable coercive field, and a high Curie temperature.
Wang et al. chose the CIPS as the 2D ferroelectric layer to mod-
ulate the 2D SnS, channel. The complete vdW contact device
promoted the ability of ferroelectric regulation, leading to pro-
longed retention time (>10* s) and finer conductance changes
(Figure 13d).1"*1 In particular, a ferroelectric optoelectronic reser-
voir computing system was introduced to realize high recogni-
tion accuracy. The last category is using other ferroelectric insu-
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lating layers to modulate 2D materials. This structure is consis-
tent with a typical ferroelectric FET device. Chai et al. adopted
classical ferroelectric polymer material, poly(vinylidene fluoride-
co-trifluoroethylene) (P(VDF-TrFE)), to fabricate reconfigurable
synaptic devices with WSe, channel (Figure 13e,f).[14"]

The corresponding summarization of working mechanisms is
shown in Table 1. We have added a summary of the arrayed de-
vices here to demonstrate which material systems are easier to
achieve large-area array-based fabrication.

4. Specific Neuromorphic Optoelectronic
Response and Function

Machine vision uses computers and sensors to simulate a hu-
man visual system designed to acquire images or video data from
a camera or other sensor and analyze it. With the continuous
progress of computer technology, image processing algorithms,
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Compound Working mechanisms Multibit memory Memory window Working wavelength Duration time Array size Refs.
Ga,0;/MosS, Band engineering LTP / 405 nm 10s 16x 16 [113]
Bi,O,Se Band engineering LTP / 405 nm / / [115]
MoS, Band engineering / / 450-800 nm / / [116]
MoSe, /MoS, Band engineering 7 states 5V / >10% s / [117]
CrSBr/PtS, Band engineering LTP 0V 365 nm / / [118]
ZTO/MXene/GeO, Band engineering LTP 2V 4450/520/660 nm / / [119]
MAPbI;/Bi,O,Se Band engineering / / 300-1500nm / 3x3 [120]
SnSe/InSe/GaN Band engineering LTP / 365/532/800 nm / / [127]
MosS, Trap states LTP 49V / 1000 s / [123]
MoS, Trap states LTP 64V 400/480/650 nm / / [124]
ReS, Trap states 16 states 96.9V 473/532/635 nm 1000 s / [125]
MoS, Trap states LTP 5V 385/520/980 nm 1000 s 3x3 [126]
MoS, /Pbl, Trap states 8 states 120V / >10% s / [127]
ReS,/h-BN/Gr Floating gate LTP 32V 532 nm 1000 s / [128]
Mos, Floating gate LTP 6V 660 nm 2000 s / [129]
a-In,Se; Ferroelectric LTP 42V 450 nm / / [134]
polarization
MoS, Ferroelectric / 6V / / / [135]
polarization
MoS, Ferroelectric LTP VA% / 10 years / [136]
polarization
WS, Ferroelectric LTP 445/525/623 nm / / [138]
polarization
SnS, /h-BN/CIPS Ferroelectric LTP 18.4V 359/457 nm 10 years / [139]
polarization

and hardware equipment, the development of machine vision
has been speeding up and is being widely used in various indus-
tries. However, as the amount of data collected grows geometri-
cally, large computing resources are urgently demanded. Near-
sensor and in-sensor computing are the next major steps in solv-
ing machine vision problems. Near-sensor computing, where the
processor is integrated near the sensor, is relatively easy to imple-
ment. This layout can reduce the data transmission distance, re-
duce the latency and bandwidth requirements, and realize partial
data processing without sending all the data to the remote pro-
cessing device.l'*!] In-sensor computing, on the other hand, is a
higher-level implementation of near-sensor computing. Unlike
the physical architecture, where the processing unit is adjacent
to the sensor but independent of it, integrating the computing
function directly inside the sensor can significantly reduce data
transmission requirements and achieve ultrahigh performance
and low power consumption.['*? Therefore, in order to further
enhance the coupling of deep learning algorithms and device
architectures, it is important to propose new training methods
under new physical architectures with some special, integrated,
bionic optoelectronic neuromorphic responses.['*]

4.1. Positive and Negative Photoconductivity
PPC and NPC are increasingly used in optical neural devices.

Conventional silicon/III-V photodiodes tend to produce only pos-
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itive photoconductance under light. While the switching of pos-
itive/negative photoconductance can lead to bi-directional mod-
ulation of synaptic weights in a single device, reducing device
complexity and increasing hardware density. In fact, the two dif-
ferent photoconductivities mimic perceptual processes in the bi-
ological visual system. Optic rod and cone cells activate in re-
sponse to light to convert photons into electrical signals. Hori-
zontal cells regulate signaling between photoreceptors and bipo-
lar cells through lateral connections to achieve signal suppres-
sion. Simulating the NPC and PPC responses in the biological
vision system can improve the efficiency and accuracy of the
device in perception, signal transmission, and data processing.
Specifically, the synergistic effect of different photoconductivities
can realize light adaptation and dynamic range adjustment, edge
enhancement and feature extraction, pulse coding, and energy-
saving computation, which are strongly related to in-sensor com-
puting. Currently, the responsivity of negative and positive pho-
toconductivity based on 2D materials has exceeded 10* and
10" A W1, much larger than the positive responsivity of con-
ventional detectors in the visible/NIR band. Due to the low dark
current and low defect state density of 2D devices, the detectivity
of the devices can also exceed 10'2 Jones.[1#4-146]

Numerous ways exist to realize NPC and PPC, includ-
ing energy band engineering, changing carrier types, and
doping.['*”1*8] Lin et al. fabricated CeO,/MoS, heterojunction to
realize bidirectional optoelectronic neuromorphic response. The
choice of MoS,-based heterojunction can effectively ensure the
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Figure 14. a) Schematic of a 2D stacked sandwich device structure and the corresponding photocurrent and responsivity regulated by the Vge.!
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149]

Copyright 2025, American Chemical Society. b) Schematic of the device structure and material.['>°] Copyright 2024, Wiley-VCH. c) The transfer charac-
teristic curves for NPC and PPC effects under different gate voltages and light intensities.[’>%] Copyright 2024, Wiley-VCH. d) Gas molecular adsorption
and desorption processes by UV irradiation.[™'] Copyright 2025, Wiley-VCH. e) NPC and PPC responsees under different wavelength irradiation.!'>]
Copyright 2025, Wiley-VCH. f) Anisotropic crystal structure of PdSe,.['2] Copyright 2024, Wiley-VCH. g) NPC and PPC transfer characteristic curves

under different Vg conditions.['>2] Copyright 2024, Wiley-VCH.

device’s response in the visible wavelength band.[*¥! Zhu et al.
introduced a sandwich structure based on MoS,/WSe,/MoS,
for switching photoconductivity. The three metal electrodes con-
tacted different layers of the sandwich structure and were de-
fined as the emitter (E), base (B), and collector (C). The 638 and
1550 nm lasers produced PPC response in the presence of energy
band structure, but the 1064 nm laser generated NPC response.
Visible light had enough energy to produce photogenerated carri-
ers and transport them across the energy band potential barriers.
The heat from the 1550 nm light can also lead to the injection
of hot electrons. However, only 1060 nm light can realize unidi-
rectional photogenerated carrier separation and injection. Holes
were continuously injected into the WS, base region, resulting in
a decrease in photocurrent (Figure 14a).'*! As an important fea-
ture of Gr, electrons and holes can conduct in Gr channels. There-
fore, different responses of NPC and PPC can be realized by in-
jecting different types of carriers into the channel by electric field
or heterojunction. Gao et al. fabricated the device based on the Gr
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channel, where the V; and InSe modulated channel carrier types.
The increase or decrease of certain carriers in the Gr channel can
be realized by controlling V and light intensity (Figure 14b,c)."%
For some materials prone to generating vacancies or adsorbing
gas molecules in the atmosphere, the NPC effect can be realized
by introducing defects or doping on the surface. Liu et al. uti-
lized the mechanism of gas adsorption and surface doping to re-
alize NPC and PPC on the SnSe channel. The combined effect
of Se vacancies and adsorption of oxygen molecules (act as elec-
tron acceptors to attract electrons) led to an increase in both hole
concentration and carrier lifetime in the SnSe channel. When
the UV laser irradiated the channel, it caused the desorption of
oxygen molecules, and a large number of electrons entered the
SnSe channel, resulting in NPC (Figure 14d,e).">! Jiang et al.
utilized a similar oxygen molecule adsorption/desorption mech-
anism to implement NPC and PPC switching on the PdSe, chan-
nel and achieved negative photoresponsivity of —7.8 x 10° A W1
(Figure 14f,g).1152]
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Figure 15. a) Crystal structure of BP, including both Armchair and Zigzag crystal orientations. Responsivity in polar coordinates with relation to crystal
orientations.['%3] Copyright 2024, Wiley-VCH. b) Photocurrent versus polarization angle of different thicknesses of WSe,.l">¢] Copyright 2025, Springer
Nature. c) Schematic of the device based on polarization detection of 2D organic small molecules and angle-dependent light absorption.['>”] Copy-
right 2025, Wiley-VCH. d) Schematic of the device based on the heterojunction of crystalline anisotropic 2D materials and self-power polarization

detection.['°] Copyright 2024, American Chemical Society.

4.2. Polarized Light Response

Machine vision aims to go beyond a single biological vision and
perceive the external environment in all directions. Polarized
light is widely present in nature and is perceived by many or-
ganisms other than humans. For example, bees use polarized
light for navigation. Currently, the mainstream sensors are in-
trinsically isotropic and non-selective for polarized light, and gen-
erally require external polarizers or micromachined polarization
arrays to achieve polarized light detection.'>3] Meanwhile, polar-
ized light detection is of unique significance in artificial visual
synaptic devices, extending the dimensionality of traditional light
sensing and providing a bionic vision system with multimodal
information processing closer to biological perceptual capabili-
ties. The reception of polarized light can enhance visual percep-
tion, such as distinguishing surface features and enhancing ob-
ject contrast in hazy, complex lighting conditions. At the same
time, after integrating the information processing unit, the an-
gle information brought by polarized light can construct a de-
tailed 3D space.['>*] Therefore, polarized light detection is an im-
portant performance index for in-sensor computing visual sys-
tems. 2D materials have unique advantages in the field of po-
larized light detection. Some anisotropic 2D materials effectively
resolve polarized light at different angles.[”’! BP, highlighted in
the previous monoelemental 2D materials section, is one of the
star materials for polarization detection. Hao et al. utilized BP to
fabricate polarized photodetectors with a polarization ratio (PR)
of 118.4 (Figure 15a).'>] Liu et al. integrated the amplification
and polarization-sensitive units into one broadband polarization
detection system. MoS,-based FET could amplify signals from
WSe,-based infrared polarization detectors (Figure 15b).[5¢ In
addition to inorganic materials shining, organic single crystals
also show potential for applications in the polarization field.l*]
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Pan et al. fabricated biomimetic polarization-sensitive organic
phototransistors based on C8-BTBT single crystal with a high
dichroic ratio (DR) of over 10° (Figure 15¢).l>”! Although BP and
2D organic single crystals have performance advantages in po-
larization detection, weak air stability still poses a big problem
in subsequent applications. Thus, a heterojunction is an effec-
tive means of combining the characteristics of different materi-
als. The folded structure of PdSe, breaks the crystal symmetry,
resulting in optical and electrical anisotropy. 2D polarized het-
erojunction detectors with varying performance characteristics
can be prepared by combining PdSe, with other 2D materials.[**®]
Che et al. utilized PdSe,/MoTe, heterojunction to prepare a self-
powered broadband photodetector with linear and circular po-
larized light detection capability. The built-in electric field at the
heterojunction interface conferred a polarized optical response
to the device under self-power conditions (Figure 15d)."*°! In
addition to the material, breakthroughs can also be sought in
preparation. Deng et al. prepared the MoS, /Gr planar heterojunc-
tion by curling it into a 3D heterojunction. The 3D resonant mi-
crocavity structure allowed the material, which is not inherently
polarization-detectable, to achieve a polarization response and a
series of visual synaptic behaviors.[1%!

4.3. Multi-Spectrum Selection

In multi-spectrum selection, the response range is an important
basis. Mainstream complementary metal-oxide-semiconductor
(CMOS) image sensors are limited by the silicon bandgap and
operate in a wavelength range from about the visible to the
end of the NIR. In contrast, various 2D materials, such as BP,
can cover a wider range of wavelengths, which can detect the
NIR to the mid-IR."*3] Meanwhile, the heterojunction structure
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Figure 16. a) Spectrally selective transfer characteristic curves under different light stimuli.
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[163] Copyright 2024, Springer Nature. b) Visual neuromorphic

response with significant wavelength correlation.!'®4] Copyright 2022, American Chemical Society. c) Significant conductance differences in LTP are
realized in different wavelengths of visible light.['®”] >Copyright 2025, Wiley-VCH.

based on 2D materials can extend the detection band further.
The bandgap of 2D materials can often be tuned by the num-
ber of layers, stress, or electric field; this property gives 2D
devices potential for multi-band imaging or tunable spectral
detection.l"®!l For a single device, spectrally selective character-
ization is achieved by perceiving and processing optical signals
in different wavelength ranges. The strong response to a cer-
tain wavelength band can significantly enhance the visual neu-
ral device’s specific perception ability, computational efficiency,
and adaptability in complex environments. Significant advan-
tages in some special application scenarios, such as feature recog-
nition in complex environments and strong interference condi-
tions. Spectrally selective devices have broad application potential
in the multispectral artificial retina, multispectral fusion sens-
ing, feature enhancement, material identification, cancer screen-
ing, etc. 2D materials exhibit significant advantages in spectral
selection due to their unique atomic-level thickness and elec-
tronic structure. The bandgap properties of 2D materials, includ-
ing direct/indirect bandgap and bandgap width, can be tuned by
thickness. In the meantime, the selective enhancement of cer-
tain band identification can also be realized by preparing het-
erojunctions with expanded response bands. Sun’s group intro-
duced a floating-gate heterojunction structure to enhance short-
wavelength light perception in visual synaptic devices. Only pho-
tons carrying sufficient energy can excite photogenerated car-
rier tunneling and be captured by the floating gate, resulting
in a spectral distinction.'%2] Roy’s group provided another idea
for spectral selection. The infrared-sensitive PtTe,/Si was the
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gate electrode and integrated into the optoelectronic synaptic de-
vice based on the MoS, channel. When infrared light irradiated
the device, PtTe,/Si acted as an infrared sensing unit, generat-
ing electron-hole pairs, resulting in a photogating effect. Slow
carrier recombination can apply a slowly decaying voltage to
the channel, modulating the conductance in the MoS, channel.
When UV light irradiated the device, MoS,, an excellent optoelec-
tronic material, would sense and produce a stronger response
(Figure 16a,b).1%31%*] In summary, in order to achieve spectral
selection, enhancement of the perception for specific band light
can be achieved by material selection, for example, by selecting
a 2D material with a relatively large bandgap.['>1%] It is also
possible to enhance the response to a particular band using dif-
ferent sensing units or operating principles. Finally, there are
other approaches, such as introducing nano-antennas or grating
structures on the surface of 2D materials to enhance the absorp-
tion of specific wavelengths using surface plasmon resonance
(Figure 16¢).[1%7)

The corresponding summarization of specific neuromorphic
optoelectronic response is shown in Table 2. For responsivity and
detectivity, the positive value represents PPC and the negative
value represents NPC.

5. The Applications of 2D Artificial Optoelectronic
Synapses

Recent years have witnessed remarkable advancements in artifi-
cial intelligence (AI), with algorithmic innovations progressing
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Table 2. The summary of optoelectronic synaptic devices with different specific responsse.

Compound Responsivity Working wavelength Specific response Detectivity [Jones] Refs.
CeO,/MoS, / 520/580/620 nm PPC/NPC / [48]
MoS, /h-BN/PdSe, / 520/1550 nm PPC/NPC / [147]
MosS,/Ge 24.9/-0.4 AW 532/1550 nm PPC/NPC 7.9% 10"/=1.3 x 107 [148]
Gr/InSe/h-BN 13/-1.1x 104 AW~ 405/637 nm PPC/NPC / [150]
SnSe / 365/430/525/630 nm PPC/NPC / [157]
PdSe, 181/-7.8 x 103 AW™! 473/1064 nm PPC/NPC 5.2%10'%/-2.3 x 10" [152]
BP 802.42 AW 615-865 nm Polarized light response / [155]
WSe,/ MoS, / 980/1064 nm Polarized light response / [156]
C8-BTBT 1.6 x 10° AW™! 365 nm Polarized light response 1.66 x 10" [157]
PdSe, /NbSe, 27 mA W' 405-980 nm Polarized light response 9.8 x 107 [158]
PdSe,/MoTe, 243 mA W' 375-2200 nm Polarized light response 6.46 x 1070 [159]
Gr/MoS, 10° AW-T 395/590/660 nm Polarized light response 4.59 x 10 [160]
WSe,-GaN / 310/405/532/655 nm Multi-spectrum selection / [162]
PtTe,/MoS, / 300 nm~2 um Multi-spectrum selection / [163]
TeSeO, 1500 A W' 365/565/660 nm Multi-spectrum selection / [165]

at an unprecedented pace. While these software-based devel-
opments continue to transform various aspects of human so-
ciety, significant challenges persist in hardware implementa-
tion, constrained by fundamental physical limitations of conven-
tional computing architectures. Emerging as a promising solu-
tion, neuromorphic engineering draws inspiration from biologi-
cal neural networks to develop novel computing paradigms. This
approach fundamentally differs from von Neumann'’s architec-
tures by implementing in-memory computing strategies that ef-
fectively mitigate the memory—processor bottleneck through in-
tegrated storage and processing capabilities. The development of
artificial synaptic devices capable of weight modulation via op-
toelectronic stimulation demonstrates particular potential, mim-
icking neuroplasticity mechanisms observed in biological sys-
tems. Such adaptive characteristics enable hardware-level learn-
ing and information retention, positioning neuromorphic tech-
nologies as critical enablers for next-generation computing appli-
cations spanning intelligent robotics, autonomous systems, and
neuroprosthetic interfaces.

5.1. Logic Operation

Under the von Neumann architecture, logical operations, AND,
OR, NOT, and XOR, remain indispensable as the cornerstone
of binary data processing, enabling decision-making, arithmetic
computations, and precise control in digital systems. Deeply
rooted in classical Boolean algebra, these operations underpin
hardware functionality and algorithmic execution, from register
manipulation to memory management.['®*) However, as comput-
ing architectures evolve beyond traditional paradigms, the inte-
gration of logic operations with neuromorphic devices emerges
as a promising pathway to reconcile energy efficiency with com-
putational scalability. Neuromorphic systems, inspired by biolog-
ical neural networks, inherently adopt an event-driven model, ac-
tivating computations only upon receiving input pulses, a stark
contrast to the continuous clock-driven mechanisms of conven-
tional logic circuits.'®! This paradigm shift minimizes redun-
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dant energy expenditure while enabling asynchronous, parallel
processing across distributed neurons and synapses. Such paral-
lelism not only realizes the brain’s capacity for concurrent task
execution but also amplifies computational throughput for real-
time complex problems.

Visual neuromorphic devices can produce pronounced con-
ductance changes in response to light signals based on V; mod-
ulation. Therefore, the implementation of logical operations is
generally divided into optoelectronic co-stimulation or stimu-
lation with different wavelength lights. The core idea is the
specificity of the device’s response to stimuli. Optoelectronic
synergistic logic operations are generally relatively common
because most devices have large differences in conductance
changes modulated by optical and electrical stimuli, respectively
(Figure 172).1"7% Nguyen et al. utilized 450 nm laser light and V¢
to realize different logic operations based on a 2D Te/ReS, device.
Synergistic logical operations of AND and OR were realized by
varying the stimulus intensity.””] Similarly, Sahu et al. also took
advantage of the property that ultrathin 2D materials are sensitive
to V¢ modulation. They combined it with UV light stimulation
to realize two logic operations based on the MoS, channel.!”!]
For devices with only optical inputs, the spectrum-selective prop-
erty is an important mechanism for realizing all-optical logic op-
erations (Figure 17b).172] Three all-optical logic operations mod-
ulated by infrared and visible light using the NPC and PPC ef-
fects of PdSe, in an air environment were realized.’? Sun’s
group constructed an asymmetric ferroelectric heterostructure
based on MoS, channels, half of which comprised MoS, /CIPS.
The devices showed conductance responses of different intensi-
ties to UV and visible light stimuli, realizing logical operations of
AND and OR. With an external triboelectric nanogenerator input
module, NOR and NAND logic operations can also be realized
(Figure 17¢,d)."”*! Introducing ferroelectric regulation is also an
important idea for realizing complex logic. Wang et al. also fabri-
cated a 2D ferroelectric optoelectronic transistor and introduced
two different visible lights to realize OR and AND operation un-
der V. modulation.[*!
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Figure 17. a) A truth table for AND logic gates and a current realization that relies on electrical and optical responses.!'7%l Copyright 2023, Wiley-VCH.
b) AND logic operation was realized by using two different light irradiations.['72] Copyright 2024, American Chemical Society. c) Logic operation of AND
and OR by combining visible and UV light.['73] Copyright 2024, Wiley-VCH. d) With two TENGs connected, the hybrid perception device can realize four

types of logic operations.['73] Copyright 2024, Wiley-VCH.

5.2. Image Recognition

Visual perception emerges as a dominant channel for envi-
ronmental interpretation across diverse species in the intricate
tapestry of life’s sensory systems. From the compound eye mo-
saics of flying insects to the binocular precision of raptors, or-
ganisms have evolved sophisticated optical mechanisms to de-
code light patterns into survival-critical data.l'’*l Depending on
the environment in which they live, different biological systems
evolve visual perception systems that are biased toward differ-
ent abilities. Abyssal organisms, for example, have a spectral
sensitivity biased toward blue bioluminescent wavelengths, and
their tubular eyes maximize photon capture in the dark. Hu-
mans derive more than 80% of their information from the vi-
sual system. The mammalian cerebral cortex spends more than
30% of its time on visual processing, a neural investment that
exceeds all other senses combined.!'”>7%] Thus, the reception
of light information is not just an observation but a funda-
mental framework for ecological interaction and evolutionary
success.

Image perception is dividing an image into multiple pixel
points, with each device taking on the task of sensing one pixel
point. Image perception is dividing an image into numerous
pixel points, with each device taking on the task of sensing
one pixel point. Therefore, the two-terminal structure of the up-
per and lower electrodes has an advantage in large-area array-
ing. Shen’s group fabricated a MoS,/ZnO vertical heterojunc-
tion for the flexible optoelectronic visual system. The 25 x 10 de-
vice array demonstrated the efficient storage of light signals with
different intensities, frequencies, and exposure times.['’”] Simi-
larly, Kumar et al. adopted a solution to prepare a vertical two-
terminal device based on the MoS, channel. The devices showed
superior signal storage capacity under optoelectronic synergis-
tic modulation.l'”%] In general, heterojunction is a typical strat-
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egy for this class of devices to realize signal sensing and stor-
age functions.['”’l Wang et al. targeted the mid-infrared band,
which is difficult for the human eye to recognize. Signals in the
infrared band were visualized using AsP and MoTe, heterojunc-
tion (Figure 18a,b).1"8" The strategy of Huang et al. was to intro-
duce discontinuous NbS, capture centers on the MoS, channel
surface. Photogenerated carrier trapping realized efficient opti-
cal information storage in 10 X 10 MoS, arrays (Figure 18c).['81]
Lee et al. utilized the metal vacancy between LaAlO, /SrTiO; het-
erostructures to realize the efficient trapping of photogenerated
carriers. Switching from short-range to long-range memory was
realized by adjusting the ratio of components, and image mem-
ory was then realized in a 5 X 5 synapse array (Figure 18d).[182]
In addition, some complex device structures can be introduced to
realize the coupling with other functions. Zhang et al. proposed
an artificial visual perception and recognition system based on
the fusion of 2D heterojunction and plasma enhancement tech-
niques. Ag nanograting’s localized surface plasmon resonance ef-
fect enhances the device’s optoelectronic response and dynamic
range (180 dB).[*®3] Chen et al. even directly fabricated the device
shape into a fiber to realize the integration with a wearable visual
sensing system. The TiO,, and MoS, arrays, which are directly
grown on flexible carbon nanotube fiber, realized effective recog-
nition and memory of ultraviolet signals through carrier separa-
tion of heterojunctions.18]

5.3. Hybrid Perception System

Multimodal perception is realized on the one hand from the
material’s properties, exploiting the material’s ability to perceive
the specificity of information in different dimensions. On the
other hand, it combines different external circuits and integrates
some other components to realize the coupling of optoelectronic
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Figure 18. a) Schematic diagram of thdevice structure and graphical perception test.['®] Copyright 2023, Springer Nature. b) Pattern perception with
different light intensities and different frequencies.['®] Copyright 2023, Springer Nature. c) Graphical perception and memory of the “H” shape on a

10 x 10 device array.["®1] Copyright 2023, Springer Nature. d) Long-term and short-term memory for graphics under different impulse condition

Copyright 2024, Wiley-VCH.

and other perceptions.[**] The photoelectric response of most

2D semiconductors can effectively change the channel’s car-
rier concentration and surface potential. Thus, when the pho-
toelectric response is combined with gas and stress detection,
multimodal sensing and enhanced sensing capabilities can be
achieved simultaneously.!'#]

The abundance of surface groups is very important in gas
detection. Therefore, organic materials are an important car-
rier for gas detection, especially porous organic semiconductor
materials.'®”] In addition to COF and MOF, which are widely
used for gas sensing, some 2D materials susceptible to gas sur-
face doping are also effective platforms for gas-optoelectronic
coupling. Chai’s group used a combination of MXene and VP
to take advantage of MXene’s hydrophilicity and VP’s gas sur-
face doping, respectively. Visual-olfactory crossmodal perception
was realized in gas and humidity environments (Figure 19a,b).[81]
Song et al. used the assembly of multicomponent membrane
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s.182]

scaffold proteins on Gr to prepare front-end olfactory recep-
tors. The adsorption of different gases generates an accumula-
tion of electrical potential that drives the back-end device.[88]
In addition to gases, stress is an important source of infor-
mation. Especially in robotics, medical devices, and wearable
technology, force sensing can give devices tactile function and
is the basis for highly dynamic feedback and adaptive con-
trol of delicate, intelligent systems.!'8?] There are two general
types of stress perception and modulation; one is that it ap-
plies stress to the material itself. Yoo et al. imparted different
stresses to the SnSe, channel by different bending styles and
strengths to achieve piezo strain-driven enhancement of the op-
toelectronic synaptic response (Figure 19¢).[1°) Another way is
to connect an external stress-sensing unit to regulate the de-
vice’s photoelectric response. Chen et al. configured two tri-
boelectric nanogenerator units for the same MoTe, channel to
achieve different types of homojunction in the same channel. The
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Figure 19. a) Optoelectronic neuromorphic response of devices under different gas atmospheres.[1] Copyright 2024, Springer Nature. b) Optoelectronic
neuromorphic response of devices under different humidity conditions.[31 Copyright 2024, Springer Nature. c) Visual LTP response of the device under
different strain modes.['%] Copyright 2024, American Chemical Society. d) Schematic structure of the device with integrated strain sensing and its

channel type modulation.[""] Copyright 2025, Elsevier.

electrostatic charge generated by the triboelectric nanogenerator
can control the type and concentration of charge carriers in the
corresponding channel, thus enabling different reconfigurable
photovoltaic effects under light conditions (Figure 19d)."! This
multimodal cross-sensing enables the device to resemble a bio-
logical organ more closely. It significantly improves the ability of
artificial devices to co-sense and integrate information. In some
exceptional cases, such as when one of the sensing modalities
is disturbed, the multimodal complementarity can enhance the
reliability and environmental adaptability of the bionic device.

5.4. Neural Network

Since the concept of neuromorphic engineering was proposed in
the 1980s, neuromorphic computing combined with deep learn-
ing has gradually evolved toward brain-inspired computing. Un-
like von Neumann architectures’ storage-computation separation
and serial computation, neuromorphic computing enables hu-
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man brain-like asynchronous, distributed computation. At the
hardware level, neuromorphic computing requires hardware that
can break through the von Neumann bottleneck by not distin-
guishing between memory and computational units. At the hard-
ware level, neuromorphic computing requires hardware that can
perform highly parallel in-place operations in an event-driven
(spike-based) manner without distinguishing between memory
and computational units, thereby breaking the von Neumann
bottleneck.!'?] At the software level, current neural network ar-
chitectures contain several parts: ANN, spiking neural networks
(SNN), and RC. ANN-based feedforward neural networks (FNN),
multi-layer perceptron (MLP), recurrent neural networks (RNN),
and convolutional neural networks (CNN) are the widely used
current architectures.'] In general, this class of architectures
consists of an input layer, a hidden layer, and an output layer, and
each neuron computes the output using a weighted summation
and activation function.®*l ANN is a broad computational archi-
tecture that can be applied to most deep learning tasks, but is ac-
companied by high computational resource consumption.[1919]
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Figure 20. a) Three-layer ANN for the MNIST pattern recognition and recognition rate with different training epochs.['%] Copyright 2024, Wiley-VCH.
b) Schematic diagram of ORNN-based color image classification operation with the dataset, RGB color preprocessing, RC layer, and fully connected
layer.[291] Copyright 2024, Wiley-VCH. c) Schematic of the multimode RC system and experimental trajectories for obstacle avoidance.[292] Copyright 2024,
American Chemical Society. d) Confusion matrix classification of event-based hand movement test sets.!23] Copyright 2024, Wiley-VCH.e) Difference
between two different algorithmic architectures regarding recognition accuracy and resource share.[2%] Copyright 2024, Wiley-VCH. f) Recognition
accuracy based on SNN at different temperatures and the corresponding confusion matrix for trajectory recognition at different temperatures.[204]

Copyright 2024, Springer Nature.

The RC system consists of an input layer, a reservoir, and an out-
put layer, but only the weights of the output layer are trained.
Therefore, RC is more efficient and suitable for low-power hard-
ware and streaming computation of time series tasks. SNN is the
closest to a biological nervous system, simulating real neurons’
pulse (spike) behavior with event-driven computation.[*”] There-
fore, its computation is based on discrete events rather than con-
tinuous values, which makes it suitable for low-power and real-
time computing tasks.[!%

Weng et al. utilized a fully connected three-layer ANN for
the Modified National Institute of Standards and Technology
(MNIST) pattern recognition. Due to the linear and symmetric
changes in the conductance, the recognition accuracy can reach
~96% (Figure 20a)." An et al. also constructed a simple three-
layer ANN neural network based on the long-term potentiation
and depression curves of optoelectronic synaptic devices to rec-
ognize handwritten digits.[') Chen’s group introduced more de-
vice variables into the ANN algorithm. The advantages of hetero-
junctions in photoconductivity response were verified by com-
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paring the linearity of photoconductivity changes with different
channel materials.®] Zhai et al. combined 3D structured lattice-
strained floating-gate optoelectronic synaptic transistors with
ANN. High recognition of graphic targets due to UV-to-visible
band response.?®! Yang et al. utilized 2D ferroelectric materials
to modulate the bipolar channel and realized multiple optoelec-
tronic responses under p- and n-type conditions. By construct-
ing an optical RNN, efficient recognition of color images and low
operating power consumption were achieved (Figure 20b).[21]
RC is more advantageous when dealing with the computation
of time-series data, especially dynamic system modeling, signal
processing, and time-series prediction. Zhou et al. implemented
fast feedback for dynamic vehicle lane-keeping by incorporating
optoelectronic signals into the RC system (Figure 20c).**?] Tan’s
group also coupled the optoelectronic response into the MoS,
channel via ferroelectric modulation of CIPS. Bringing optoelec-
tronic response with temporal characteristics into an RC sys-
tem saved 144 times the computing power than CNN architec-
tures with similar performance (Figure 20d,e).2%] Yao et al. took
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Table 3. The summary of optoelectronic synaptic devices with different applications.

Compound Applications Multimodal response Neuromorphic response Array size Refs.
SnSe/MoS, Logic AND gate Optoelectronic EPSC/LTP / [170]
MoS, Logic AND/OR gate Optoelectronic EPSC/LTP/PPF / [177]
TeO, Logic AND gate Optoelectronic EPSC/LTP/PPF / [172]
MosS, /CIPS Logic AND/OR/NOR/NAND gate Optoelectronic/Triboelectric EPSC/LTP/PPF / [173]
P3HT/GaAs Image recognition Optoelectronic EPSC/LTP/PPF 3x3 [174]
N:ZnO/MoS, Image recognition Optoelectronic EPSC/LTP/LTD/PPF 25x 10 [177]
MoS, Image recognition Optoelectronic LT™ / [178]
Fe;Sg/MoS, Image recognition Optoelectronic EPSC/LTP/LTD/PPF engineering 10x 10 [179]
AsP/MoTe, Image recognition Optoelectronic LTP / [180]
NbS, /MoS, Image recognition Optoelectronic EPSC/LTP/LTD/PPF 10x 10 [187]
LAO/STO Image recognition Optoelectronic EPSC/LTP/PPF 5x5 [182]
WSe, /MoS, Image recognition Optoelectronic EPSC/LTP 3x3 [183]
TiN,O,,/MoS, Image recognition Optoelectronic EPSC/LTP / [184]
MoTe, Hybrid perception Optoelectronic/Triboelectric EPSC/LTP / [185]
MXene/VP Hybrid perception Optoelectronic/Gas/Humidity EPSC/LTP/LTD/PPF / [871]
SnSe,., Hybrid perception Optoelectronic/Stress EPSC/LTP/PPF / [190]
MoS, /Ta,NiSg Three-layer neural network. Optoelectronic EPSC/LTP/LTD / [199]
CsPbBr;/MXene ANN Optoelectronic EPSC/LTP / [85]
MosS, /Gr ANN Optoelectronic EPSC/PPF/LTP / [200]
WSe, /Gr/CIPS ORNN Optoelectronic/ Ferroelectric EPSC/LTP/LTD/PPF / [207]
a-In,Se; RC Optoelectronic/ Ferroelectric EPSC/LTP/LTD/STDP / [202]
MoS, /CIPS RC Optoelectronic/ Ferroelectric EPSC/LTP/LTM / [203]

advantage of the SNN’s low power consumption and processing
of dynamic timing data in autonomous driving. Pulse timing-
dependent plasticity of optoelectronic neuromorphic devices sta-
bilized under different temperature conditions offers the poten-
tial for developing autonomous driving hardware under complex
temperature conditions (Figure 20f).2*l In addition to a single
device matching a single algorithm, targeted matching of multi-
ple algorithms can be achieved by integrating different functional
units. Yang’s group integrated memristor units into a phototran-
sistor array to be compatible with machine learning and bioin-
spired neural network architectures. The multi-phototransistor-
one-memristor array architecture can effectively utilize optical
RNN and optical SNN to integrate spatial and spatiotemporal
information and enhance the recognition of multiple types of
information.[2’]

The corresponding summarization of applications is shown in
Table 3.

6. Summary and Outlook

The von Neumann architecture, as the core of traditional com-
puting, has been the foundational design of modern comput-
ers, guiding their evolution for decades. However, its inherent
separation of storage and processing leads to inefficiencies in
data transfer, known as the von Neumann bottleneck. This issue
becomes increasingly problematic as artificial intelligence pro-
liferates and data streams grow exponentially. Consequently, a
new paradigm inspired by the human brain has emerged: neu-
romorphic computing. This approach, modeled after biological
neural networks, addresses the bottleneck through event-driven,
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pulse-computing, and integrated storage-computing techniques.
By gradually overcoming data transfer speed limitations and sig-
nificantly reducing the power consumption associated with high-
throughput computing, neuromorphic computing is poised to
complement and eventually supplant the von Neumann archi-
tecture, fueled by advancements in deep learning algorithms
and neuromorphic hardware. It is anticipated that architec-
tural transitions will progress from near-sensor computing to
in-sensor computing. Currently, near-sensor computing, which
positions computational units adjacent to storage devices, ef-
fectively mitigates big data retrieval and transmission pres-
sures in certain applications, such as autonomous vehicle com-
puting. As a transitional phase, the shift from near-sensor to
in-sensor computing can be achieved by integrating compu-
tational units within sensors deeply aligned with neuromor-
phic computing principles. Thus, continuous innovation in soft-
ware and hardware development for neuromorphic computing is
crucial.

The selection of material systems is vital to achieving these
goals. 2D materials are emerging as promising alternatives to
traditional silicon-based materials, demonstrating exceptional
performance and scalability across various domains. In recent
years, 2D materials have shown immense potential for visual
neuromorphic computing applications. Their atomic-level thick-
ness confines electron transport to ultrathin planes, exhibiting
remarkable transport capabilities. From the inception of high-
performance devices with full vdW contacts to the current lat-
tice slide stacking enabled by twistronics, 2D materials have
proven their scalability for high-performance devices. For visual
neuromorphic devices, the multimodal perception properties of
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2D materials, such as anisotropic transport, opto-thermoelectric
coupling, opto-ferroelectric coupling, and polarization detection,
pave the way for developing smarter artificial visual perception
systems.

After more than a decade of development, the future of neu-
romorphic computing will depend on breakthroughs in novel
synaptic components. The successive introduction of systems
such as Neurogrid, SpiNNaker, BrainScaleS, and others demon-
strates the urgency of realizing the vision of low-power, large-
scale digital modeling of the human-like brain.[2%] Important
reasons are the continued explosive growth in global comput-
ing demand, increased carbon emissions, and the vast applica-
tion promise of neuromorphic computing. In recent years, with
the rise of AI applications (e.g., big model training), electricity
use by big data analytics centers is expected to grow by 160%
by 2030, raising its share of global electricity use to 3-4%. Cor-
respondingly, CO, emissions are projected to double between
2022 and 2030.1207:208] Today, the algorithmic architecture of neu-
romorphic computing is constantly improving and evolving it-
eratively at an astonishing rate. Neuromorphic computing has a
promising future in edge Al and IoT due to low power and real-
time advantages. It is suitable for tasks in low-resource and low-
power environments, such as dynamic scene sensing for smart
cameras and biosignal processing for wearable devices.[?%! Also,
neuromorphic computing can be used for event-driven visual or
auditory sensing to detect motion and sound efficiently without
consuming too much energy. In addition, real-time sensing and
adaptive control are important application scenarios in robotics
and autonomous systems. Although computational models such
as SNNs are available to enable naturally low-energy computa-
tion, power consumption and data transfer remain huge obsta-
cles in the future due to current hardware architectures and sens-
ing components. Overall, 2D material systems have many ad-
vantages over other materials as the most promising alternative
to silicon-based carriers for next-generation computing architec-
tures today: excellent optoelectronic properties; vdW contacts;
multimodal sensing capabilities; and scalability and programma-
bility. Compared with traditional silicon-based and metal-oxide
materials, the photoelectric response performance of 2D mate-
rials has obvious advantages in responsivity, detectivity, and re-
sponse band. As a semiconductor material, its carrier mobility
and environmental stability are superior to organic semiconduc-
tor materials. The vdW contacts not only bring clean interfaces
to 2D materials, offering the possibility of mechanical exfolia-
tion preparation, but also bring more efficient contacting meth-
ods to all kinds of heterojunction devices based on 2D materi-
als, reducing scattering and trapping of carriers during transport.
At the same time, this non-covalent interaction can give the in-
terface a sliding capacity in the face of stress action, releasing
the shear forces acting on the lattice. 2D materials with differ-
ent lattice stacking patterns can exhibit different responses to
different stimuli, such as thermoelectric, photoelectric, ferroelec-
tric, and anisotropic. A multimodal reaction means the number
of units sensing/processing analog signals can be reduced. One
device can process different signals or be modularly replaced as
required. It is also feasible to reduce the delays incurred by the
inter-calling of information and the costs associated with produc-
ing different devices.[?!% Therefore, in-sensor computing devices
based on 2D materials can be designed and prepared in an ori-
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ented way to achieve some specific perceptual and computational
goals. The most suitable materials can be selected, the most ap-
propriate atomic layer thicknesses can be used (to find a balance
between the various properties), different 2D materials can be se-
lected for non-destructive stacking, and so on. This modular scal-
ability and programmability are also difficult for other material
systems.

Despite their promise, 2D materials face challenges in visual
neuromorphic computing. Foremost is the need for large-area
integration methods compatible with the CMOS fabrication pro-
cess. While chemical vapor deposition and molecular beam epi-
taxy allow for large-scale growth of high-quality 2D films, the vari-
ety of materials and substrate choices remains limited. Addition-
ally, improving the air stability of certain 2D materials is crucial,
as difficult-to-control air/semiconductor oxidation interfaces can
compromise device array homogeneity and long-term stability.
Power consumption also poses a significant hurdle for Al devel-
opment. Although efforts have been made to reduce the power
consumption of individual pulse responses to levels below those
of human neurons, reports on low-power devices based on ar-
ray operations are scarce. Due to their thickness and carrier con-
centration, 2D materials have substantial advantages in control-
ling device power consumption. Leveraging the intrinsic prop-
erties of 2D materials to modulate conductance offers a power
consumption benefit over using external functional layers. For
instance, employing ferroelectric 2D semiconductors for infor-
mation storage modulation consumes considerably less power
than using ferroelectric insulating layers. Thus, the power con-
sumption issue presents both a challenge and an opportunity
for 2D material systems. For the future direction, arrayization,
chip-on-chip, and multimodality are important foundations for
realizing in-sensor computing chips. It is already possible to re-
alize high-density preparation of existing chip architectures us-
ing MoS, as a carrier.?!!l The next step should be the realiza-
tion of CMOS process-compatible 2D heterostructures and hy-
brid integration technologies to achieve higher device density
and energy efficiency.?'?] For optoelectronic in-sensor comput-
ing based on 2D materials, the sensing dimensions have been
extended from optoelectronics to force, magnetism, and heat.
On the one hand, the combination of sparse pulse training and
event-driven sensors is continuously promoted for future de-
velopment. On the other hand, the decoupling of analog sig-
nals under different stimuli is realized. The former is further
to reduce the power consumption of system sensing and train-
ing, and the latter is to avoid crosstalk of signals under multi-
modal sensing and erroneous synaptic weight adjustment during
training.

As neuromorphic computing rapidly advances, visual neural
perception systems based on 2D materials are revolutionizing de-
vice architectures. Some research focuses on achieving in-sensor
computing with single devices or small arrays, exploring complex
material combinations, exotic optoelectronic phenomena, and in-
tricate modulated coupling methods. Other researchers aim to
realize chip-based large-scale integration, requiring simple mate-
rial structures and well-homogenized regulatory mechanisms. By
integrating the enhanced neuromorphic computing paradigm,
evolved from CNNs, with multiple architectures, a multimodal,
low-power in-sensor computing visual system is believed to be
realized eventually.
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