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Summary 

Two-dimensional layered transition metal dichalcogenides (2D TMDC), such as tungsten 

disulphide, molybdenum disulphide, compounds based on rhenium, and their heterostructures, 

have been used to fabricate artificial synaptic devices that combine memory, computation, and 

sensing in a single system. By using a combination of opto-/electronic signal processing systems, 

these devices have demonstrated multi-state memory, pattern recognition capabilities, biological 

synaptic behaviour, and visual information processing. Their advanced scalability and integration 

potential renders them ideal candidates for emerging neuromorphic memories in edge AI and 

wearable devices. Although ultra-low power consumption in neuromorphic vision systems in the 

range of femtojoule has been achieved, optimising the materials’ quality and controlling the defect 

formation are still required to enhance their functionality and improve the devices’ performance. 

Improving the scalability of heterostructures and integrating many single devices in arrays 

operating as part of a neuromorphic system is paramount to their commercialisation. 
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Introduction 

Two-dimensional (2D) transition metal dichalcogenides (TMDC) and their heterostructures have 

attracted attention in the emerging area of neuromorphic computing, due to their intriguing 

optoelectronic properties stemming from their low dimensionality.1,2 Light perception and 

cognition is an important sensory function for bioinspired electronics, for example, in artificial 

vision systems.3 The ability of 2D TMDC materials to combine electrical with optical operations 

enables development of synthetic retinas as well as optoelectronic interfaces for integrated 

photonic circuits.4  

Optoelectronic artificial synapses co-locate the optical signal detection and memory functions in 

a single unit, being thus capable of sensing and memorising information, giving rise to humanoid 

optoelectronic devices. Compared to purely electrical artificial synapses, optoelectronic ones 

involve a noncontact writing method and could enhance the processing speed because of their high 

bandwidth and ultrafast signal transmission, critical for low power computation in edge AI 

applications. Moreover, low cross-talk can be obtained, owing to the photo-writing being 

orthogonal to the electrical readout, providing a spatially confined stimulation that can offer secure 

authentication in decentralised devices, like biometric systems.4,5  

In this Perspective, we discuss the optoelectronic synaptic devices, which are enabled by the strong 

light–matter coupling in 2D TMDC. These materials possess a  highly tuneable band gap, which 

covers from visible to infrared, and undergo a direct-to-indirect band gap transition when 

increasing the number of layers from monolayer to bulk.6 The various energy band configurations 

that can be designed by engineering van der Waals (vdW) homo-or heterostructures7 open new 

avenues to the development of opto-/electronic synaptic and heterosynaptic devices. As an 

example, monolayers with <1nm thickness of MoS2, MoSe2, and WS2 can absorb up to 5–10% 

incident sunlight, which represents more than 10-fold increase in sunlight absorption than GaAs 

and Si, the common materials used in solar cells.8  

Next, we summarise some key optical properties of the main TMDC materials that are being used 

in optoelectronic synaptic applications. Then, we explore how these materials have been 

incorporated in optoelectronic neuromorphic applications. We focus on two-terminal devices, 

which we believe are advantageous to transistors in terms of higher integration into dense crossbar 

arrays, simpler fabrication and faster switching speed. The extra degree of freedom for 
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programming and controlling neuromorphic operation that is provided by the gate terminal in 

mem-transistors is replaced by an optical source (acting as the gate) in the optoelectronic two-

terminal devices. We introduce the operating mechanism and transport phenomena in TMDC-

based optoelectronic memristive devices and then we showcase representative examples of 

emerging applications realised with single layer TMDC and TMDC heterostructures, comprising 

either different TMDC or a TMDC material and an oxide layer.  

Transition Metal Dichalcogenide Materials Considerations 

TMDC are layered materials with stoichiometry MX2, where M is a transition metal atom and X 

is a chalcogen. The transition metals encountered in TMDC usually belong to groups IVB 

(titanium, Ti; zirconium, Zr; hafnium, Hf), VB (vanadium, V; niobium, Nb; tantalum, Ta), VIB 

(molybdenum, Mo; tungsten, W), VIIB (technetium, Tc; rhenium, Re) and VIIIB (palladium, Pd; 

platinum, Pt), while the most commonly employed chalcogen elements from group VIA are 

sulphur (S), selenium (Se) and tellurium (Te) (see Figure 1A).9 TMDC thin films are composed 

of a layer of metal atoms sandwiched between two atomic layers of the chalcogen. The atoms in 

the MX2 structure are covalently bonded and the layers are stacked together by weak van der Waals 

bonds. The transition metal atom contributes four electrons to bond with chalcogen atoms, 

resulting in oxidation states of +4 for the transition metal and -2 for the chalcogen atom.9 MX2 

monolayers can exist in three phases, namely 1T, 2H and 3R, where numbers represent the number 

of layers in the unit cell and the letters T, H, and R indicate trigonal prismatic, hexagonal, and 

rhombohedral symmetry, respectively, examples shown in Figure 1B. The structural phase 

transitions that can be achieved between these polymorphs can give rise to a multitude of reliable 

and fast switching states, similar to those induced by ion migration in resistive random access 

memories (RRAMs) and by amorphous-to-crystalline transitions encountered in phase change 

materials (PCMs).10    

Tungsten disulphide (WS2) is a well-known TMDC material with intriguing optoelectronic 

properties that involve high optical absorption coefficient (in a broad spectrum region from visible 

to the near-infrared), high carrier mobility, high aspect ratio, and excellent thermal and chemical 

stability.11 The band gap of bulk and monolayer WS2 are 1.3 eV (indirect) and 2.1 eV (direct), 

respectively.12 The energy band of WS2 shows a noticeable split in the valence band at the K point 
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caused by the spin-orbit coupling.13 This leads to a strong photoluminescence and a large light 

absorption coefficient.  

Another critical material used in optoelectronic applications is molybdenum disulphide (MoS2), 

which has a unique crystal structure consisting of covalently bonded molybdenum and sulphur 

atoms, with layers spaced apart by approximately 6.5 Å and held together by van der Waals 

forces.14 MoS2 exhibits a tuneable band gap, approximately 1.2 eV for bulk and 1.8 eV for 

monolayer, as well as high carrier mobility.15 Molybdenum diselenide (MoSe2) has 1.1 eV indirect 

band gap in bulk films and 1.5 eV direct band gap in its monolayer structure, slightly smaller than 

MoS2 due to the effect of the chalcogen (Se) atom pz orbital in the valence band maxima.16 Similar 

to WS2, MoS2 and MoSe2, the bandgap of MoTe2 can also be tuned, although at smaller scale (1.0 

eV and 1.1 eV for bulk and single layer, respectively).17 

Rhenium based materials, such as rhenium disulphide (ReS2) and rhenium diselenide (ReSe2), 

exhibit slightly different properties, owing to their weaker interlayer coupling.  ReS2 maintains the 

characteristics of a direct band gap semiconductor across different layer numbers, showing stable 

optical properties and a bandgap of around 1.5-1.6 eV.18  Similarly, ReSe2, which is of isoelectronic 

nature with ReS2, shows potential for further tuning of magnetic and optical properties via strain 

engineering due to its lattice distortion, while its bandgap is weakly layer-dependent and decreases 

from 1.31 eV for thin layers to 1.29 eV in thick flakes.19 The stability of the optical properties with 

increasing number of layers gives these materials a technological advantage over other 2D 

materials, as a monolayer is not required for a direct bandgap.20  

TMDC Optoelectronic Neuromorphic Applications 

Operating mechanisms of TMDC-based optoelectronic devices 

Optoelectronic synaptic devices that integrate both optical and electrical stimulation to process and 

store information have opened new outlook in neuromorphic computing. The key components of 

an optoelectronic synaptic device involve input stimulation, signal detection and processing, 

synaptic weighting and signal output. The input stimulation can be electrical (current or voltage) 

and/or optical signals. The use of optical signal as the input stimulus offers major benefits, such as 

low power consumption, minimal signal interference (low crosstalk), high bandwidth, and avoids 



5 

 

delay caused by resistance-capacitance (RC), which are common pitfalls encountered in purely 

electrical inputs.5  

There are various mechanisms responsible for the operation of a synaptic device, such as creation 

of conductive filaments, phase change, vacancy migration, and charge trapping/de-trapping.2 

Especially for an optoelectronic device that couples the optical and electrical stimulation to achieve 

the synaptic functionalities, photo-induced doping21 and trapping/de-trapping22 of photogenerated 

charge carriers at the interfaces or defect sites are the main mechanisms responsible for the 

switching and for mimicking synaptic behaviours. By inducing trap sites in a TMDC, we can 

modify its conductivity, which is analogous to the modification of the synaptic weight.  

Shallow trap levels are created by substitutional defects and are located around 10 meV of the 

valence or conduction band.23 They enhance charge carrier mobility and result in fast switching 

speeds. On the contrary, deep traps, created from vacancies, span a range of 0.1-0.4 eV inside the 

band gap and are responsible for hysteresis, charge storage and long-term memory effects, as the 

optical information can be “remembered” by the retention of these trapped carriers even after the 

stimulus has been removed.24 Grain boundaries, are impeding charge transport and serve as a 

spatial barrier where the vacancies accumulate, influencing  the size and location of conducting 

filament formation in 2D memristive devices.  By engineering the several types of defects in 

TMDC during synthesis or upon applying some type of post-treatment, one can control many of 

the properties that define the synaptic plasticity of the devices and their short- and long-term 

memory. 

Interface-induced trap states occur near the semiconductor-dielectric boundary due to 

imperfections like structural irregularities or impurities, impacting the optoelectronic behaviour of 

devices by trapping carriers at the interface, and are often regulated through electric double layers 

(EDLs).1 Heterojunction-induced trap states arise in heterostructures, including van der Waals 

interfaces between different 2D materials, which are designed to improve charge separation, 

control charge trapping in specific layers, and optimise carrier transport via engineered band 

alignment.  

Together, these mechanisms allow optoelectronic synaptic devices to couple optical and electrical 

signals, achieving complex synaptic functionalities and paving the way for advancements in 

neuromorphic computing and artificial intelligence hardware. 
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Single layer optoelectronic synaptic devices 

A memristive device is a two terminal non-volatile memory device capable of remembering its 

resistance state induced by voltage or current applied to it, even after the original stimulus has been 

removed. The concept of the memristor was proposed by Chua in 1971,25 and the first memristive 

device was  demonstrated in 2008.26 Such a device typically consists of three layers, two metal 

electrodes and a storage layer. The storage layer can be reconfigured by stimulating with either 

electrical or optical signals and can lead to memory effects. Recently, by controlling the volatility 

characteristics of a memristive device, it was found that both neuronal and synaptic behaviours 

can be emulated.27 Therefore, memristive devices are leading candidates for future neuromorphic 

computing systems by offering on-chip reconfigurable memory with high-density integration.28 

The optoelectronic memristive device integrates optical and electronic stimulus to achieve 

advanced data processing and memory capabilities that can closely mimic biological neural 

networks. Retinomorphic devices can perform image recognition tasks and be used in vision 

systems with ultra-low power consumption, while other neuronal functionalities, such as visual 

nociception can be also emulated. We have selected some representative examples from recent 

literature to position 2D TMDC materials at the forefront of this technology. 

Retinomorphic devices and arrays 

The retinomorphic devices mimic the way retina process the visual information. The retina 

captures the light signals via photoreceptor cells, called rods and cones, and the visual data is pre-

processed through neural layers before transmitting it to brain via the optic nerve,29 as shown in 

Figure 2A. Recent advancements have demonstrated the potential of WS2 to be employed in 

retinomorphic devices compatible with machine learning algorithms towards hardware-based 

artificial neural networks (ANNs). For instance, a 2D WS2 retinomorphic memristive array was 

developed as part of an in-sensor reservoir computing system to facilitate the recognition and 

classification of traffic signals.29 The WS2 memristive device (Figure 2B) demonstrated excellent 

optoelectronic synaptic properties, including excitatory postsynaptic current (EPSC), paired-pulse 

facilitation (PPF), short- and long-term potentiation (STP/LTP) characteristics, which are shown 

in Figures 2C-F. With this system, the handwritten numbers could be recognised with an accuracy 

of 88.3%, and 100% recognition rate for traffic signals of RGB wavelengths was achieved.  

Image recognition 
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Taking advantage of the WS2 capability for broadband light sensing, optoelectronic resistive 

memory devices performing image recognition tasks were fabricated.30 The broad wavelength 

range from 360 to 950 nm serves as the optical stimulus, with the device being highly responsive 

to 950 nm at room temperature. Both electrical and optical stimuli were applied to control the 

SET/RESET behaviour of the WS2 memristor. Potentiation and depression were achieved by 

applying 32 optical (2 sec, 90 µW cm-2) and electrical pulses (2 sec, -10 V), respectively. The WS2 

photonic synapses were used to recognise images from the Modified National Institute of 

Standards and Technology (MNIST) datasets and obtained an accuracy of 98.27%, showcasing the 

high potential of this material for integrated sensing and computing memory functionalities.  

More “exotic” devices, such as the so-called “memitter” (memory-emitter), have been  enabled by 

a monolayer WS2, showing synaptic plasticity and visual memory characteristics.31 A memitter 

device is an all-optical neuromorphic type of data processing system, which utilises the adaptive 

photoluminescent (PL) (instead of adaptive resistance that typically occurs in memristors, i.e., 

memory resistors) response of WS2 monolayer when exposed to optical stimulation. When WS2 

was exposed to continuous wave 520 nm laser irradiation, the PL intensity increased over time due 

to the reduction in the n-doping of WS2 resulting from electron transfer to the laser-induced 

adsorption of atmospheric molecules like O2 and H2O, and decreased gradually after removing the 

laser light stimulus or after applying engineered pulsed optical waves. The device demonstrated 

the memorisation and forgetting process that mimics biological synaptic behaviour upon 

monitoring the change in photoluminescence emission intensity. The WS2 memitter performed 

short-term synaptic behaviour and spatial processing capabilities that render it suitable for storing 

the visual information. It supports pattern recognition and fading memory effects, akin to visual 

short-term memory (VSTM) of human brain and can serve as a platform for physical reservoir 

computing. The capability of the 2D memitter to sense, process, and memorise/forget optical inputs 

in the same physical substrate can be utilised for in-sensor computing. The incorporation of an in-

sensor system could overcome the hardware bottleneck of using separate sensors and processors.  

Optoelectronic operation of memristive devices can be further combined with other 2D TMDC 

material properties, such as ferroelectricity, for increased performance in image recognition tasks. 

In a report by Yan et al., the fabricated ReSe2 ferroelectric memristor with structure 

Pd/Al2O3/ReSe2/SiO2/Si was stimulated by both all-optical and electrical signals.32 When the 
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device is electrically or optically triggered, it switches between the high (HRS) and low resistive 

state (LRS), owing to the change in the barrier height at the Al2O3 and SiO2 interfaces with the 

ReSe2, caused by polarisation flipping in the ferroelectric 2D material. The device shows long-

term potentiation and depression under the illumination with visible light, although the linearity 

of the weight update (i.e., conductance change) were 0.94 and 0.88 for potentiation and depression, 

respectively, which was lower than the ones achieved for electrical-only input pulses (0.99 and 

0.98). This high linearity resulted in an error rate of 2.96% when the ReSe2 ferroelectric synapses 

data were inserted in a training and inference simulation algorithm, implementing a six-layer 

convolutional neural network (CNN) using handwritten digit datasets from the MNIST database 

for image recognition. For reference, the error rate of digital recognition based on the ideal synaptic 

CNN was 1.15%. 

Neuromorphic vision system (NVS) with ultra-low power consumption 

One of the grand challenges that novel materials and device structures promise to address is the 

lowering of the power consumption of incumbent (Si-based) neuromorphic chips to the level of 

biological equivalent systems. To this end, Chen et al. fabricated a ReS2 based optoelectronic 

synaptic memristor for a neuromorphic vision system (NVS) with ultra-low power consumption 

of about 12.2 fJ.33 Unlike traditional vision systems, which mainly handle 2D images, their device 

enables 3D object recognition (stereo vision) by the fusion of its planar and depth images. The 

latter is formed by a conductance matrix that is based on distance detection due to different 

scattering of light from an object placed at various distances, which results in conductance 

changes. The ReS2-based NVS device shows high recognition rate of 97.05% for 3D objects, when 

simulated using data from the optoelectronic ReS2 synapses, and low accuracy recognition rate of 

32.6% for 2D objects without the synapses inserted in the same network structure. These devices 

with stereo vision-like capabilities are suitable for applications requiring secure verification and 

prevention of 2D spoofing, such as face recognition and entrance guard systems.  

Visual nociceptor 

Along the lines of developing artificial neuronal systems akin to the biological eye and the image 

processing capabilities in the brain, nociception is another interesting concept that researchers 

attempted to emulate by designing intelligent electronic devices. Visual nociceptors are essential 

sensory neurons that send the pain signals to the visual cortex of the brain for processing. This 
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mechanism is responsible for protecting humans from potential harm, when dangerous 

environmental stimuli, such as intense light, exceed a certain threshold. Replicating these pain-

sensing behaviours is crucial for emulating the advanced bionic vision systems in a simple design 

that integrates both sensing and processing into a single device. Wavelength-sensitive pain 

detection is also important for minimising potential harm and improving the design of bionic vision 

systems. The intensity threshold for light causing retinal damage decreases for shorter 

wavelengths. If the eye has been already exposed/damaged by shorter wavelength, even the 

harmless longer wavelength light can lead to secondary damage. 

A monolayer MoS2 was employed to fabricate a wavelength-sensitive artificial “nociceptor” that 

integrates both sensing and processing capabilities.34 The optical synaptic device demonstrates 

persistent photoconductivity (PPC) upon illumination, owing to the existence of dangling bonds 

and charged impurities at the MoS2/SiO2 interface, which allows emulation of synaptic functions, 

such as PPF, STP to LTP transitions and memorising/forgetting behaviours. The device also 

exhibits the wavelength-sensitive visual nociceptor functions, such as threshold detection, no 

adaptation to harmful stimulus and relaxation, as well as allodynia and hyperalgesia, which are 

shown in Figure 3. Due to the PPC effect, the longer the optical pulse and the greater its intensity, 

the higher the photocurrent produced, as more electron-hole pairs are generated, therefore the 

nociceptor threshold is crossed (akin to the feeling of pain in humans). This threshold is, however, 

wavelength-dependent, as the absorptance of the material is not constant across the whole visible 

spectrum but, same as the human eye, the damage is higher (i.e., the threshold is reached at lower 

intensities) when exposed to shorter wavelengths (for the same amount of time).  

TMDC-based heterostructure devices 

The simple fabrication of devices comprising a single semiconducting layer of a 2D TMDC 

material, using minimum process steps, has obvious advantages, that’s why most reports so far are 

including these structures. However, heterostructures comprising at least one 2D TMDC, albeit 

more challenging to fabricate, as they require extra steps for the heterostructure assembly and 

alignment, provide access to new properties and applications beyond their single components’ 

characteristics. These heterostructures offer multifunctionality and can respond to 

multiwavelength illumination, due to tailoring of their optical properties through band gap 

engineering.  
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More specifically, van der Waals (vdW) heterostructures consist of stacked 2D materials integrated 

with one-dimensional (1D), 2D, or three-dimensional (3D) bulk materials held together by weak 

vdW forces.35 These structures feature atomically sharp interfaces, minimal lattice mismatch, and 

tuneable optical and electronic properties.36 The absence of dangling bonds at the interfaces 

minimises defect-induced scattering and recombination and enhances the properties of 

optoelectronic devices.37 The in-plane migration of intrinsic defects that occurs in heterosynaptic 

connections is very attractive for realistically emulating biological neural networks. 

TMDC materials can form heterostructures with other TMDC or with semiconducting metal 

oxides. A MoS2/cerium oxide (CeO2) heterojunction was demonstrated that integrates a 

multifunctional artificial visual system with electrical storage, light sensing and memory, and 

visual nociceptors.38 The authors demonstrated both electric- and light-induced synaptic plasticity. 

The change in conductance variation was studied and a 9×9 memristor array was used to sense and 

memorise images with the aid of a UV light stimulus with voltage-assisted modulation. In addition, 

a 7×7 optoelectronic memristor array was used to emulate the human vision for traffic signal, using 

multi-wavelength optical modulation (620 nm, 580 nm, and 520 nm), while they also demonstrated 

visual nociceptors. The features of biological nociceptor, such as threshold, no adaptation, 

relaxation, and sensitisation, were realised. CeO2 exhibits strong absorption in the UV band but 

the presence of oxygen defects and excitation of electrons into the conduction band under the 

photoelectric effect contribute to its photo-response at visible wavelengths.  

By taking advantage of the distinct optical properties of both materials, a MoS2/zinc oxide (ZnO) 

heterostructure was employed in multi-wavelength sensing and memory.39 This heterostructure 

device can sense UV, blue, green, and red light by using the oxygen dissociation of annealed ZnO 

(UV and visible light environment) and the persistent photoconductivity effect of MoS2 in the 

visible light. The device senses and memorises UV light due to photogenerated carriers and 

changes in depletion region due to oxygen dissociation. For visible light, sensing and memory are 

enabled by trap states in MoS2 and increased oxygen vacancies in ZnO nanowires upon annealing. 

The basic synaptic functions, such as EPSC, PPF, STP and LTP, were achieved, and the device 

could also emulate a wavelength-sensitive nociceptor.  

Most TMDC materials are n-type semiconductors, same as the majority of metal oxides, therefore 

heterojunctions like the ones mentioned above cannot form p-n junctions that are suitable for 
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efficient photodetection, as is the case of in-memory light-sensing applications. To this end, Li et 

al. fabricated a Phosphorus (P)-doped MoSe2/phosphorous oxide (PxOy) heterostructure by 

depositing partially oxidised black phosphorus (BP) on Mo and controllably selenising it.40 The 

resulting bilayer of p-type P-MoSe2 and n-type PxOy formed a p-n junction that was used for 

efficient separation of photogenerated electron-hole pairs. When light with wavelength 470-655 

nm was shone on the heterojunction, the presence of the oxygen vacancies and photogenerated 

carriers contributed to the modulation of conductance, which is a key factor in the synaptic 

behaviour of the memristor. 

vdW heterostructures comprising two distinct 2D TMDCs can deliver higher performance than 

their single counterparts. For example, a ReS2/WS2 based planar memristive device showed a 

higher switching ratio of 106 than the single ReS2 memristive devices, better endurance and 

retention, and higher integration density.41 The resistive switching in the memristive device occurs 

due to the formation of conducting filaments by sulphur (S) vacancies. The ReS2 layer generates 

more S vacancies due to their lower stoichiometric ratio than WS2. Therefore, the resistive 

switching is more dominant in the ReS2 layer, while the WS2 layer maintains the HRS. The 

heterostructure memristive device emulated the biological synapses, with S vacancies acting as the 

neurotransmitters in biological synapses, and voltage pulses acting as the stimulus signals. Because 

of the interlayer coupling and charge transfer of ReS2/WS2 heterostructure, it exhibits 

photoresponsive behaviour, therefore this structure can emulate optoelectronic memristor 

characteristics as well. The conductance level changed with the optical power density, showing the 

optical tunability of synaptic weight under 532 nm light stimulus. This kind of structures can be 

implemented in future visual neural applications. 

The interfaces of 2D TMDC heterostructures can be engineered to comprise defects that enhance 

the optoelectronic properties of memristive synaptic devices. For instance, by exposing the MoS2 

layer to UV-ozone, Mo-O bonds are formed, and these lattice defects in the MoS2-xOx can be 

utilised to facilitate ion migration in MoTe2/MoS2-xOx vdW heterostructures (Figure 4A).42 This 

heterostructure leverages the domain lifting effect of oxygen ion defect states in MoS2-xOx and 

narrow absorption band gap of MoTe2 to enhance the carrier transport (Figure 4B). The short- and 

long-term depression and potentiation were achieved shining the visible (532 nm) and NIR 

(1064 nm) laser on top of the MoS2-xOx and MoTe2, respectively. A high accuracy rate of 99.3% 
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was achieved for the electronic synapses and of 96.5% for the photonic synapses in recognising 

MNIST handwritten digits, while the accuracy was lower for recognition of flower images, namely 

95.3% and 91.5%, respectively. The improved accuracy of the electrical synapses is attributed to 

the higher linearity of their conducting states. 

Another interesting approach is to merge optical response with other functionalities that can enable 

multi-modal sensing in future intelligent electronic devices. Hou et al. fabricated a MoS2/WSe2 

van der Waals heterojunction to replicate artificial visual synapses by utilising the 

photoconductivity (current response caused by light) and pyroconductivity (current response 

caused by temperature rise) mechanism.43 The vdW heterojunction exhibits broadband synaptic 

behaviour from visible to infrared region (405-1064 nm) with low power consumption of 0.3-1.1 

pJ per spike. The MoS2/WSe2 vdW heterojunction has lower power consumption than the single 

layer MoS2 and WSe2 devices, as the built-in field at the heterointerface results in lower dark 

current, which in turn improves the optical detection performance. Additionally, the 

pyroconductivity observed in the MoS2/WSe2 vdW heterojunction improved the synaptic 

performance, as it stabilises the post-synaptic current created after illumination for longer time 

after the light is turned off, as the temperature does not return to room temperature instantly. 

Conclusions and Outlook  

Inspired by the biological neural network, optoelectronic synaptic devices are opening new 

horizons in neuromorphic computing. 2D transition metal dichalcogenides and their 

heterostructures are potential candidates for optoelectronic synaptic devices because of their 

unique physical and chemical properties, such as layered structure and bandgap tunability, strong 

light-matter interaction, high carrier mobility and switching speed, broad spectral response, and 

energy efficiency. The atomically thin nature of these 2D materials provides an advantage for low 

operation voltage and ultra-low energy consumption (Table 1) as well as mechanical flexibility, 

attributes that are paramount in edge AI wearable devices, like smart lenses and artificial retinas 

to treat vision impairment or employed in robotics. For example, the Young’s modulus (E) of 

monolayer MoS2 is 25% that of graphene (EMoS2 = 240 GPa, Egraphene = 1 TPa), while their shear 

strength values are comparable (100–200 GPa).44 Despite the optical properties being slightly 

dependent on strain, this does not define their performance and it can be engineered to strengthen 

the optoelectronic performance of TMDC-based flexible devices and systems. 
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Their scalability potential to enable nanometre devices (as demonstrated by TSMC’s monolayer 

MoS2 nanosheet field-effect transistor with a gate length of 40 nm)45 and their CMOS integration 

in large area substrates, as shown by imec’s high-quality growth of WS2 on 300 mm wafers using 

a modified metal-organic chemical vapor deposition (MOCVD) method46 could further accelerate 

progress in the 2D neuromorphic memories.47 However, as these are high temperature processes, 

transfer of the 2D layer after growth or alternative low-temperature and low-cost chemical 

exfoliation methods need to be considered for use with flexible (temperature-sensitive) 

substrates.48 

WS₂, MoS₂, WSe2, and their various heterostructures have been used for the past couple of years 

and have advanced from research experiments to potential solutions for AI hardware and machine 

vision. The 2D TMDC-based optoelectronic synaptic devices can emulate brain-like synaptic 

behaviour and recognise patterns with extremely low power consumption (fJ). Optoelectronic or 

fully optical control has been achieved, while wavelength-sensitivity or broadband response can 

be obtained by choosing the suitable material from the wide range of existing layered transition 

metal dichalcogenides. Their rich optoelectronic properties allow the development of more exotic 

devices that can leverage their photoluminescence or ferroelectric characteristics.49 Multimodal 

sensing is also possible as showcased in the photo- and pyroconductivity study. The large 

surface/volume ratio of 2D TMDC materials permits the physical adsorption (i.e., physisorption) 

of interacting molecules on the TMDC surface via non-covalent interactions and electron transfer 

processes that modify their resistance, rendering them suitable for electrochemical or gas 

sensing.50 This multifunctionality and versatility in external stimuli that can be employed to modify 

the devices’ resistance is useful in in-sensor computing architectures that offer higher integration 

density and lower fabrication complexity. These attributes are desirable in flexible light-weight 

multimodal sensing systems for wearable neuromorphic systems that could replace injured nerves 

or study sensory and central nervous system disorders, and for portable sensing devices for the 

Internet of Things (IoT). 

However, there are challenges to overcome in order to reach higher performance, in terms of lower 

power consumption (the biological analogue imposes reaching <aJ levels on electronics), greater 

device stability and higher degree of scalability that will enhance their commercialisation potential. 

The material quality can be improved via optimised synthesis routes and additional post-synthesis 
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treatments to control the defect formation, such as annealing, plasma etching, and chemical 

functionalisation. More research focus should be placed on different types of heterostructures, such 

as 2D perovskites/TMDC, which present intriguing photophysics and band engineering potential, 

due to the tuneability of the organic spacer of the 2D perovskites.51 Twistronics has emerged as a 

novel approach for 2D materials to tune their optical and electrical properties (e.g., dielectric 

constant, refractive index, extinction and absorption coefficient) by modifying the rotation angles 

in the superposition of the periodic structures of the TMDC on each other, providing further 

flexibility for using the same material in different applications.52 

Additional device engineering methods, such as surface treatments and contact engineering can 

reduce the interlayer impurities and enhance the charge transfer kinetics. Scaling up the 

heterostructures apart from the single layers and system integration of the synaptic device arrays 

for real-world use will help unlock their full potential for future neuromorphic and human vision 

systems that are expected to revolutionise future computing, robotics, and wearable electronics. 
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Figure Titles and Legends 

Figure 1. Transition metal dichalcogenide materials and their monolayer structures 

(A) Periodic table of the known experimentally synthesised layered transition metal 

dichalcogenide materials with a summary of their existing structural phases (H: trigonal prismatic, 

T: octahedral, T′: distorted octahedral, Td: orthorhombic), typical band gaps (values at the bottom 

left corner of each grid, M: metallic), and observed electronic phases (superconducting, 

topological, and charge density wave - CDW). Adapted from53.  

(B) 2H trigonal prismatic and 1T octahedral coordination of metal atoms in the unit cell of MoS2 

monolayer structure.54  

Figure 2. Synaptic functionalities of a retinomorphic WS2 memristive device29 

(A) Schematic illustration of human vision system.  

(B) Schematic of WS2 retinomorphic memristive device.  

(C) EPSC response induced by RGB light stimuli.  

(D) Short- and long-term plasticity (potentiation) behaviour of WS2 memristive device upon 

illumination with 637 nm wavelength pulses. 

(E) Variation in paired-pulse facilitation (PPF) with different pulse intervals.  

(F) Long-term potentiation characteristics observed for different wavelengths of light.  

Figure 3. Wavelength-sensitive visual response characteristics of a nociceptor type of device34  

(A) The device exhibits photocurrent responses at 320 nm under varying light intensities, showing 

a clear threshold behaviour.  

(B) The device's threshold response varies depending on the wavelength of the incident light, 

showcasing its wavelength sensitivity.  

(C) No-adaptation behaviour of device at different intensity levels, and (D) different wavelengths.  

(E) The device demonstrates relaxation responses with varying time intervals between the pulses 

and (F) with varying wavelength.  



20 

 

(G) Illustration of allodynia (pain from non-painful stimuli) and hyperalgesia (increased sensitivity 

to pain) with varying stimulus intensity and (H–K) wavelength-sensitive pain responses. The 

device mimics hyperalgesia and allodynia at different wavelengths.  

 

Figure 4. Operating mechanism of a van der Waals heterostructure optoelectronic memristor 

Adapted from42. 

(A) Illustration of the structure of a MoTe2/MoS2−xOx memristor operating in optical and electronic 

mode and zoomed-in region of the molecular structure of a vertical heterostructure stack.  

(B) Resistive switching mechanism of MoTe2/MoS2−xOx memristors:  

i) Distribution of the atoms of the elements within the heterostructured device in the initial state 

and the migration trends of oxygen and sulphur ions under positive bias towards the positive 

electrode.  

ii) Ion aggregation in the heterojunction stacking region under forward bias and the appearance of 

oxygen vacancies and sulphur vacancies in the MoTe2/MoS2−xOx interface region forming a 

conducting filament (LRS, SET).  

iii) Ion migration towards the opposite direction and vacancy filling under negative bias (HRS, 

RESET).  
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Table 1. Performance comparison of 2D TMDC-based optoelectronic synaptic devices 

Material 
Synthesis of 

TMDC 

Wavelength 

[nm] 

PPF 

[%] 

Power 

consumption 

nJ 

Accuracy 

rate (%) 

Ref 

A. Single TMDC layer devices 

WS2 Exfoliation 

435 

520 

637 

~170 

- 

- 

5  

12 

18 

 

100 

29 

WS2 Sulphurisation 950 - - 98.27 30 

1L WS2 CVD 520 102 - - 31 

1L MoS2 
Mechanical 

exfoliation 

320 

405 

532 

638 

57.8 - 
 

- 

34 

MoS2 CVD 532 ~116 - - 55 

ReS2 
Mechanical 

exfoliation 
450-805 124 1.212 ×10-5 

 

97.0 

33 

ReSe2 

Solid-phase 

sintering and 

spin-coating 

405 

520 

650 

- - 97.4 32 

B. Heterostructures 
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CeO2/MoS2 

 

Hydrothermal 

UV 

520 

580 

620 

25 - 

 

 

- 

38 

P-MoSe2/PxOy Selenisation 

470 

590 

655 

808 

3.35 

 

2.58 

 

 

 

- 

 

 

40 

 

MoS2/ZnO 

 

Mechanical 

exfoliation 

375 

490 

525 

625 

800 

149 

159 

164 

 

 

2.55 - 39 

MoTe2/MoS2-xOx 

 

Mechanical 

exfoliation 

532-1064 - - 
 

95.3 

42 

MoS2/WSe2 
Mechanical 
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Figure 4 
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