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Abstract 

With the advent of the Internet of Things and big data, massive data must be rapidly 

processed and stored within a short timeframe. This imposes stringent requirements on the 

memory hardware implementation in terms of operation speed, energy consumption, and 

integration density. To fulfil these demands, two-dimensional (2D) materials, which are 

excellent electronic building blocks, provide numerous possibilities for developing advanced 

memory device arrays with high performance, smart computing architectures, and desirable 

downscaling. Over the past few years, 2D material-based memory device arrays with 

different working mechanisms including defects, filaments, charges, ferroelectricity, and 

spins, have been increasingly developed. These arrays can be used to implement brain-

inspired computing or sensing with extraordinary performance, architectures, and 

functionalities. In this review, we survey recent research into integrated, state-of-the-art 

memory devices made from 2D materials, as well as their implications for brain-inspired 

computing. We discuss the existing challenges at the array level, and present the scope for 

future research.  

Keywords: Memory devices; Integrated circuits; Van der Waals materials; Neuromorphic 

computing 
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1. Introduction 

Integrated memory devices (IMDs), which are collections of two or more electronic 

components, have revolutionized information storage methods, particularly over the last few 

decades. Commercial IMDs mostly include static random-access memory, dynamic random-

access memory and flash memory. They are all hierarchically built within modern computers 

as working or storage memories using complementary metal-oxide-semiconductor (CMOS) 

technology.
[1]

 Static random-access memory uses flip-flop-based latching circuits to store 

data with a fast access time (i.e., a few nanoseconds),
[2]

 and performs as a volatile cache or 

register embedded in central processing unit (CPU) chips. Static random-access memory 

consists of at least four metal-oxide-semiconductor transistors, inevitably leading to a large 

size and dense integration issue.  

However, dynamic random-access memory possesses a one-transistor one-capacitor structure, 

and thus exhibits a much smaller physical size that is highly favorable for dense device 

integration. By charging and discharging the capacitor, dynamic random-access memory can 

frequently archive and retrieve data in a volatile manner, which constitutes computer primary 

memories that are directly accessible to the CPU. However, at the architecture level, data 

shuttling between the CPU and dynamic random-access memory inevitably gives rise to 

latency and energy costs; at the device level, the volatile nature and constant refreshing of the 

memory results in higher power consumption.
[3]

  

As another typical CMOS-based IMDs, flash memory features high-density integration and 

energy-efficient nonvolatility. Flash memory comprises a series of floating-gate field-effect 

transistors in which the floating gate is fully wrapped with oxide dielectrics.
[4]

 This design 

facilitates the injection of electrons into or from the floating gate through Fowler–Nordheim 

tunneling, consequently achieving data writing or erasing, respectively. Nevertheless, the 

operations can degrade the tunnel oxide layer and even make it wear out, particularly under 

high electric fields, resulting in limited writing and erasing cycles (i.e., limited endurance).
[5-

6]
 Therefore, flash memory is unsuitable for data-centric applications that require continual 

writing and erasing behaviors.  

Besides the integration, energy, and reliability concerns of CMOS-based IMDs, their 

development currently faces additional challenges in terms of device manufacturing and 

functionality.
[7]

 Progressive downscaling of CMOS nodes is approaching the fundamental 
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limit; consequently, the downscaling of IMDs has almost plateaued. On the other hand, data-

centric and low power applications toward the Internet of Things and artificial intelligence 

require CMOS-based IMDs to combine with new functionalities (e.g., multilevel states, 

sensing, computing) beyond traditional information storage. To meet these demands, the 

exploration of IMDs with new materials, mechanisms, and architectures is urgently required.  

Two-dimensional (2D) materials offer numerous possibilities to develop unprecedented 

IMDs because they feature easy assembly, ultrathin geometry, and dangling-bond-free 

nature,
[8-10]

 and encompass a wide range of electronic building blocks, such as 

semiconductors, insulators, ferroelectrics, magnets, and topological insulators.
[11-15]

 Over the 

last few years, research on 2D material-based IMDs has received considerable interest
[16-24]

 

and undergone explosive growth toward specific applications in brain-inspired computing.
[20, 

22-28]
 2D material-based innovative IMDs have demonstrated certain performance (e.g., 

switching speed, scalability, and power consumption) greatly exceeding CMOS-based 

counterparts,
[19, 29]

 suggesting the potential to address existing IMDs issues by using 2D 

materials. Furthermore, 2D material-based IMDs have shown unprecedented operation 

principles (defect-mediated mechanism), device structures (van der Waals (vdW) 

heterostructures), and functionalities (sensing)
[20, 24-25]

 which are promising to sidestep the 

serious challenges of CMOS-based IMDs, such as downscaling and in situ computing.  

Among the prototypes of 2D material-based IMDs, competitive performance, promising 

device architectures, and specific computing applications have been incessantly developed 

with various mechanisms,
[16, 19-22, 24, 29-32]

 e.g., defects, filaments, charges, ferroelectricity, and 

spins. Defect-mediated IMDs use local defects to produce nonvolatile resistance switching 

within simple two-terminal simple vertical structures, which are highly conducive to high-

density, large-scale memory integration. Mario Lanza et al. demonstrated that boron nitride 

(BN) defect-mediated IMDs show high yield, excellent device-to-device and cycle-to-cycle 

variations, and ultralow switching energy,
[19]

 revealing great potential to construct neural 

circuits with the convergence of computing and storing. Charge-related IMDs rely on (1) 

charge trapping and detrapping from floating gates, or (2) defect/charge migration 

toward/away from interfacial barriers, to achieve resistance switching. Peng Zhou et al. 

employed a novel architecture, i.e., assembled BN/WSe2/black phosphorus heterostructures, 

to develop multifunctional charge-related IMDs and implement retinomorphic hardware with 

integrated perception, memory and computing capabilities.
[24]

 

Filamentary IMDs utilize the formation and rupture of conductive filaments to produce 

nonvolatile/volatile resistance switching. Heejun Yang et al. achieved 12×12 crossbar-

structured IMDs with a great self-selectivity 10
10

 via the seamless stacking of series-

connected 2D filamentary and defect-mediated memristors by using BN/graphene/BN 

heterostructures.
[33]

 In ferroelectric IMDs, resistance switching is virtually determined by 

either (1) the coupling of ferroelectric polarization, Schottky barrier change and initial 

barrier,
[34]

 or (2) polarization charge-induced depletion or accumulation of channel carriers 



 

                                                                                                             

 

This article is protected by copyright. All rights reserved. 

                                                                                                                  
Page  4 / 57 
 

over interfaces.
[35]

 Lei Ye et al. demonstrated large-area ferroelectric IMDs, based on 

reconfigurable ferroelectric transistor memory, for analog-signal processing and memory 

operation.
[36]

 Spintronic IMDs are based on the manipulation of spin, which is another 

intrinsic degree of freedom of electrons. The relative spin alignment between different 

magnetic layers alters the electron scattering, thereby leading to high/low resistance levels. 

Jiang et al. constructed spintronic IMDs using magnetic insulator CrI3 and achieved a gate-

controlled high-low tunnel conductance ratio approaching 400%.
[32]

 Avsar et al. fabricated 

5×5 spin valve arrays on wafer-scale graphene which was synthesized by copper-based 

chemical vapor deposition.
[37]

 They demonstrated that the key spin-transport parameters were 

comparable to those obtained from exfoliated graphene, making chemical vapor deposited 

graphene a promising option for large-scale spintronic IMDs. 

Herein, we review the recent progress in advanced 2D material-based IMDs with a focus on 

the underlying mechanisms, integration schemes, and new computing platforms. We also 

provide future challenges and perspectives for these proof-of-concept IMDs for monolithic 

integration and neuromorphic computing. We expect that the advances in 2D materials-based 

IMDs will boost significant development in fast, energy-efficient, high-performance and 

high-density artificial-neural-network chips, and could also provide a viable beyond-CMOS 

solution to tackle the challenges in CMOS-based IMDs. 

2. IMDs: mechanisms, architectures, and applications 

Understanding the mechanisms of memory devices is essential to optimize their performance 

and design prime device structure for monolithic integration. However, in practical devices, 

the actual mechanism is intricate and likely synthesized by chemical and physical 

interactions, e.g., redox, thermal, and interfacial effects.
[38]

 In this article, we pay much 

attention to the predominant factor responsible for resistance switching. 

In view of working mechanisms, representative device structures for emerging 2D material-

based IMDs are shown in Figure 1. Different mechanisms can enable different device 

structures and eventual integration. Defect-mediated, filamentary, and spintronic memory 

devices have an identical architecture, featuring two terminals in the vertical direction, which 

strongly favors device downscaling and high-density integration. Charge-related and 

ferroelectric memory devices can, however, adopt two disparate designs: two planar 

terminals or three transistor-like terminals. Although planar and three-terminal devices 

trigger integration challenges, the auxiliary functionalities and opportunities deliver a tradeoff 

between scaling, functionality, and peripheral circuitry.
[30, 39-41]

 Furthermore, as shown in 

Figure 1, these advanced 2D-material-based IMDs are anticipated to exhibit a plethora of 

applications, e.g., object recognition, decision making, automatic vehicles, time-series 

prediction, and so on.  

To efficiently execute the application scenarios in Figure 1, disruptive computation 

technologies are required. Neuromorphic computing is a representative technology, which 



 

                                                                                                             

 

This article is protected by copyright. All rights reserved. 

                                                                                                                  
Page  5 / 57 
 

aims to alleviate the energy and speed bottlenecks of current mainstream computers. This 

technology demands solid electronics for mimicking the manner of parallel information 

processing and storage in the human brains. Another typical technology, in-memory 

computing (sometimes termed logic-in-memory), refers to logic computing within memory 

units. These are extremely promising for the innovation of next-generation computation 

architectures with desired energy and speed costs. 

2D materials, as the building blocks of advanced memory devices, have advantages for 

implementing novel computing technologies. However, these require low energy 

consumption, dense integration, and multiple functionalities. Atomic-thin 2D materials 

endow devices with not only efficient energy consumption but also high-density integration 

by highly scaled memory-device channels. 2D materials feature a great surface-to-area ratio 

and allow for a large exposed channel area in the horizontal plane, which, together with their 

excellent electrical/optical properties, can support sensing and resistance-modulation 

functionalities. In 2D materials, thickness-tunable bandgaps and the absence of dangling 

bounds make it possible to customize device structures (e.g., heterostructures) for specific 

memory applications (e.g., sensing, processing, and storing operations). 

2.1. Defect-mediated IMDs 

Defects are found to determine nonvolatile resistance switching in vertical two-terminal 

devices with atomic thin channels,
[42]

 which overturns the long-held belief that memristive 

behaviors cannot be realized using few-layer materials because of the large leaky current. 

Defect-mediated resistance switching is a universal phenomenon among layered 2D 

materials,
[43-44]

 This phenomenon provides a broad spectrum of building blocks for the 

development of defect-mediated IMDs having sub-nanometer channels and high 

performance.  

2D-material-based defect-mediated IMDs exhibit two remarkable advantages, i.e., ultimate 

scalability and reliable switching. In both the lateral and vertical directions, their device sizes 

can be reduced to an atom scale, as demonstrated by the discovery of single-defect, atom-size 

monolayer MoS2 memristors.
[42]

 This remains a big challenge for conventional oxide-material 

based memristors, but is important for developing ultrahigh-density 2D IMDs. It is noted that 

the scaling benefits of 2D materials, and the tiny switching region of defect-mediated 

mechanism enable a possibility of both vertical and lateral downscaling. Furthermore, the 

notorious issue (i.e., low device-to-device variation) can be improved in defect-mediated 2D 

IMDs. This is because resistance switching always takes place at the most conductive defects 

and thus is immune to different device sizes and defects across the array.  

2.1.1. New mechanism 

Since vertical 2D-material-based memory devices (sometimes termed memristors) received 

attention a few years ago,
[44-48]

 the resistance switching mechanism remains in dispute, likely 
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due to the different experimental conditions. In 2020, ref.
[42]

 presented the first experimental 

demonstration that nonvolatile resistance switching from atomically vertical memory devices, 

e.g., monolayer MoS2 memristors, originates from metal-ion substitution into defects, which 

was corroborated by scanning tunneling microscopy (STM), scanning tunneling spectroscopy 

and local transport measurements. The authors also used scanning tunneling spectroscopy to 

rule out the contribution of tunneling current at a defect. The finding marks the first attempt 

to observe single-defect-induced resistance switching phenomenon in memristors. 

As shown in Figure 2a1, the dark spot of STM image indicates a sulfur divacancy defect of 

MoS2. In situ IV curves on the defect site (Figure 2a2) exhibit a discontinuity point at 

approximately +1.8 V, suggesting a set behavior from a low current to a high current state. 

When the current sweeps over the compliance limit, the applied voltage will sweep back with 

a remarkable electrical hysteresis. Subsequently, in situ STM scanning (Figure 2a3) reveals 

that, after applying the set voltage, the dark spot can be filled by a bright protrusion with a 

height of ~0.5 A. The authors provided extensive evidence, such as control dI/dV experiments 

in Figure 2a6, indicating that this bright site should arise from the gold-atom substitution of 

sulfur vacancy. However, a reverse voltage applied to STM tip can notably reset the observed 

resistance switching at the bright site. As seen from IV curves in Figure 2a4, the resetting 

event occurs at ~-1.1 V, after which the current is dramatically switched to a low value. 

Subsequently the collected STM image (Figure 2a5) shows that, after the resetting behavior, 

the defect can revert to its original state, i.e., no bright protrusion. The results in Figure 2a 

strongly correlate defect substitution mechanism with resistance switching, proving the 

significant role of defects in 2D material-based memory device. 

Following this mechanistic study, ref.
[43]

 provided deep theoretical insight into the dynamics 

of atom substitution over defects. The authors proposed a rational model, that is dissociation-

diffusion-adsorption, to describe how a metal ion moves toward a defect and eventually fills 

it (Figure 2b). The first step involves metal-atom dissociation from the interface between 

metal and 2D material. Once the metal atom entirely dissociates from the electrode, it tends 

to absorb into the most adjacent vacancy, or diffuses along the surface and relocates to a 

remote vacancy.  

However, the above discussion is just confined to a single, atom-scale defect (sulfur vacancy) 

with respect to the resistance switching. Indeed, defects are ubiquitous and many kinds of 

defects exist concurrently in 2D materials, for example thickness fluctuations, defective 

bonding, residues, wrinkles, suspended 2D material, twin boundaries, and grain boundaries. 

Most of the defects exhibit greater sizes across the materials and incorporate multitude of 

atoms, instead of a single atom scale. However, all these defects have a nonnegligible 

influence on the materials’ properties. Thus, an interesting question arises: Which type of 

defect or Which size of defect predominantly controls over resistance switching? An explicit 

answer will be crucial for improving the performance of defect-mediated IMDs.  
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Ref.
[49]

 used vertical gold/BN/gold devices to thoroughly analyze the effect of different 

defects on resistance switching. The authors concluded that only a few specific defects (such 

as lattice distortions, twin boundaries, and grain boundaries), can notably cause resistance 

switching. This is because lattice distortions, twin boundaries, and grain boundaries exhibit a 

smaller out-of-plane resistance while resistance switching commonly appears at the most 

conductive location of the switching materials (Figure 2c). To verify that the most conductive 

site for defects can affect device resistance switching, the authors examined resistance 

switching as a function of disparate defects: wrinkles and grain boundaries. Note that 

wrinkles usually result from transfer processes and can lead to a resistance increase due to the 

topographic change, while grain boundaries are caused by chemical synthesis processes and 

can lead to a resistance decrease. As shown in Figure 2d, the variation in wrinkle density does 

not cause a marked change in resistance switching, manifesting that wrinkle defects are not 

decisive to the current flowing vertically in BN devices. Conversely, the difference in grain 

boundary density can produce distinct switching behaviors, particularly at low current states. 

Furthermore, an exfoliated defect-free BN crystal shows no resistance switching when the 

applied bias is raised above 7 V (Figure 2d4). All these control experiments suggest that, for 

BN devices, resistance switching is governed by the most conductive defects.  

At the array level, these pioneering fundamental studies
[19, 43, 49]

 explain that the vertical two-

terminal IMDs with current flowing in the out-of-plane direction exhibit superior yield and 

variability to those in planar two-terminal devices. The reason lies in the insensitivity of 

vertical resistance switching to most local defects. However, this novel mechanism 

interpretation is based on an inert metal-BN memory. If the inert metal is replaced with an 

active metal such as Ag and Ti, the corresponding mechanism may be complicated and 

different (filament; see the following section for details) probably due to the impact of Joule 

heating at the interfaces and metal ion penetration into the channels.
[19]

 

We stress that resistance switching in ref.
[19, 42, 49]

 is mediated by defects. The differences are 

that ref.
[42]

 observed an atom-scale-defect-based memristor while ref.
[19, 49]

 reported larger-

size-defect-based memristors. Within the defects (irrespective of defect sizes), whether 

conductive filaments form and facilitate resistance switching remains unknown and requires 

further investigation. 

2.1.2. IMDs development 

We will turn to review the striking achievements for defect-mediated IMDs. Ref.
[19]

 utilized 

large-size BN crystals to demonstrate wafer-scale IMDs on 4-inch silica wafers (Figures 2e 

and 2f). The devices follow vertical two-terminal structures, which helps realize high-density, 

crossbar arrays, and gold electrodes were deposited for nonvolatile resistance switching. 

After analyzing 16 devices, the authors found that cycle-to-cycle variations for Vset and Vreset 

are 1.53% and 6.21%, respectively, whereas device-to-device variations for Vset and Vreset are 

5.74% and 12.37%, respectively. Such low variations, detected in defect-mediated IMDs, are 
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nontrivial because considerable efforts in memristor field have been made to reduce cycle-to-

cycle and device-to-device variations.
[38, 50]

 Although many defects ubiquitously exist in 

channel materials, the mechanism of defect-mediated IMDs allows most types of defects to 

be insensitive to resistance switching and only a few defects (more conductive) actually 

govern the variations. Consequently, the variations are significantly alleviated albeit the 

influence of some uncontrollable factors introduced by nanofabrication, e.g., inhomogeneous 

device size, interface residues, and atom bombardment. The excellent performance of these 

IMDs enables the high accuracy of modeled artificial neural networks (Figure 2g).
[19]

 Note 

that, in neural network circuits the computing generally follows Ohm’s law and Kirchhoff ’s 

current law, and the computing results can be locally stored as conductance in each memory 

cell. Using this rule, IMDs can be employed to accomplish vector matrix multiplication for 

image recognition in artificial neural networks. 

Ref.
[43]

 extended defect-mediated resistance switching to transitional metal dichalcogenides 

materials and their heterostructures. This work provides the possibility of building IMDs 

using a wide range of 2D materials, not limited to BN flakes. Since most transitional metal 

dichalcogenides have tunable bandgaps, and excellent optical and electrical properties,
[51-52]

 

their crossbar IMDs are expected to integrate sensing (e.g., visible light sensing) and 

computing (e.g., logic gate operation) functionalities to accommodate massive data 

processing. 

2.2. Filamentary IMDs 

2D material-based filamentary IMDs show several similarities in mechanisms (e.g., 

conductive filaments) and architecture designs (e.g., vertically two-terminal structure) with 

oxide-material-based filamentary IMDs.
[38]

 However, 2D material building blocks endow 

filamentary memory devices with, for example, new integration schemes and ultralow power 

consumption. The free dangling-bond surfaces of 2D materials allow for high-quality 

heterostructure construction without the requirement of lattice mismatch. The assembled 2D 

heterostructures can operate like conventional memristor and selector stacking, and thus 

realize a self-selectivity functionality
[33]

. This suggests a new memristor integration scheme: 

using all-2D-material-based heterostructures to replace active switching materials and metal 

electrodes for achieving real atom-scale memristors, other than using devices with 2D 

materials sandwiched between two bulk metals. In addition, 2D materials enable sub-

nanometer-channel filamentary memristors with sub-picoampere operation current and 

ultralow energy consumption,
[44, 53]

 demonstrating nano-scaled memristors but with superior 

performance.  

Considering the dynamic formation and rupture of conductive filaments, 2D material-based 

filamentary memories involve the redox and migration of either cations or anions,
[18, 33, 38, 54-

55]
 which will be interpreted below. Thus far, 2D material-based filamentary IMDs 

demonstrate area-efficient integration, high thermal stability (340 ℃), and 
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multifunctionalities (tactile and optical sensing). To the best of our knowledge, all these 

merits remain elusive for conventional oxide-material based IMDs. 

2.2.1 Cation-type IMDs 

For cation-type filamentary IMDs, the electrode metal at one terminal must be 

electrochemically active while the counter electrode metal at the other terminal is generally 

inert.
[56]

 These exclusive electrodes facilitate electrochemical redox reactions to create 

resistance switching. Initial electroforming or set switching can lead to structural changes in 

channel materials and conductive filament formation to hold the atoms of active metal. Upon 

applying a positive electric field, the active metals such as Ag can be chemically oxidized. 

Subsequently, the resulting Ag cations drift across the channel materials, where they 

eventually aggregate at the inert-metal interface via the reduction effect, thereby guiding the 

growth of Ag atom filament towards the active Ag electrode. Finally, a conductive filament is 

formed across the channel. It has been reported that both ion mobilities and redox rates can 

influence filament growth.
[38]

 However, upon applying an opposite electric field, the 

conductive filament is rapidly dissolved from the active Ag electrode, switching the devices 

to the off state. 

Ref.
[33]

 used Au/BN/graphene/BN/Ag stacking (Figures 3a and 3b) to demonstrate 2D IMDs 

with cation-type filament occurring in the bottom portion of the heterostructures 

(graphene/BN/Ag) and defect-mediated mechanism involved in the top portion. All 2D 

materials were exfoliated from parent crystals and then assembled together by dry-transfer 

method. The delicate stacking design constitutes a novel device array that resembles 

memristor-selector stacking.
[33]

 The graphene/BN/Ag components have electrochemically 

active Ag metal and inert graphene, thus forming a cation-type filamentary memory device. 

The authors employed energy dispersive X-ray spectroscopy mapping to confirm that an Ag 

layer virtually exists between the graphene and bottom BN layers but no Ag filament is 

observed within bottom BN layer. This behavior is attributed to the complete migration of Ag 

ions through bottom BN layer, and suggests the volatile nature of Ag filaments. When an Ag 

filament is generated in graphene/BN/Ag configuration, Au/BN/graphene stacking eventually 

regulates the entire memory resistance and functionally acts as non-volatile memory.
[33]

 It is 

emphasized that the top portion, i.e., Au/BN/graphene device, has a distinct mechanism, 

which is defect-mediated filament because defective boron vacancies in the adopted BN 

crystal benefit the formation of conductive paths.  

Moreover, in ref. 
[33]

, a self-selective array architecture using BN/graphene/BN 

heterostructures was proposed for the first time. On the basis of this, a 12×12 memory array 

with a size of 15×15 µm
2
 was demonstrated with 144 binary bits operations. This architecture 

can exhibit combined nonvolatile and volatile characteristics similar to those of conventional 

memristor-selector structure,
[57-58]

 which is beneficial for selecting a target memory cell 

among the array and for constructing dense device integration. As shown in Figure 3a, the 
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schematic of the crossbar-structured array displays a possible sneak current route, which is a 

daunting issue that largely restricts the practical use of crossbar memories.
[58]

 Importantly, the 

vdW heterostructures enable a giant selectivity of 10
10

 (selectivity depicts the resistance ratio 

between selected and unselected memory cells as shown in Figure 3c), thus contributing to 

the suppression of sneak current. For example, after the application of a 5-V writing voltage, 

only the desired memory cell is set while the current in other memory cells remains a tiny 

value below 10 fA. For the read operation, this extremely low sneak current can be achieved 

as well. This proof-of-concept array shows tantalizing prospects in addressing the issue of 

large sneak currents in conventional memristor array.
[59]

 To examine the array selectivity, a 

“SKKU” pattern as four letters was successively inputted into the 144 binary bits. The 

readout conductance shows a remarkable difference for chosen and unchosen cells.  

In addition, based on the cation-type mechanism, 2-inch wafer scale polycrystalline HfSe2 

was adopted to implement crossbar IMD arrays in ref.
[60]

. The localized conductive filaments 

were confirmed and captured by conductive atomic force microscopy mapping under 

high/low resistance states. Furthermore, cross-sectional transition electron microscopy 

images revealed Ti diffusion into memristor channels, forming Ti nanofilaments. These 

memristors feature low switching voltage (0.6 V) and switching energy (0.82 pJ). Using 

HfSe2 IMDs, the authors demonstrated multiply-and-accumulate operations, which exhibit a 

narrow error distribution of 0.29%, and a high-power efficiency (greater than 8-trillion 

operations per second per watt). 

2.2.2 Anion-type IMDs 

For anion-type filamentary IMDs, inert metals such as Au and Cr are usually adopted as 

electrodes, while anions (e.g., oxygen vacancies) in channel materials play a decisive role in 

resistance switching. When an electric field is applied onto the device, mobile anions are 

electrically or thermally activated and they can migrate toward the anode.
[38]

 The channel 

electrical conductivity is thus altered due to the substantial change in metal cation valence 

(given that a few metal cations have diffused into the  channel materials), giving rise to the 

formation of conductive filaments. As a reverse electric field is applied, the conductive 

filament vanishes owing to the electrochemical or electrothermal effects.  Ref.
[18]

  employed 

printed WSe2 multilayers sandwiched between two electrodes to fabricate anion-type 

filamentary IMDs. Although an active metal Ag was used as the electrodes, the authors 

performed a comparative experiment, with carbon-based electrodes, to demonstrate that the 

resistance switching behaviors intrinsically stems from the WSe2 layer, that is the conductive 

filament caused by anion selenium vacancies, rather than the Ag metal.  

To achieve area-efficient 3D monolithic circuits for neuromorphic in-memory computing, 

ref.
[18]

 presented an all-WSe2 one-transistor-one-resistor random access memory cell and 

showed a possible embedded integration scheme. The one-transistor one memory architecture 

is a traditional approach to circumvent the sneak current issue.
[59]

 The authors used only one 
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kind of 2D material (i.e., WSe2) to fulfil this architecture through the oxidation of WSe2 in the 

one-memory component and achieve the seamless match between the transistor and memory 

components. Figure 3d shows the integrated WSe2 transistor and memory on the same chip, 

in which WSe2 memory was printed after the transistor was built. Figure 3e displays IV 

hysteretic curves for the memory component (red) or one-transistor-one-memory component 

(black). Notably, the on-state resistance of transistor components increases the memory 

setting voltage to 1.7 V, which is almost three times larger than that in memory cell. These 

results suggest that the resistance switching of the WSe2 memory can be driven by its 

neighboring transistor. Finally, the authors proposed a conceptual 3D monolithic integration 

of CMOS and 2D WSe2 one-transistor one-memory hybrid devices (Figure 3f). The vertical 

stacking of the channels of 2D materials-based transistors can augment the effective width of 

a transistor, thus alleviating the degradation of drive current without influencing memory 

window.  

Aside from attempts in neuromorphic computing, the exploration of anion-type IMDs in 

harsh environments has also been made. A prototype device based on graphene/MoS2–

xOx/graphene heterostructures displays superior characteristics,
[55]

 such as, extraordinary 

thermal stability up to 340 ℃, and good bending reliability after over 1000 bending 

repetitions (Figure 3g). Such heterostructure IMDs extend memory applications to extreme 

conditions, for example high-temperature and large mechanical strain. 

Furthermore, the functionalities of anion-type IMDs have been extended to tactile and optical 

sensing. MoS2 colloidal nanosheet-based IMDs
[46]

 are temporarily attributed to the anion-type 

because the resistance switching is associated with vacancy defect migration in MoS2-MoOx 

heterostructures. In this study, the authors synthesized large-scale, uniform MoS2 films using 

a colloidal method and achieved a wafer-scale integration of flexible IMDs. The array can 

normally operate even under a strain as large as 0.1 % (estimated value), which shows 

potential for developing deformable memory devices for healthcare monitoring. In addition, 

through a series connection, MoS2 memory devices were constructed vertically with pressure 

sensors or quantum dot light-emission diodes. These combinations enable MoS2 memory 

arrays with not only data storing, but also tactile and optical sensing. Despite the large device 

sizes (above millimeter
2
 per cell), these proof-of-concept IMDs present a new way to 

implement 2D material-based multifunctional memory arrays.  

Besides the material system of transition metal dichalcogenides,
[18, 46, 55, 61]

 the anion-type 

resistance switching has been also implemented in black phosphorus. Ref.
[62]

 fabricated 

10×10 black phosphorus IMDs with a device size of 100×100 nm
2
 (Figure 3h). Due to the 

unstable nature of black phosphorus, an oxide layer (i.e., POx) can form at the electrode and 

semiconductor interfaces upon applying voltage biases and the vacancy migration leads to 

resistance switching with a large on/off ratio of 10
7
. The authors mapped three letters 

including H, N and U into the IMDs and obtained a strong resistance contrast between 
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selected and unselected cells. However, the crosstalk issue was also remarkable and 

undesirable parasitic currents were detected. 

Note that most anion-type IMDs are accompanied by the formation of oxide layers over the 

interfaces of channels and metal electrodes, e.g., MoOx/MoS2 in ref.
[55]

 and POx/BP in ref.
[62]

. 

Such oxide layers undergo soft breakdown under high electric fields, primarily leading to 

anion-type conductive filaments. We believe that the oxide layers and their parent materials 

underlie active switching media, which together contribute to resistance switching in anion-

type IMDs. This synergistic contribution, however, requires further exploration by 

transmission electron microscope and control experiments.    

2.3. Charge-related IMDs 

Although 2D material-based charge-related memory devices exhibit complex device 

structures and large physical sizes
[63-69]

 compared to defect-mediated and filamentary 

memories, they are still strong candidates for the implementation of next-generation 

computing hardware because of their high performances, extended functionalities, novel 

computing architectures, and excellent scaling property. Due to their free dangling bonds and 

ultrathin geometries, 2D materials enable atomically high-quality, band-engineering 

heterostructures, which are important building blocks for charge-related IMDs. 2D-

heterostructure memory devices can achieve ultrafast operation speed (~ns) facilitated by 

electron tunneling through the atomic heterostructure interfaces.
[70-71]

 Generally, charge-

related memory devices have transistor-like architectures with planar long-channels and gate 

tunability. Exposed long-channel areas not only provide a possibility to combine sensing 

functionality (e.g., optical sensing) with memory devices for ultrafast visual and all-in-one 

(sensing, processing and storing) applications,
[20, 24]

 but also benefit flexible multiterminal 

design for developing compact and learning-rate adaptive neural circuits.
[16]

 These 

characteristics are challenging to implement in oxide-material-based memristors. Gate 

tunability can help fulfill memory operations and build atomic computing platforms, such as 

logic-in-memory, neuromorphic computing, and reservoir computing.
[21-22, 31]

 Furthermore, 

thanks to the atomic thicknesses and reduced device-to-device interferences, 2D materials 

enable aggressive downscaling beyond 12  nm for charge-related memory devices.
[72]

 Note 

that, with respect to charge storage fashion, four types of charge-related IMDs can be 

obviously identified, namely floating-gate, vacancy, Schottky-barrier, and capacity-transistor.  

2.3.1. Floating-gate memory 

2D material-based floating-gate memory roughly inherits the mechanism and device 

architecture from conventional flash memory where a floating gate, blocking and tunnel 

oxide layers are structurally necessary for electron tunneling operations (Figure 4a). Ref.
[21]

 

demonstrated a novel logic-in-memory array in which monolayer MoS2 was used as a 

channel material, 5-nm Pt as a floating gate, and high-k HfO2 as blocking and tunnel layers 

(30/7 nm). The oxide layers fully encapsulate the floating gate, and the thickness of floating 
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gate does not cause a large terrace, which is conducive to device performance and reliability. 

Based on the principle of Folwer-Nordheim tunneling, electrons are able to move from MoS2 

channel to the floating gate under a high electric field, deemed as charge trapping at the 

floating gate, while electrons can also be electrically detrapped from the floating gate. 

Moreover, the electron tunneling probability is possible to be tuned by a gate-voltage control 

over Fermi level in MoS2 channel. Upon applying a positive gate voltage, excessive electrons 

move from the channel into the Pt floating gate, while a negative gate voltage compels the 

trapped electrons in the Pt floating gate to travel back to MoS2 channel. 

The authors in ref.
[21]

 showed that multiple MoS2 floating-gate transistor memories can be 

integrated to perform many logic functions. NOR logic gates with two or three inputs were 

implemented, and importantly their functionalities can be extended up to nine Boolean 

functions. Hence, given a limited circuit size, the functionality per unit area is significantly 

increased, which benefits monolithic integration. The authors also proposed a logic-in-

memory with two inputs (Figure 4a). Note that more complex operations can be achieved by 

increasing the number of logic-input, e.g., three-input cell (Figure 4b). This logic-in-memory 

cell is capable of executing any logic operation, and the combination of two cells allows for 

more intricate operations, e.g., the addition of two numbers with a half-adder. Half adders are 

important circuit components for computer processors. Therefore, it is envisioned that 2D 

material-based logic-in-memory could be used to perform computational accelerators. 

Compared to CMOS-based logic-in-memory units, the approach in ref.
[21]

 enables cascading 

a large number of different cells, which does not require external circuits for current and 

voltage conversion.  

Apart from the novel in-memory computing architecture, floating-gate transistor memory 

also demonstrates innovative visual computing platforms. Reference
[20]

 developed a WSe2 

floating-gate transistor array with 3×3 pixels for parallel sensing and processing of optical 

inputs. The working principle is similar to that shown in Figures 4a and 4b, but with optical 

excitation. Figure 4c shows the schematic cross-sectional view of an individual device, in 

which two splitting gate electrodes and two floating-gates were employed to create 

reconfigurable p-n photodiodes. In the array (Figure 4d), the 2D WSe2 channel is a 

photoactive material, producing a short-circuit current under light irradiation and enabling 

gate tunable photoresponsivity (Figure 4e). The photoresponsivity is deemed synaptic weight 

update of neural circuits, and in each neutral device it is possible to set photoresponsivity as a 

positive or negative value in a nonvolatile manner by the gate. With an optical pattern 

mapped into the array, a pre-defined matrix–vector equation helps perform multiple-

accumulate operations. Based on this 3×3 artificial neural network, the authors demonstrated 

a classifier and an autoencoder. Importantly, the recognition and encoding operation can be 

as fast as 40 ns. 

Meanwhile, nonvolatile/volatile optoelectronic memories can also be achieved by placing a 

2D dielectric layer in direct contact with a 2D active channel material at the channel bottom 
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(without intermediate tunneling layers as in flash memory), which provides trapping and 

detrapping centers. Nevertheless, beyond the optical storage operation for this type of 

memory, the optical processing toward retina-inspired computing especially requires the 

application of both gate and optical stimuli. Ref.
[25]

 realized this type of charge-related 

phototransistor array with simultaneous optical sensing and processing using WSe2/BN/Al2O3 

heterostructures, in which the charged defects within the BN layer were used to produce the 

desired photoresponse. It is noted that this device array exhibits short-term persistent 

photoconductivity that can be termed as volatility as in static dynamic-access memory, 

distinct from the  nonvolatility in reference.
[20]

 With a zero-gate bias applied on the device, 

light irradiation can lead to a normal positive photoresponse. By contrast, when switching to 

a negative gate bias, light stimulus triggers an abnormal negative photoresponse. Markedly, 

by leveraging different gate biases, the polarity of photoresponses is able to be effectively 

tuned as in Figures 4c-4e, which resembles the biological behaviors of bipolar cells and 

photoreceptors. This substantially benefits the emulation of retina system, thereby setting the 

foundation for bioinspired visual perception. The negative photoresponse is attributed to the 

neutralization effect on the electrostatic charges of back gate via the residual-charged defects 

localized at the BN/Al2O3 interface, consequently decreasing photocurrent across the channel. 

For these reconfigurable vision sensors, the authors examined parallel sensing and processing 

capabilities, which delivers encouraging prospects for the development of novel 

neuromorphic vision sensors.
[73]

  

However, the neural circuits in reference
[25]

 are restrained by the lack of long-term storage 

functionality, which means that the array cannot retain historical visual information for 

dynamic processing. To address this issue, ref.
[26]

 physically introduced an oxide-based 

memristor array into the WSe2/BN/Al2O3 heterostructure-based phototransistor arrays to 

successfully couple the past optical information with new inputs, thus fulfilling an object 

tracking application. Another device structure with active 2D WSe2 channels integrated 

directly on the top of a dielectric BN layer can make phototransistors arrays perform in a 

nonvolatile manner.
[74]

 This shift of long-term storage probably results from the number of 

defects in BN, i.e., material quality.                Moreover, these WSe2/BN IMDs exhibit 

multilevel resistance switching upon the illumination of a broadband light, which is 

applicable for color image sensing and storing.  

To integrate long-term optical information storage, ref.
[24]

 proposed BP/Al2O3/WSe2/h-BN 

heterostructure-based IMDs capable of sensing, storing and processing. Such functionality 

highly resembles that of the efficient human visual system, allowing the authors to mimic the 

working style of human retina using solid device arrays and achieving all-in-one 2D 

retinomorphic hardware. Figure 4f shows the schematic of single-device architecture while 

Figure 4g presents a scanning electron microscopy image obtained from the 3×3 memory 

array. Strikingly, the authors employed this array to construct a conventional neural network 

and fulfill a retina-specific application: detection and recognition of moving trolleys. This 
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functionality is realized by the generation of non-volatile positive and negative photocurrents 

across the black phosphorus channel under the excitation of electrical and optical pulses 

(Figure 4h). The conceptual retinomorphic hardware provides a new avenue for the design of 

efficient and compact motion detection and recognition systems. 

2.3.2. Schottky-barrier memory 

To create resistance switching, Schottky-barrier memory relies on the modulation of 

interfacial Schottky barriers (Figure 5b) via the defect migration or charge trapping.
[39]

 The 

defects or charges aggregating over the metal-semiconductor interfaces allows us to regard 

Schottky-barrier memory as a subset of charge-related memories. The reliability of resistance 

switching can be ensured by an optimal grain boundary topology and anion-deficient 

stoichiometry, which have been well-established using monolayer MoS2 polycrystals.
[16]

 

Schottky-barrier memory features planar structures with lateral carrier transports and in some 

cases a back gate
[16, 30, 40, 69]

 as shown in Figure 1. Additional gate terminals and 

semiconducting channels enable the gate tunability (that is a basic characteristic of 

transistors) of resistance switching (i.e., memtransistor), thereby offering a new degree of 

freedom to achieve the emulation of heterosynaptic plasticity (this is a common synaptic 

plasticity but rarely emulated). Ref.
[16]

 for the first time demonstrated a 2D memtransistor 

array using monolayer MoS2 polycrystals (Figure 5a), and showed its novel application in 

heterosynaptic mimicry. The gate tunability allows for MoS2 memtransistor with channel 

conductance tuning up to four orders of magnitude, which has not yet been achieved in oxide 

memristors.
[75-76]

 Furthermore, the authors continued to fabricate six-terminal MoS2 

memtransistors and realize a modulatory-terminal-tuned on/off ratio of 10 for heterosynaptic 

devices.  It should be noted that, within such six terminal memtransistors, the modulatory 

terminal shows nonvolatile tuning in contrast with previous volatile manner
[75-76]

. Because 

nonvolatilities are critical to emulate associated learning, multiterminal MoS2 memtransistors 

provide a viable solution to develop neuromorphic computing arrays capable of processing 

two or more asynchronous input terminals.    

On the basis of early works on memtransistors, reference
[30]

 presented a memtransistor 

integration approach with self-selectivity. Figure 5c shows the schematic structure of two 

adjacent memtransistor cells extracted from integrated memtransistor array in Figure 5d. The 

possible sneak current path is marked by red.  The two cells share a drain terminal and an 

interconnected source terminal, but their gate terminals are individual. In MoS2 

memtransistor crossbar array (Figures 5d and 5e), bit and word lines are designated as the 

connection of drain and gate terminals, respectively, whereas source lines interconnecting 

source terminals are placed in a separate layer. Outside the crossbar array, few peripheral 

circuits such as transistors are required to precisely access bit/word/source lines. Upon setting 

a cell in the crossbar array, a voltage Vset is applied onto the selected bit line, while a zero or 

positive voltage is delivered into the selected word line. Simultaneously, the access transistor 
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starts to acquire the current at the selected cell. To avoid sneak current flowing through 

unselected cells, the unselected source lines are turned off and the unselected word lines are 

floated. 

To implement the IMDs concept in Figure 5d, the authors experimentally built a 10×10 MoS2 

array as shown in Figure 5e. The device within the array exhibits an extremely low set 

voltage (0.3 V) and switching energy (20 fJ/bit). The statistical set voltages acquired from the 

array suggest a low device-to-device variation (a standard deviation σ = 0.04 V). Despite the 

outstanding performance of memtransitor IMDs, the presence of gate terminals can cause an 

inevitable integration issue. However, this drawback may be surmounted by three remarkable 

attributes in 2D memtransistor IMDs. First, the gate terminal can aid the decrease of sneak 

current, the linearity of synaptic plasticity, and the useful readout margin via the electrostatic 

control over channel conductance. Second, the gate terminal can promote the learning 

efficiency in neural circuits through the individual modulation of each memory cell. Third, 

the functionalities imposed by the gate terminal do not lead to any penalties in the circuit 

footprint.  

2.3.3. Vacancy-based memory 

Vacancy-based memory comprises a planar, two-terminal structure analogous to that of 

Schottky barrier memory. In vacancy-based memory, rich cation or anion vacancies across 

the channel can enable acceptor and donor states in the material’s bandgap, which essentially 

act as charge trapping and detrapping centers for short-term information storage (i.e., 

volatility). The trapping center tends to be present at a vacancy and be immobile inside the 

material, distinguishing it from the Schottky-barrier memory mechanism. Indeed, this 

phenomenon is ubiquitous in 2D materials. For example, atomic thin MoS2 exhibits slow 

decay after the removal of optical illumination.
[52]

 The time-trace decay is detrimental to the 

performance of photodetectors, but can be ingeniously used as a short-term optoelectronic 

memory for constructing artificial neural networks for deep learning. 

Reference
[31]

 fulfilled vacancy-based IMDs using 2D SnS material, and representative IMDs 

are shown in the AFM image of Figure 6a. Two-terminal SnS device is sensitive to both 

electrical and optical stimuli, which the authors employed to demonstrate a novel 

optoelectronic application, namely reservoir computing. Reservoir computing is a 

computation framework of artificial neural networks with the aim to reduce computing costs 

during the learning process and build innovative edge devices for temporal image recognition 

and prediction. In reservoir computing, a dynamic reservoir is able to project complex inputs, 

such as spatiotemporal patterns, into a high-dimensional space, thus enabling a readout 

weight training at low computational cost.
[31, 38]

 

To implement reservoir computing, volatile memory and multiple resistance states are 

required. Based on electrical and optical pulse-train measurements, the authors in ref.
[31]

 

confirmed that planar two-terminal SnS device is a fading memory (i.e., volatile memory). 
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By feeding six signals into SnS IMDs with either electrical or optical excitation, multiple 

resistance states were also obtained as shown in Figures 6b and 6c. The input series signals 

include (00100), (01001), (01010), (11111), (11101), and (01110). Electrical pulses of 4 V 

and 50 ms were chosen to represent “1”. The pulse duration contrasts with the memory fading 

time (100 ms) and favors the generation of distinct states. Upon electrically feeding “1”, a 

decrease in current is observed while upon inputting “0”, a current recovery is discerned. 

Thus, multiple resistance states can be successfully accomplished by feeding any synthesized 

signals of “0” and “1” with an interval time of <100 ms. As seen from Figures 6b, six 

different inputs can yield six different output currents for electrical excitation. Furthermore, 

the similar results under optical excitation can be also accomplished (Figure 6c), given that 

725-nm optical pulses with a 42-nm power and 5-s duration are considered “1”. All these 

results reveal that SnS IMDs can produce different reservoir states for reservoir computing. 

By leveraging this technology, the authors also trained SnS IMDs to conduct language 

learning, achieving an accuracy of 91%. These demonstrations show prospective prospects in 

developing 2D material-based hardware for temporal and sequential signal processing at the 

edge (Figure 6d). 

2.3.4. Capacitor-transistor memory 

Capacitor-transistor memory uses a passive capacitor, connected at the source terminal of 

transistor, to physically store/trap charges. However, leakage current from the capacitor can 

make the memory lose information within a short timeframe, constituting a volatile memory. 

In capacitor-transistor memory, the device structure and working principle resemble those of 

dynamic random-access memory. Reference
[22]

 combined this capacitor-transistor memory 

with an additional 2D transistor to develop a 2D in-memory computing architecture, i.e., two-

transistors-one-capacitor (2T1C), for multiple accumulate operation. 2D MoS2 and oxide 

dielectrics, such as SiO2 and HfO2, were chosen as the building blocks of transistor and 

capacitor, respectively. Figures 6e and 6f show optical and schematic images of a basic 2T1C 

cell. The lefthand one-transistor-one-capacitor (1T-1C) serves as a volatile memory while the 

righthand transistor T2 performs as a computation unit. Refresh voltage Vre is used to switch 

off/on the transistor T1. When transistor T1 is turned on, a write operation can be 

accomplished by charging the capacitor by inputting Vw on the world line. The stored charge 

is estimated to remain for over 100 s due to the low leakage current in off-state MoS2 

channel. For transistor T2, the drain current Id strongly depends on both Vw and Vx. Supposed 

that Vw and Vx are applied exactly in the linear change of MoS2 transistor, the multiplication 

operation can be realized.  

Furthermore, Combining capacitor-transistor memory with dual-gate 2D transistor as a single 

basic cell, ref.
[23]

 experimentally demonstrated an artificial neural network hardware, that is, a 

functional chip capable of processing and temporary data storage. In this neural circuit, 

storing and processing modules are separated, and their corresponding optical images are 

shown in Figure 6g. Following the work in ref.
[22]

, the authors continued to employ MoS2 as 
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transistor building blocks.  This proof-of-concept neural circuit can also be built on flexible 

substrates for tactile sensing, suggesting promising applications in biocompatible neural 

systems. 

2.4. Ferroelectric IMDs 

For the hardware implementation of neuromorphic computing, 2D material-based 

ferroelectric IMDs delivers promising novel device structures, e.g., simplified ferroelectric-

transistor structures,
[77]

 and homogeneous transistor-memory architectures.
[36]

 These 

characteristics are difficult to achieve in oxide-material-based ferroelectric-gate memories. 

Due to the narrow bandgaps and semiconducting properties, 2D ferroelectrics can directly 

perform as transistor channels, other than dielectric ferroelectric gates. This demonstrates a 

novel and simplified ferroelectric-transistor structure that can potentially reduce the influence 

of ferroelectric interfaces for memory reliability.
[77]

 Because of excellent electrical properties 

at reduced dimensions, 2D materials provide the possibility of integrating with large-bandgap 

insulating 3D ferroelectrics and forming high-quality 2D-3D heterostructures. By rationally 

configuring 3D insulating ferroelectric domains, such heterostructures can create 

homogeneous transistor-memory devices, which address the issue of physically separated 

peripheral circuits and memories, and thus benefit dense integration.
[36]

  

2D material-based ferroelectric memory can be structurally grouped into two types according 

to whether ferroelectrics are adopted as active channel materials. The first features a two-

terminal planar/vertical architecture with 2D ferroelectric materials directly as switching 

media (i.e., ferroelectric-channel memory),
[41, 78-83]

 whereas the other possesses a three-

terminal-transistor structure in which common 2D materials act as channels and 3D insulating 

ferroelectrics serve as gate dielectrics (i.e., ferroelectric-gate memory).
[35-36]

 For ferroelectric-

channel memory devices, the downscaling limit is determined primarily by nanofabrication 

technique because, in principle, resistance switching can always occur as long as metal-

ferroelectric interfaces exist (interfaces is responsible for the resistance switching in 

ferroelectric channel memory devices). For ferroelectric-gate memory devices, downscaling 

to nanometer scale is challenging because ultimate device size is restricted by ferroelectric 

domain configurations across the channel, particularly the requirements of two oppositely 

oriented ferroelectric domains. 

2.4.1. Ferroelectric-channel memory 

2D-ferroelectric-channel memory has aroused considerable interest in both vertical and 

planar device structures,
[41, 77, 79-82, 84-91]

 which are strongly contingent on the polarization 

direction of 2D ferroelectrics. Generally, vertical structures require out-of-plane polarization 

while planar structures necessitate in-plane polarization. However, in some cases (e.g., α-

In2Se3 devices), such strict requirements can be discarded because out-of-plane and in-plane 

polarization coexist.
[92-94]

 For both device structures, the resistance switching mechanism 

with long channels (e.g., above 25 nm; electron emission and diffusion dominate the transport 
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in the channel) are regulated by three independent variables, namely ferroelectric 

polarization, Schottky barrier change, and initial Schottky barrier. Ref.
[34]

 provided 

extensively experimental evidence to substantiate this conclusion by the combined electrical 

transport measurements and in-situ piezoelectric force microscopy. Note that in this work α-

In2Se3 planar devices were taken as a model system. The obtained conclusion provides an in-

depth insight into conventional (yet puzzling) explanation: ferroelectric polarization control 

over Schottky barrier (direct deciphering is that only polarization and Schottky barrier can 

lead to resistance switching). Nevertheless, it is shown that interfacial screening charges for 

canceling out polarization charges have an important influence in the generation and 

disappearance of resistance switching, indicating that the resistance switching is able to 

disappear despite the coexistence of polarization and Schottky barrier. Thorough interfacial 

control experiments, such as engineering of initial barriers and screening charges, reveal that 

three variables (i.e., ferroelectric polarization, Schottky barrier change, and initial Schottky 

barrier) shall be considered to understand the working principle and optimize the memory 

performance. This conclusion can be extended to other long-channel ferroelectric memory 

devices. However, ferroelectric ultrashort-channel memory, for example vertical memory 

with a 3 nm α-In2Se3 layer, involves the transport of tunneling and electron emission, and its 

unequivocal mechanism requires further investigation.   

Ref.
[83]

 demonstrated α-In2Se3 ferroelectric-channel transistor memory for IMDs-based 

reservoir computing application (Figures 7a-7d). Ferroelectric-channel transistor memory, 

unlike ferroelectric-channel memory,
[84]

 preserves an additional gate capable of turning 

channel conductance. A basic reservoir cell incorporating a transistor memory and resistor 

was subtly fabricated on a single α-In2Se3 flake (Figure 7a), thus benefiting device cascading. 

The connection of these two basic reservoir cells enables the fulfillment of multilayer 

reservoir computing system (Figure 7c), which experimentally exhibits marked low-pass 

filtering effect. In addition, the authors realized time-series prediction and waveform 

classification (Figure 7d), suggesting the memory and computing functionalities for deep 

reservoir systems. These findings promise a pathway to develop advanced neuromorphic 

computing architecture that can efficiently process temporal and sequential data. 

However, thus far, reports on high-density IMDs based on ferroelectric-channel memory are 

rare probably because of the challenge to access large-size ferroelectric materials, while most 

research focuses on modeled neural circuits for pattern recognition.
[41, 84]

 A typical example is 

that of simulated α-In2Se3 artificial neural networks. The authors in ref.
[41]

 constructed 

different α-In2Se3 networks such as multilayer perceptron network, LeNet and AlexNet and 

examined the image recognition accuracy as shown in Figures 7e-7g. Strikingly, all three 

types of networks exhibit a high accuracy of above 90 %, considering quantization and 

variation. In addition to the supervised learning realized by these network technology, 

unsupervised learning can also be accomplished in α-In2Se3 spiking neural network. 

However, the recognition accuracy drops just below 90 % (around 89 %), which arises from 
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the unsupervised learning itself that does not require any history information for referencing 

or labeling.
[95]

 Along with high accuracy in variously modeled neural circuits, 

multidirectional resistance switching of α-In2Se3 memory (i.e., in-plane electrical pulses can 

enable out-of-plane resistance switching, and vice versa) allows the authors in ref.
[41]

 to 

propose a completely new integration scheme as exhibited in Figure 7h. In this monolithically 

integrated circuits, device-to-device variation is expected to be lowered through a slight 

adjustment from BE or TE, and a much simpler control strategy and circuit topology are 

realized.   

Because the working principle of ferroelectric-channel memory is an interfacial 

phenomenon,
[34, 96]

 the channel resistance switching is reproducible and reliable, rather than 

stochastic as in filamentary IMDs.
[18]

 In principle, this bestows ferroelectric-channel IMDs 

with low device-to-device and cycle-to-cycle variations. However, large-scale, high-density 

IMDs based on 2D ferroelectric-channel memory devices have not yet been reported so far 

owing to the restriction of large-size material, which demands more experimental exploration 

in the future. 

2.4.2 Ferroelectric-gate memory  

2D material-based ferroelectric-gate memory harnesses a ferroelectric dielectric gate to 

deplete/inject carriers from/into the adjacent-channel so that a remarkable hysteresis in 

transfer curves can occur. Ref.
[36]

 presented a ferroelectric-gate memory architecture 

combining not only reconfigurable memory storage but also transistor computation, which 

can be cascaded to large-scale IMDs. In this architecture, atomic thin WSe2 was used as a 

channel material, below which ferroelectric LiNbO3 was employed as a configurable 

dielectric gate. As shown in Figure 8a, oppositely oriented ferroelectric domains are formed 

at the channel bottom, after which hybrid LiNbO3-WSe2 device can operate in a junction-

transistor mode with the gate grounded. The p-n junction is realized by the interfacial 

depletion or accumulation of channel carriers via the proximity effect of ferroelectric 

polarization charges. However, when large voltages are applied onto the gate terminal with 

two different polarities, disparate domain configurations can be generated, considerably 

affecting channel carrier transport and activating the memory mode (Figure 8b). The demand-

customized architecture endows the ferroelectric device with a seamless conjunction of 

memory and transistor functionalities. This is crucial to homogenous device integration 

without many peripheral circuits for conversion or resistance matching. Based on these 

reconfigurable devices, the authors constructed operational amplifiers for analog-signal 

processing use (Figure 8c) and employed the device array for binary classification and 

ternary content-addressable memory (Figure 8d). Besides, the device shall have a wide range 

of practical circuit applications, such as digital computing, artificial neural chips and digital-

to-analog converters, indicating prospective prototypes for analogous on-chip neuromorphic 

systems. 
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In addition to electronic applications, ferroelectric-gate memory arrays have been proposed to 

preserve optical data (ref.
[35]

 ). Figure 8e shows an envisioned device array for the 

implementation of optoelectronic memories, in which all devices share the same ferroelectric 

dielectric material. Their optical writing and electrical erasing operations fundamentally 

involve ferroelectric polarization reversal and subsequent channel-conductance switching. 

However, this design suffers from severe crosstalk when writing information into the 

domains because ferroelectric domain flipping in one cell may drive the reversal of its 

neighboring cells (multiple device cells have a high probability of being fabricated on the 

same ferroelectric domain). One possible solution is that of using ferroelectric dielectrics 

with much smaller domain sizes. 

2.5. Spintronic IMDs 

Spintronic IMDs utilize the spin degree of freedom of electrons to store information, which 

makes them more energy-efficient than traditional electron-charge-based memory devices. 

Magnetoresistive random-access memory (MRAM) has the advantages of fast operation 

speed, high storage density, and nonvolatility. Recently discovered 2D vdW magnets, such as 

Cr2Ge2Te6,
[97]

 CrI3,
[98]

 VSe2,
[99]

 Fe3GeTe2,
[100-101]

 and NiI2,
[102]

 maintain magnetic order even 

in the monolayer limit. These findings make it possible to construct magnetic memory 

devices with only a few vdW layers, which is approximately one order of magnitude thinner 

than conventional ones (typically tens of nanometers thick).
[103]

 Moreover, 2D vdW magnets 

have grown into a large family that includes insulators, semiconductors, and metals.
[104-105]

 

They display various magnetic orders, including ferromagnetism, antiferromagnetism, and 

helimagnetism.
[102, 106]

 These features offer a significant opportunity for researchers to 

develop novel 2D spintronic IMDs. 

2.5.1. Magnetic tunnel junction 

Magnetic tunnel junctions (MTJs) are the elementary component of MRAM, in which the 

relative spin alignment (parallel or antiparallel) between ferromagnetic layers alters the 

electron scattering and thus leads to high/low tunnel magnetoresistance (TMR),
[107]

 as shown 

in Figure 9a. Fe1/4TaS2/Ta2O5/Fe1/4TaS2 was the first reported all-vdW MTJ with a TMR ratio 

of ~6% at 5 K,
[108]

 where the native oxide layer Ta2O5 acts as the tunnel barrier. FexTaS2 

exhibits strong perpendicular magnetic anisotropy and excellent air stability, but its Curie 

temperature is below ~150 K.
[109-111]

 Fe3GeTe2 is a paradigmatic 2D vdW ferromagnetic 

metal with a relatively high Curie temperature (up to ~230 K) and strong perpendicular 

magnetic anisotropy.
[100-101]

 Theoretical calculations reveal that the TMR ratio in 

Fe3GeTe2/BN/Fe3GeTe2 can reach 6256%,
[112]

 which is much larger than the theoretical 

prediction for conventional Fe/MgO/Fe material system (~1000%).
[113-114]

 Wang et al. 

reported a TMR signal as large as 160% in Fe3GeTe2/BN/ Fe3GeTe2-based spin valves at 4.2 

K (see Figure 9b), corresponding to a spin polarization of 66% for Fe3GeTe2.
[115]

 Although 

the observed TMR is much lower than the theoretical prediction (6256%),
[112]

 this prototype 
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device demonstrates the great potential of 2D ferromagnets in spintronic applications. Certain 

Fe3GeTe2-based spin valves have also been reported using barriers of MoS2, InSe, and even 

the vdW gap.
[116-120]

 Nevertheless, their magnetoresistance is much smaller than that using 

BN. Theoretical studies indicate that the TMR is largely independent of the barrier species, 

and is instead mainly controlled by the electronic structure of Fe3GeTe2.
[112]

 Apart from the 

excellent insulating properties, BN has superior surface flatness, which provides better 

adhesion with other vdW materials; thus, BN is typically used as the carrier layer to pick up 

target 2D layers in dry-transfer techniques.
[121]

 The good adhesion, leading to a shorter 

interfacial distance and fewer wrinkles and bubbles, could be the reason for the outstanding 

performance of Fe3GeTe2/BN/Fe3GeTe2 MTJs. 

The write operation of MRAM can be implemented via spin–orbit torque (SOT) switching of 

the free layer of MTJs.
[122]

 SOT mainly originates from two spin–orbit coupling phenomena, 

namely, the spin Hall and Rashba–Edelstein effects.
[123-124]

 Using heavy metals or topological 

insulators/semimetals, spin accumulation can occur at the interface between the spin source 

layer and the ferromagnetic layer. Subsequently, the spin-polarized electrons transfer angular 

momentum to the ferromagnetic layer and exert a torque that switches the magnetization. 

SOT switching of 2D ferromagnet was first demonstrated in Fe3GeTe2/Pt heterostructures 

with the help of an in-plane magnetic field,
[125-126]

 and the switching current density was ~2.5 

× 10
11

 A/m
2
 at 180 K.

[125]
 Further, researchers used topological semimetal WTe2 to construct 

Fe3GeTe2/WTe2 heterostructures to implement all-vdW SOT switching,
[127-129]

 as shown in 

Figure 9c. The switching current density (i.e., ~3.9 × 10
10

 A/m
2
 at 150 K) was one order of 

magnitude smaller than that of Fe3GeTe2/Pt, which was ascribed to the improved spin 

transparency across the sharp vdW interface.
[127]

 Thus, this work reveals the superiority of 

all-vdW devices over traditional frameworks. Because of the special crystal symmetry, WTe2 

can offer an out-of-plane antidamping-like torque when the current flows along the low 

symmetry axis (i.e., the a axis), which is absent in conventional heavy metals and topological 

insulators.
[130]

 Thus, field-free deterministic SOT switching was successfully achieved in 

Fe3GeTe2/WTe2,
[128-129]

 providing a promising route to achieving energy-efficient SOT-

MRAM. The SOT switching of Fe3GeTe2 was also demonstrated using a topological 

insulator, Bi2Te3.
[131]

 One of the main advantages of Bi2Te3 is that it increases the Curie 

temperature of Fe3GeTe2 to room temperature through interfacial exchange coupling. In 

addition, it can be grown at the wafer-scale through molecular beam epitaxy. The room-

temperature energy-efficient SOT switching of wafer-scale Fe3GeTe2/Bi2Te3 all-vdW 

heterostructures paves the way for integrated 2D SOT-MRAM arrays.  

Compared to Fe3GeTe2, the SOT switching of Cr2Ge2Te6 can be realized with a much lower 

critical current density (~5 × 10
9
 A/m

2
) using sputtered Ta.

[132]
 The reduced critical current 

density is attributed to the smaller saturation magnetization of Cr2Ge2Te6 and its 

semiconductor features, which prevent the current-shunting effect. Similarly, for 

Cr2Ge2Te6/(Bi1−xSbx)2Te3 all-vdW heterostructures, the switching of proximity-induced 
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ferromagnetic surface states has been demonstrated using spin torques generated from the 

topological insulator surface state.
[133]

 

In contrast to conventional ferromagnet/insulator/ferromagnet-type MTJs, several research 

groups have independently reported spin-filter MTJs with CrI3 as the tunneling layer and 

graphene as the top/button electrodes. These MTJs had a maximal TMR of nearly one million 

percent at low temperature.
[134-137]

 CrI3 is an A-type antiferromagnetic insulator, in which 

each layer shows ferromagnetic order, while the adjacent layers are antiferromagnetically 

coupled.
[98]

 In bilayer CrI3, each layer can be regarded as a spin filter when it is sandwiched 

between graphene electrodes. In the ground state, the antiferromagnetic configuration leads to 

poor tunneling of all the electrons. In contrast, when the external magnetic field turns it into 

ferromagnetic state, both layers filter the spin-up (down) electrons, leading to a good 

tunneling of the spin-down (up) electrons. If multilayer CrI3 is employed, one can obtain 

multiple TMR states,
[134-137]

 which is attractive for novel data storage and computing 

applications. Thus, in CrI3-based MTJs, the exotic properties of CrI3 allow us to 

deterministically control the magnetic order of the tunnel barrier simply by varying the layer 

number (or thickness), realizing binary or multilevel resistance states, which is a significant 

advantage over conventional bulk materials-based devices. Moreover, certain studies have 

demonstrated that the electric field
[138]

 and electrostatic doping
[139-140]

 can help to reduce the 

critical field for the interlayer spin-flip transition in CrI3; thus, bilayer CrI3 can be switched 

between the ferromagnetic and antiferromagnetic states via electric approaches. Jiang et al. 

proposed a spin tunneling field-effect transistor (spin-TFET) based on dual-gated 

graphene/CrI3/graphene tunnel junctions,
[32]

 as shown in Figure 9d. The CrI3-based spin-filter 

MTJ acts as the read unit, and the top and bottom gates implement the write operation by 

controlling the ferromagnetic–antiferromagnetic transition of CrI3. A spin-TFET based on 

four-layer CrI3 can achieve a high–low conductance ratio of ~400%,
[32]

 revealing the 

potential of CrI3 for nonvolatile memory applications. 

2.5.2. Skyrmion-based memory 

In the past decade, topological spin textures such as skyrmions, antiskyrmions, merons, 

hopfions, and one-dimensional solitons have been intensively investigated.
[141-147]

 As 

topologically protected quasi-particles, they can serve as information carriers and have great 

potential for next-generation spintronic IMDs with high storage density, fast processing 

speed, and low energy dissipation.  Previous studies have demonstrated that SOTs can be 

employed to create and drive skyrmions,
[148-150]

 and the electrical detection of skyrmions can 

be achieved through the anomalous Hall effect,
[151-152]

 topological Hall effect,
[153-154]

 and 

TMR effect.
[155-157]

 Based on these findings, several prototype devices have been proposed, 

such as skyrmion racetrack memories
[158-160]

 and skyrmion MTJs.
[161-162]

 A major advantage 

of skyrmion-based memory is that the skyrmion number can be controlled by external 

stimuli, leading to multilevel electrical signals. This is promising for novel data storage and 

computing applications. Studies have demonstrated that skyrmion-based artificial synapses 
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can be used for neuromorphic computing,
[157, 163]

 and a pattern recognition accuracy of ~89% 

was achieved.
[163]

 Combining crossbar MRAM architectures with skyrmion MTJs, ref.
147

 

proposed a conceptual skyrmion-based synapse-neuron system design, as shown in Figure 9e.  

Bloch-type skyrmions that appear in 2D magnets were first reported in Cr2Ge2Te6, which is 

stabilized by the competition between perpendicular magnetic anisotropy and dipolar 

interaction.
[164]

 Bloch- and Néel-type skyrmions have also been reported in Fe3GeTe2
[165-166]

 

and Fe3GeTe2-based heterostructures,
[167-169]

 although the origin of the Dzyaloshinskii–

Moriya interaction in Fe3GeTe2 remains hotly debated.
[169-171]

 Interestingly, ref.
[169]

 

demonstrated the current-driven motion of skyrmions in Fe3GeTe2, revealing its potential for 

spintronic devices. However, skyrmion phases can only exist in Cr2Ge2Te6 and Fe3GeTe2 at 

temperatures considerably lower than room temperature, which greatly limits their practical 

applications. Recently, ref.
[172]

 reported a 2D polar ferromagnet, (Fe0.5Co0.5)5-xGeTe2, with a 

Curie temperature of ~350 K. Notably, Néel-type skyrmions were observed in this material at 

room temperature.
[173]

 The findings on room-temperature skyrmions in 2D magnets pave the 

way for skyrmion-based 2D IMDs. Although related research remains in its infancy, the great 

potential of magnetic skyrmions opens an interesting perspective for future exploration of 

emerging memories based on 2D magnets. 

3. Challenges  

Even though considerable interest in 2D material-based IMDs has enabled attractive 

achievements in terms of mechanisms, architectures, functionalities and performance, the 

development still remains in its infancy so far. The era of the Internet-of-Things and big data 

is overwhelmingly driving the development toward data-centric applications with mitigated 

speed and energy overheads. Such a trend demands that 2D material-based IMDs deliver 

promising beyond-CMOS technologies likely through learning with human brains. Toward 

this goal, 2D material-based IMDs shall be capable of not only massive data storing but also 

efficient in-situ matrix computing and logic computing, which are crucial computation 

methods used in human perception and reasoning tasks.
[51]

 At the early development stage, 

2D material-based IMDs, however,  face serval major challenges and special attention 

(Figure 10) should be given to the following aspects. 

3.1. Materials 

Large-scale, desirable 2D memory materials still present significant challenges, greatly 

restricting the development of IMDs toward high-density integration. Many previous 

studies
[25, 31, 74]

 have used mechanical exfoliation to prepare prototype arrays (e.g., 3×3), 

while this approach is unsuitable for dense integration. The only solution lies in chemical or 

physical vapor deposition at high temperature. Using chemical vapor deposition, pilot 

demonstrations
[19, 60]

 have achieved wafer-scale BN and MoS2 films but with the 

compromises in material quality. Vacancies, impurities, grain boundaries, and atomic 

misalignments appear randomly across the films.
[49]

 These imperfections can dramatically 
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degrade the performance of as-fabricated memory devices. For example, 2-inches few-

layered MoS2 films that were directly synthesized on sapphire substrates display abundant 

grain boundaries. In a 10×10 charge-related MoS2 memtransistor arrays, this causes a large 

device-to-device variation (0.04/0.35=11.4 %).
[30]

 On the other hand, physical vapor 

deposition has also been adopted to grow large-size 2D materials using compound precursors. 

For instance, ferroelectric α-In2Se3 fakes have been synthesized with a lateral size of 

millimeter scale by physical vapor deposition.
[174]

 This large-scale α-In2Se3 is nontrivial 

because α-In2Se3 can exhibit polymorphism when deposited by chemical vapor deposition, 

particularly when cooled down to room temperature;
[92]

 thus single-crystal large-size phase is 

not accessible. However, the resulting defects in α-In2Se3 by physical vapor deposition 

remain uncontrollable, which is decisive to ferroelectric IMDs because ferroelectric 

polarization is exceedingly sensitive to screening charges from material interior and 

exterior.
[34, 175]

 Hence, material building blocks for the integration of large-area high-density 

IMDs for specific memory applications require not only wafer-scale large size, but also 

controllable crystal quality. This imposes additional requirements on material-by-design for 

both chemical and physical vapor deposition technology.  

Likewise, the foremost challenge for 2D spintronic IMDs is the preparation of large-area 

room-temperature vdW magnets. Although some studies have reported the wafer-scale 

growth of Fe3GeTe2 and Cr2Ge2Te6,
[176-177]

 their Curie temperatures are considerably below 

room temperature. Ref.
[178]

 first demonstrated that the epitaxial growth of Fe3GeTe2 on 

Bi2Te3 could significantly increase the Curie temperature up to 400 K via interfacial 

exchange coupling. More interestingly, the topological surface state of Bi2Te3 can provide 

SOTs to achieve current switching in Fe3GeTe2.
[131]

 However, the strict restriction from the 

substrate layer limits the multifunctionality of Fe3GeTe2. The polar ferromagnet 

(Fe0.5Co0.5)5−xGeTe2 seems to be a promising candidate because it has an above-room-

temperature Curie temperature (~350 K) and robust perpendicular magnetic anisotropy.
[172]

 In 

addition, its broken inversion symmetry gives rise to Néel-type skyrmions.
[173]

  Considering 

the successful large-scale epitaxial growth of Fe3GeTe2 and Fe5GeTe2,
[178-179]

 wafer-sized 

(Fe0.5Co0.5)5−xGeTe2 may be achieved using a similar approach because of the similarity in 

their in-plane lattice parameters. 

Identifying the most feasible 2D materials for IMDs is a repetitive but significant task 

because numerous trials can narrow the spectrum of material choices and approach the ideal 

material system for future large-scale manufacturing. Thousands of 2D layered materials 

have been discovered and most of them can be synthesized by chemical or physical vapor 

deposition methods.
[180]

 To improve memory performance, an open question arises from the 

viewpoint of materials: which material is the most suitable for defect-

mediated/filamentary/charge-related/ferroelectric/magnetic memories? Special attention from 

academia and industry must be drawn jointly in this direction. At the early stage, academic 

laboratories can first screen large quantities of unsuitable or low-figure-of-merit materials 
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and find out the excellent candidates, which can be assisted by emerging artificial intelligence 

approaches.
[181]

 Later, on the basis of substantial progress in academia, industrial boundaries 

can choose few promising materials to manufacture state-of-the-arts memory. Deep 

collaboration between academia and industry is expected to impel the development towards 

practical chip level. 

3.2. Integration 

When constructing large-area memory device arrays, the transfer of wafer-scale 2D material 

is indispensable. But it inevitably introduces cracks, wrinkles, and contaminants.
[49]

 

Polydimethylsiloxane-assisted dry transfer can dramatically avoid contaminants but bring 

new challenges with regard to entirely peeling 2D materials from grown substrates. 

Polymethylmethacrylate-assisted wet transfer can circumvent this issue, while it introduces 

much more contaminants. The contaminants, together with cracks/wrinkles, can greatly affect 

uniformity and performance across the array, especially for charge-related and ferroelectric 

IMDs. Large-scale MoS2 films, directly grown on sapphire substrates, were transferred to 

demonstrate charge-related IMDs.
[19]

 Albeit a small variation acquired for memory windows, 

only six memory devices were counted. A large device-to-device variation is expected upon 

expanding the number of devices. Furthermore, the mechanism of ferroelectric IMDs entails 

an interfacial effect that is highly sensitive to charged absorbates,
[34]

 which expectedly leads 

to a large device-to-device variation and partially elucidates that why large-scale ferroelectric 

IMDs remain experimentally unexplored. To reduce the interfacial effect induced variation, 

the decrease of transfer side effects and the realization of clean surfaces are viable solutions. 

In this context, the recommended approach is a controllable plasma treatment that does not 

cause surface damage.
[50]

 

For spintronic integration, 2D ferromagnet-based MTJs and SOT switching have been 

demonstrated individually, whereas the integration of these two functionalities (i.e., read and 

write operations) in a single device has not yet been achieved. Thus, one important task for 

future research is to realize SOT switching of the TMR effect in 2D magnet-based 

heterostructures. Interfacial engineering becomes more challenging because integration 

results in more vdW interfaces. In addition, the selection of tunnel barriers with higher TMR 

ratios and spin-current sources with larger SOT efficiencies requires further investigation. 

In more-than Moore circuits, the heterogeneous integration of 2D material-based IMDs with 

silicon circuits demands excellent CMOS compatibility and thermal budget. The 

manufacturing of 2D-material-based IMDs requires compatibility with CMOS fabrication 

processes. However, this remains a significant challenge for certain types of IMDs. In 

filamentary IMDs, the compatibility of active or inert metal electrodes has to be 

considered.
[38]

 Moreover, the manufacturing of IMDs needs to be manufactured at a low 

temperature. This is because the related back-end-of-line processes are all performed around 

~400 ℃
[182]

 and a high temperature manufacturing can demolish prefabricated silicon 



 

                                                                                                             

 

This article is protected by copyright. All rights reserved. 

                                                                                                                  
Page  27 / 57 
 

devices. For ferroelectric IMDs, temperature above 100 ℃ can destabilize ferroelectric 

polarization (e.g., α-In2Se3 experiences phase change; ferroelectric CuInS2P6 becomes 

paraelectric
[183]

) and devastatingly destroy devices. Moreover, the manufacturing of 2D 

material-based IMDs requires various rarely used elements, which brings a contamination 

issue to the foundries. 

Toward either more-than Moore or beyond-CMOS circuits, the combinations of high-density 

(i.e., scalability) and multiple functionalities for 2D-material-based IMDs impose a challenge. 

Vertical two-terminal structured arrays exhibit superior small footprints, which is beneficial 

for high-density integration.
[184]

 However, this architecture demands that the channel 

switching materials are fully covered by top and bottom electrodes, constraining the 

incorporation of other functionalities, for example sensing. It is therefore difficult to develop 

all-in-one neuromorphic chips integrating memory, sensing and computing components in 

two terminal architectures. Nevertheless, combining these complex functionalities can be 

facilely implemented in planar multiterminal IMDs, i.e., charge-related and ferroelectric 

IMDs.
[16, 30, 36, 41]

 Additional third terminals provide a new degree of freedom to tune the 

resistance switching channel, potentially enabling much lower variations across the array and 

augmenting learning efficiency in integrated neural circuits.
[41, 76]

 However, the additional 

terminals can bring integration issues and prevent ultrahigh-density construction. In this 

context, a compact model needs to be developed for predicting prime integration structures 

and balancing the tradeoff between dense integration and functionality.  

3.3. Evaluation 

High capacity of multilevel states, high efficiency of energy, speed and area, high variability, 

and good scalability are crucial figures of merits to assess all types of 2D-material-based 

IMDs. The ultimate values of these parameters are anticipated to be commensurate with (or 

even better than) those in the human brains. Along this line, 2D-material-based IMDs have 

ample opportunities for improvement. For defect-mediated IMDs, single-defect memristors 

with atom-scale switching areas remain in the early stage of fundamental study, and lack 

performance evaluation in aspects such as endurance, retention, and energy consumption;
[42]

 

large-defective-area memristors exhibit ultralow energy consumption (zeptojoule) but limited 

endurance (80,000).
[19]

 In filamentary IMDs, a large selectivity of 10
10

 is beneficial for 

suppressing the sneak current,
[33]

 but retention time is short (10
6
 s). For charge-related IMDs, 

multifunctionalities are accomplished for specific brain-inspired applications; however, 

device switching speed is slow (at ~ms scale) and endurance properties are limited cycles.
[16, 

21, 24, 31]
 For ferroelectric IMDs, ferroelectric-channel memory has fast switching speed (~ ns), 

yet its retention and endurance require optimization;
[41, 77, 79]

 ferroelectric-gate memory 

presents a homogeneous transistor-memory combination, but suffers from scalability.
[36]

 In 

spintronic IMDs, the junction size of 2D-material-based MTJs is at a micrometer scale,
[115]

 

larger than the nano-scale of MTJs realized in conventional material systems.
[185]

 Therefore, 

there is much work to be done before it will be possible to use 2D materials to build high-
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density MRAM. Improvements toward a brain-computing level should consider the following 

major parameters. 

3.3.1. Number of states 

In comparison to CMOS-based memories with just two digital states,
[1]

 multilevel resistance 

states can markedly increase storage capacity per device, which benefits data-centric 

applications such as neural network and processing-in-memory. An increase of distinct 

resistance-state numbers represents remarkable enhancement of bits per device. However, 

typical 2D material-based memory devices exhibit limited or poor multilevel resistance 

states. For example, Fe3GeTe2-based spintronic memory can realize 8 states (3 bits).
[186]

 

Among defect-mediated IMDs, BN memory presented 25 stable resistance states over time, 

indicating only 4 bits storage capability.
[19]

 By contrast, charge-related WSe2/BN memory 

device demonstrated over 128 distinct resistance states, i.e., 7 bits.
[74]

 However, compared to 

organic materials-based memory devices,
[187]

 these intermediate resistance states have plenty 

of space to be substantially improved. In most cases, lowering switching energy per state is 

an effective route to narrow down the intermediate resistance value between two states, while 

this is not applicable for ferroelectric memory devices. Ferroelectric polarization switching 

preferentially takes place at defects. If a ferroelectric system has numerous defects within 

material itself, even a small switching energy can drive large-area ferroelectric domain 

switching, leading to a large resistance change.
[90]

 Hence, choosing a desirable material 

quality without too many defects is practical for ferroelectric memories. 

Nevertheless, when taking account of device-to-device and cycle-to-cycle variations, 

asymmetric multilevel switching between different device cells or different cycles 

unavoidably occurs, causing a detrimental encoding issue. In ref.,
[50]

 to reduce the effect of 

variation on multilevel behaviors, the authors suggested setting a broad resistance boundary 

between two states using complex external circuitry and ensuring the uniformity during each 

fabrication process.  

3.3.2. Switching energy and speed 

Low switching energy and fast switching speed (switching time) are extraordinarily crucial to 

reduce the energy cost of the system particularly for repetitive multiply-accumulate 

operations in artificial neural networks. To evaluate switching energy and speed, time-trace 

current and voltage information should be provided. The switching speed is directly extracted 

from this data, whereas the switching energy can be deduced by integrating current and 

voltage over time.
[50]

 In filamentary IMDs with active Ag electrodes, the switching energy of 

volatile threshold switching can be as low as 8.8 ZJ that is very close to room-temperature 

fundamental thermal energy.
[19]

 This distinct characteristic is important to develop integrate-

and-fire neuron devices for spiking neural circuits. However, for defect-mediated switching 

mode, the switching energy of nonvolatile switching is markedly increased to around 2.9 µJ 

(5.8 V × 0.5 mA × 1 ms), which is greater than that of volatile switching. These differences 
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are likely related to intrinsic mechanisms. For ferroelectric IMDs, the switching speed is 

roughly estimated to be around the second scale,
[36, 90]

 which requires future improvement. 

The ultimate polarization switching speed remains at a picosecond level and the energy 

required for switching ferroelectric polarization is constant (very small).
[188]

 We believe that 

much more energy is likely consumed at the interface with high contact resistance. Thus, the 

switching speed in 2D ferroelectric devices could be significantly lowered to a nanosecond 

scale via interfacial engineering. For spintronic IMDs, the critical current density and 

dissipation power of 2D magnets-based SOT switching are lower than most conventional 

materials-based devices,
[127, 132]

 revealing the improved energy efficiency in vdW magnetic 

memories. 

3.3.3. Variability and Reliability 

In IMDs, variability encompasses spatial device-to-device and temporal cycle-to-cycle 

variations, which severely challenge reliable computing in neural circuits. To demonstrate 

this merit, sufficient samples and statistics are highly required. Device-to-device variation 

usually results from micro/nanofabrication processes (such as interface contamination and 

non-uniform device sizes) or channel materials (such as inhomogeneous grain boundaries and 

defects). However, the cycle-to-cycle variation is largely dictated by intrinsic mechanisms of 

resistance switching. For example, in filamentary IMDs the stochastic nature of conductive 

filaments unavoidably produces large device-to-device variation owing to the marked 

rearrangement of atoms across the channel.
[38]

 Several effective methods such as engineered 

dislocations
[189]

 and alloying electrodes
[190]

 have been demonstrated in oxide memristors, 

which could probably apply to 2D material-based IMDs systems to reduce variations. 

However, the mechanism of Schottky barrier tuning makes ferroelectric IMDs exhibit a 

reduced cycle-to-cycle variation. Combined with careful interfacial engineering, low device 

and cycle variations are possible to be acquired in ferroelectric IMDs. Moreover, defect-

mediated IMDs have relatively low device-to-device and cycle-to-cycle variations because 

the resistance switching is insensitive to most defects and mainly determined by only a few 

most conductive defects.
[19, 49]

 It is noted that a low variation is highly required for storage 

applications while a large variation is useful for stochastic applications such as random 

number generators.
[191]

  

Reliability is used to evaluate whether a memristor can continuously operate in desired 

performance. It is contingent on memristor degradation and failure when applying electrical, 

mechanical, and thermal inputs. Common indicators of reliability are endurance and 

retention. So far, no reliability results have been reported for single-defect-mediated 2D 

memristors,
[42]

 while those in large-defective-area 2D memristors are limited
[19]

 (80,000 for 

endurance) compared to silicon-based IMDs. In filamentary IMDs, the retention of 10
6
 s is 

still limited
[33]

 for practical applications. Both charge-related and ferroelectric IMDs show 

limited endurance and retention. However, these two properties are important for memristor 

normal operations, which thus require significant improvement. 
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3.3.4. Scalability 

Scalability is an important parameter which involves integration density for IMDs.  Single-

defect-mediated memristor achieves ultimate scaling in both lateral and vertical directions 

because resistance switching can be realized at atom-size areas. Two-terminal, vertical 

memory devices, e.g., large-defective-area IMDs, filamentary IMDs, and vertical 

ferroelectric IMDs, exhibit excellent scalability and their nanometer-size devices are 

expected to normally operate. Although multiple terminals in most charge-related and 

ferroelectric IMDs intuitively impede scalability, a recent study demonstrated that charge-

related floating-charge memory can be aggressively scaled beyond 12-nm node.
[72]

 This 

implies that other transistor-like three-terminal memory devices likely exhibit excellent 

scalability as well. Note that, for ferroelectric-gate memory, the scalability may be poor due 

to the restriction of ferroelectric domain configurations across the channels. 

For MTJs, one of the biggest advantages brought by 2D materials is the promising vertical 

downscaling. Because vdW 2D magnets maintain magnetic order even in the monolayer 

limit,
[97-102]

 making it possible to construct magnetic memories approximately one order of 

magnitude thinner than conventional ones.
[103]

 However, downscaling of skyrmion-based 

IMDs seems to be more challenging. On one hand, the skyrmion size in 2D ferromagnets is 

typically on the order of hundreds of nanometers,
[164, 166, 173]

 making them uncompetitive with 

conventional magnetic multilayers or bulk materials for size scaling.
[192]

 On the other hand, 

the formation of skyrmions is a result of the competition among various magnetic 

interactions, including magnetic anisotropy and the dipolar interaction. In this regard, the 

sample thickness is an important parameter. For instance, in Fe3GeTe2, skyrmions will be 

destroyed when the thickness is thinner than ~15 nm,
[165]

 which is unfavorable for 

downscaling. However, recent theoretical studies have revealed that skyrmions can be created 

in monolayer and twisted bilayer CrI3,
[193-196]

 which may dramatically improve the 

downscaling of skyrmion-based devices. Future experiments are required to validatae these 

predictions. 

3.4. Application 

The prevailing applications of 2D-material-based IMDs is to establish artificial neural 

networks for performing various date-centric tasks, such as language processing, objective 

recognition, and decision making (for more applications please refer to Figure 1). A generally 

adopted approach to construct neutral networks is simulation/modeling based on 

experimental data probably because of the challenges in device array fabrication or low 

variability. However, for most studies, the connection between experimental IMDs data and 

modeled neural networks remains weak and unclear. In this regard, some claims, e.g., high 

accuracy for image recognition, are incorrect and misleading. When conducting large-scale 

neural network simulations, it is recommended to provide more crucial data,
[197]

 such as 
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synaptic weight update with respect to pulse number, device-to-device variation and cycle-to-

cycle variation. 

4.  Conclusion  

Outstanding attributes, such as atomic geometries, free dangling bonds, easy assemble of 

heterostructures, and excellent electrical/optical properties, make 2D materials strong 

candidates for the development of next-generation IMDs. The last few years have witnessed 

striking 2D-material-based IMDs demonstrations of novel mechanisms, superior 

performance, innovative architecture and biomimetic applications (see the table for 

comparison with CMOS-based IMDs). State-of-the-art 2D IMDs exhibit diverse advantages. 

For instance, 2D defect-mediated IMDs feature unprecedented downscaling toward sub-

nanometer scale in both lateral and vertical directions, which promise the possibility of 

ultrahigh density integration. 2D filamentary IMDs have fast switching time (nanoseconds), 

ultralow energy consumption (attojoule), and excellent scalability. 2D charge-related IMDs 

provide choices to integrate with multiple functionalities for beyond-CMOS electronics and 

integration, which include multiterminal for learning-rate-adaptive neural circuits, and optical 

sensing for all-in-one (sensing, processing and storing) neuromorphic visual systems. 2D 

ferroelectric IMDs demonstrate homogeneous transistor-memory architectures, which 

properly address the integration issue of heterogeneous peripheral circuits and memory 

devices. 2D spintronic IMDs fulfilled voltage-controlled spin-TFET, revealing the great 

potential of 2D magnetic insulators for non-volatile storage and logic applications. 

The pioneering explorations preliminarily evidence that 2D-material-based IMDs can provide 

an unparalleled platform with which to outperform silicon-based IMDs and implement 

various brain-inspired architectures and computing schemes. In this context, compelling 

prospects, for addressing scaling limits and speed/energy bottlenecks in von Neuman 

computers, are anticipated in the near future. However, the development of 2D-material-

based IMDs remains at an early stage and, going forward, several promising directions 

require specific attention.  

Reliable IMDs need to be developed because reliability in 2D-material-based devices is 

relatively poor but paramount for practical applications. To surpass the performance of 

silicon-based IMDs for practical use, low device-to-device/cycle-to-cycle variations, high 

endurance, and long retention are big concerns. Even though a relatively low variation has 

been achieved in defect-mediated BN IMDs,
[19]

 dramatic improvements are still possible by 

engineering the most conductive defects. For filamentary IMDs, filament control strategies 

such as confinement nanolayers
[189, 198]

 may be helpful in suppressing their stochastic nature 

and enhancing channel switching stability. Despite the small cycle-to-cycle variation in 

ferroelectric IMDs, the device-to-device variation is still large,
[90]

 impeding the improvement 

of IMDs reliability. This is likely because ferroelectric domain differences between different 

memory cells unavoidably cause a great device-to-device variation. A potential approach is to 
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prepare a single-domain large-size ferroelectric material such that, within each memory cell, 

the ferroelectric material domain is identical. 

For the commercialization of 2D-material-based IMDs, endurance and retention require to be 

significantly improved. The best endurance reported to data is only 80,000,
[19]

 which remains 

far below the requirement for practical applications, particularly memcomputing use with 

frequent writing and erasing operations. The measured longest time of nonvolatile retention is 

just 10
6
 s. Although there is a 10-year  claim,

[21]
 the value was, indeed, extrapolated from the 

changing traces over a 10
4
 s timeframe; more convincing experimental data are required. 

Scenario-driven applications in brain-inspired computing are a prospective direction. The 

eventual goal of brain-inspired computing is to develop speed-, energy-, and density-efficient 

integrated chips that can operate similar to the working principle of a brain. Currently, 

interdisciplinary scientists are committed to emulating the basic activities of neurons, e.g., 

synaptic plasticity
[199]

 and visual perception.
[24]

 However, the human brain is an extremely 

complex but smart, compact biological organ. Still, multitude foreseeable brain behaviors, 

such as auditory and tactile sensing, remain unfulfilled through solid electronics, but they are 

important to inspire the creation of 3D monolithic integration considering scalability and 

functionality. Therefore, the exploration of new scenarios in our brains using 2D-material-

based IMDs undoubtedly delivers new opportunities (e.g., architecture innovation and low 

power consumption) for beyond-CMOS electronics. 
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Figure 1 | Memory taxonomy and IMDs applications. 2D materials-based IMDs can be classified 

into five categories depending on their working principles: defect, filamentary, charge, ferroelectric 

and spintronic IMDs. Their typical structures are displayed, along with potential applications. 

Reproduced with permission. Copyright 2018, Springer Nature.
[19, 200]
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 Figure 

2 | Defect-mediated IMDs. (a) Atomic visualizing of a point defect under different conditions. 

Scanning tunnelling micrographs (a1) with an initial point defect, (a3) after the set process, and (a5) 

after the reset processes. (a2) and (a4) IV hysteretic curves with set and reset events, respectively. (a6) 

Scanning tunnelling spectroscopy results collected before (black) and after (red) a gold atom fills the 

point defect. Scale bar: 1 nm. Reproduced with permission.
[42]

 Copyright 2021, Springer Nature. (b) 

Schematic of dissociation–diffusion–adsorption model. Reproduced with permission.
[43]

 Copyright 

2021, Wiley.  (c) Illustration of resistance as a function of various defects in vertical, two-terminal BN 

devices. (d) Control experiments with different conditions: (d1 and d2) wrinkle density, (d3) grain 

boundaries, and (d4) thickness.  (c and d) Reproduced with permission.
[49]

 Copyright 2021, Wiley. (e) 

Scanning electron micrograph of a crossbar device array composed of Ag/BN/Ag. Scale bar: 4.5 μm. 

(f) Top: Optical image of a 2-inch silica wafer with memory arrays distributed on it. Bottom: 

Cumulative distribution of set and reset voltages for 16 devices under 1-µA current compliance. (g) 

Predicted classification accuracy in modeled multilayer perceptron network under different cases. 

Reproduced with permission.
[19]

 Copyright 2019, Springer Nature. 
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Figure 3 | Filamentary IMDs. (a) Illustration of the working principle of self-selective memory. (b) 

Schematic of vdW-heterostructure-based crossbar IMDs. Enlarged device structure is shown in the 

right panel. (c) Reliability for low resistance state (red), high resistance state (blue), and unselected 

state (purple). A giant selectivity of over 10
10

 is observed. (a-c) Reproduced with permission.
[33]

 

Copyright 2019, Springer Nature. (d) Top: Schematic of all WSe2 one-transistor-one-RAM structure. 

Bottom left: circuit diagram, Bottom right: SEM image of the hybrid device. (e) IV switching curves 

for all WSe2 1T1R devices. (f) Conceptual schematic of monolithic integration of CMOS logic and all 

WSe2 devices. (d-f) Reproduced with permission.
[18]

 Copyright 2019, Springer Nature. (g) Left: 

Optical micrograph of flexible IMDs with high thermal stability. Right: Electrical switching loops 

against mechanical bending. Reproduced with permission.
[55] Copyright 2018, Springer Nature. (h) 

Left: Scanning electron micrograph of POx/BP IMDs. Right: Conductance map for the left memristor 

array with an external stimulus. Reproduced with permission.
[62] Copyright 2019, AIP Publishing. 
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Figure 4 | Charge-related IMDs: floating-gate type. (a) Top: Schematic of floating gate field-effect 

transistor. Bottom: Band diagrams of transistor memory operations. (b) Optical image of the transistor 

memory arrays; the rectangle area marks integrated logic-in-memory cells with two-input and three-

input, and their schematics are indicated at the bottom with the logic function Y. A half-adder (Top 

right) can also be implemented in this memory array. (a and b) Reproduced with permission.
[21]

 

Copyright 2020, Springer Nature. (c) Schematic of the photodiode structure used in d and e. (d) 

Optical micrography and enlarged scanning electron image of a device array. Scale bar: 15 µm for 

optical image and 3 µm for the right image.  (e) IV curves collected from dark and light illumination 

conditions. The inset shows the photoresponsivity as a function of gate voltage. (c-e) Reproduced 
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with permission.
[20]

 Copyright 2020, Springer Nature. (f) Illustration of (c) a single retinomorphic 

device. (g) Scanning electron micrograph of the retinomorphic hardware. Scale bar:  100 µm. (h) 

Time trace of multistate positive and negative photocurrents. (f-h) Reproduced with permission.
[24]

 

Copyright 2022, Springer Nature. 

 

 

 

 

 

Figure 5 | Charge related IMDs: Schottky-barrier type. (a) Left: optical micrography of a MoS2 

memtransistor array with varied channel lengths. Right: schematic structure of the MoS2 

memtransistor fabricated on 300-nm thick silica wafers. (b) Electrostatic force micrograph (right 

panel) and extracted phase change from the dashed red line in the left panel. (a and b) Reproduced 

with permission.
[16]

 Copyright 2018, Springer Nature. (c) Schematic of two connected MoS2 

memtransistor cells. (d) 3D illustration of a 10×10 MoS2 memtransistor crossbar array. Purple dashed 

lines the path of current flow. Bottom left: the device array constructed on a sapphire substrate. (e) 

Scanning electron micrograph of fabricated MoS2 memtransistor crossbar array. (c-d) Reproduced 

with permission.
[30]

 Copyright 2021, American Chemical Society (ACS). 
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Figure 6 | Charge related IMDs: vacancy and capacitor-transistor types. (a)-(c) Vacancy 

optoelectronic memory. (a) Atomic force micrograph of SnS IMDs. Scale bar: 2 µm. Readout-current 

responses with (b) electrical and (c) optical input pulses: (00100), (01001), (01010), (11101), 

(01110), and (11111). (d) Schematic of a reservoir computing system for a cognitive task. (a-d) 

Reproduced with permission.
[31]

 Copyright 2021, American Association for the Advancement of 

Science.  (e)-(g) Capacitor-transistor memory. (e) Optical image of an integrated 2T-1C MoS2 device. 

Scale bar: 100 µm. (f) Schematic of 2T-1C device. (e and f) Reproduced with permission.
[16]

 

Copyright 2021, Springer Nature.  (g) Optical image of a MoS2 capacitor-transistor memory array. (g) 

Reproduced with permission.
[23]

 Copyright 2022,  Elsevier. 
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Figure 7 | Ferroelectric IMDs: ferroelectric channel. (a) Schematic structure of a reservoir 

computing cell. (b) Response of output voltage with input gate bias sweeping back and forth. (c) 

Schematic of a multilayer reservoir computing system. (d) Comparative Fast-Fourier-Transformation 

results collected from the first and second reservoir computing. (a-d) Reproduced with permission.
[83]

 

Copyright 2022, John Wiley & Sons. (e) Image recognition accuracy as a function of epoch under 

different conditions. (f) Comparison of artificial neural networks based on different technology. (g) 

Unsupervised learning for spiking neural network.  (h) Conceptual 3D monolithic integration of 

ferroelectric channel devices. (e-h) Reproduced with permission.
[41]

 Copyright 2021, John Wiley & 

Sons. 
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Figure 8 | Ferroelectric IMDs: ferroelectric gate. 3D illustration of a hybrid LiNbO3-WSe2 junction 

transistor working in (a) transistor mode and (b) memory mode. (c) Top: Experimental schematic of 

an operation amplifier using the junction transistor; Bottom: Corresponding optical image of the 

operation amplifier. T1-T12 indicate junction transistors while C and D represent cascaded 

capacitance and diode, respectively. Scale bar: 100 µm. (d) Optical images of integrated ternary 

content-addressable memory system. Scale bar: top, 5 mm, bottom, 20 µm. Reproduced with 

permission.
[36] Copyright 2021, American Association for the Advancement of Science.  (e) 

Conceptual IMDs with ferroelectric-gate memories as the basic cell. Reproduced with permission.
[35] 

Copyright 2021, ACS publication.  

 

 

 



 

                                                                                                             

 

This article is protected by copyright. All rights reserved. 

                                                                                                                  
Page  50 / 57 
 

 

 

 

 

 

 

 

 

 

Figure 9 | Spintronic IMDs. (a) Schematic of an elementary cell in vdW SOT-MRAM. Reproduced 

with permission.
[201]

 Copyright 2022, Springer Nature. (b) Schematic of an FGT/BN/FGT-based vdW 

MTJ (left) and its TMR effect at 4.2 K (right). Reproduced with permission.
[115]

 Copyright 2018, 

American Chemical Society. (c) Schematic of an FGT/WTe2 heterostructure which is used to 

demonstrate the SOT switching. Reproduced with permission.
[127]

 Copyright 2022, Wiley-

VCH. (d) Up panel: schematic of a spin-TFET based on a dual-gated 

graphene/CrI3/graphene tunneling junction. Down panel: tunnel conductance of a spin-TFET 

measured at 4K with a constant magnetic field of 0.76 T, and the tunnel barrier is a bilayer 

CrI3. Reproduced with permission.
[32]

 Copyright 2019, Springer Nature. (e) Schematic of a 

skyrmion-based MTJ array for neuromorphic computing. Reproduced with permission.
[157]

 

Copyright 2022, Elsevier. f) Schematic of a skyrmion-based artificial synapse. Reproduced 

with permission.
[163]

 Copyright 2020, Springer Nature. g) Lorentz transmission electron 

microscopy image of Cr2Ge2Te6 (up) and corresponding magnetization map of the area 

a b c

d e

f

g
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indicated by the green box (down). Reproduced with permission.
[164]

 Copyright 2019, 

American Chemical Society. 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 10 | Challenges for material, integration, and evaluation aspects of 2D-material-based 

IMDs. Left image: Reproduced with permission.
[202]

 Copyright 2021, ACS publication. Middle 

image: Reproduced with permission.
[203]

 Copyright 2019, Springer Nature. Right image: Reproduced 

with permission.
[204]

 Copyright 2019, Springer Nature. 
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#Note that # indicates that the device size is roughly estimated from optical/electron micrography. 

*Note that a recent study
[205]

 reported that the endurance claimed in many resistive switching 

memories has not been properly demonstrated, as the number of data points is much lower than that of 

the cycles claimed. In some cases, endurances of millions have been claimed based on plots with less 

than 15 data points. This should be taken into consideration when reading the endurance claims 

indicated in several papers and tables. 
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2D-material-based IMDs 
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