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HIGHLIGHTS

• This review introduces the potential of 2D electronics for post-Moore era and discusses their current progress in digital circuits, analog 
circuits, heterogeneous integration, sensing circuits, artificial intelligence chips, and quantum chips in sequence.

• A comprehensive analysis of the current trends and challenges encountered in the development of 2D materials is summarized.

• An in-depth roadmap outlining the future development of 2D electronics is presented, and the most accessible and promising avenues 
for 2D electronics are suggested.

ABSTRACT Due to the constraints imposed by physical effects and performance degradation, silicon-based chip technology is facing 
certain limitations in sustaining the advancement of Moore’s law. Two-dimensional 
(2D) materials have emerged as highly promising candidates for the post-Moore era, 
offering significant potential in domains such as integrated circuits and next-generation 
computing. Here, in this review, the progress of 2D semiconductors in process engi-
neering and various electronic applications are summarized. A careful introduction of 
material synthesis, transistor engineering focused on device configuration, dielectric 
engineering, contact engineering, and material integration are given first. Then 2D 
transistors for certain electronic applications including digital and analog circuits, het-
erogeneous integration chips, and sensing circuits are discussed. Moreover, several 
promising applications (artificial intelligence chips and quantum chips) based on spe-
cific mechanism devices are introduced. Finally, the challenges for 2D materials encountered in achieving circuit-level or system-level 
applications are analyzed, and potential development pathways or roadmaps are further speculated and outlooked.
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1 Introduction

Since the advent of integrated circuits (ICs) in 1958, their 
technological advancements have been driven by the relent-
less progression of Moore’s Law [1]. The development of 
silicon-based complementary metal–oxide–semiconductor 
(CMOS) technology, from the inception of the first CPU, 
Intel 4004 to the advent of FinFET-based circuits, has played 
a pivotal role in driving the advancement of the semicon-
ductor industry and information technology. However, as 
transistor dimensions have reached the nanoscale, various 
physical phenomena, such as thickness-fluctuation-induced 
scattering [2], quantum tunneling, and other short-channel 
effects (SCEs) [3], have emerged in silicon-based devices, 
causing severe performance degradation and posing chal-
lenges to the continuous advancement of Moore’s law. The 
conventional CMOS technology, which relies on size reduc-
tion for enhanced integration density, is now facing signifi-
cant obstacles, but the demand for more powerful computing 
systems remains driven by rapid advances in applications 
like high-performance computing, Internet of Things (IoT), 
and artificial intelligence.

To foster further progress in microelectronics, three devel-
opment directions have been proposed: More Moore, More 
than Moore, and Beyond Moore [4, 5]. The More Moore 
path seeks to persistently scale down transistor dimensions 
while mitigating the detrimental effects of short-channel 
phenomena through innovative approaches such as novel 
device structures or alternative materials. The More than 
Moore path emphasizes the optimization of circuit design, 
system algorithms, and advanced packaging techniques to 
improve chip performance. Furthermore, it aims to diver-
sify the functionalities of electronic systems, encompass-
ing fields such as sensing [6], RF applications [7], flexible 
electronics, bioelectronics [8], and the IoT [9]. The Beyond 
Moore direction, meanwhile, explores novel switch devices 
beyond traditional CMOS technology, including ferroelec-
tric transistors [10], neuromorphic devices [11], and quan-
tum devices [12], to realize advanced information processing 
capabilities.

To surmount the limitations of silicon materials and 
advance the development of post-Moore era, there is a 
need to explore novel semiconductor materials that can 
sustain stable and exceptional electrical properties even at 
reduced dimensions. 2D materials, characterized by their 

atomic-scale thickness, have garnered significant attention. 
Remarkably, 2D materials exhibit noteworthy carrier mobility 
and gate control performance even at the ultimate limits of min-
iaturization [13]. As a result, they have emerged as promising 
candidates for serving as channel materials in next-generation 
semiconductor devices within the More Moore domain. Fur-
thermore, 2D materials demonstrate remarkable heterogene-
ity and compatibility with silicon and other 2D materials [14], 
allowing for seamless integration in advanced electronic sys-
tems. These materials also offer remarkable surface-to-volume 
ratios and surface activities, rendering them highly suitable for 
sensing applications within the More than Moore domain [15]. 
Moreover, their unique quantum properties and phenomena 
hold considerable potential for breakthroughs in the exploration 
of quantum devices. In summary, 2D materials hold substantial 
promise for advancing Moore’s law within the More Moore, 
More Than Moore, and Beyond Moore directions. They offer 
exceptional opportunities to overcome the current limitations 
and push the boundaries of microelectronics technology.

At present, 2D materials encounter numerous opportuni-
ties and uncertainties. The development of mature silicon-
based technology and another emerging material, carbon 
nanotubes (CNTs), could serve as valuable guidance and 
references for the advancement of 2D materials (Fig. 1a). 
However, the progression of 2D technology experiences a 
certain degree of delay due to factors such as limitations 
in material growth. It is still a challenge to achieve circuits 
beyond the processor level. More expectations are being 
placed on the substitution of silicon in specific domains. 
According to IMEC’s projection, it is anticipated that by 
2032, 2D materials will genuinely find application in back-
end-of-the-line (BEOL) processes [16]. Additionally, the 
development of 2D materials exhibits variations across 
diverse application domains. To further search for the most 
feasible pathway toward the realization of 2D materials’ 
application, the proposal of a roadmap becomes essential to 
provide assistance and insight.

In this review, we first present an overview of the char-
acteristics and current development status of 2D materials. 
Subsequently, we discuss the advancements in 2D transistor 
fabrication processes including material synthesis, transis-
tor engineering, material transfer and integration, and 2D 
package. Then, the recent progress and applications of 2D 
materials in typical fields are summarized, respectively 
(logic chips and heterogeneous integration chips in the 
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More Moore domain, sensor chips in the More Than Moore 
domain, artificial intelligence (AI) chips, and quantum chips 
in the Beyond Moore domain). Finally, we address some of 
the challenges and issues that persist in the application of 2D 
materials, along with highlighting the potential directions 
where early applications of 2D materials are most likely to 
be realized.

2  Promises of 2D Materials Toward Chips

As the most important electronic device in modern ICs, the 
continuous advancement of the performance of field effect 
transistors (FETs) has led to rapid progress in electronic 
technologies. To accurately assess the digital and analog 
performance of FETs, a set of key device parameters are 
defined. The fundamental basis for digital logic applications 

Fig. 1  A schematic diagram of the general roadmap for 2D circuits. a Development timeline of silicon-based, carbon nanotube-based, and 2D 
ICs. b Route for the realization of 2D circuits and possible applications in the future. Reproduced with permission [17–20]. Copyright (2017), 
(2018), (2021), (2022), Springer Nature. Reproduced with permission [21]. Copyright (2023), American Chemical Society. Reproduced with 
permission [22]. Copyright (2017), Elsevier
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is the ability to switch transistors on and off (Fig. 2a). Mini-
mizing the off-state current (Ioff) is essential to reduce static 
power consumption. Achieving a large current ratio between 
the ON and OFF states (Ion/Ioff) exceeding  105 is imperative 
for enhanced control accuracy. The subthreshold swing (SS) 
determines the switching speed of FETs. When it comes to 
analog applications, the intrinsic gain  (Av) is one of the most 
important analog parameters that determines the amplifica-
tion capability of a single device. However, as the technol-
ogy node goes down, all these device parameters degrade 
severely due to the second-order effects (e.g., SCEs) in 
Si-based FETs, limiting its further development [23]. The 
ideal semiconductor for sub-10-nm node should include the 

following features: (1) proper bandgap and excellent carrier 
transport properties with decreasing body thickness; (2) low 
defect density and good long-term stability; (3) producible in 
large scale, easy to integrate and compatible with Si CMOS 
technology [24].

The introduction of 2D materials as the channel is an 
attractive strategy to address the challenges associated with 
scaling down. Since the first 2D materials to be discovered, 
graphene was isolated in 2004 [25], a broad library of 2D 
materials has been explored broadly including transition 
metal dichalcogenides (TMDCs), black phosphorus (BP), 
hexagonal boron nitride (h-BN), MXene and so on [26]. Dif-
ferent from conventional bulk silicon materials, 2D materials 

Fig. 2  a Schematic of a traditional FET and typical transfer characteristic of FET device. b Partial advantages of 2D materials over bulk materi-
als. c Number of 2D material publications from 2013 to 2023. (Keywords used for searching “two dimensional materials”, “wafer-scale OR cir-
cuit OR array” and the corresponding abbreviation for specific applications like “digital”, several typical 2D materials like  MoS2 are also listed 
as keywords. Source: Web of Science Core Collection, accessed on January 3, 2024)



Nano-Micro Lett.          (2024) 16:119  Page 5 of 96   119 

1 3

exhibit lattice periodicity in the plane, resulting in the forma-
tion of Brillouin zones. Within this region, electron energy 
levels and wave functions are subject to stringent quantum 
constraints, allowing only specific energy levels to exist and 
giving rise to a quantized energy band structure. This quan-
tum confinement effect gives 2D materials adjustable energy 
gaps, carrier confinement, and quantum tunneling effects. 
By controlling the geometry number of layers, heterostruc-
tures, etc., of 2D materials, or applying external strains, and 
electric fields to them, the lattice periodicity is changed, 
ultimately influencing the band structure and the size of the 
band gap. Furthermore, electrons are confined within the 
ultrathin body that allows excellent gate electrostatic control 
and has the potential of being immune to the SCEs. The 
mobility of 2D FETs has been enhanced to 350,000  cm2  V−1 
 s−1 based on graphene prepared by chemical vapor deposi-
tion (CVD) which is accessible for wafer-scale production 
[27]. In comparison, when the body thickness of silicon is 
below 5 nm, the fluctuation in material surface thickness and 
the pronounced scattering caused by surface dangling bonds 
significantly disrupt the structural periodicity of silicon [28]. 
The buckled structure of silicene breads the atomic plane’s 
symmetry, unlike graphene, resulting in particularly strong 
Zero-Acoustic (ZA) phonon scattering [29], leading to 
severe mobility degradation. Furthermore, due to the surface 
sensitivity of silicene derived from its mixed sp2–sp3 charac-
ter [30], its instability in air necessitates specific preparation 
and usage conditions for its realization [31].

While graphene is not suitable as an active semiconductor 
material for electronic switching owing to its gapless band 
structure and graphene FETs show a limited Ion/Ioff ratio 
leading to high power consumption in standby mode [23]. 
Hence, graphene is usually used as metallic contact or gate 
materials instead of channel materials [32]. In addition to 
graphene,  MoS2,  WS2, and  WSe2 from the family of TMDCs 
are developed to fabricate FETs due to their considerable 
bandgap (> 0.5 eV) [4]. The  MoS2 FET with a 1-nm-wide 
gate electrode shows a nearly ideal SS of ~ 65 mV/decade 
and a large Ion/Ioff ratio of ~  106 [33]. The h-BN is the most 
common 2D insulator (Eg ≈ 6 eV) and is usually consid-
ered to be the most promising gate insulator in 2D-based 
FETs because of the ideal interface without scattering. 
Efforts have also been invested in the development of novel 
2D dielectric materials, like  CaF2 [34]. The diverse lattice 
structures and atomic arrangements of 2D materials give 
rise to distinct electronic band structures, resulting in a wide 

energy band range, covering semimetals, semiconductors, 
and insulators. Besides, with the dangling-bond-free surface, 
the carrier mobility of 2D transistors varies little with body 
thickness and it is easy for 2D materials to integrate with 
other kinds of materials without being constrained by lattice 
constant matching [35].

Furthermore, with the advent of the big data era, several 
novel computing architectures and mechanisms have been 
introduced for next-generation computing technologies. 
Benefiting from the fascinating characteristics of 2D mate-
rials, 2D device innovation has become the focus of intense 
research such as 2D memory devices, neuromorphic devices, 
and quantum-engineering devices. 2D memristor, memtran-
sistor, flash memory, and ionic transistor are widely exploited 
for in-memory computing or artificial intelligence technol-
ogy [11]. 2D materials can not only extend Moore’s Law to 
sub-5-nm nodes but also boost memory performance. For 
example, owing to the ultrathin body of 2D materials, 2D 
memory devices can use a low working voltage and reduce 
power consumption. Semi-metallic graphene was reported 
to be suitable as a contact material for electrodes present-
ing ultralow switching power or a blocking layer to inhibit 
efficient carrier injection due to its low density of states 
[36]. The h-BN could be applied as the switching layer for 
memristive memory devices with high endurance and long 
retention time [37]. What’s more, continuous discovery and 
research on novel physical mechanisms for applications in 
low-power switches have been proposed and investigated 
including tunneling transistors [38], ferroelectric transistors 
[39], and filament-based FET [40]. Those emerging FET 
devices have great potential to lower the SS and subsequently 
lower the supply voltage and energy consumption. S. Kim 
et al. reported a natural heterojunction-tunneling FET with 
a spatially varying layer thickness in BP without interface 
problems. And the device’s SS has achieved a record-low 
level  (SSave_4dec ~ 22.9 mV  dec−1) [38]. The unique quantum 
properties of 2D materials also have been developed. They 
have strong spin–orbit coupling strength leading to enhanced 
Rashba effect and easier modulation of the electron spin 
through an externally applied electric field. The atomic-scale 
thickness of 2D van der Waals (vdW) heterostructure can be 
utilized to maximize the spin-injection efficiencies [12]. And 
there’s plenty of application room for the computing capabil-
ity drive after Moore’s law to 2D materials.
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3  Process Engineering for 2D Chips

Lots of efforts have been devoted to the exploration of 2D 
materials’ physical characteristics or device optimization. 
Most of the early demonstrations of 2D FETs are based on 
mechanically exfoliated flakes. And the research has been 
confined to individuals or a limited number of devices. 
However, to achieve circuit-level applications of 2D mate-
rials, the scale of devices should be expanded to the wafer-
scale, which poses higher requirements on material synthe-
sis, device processing, and integration technology. In this 
section, we will introduce and discuss the research progress 
in the field of process engineering for 2D chips.

3.1  Material Synthesis

Device performance consistency is a crucial foundation for 
achieving 2D circuits, and device performance fluctuations 
need to be confined within a certain range [41]. In terms 
of material quality, the realization of chip-level 2D circuits 
requires the synthesis of wafer-scale single-crystal (WSSC) 
materials that are uniform and have low defect densities. 
Due to constraints related to material size, controllabil-
ity, and repeatability in the fabrication process, traditional 
mechanical exfoliation methods are unsuitable for wafer-
scale preparation and industrialization. In this section, we 
will introduce the preparation methods for wafer-scale 
2D materials from various perspectives, including CVD, 
metal–organic chemical vapor deposition (MOCVD), 
mechanical exfoliation, and liquid-phase exfoliation, with 
a particular focus on the wafer-scale preparation of TMDCs 
materials.

3.1.1  Chemical Vapor Deposition

The CVD method is currently one of the most promising 
approaches for the direct synthesis of large-area monolayer 
2D materials [41]. Its advantages of low cost and scalabil-
ity have sparked widespread research interest in the field of 
2D materials. It has been reported that the uniform  MoS2 
wafer size could be extended to a 12-inch diameter which is 
crucial for the transition of TMDC materials from labora-
tory research to integrated components in next-generation 
semiconductor devices [42] (Fig. 3a). Due to the sensitivity 

of material growth, the substrate imperfection (e.g., grain 
boundaries) may lead to vacancies, impurities, wrinkles, 
and thickness fluctuations in the 2D sheet and the growth 
of polycrystalline 2D materials, which would threaten the 
yield and stability of devices or even result in circuit failure.

Orientation-controlled growth is considered an effective 
approach for achieving the preparation of WSSC TMDCs 
materials. By selecting a suitable substrate that matches 
the lattice of TMDCs, it is possible to grow TMDC films 
with high crystallinity, complete lattice structure, and con-
trollable lattice orientation [54]. Substrates with specific 
crystal orientations, such as Au(111) and sapphire (0001), 
have been successfully employed for the preparation of 
WSSC TMDCs [43, 55] (Fig. 3b). L. Liu et al. reported the 
uniform nucleation of bilayer  MoS2 on c-plane sapphire. 
Without the transfer step, the fabricated short-channel FET 
devices based on bilayer  MoS2 exhibit an on-state current 
of 1.27 mA μm−1 [46].

While there is another challenge that must be noted——
the thermal budget. The current CVD growth methods cannot 
avoid the use of high temperature to achieve good crystalline, 
while allowable thermal budgets for the BEOL technologies 
are lower than 400 ℃ [56]. The low growth temperature 
would lead to the formation of grain boundaries and stoi-
chiometric defects in  MoS2 which is detrimental to lateral 
transport [68]. The trade-off between CVD temperature and 
 MoS2 mobility determines the potential widespread adoption 
of CVD-based  MoS2 applications in the future (Fig. 3c).

3.1.2  Metal–Organic Chemical Vapor Deposition

Different from the CVD method, MOCVD employs 
metal–organic compounds as precursors and achieves uniform 
supply throughout the entire substrate (Fig. 3d). And most 2D 
TMDC materials could be synthesized without the limitation 
of substrate constraints benefited from the strong driving force 
generated through pyrolysis. This enables MOCVD to achieve 
arbitrary combinations of various thin films and substrates 
[57]. Additionally, MOCVD can adjust the reactant concen-
tration by controlling the reactant partial pressures, thereby 
obtaining thin films with uniform electrical properties. There-
fore, compared to the CVD method, the MOCVD method is 
more suitable for the production of high-quality, large-area 
2D thin-film materials. Kang et al. reported the fabrication 
of 4-inch WSSC TMDC materials with high mobility (up 
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to 30  cm2  V−1  s−1 at room temperature) using the MOCVD 
method [58]. Furthermore, MOCVD exhibits excellent pro-
cess compatibility, enabling heterogeneous integration growth 
with LEDs while allowing for direct epitaxial growth at lower 
temperatures, making it highly compatible with CMOS tech-
nology [59]. Recently, scientists from MIT have proposed a 

low-thermal-budget synthesis method that enables the low-
temperature rapid growth (< 300 ℃, growth time < 60 min) 
of single-layer  MoS2 with a size of up to 200 mm and a high 
carrier mobility of 35.9  cm2  V−1  s−1. This breakthrough was 
achieved by separating the low-temperature growth zone from 
the high-temperature sulfur precursor decomposition zone 

Fig. 3  a Schematic of a single 2-inch producing module unit and photograph of uniform  MoS2 film with wafer sizes ranging from 2-, 4-, 8- to 
12-inch. Reproduced with permission [42]. Copyright (2023), Science China Press. b Schematic illustration of the  MoS2 growth process on Au 
(111) substrate and representative μ-LEED pattern and photograph of a 1-inch uniform single-crystal  MoS2 monolayer. Reproduced with permis-
sion [43]. Copyright (2020), American Chemical Society. c The relation between CVD temperature and  MoS2 mobility in several reports [19, 
44–52]. d Schematic illustration of the MOCVD process. Reproduced with permission [44]. Copyright (2021), Wiley–VCH. e Optical images of 
exfoliated  MoS2 on  SiO2/Si, sapphire, and plastic film. Reproduced with permission [53]. Copyright (2020), Springer Nature



 Nano-Micro Lett.          (2024) 16:119   119  Page 8 of 96

https://doi.org/10.1007/s40820-023-01273-5© The authors

[46]. However, the toxicity of commonly used precursors in 
MOCVD, like Mo(CO)6,  H2S, is one of the main limiting 
factors for their widespread adoption, and further exploration 
is still required [60].

3.1.3  Mechanical Exfoliation Method

The mechanical exfoliation method is a technique that 
exploits the layered characteristics of 2D materials to 
achieve interlayer mechanical separation. The resulting 
2D materials can retain a high degree of crystal structure 
and crystallinity, making them suitable for the prepara-
tion of small-area, high-quality single-crystal materials. 
Additionally, the operation and required equipment for 
this method are relatively simple, making it an important 
approach in current research for exploring novel struc-
tures or properties of 2D devices. To further increase the 
size of exfoliated 2D materials, enhancing the adhesion 
between the crystal source and substrate is a crucial pre-
requisite. Some noble metals, such as Au and Ni, have 
been proven to assist in achieving the large-area exfolia-
tion of 2D materials [53, 61]. Y. Huang et al. introduced a 
one-step, and universal Au-assisted mechanical exfoliation 
method and successfully isolated 40 types of single-crys-
talline monolayers, most of which are millimeter-size and 
high-quality [53] (Fig. 3e). Although the scale of exfoli-
ated 2D materials is extended to a considerable size, the 
repeatability and uniformity of the improved exfoliated 
method are still not guaranteed. On the other hand, the 
size and crystallinity of the source crystals are also critical 
factors limiting the scalability of the process. To achieve 
industrial-scale manufacturing in the future, it will be 
necessary to develop improved exfoliation processes and 
techniques for the fabrication of wafer-level single-crystal 
source materials.

3.1.4  Other Methods

Currently, the methodologies employed for the synthesis 
of WSSC monolayer TMDCs remain in a nascent stage of 
development. Factors such as production cost and the stabil-
ity of manufacturing processes pose significant challenges, 
necessitating further dedicated research and optimization 
efforts for their prospective industrial-scale production. 
It is worth emphasizing that the cost-effective fabrication 

of WSSC 2D materials remains a formidable undertaking. 
However, it is crucial to acknowledge that not all applica-
tions mandate the utilization of high-quality, large-area 
single-crystal materials. The exceptional flexibility, high 
surface area, and sensitivity intrinsic to 2D materials render 
them suitable not only for applications in logic chip manu-
facturing but also for the development of flexible devices, 
sensors, wearable technology, and more [62]. These appli-
cations exhibit relatively lower demands regarding mate-
rial quality [63]. Several cost-effective and scalable meth-
ods have been proposed, including liquid-phase exfoliation 
[64], screen printing [65], and inkjet printing [63], among 
others. These approaches possess the capability of wafer-
scale fabrication, and some printing techniques facilitate pat-
terned design as well. They offer significant advantages in 
terms of batch production, exfoliation efficiency, and product 
dimensions.

In summary, the fabrication of WSSC 2D materials 
remains a significant challenge in the current development 
of 2D chips. Researchers have been working on improving 
existing processes from various angles, including material 
growth mechanisms, source material selection, and pro-
cess optimization, particularly in the case of CVD methods. 
Some progress has been made, but further enhancements are 
needed in terms of stability, scalability, and manufacturing 
cost. Additionally, unconventional growth strategies, such as 
geometric confinement [66] and defect engineering [16], have 
been proposed to address the limitations of material growth. 
Moreover, for applications that have relatively lower mate-
rial quality requirements, some unconventional yet economi-
cally viable methods for 2D material fabrication, like print-
ing techniques and liquid-phase exfoliation, hold promise for 
driving the industrialization of 2D materials [67]. Therefore, 
it is essential to continue refining the fabrication techniques 
for WSSC 2D materials while promoting the development of 
high-performance, cost-effective, and versatile devices based 
on 2D materials.

3.2  FET Engineering Approaching the Theoretical 
Limit

The urgent requirement for the application of 2D materi-
als into chips boosts the research enthusiasm and devel-
opment of FET engineering. Many studies have endeav-
ored to exploit the unique structure of 2D materials for 
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the development of novel miniaturized transistor devices, 
aiming to achieve the ultimate scaling of gate length or 
channel dimensions. Simultaneously, device performance 
optimization has been pursued through the optimization of 
dielectric layer integration and electrode integration tech-
niques. In this part, we will elucidate the approaches for 
the ultimate optimization of 2D materials from three per-
spectives: device structure, dielectric layer integration, and 
contact engineering.

3.2.1  Device Configuration

Currently, the typical structures of 2D FETs are top-gated 
and bottom-gated 2D FETs, which have been widely used 
for research on the basic properties of layered materials [13, 
68]. And bottom-gated 2D FETs can be further divided into 
global back-gated FETs and buried-gated FETs. Based on 
these single-gate structures, efforts have been devoted to the 
size scaling process. In terms of scaling Lg (length of the 
gate electrode), Desai et al. demonstrated  MoS2 transistors 
with a 1-nm physical gate length using 1D single-wall car-
bon nanotube (CNT) as the gate electrode [33]. Moreover, 
a recent report about the application of 2D single-layer gra-
phene has scaled the  Lg down to the physical limit. The 0.34 
nm thickness of graphene can be regarded as the shortest Lg, 
which approaches the physical limit among the known mate-
rials [69]. When it comes to the scaling down of Lch (length 
of the channel layer), diverse processing methods have 
been developed to decrease the Lch such as aluminum self-
oxidization technology [70], shadow evaporation method 
[71], crack formation [72, 73], h-BN spacer [74], and vdW 
metal electrodes transfer method (Fig. 4) [75]. R. Wu et al. 
demonstrated sub-100-nm-Lch bilayer tungsten diselenide 
 (WSe2) transistors using vdW epitaxy and controlled crack 
formation processes. The 20-nm-long  WSe2 transistor shows 
comparable performance to silicon transistors under simi-
lar channel lengths and driving voltages [72]. L. Liu et al. 
fabricated the sub-1-nm  MoS2 vertical transistors through 
the low-energy vdW metal integration technique. Similar to 
the above-mentioned graphene-gated transistors utilizing the 
intrinsic thickness of 2D materials, this report utilized the 
0.65-nm-thick  MoS2 as the vertical channel layer with  Ion/off 
of ~ 26 [75]. The poor switching performance can be attrib-
uted to the SCEs and strong tunneling effect in the off-state.

To further enhance the gate-control performance of 2D 
transistor devices, several emerging structures applied in 
advanced process nodes such as double-gate FET (DGFET) 
[76], FinFET [77], gate-all-around FET (GAAFET) [78], 
and complementary FET (CFET) [79] have also been pro-
posed in 2D technology against SCEs. Dorow et al. fabri-
cated DGFETs by optimized atomic-layer-deposition (ALD) 
process for 2D material surfaces. A steep SS of 75 mV  dec−1 
and a low DIBL of 12 mV  V−1 were achieved owing to the 
enhanced electrostatics from double gates and high-quality 
gate oxide layer [80]. In 2022, the first GAA monolayer 
 MoS2 nanosheet FET was demonstrated by TSMC. And 
the performance is remarkable with 410 μA μm−1 ID at 1V 
VD at 40 nm gate length and nearly zero DIBL that opens 
the path for stacked sheet GAA devices using 2D materials 
[78]. The clean surface of 2D materials makes it an ideal 
candidate for 3D stacking technology in the future. When it 
comes to 2D FinFET, the first demonstration was fabricated 
by the template-growth method, while the device perfor-
mance was unsatisfactory with SS obtained to be 300 mV 
 dec−1 and extracted mobilities to be in the range of 1 ~ 6 
 cm2  V−1  s−1 [81]. Recently, another 2D FinFET based on 
 Bi2O2Se/Bi2SeO5 epitaxial heterostructures was reported. 
This FinFET exhibits exciting performance including high 
electron mobility up to 270  cm2  V−1  s−1, ultralow Ioff down 
to ~ 1 pA μm−1, and high Ion/Ioff up to  108 [77]. The inspir-
ing results open up new avenues for the further extension 
of Moore’s law. However, it should be noted that most of 
these emerging structures used electron beam lithography 
(EBL) to pattern electrodes and channel layers, which are 
expensive and time-consuming. More consideration should 
be focused on its compatibility with Si-based processes and 
the feasibility of large-scale production. Simultaneously, the 
optimization of individual devices remains insufficient; the 
considerations of universality, process repeatability, and the 
potential for significant enhancement of integration density 
must also be taken into account.

3.2.2  Dielectric Integration

To achieve device size miniaturization, simultaneous pro-
gress is required in the development of complementary 
2D dielectric systems in parallel with channel materials. 
Moreover, the atomic-level thickness channels are more 
sensitive to the interface with gate dielectric, which limits 
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further improvement of device performance [82]. There-
fore, researches about dielectric integration of 2D FETs are 
focused on two aspects: One is the search for low equivalent-
oxide-thickness (EOT) dielectric materials, and the other 
one is the optimization of preparation methods and interface 
quality.

As the downsizing of transistor’s size, the decrease of 
gate oxide thickness is also one of the critical technolo-
gies. Unfortunately, the relatively low permittivity of  SiO2 
(εr ≈ 3.9) limits its application in FETs with gate lengths 
scaled down to sub-10 nm [83]. Thus, novel gate dielec-
trics with higher dielectric constants should be developed. 
After decades of search for the appropriate high-k materials, 
Hf-based oxides, such as  HfO2 (κ ≈ 19), stand out as the 
first-generation CMOS products, which are also commonly 
used materials in 2D technologies [84]. Whereas, consider-
ing the continuous scaling requirements and possible dam-
age to the channel materials from the deposition process, 
further efforts have been devoted into the development of 
2D dielectrics. 2D vdW insulators, in which atomic layers 
are stacked via vdW interaction, are regarded as the ulti-
mate solution for dielectric miniaturization. h-BN has been 

widely investigated in 2D transistors as a dielectric layer. 
The preparation of h-BN has achieved wafer-level and is 
used for device arrays [85]. However, the excessive tunnel 
currents through ultrathin h-BN limit its further application 
in nanoscale 2D devices [86]. Besides, several emerging 2D 
insulators, like  CaF2,  Bi2SeO5, and  SrTiO3, are explored and 
exhibit excellent dielectric performance [34, 87, 88]. For 
example, Zhang et al. created top-gated 2D transistors with 
sub-0.5-EOT dielectrics,  Bi2SeO5 (κ =  ~ 22), and exhibit 
leakage current below the low-power limit of 0.015 A  cm–2 
at 1 V gate voltage [89]. Furthermore, the proper range 
should be estimated in conventional Si MOSFET due to the 
effects of both drain-induced barrier lowering and fringing-
induced barrier lowering (FIBL). However, benefiting from 
the vdW gap between 2D semiconductors and dielectrics, 
the unfavorable FIBL effect is mitigated [87].

To help improve 2D materials’ actual performance, the 
optimization of the preparation process and improvement 
of interface quality are another important issue. ALD is 
a common method to prepare a dielectric layer which has 
been applied in industrial production [90], while, due to the 
dependence of chemical reactions on surface dangling bonds 

Fig. 4  Typical strategies for ultra-scale transistors. Channel engineering: a Sub-1-nm  MoS2 vertical transistors fabricated by transferred vdW 
metal electrodes [75]. b Ultrashort vertical-channel vdW semiconductor transistors [74]. c Channel defined by controlled crack formation (natu-
ral) [72]. d 10 nm short channel transistor fabricated by self-oxidization of aluminum [70]. e Channel defined by controlled crack formation 
(etching) [73]. f Ultrashort  MoS2 transistors fabricated by shadow evaporation [71]. Gate engineering: g buried CNT gate with a diameter of 
1nm [33]. h Sidewall graphene edge gate with sub-1-nm thickness [69]. i,j 2D FinFET and GAAFET [77, 78]. k Complementary FET compris-
ing p-type  WSe2 FET and n-type  MoS2 FET [79]
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and nucleation sites, corresponding requirements are put 
forward for the substrate materials. Considering the clean 
surface of 2D materials and the existence of organic residues 
during the transfer process, it is necessary to introduce the 
optimized ALD method to improve the uniformity and qual-
ity of dielectric layer growth [91].

Many interfacial activation layers and processes have been 
developed for the uniform deposition of high-κ oxides on 
2D materials including chemical pretreatment of the sur-
face and the introduction of a seeding layer. For example, 
Li et al. presented a technique to integrate ultrathin high-κ 
dielectric (EOT =  ~ 1nm) on 2D materials using a PTCDA 
molecular crystal as a seeding layer. The resulting PTCDA/
HfO2 gate dielectric exhibits low leakage current and high 
breakdown field, meeting the ITRS requirement for low-
power devices [92]. When selecting a seeding layer for 
depositing high-κ dielectrics on 2D channels, it is crucial to 
consider its potential impact on the properties of the chan-
nel materials. The ideal seeding layer should help form a 
uniform and conformal interface with the dielectric without 
sacrificing the performance of the channels. When it comes 
to the pretreatment method, functional groups and dangling 
bonds are introduced by using plasmas [93]. Although this 
method avoids the introduction of additional layers, the 
physical plasma damage would result in the degradation of 
device performance attributed to bond disruption and align-
ments [94]. In addition to ALD, several gentler integration 
methods are also developed to minimize the damage to 2D 
layers like native oxide method and the transfer of wafer-
scale insulators [95]. Certainly, the issues that need to be 
considered are still the scalability of methods, the uniformity 
of material quality, and compatibility with current Si-based 
technologies.

3.2.3  Contact Engineering

As a bridge connecting 2D materials with a three-dimen-
sional system, contacts in 2D devices are one of the key 
aspects to be considered when exploring the electronic prop-
erties of 2D materials. The difference in electronic energy 
levels and lattice structures between the electrode material 
and 2D material leads to electron transfer and the forma-
tion of new interface states, i.e., metal-induced gap states 
(MIGS). The MIGS results in the Fermi level of 2D materi-
als being pinned to a specific position, known as the Fermi 

level pinning (FLP). In addition, impurities and interface 
defects introduced by electrode deposition can also lead to 
substantial contact resistance. These restrict electron flow 
and adjustment of contact potential, leading to hysteresis 
or current saturation in transistor devices, the inability to 
achieve bipolar transport, an increase in device leakage cur-
rent, and slower switching speeds [99]. Therefore, achieving 
high-quality contacts in 2D devices is very important, which 
can help exhibit the expected excellent performance of 2D 
materials.

Currently, there are three main strategies for improving 
contacts: adopting novel contact materials, optimizing the 
interface structures, and developing new contact processes. 
Figure 5 summarizes some novel technologies for achieving 
high-quality contacts. And the development of novel contact 
materials is a highly active research direction for suppress-
ing MIGS and lowering Schottky barriers in FETs. Among 
the various metals and semimetals, Scandium (Sc) [100], 
Bismuth (Bi) [97, 100], and Antimony (Sb) [101] have been 
successfully verified to effectively optimize the contact con-
ditions. Specifically, Shen et al. demonstrated that the orbital 
resonance between Bi and  MoS2, along with the near-zero 
density of states at Fermi level, enabled the fabrication of 
Bi-MoS2 FETs with reduced contact resistance reduced (123 
Ω μm) and improved carrier concentration (1.5 ×  1013  cm–2) 
[97]. Similarly, Li et al. reported that the band structure of 
Sb (0112) overlaps well with  MoS2, which can be further 
enhanced by strong vdW forces. As a result, the use of Sb 
as a contact material in 2D FETs led to a significant reduc-
tion in contact resistance (42 Ω μm) and a high Ion/Ioff over 
 108. Notably, these performances outperformed equivalent 
silicon CMOS technologies and met the 2028 roadmap target 
[101]. We could find that by selecting appropriate electrode 
materials, excellent electrical properties such as low contact 
resistance can be achieved. However, it is important to evalu-
ate the stability and consider its applicability to other 2D 
materials. And it is crucial to take into account issues like 
cost and process compatibility, particularly for large-scale 
manufacturing.

Besides, interface modification is considered a viable 
strategy for mitigating contact resistance, with phase engi-
neering gaining widespread attention due to its strong pro-
cess compatibility. It has been experimentally observed that 
some 2D materials like  MoS2,  MoTe2,  MoSe2, and other 
TMDCs demonstrate varying characteristics in different 
phases. Utilizing this theory, researchers have proposed 
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phase engineering to reduce FLP and lower the Schottky 
barrier height (SBH). Various techniques have been pro-
posed and investigated to induce phase transitions, includ-
ing laser-induced phase patterning [102], electrostatic dop-
ing [103], argon (Ar) plasma processing [104], and so on. 
For instance, laser-induced phase patterning and Ar plasma 
handling achieve the transition of TMDCs from 2H to 1 T 
phase through the introduction of chalcogen vacancies. An 
atomically sharp interface and similar WF between 2H and 
1 T phase result in a low contact resistance. Furthermore, 
these methods are compatible with standard lithography 
techniques, allowing for the formation of clean homojunc-
tions and mitigating contamination by extraneous chemical 
components [102, 104]. It is noteworthy, however, that some 
chemical processing steps can introduce defects and impuri-
ties in TMDCs [105]. Additionally, it is essential to recog-
nize that physical methods may not be readily adaptable to 
large-scale preparation. Moreover, in the pursuit of estab-
lishing more durable and dependable interfaces, research 
endeavors can be directed toward investigating approaches 
and mechanisms to stabilize the thermodynamically meta-
stable phases of TMDCs [99, 105].

Apart from utilizing the inherent properties of the mate-
rials, altering the mode of contact represents a methodol-
ogy for optimizing contact resistance. VdW integration is 
thought to be a promising strategy for addressing the FLP 
phenomenon, which is attributed to the presence of surface 

dangling bonds and surface reconstructions. This integra-
tion mechanism facilitates the establishment of a physi-
cal connection between materials without direct chemical 
bonding. To date, several methods have been employed to 
realize vdW contacts, including the growth of buffer lay-
ers [106] and physical transfer techniques. For instance, 
Liu et al. demonstrated a method in which metal elec-
trodes were fabricated on sacrificial substrates. Through 
a pretreatment procedure, the metal layers were detached 
from the sacrificial substrate using PMMA and then physi-
cally bonded to 2D semiconductors. This approach ena-
bled the attainment of high carrier mobility levels that 
are compatible with vdW graphene hybrid contacts and 
strong contact doping [107]. Nevertheless, it is impor-
tant to highlight that as devices continue to shrink in size, 
achieving precise alignment between materials becomes 
increasingly challenging. Additionally, the weak bond-
ing of vdW contact may lead to the deviation of metal 
electrodes, consequently introducing variations in device 
performance [108].

Except for strategies mentioned above, novel tech-
niques have been put forward to lower the contact resist-
ance. Notably, in 2013, Wang et al. first introduced a 
novel methodology that used  O2 and  CHF3 plasma etch-
ing on a BN-graphene-BN stack, followed by the dep-
osition of metal leads at the stack’s edge, establishing 
direct electrode contact with the edge of graphene. This 

Fig. 5  Typical optimized contact strategies for 2D transistors. a Introduction of a seeding layer for contact integration or improving contact 
quality [92]. b Doping of contact region or pretreatment of the interface [93]. c VdW integration process [96]. d Development of novel materials 
such as semi-metal contact [87, 97]. e, f Novel contact modes, filament contact, and edge contact [40, 98]
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strategic configuration facilitated more efficient carrier 
injection in comparison with conventional top contacts, 
thereby yielding reduced resistance [109]. Nevertheless, it 
is imperative to acknowledge that the stability and fabri-
cation complexity of edge contacts present ongoing chal-
lenges [110], prompting extensive research efforts aimed 
at enhancing their performance, such as the combination 
of reactive ion etching, in situ  Ar+ sputtering and anneal-
ing [111] and heterostructure growth [112]. Furthermore, 
an innovative filament contact approach has emerged as 
a promising avenue for achieving sub-10 mV  dec−1 sub-
threshold swing (SS) and high on-current, thus offering a 
novel strategy for addressing the contact resistance issue 
[40].

In summary, as the prerequisite for harnessing the full 
potential of 2D materials, realizing good electrical contacts 
remains the focus field of 2D technology. Numerous strate-
gies aimed at enhancing contacts have been proposed and 
have yielded significant results. Nevertheless, there are still 
several factors that demand consideration: (1) The scalability 
of contact methods, assessing whether the chosen materials 
or techniques possess broad applicability across different 
types of 2D materials while remaining cost-effective; (2) 
Uniformity and compatibility, ensuring that the selected 
methods compatible with other processes, maintain device 
uniformity during large-scale production and support circuit-
level applications; (3) The scalability of these methods, as 
most research directions mentioned earlier still operate at 
the micrometer scale for electrode sizes. Given the ongoing 
trend of device size reduction, contact-related challenges 
will become increasingly prominent. Therefore, the devel-
opment of devices with nanoscale footprints holds equal 
importance.

3.3  Material Transfer and Integration

A plethora of studies have reported the fabrication of 2D 
material-based electronic devices with excellent perfor-
mance, such as low contact resistance, low leakage current, 
high on-state current, and short Lg [69, 72, 76]. However, 
it remains uncertain whether such superior device perfor-
mance can be replicated when scaling up to wafer-scale ICs 
produced through CVD. Due to the atomic layer thickness 
and delicate lattice of 2D materials, achieving large-scale 
integration of 2D devices should fully consider device yield, 

device-to-device variability, stability, and reliability. Such 
considerations must account for defects inherent to the 2D 
materials themselves, including vacancies, impurities, wrin-
kles, and thickness fluctuations, as well as external envi-
ronmental factors such as changing trap states or residual 
organic materials. These fluctuations can result in deviations 
in device performance, ultimately leading to logic function 
errors, device failure, and decreased device yield [41].

So far, several strategies have been reported to form 
atomically flat interfaces and reduce the surface states 
from defects, residues, and strains on the 2D semiconduc-
tors. For example, to overcome the interface damage and 
FLP induced by high-energy metal deposition and lithog-
raphy processes. Wafer-scale vdW integration method has 
attracted widespread attention. Liu et al. achieved vdW con-
tact between metal and 2D semiconductor by spin-coating a 
decomposable poly (propylene carbonate) (PPC) as a buffer 
layer (Fig. 6a). And this method can be readily applicable to 
different metals and semiconductors [113]. Qi et al. demon-
strated an approach of graphene-enhanced vdWs integration, 
which was realized by the physical transfer of 2D monolayer 
graphene/3D metal heterojunctions onto 2D semiconduc-
tors. The method exhibits a maximum resolution capability 
at the nanometer scale while yielding a device array with a 
near-perfect success rate of ~ 100% (Fig. 6b) [96]. The vdW 
integration method is characterized by its facile integration 
process, universal applicability, and capacity for enhanc-
ing device design flexibility. Nevertheless, the challenge of 
achieving higher alignment accuracy for small-sized elec-
trodes and higher-density integration needs to be addressed. 
Moreover, the weak vdW forces demand careful considera-
tion of potential structural deviation or performance deg-
radation caused by subsequent processes, especially those 
involving high temperature. Additionally, the multiple steps 
of contact and release during the integration process may 
introduce unwanted defects or oxidation which necessitates 
further investigation and exploration of these issues.

In addition to the metal deposition, the presence of 
organic residue from polymer-assisted transfer process rep-
resents another source of defects. So far, the types of CVD 
growth substrates for 2D materials are still limited and the 
transfer process is indispensable. The most commonly used 
approach currently is to utilize PMMA as a supporting layer 
for protecting the 2D materials from tension and perturba-
tion. And the insufficient removal of supporting polymer 
films will degrade the material quality [117]. Better cleaning 
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methods should be developed. Zhao et al. incorporated oxhy-
dryl groups-contained volatile molecules into PMMA, which 
can be deformed under heat. The optimized supporting films 
could achieve a controllable conformal contact without 
cracks, contamination, and wrinkles (Fig. 6d) [115]. In addi-
tion to improvements to traditional organic-assisted transfer 
methods, Liu et al. proposed novel ice-aided transfer and 
ice-stamp transfer methods, which utilize the controllable 
adhesion between ice and various 2D materials. And the 
new transfer methods can yield ultrahigh quality and excep-
tional cleanliness (Fig. 6c) [114]. Furthermore, dielectric 

integration is another critical factor that affects device yield. 
Several researchers have attempted to adjust process steps to 
improve the interface quality. The gate-first process, which 
fabricates all the critical components before the  MoS2 trans-
fer step, is believed to reduce variability effectively com-
pared with gate-last process [118].

The integration process of 2D materials is exceedingly 
complex and currently immature, involving numerous pro-
cess steps and parameters. On the one hand, it is necessary 
to establish an appropriate evaluation system to assess the 
impact of various parameters on device variability. Smithe 

Fig. 6  a Wafer-scale vdW integration processes with four steps and optical images of large-scale vdW contacts. Reproduced with permission 
[113]. Copyright (2023), Springer Nature. b Schematic illustration of graphene-enhanced vdWs integration. Reproduced with permission [96]. 
Copyright (2023), Wiley–VCH. c Illustration of the ice-cleaning process. Reproduced with permission [114]. Copyright (2023), Wiley–VCH. d 
Illustration of techniques and mechanism of the crack-free transfer techniques. Reproduced with permission [115]. Copyright (2022), Springer 
Nature. e Variability analysis of multiple parameters of hundreds of  MoS2 FETs. Reproduced with permission [116]. Copyright (2017), Ameri-
can Chemical Society
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et al. fabricated and measured hundreds of back-gate  MoS2 
FETs and gave a statistical evaluation of the key param-
eters (Fig. 6e) [116]. This can aid in designing appropriate 
redundancy in critical parameters and structures to mitigate 
the effects of variability. On the other hand, it is worth con-
sidering the incorporation of machine learning techniques 
to assist in analyzing and optimizing the preparation pro-
cess of 2D materials, assisting in the selection of optimal 
preparation conditions, and accelerating the iteration speed 
of device processes.

3.4  2D Package

Electronic packaging is one of the essential steps in chip-
scale integration, serving multiple functions such as signal 
interconnection and chip protection. However, due to the 
predominant focus of 2D materials research on the device 
level and small-scale circuits, there is still relatively limited 
research dedicated to the packaging of 2D chips. Consider-
ing the air sensitivity of 2D materials and their relatively 
limited voltage tolerance, research and development of 2D 
packaging technologies remain crucial. In this section, we 
provide a summary of the current research related to the 
packaging of 2D devices.

3.4.1  Signal Interconnection

Wire bonding was always used to achieve the electrical 
interconnection between 2D device and printed circuit board 
(PCB) since it was usually applied in small I/O numbers 
at low cost. Smith et al. [119] reported that the graphene 
pressure sensor and humidity sensors were wire bonded 
to the substrate in the ceramic dual inline package (DIP). 
Similar work has been reported in Susan’s work [120]. They 
used 25-μm-thick AlSi wires to connect the optoelectronic 
devices based on graphene with Ti/Ag contacts to PCB.

With the I/O of devices based on 2D materials increasing, 
flip chip technologies can be used in the packaging of 2D 
devices, which needs further study on the adhesion of 2D 
materials on the substrate. With more I/O and high perfor-
mance needed, Chiplets [121], 2.5-dimensional integration 
[122], and three-dimensional integration [123] can also be 
adopted to achieve the large-scale integration and improve 
the integration density.

3.4.2  Chip Protection

Protecting layer before packaging: Compared to the 
traditional semiconductors, most 2D materials exhibit 
heightened sensitivity to water and oxygen when they 
are exposed to the ambient air owing to their elevated 
surface-to-volume ratio [124]. For example, it has been 
demonstrated that BP is highly reactive to oxygen and 
water exposed to ambient air, leading to degradation in 
the electronic and optical properties [125]. Consequently, 
the encapsulation strategies for 2D materials discussed in 
the work involve the creation of a protective layer that 
isolates 2D material from oxygen and water in the air to 
prevent the reaction.

The protecting layer encapsulated on 2D materials is pri-
marily divided into organic and inorganic protective layers. 
Polymethyl methacrylate (PMMA) [126], polyvinyl pyrro-
lidone (PVP) [127], fluoropolymer CYTOP [128], and par-
ylene C [129] were commonly used as the organic protective 
layers to protect 2D materials. For example, Jia et al. [130] 
and Li et al. [131] reported that the PMMA-encapsulated BP 
FETs exhibit high stability over several weeks and achieve 
a high field-effect mobility up to 1150  cm2  V−1  s−1. Besides 
PMMA, the other organic materials also process the same 
function to protect 2D materials in ambient air.

Besides organic protective layer, the inorganic protective 
layer was commonly used to protect 2D materials. Oxide 
 (Al2O3) [132], zirconium oxide  (ZrO2) [133], and hafnium 
dioxide  (HfO2) [134] were the most widely materials with 
the deposition process of atomic layer deposition (ALD). For 
example, Li et al. [135] directly encapsulated  MoS2 FETs 
with  Al2O3 by ALD, and then, the  MoS2-based FETs had 
a high  Ion/Ioff ratio exceeding  108 and the mobility around 
70  cm2  V−1  s−1 at room temperature.  ZrO2 and  HfO2 are 
also used to protect h-BN and  MoS2 to improve the device’s 
performance.

Other protections in the packaging and its perspective: 
When 2D devices are used in the high-performance mem-
ory, molding compound as the package must be used in the 
future. However, there is still a relatively limited amount of 
research. Effects of the warpage and stress during the mold-
ing process on the 2D devices are worthy of deep studying.

Electrostatic discharge (ESD) protection is another con-
cern for the packaging of 2D devices. The nano-electronics-
based 2D materials process high Ion/Ioff ratios in FETs [13] 
and band gap tunability [136]; thus, it has been widely used 
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in low-power transistors [137], sensors [138], and photode-
tectors [139]. Meanwhile, the 2D materials also can with-
stand high breakdown voltage. For example, the breakdown 
voltage of  MoS2 semiconducting gate (SG) FET is 408 V 
[140]. Thus, 2D devices provide a large design window for 
ESD protection.

However, there is a lack of strategies for ESD protection 
of 2D devices. Thus, we make prospects of ESD protec-
tion way based on Si devices: firstly, designing a switch 
around the device that can be precisely controlled such as 
a nanophase-switch [141] and gNEMS ESD switch [142] 
and secondly designing a protection structure in the PCB to 
discharge any ESD transients such as setting a mixed-mode 
ESD protection circuit [143] and dual-polarity nano-crossbar 
array ESD protection structure [144] of the device based on 
2D materials. It is worth noting that 2D materials can with-
stand high breakdown voltage; thus, their ESD protection 
can be installed on PCB.

With the development of devices based on 2D materi-
als, their package become more important for application. 
Therefore, we need more research on package of devices 
based on 2D materials to achieve the holistic development 
of 2D materials application.

4  2D Materials for Digital and Analog Chips

Integrated circuit (IC) technology breaks the separation of 
devices and wires in traditional electronic technology, lead-
ing the trend of electronic components and lines and even 
the whole system toward integration [1]. Among all kinds of 
circuits, digital and analog circuits are the two main streams. 
Compared to bulk silicon, the ability to achieve extremely 
thin channels is the most distinctive advantage of 2D materi-
als [145]. This characteristic naturally provides 2D materials 
with atomically thin channel lengths, excellent electronic 
transport properties, lower carrier scattering, and tunable 
band structures [146] in the fabrication of digital and analog 
ICs, where these advantages offer unique opportunities and 
potential for the application of 2D materials in the field of 
IC.

Transistors serve as the dominant functional devices, 
whose performance is critical to circuits. Taking the central 
processing unit (CPU) as an example, as shown in Fig. 7a, the 
interior of CPU is almost N-type metal–oxide–semiconductor 
(NMOS) and P-type metal–oxide–semiconductor (PMOS) 

FETs, and other circuits can also be realized based on them. 
As shown in Fig. 7b, in IDS-VGS curve, we can easily find 
that each gate-controlled transistor has four working regions. 
The cutoff region and the variable resistance region are often 
used in digital circuits to conduct on–off state converting, 
and the subthreshold region and saturation region are often 
used in analog circuits through special electrical connections. 
Based on transistors prepared with 2D materials mentioned 
above [72, 97, 101, 107], small-scale circuits and large-scale 
circuits with relatively complex data processing abilities can 
be fabricated. Furthermore, 2D materials can be easily com-
bined with or stacked with other materials to form compos-
ite structures or heterostructures enabling the integration of 
multiple functions into a single chip.

In this section, we will first review the recent research 
progress of 2D materials in digital and analog circuits, 
respectively. Then, we will combine the development his-
tory of traditional silicon-based CMOS circuits to further 
summarize the status of digital and analog circuits based on 
2D materials and give a design flow chart that can be used 
for future research. Based on the above content, we finally 
make an outlook for digital and analog chips based on 2D 
materials.

4.1  2D Digital ICs

Given the essential requirements of high switching speed 
and low power consumption in digital ICs [147], 2D mate-
rials offer significant advantages as they have high carrier 
mobility, excellent electron transport properties, mediate 
bandgaps, low electron scattering, as well as flexibility and 
scalability. Compared with analog ICs, digital ICs mostly 
use transistors, which is conducive to the completion of 
preliminary 2D circuit design, to establish logic gates with 
less utilization of capacitors and inductors, and different 
logic gates are then employed to achieve arithmetic com-
putation. Therefore, the most likely form of mass produc-
tion of large-scale circuits based on 2D materials is digital 
chips. The large-area synthesis of 2D materials and the 
continuous improvement of the performance of 2D transis-
tors mentioned above have created important prerequisites 
for the fabrication of 2D digital ICs. However, the opti-
mization of transistors is not the ultimate goal, and more 
important is the working performance of transistors in 
practical circuits. Therefore, in the past 5–10 years, more 
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and more researchers focused on digital circuits based on 
2D transistors, small-scale logic circuits [118, 148, 149], 
memory chips [150–153], microprocessor [20], and so on, 
which have been demonstrated.

4.1.1  Logic Function Realization

To achieve logic functions, the fundamental components of 
a circuit are various logic gates (AND, OR, NOT, XOR, 
XNOR, etc.). Since inverters are the most basic and simplest 
modules among various logic gates, we first start with some 
inverters based on 2D materials and review the research pro-
gress of small-scale logic circuits at the same time.

Inverters realized with 2D MOSFET mainly have three 
types, including NMOS-only, PMOS-only and CMOS. As 
shown in Fig. 8a, NMOS-only and PMOS-only inverters 
use two transistors of the same type above and below, and 
only one of these two transistors is energized at a time. The 
other transistor’s gate electrode and source electrode are 
shorted together as a pull-up or pull-down resistor load. 
CMOS inverter is formed by connecting the drain electrode 
of NMOS with that of PMOS. Graphene, as the first 2D 
material synthesized by humans [25], served as the founda-
tion for early research on 2D logic circuits. Floriano Traversi 

et al. [154] fabricated a complementary logic inverter by 
integrating p-type and n-type transistors on the same mon-
olayer graphene in 2009, where the Boolean inversion func-
tion was obtained by Dirac points modulation. Although this 
inverter’s voltage gain was only 0.044 and its operating bias 
was as high as 10 V due to the operation through a con-
ventional silicon bottom gate, limited for direct cascading 
because of the bad drive capacity, it showed the feasibil-
ity of using graphene to form digital circuits. To make full 
use of the ambipolar feature of graphene for practical use, 
Song-Lin Li et al. conducted a variety of explorations. In 
2010, the first example of graphene voltage inverters with 
voltage gain up to 4–7 was demonstrated by them [155]. 
They resolved the issues of bottom-gated-based graphene 
by employing high-efficiency top gate stacks with natural 
alumina as the dielectric layer. One year later, they devel-
oped graphene logic devices advanced than inverters with 
electrostatic doping method, introducing a bandgap into the 
channels and fulfilling elementary NOR and NAND logic 
gates on bilayer graphene (BLG) channels [156].

However, pristine graphene’s inherent zero bandgap struc-
ture will increase fabrication complexity if we need p-type 
and n-type transistors simultaneously. Early logic circuits 
adopted 2D transistors of the identical conductivity type and 

Fig. 7  a Schematic illustration of the enlarged interior of the CPU and applications of transistors, where transistors serve as the dominant func-
tional devices. b Transfer characteristic curve of transistors with four working regions suitable for digital or analog circuits: cutoff, subthreshold, 
variable resistance, and saturation. X-axis is the gate–source voltage, and y-axis is the drain–source current in logarithmic (left y-axis, red line) 
and linear (right y-axis, blue line) coordinates
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the fabrication of 2D NMOS transistors is more mature than 
that of PMOS [13, 157], so only NMOS technique was really 

popular at that time. Its simple circuit topology allows for 
fast switching times and low power consumption compared 

Fig. 8  a Circuit schematic diagram of a resistor-load inverter and NMOS-load inverter. When the NMOS-load inverter works, only one tran-
sistor is active, and the upper transistor acts as a resistor. Similarly, the PMOS-load inverter has a similar structure. b Mechanically exfoliated 
monolayer  MoS2 flake (upper) and the schematic illustration of monolayer  MoS2 NMOS inverter (bottom). Reproduced with permission [167]. 
Copyright (2011), American Chemical Society. c Voltage transfer characteristics of a monolayer  MoS2 logic inverter with corresponding volt-
age gain. Reproduced with permission [167]. Copyright (2011), American Chemical Society. d False color optical image of the inverter (scale 
bar = 4 µm). Reproduced with permission [158]. Copyright (2014), AIP Publishing. e Structure of ambipolar EDLTs with ion-gel thin-film cou-
pling based on monolayer CVD-MoS2 onto a sapphire substrate. Reproduced with permission [159]. Copyright (2016), WILEY‐VCH Verlag 
GmbH & Co. KGaA, Weinheim. f Optical microscope image of the large-scale chip of  MoS2 devices and circuits. The white dashed box is CVD 
graphene as electrodes and interconnects and the red dashed box is control devices and circuits using Ti/Au electrodes in adjacent. The scale bar 
is 500 μm. Reproduced with permission [164]. Copyright (2014), American Chemical Society. g Photos of large-area CVD-ReS2 logic circuits 
after patterning process (scale bar = 500  µm). Reproduced with permission [165]. Copyright (2017), American Chemical Society. h Optical 
microscope image of 1-bit  MoS2 microprocessor with circuit schematics of D-Latch and ALU. The scale bar is 50 µm. Reproduced with permis-
sion [20]. Copyright (2017), Springer Nature
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to other types of inverters that require complementary MOS-
FETs or ambipolar transistors. In 2011, Branimir Radisavlje-
vic et al. [13] fabricated the first  MoS2-based logic inverter 
by connecting two top-gated n-type 2D transistors, as shown 
in Fig. 8b, enhancing the voltage gain to 4 directly (Fig. 8c), 
in which single-layer  MoS2 exfoliated from bulk crystals 
served as the channel material. This work provided ideas 
for the implementation of digital logic in 2D materials at 
room temperature and could open the way to using  MoS2 
for applications in flexible electronics. Indeed, the methods 
mentioned above are based on mechanical exfoliation, which 
is reasonable for achieving high-quality samples, especially 
for small-scale logic gates where large area coverage is not 
required. However, to realize large-scale circuits, mechanical 
exfoliation becomes impractical, and alternative approaches 
such as CVD need to be employed to achieve the growth of 
high-quality 2D films on a larger scale. Benefiting from the 
advancements in 2D material growth techniques, the first 
monolayer  MoS2-based inverter and circuits using CVD 
growth were successfully fabricated [52, 148]. By con-
necting a  MoS2 n-type FET in series with a  MoS2 resis-
tor, the inverter exhibited a voltage gain close to 20 and a 
wide voltage operation range from 0.5 to 5 V. Moreover, the 
 MoS2-based inverter was also integrated with NAND logic 
gate, presenting the capability of realizing any Boolean logic 
functions.

Inverters made from single-polarity transistors have power 
dissipation and other limitations. Gradually, some research-
ers embarked on implying ambipolar 2D materials and 
complementary conductivity types of 2D transistors aimed 
at electricity energy saving, improved noise margin, wide 
voltage range, and so on. 2D  MoS2 flake has been applied 
in NMOS-only circuits, but it is still challenging to create 
CMOS inverters based on  MoS2. The pinning of metal Fermi 
level close to the conduction band of  MoS2 prevents efficient 
hole injection into the valence band of  MoS2, causing the 
unavailability of  MoS2 p-type FETs [158].  WSe2, as another 
significant member of TMDCs’ family, is available for both 
electron transport and hole transport because metal Fermi 
levels are pinned close to the middle of its bandgap. In 2014, 
a fully complementary logic inverter based on a bilayer 
 WSe2 FET by employing contact work-function engineering 
and electrostatic doping was demonstrated [158]. Saptarshi 
Das et al. used 20-nm  SiO2 as the bottom gate dielectric to 
facilitate better electronic gate control and used Pd as the 
source/drain electrode for p-type FET and Ni as the source/

drain electrode for n-type FET to gain better carrier injection 
from metal to  WSe2, as shown in Fig. 8d. The maximum 
voltage gain was ~ 25, and the noise margin was close to its 
ideal value of ~ 2.5 V  (VDD = 5.0 V). Without connecting 
output and gate electrode to realize MOS-load, the identical 
ambipolar transistors based on TMDCs reduced power dis-
sipation [149, 159]. Another example is shown in Fig. 8e, 
a quasi-CMOS inverter [159], where two single-layer  WSe2 
ambipolar electric double-layer transistors (EDLTs) were 
connected on the same wafer-scale film, was fabricated with 
maximum gain up to 80 (VDD = 2.8 V, Vth = 1.4 V). Mean-
while, by combining p-type  WSe2 and n-type  MoS2 EDLTs, 
Jiang Pu et al. [159] also realized CMOS inverters among 
2D materials, using ion gels as gate electrolytes, promoting 
the highest voltage gain of 110. In addition to utilizing the 
polarity characteristics of 2D materials themselves for com-
plementary logic circuits, some researchers have recently 
published work on utilizing different h-BN thicknesses to 
modulate electrical conductivity of materials [160]. Fur-
thermore, an increasing number of digital logic functions 
are being implemented on 2D materials [161–163], creating 
conditions for the advanced study of more complex circuits.

4.1.2  Complex Digital Functional Circuits

Complex 2D digital functional circuits, which build up a 
basic foundation for data processing, not only require a great 
number of logic gates to perform intricate logic operations 
but also need the establishment of combinational logic and 
sequential logic circuits. Therefore, the overall performance 
of the circuit in the case of cascades, timing, and feedback 
is a more important issue. To fabricate complex digital cir-
cuits, the first step involves integrating multiple logic gates 
together, and the following is the quantity or scale increase. 
Here, we present several representative works as examples 
to illustrate the process of implementing complex logic func-
tions. Subsequently, we categorize and discuss the research 
progress in the areas of adders, static random-access mem-
ory (SRAM), and ring oscillators (RO). Finally, we provide 
a further overview of the largest and most functionally com-
plex 1-bit microprocessor fabricated using 2D materials to 
date.

After optimizing the discrete electronic components and 
their basic logic function circuits, a significant next step is 
the fabrication of fully integrated multistage circuits for 
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complex applications. In 2012, Han Wang et al. [150] dem-
onstrated the fully integrated systems including an inverter, 
a NAND gate, a SRAM, and a five-stage ring oscillator 
based on a direct-coupled transistor logic technology. On a 
single sheet of bilayer  MoS2, 2 to 12 transistors were seam-
lessly integrated side-by-side. In 2014, Lili Yu et al. [164] 
demonstrated a novel scalable all-2D-material electronics 
platform using both CVD-grown monolayer  MoS2 and gra-
phene, which is the first logic circuits using CVD-grown 
2D heterostructures that are mass-producible. In that work, 
single-layer  MoS2 served as the channel material, and gra-
phene is used as both the electrode contacts and the inter-
connects for the circuit system, where the tunable Fermi 
level in graphene allows excellent work-function match with 
 MoS2 and hence leads to low contact resistance. Figure 8f 
shows the demonstration of the large-scale chip contain-
ing  MoS2-based NMOS inverter arrays and NAND gates 
(scale bar = 500 μm). In research [165], the gate voltage was 
reduced under 2 V by applying an ion gate as the gate dielec-
tric with larger gate capacitance. Therefore, the realization 
of low power PMOS-only logic inverters was available. Fig-
ure 8g shows the large-area  ReS2 transistors that were suc-
cessfully assembled to fabricate logic devices, such as NOT, 
NAND, and NOR gates. The fabrication of logic gate arrays 
using large-scale growth of 2D materials through CVD holds 
significant importance in expanding the scale of 2D digital 
circuits. Similar to the current mature CMOS technology, 
the future development of 2D circuits also requires address-
ing challenges in material growth over large areas and the 
fabrication of large-scale circuits. Additionally, considera-
tions need to be given to simulation modeling and circuit 
design processes. Lili Yu et al. [118] presented a feasible 
approach for large-scale fabrication of  MoS2 circuits using 
CVD growth in 2016, focusing on the aspects of design, 
modeling, and fabrication. They initially utilized a gate-first 
process (all the components were built and optimized before 
transferring  MoS2) to fabricate the highly uniform enhance-
ment-mode FETs (with mobility as high as 80  cm2  V−1  s−1) 
and extracted device parameters to develop Verilog-A com-
pact models for performance prediction. Then, by construct-
ing this computer-aided design (CAD) flow, the researchers 
proceeded to design combinational logic gates and sequen-
tial logic circuits (AND, OR, NAND, NOR, XNOR, latch, 
edge-triggered register) as well as switched capacitor con-
verter. The co-optimization of fabrication process and circuit 
performance paved the way for designers to further develop 

the potential of 2D materials. On this basis, further optimi-
zation is to increase operating speed and decrease the power 
dissipation with complementary logic circuits.

It is not sufficient to only achieve computational functions, 
and the vast amount of data generated during the computa-
tion process needs to be stored for subsequent retrieval and 
to facilitate further calculations. In the von Neumann archi-
tecture, a storage region is required to be integrated within 
the logic chip, which is commonly realized by using SRAM 
digital circuits. SRAM consists of a flip-flop and transmis-
sion gates, and the key to fabricating it lies in achieving 
stable storage units. To achieve stable storage, a low-power 
SRAM with 2 transistors and 2 resistors (2T2R) [152] and a 
wafer-scale SRAM and RO based on pseudo-NMOS [153] 
were successfully fabricated and tested. Here, RO is often 
used to generate a clock signal and provide the way for fre-
quency measurement. The adder is another common small-
size module in digital circuits, that is composed of multiple 
logic gates and flip-flops. Due to the similarity between 
these two modules, some researchers tend to realize adders 
and SRAM in one work. In 2022, a new advancement in 
monolithic 3D integration of CFET with 2D materials chan-
nels has been demonstrated [166], in which the 4-transistor 
SRAM and 16-transistor half-adder circuit units based on 
CFET design were experimentally realized for the first time. 
In this work, Xiong et al. used low-temperature post-metal 
annealing method to avoid the deteriorated performance of 
p-channel 2D transistors, with a record high Ion of ~ 594 μA 
μm−1 and Gm of ~ 244 μS μm−1 (Vd =  − 2 V, Lch = 135 nm).

In recent years, some researchers have been exploring the 
possibility of using 2D materials as potential candidates for 
the next generation of IC chips. However, there have only 
been limited successful demonstrations of 2D microproces-
sor with 1-bit computing ability until now. In research [20], 
the 1-bit microprocessor consists of 115 transistors with dif-
ferent width/length ratios of gate electrodes. And the arith-
metic logic unit (ALU) with inputs A and B, accumulator 
(AC), control unit (CU), instruction register (IR), output 
register (OR), and program counter (PC) were all fabricated 
on the same  MoS2-based substrate, whose architecture is 
shown in Fig. 8h. The 1-bit microprocess dealt with CLK 
signal generation and memory in an off-chip way. But it’s a 
pity that there are only a few percent of the fully functional 
devices within the whole system, even if the yield for subu-
nits was 80%, such as ALU. This is possibly due to mis-
match problems resulting from uniformity issues between 
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transistors, especially variation in Vth. In this case, we still 
need to further improve the yield and uniformity of our 2D 
devices in large-scale systems practically.

4.2  2D Analog ICs

Despite the dominant market share and chip area occupied 
by digital circuits, analog circuits are indispensable due 
to the intrinsic continuity of signals in the physical world. 
Therefore, although digital circuits are gradually replacing 
analog circuits with the advancement of IC processing tech-
niques, certain analog circuits such as amplifiers, analog-to-
digital converter (ADC), clocking, and power management 
remain indispensable. However, as functions become diverse 
and density gets higher, the performance improvement of 
analog ICs with traditional silicon-based CMOS technology 
has encountered bottlenecks owning to noise and bandwidth 
limitation. Therefore, researchers aim to enhance the perfor-
mance, functions, and integration capability by exploring 
new materials [168–170], device structures [171, 172], and 
circuit design techniques [173, 174].

Among various materials, 2D materials with atomic body 
thickness show prominent advantages in realizing analogue 
functions. For example, 2D materials offer unique electrical 
and optical properties, exhibiting excellent carrier mobility, 
high thermal conductivity, and low noise characteristics, 
which are beneficial for high-speed signal processing and 
low-power operation. Moreover, some 2D materials have 
inherent characteristics to simplify circuit design directly, 
such as ambipolar transport properties of graphene and 
tunable bandgap properties of BP. On the other hand, it is 
really necessary to further consider the completeness of 2D 
system-level circuits. So far, a series of researches on 2D 
digital circuits and sensors have been demonstrated. In the 
future, 2D materials will establish their development system, 
and analog circuits are essential to bridge the gap between 
sensing and computation. In this section, we focus on recent 
research progress toward the realization of analog electron-
ics and circuits based on different 2D materials.

In terms of transistors in analog circuits, the continuous 
voltage and current signal can be processed and amplified, 
within the conversion from off state to on state. Graphene, 
with ambipolar transport properties, extremely high mobility 
[175] and its tunable bandgap through electric field mod-
ulation, can be used to develop a new form of nonlinear 

electronics for RF and mixed-signal applications. Han Wang 
et al. [176] fabricated a frequency-doubling device with just 
a single graphene FETs (GFETs) in 2009 for the first time. 
This frequency multiplier can give very high purity at the 
output without any additional filtering, which was back-
gated by the p-type Si wafer (Fig. 9a), where its V-shaped 
transfer characteristic curve displays two polarities of car-
rier transport on both sides of the minimum conductivity 
point. Despite the limitation imposed by the 10 kHz input 
signal frequency, the guiding significance of this research is 
undeniable. Later, the fabrication of a new kind of single-
transistor RF mixer device was demonstrated [177], which 
can effectively suppress odd-order intermodulations. The 
calculated fT of these devices was about 190 MHz, limited 
by the device gate length and gate capacitance. In 2011, 
Yanqing Wu et al. [178] reported top-gated CVD-graphene 
RF transistors with gate lengths scaled down to 40 nm, 
leading to cutoff frequencies as high as 155 GHz. One year 
later, they enhanced the cutoff frequency of GFET above 
300 GHz based on CVD-graphene grown on copper and 
epitaxial graphene grown on SiC [179], surpassing previous 
records. Based on the GFETs, a wafer-scale integrated gra-
phene amplifier circuit with voltage and power gains reach-
ing 20 dB was demonstrated. Additionally, graphene RF 
receivers [168] with a 16-finger T-shaped gate (Fig. 9b) and 
double-balanced graphene mixer IC [180] with passive-first-
active-last fabrication flow (Fig. 9c, d) offer insights into 
on-chip integration strategies and demonstrate the potential 
to compete with other semiconductor technologies in RF 
front-end applications.

Nevertheless, the absence of a bandgap in pristine gra-
phene hampers its on–off ratio, because it tends to exhibit 
linear output characteristics with limited current satura-
tion, making it difficult to achieve high voltage and power 
gains. In parallel to graphene’s ambipolarity and tunable 
bandgap properties, BP has emerged as a potential candi-
date for high-frequency analog circuit applications [68]. 
Its high carrier mobility, which results in high transcon-
ductance and amplifier gain, combined with the ability to 
tune the bandgap width through thickness modulation, has 
garnered significant interest among researchers. In 2015, 
Saptarshi Das et al. [181] reported an analog small signal 
amplifier based on a BP load resistor and a BP FET inte-
grated on a single flake. The signal gain of this amplifier 
was ~ 9 for frequency up to 15 kHz, and the direct cur-
rent (DC) performance was observed with a record-high 
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ON current of 200 μA/μm (VDD =  − 0.5 V). In 2016, Sk. 
F. Chowdhury et al. [169] realized BP-based RF circuits 
including common source amplifier, mixer and amplitude 
modulation demodulator, totally working at megahertz 
range for the first time. However, the difficulty of large-
scale synthesis of BP films and the stability of BP in air 
conditions impose restrictions on its further development.

While designing an analog circuit, we should consider 
trade-offs between factors, such as intrinsic gain, power 
consumption, noise, speed, and linearity [182]. TMDCs 
have excellent gate electrostatic control, resulting in 
constantly flat output curves for high output impedance 
and high intrinsic gain, which is crucial and beneficial 
to overcome device scaling-down problems. As a result, 
TMDCs are one of the most promising channel materi-
als for future analog electronics. Traditional mechanical 
exfoliation method is not suitable for industrial-scale pro-
cesses, and thus, researchers [183] and [184] chose to use 
monolayer CVD-MoS2 FETs to realize RF electronics and 
circuits. For better performance in high-frequency elec-
tronics, bilayer  MoS2 with higher carrier mobility than 
that of monolayer can enhance performance owing to the 

higher density of states and small bandgap. To this end, 
Gao et al. [170] dealt with the problems of large domain 
bilayer CVD-grown  MoS2 by adjusting the weight of 
 MoO3 precursor on molten glass during growth. Recently, 
increasingly complex analog circuits based on  MoS2 have 
been successfully implemented, including operational 
amplifiers (OPA) [185], current mirrors [172, 173], and 
phase-locked loops (PLL) [174]. OPA, which demands 
high uniformity of constituent components strictly, is a 
basic building block of analogue electronics. In 2020, 
Dmitry K. Polyushkin et al. [185] demonstrated the first 
operational amplifier circuits (64 OPAs) based on 2D 
 MoS2 as the active material from the aspect of design, 
fabrication and characterization. Each OPA contains 12 
n-type enhancement-mode FETs with low variability. In 
the same year, a  MoS2-based current mirror [173] was fab-
ricated by Shunli Ma et al., with the measurement results 
of the current gain from 2.72 to 171. They also constructed 
an industrial design flow for the design, simulation, and 
layout of  MoS2-based chips, which will provide a general 
idea of the process from the laboratory to the factory.

Fig. 9  a Ground-signal-ground (GSG) pad design in dual-channel graphene RF transistor (on the left) and structure diagrams of devices on dif-
ferent substrates (diamond-like carbon & silicon carbide) (on the right). b Schematic diagram of graphene RF receivers including 11 active and 
passive components. c Schematic diagram of the fabrication process of the graphene IC with the inverted process, a photograph of the 200 mm 
wafer and the integration flow. Reproduced with permission [180]. Copyright (2015), American Chemical Society. d Optical image of the mixer 
(on the left) and fabricated double-balanced mixer on PCB (on the right). Reproduced with permission [180]. Copyright (2015), American 
Chemical Society
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However, it should be noted that the current state of 
research in analog domain is still relatively nascent, with a 
wide range of analog circuit types awaiting further explo-
ration and development. The continuity of analog signals 
makes them highly sensitive to changes in the external 
environment, while 2D materials have high surface area-
to-volume ratios and sensitivity, making them prone to 
interference from external temperature variations and 
noise. Therefore, further development of standardized 
techniques and complementary packaging technologies 
is needed.

Comparing the developmental trajectory of 2D materi-
als with silicon-based circuits [67], it becomes evident that 
the progress in developing essential devices for large-scale 
digital and analog circuits based on 2D materials is similar 
to silicon-based technology To a certain extent, the design 
of circuits based on 2D materials is similar to that of sili-
con-based circuits because both of them consist of layered 
stacking in layout design softwares, but with some differ-
ent fabrication processes. Silicon-based circuits rely on 
doping for polarity control, whereas 2D materials exhibit 
unique advantages as they have two kinds of conductiv-
ity in the 2D material library. Furthermore, it is noted 
that future research will focus on the implementation 
of mixed-signal circuits based on 2D materials, so that 
subsequent circuits will depend on ADC to realize signal 
transformation, in other words, to quantize values within 
a certain range. As shown in Fig. 10a, some researchers 

are dedicated to designing 2D materials-based ADC on-
chip circuits [148] and addressing integration challenges 
[172] due to the limited space available and the need for 
isolation between analog and digital components, making 
digital–analog mixed circuits come true. Other efforts are 
put into exploring embedded ADC converters [186] and 
other assembly methods such as off-chip connected ADC 
converters [187]. Here, we provide a valuable reference for 
the design process of 2D mixed-signal circuits, as shown 
in Fig. 10b.

Nevertheless, although there is a positive trend in the 
development of 2D digital and analog ICs, it is undeniable 
that numerous limitations and technical challenges still 
exist. In the realm of 2D digital circuits, firstly, the circuit 
scale is still limited by the synthesis area and quality of 2D 
materials. Secondly, different from silicon-based circuits 
via processing, the multilayered metal interconnects of 
2D materials may cause damage to the underlying films, 
and on-plane interconnections between devices can result 
in crosstalk. Thirdly, improvements are required in device 
yield, uniformity, and the integration of modules such as 
storage and clocks, which currently rely on external connec-
tions. In the realm of 2D analog circuits, firstly, the design 
process demands high expertise from researchers, neces-
sitating collaborative efforts between material researchers, 
device researchers, and design researchers. Besides, the 
lack of Process Design Kits (PDK) and design tools results 
in longer design periods. Secondly, implementing devices 

Fig. 10  a Diagram of several connection forms between the core circuit and the ADC converter: on-chip, embedded, off-chip. The analog signal 
with continuous amplitude is sampled, maintained, quantized and encoded by the ADC converter and then output to the decoder to generate the 
binary value. b Feasible design process of 2D mixed-signal circuits
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with excellent performance based on only 2D materials, 
such as bipolar junction transistors, inductors, and capaci-
tors still poses difficulties. Thirdly, present research efforts 
largely focus on achieving specific functions of analogue 
devices, leaving considerable space for enhancing perfor-
mance parameters. To achieve silicon-like performance, 
the performance metrics of 2D transistors used in digital 
and analog circuits need critical assessment and accurate 
measurement. For example, widely used device parameters 
in research papers (such as carrier mobility and contact 
resistance) could not be reliable because of frequent mises-
timation [28]. To this end, in Table 1, we show a set of key 
performance parameter values of silicon-based and 2D FETs 
in circuits. Although 2D digital and analog circuits have 
yet to demonstrate obvious advantages over that of silicon, 
their significance will increase as the technology progresses 
toward sub-1 nm nodes.

5  Heterogeneously Integrated 2D Devices 
and ICs

The big data era has increased the demand for computing 
systems that can perform functions beyond the capabili-
ties of single-purpose chips. In response to this challenge, 
heterogeneously integrated technology is emerging as a 
promising solution. This technological approach entails the 
stacking of two or more distinct materials in a specific man-
ner, resulting in the formation of a distinctive structure with 
adjustable properties. The properties of a heterostructure can 
be adjusted by modifying the composition, thickness, and 
stacking sequence of its constituent layers.

Conventional silicon-based technology is faced with sev-
eral challenges, which include the need for scaling down to 
tackle problems like short channel effects, high leakage cur-
rent, high power consumption, and high contact resistance 
[192, 193]. Therefore, it is imperative to replace conventional 
electrodes, channel materials, and dielectrics with advanced 
materials and structures that can alleviate these limitations. 
To this end, 2D materials and their heterostructures are con-
sidered reliable alternatives. As mentioned above, 2D mate-
rials can maintain low leakage characteristics at a thickness 
of just one atomic level, resulting in transistors with high 
drive current and low energy consumption [194]. In addition 
to traditional ICs, electronic systems with multiple functions 
can be achieved by integrating a new generation of circuits 

through 2D heterogeneous integration. For example, in the 
realm of optoelectronics, photodetectors prepared through 
heterogeneous integration enable both light-sensing and 
computing functions. Furthermore, heterogeneously inte-
grated displays can drive micro-LEDs (μ-LEDs) using the 
good photoelectric performance of 2D FETs. The method 
of heterogeneous integration has improved many properties 
of multifunctional applications, such as the capability of 
photoelectric detection systems to capture light perception 
and process optical information. Furthermore, circuits made 
of 2D material FETs can improve problems such as linear 
amplifier distortion on analog circuits.

In this section, we examine work on 2D heterostructure 
devices and circuits that provide insight into how the tun-
able properties of 2D materials and their heterostructure 
can enhance performance. We address recent studies in 
terms of representative 2D materials heterostructures, 
the fabrication process, and the crucial role of physical 
parameters that affect the quality of 2D heterostructures 
and their IC.

5.1  Heterogeneously Integrated 2D Devices

Heterogeneously integrated 2D devices are composed of two 
or more different 2D materials that are integrated as channel 
materials to form a functional device.

These devices are created by stacking layers of 2D materi-
als with different physics/chemical properties to create inter-
faces with unique electronic, optical, or mechanical proper-
ties. The integration of these different materials allows for 
the creation of new types of devices with enhanced or novel 
functionalities that cannot be achieved through a single 
material or structure alone, such as complementary field-
effect transistors. This configuration can reduce the area by 
42%-50% compared with conventional layouts [79]. It could 
be utilized to further increase device density in ICs. How-
ever, silicon-based CFETs have several limitations that can 
cause performance degradation. These limitations include 
extra demands on the thermal budget, difficulties with epi-
taxial growth of the source, complex integration processes, 
and compensation of electron/hole mobility mismatch and 
 Vth tuning. This last issue is well suited to be solved by 
the incorporation of 2D semiconductors, as their mobility 
and  Vth can be easily tuned to match with another material 
[195]. It is worth mentioning that a 2D-CFET with a GAA 
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structure has been invented, which provides a potential way 
for high-performance and low-power electronic applications. 
In this review, we classified 2D heterostructure CFET based 
on the process flow, device structure, and channel material. 
This CFET can be classified into laterally integrated CFET, 
vertically integrated CFET [79, 195, 196], and GAA CFETs 
[197].

5.1.1  Complementary Field‑Effect Transistor 2D 
Heterostructure

The CFET, which stands for complementary field-effect 
transistor, signifies a progressive device paradigm in the 
realm of three-dimensional vertical integration, building 
on the advancements made in FinFET technology. In CFET 
units, the vertical stacking of p-n-type field-effect transistors 
is employed through three-dimensional integration, resulting 
in a substantial reduction in the layout area of ICs. Further-
more, this approach effectively reduces the negative impact 
of parasitic effects and interconnect overheads. It achieves 
this reduction by simplifying access to the transistor termi-
nals through the internal shorting of the n/p drain contacts, 
which improves high performance, low power consumption, 
and minimizes area requirements. It is worth mentioning 
that devices with 2D materials as channels also have the 
aforementioned characteristics. The weak van der Waals 
force between layers of 2D materials makes them a promis-
ing channel material in stacked nanosheets (NS) and CFETs 
[194]. As 2D materials with flat surfaces and no hanging 
bonds, high mobility, and low leakage characteristics can be 
maintained at a thickness of just one atomic level. This prop-
erty is advantageous for transistors as it allows for high drive 
current, and low leakage current, and effectively reduces 
energy consumption [198]. Additionally, these materials can 
be integrated with various types of substrates at low tem-
peratures, without the need to consider lattice mismatch. 2D 
transition metal dihalides exhibit properties that are matched 
to low power applications, as their electronic energy gap is 
close to 2 eV, resulting in off-state currents down to the (Fa 
μm−1) order of magnitude, high performance and low energy 
consumption of transistors can be achieved [194].

Despite the continued miniaturization of traditional 
silicon-based transistors, their performance is limited by 
the interaction between the  ION and  IOFF. Specifically, as 

the transistor size decreases, an increase in  ION is often 
accompanied by a corresponding increase in  IOFF, resulting 
in a significant increase in power consumption. Therefore, 
2D materials are more advantageous in terms of channel 
material selection and more compatible [196]. Compared 
to materials such as Si, 2D materials are more suitable for 
stacking at lower temperatures, which is compatible with 
3D-integrated backchannel processes. Furthermore, the 
preparation and layer shifting of 2D materials can also be 
carried out at lower temperatures, which ensures the utili-
zation of 2D materials in 3D-stacked heterogeneous CFET 
devices.

Notably, the scaling of 3D-stacked heterogeneous CFET 
devices is hindered by several significant barriers, including 
complex integration processes and challenges in reducing 
thermal budgets. Challenges arise in the optimization of con-
tact resistance in 2D transistors. Higher current densities 
flowing through atomically thin materials result in signifi-
cant thermal effects. In addition, it is worth noting that 2D 
materials exhibit distinct thermal conductivities in both the 
in-plane and between-plane models. In the in-plane model, 
it is observed that 2D materials exhibit favorable thermal 
conductivity. However, the thermal conductivity of a stacked 
structure of 2D materials decreases when they are stacked 
together. Furthermore, the integration of p-type 2D materi-
als into high-performance FETs, logic gates, and ICs poses 
significant challenges. This is primarily attributed to the 
limited availability of large-area-grown p-type 2D materi-
als [166]. The modulation of carrier mobility in p-type and 
n-type FETs is a crucial aspect in addressing the mobility 
mismatch between electrons and holes [195].

In order to further advance the scaling down of comple-
mentary FETs, three established scaling methodologies are 
recognized. The first approach involves substituting CFETs 
with a novel structure to facilitate additional scaling down. 
However, the potential for improving gate topology is 
limited. The second strategy entails reducing the EOT. 
However, gate leakage current becomes untenable when 
physical thickness scaling falls below 3 nm. The third and 
feasible alternative for overcoming the CFET scaling bar-
rier involves reducing the thickness of the semiconductor 
channel. However, for the traditional Si channel, when 
the body thickness is below 5 nm, the mobility drastically 
degrades with the sixth power of thickness (μ ∝  tb6) owing 
to thickness-fluctuation-induced scattering, which poses 
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a critical limit to the continued transistor scaling [28]. 
Future CFETs necessitate channel materials with superior 
mobility and lower leakage current in small footprints. 
2D semiconductors with pristine surfaces will be one of 
the most promising candidates for further scaling, as they 
can maintain high mobility and low leakage current at an 
atomic-scale thickness [197].

Vertical stacking of atomic layer thin channels has been 
a significant challenge in the field of nanoelectronics. This 
challenge is primarily due to the complexity of integrated 
top-gate dielectrics and the associated fabrication processes, 
which result in deteriorated device performance. In 2021, 
Xiong et al. [79] demonstrated a novel approach to address 
this issue by vertically stacking  MoS2/WSe2 complementary 
field-effect transistors that achieved a 50% reduction in foot-
print, thereby opening up new opportunities for monolithic 
3D integration. However, the deterioration of the p-type 
bilayer transistor using a top-gate structure remains unre-
solved. In 2022, Xiong et al. [166] improved upon this work 
by successfully integrating CFETs with 2D materials chan-
nels for low-power ICs, solving the longstanding problem 
of poor electrical properties that prevent p-type and n-type 
devices from being matched. Specifically, the authors opti-
mized the top gate p-channel bilayer  WSe2 transistor fabrica-
tion processes using low-temperature post-metal annealing, 
achieving record-high Ion of ~ 594 μA μm−1 and Gm of ~ 244 
μS μm−1 at Vd =  − 2 V with a short Lch = 135 nm. Further-
more, the authors demonstrated the first-ever 4T SRAM and 
16T half-adder circuit units based on a 2D heterostructure 
CFET design, presenting its superiority in performance, 
power, and area.

However, there remain challenges that need to be 
addressed in fully silicon-based systems, such as balancing 
electron and hole mobility and addressing the high ther-
mal budget. Ling Tong et al. [195] presented a study on 
a 3D-stacked heterogeneous CFET containing SOI-based 
p-FETs and  MoS2-based nFETs, presenting an integration 
approach that leverages the maturity of the silicon process, 
the low thermal budget of  MoS2, and the low aspect ratio 
of the device structures to reduce process complexity and 
device degradation. The authors argued that thickness modu-
lates carrier mobility to match, thereby alleviating the mobil-
ity mismatch between electrons and holes in n-FET/p-FET, 
that is the reason why we take thickness into account in 
Fig. 11i. In addition, further improvement of the SS can be 

achieved by reducing the thickness of the gate oxide and 
channel.

In addition to using 2D material as the channel material 
of the CFET, a heterogeneous structure combining 2D mate-
rial and 1D material as the channel material of the CFET 
also has its advantages, such as high ON/OFF ratios up to 
 106. As shown in Fig. 11k, Zhixin Li et al. [199] prepared 
heterogeneous complementary inverters by adopting bilayer 
 MoS2 as an n-channel FET and SWCNTs as a p-channel 
FET. The n-channel  MoS2-FET exhibited an ON/OFF ratio 
greater than  106 and a high carrier mobility of 19  cm2  V–1 
 s–1, and the p-channel SWCNT-FET had an ON/OFF ratio 
of nearly  105 and a large ON current. A schematic of the 
inverter is shown in the insets of Fig. 11k. This device 
achieves fundamental logic functions, exhibiting a maxi-
mum voltage gain of 15, a minimum power consumption of 
approximately 10 nW, and a noise margin of 0.45 VDD. Fur-
thermore, the optimization of width-to-length ratios for the 
CFET presents a promising way to enhance power efficiency, 
rendering the device well-suited for prospective logic-circuit 
implementations.

5.1.2  GAA Nanosheet Vertical‑Stacked CFET

NS vertical-stacked complementary field-effect transistors, 
where the NS n-FET and NS p-FET are vertically stacked 
and controlled using a common gate, would result in maxi-
mum device footprint reduction [200]. The 3D schematic 
view and cross-sectional view of the GAA nanosheet vertical 
CFET device structure are shown in Fig. 11d, e, respec-
tively. Here GAA structure is regarded as a contributing 
factor to the high drive current and low leakage current. 
As shown in Fig. 11e, the n-FET and p-FET are vertically 
stacked and are controlled using a common gate, allowing 
the device to achieve maximum footprint reduction. M. 
Liu et al. [197] demonstrated a GAA NS vertical-stacked 
CFET based on chemical vapor deposition 1L  MoS2 NS FET 
and  WSe2 NS FET. The IDS–VGS characteristics of bottom 
 MoS2-NS-n-FET and top  WSe2-NS-p-FET with channel 
width/length = 5/5 μm in fabricated 2D-CFET at different 
drain voltages (VDS) from 0.1 to 0.7 V are shown in Fig. 11g, 
i, demonstrating that 2D-CFET’s extremely strong current 
control capability at one-atomic thickness channel, which is 
shown more obviously in the extracted relationship between 
on/off ratio and  VDS bias in Fig. 11h, j. Furthermore, the 
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extracted Dit values are 9.7 ×  1011 and 4.3 ×  1012  cm−2  eV−1 
for n-FET and p-FET, respectively. These values are lower 

than other CVD-2D-based CFETs, attributing to the GAA 
NS structure and the clean fabrication process, highlighting 

Fig. 11  a Structure schematic of the vertical stacked CFETs. b Structure schematic of the  MoS2/WSe2 CFET. c The corresponding equivalent 
circuit diagram of CFET. d Schematic structure and cross-sectional view of the 2D-CFET device structure. e The top  WSe2 FET and bottom 
 MoS2 FET are stacked vertically and share a common gate with a gate-all-around structure. f EDX line scan across the gate-all-around structure 
(Fig. 11e). g, h Electrical properties of the top  WSe2-NS-p-FET in the 2D-CFET. Transfer characteristics at the source–drain voltage from − 0.1 
to − 0.7 V. Current on/off ratio versus VDS (left) and SS versus IDS at VDS =  − 0.7 V (right). i,j Electrical properties of the top  WSe2-NS-p-FET in 
the 2D-CFET. Transfer characteristics at the source–drain voltage from − 0.1 to − 0.7 V. Current on/off ratio versus VDS (left) and SS versus IDS 
at VDS =  − 0.7 V (right). Reproduced with permission [197] Copyright (2023), John Wiley and Sons. k Output voltage as a function of the input 
voltage for the  MoS2/SWCNT heterogeneous inverters. Reproduced with permission [199] Copyright (2016), Springer Nature. l Comparisons of 
monolithic 2D CFET devices in previous studies [194, 200–203]
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a potential method for high-performance transistor scal-
ing. This demonstration of vertical stacked NS CFET could 
pave the way for high-performance and low-power electronic 
applications. We believe that there is an urgent need for such 
studies to realize ideal device schemes in 2D CFET hetero-
structures and interfaces.

The outlook for stacked heterogeneously integrated 2D 
devices includes footprint reduction and lower power con-
sumption. This approach effectively reduces the negative 
impact of parasitic effects and interconnect overheads in 
devices, showing great promise in terms of further scaling 
down. However, challenges such as thermal management, 
manufacturing costs, and reliability need to be addressed. 
The properties of a 2D heterostructure can be adjusted 
by modifying the composition, thickness, and stacking 
sequence of its constituent layers. With advancements and 
innovation, stacked heterogeneously integrated 2D devices 
are expected to play a crucial role in next-generation high-
performance device configurations.

5.2  Monolithic Heterogeneously Integrated 2D ICs

In comparison with traditional circuits that primarily use 
single-channel materials, heterogeneous circuits have been 
considered a suitable and reliable strategy for multi-function 
applications and performance optimization of conventional 
chips. In addition, 2D materials are among the most promis-
ing candidates for the next generation of electronic systems. 
The potential benefits of combining the unique advantages 
of 2D materials and traditional circuits on a monolithic large 
scale could lead to intriguing outcomes, such as combining 
sensing and computing in one system, reducing power con-
sumption, and enhancing operation speed. In this section, 
the design of heterogeneously ICs will be discussed, with 
a focus on both high- and low-density interconnects at the 
circuit level.

5.2.1  Monolithic 2D ICs Heterogeneously Integrated 
of Low Density

Low-density heterogeneous ICs can combine the excellent 
properties of 2D materials, such as ultrathin channels and 

weakened short-channel effects, with data processing cir-
cuits to achieve a variety of functions. The 2D materials 
family exhibits numerous outstanding electrical properties. 
In this section, we will list classic works that integrate 2D 
materials with traditional circuits while maintaining a low 
density of interconnect. Additionally, the potential develop-
ment prospects for this field will be discussed.

The graphene Hall elements (GHEs) have attracted much 
attention due to their excellent sensitivity, low noise, nice 
linearity, and temperature stability. However, the perfor-
mance of chips made only of GHEs is far from being suit-
able for commercial use. By heterogeneously integrating 
2D materials with Si-based circuits, the performance of 
such chips will be improved. Here, Tongyu Dai et al. [203] 
achieved a method of three-dimensional building structure 
using heterogeneous integration of silicon-based CMOS 
ICs. They demonstrated a heterogeneous integrated Hall 
ICs that exhibit current and voltage magnetic sensitivities 
up to 64,000 A  V−1  T−1 and 6.12 V  V−1  T−1, respectively. 
The structure of this device and its circuit design are shown 
in Fig. 12a, b. Using an optimized fabrication process and 
refined design of processing ICs, the hybrid integration of 
GHE and Si CMOS ICs shows advantages in presenting 
higher performance and more functions than a single chip 
alone.

GHEs play an essential role in magnetic field sensors. 
In addition, graphene FETs also have strong advantages in 
analog applications due to their high carrier mobility and 
high saturation velocity. In order to fully utilize advantages 
of both graphene FET circuits in analog ICs and CMOS 
FET circuits in digital ICs, Seul Ki Hong et al. [204] uti-
lized the 3D hybrid integration technology to fabricate an 
analog–digital mixed signal circuits on a chip. As shown in 
Fig. 12c, d, the researchers fabricated a graphene FET mul-
timode phase shifter onto a silicon CMOS FET ring oscil-
lator. The mode of the graphene phase shift can be easily 
controlled by adjusting the bias voltage of both the CMOS 
circuit and the graphene inverter. The utilization of this tech-
nique presents an opportunity to leverage the exceptional 
inherent properties of 2D materials and the advanced state 
of existing silicon CMOS technology, thereby facilitating 
the development of future electronics.
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The successful fabrication of an analog–digital mixed sig-
nal chip is just the beginning of heterogeneous integration 
between 2D materials and conventional circuits. Although 
silicon-based chips dominate the semiconductor industry, 
their application in analog ICs is limited due to the inher-
ent quadratic control relationship of FET, which distorts the 
amplification. To achieve high linearity in a FET, the extra 
complexity of inevitable circuits is necessary for conven-
tional chips. In order to overcome the nonlinear distortion in 
Si-based analog ICs, Liangliang Xu et al. [205] reported the 
integration of graphene FET and Si-FET components. They 
successfully engineered a graphene-silicon hybrid analog 
amplifier IC with excellent linearity characteristics. It’s 
worth emphasizing that the judicious fusion of 2D materi-
als with established Si-based technologies is a recommended 
approach.

Other than the low density of heterogeneous ICs, it is 
worth mentioning that we have found a lot of large area 2D 
FET arrays with high density. These works offer a posi-
tive outlook for high-density hybrid ICs. Due to its high 
on/off current ratio, weakened standby current, and near 
theoretical limit subthreshold slope, the 2D FET exhib-
its high speed and low power consumption. It is suitable 
for building processor and logic-in-memory circuits. A 
micro-processor consisting of 115 transistors was realized 

by Stefan Wachter et al. [20]. Guilherme Migliato Mar-
ega et al. [206] showed that 2D materials can enable scal-
ing below 12 nm and increase reliability of chip with a 
high ON/OFF current ratio. Yikai Zheng et al. [207] used 
2D-material-based memtransistor to fabricate a space-
saving and lower energy consumption of Bayesian net-
works. In the field of near-sensor security, Akhil Dodda 
et al. [208] demonstrated an 8 × 8 crossbar array of fully 
integrated crypto engines, with each engine having 5 
monolayer  MoS2 memtransistors. In short, the research 
on large area 2D FET arrays could offer more opportuni-
ties for future heterogeneous ICs.

With the development of large-scale ICs using 2D mate-
rials, we will have a greater opportunity to achieve het-
erogeneous structures. However, what cannot be ignored 
is that there are still a lot of challenges waiting for solu-
tions in fabricating hybrid chips. Completing the complex 
process of transferring a large area 2D materials is a sig-
nificant challenge that restricts the number of research 
groups capable of exploring more efficient solutions for 
high-density interconnects. In addition, 2D materials have 
excellent optoelectronic performance, including tunable 
bandgap and strong light-matter interaction. In the field 
of photoelectric chips, the display system using 2D mate-
rials or other hybrid circuits requires a high-quality 2D 

Fig. 12  a Structure design of GHEs with CMOS ICs. b Circuit design of GHEs with CMOS ICs. Reproduced with permission [203]. Copyright 
(2020), American Chemical Society. c Structure design of integration of 2D FET analog circuit and CMOS digital circuit. d Circuit design of 2D 
FET analog circuit and CMOS digital circuit. Reproduced with permission [204]. Copyright (2016), American Chemical Society
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FET array. Therefore, the connection between 2D FETs 
is crucial. Achieving high-density integration of 2D FETs 
is not an easy task. There is still a long way to go for the 
application of hybrid circuits in real life.

5.2.2  Monolithic 2D ICs Heterogeneously Integrated 
of High Density

We have discussed the low density of 2D materials inter-
connects with Si-based circuits. However, for complex 
tasks, a greater number of FETs will be required. Thus, 
low-density interconnect will no longer satisfy the needs 
of electronic applications, particularly in heterogeneously 
integrated optoelectronic systems. Many large-scale arrays 
of 2D FET arrays have been utilized in image sensors and 
micro-LED displays. There is potential for high-density 
2D materials interconnect with traditional circuits.

To better exploit the advantages of 2D materials, their 
exceptional photoelectric properties are used to fabricate 
high-density heterogeneous integrated optoelectronic chips. 
In the field of optoelectronics, heterogeneous ICs of 2D 
materials play an important role. As shown in Fig. 13a, we 
suggest that main function of electronic chips in the field of 
optoelectronics is to generate and sense light. The heteroge-
neous integrated chips that produce light are mainly in the 
visible light band, such as miniature LEDs and high-resolu-
tion displays. The perception of light is mainly through pho-
todetectors, and these photodetectors are no longer limited 
to detecting only visible light. As shown in Fig. 13b, based 
on the works in optoelectronics, we have concluded a simpli-
fied structure for high-density interconnection. Its distinctive 
feature is three-dimensional stacking.

The development of microcircuits and visible-light cam-
eras has been impeded in the past due to the challenge of 
integrating non-Si electro-optical materials with Si-based 
circuits. However, combining 2D materials with Si-CMOS 
is an advisable approach to achieve imaging capabilities 
beyond the visible range, on-chip low-power optical data 
communications, and compact sensing systems. In 2017, 
Stijn Goossens et al. [209] presented an image sensor that 
heterogeneously integrated graphene with CMOS technol-
ogy. Their work reopens the door to heterogeneously inte-
grated structures, utilizing a 388 × 288 array of high-quality 
graphene-quantum dot photodetectors. The resulting image 
sensor possesses high-mobility phototransistors, which have 

been interconnected with traditional CMOS circuits. This 
integration shows a broadband image sensor with compact 
and cost-effective advantages. This device exhibits an ultra-
high gain of  108 and excellent responsivity above  107 A 
 W−1, which is a huge progress for quantum-dot-based imag-
ing systems. In contrast to current methods of heterogeneous 
integration, there are no fundamental limits to shrinking the 
pixel size and enhancing resolution of the image. This work 
is a milestone for low-cost and high-pixel broadband imag-
ing systems.

Integration of 2D materials and Si-based FET could 
combine the advantages of both technologies. This struc-
ture enables the low power and low-cost monolithic chips. 
The bulky indirect bandgap of Si is not suitable for portable 
and flexible electronics. Additionally, organic or polymeric 
detector arrays have not been certified for combination with 
Si-FET backplanes [210]. However, ultra-thin monolayer 
TMDCs with various energy bandgaps could be combined 
with a Si-FET backplane to enhance the performance of the 
circuit. In 2016, Chih-Chao Yang et al. [210] demonstrated 
a monolithic three-dimensional (3D) image sensor, which 
made use of a TMD phototransistor array heterogeneously 
integrated with a 3D logic/memory hybrid structure. As 
shown in Fig. 13d, this 3D image sensor has a high-density 
interconnect. On the top of this device, the monolayer  MoS2 
phototransistor shows excellent responsivity above 20 A 
 W−1 and exhibits an outstanding linear response to the inci-
dent laser power density. At the bottom of this device is a 3D 
stackable silicon-based FET with a steep subthreshold swing 
and high driving current. The author obtained a TMD pho-
totransistor array and a 3D stackable silicon-based FET, both 
of which have demonstrated excellent performance individu-
ally. Furthermore, the high interconnection density within 
them allows for a combination of their advantages, resulting 
in the rapid emergence of portable and flexible electronics.

It is promising that the performance of image sensors will 
be enhanced by 2D semiconducting materials in the near 
future. Using TMD instead of a Si photodiode array on a 
chip could produce diverse spectral sensitivities, surpass-
ing the capabilities of a Si CMOS image sensor. Because of 
TMD monolayer crystals, they can exhibit different band-
gaps or absorption wavelengths from infrared to visible. In 
2022, Henry Hinton et al. [211] developed a 256 × 200 image 
sensor. They did not use additional layers, such as quantum 
dots, for light absorption [209]. Instead, they utilized TMD 
monolayers above CMOS time-to-digital converters. This 
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chip relies on  MoS2 photo-FETs to convert incident light 
into a photocurrent, which is then read out by CMOS time-
to-digital converters. The cross-section schematic of a pixel 
is shown in Fig. 13e, and its 51,200-pixel circuits and 200 
row-wise time-to-digital converters are shown in Fig. 13f. 
The design is clearly depicted in this floor plan. In the field 
of image sensors, the use of 2D materials will foreseeably 
continue.

While 2D materials play an outstanding role in image 
sensors or photodetector, they are also used in the produc-
tion of micro-LEDs. Micro-LEDs have attracted much 
attention because of numerous advantages, such as quick 
response and low power consumption. Furthermore, due to 

the excellent electric performance of 2D FETs, the micro-
LED can exhibit superior properties, such as improved 
resolution, high-speed operation, and increased brightness 
limit. Wanqing Meng et al. [212] have reported a mono-
lithic heterogeneously integrated active-matrix display with 
a resolution of 1270 pixels per inch. In this design, the team 
utilizes a fast and bright micro-LED driven by 2D FETs. It 
only requires less than 8 V that could have 7 ×  107 cd  m−2 
luminance. It is worth mentioning that the backend of the 
line in this device’s production is at a low temperature and 
compatible with the traditional microelectronic manufac-
turing process. The different heterogeneous integration 
approaches enable the fabrication of micro-LED chips to 

Fig. 13  a Application in photoelectron when using 2D materials. b General heterogeneous integrated structure of sensing external light. c Gen-
eral heterogeneous integrated structure of generating internal light. d Structure of hybrid  3D+IC image sensor. e Structure design of the image 
sensor. f Circuit design of the image sensor
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have a higher chance of reaching a higher stage. In order 
to improve the bonding between LED chips and the back-
plane circuit, Sumin Hwangbo et al. [59] utilized a method 
that involved the direct growth of  MoS2 on a GaN epitaxial 
wafer and the printing of quantum dots. This method was 
used to demonstrate a full-color micro-LED display using 
 MoS2 transistors. The production yield of micro-LED pix-
els was approximately 92%. In addition, by the method of 
vertical stacking, Jiho Shin et al. announced a full-color 
micro-LEDs with the smallest size (4 μm) and highest 
array density (5, 100 pixels per inch (PPI)), reported to date 
(2023–02-01) [213]. 2D FET, which can drive micro-LEDs 
at low voltage and reduce the power consumption, is pro-
posed as a heterogeneous component in this field.

Worth mentioning, that in addition to the image sensor 
and micro-LED display, 2D materials also play an impor-
tant part in photonic chips due to their adjustable bandgaps. 
Fabrication of  MoS2-based high responsivity photodetectors 
has already been reported [214], but an integrated photonic 
chip with 2D materials is still lacking. This gap has been 
bridged by heterogeneous integration between  MoS2-based 
photodetectors and  Si3N4 photonic circuits. Juan Francisco 
Gonzalez Marin et al. [215] demonstrated the integration 
of  MoS2-based high responsivity photodetectors with  Si3N4 
photonic circuits. The chip that owns photoresponse times 
below 1 ms is achieved by using a h-BN substrate. Addition-
ally, graphene local gates are used and low power operation 
is achieved in the final chip. A fast operation speed and using 
low operation voltages photodetector is made. Usage of 2D 
materials in different electronic systems will be continue.

Through heterogeneous integration, a new way to reach 
excellent device performance has been established. Maybe 
in the near future, we could see an increasing integration 
of compound semiconductors and 2D materials in various 
chips. And now, the primary application of this heterogene-
ous structure is in optoelectronics systems. Therefore, find-
ing another field to apply this idea is crucial for the develop-
ment of 2D materials hybrid integration.

In summary, the transfer of high-quality, large-area 2D 
materials remains a major technical challenge that limits 
chip performance and the creation of high-quality inter-
connects within circuits. Specifically, the challenge lies 
in integrating p-type 2D materials into high-performance 
FETs, logic gates, high-quality arrays, and ICs due to the 
lack of large-area growth of p-type 2D materials. For the 
device level, there are also challenges in the performance 

deterioration after integrating the top gate dielectric, the 
difficulty of reducing the thermal budget, and how to opti-
mize the carrier mobility of p-type and n-type FETs. For the 
circuit level, improved interconnections for transistors and 
enhanced design in the driver and functional sections are 
required to obtain high-quality arrays.

Technology of heterogeneous integration that combines 
2D materials and conventional circuits has realized multi-
function and exhibited excellent performance in a single 
chip, such as technologies combining sensing and comput-
ing with low power consumption and fast operation speed. 
Furthermore, manufacturing processes of heterogeneous 
integration are compatible with conventional silicon-based 
processes. These hybrid process flows are damage-free for 
devices.

Conventional silicon-based circuits are facing difficulties 
in scaling down. To overcome this challenge, heterogeneous 
integration with 2D materials emerged as it can enhance 
space utilization rate. Besides, the advantages of 2D materi-
als and silicon-based CMOS can be exploited this way. In 
the near future, more hybrid chips will be based on 2D mate-
rials and CMOS circuits, such as image sensors that exhibit 
fast speed, high sensitivity, and wide band. In addition, a 
mixed-signal chip fabricated by integrating 2D materials 
with silicon-based circuits can present fast operation speed 
with linear amplifier. Furthermore, heterogeneous integra-
tion of 2D materials and mature silicon-based technology 
has potential in building wide band sensor, fast in-memory 
computing, and advanced CMOS logic circuits in one chip.

6  2D Materials Sensor Chips

In the era of the Internet of Everything (IoE), sensors deter-
mine the comprehensiveness, accuracy and ease of access 
to information, and for this reason sensors are known as 
the essential technology to be developed in the future. 
Recently, complex applications such as artificial intelligence 
have placed higher demands on sensors’ number, type, and 
performance to enable large-scale data collection, storage, 
and analysis. Dimension scaling is a crucial technology for 
solving the high cost, high power consumption, and low 
integration of sensor networks [216]. To this end, the new 
generation of sensors is developing toward intelligent sen-
sor chips. Although conventional silicon-based sensor chips 
have been heavily researched and commercially used [217], 
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they usually face restrictions such as short-channel effects, 
thermal dissipation, gate modulation, long response times, 
and insufficient sensitivity [218]. To address these issues, 
researchers have turned their attention to 2D materials with 
atomic layer thicknesses [219]. The utilization of 2D mate-
rials in sensor technology offers the distinct advantage of 
exhibiting high sensitivity, rapid response, tunability, and 
high stability [220]. With the rapid development of wafer-
scale 2D material growth technology and transfer technol-
ogy, 2D material sensor chips have made remarkable pro-
gress in the past decade.

As is known to all, the most basic unit of the chip is the 
FET and the development of a 2D material sensor chip also 
starts from the 2D FET sensor, as summarized in Fig. 14. 
2D materials FET sensors not only convert specific physical 
quantities into electrical parameters, but also can modulate 
the performance by divergent kinds of gates and are consid-
ered a fast, sensitive, and easy-to-operate advanced detec-
tion technology [221]. The primary focus of this phase is 
to assess whether the sensor performance of an individual 
device aligns with the established standards and validate 
the theoretical feasibility of the sensor chip. Subsequently, 
with the advent of silicon-based chip processing techniques, 
2D material FET sensors have been progressively advancing 
toward the realization of large-scale arrays. Arrayed sensors 
offer significant advantages over individual sensors in terms 
of accuracy and information, while also enabling richer 
functionality, such as visual imaging of multiple physical 
quantities such as light, heat, and force. One of the primary 
challenges faced by arrayed sensors lies in the realm of 
large-scale signal processing. There are two primary meth-
odologies: one involves computer-based data collection and 
processing, while the other entails connecting it to external 
circuits for achieving functions such as data acquisition, 
amplification, and transmission. On this basis, external 
circuits are replaced with specialized chips and combined 
with sensor arrays to obtain more minor distributed sensor 
chips. Smart dust is a typical representative of one of these 
devices, integrating sensors, digital and analog circuits, RF 
chips and power supply modules [222], although its size has 
been reduced to the size of a grain of sand. Considering that 
2D material sensors predominantly employ micro-electro-
mechanical system (MEMS) processes, the integration of 
MEMS and CMOS processes on a single chip is also highly 
desirable. The chip comprises two fundamental modules: 
the CMOS area, encompassing peripheral circuits such as 

control and signal processing circuits; and the MEMS device 
area, primarily responsible for the fabrication and processing 
of 2D material sensors. In the post-Moore era, as chip manu-
facturing processes gradually approached the physical size 
limit, researchers opened up a new direction of "More than 
Moore", and 3D packaging is one of the important imple-
mentation paths. 3D packaging, also referred to as stacked 
chip packaging, encompasses the advanced technology of 
vertically stacking two or more chiplets within a package 
while maintaining its original dimensions. Unrestricted by 
lattice mismatches or process compatibility issues, 3D pack-
aging allows various layers (e.g., transmitter, 2D materials 
sensors, memory, and Si CMOS) to be stacked vertically to 
provide additional functionality [223]. Most sensor chips 
currently use rigid substrates, limiting their use in many 
applications such as intelligent wear, health detection, and 
haptic sensing [223]. In contrast, soft and stretchable sen-
sors based on 2D materials can solve these problems and 
provide disruptive solutions for future flexible sensor chips. 
With the continuous advancement of 2D material analog 
ICs, the development of fully flexible sensor chips based 
on 2D materials is expected to progress rapidly. Apart from 
that, the explosive development in artificial intelligence has 
led to an increasingly close connection between sensor chips 
and artificial neural network algorithms. However, a large 
amount of data transfer and the lack of computing resources 
of traditional computer architecture led to a slower overall 
system speed and massive power consumption. The incor-
poration of sensors and neural network algorithms for signal 
preprocessing at the front-end is anticipated to decrease both 
hardware and software components, thereby simplifying and 
reducing the cost of the system.

According to the working mechanism of sensors, sensors 
can be generally divided into physical, chemical, and bio-
logical types. This section summarizes the latest research 
progress of sensor chips based on 2D materials, discusses 
physical chemical and biological sensors in terms of sen-
sitive materials, sensing performance and scale, and pro-
vides an outlook on their key technologies and application 
prospects.

6.1  Physical Sensors

Physical sensors are specifically designed to detect varia-
tions in the physical properties of a substance, including but 
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not limited to temperature, pressure, strain, and light. The 
2D material sensors not only outperform traditional physical 
sensors in some performance but also align with the trend 
of miniaturization and integration. Here, we summarize 
four representative applications of 2D materials physical 
sensors and chips, and compare their sensing performance 
in Table 2.

6.1.1  Temperature Sensors

Temperature is a ubiquitous environmental parameter, exten-
sively employed in both military and civilian domains, such 
as epidemic control and equipment monitoring. Traditional 

discrete temperature sensors based on thermistors, thermo-
couples, and platinum resistors are unable to meet the grow-
ing demand for thermal management due to their inability 
to integrate with large-scale systems-on-a-chip, which is 
driving the development of temperature sensor chips. The 
excellent electrical properties and high thermal conductivity 
of 2D materials make them vital candidates for tempera-
ture sensor chips [224]. The fabrication of back cavity and 
suspension graphene temperature sensors can be achieved 
through the utilization of MEMS processing technologies, 
such as lithography and wet etching, enabling their potential 
for large-scale production. The U-shaped graphene structure 
with narrow and wide legs [225] was designed to achieve 

Fig. 14  Developments of 2D material sensors toward chip. After the discovery of graphene, individual 2D material sensors with different gate 
structure were also demonstrated in 2007. The advent of 2D materials sensor arrays in conjunction with an external processing circuit in 2014 
has increased the scale and utility 2D materials of sensors. In 2018, the combination of CMOS and MEMS processes has led to a reduction in 
the area of 2D materials sensor chips. In 2022, Mei et al. proposed the concept of digital micro-dust to achieve a high-density integrated, low-
cost distributed 2D materials sensor chip. Reproduced with permission [222]. Copyright (2022), Elsevier. In 2025, the emerging 3D packag-
ing technology will overturn the distribution structure of sensing networks and open a new era of ultracompact intelligent sensing systems. In 
2028, 2D materials sensor chips will evolve toward full flexibility for enhanced sensing capabilities and close cooperation between humans and 
machines. In 2032, budding sensor technologies integrate sensor networks and advanced algorithms on a chip to reduce the significant power 
consumption required for transmission and computation
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enhanced sensitivity, as shown in Fig. 15a. This design 
choice is justified by the influence of leg width on the See-
beck coefficient.

Temperature-sensitive electronic devices usually must 
detect temperature changes in real time to adapt their perfor-
mance accordingly. For example, the temperature sensor is 
embedded directly into the heat source of the power IC to 
detect the temperature and precisely control the temperature 
of the power tube, thus improving the reliability of the smart 
power IC chip [226]. The on-chip integrated graphene tem-
perature sensor provided a reliable assessment of active region 
lattice temperatures during laser operation [227], as illustrated 
in Fig. 15b. The temperature coefficient of resistance (TCR) 
is an important indicator of the sensitivity of a resistive tem-
perature sensor. To enhance the temperature sensitivity, the 
use of other 2D materials with higher TCRs is also promising. 
One of the main sensing mechanisms for temperature sensing 
is touch sensing, which transmits key information about the 
contact object, such as monitoring changes in human skin tem-
perature. It is necessary to burgeon flexible temperature sensor 
chips to fit the contact object better and to achieve functions 
such as accurate temperature distribution imaging. Duas et al. 
fabricated flexible monolayer  MoS2 temperature sensors and 
arrays with high TCR (∼1 − 2%/K) [228]. The response time 
of this sensor is < 36 μs, realizing real-time thermal sensing 
on flexible substrates (Fig. 15c). With alumina encapsulation, 
the cycle operation is stable and can be measured for a long 
time. Although sensor chips based on 2D materials have many 
advantages, the explanation of the sensing mechanism is not 
clear enough, including electron–phonon coupling, thermal 

expansion, electron-charged particle interaction, and the See-
beck effect.

6.1.2  Pressure Sensors

Depending on the method of signal conversion, pressure 
sensors can be categorized as piezoresistive, capacitive, 
piezoelectric, or triboelectric. Despite the great progress 
made in conventional pressure sensors, they are still lim-
ited to the need for specific sensing ranges, low sensitivity, 
and these devices are not enough for wide applications in 
wearable devices, smart robots, and biological systems. 
In order to accurately sense the pressure distribution and 
thus achieve multi-touch, trajectory judgment, haptic sens-
ing, and other functions, the new generation of intelligent 
pressure sensors is committed to the direction of flexible 
sensor chips with smaller single devices, larger array 
size and better flexibility. The atomically thin 2D mate-
rials miniaturize pressure or strain sensors in significant 
measure without damaging the object’s surface shape or 
force signal distribution, rendering them highly promis-
ing candidates for next-generation pressure sensors. The 
pressure sensor chip, as depicted in Fig. 15d, integrated 
large-area and flexible  MoS2 tactile sensors with an active-
matrix backplane circuitry [229]. The integrated thin-film 
transistors enable or disable individual pressure sensors 
depending on their switching state, thus avoiding interfer-
ence between adjacent units and effectively increasing the 
crosstalk isolation value to 24.8 dB, showing significant 

Table 2  The performance of the physical sensors based on 2D materials

Type Materials Sensitivity Time Range Integration level References

Temperature sensor Graphene – – 283–303 K Device [261]
Temperature sensor MoS2 TCR: ∼1 − 2%  K−1 ∼36 μs 27–85 °C 4 × 4 array [267]
Thermocouple Graphene ΔS: 39 μV  K−1 – – On-chip [262]
Temperature sensor Graphene |TCR|: ∼ 1%  K−1 ∼30 ms 6.6–300 K On-chip [265]
Pressure sensor MoS2 ΔR/R0: 0.011  kPa−1 180 ms 1 − 120 kPa 8 × 8 array [270]
Pressure sensor MoS2 1.8  MPa−1 (< 500 kPa) 25/27 ms 70 Pa to 5 MPa 20 × 20 array [271]
Pressure sensor Graphene 47.8 aF  Pa−1  mm−2 – 0 − 100 kPa Sensor chip [272]
Pressure sensor Graphene 5.32 ×  10−4  kPa−1 – 10 − 100 kPa MEMS chip [43]
Pressure sensor Graphene 5.51 ×  10−5  kPa−1 – 0 − 20 MPa MEMS chip [273]
Strain sensor Graphene -  ~ 4/7 ms 0 − 1.6% 8 × 8 array [276]
Photodetector MoS2 119.16 A  W−1 44/41 ms 405, 532, 638 nm 8 × 8 array [279]
Photodetector PtTe2/graphene ∼0.52 A  W−1 ∼8.4 μs 405–1850 nm wafer-scale [281]
Photodetector MoS2 5.2 ×  104 A  W−1 50 ms 638, 532, 405, and 852 nm wafer-scale [282]
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Fig. 15  Temperature, pressure, and strain sensors based on 2D materials. a Optical microscope image of single-material graphene thermocouples show-
ing the measurement configuration. Reproduced with permission [225]. Copyright (2020), Wiley–VCH. b Scanning electron microscopy image of the 
on-chip integrated graphene thermometer. Reproduced with permission [227]. Copyright (2023), American Chemical Society. c Optical images of the 
flexible substrate with  MoS2 temperature sensor arrays, and sensor response upon pulsed actuation with the heater. Reproduced with permission [228]. 
Copyright (2022), American Chemical Society. d Schematic illustration of the fully integrated active-matrix  MoS2 tactile sensor array, circuit diagram, 
and optical micrograph of thin-film transistor enabled single pressure gauge unit. Reproduced with permission [229]. Copyright (2019), American Chemi-
cal Society. e Active-matrix pressure sensors based on air-dielectric  mos2 transistors for wide detection ranges from footsteps to cellular motions. Repro-
duced with permission [230]. Copyright (2020), American Chemical Society. f Optical image of the sensor chip based on double-layer graphene/PMMA 
membranes and Ti/Au electrodes. g Readout circuitry PCB board and the red circle indicates the pressure sensor chip. Reproduced with permission [231]. 
Copyright (2020), Nature Publishing Group. h Optical image of strain sensors with an 8 × 8 device array and measurement of the electric response on 
applying finger touching. Reproduced with permission [235]. Copyright (2015), American Chemical Society. i Schematic illustration of the structure of 
pressure sensor arrays based on the photo-reticulated strain localization films, and optical photographs of sensor arrays attached on palm. Reproduced 
with permission [236]. Copyright (2023), Nature Publishing Group
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commercialization potential. By combing active-matrix 
arrays of pressure-sensitive  MoS2 FETs with air dielec-
trics and mechanoluminescent layers [230], as exhibited 
in Fig. 15e, the fully integrated chip tactfully achieved 
high sensitivity in the detectable range of pressure from 
70 Pa to 5 MPa. With this air-dielectric structure, pres-
sure-sensitive FETs will have a low hysteresis and a high 
transconductance to improve their reliability and response 
time, providing the new approach toward next-generation 
biomachine interface.

Despite extensive research into pressure sensors using 2D 
materials, the lifetime of the devices is still extremely short 
due to the lack of protection of the 2D materials. Hence, 
highly hermetic, low-cost packaging technology is neces-
sary to achieve increased range and stability of 2D material 
pressure sensors. Šiškins et al. reported sensitive capacitive 
pressure sensors using arrays of nearly 10,000 double-layer 
graphene (DLG) membranes [231], as shown in Fig. 15f. 
Sensors are packaged in a small vacuum chamber onboard, 
integrated with chip-scale electronic components, and pow-
ered by batteries (Fig. 15g). After optimizing the sensor ele-
ments, the chip layout and the readout electronics, resulting 
in a sensor responsivity of 47.8 aF  Pa−1  mm−2. Furthermore, 
the combination of silicon nitride [232], boron nitride and 
the Au/Sn eutectic bonding technology [233] can effectively 
protect the 2D material and improve its stability under high 
temperature or humid environments.

6.1.3  Strain Sensors

The work of most strain sensors relies on the piezoresistive 
effect, which are changes in the resistivity of semiconductors 
upon mechanical strain. Compared with conventional bulk 
materials, 2D materials undergo greater strain engineering 
due to their inherent mechanical strength [234]. However, a 
single 2D material stress sensor cannot perform the meas-
urement task in certain application scenarios, such as pres-
sure distribution measurements on flat or curved surfaces. A 
strain sensor chip composed of many stress sensor units and 
processing circuits arranged reasonably can achieve relevant 
functions and has the advantages of high resolution and high 
integration. The piezoresistive property of nanographene 
films can be modulated by the density and lateral dimen-
sions of the quasi-continuous nanographene film [235]. This 
integrated array of graphene e-skin construct has the ability 

to measure the surface strain distribution of thin films in 
real time, as shown in Fig. 15h. Zhang et al. demonstrated 
the ultralow crosstalk sensor array using the photo-reticu-
lated strain localization films [236]. The unique sandwich 
structure not only ensures that the stacked structure will not 
separate but also provides physical isolation for the pressure 
sensor even in the bent state (Fig. 15i).

6.1.4  Optical Sensors

2D materials exhibit optoelectronic properties, physical 
properties, and controlled quantum properties of 2D systems 
beyond those of conventional semiconductors due to the 
atomic-level limitations of the longitudinal scale. In addi-
tion, the growth, transfer and patterning processes for large-
area, high-quality 2D materials have become increasingly 
mature [237], making them ideal for fabricating miniature 
high-performance optical sensor chips. The major categories 
of operation mechanisms in 2D photodetectors are photo-
voltaic effect, photoconductive effect, photogating effect, 
photothermoelectric effect, and bolometric effect. Although 
different detection mechanisms have been reported for 2D 
photodetectors, their performance can still be judged by the 
main figures-of-merit, such as photoresponsivity, external 
quantum efficiency, specific detectivity, response time, opti-
cal bandwidth, and so on.

At present, significant research progress has been made 
in photodetectors based on 2D materials. However, the cur-
rent system composed of discrete devices has problems with 
high noise, high losses, and narrow bandwidth. Therefore, 
in order to adapt to the rapid development of high-capac-
ity and high-speed optical systems, optoelectronic devices 
should develop toward low dimensionality, miniaturization, 
and integration. The incorporation of  MoS2 switching tran-
sistors and  MoS2 phototransistors in an active pixel image 
sensor array, achieved through a two-step large-area growth 
process, presented a promising approach [238], as shown 
in Fig. 16a. The transparent top-gate electrodes avoid the 
shading of the photosensitive area by the traditional top 
gate and improves the responsiveness of the photodetector 
(119.16 A  W−1). The opaque top-gate switching transistors 
enable individual control of 64 pixels (Fig. 16b), facilitat-
ing the use of 2D material photodetector chips in next-gen-
eration image detection applications. The latest generation 
of intelligent photodetector chips possess the capability to 
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perceive and process visual information within a single unit, 
thereby eliminating the need for redundant data transmission 
[239]. The monolithic vision enhancement chip, illustrated 
in Fig. 16c, with a resolution of 619 pixels, encompasses 
multiple functionalities including optical sensing, storage, 
and processing. Notably, the  MoS2 analog processing circuit 
enables dynamic adjustment of photocurrent to align with 
the characteristics exhibited by human retinal neurons.

Due to the low absorption of light by single-layer 2D 
materials, the photoresponsivity of photodetectors based 
on single-layer 2D materials is often not high enough. 

Constructing 2D material heterojunctions is a major method 
to improve the overall performance of photodetectors. Fig-
ure 16d illustrates a wafer-scale photodetector based on 
 PtTe2/graphene heterostructure by a directly tellurizing plati-
num film in a furnace [240]. This photodetector exhibited 
excellent photodetection performances including high D* 
(~ 2.58 ×  1010 jones) and a fast response time of ∼8.4 μs. Fig-
ure 16e exhibits a wafer-scale nanoporous active pixel image 
sensor matrix with  MoS2 phototransistors and indium–gal-
lium–zinc oxide (IGZO) switching transistors [241]. Nanop-
orous bilayer  MoS2 was exposed to edges that resulted in the 

Fig. 16  2D material-based optical sensors. a Schematic illustration of an 8 × 8 image sensor array based on bilayer  MoS2 composed of opaque 
Ti/Au electrodes switching transistor and transparent IZO electrodes phototransistor. b Photograph of the 8 × 8 image sensor array based on 
bilayer  MoS2 and a pixel circuit diagram of proposed image sensor array. Reproduced with permission [238]. Copyright (2020), Nature Pub-
lishing Group. c Optical microscopic image and zoom-in image of a fabricated artificial machine vision enhancement  MoS2 chip on a sapphire 
substrate. Reproduced with permission [239]. Copyright (2022), American Association for the Advancement of Science. d Large-scale  PtTe2/
graphene photodetectors on a 4-inch wafer. Reproduced with permission [240]. Copyright (2022), American Chemical Society. e Wafer-Scale 
nanoporous  MoS2 active-matrix image sensor array on 4-inch Si/SiO2 wafer and cross-sectional view of one pixel. Reproduced with permission 
[241]. Copyright (2023), Wiley–VCH. f Optical images of the fully integrated 8 × 8 crossbar array of crypto engines, a representative crypto 
engine with five  MoS2 memtransistors, and an individual  MoS2 memtransistor. Reproduced with permission [208]. Copyright (2022), Nature 
Publishing Group



 Nano-Micro Lett.          (2024) 16:119   119  Page 40 of 96

https://doi.org/10.1007/s40820-023-01273-5© The authors

development of subgap states, which were associated with 
photogating to achieve an extremely high photoresponsiv-
ity of 5.2 ×  104 A  W−1. In the era of IoT, besides enhancing 
sensor performance, ensuring the security of sensor infor-
mation is also crucial. Hence, it is necessary to develop a 
photoelectric sensor chip with on-chip encryption capability. 
The integration of crypto engines with  MoS2-based image 
sensors (Fig. 16f) enabled perception, storage, and protec-
tion of information while minimizing hardware investment 
and average power consumption [208].

The majority of current optical sensor chips mostly 
detect information such as the frequency and amplitude of 
light. The existing technology has great limitations when 
the detection target is close to the radiation signal of the 
background. The detection of polarization can enhance the 
identification of the target by increasing the amount of infor-
mation to seven dimensions, thereby improving its preci-
sion and accuracy. The conventional polarization detection 
system is intricate and exhibits a low response rate, which 
does not align with the current trend of high performance 
and integration. The emergence and continuous advance-
ment of anisotropic 2D materials is anticipated to address 
the issue of polarization-sensitive detection [242]. Moreover, 
the polarization of isotropic 2D materials can be detected 
through the formation of heterojunctions or rolled-up tubular 
structures [243]. Further, to address the drawbacks of low 
yield by conventional wet-etching methods in self-assembly 
techniques, a meticulously controlled dry-release approach 
was devised on a large-scale wafer platform [244].

6.2  Chemical Sensors

The function of chemical sensors is to convert chemical 
quantities, such as the composition and concentration of 
chemical substances, into electrical quantities. The enor-
mous specific surface area of 2D materials enhances the 
intermolecular interactions, thus enabling highly sensitive 
detection of ultralow concentration analytes. Moreover, 
2D materials have a strong surface chemistry that could 
be improved with chemical functionalization or defect 
engineering to increase their selectivity for target detec-
tion objects. Over the past decade, an increasing number 
of experimental strategies have integrated multifunctional 
2D materials with unique analyte recognition properties into 

miniaturized chips for the simultaneous detection of target 
analytes.

6.2.1  Gas Sensors

Rapid economic development brings a large amount of 
greenhouse gases and toxic gas emissions, which seriously 
threaten the natural environment and human health. The 
emergence of gas sensors has largely solved the problem of 
monitoring low concentrations of toxic and hazardous gases. 
Materials science and nanotechnology have contributed sub-
stantially to the advancement of gas sensor technology, striv-
ing to meet future sensor requirements. Room-temperature 
gas-sensitive technology based on 2D materials has received 
widespread attention in building high-density, low-power, 
and high-sensitivity gas-sensitive devices [245]. The  MoS2 
gas-sensitive thin-film transistor (TFT) manufactured over 
a large area exhibited excellent consistency and achieved 
independent control [246], as shown in Fig. 17a. Using the 
principle of reduced conductivity of  NO2 adsorbed on the 
 MoS2 surface, the gas sensor achieves ultrahigh sensitivity 
detection over a wide detection range of 1 to 256 ppm. With-
out the constraints of van der Waals interactions between 
graphene and the substrate surface, suspended graphene 
technology can significantly improve the gas detection sen-
sitivity [247], as exhibited in Fig. 17b. The integration of 
CMOS and 2D materials is a feasible method for achieving 
low-cost and low-power gas sensor chips [248], as illustrated 
in Fig. 17c. The graphene gas sensor uses a metal through-
hole connected to a CMOS readout circuit to enable the 
detection of  NO2 and  NH3, where the gas molecular inter-
actions on the surface of the graphene sensor are read as 
delay-sensitive output frequencies.

6.2.2  pH Sensors

The pH sensor detects the concentration of hydrogen ions in 
the measured substance and converts it into a corresponding 
usable output signal, usually consisting of a chemical part 
and a signal transmission part. The classic modern commer-
cial pH sensors measure the potential difference and moni-
tor the hydrogen ion concentration in the measured solution 
utilizing a reference electrode and a target electrode. This 
method is highly mature in detecting hydrogen ion con-
centration, but its large volume and high demand for test 
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samples greatly limit its application in certain scenarios. 2D 
materials are emerging candidates for pH sensor chips due 
to their high sensitivity properties and atomic layer thick-
ness. Feng et al. present an all-solid pH sensor based on the 
monolayer  MoS2 FET array integrated on a PCB [249], as 
shown in Fig. 18a. The acid solution is dropped onto the 
exposed monolayer  MoS2 surface in the channel during the 
test and the source leakage current is observed by provid-
ing the gate voltage through an external PCB circuit. The 
device has an ultra-wide detection range and selectivity for 
different acid solutions, including the  H3PO4, HCl,  HNO3, 
 CH3COOH,  H2SO4, and  NH3·H2O solutions (Fig. 18b). To 
further improve portability and integration, combining 2D 
materials with microfluidic structures in MEMS processes 

[250] or CMOS readout circuits [251] is also a valuable 
approach.

6.2.3  Metal Ion Sensors

Heavy metals refer to densities greater than 4.5 g  cm−3 
metals with a specific gravity greater than 5, including 
plumbum (Pb), mercury (Hg), cadmium (Cd), chromium 
(Cr), and metal like arsenic (As) with biological toxicity. 
These heavy metals are tough to biodegrade, but instead 
they can be enriched through the food chain and will inevi-
tably pose a threat to humans and ecosystems. Heavy metals 
can be inactivated in the body by strong interactions with 
proteins and enzymes and can also accumulate in some 
organs of the body causing chronic toxicity. Therefore, 

Fig. 17  2D material-based gas sensor. a Morphology and performance of  MoS2 TFTs-based gas sensor active-matrix. Reproduced with per-
mission [246]. Copyright (2020), Nature Publishing Group. b Optical images of die, chips and a sensor chip wire bonded into a 16-pin DIL 
ceramic package. Reproduced with permission [247]. Copyright (2021), IOP Publishing Ltd. c Illustration of CMOS readout circuit and gra-
phene chemiresistive sensor junctions and measured output. Reproduced with permission [248]. Copyright (2017), Nature Publishing Group
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establishing efficient heavy metal ion detection technology 
is of great significance for ecological environment protec-
tion, industrial wastewater treatment, and food health detec-
tion. Atomically thin 2D layered material can detect various 

metal ions through electrical interactions and adsorption, 
ushering in a new era of metal ion sensor chips. Integrated 
microfluidic channel is a common implementation method 
of liquid sensor chip [252], as illustrated in Fig. 18c. The 

Fig. 18  Ion sensors based on 2D materials. a Optical image of the integrated pH sensors based on  MoS2 and the array devices with the added 
solution. b Selectivity of the integrated pH sensors based on  MoS2 for detecting different pH solutions. Reproduced with permission [249]. Cop-
yright (2021), American Chemical Society. c Structural illustration of a multilayered array microdevice based on the solid-phase extraction unit 
and graphene oxide quantum dot. d Optical image of the assembled microdevice. Reproduced with permission [252]. Copyright (2019), Elsevier. 
e Scheme and image of LOC device for heavy-metal preconcentration. Reproduced with permission [253]. Copyright (2017), American Chemi-
cal Society. f Schematic of the integrated sensor based on graphene transistor arrays. g Optical photograph of the measurement system and the 
sensor array. Reproduced with permission [254]. Copyright (2022), Nature Publishing Group
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device selectively separates target metal ions  (As3+,  Cd2+, and 
 Pb2+) through microchannel structures, through-holes and 
cation exchange resins, and then automatically transfers them 
to array sensors for quantitative analysis (Fig. 18d). The entire 
process can be automated by driving pneumatic micro-pumps 
sequentially. Chałupniak et al. constructed a heavy metal ion 
sensor chip based on a novel graphene oxide–polydimethylsilox-
ane composite [253], as shown in Fig. 18e. The hydrophilicity 
of graphite oxide and functional groups including negatively 
charged oxygen atoms promote the combination with metal 
ions, realizing lead ion detection below the limit of detection 
(0.5 ppb). In addition, the adsorption/desorption cycle does 
not lose adsorption capacity, increasing device availability and 
reliability. The integration of sensing units, high-speed read-
out electronic devices and machine learning model [254], as 
illustrated in Fig. 18f, facilitated the advancement of real-time 
high-accuracy ion sensing. The sensor platform achieves high 
sensitivity, reversible and real-time response to  K+,  Na+, and 
 Ca2+ in complex solutions and uses multidimensional informa-
tion to train models to enhance the functionality and accuracy 
of the sensing system.

6.3  Biological Sensors

Biological sensors detect and identify chemical components 
in living organisms by using the properties of various bio-
logical or biological substances. The high density of active 
sites on the surface of 2D materials promotes interaction 
with target objects and facilitates immobilization with other 
recognition elements, such as antibodies and single-stranded 
DNA [255]. More notably, the defects caused by the growth 
of 2D materials are likely to provide more binding sites, 
which is expected to overcome the growth challenge and 
achieve faster commercialization of 2D material sensor 
chips. According to the types of molecular recognition ele-
ments, biological sensors are classified into nucleic acid sen-
sors, immunological sensors, microbial sensors, and so on.

6.3.1  Nucleic Acid Sensors

Nucleic acids serve as genetic information carriers and the 
fundamental material for gene expression, possessing a 
plethora of unique and intriguing properties such as biocom-
patibility, programmability, functionalization, and molecular 
recognition. The correlation between nucleic acid structure 

and function constitutes a crucial foundation for clinical 
diagnosis while also holding great significance in the fields 
of species genetics research, medical diagnosis, and gene 
variation studies [256]. Nucleic acid sensors utilize nucleic 
acids (DNA, RNA) as recognition elements to initiate a 
cascade of biochemical reactions through highly specific 
binding with target substances, achieving high sensitivity 
detection and cell imaging via conformational changes or 
signal amplification strategies. Nucleic acids, as recogni-
tion elements for sensor arrays, offer numerous advantages 
such as virtually limitless sequence options composed of 
four nucleotide bases and different lengths, high purity and 
cost-effective chemical synthesis, and extensive interac-
tions with other functional materials [257]. The ultrathin 
nature of the 2D material creates a large surface area in 
the vertical direction and quantum confinement, providing 
active sites for DNA or RNA immobilization and efficient 
detection [258]. Electrochemical biosensor chips with gold 
microelectrode arrays (working electrode), platinum refer-
ence and counter electrodes could be employed for the detec-
tion of DNA hybridization [22]. Wafer-scale microelectrode 
arrays with higher current density, faster quality transmis-
sion, and lower detection limits were manufactured through 
photolithography technology and then covered with DNA 
functionalized graphene, as shown in Fig. 19a. This sensor 
can detect the concentration of completely complementary 
DNA within the range of 5 pM to 5 nM. The single-layer 
graphene FET chip could also connect with a miniaturized 
reader to form a nucleic acid sensor for grape variety rec-
ognition [258], as exhibited in Fig. 19b. The chip adopts a 
unique electrode structure, with every 20 GFETs sharing a 
common gate electrode and every 10 GFETs having a com-
mon source electrode, realizing a dual-gate control structure 
(Fig. 19c). The sensor shows a wide dynamic range of 1 aM 
to 0.1 nM and an attomolar detection limit of ~ 0.19 aM, 
thus presenting a promising avenue for the development of 
decentralized analytical tools. In Fig. 19d, GFET modified 
with peptide nucleic acid shows a remarkable sequence-
specific binding affinity to the target DNA and achieves an 
excellent detection sensitivity up to 10 fM [259]. In addi-
tion to their application in DNA detection, nucleic acid 
aptamer sensors are able to detect RNA viruses, specifically 
COVID-19. Biofunctionalization is achieved by depositing 
a connecting molecule (1-pyrenebutanoic acid succinimidyl 
ester, PBASE) on a GFET device, followed by depositing an 
adapter with SARS-CoV-2 spike protein [260], as depicted 
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in Fig. 19e. The sensor adopts a self-made portable readout 
electronic unit, achieving high selectivity, high sensitivity, 
fast and stable detection.

6.3.2  Immunological Sensors

Diseases such as cancer pose a challenge for early detection 
and have a low cure rate in advanced stages, resulting in high 

mortality rates. Therefore, the development of highly spe-
cific and cost-effective detection methods holds significant 
research value for the timely diagnosis of complex cases. 
Immunological sensors employ highly specific non-cova-
lent interactions between antibodies and antigens, including 
hydrogen bonds, electrostatic forces, van der Waals forces, 
and hydrophobic forces to capture and identify target mol-
ecules. The detected substance concentration is then con-
verted into electrical signals. Graphene-like materials have 
garnered significant attention as transduction elements 

Fig. 19  2D material-based nucleic acid sensors. a Photograph of the 200-mm full wafer with the graphene-based electrochemical chips for the 
detection of DNA hybridization. Reproduced with permission [22]. Copyright (2018), Elsevier. b Schematic illustration of DNA detection using 
a portable GFET chip. c Optical image of a ready-to-use GFET chip, layout, and the graphene channel on the chip. Reproduced with permission 
[258]. Copyright (2023), American Chemical Society. d Optical image of graphene field-effect transistor DNA biosensors fabricated on a 4-inch 
wafer. Reproduced with permission [259]. Copyright (2022), American Chemical Society. e Image of the graphene sensor array, the integrated 
on-chip sensor, and the PCB board with reader electronics for COVID-19 detection. Reproduced with permission [260]. Copyright (2022), Royal 
Society of Chemistry
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and support substrates in diverse biosensing technologies. 
Figure 20a displays a highly sensitive antibody-modified 
biomarker sensor chip fabricated by a wafer-scale rGO pat-
terning method [261]. The consistency of rGO devices was 
substantially improved by reducing the uniformly deposited 
GO layers using the meniscus-dragging deposition technique 
and reaction ion etching. The binding of antibodies to the 
target biomarker induces a change in electrical resistance 
that is sufficiently ultrasensitive for the sensor to be utilized 
in Alzheimer’s disease diagnosis. Similarly, immunosensors 
could also leverage the high-throughput and cost-effective-
ness of microfluidic chips. The integration of GO quantum 
dots onto a microfluidic chip enables the simultaneous detec-
tion of multiple biomarkers from at least 60 clinical samples 
within 40 min [262], as depicted in Fig. 20b. Besides, micro-
fluidic chips were also used to collect whole blood from 
non-metastatic non-small cell lung cancer patients before, 
during, and after radiation or chemoradiation to monitor the 
effect of radiation chemotherapy on the PD-L1 expression 
[263], as exhibited in Fig. 20c.

These novel bio-detection techniques cannot be 
restricted to academic research while neglecting practi-
cal applications. Goldsmith et al. validated and produced 
a digital biosensor based on graphene-enabled FET chip 
in commercial fabrication facilities [264], as depicted in 
Fig. 20d. This work enables the mass production of cost-
effective, low-power, portable digital biosensors that are 
expected to have a significant impact on healthcare, cut-
ting-edge life science research. Moreover, the COVID-19 
pandemic has also driven the rapid development of immu-
nosensors. Shahdeo et al. designed a graphene-based FET 
biosensor chip to detect SARS-CoV-2 Spike S1 antigen 
(Fig. 20e) [265]. Immunoassay was achieved by chemi-
cally immobilizing the anti-peak S1 antibody (S1-AB) 
onto the surface of carboxy-functionalized graphene chan-
nels using carbodiimide. The device is bonded with gold 
wire on a ceramic chip carrier in order to develop a port-
able, miniaturized sensing platform, as shown in Fig. 20f.

6.3.3  Cell‑Based Sensors

Cell-based biosensors utilize live biological cells, whether 
fixed or unfixed, as sensitive components of the sensor 
to detect and gather information on the target analyte’s 

characteristics. Living cells possess multiple receptors and 
active substances that enable them to not only respond to 
specific stimuli under given conditions but also quantify 
a wide range of analytes with less effort and cost through 
biosensing [266]. For cellular sensors, graphene is an 
intriguing material due to its high carrier mobility and 
remarkable sensitivity toward changes in liquid environ-
ments. Wang et al. reported a cell-based biosensor con-
sisting of graphene and optogenetically engineered cell to 
pharmacodynamic evaluation of anticancer drugs [267]. 
The photoinduced incremental mode of transistor out-
put current exhibits significant alterations in response to 
drug treatment, providing a qualitative indication of the 
impact of anticancer agents on cellular function. Despite 
some progress has been achieved in the exploration of 
2D material-based cellular sensors, effectively integrat-
ing such living sensors with ICs while preserving their 
original biological functions remains a formidable chal-
lenge. Simultaneously, there exist problems that must be 
addressed to ensure the practical applicability of cell-based 
biosensors. Cells require specific conditions for storage, 
transportation, and experimentation (such as incubation 
conditions and nutrient availability) to ensure their stabil-
ity and functionality at all time [268]. Culturing biological 
cells directly on a chip through biocompatible technol-
ogy might be an effective solution [269], and recording 
intracellular voltages through precise current and voltage 
control by IC technology, from a new understanding and 
exploration of how cell sensing works.

If 2D material sensor chips are to progress toward prac-
tical application, considerations must be given to quality, 
performance and cost factors. In Fig. 21, the existing and 
possible future solutions are comprehensively discussed 
with respect to three aspects: sensor performance, chip fab-
rication, and data processing. In general, the overall quality 
of a sensor chip is largely determined by the performance 
of its individual sensors. Depending on the testing condi-
tions, the sensor performance could be divided into basic, 
static and dynamic performance. Basic performance refers to 
the basic ability of sensors to sense changes in the environ-
ment and objects, including accuracy, stability, reliability, 
and bandwidth. Stability and reliability entail the ability 
of a device to function consistently and dependably in a 
dynamic environment, necessitating robust environmental 
adaptability from the sensor. However, 2D materials such 
as BP, silicene, and germanene are susceptible to oxidation 
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Fig. 20  Immunological sensors based on 2D materials. a Schematic of wafer-scale fabricated rGO biosensors for detecting low concentration 
biomarkers. Reproduced with permission [261]. Copyright (2016), Nature Publishing Group. b Schematic structure of integrated microfluidic 
biosensing platform based on graphene oxide quantum dots. Reproduced with permission [262]. Copyright (2021), Nature Publishing Group. c 
Applications of the GO chip within the microfluidic chamber for measuring PD-L1 expression in circulating tumor cells. Reproduced with per-
mission [263]. Copyright (2019), Nature Publishing Group. d Diagram of the foundry fabricated graphene sensor architecture, an entire sensor 
surface and picture of the complete biosensor. Reproduced with permission [264]. Copyright (2019), Nature Publishing Group. e Schematic of 
graphene-based field-effect transistor for ultrasensitive immunosensing. f Optical image of graphene-based field-effect transistor after bonding 
on a ceramic chip carrier. Reproduced with permission [265]. Copyright (2022), American Chemical Society
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and do not exist stably in air, so they are more difficult to 
be used in sensors. The utilization of effective passivation 
strategies [270], vacuum protection, and ion modification is 
anticipated to resolve the critical issue of severe destabiliza-
tion of 2D materials in ambient air or harsh environments.

Static performance refers to the ability of a sensor to be 
accurately measured under static conditions, encompass-
ing factors such as sensitivity, linearity, hysteresis, resolu-
tion, etc. Sensitivity is one of the most critical performance 
indicators for sensors. High sensitivity enables accurate 
detection of small changes in the measured physical quan-
tity, thereby reducing system errors and biases. Dynamic 
performance reflects the performance of the sensor under 
rapidly changing conditions, mainly including response 
time and frequency response, etc. The evaluation of differ-
ent sensor types should be based on their application sce-
narios and technical characteristics, with appropriate perfor-
mance metrics selected to ensure optimal results. The sensor 
design process often involves trade-offs between sensitivity, 
responsiveness, bandwidth, cost, and other factors. Increas-
ing accuracy and sensitivity may come at the expense of 

responsiveness or increase cost while reducing sensor size 
and power consumption can sacrifice signal-to-noise ratio 
and sensitivity. Refining the overall performance of devices 
through techniques such as micro-mechanical structure, 
strain engineering, defect engineering, and heterogeneous 
integration is a prevalent approach; however, each method 
has its own set of advantages and disadvantages. Therefore, 
when developing sensors, the relationship and trade-offs 
between the performance metrics need to be considered in 
relation to the actual application requirements in order to 
achieve the best performance in the final design. Therefore, 
in the development of sensors, it is crucial to consider the 
interplay and trade-offs among performance metrics vis-à-
vis actual application requirements for optimal performance 
in the final design.

Fabrication is a critical technology for the advancement of 
2D material sensor chips, encompassing wafer-scale growth 
and transfer of 2D materials, flexible preparation, packaging, 
and other essential processes. At present, the deposition and 
growth techniques of 2D materials can be applied to wafer 
scale, but defects and pollution do not yet meet the needs of 

Fig. 21  Overview of key objectives in technology of 2D materials sensors chip. Reproduced with permission [43]. Copyright (2020), American 
Chemical Society. Reproduced with permission [271, 273]. Copyright (2021), (2022), Wiley–VCH. Reproduced with permission [274]. Copy-
right (2017), Nature Publishing Group
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large-scale production. The transfer technology circumvents 
the deleterious effects of high-temperature environments 
on chip synthesis for producing high-quality 2D materials. 
However, issues such as cracks, contamination, and wrinkles 
that arise during the transfer process can compromise sensor 
performance, thereby rendering preservation of large-area 
transfers a formidable challenge [271]. Moreover, sensor 
chips encounter challenges such as contamination, contact 
issues, and limited flexibility of 2D materials due to conven-
tional lithography or deposition techniques [272]. The devel-
opment of more advanced process technologies is imperative 
for addressing the challenges in manufacturing. The sur-
face tension of supercritical fluid drying technology is zero, 
which will not cause pattern collapse, and can significantly 
improve the cleaning and drying ability of existing MEMS 
systems. The one-step lithography technology of micron 
scale double-layer composite structure has the advantages of 
simple preparation, low cost, and high machining accuracy, 
which can be applied to the fields of MEMS, optoelectronic 
chips, microfluidic chips, biochips and so on.

The output signals of sensors are often characterized by 
small amplitudes and complex waveforms, necessitating the 
utilization of signal processing technologies to enhance the 
signal-to-noise ratio, mitigate noise interference, optimize 
signal features, and ultimately enable accurate measurement 
of physical quantities. Due to the limitations of the 2D mate-
rial growth process, ensuring uniformity across the sensor 
array becomes a challenge as it cannot guarantee identical 
performance for each individual sensor. The noise generated 
by the readout circuit itself and the influence of external 
temperature can present significant challenges in accurately 
capturing the sensing signal, thereby underscoring the criti-
cality of the sensor chip’s signal readout process. With the 
advancement of 2D material sensor chips with record high 
resolution per unit area, this inevitably results in the continu-
ous reduction of individual device size and spacing, lead-
ing to increased crosstalk between devices during the signal 
readout session. Enhanced filtering and coding techniques 
may effectively address the issue of crosstalk, albeit at the 
expense of heightened system complexity. Active-matrix 
design or the utilization of FET structure sensors, which 
control the switching of individual devices to solve cross-
talk issues [230], can be complemented by adding isola-
tion layers that shield electromagnetic signals. Ensuring the 
accuracy and readout speed of the signal while considering 

cost, power consumption, and area is a pivotal concern in 
designing signal readout circuits.

The incorporation of artificial intelligence and machine 
learning into system design represents a significant trend 
in signal processing on sensor chips. Technologies such as 
denoising and neural networks are being integrated closer 
to the sensor in order to enhance the signal processing and 
decision-making capabilities of sensors. As sensor chips 
continue to increase in scale, the discrete architecture will 
face a significant challenge in terms of data storage and 
transmission. The sensing-storage-computing architecture 
is a cutting-edge integration of in-deposit computing and 
sensing, representing one of the leading big data sensing 
chip architectures for the future. In general, signal process-
ing circuits are evolving toward higher levels of integration, 
precision, energy efficiency and intelligence. The integra-
tion of peripheral auxiliary circuits, such as bias circuits and 
analog-to-digital converter circuits, into the readout circuit 
array can enhance chip integration while improving the sen-
sor’s anti-interference capability. The adoption of low power 
consumption can effectively mitigate the energy usage of 
the sensor chip, aligning it more closely with the inevitable 
trend toward miniaturization. Excessive power consump-
tion not only results in significant resource wastage but also 
elevates the temperature of the sensor chip, thereby compro-
mising the accuracy of signal acquisition by the sensor chip. 
The intelligent sensing system not only satisfies the user’s 
requirements for sensor accuracy but also expands the range 
of applications for sensor chips and application scenarios.

Due to the limited progress in the development of 2D 
material analog and digital ICs, independent development 
of 2D material sensor chips without silicon and other mate-
rials is not yet feasible. Therefore, the development of 2D 
material sensor chips should not be a complete replacement 
for traditional bulk materials, but should fully utilize the 
unique properties of 2D materials such as interlayer excitons, 
topological properties, rich quantum degrees of freedom, 
twist angles, etc. Moreover, the feature of integrated sim-
ply should be fully utilized to explore novel physical effects 
by modulating the electronic structure of the 2D materials. 
One kind of integration is the direct stacking of different 
2D materials or stacking and rotation of the same 2D mate-
rial constitutes a van der Waals heterojunction, which can 
achieve the modulation of its energy band structure and 
physical properties by using the interfacial coupling between 
the layers. Another kind of integration is with silicon-based 
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chips or other sensitive materials to improve the comprehen-
sive performance of the device. Continuously research and 
explore toward high sensitivity, fast response speed, multi-
dimensionality, wide range, high integration, and combin-
ing with neural network to break through the bottleneck of 
traditional sensing architecture, thus complementing and 
developing together with the classical silicon-based chip.

7  2D AI Chips

In the era of big data, human society is facing a contradic-
tion between the growing demand for AI and insufficient 
computing power. Modern computing systems are powered 
by the von Neumann architecture. The current von Neu-
mann architecture with physically separated computing 
and memory units has two serious problems, memory wall 
and power wall [275, 276]. Processors spend most of their 
time and energy moving data. To solve these issues, the 
development of next-generation computing technologies 
becomes more urgent than ever. Memristors with reconfig-
urable history-dependent resistive switching (RS) behavior 
show great promise for mimicking biological synapses, 
which are important components of the human brain. The 
human brain is made up of approximately  1012 neurons 
and  1015 synapses [277]. By organizing these neurons 
and synapses, a complex information processing neural 
network is formed. Notably, in the human brain, informa-
tion storage and calculation are in the same place, and the 
energy budget is within 20W [278]. Inspired by the human 
brain, a new computing architecture named neuromorphic 
computing or brain-inspired computing has been proposed 
[278]. Perception is the window between AI and the real 
world. As terminals of the Internet of Things, sensors play 
an indispensable role in acquiring external data, through 
which intelligent tasks such as inference, learning, and 
decision-making can be fulfilled. Although sensors have 
made great progress in terms of sensitivity and device size, 
the way to respond to external changes is mainly passive 
mode, that is, collecting a large amount of redundant data 
and transmitting it to remote computing platforms, such as 
cloud servers for further processing. This mode produces 
excessive time delay and energy consumption, ultimately 
reducing the time and energy efficiency of the perception 
system. To solve these problems, the fusion of sensor, 
memory, and processor is becoming a new trend in the 

era of Artificial Intelligence of Things (AIoT) [279]. In 
conclusion, as the architecture of choice for future artifi-
cial intelligence systems, the ideas of in-memory and in-
sensor-computing paradigms based on non-von Neumann 
architectures possess broad application prospects such as 
neuromorphic computing and sensor-memory-processor 
fusion systems [279]. In this field of research, various 
materials are widely explored. Among them, 2D mate-
rials have attracted special attention due to their unique 
structures and diverse physical properties. It is necessary 
to emphasize that the atomic-scale thickness of 2D mate-
rials provides great advantages for realizing high-density 
integration and fast response processing of artificial synap-
tic devices. In this section, we will first present the recent 
process of 2D ICs for in-memory computing and in-sensor 
computing. The past milestones of in-memory computing 
and in-sensor computing and the important breakthroughs 
of 2D materials in this field are given in Fig. 22. Subse-
quently, we also go deep into the challenges and future 
development directions of 2D ICs for in-memory and in-
sensor computing.

7.1  2D ICs for In‑Memory Computing

With the vigorous development of AI, the traditional 
von Neumann computing architecture is encountering 
a bottleneck due to the separation of memory and com-
puting units. In-memory computing technology, where 
calculations are carried out in situ within each memory 
unit, has been extensively studied to achieve hardware 
breakthroughs. Among various candidate materials, 2D 
materials have many unique physical properties such as 
atomic-scale thickness and excellent electrical properties, 
thus exhibiting great potential to realize artificial syn-
apses with fast switching, low power consumption, and 
high integration density [297, 298]. Here, recent advances 
in 2D material-based synaptic devices and arrays for in-
memory computing are reviewed.

7.1.1  2D Material‑Based Electrical Synaptic Devices

Efficient artificial synapses are an important cornerstone 
of neuromorphic computing, as synapses are crucial for 
interconnecting neurons and realizing brain functions, 
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as shown in Fig. 23a [299]. To improve learning accu-
racy and energy efficiency of a hardware neural network 
(HW-NN), several synaptic characteristics are necessary. 
As shown in Fig. 23b, these desirable performance met-
rics include linear and symmetrical conductance update, 
large conductance maximum/minimum ratio (colloquially 
called “dynamic range”), sufficient number of conduct-
ance states, high endurance and retention, small cycle-
to-cycle and device-to-device performance variations, 
and low energy consumption during updating of weight 
[300, 301]. It should be noted that many metrics are highly 
dependent on the application. For example, good endur-
ance is required for training, while retention is critical for 
inference [302].

Various 2D materials have been used to prepare artificial 
synaptic devices, which is the first step in the construction 
of artificial neural networks. These materials include gra-
phene [290, 303],  MoS2 [304, 305], h-BN [290, 291, 306], 
BP [307, 308], and 2D ferroelectric materials [309–312]. 
2D materials have the distinctive feature of atomic thick-
ness. For example, graphene and h-BN have one-atom-
thick layered structures, and TMDs have three-atom-thick 

layered structures [313]. Compared with bulk materials, 
2D materials are expected to build low-power synaptic 
devices due to their atomically thin nature [313, 314]. Spe-
cifically, the thinnest RS devices were fabricated by reduc-
ing the thickness of the switching medium to a monolayer 
using 2D materials [288, 315].

As shown in Fig. 23c–n, the device structure and switch-
ing mechanism of synaptic devices based on 2D materials 
are summarized. Depending on the number of terminals, 
2D material-based synaptic devices can be classified into 
two-terminal devices and three-terminal devices. According 
to the device geometry, the two-terminal synaptic devices 
can be divided into two groups, namely vertical-structure 
devices and lateral-structure devices. From the perspective 
of the type of material sandwiched between the top electrode 
and the bottom electrode, there are three cases of synaptic 
devices with vertical structure, including a single 2D mate-
rial, 2D–2D, and 2D–3D heterojunctions. These 2D mate-
rial-based synaptic devices have different mechanisms. In 
this part, we present recent progress in 2D material-based 
synaptic devices, including two-terminal and three-terminal 

Fig. 22  A roadmap for the evolution of memristor technology and the development of 2D materials for in-memory and in-sensor computing. 
The past milestones are illustrated [280–296]. Reproduced with permission [285, 288, 294]. Copyright (2015), (2018), (2022), American Chemi-
cal Society. Reproduced with permission [290, 292, 293, 295, 296]. Copyright (2019), (2020), (2022), (2023), (2023), Nature Publishing Group



Nano-Micro Lett.          (2024) 16:119  Page 51 of 96   119 

1 3

Fig. 23  a Schematic diagram of biological synapses. Reproduced with permission [299]. Copyright (2021), American Chemical Society. b Var-
ious synaptic characteristics of artificial synapses. Reproduced with permission [300]. Copyright (2020), American Chemical Society. c–g Dif-
ferent structures of artificial synaptic devices. h–n Several working mechanisms of artificial synaptic devices
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synaptic devices, and consider various underlying mecha-
nisms of synaptic devices.

Leon Chua stated: "All 2-terminal non-volatile memory 
devices based on resistance switching are memristors, 
regardless of the device material and physical operating 
mechanisms” [316]. The advantage of the compact two-ter-
minal structure is its ultimate scaling capability to construct 
synaptic crossbar arrays with the highest possible density 
[317–321]. For 2D materials-based two-terminal synaptic 
devices, the switching mechanisms include metal filament 
formation [322], vacancy migration [323], phase transition 
[324], and ferroelectric polarization [311].

As shown in Fig. 23h, in devices based on the metal fila-
ment formation mechanism, electrochemical reaction of 
metal electrode dominates the RS. The anode electrode 
requires an active metal (such as Ag or Cu), while the cath-
ode electrode is an inert metal (such as Pt) [325]. Mem-
ristors based on 2D materials in which the 2D material is 
sandwiched between top and bottom electrodes can provide 
opportunities to explore the limits of memristive perfor-
mance at atomic-scale interelectrode distances. In particular, 
they help push switching voltages to lower limits, which is 
often an important pursuit in synaptic devices research. Xu 
et al. reported a vertical synapse that sandwiches two  MoS2 
monolayers between an active Cu top electrode and an inert 
Au bottom electrode. The RS is due to the diffusion of Cu 
ions through the  MoS2 double layers to form atomic-scale 
filaments. Combining the atomic-scale thickness with the 
metal filament formation, this device exhibits the spike-tim-
ing dependent plasticity (STDP) with low switching voltages 
of 0.1–0.2 V, which is promising for low-power neuromor-
phic computing [322]. In addition to metal filament forma-
tion, another RS mechanism is based on vacancy migration, 
as shown in Fig. 23i. Unlike devices based on the metal 
filament formation mechanism, electrodes contribute less to 
the RS in devices based on the vacancy migration mecha-
nism. The two electrodes are usually made of inert metals. 
The vacancies in the RS layer play an important role in the 
switching process [325]. Yan et al. demonstrated a synaptic 
device with the Pd/WS2/Pt structure. The switching mecha-
nism of the device can be explained by the generation of sul-
fur and tungsten vacancies and the increase in the number of 
vacancies under an applied bias. The increase in the number 
of vacancies leads to the change of the gaps between vacan-
cies, which promotes the electron hopping among vacancies, 

thus causing the modulation of the conductance. The device 
exhibits fast ON (OFF) switching times of 13 ns (14 ns), 
a low programming current of 1 µA in the ON state, and 
SET (RESET) energy to the femtojoule level [323]. In the 
field of 2D phase engineering, TMDs have attracted much 
attention due to their polymorphism. TMDs exist in various 
crystalline phases, exhibiting semiconducting, semimetal-
lic, and metallic properties [324]. Zhang et al. developed 
a vertical 2H-MoTe2- and  Mo1−xWxTe2-based device, in 
which an electric-field-induced structural transition from a 
2H semiconducting to a distorted transient structure  (2Hd) 
and orthorhombic  Td conducting phase was achieved. The 
device exhibits repeatable RS within 10 ns between high and 
low resistance states. Furthermore, on/off current ratios of 
 106 with programming currents lower than 1 μA are achieved 
by using an  Al2O3/MoTe2 stack [324]. Recently, some syn-
aptic devices based on 2D ferroelectric materials have been 
reported. Compared with 3D perovskite oxides, the advan-
tage of 2D ferroelectric materials is that they can retain fer-
roelectric properties to the nanometer range. 2D ferroelec-
trics can be divided into in-plane ferroelectrics (SnSe, SnS), 
out-of-plane ferroelectrics  (CuInP2S6), and intercorrelated 
ferroelectrics  (In2Se3) [298]. Among these 2D ferroelectrics, 
α-In2Se3 shows promise in terms of high Curie temperature, 
high polarization, low coercive electric field, and dipole-
locked in-plane and out-of-plane polarization [311]. Zhang 
et al. reported a synaptic device based on α-In2Se3 that uti-
lizes the modulation of the Schottky barrier by ferroelectric 
polarization to achieve multiple analog conductance states.

Three-terminal synaptic devices generally utilize gate-
modulated channel conductance changes in transistor 
structures to achieve synaptic plasticity [317]. The gen-
eral structure of a three-terminal transistor-based synaptic 
device is illustrated, as shown in Fig. 23g. Compared with 
two-terminal synaptic devices, three-terminal transistor-
based synaptic devices are less compact. However, due to 
the multi-terminal feature, three-terminal synaptic devices 
provide another degree of freedom not only in structural 
design but also in read and write operation methods for 
modulation of synaptic properties [317]. 2D materials-based 
three-terminal synaptic devices can be categorized into the 
electrolyte-gated transistor [326], floating-gate transistor 
[327], and ferroelectric-gated transistor [312], according to 
different operating mechanisms.
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Electrolyte-gated synaptic transistors utilize the directional 
migration of mobile ions (such as  H+ and metal cations) in 
the electrolyte dielectric layer under the action of an applied 
electric field to adjust the channel conductivity of the device 
in an electrostatic or electrochemical manner, achieving 
synaptic weight update [328, 329]. The main advantage of 
2D materials as channel materials is the speed at which ions 
can redistribute in the channel following write pulses. It is 
much faster than 3D inorganic channel materials. Melianas 
et al. reported an ionic synaptic device based on proton inter-
calation into 2D titanium carbide  (Ti3C2Tx) MXene [326]. 
PVA–H2SO4 was used as the electrolyte for this device. 
Devices with channels consisting of six bilayers of  Ti3C2Tx/
TAPA have a read–write delay of only 1 µs. Furthermore, the 
area normalized switching energy was estimated to be only 80 
fJ µm−2, and this device exhibited good endurance of greater 
than  108 write–read events. By varying the pulses applied 
to the gate, floating-gate transistors can effectively modulate 
the electrons trapped by the floating gate to achieve modula-
tion of the channel conductance and thus the modulation of 
the synaptic weight. However, floating-gate transistors face 
some difficulties that need to be resolved. In order to solve the 
problem of high energy consumption caused by a large oper-
ating voltage, an extended graphene floating gate (FG) was 
proposed to improve gating efficiency, leading to an almost 
ideal subthreshold swing (77 mV  dec−1) and reduced drain 
bias and switching pulses required for stable memory opera-
tion. As a result, an energy consumption of ≈5 fJ per pulse for 
pulse widths of 1 µs was realized [327]. Ferroelectric-gated 
transistors can change the polarization state of the ferroelec-
tric material by applying a gate voltage, which can affect the 
channel conductance. The multi-domain polarization switch-
ing capability of ferroelectric materials enables ferroelectric-
gated transistors to achieve gradual modulation of channel 
conductance to record synaptic weight. 2D  WS2 possesses 
a thickness-dependent bandgap ranging from 1.3 (bulk) to 
2.05 (monolayer) eV, enabling transistors with large current 
on/off ratios. Chen et al. developed an artificial synapse using 
ferroelectric HZO/2D  WS2-based ferroelectric-gated transis-
tors. The ratio between the two current states associated with 
different voltage sweep directions of this synaptic transistor 
exceeded  105. Furthermore, it demonstrated a good ability to 
mimic various synaptic behaviors, including long-term poten-
tiation, long-term depression, spike amplitude-dependent 
plasticity, and spike rate-dependent plasticity [330].

7.1.2  2D Material‑Based Electrical Synaptic Arrays

In addition to advances in devices, recent advances in arrays 
will provide opportunities for further development in in-
memory computing. Due to the inherent flexibility of 2D 
materials, it is promising to utilize 2D material-based syn-
aptic devices and arrays to construct a flexible neuromorphic 
system. However, current memristor fabrication techniques 
(such as CVD) cannot be applied to flexible substrates due 
to the high temperature of CVD. Therefore, one solution to 
this problem is to prepare devices and arrays based on 2D 
materials using printing technology capable of low-tempera-
ture manufacturing. Feng et al. reported a fully printed 4 × 4 
crossbar  MoS2 memristor array on a flexible polyimide (PI) 
substrate, as shown in Fig. 24a.  MoS2 is printed as the RS 
medium at the intersection point between the orthogonal 
rows and columns of the silver (Ag) electrode, where they 
are used as "bit" lines and "word" lines, respectively [331]. 
Although much work based on the crossbar array architec-
ture has been demonstrated, a fundamental problem remains: 
with higher integration densities, sneak currents are playing 
an increasing role in array operations [290]. One of the solu-
tions to the above problem is a one-transistor one-resistor 
(1T1R) array. Wang et al. demonstrated 3D monolithically 
integrated two-level stacked 1T1R memory cells, in which 
h-BN was used to construct RRAM and  MoS2 transistors 
were utilized as stackable selector elements to reduce the 
sneak current path. As shown in Fig. 24b, the array archi-
tecture for matrix–vector multiplication utilizes 1T1R cells 
to reduce sneak current [306]. Although this 1T1R array can 
reduce the sneak current, it involves complicated processes. 
Therefore, there is a need for a novel device architecture 
with a self-selective memory function, along with ultralow 
sneak currents, high selectivity and speed, and reliability. 
As shown in Fig. 24c, Sun et al. demonstrated a novel cell, 
a self-selective van der Waals heterostructure, by construct-
ing a vertical structure of h-BN/graphene/h-BN between Ag 
and gold (Au) electrodes in a crossbar array structure. 2D 
materials (h-BN and graphene) play a unique role in this 
device. On the one hand, the strong in-plane atomic bonding 
of high-quality h-BN layers provides a platform for ultralow 
off-state current and endurance against high on-state current 
(0.3 mA). On the other hand, the strong in-plane atomic 
bonding of graphene effectively prevents the diffusion of 
Ag filaments, which can generate a voltage across the other 
h-BN layer without Ag. With the assistance of graphene, this 
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vdW heterostructure can exhibit both volatile and nonvola-
tile dynamics in one cell. Accordingly, this device exhibits a 
self-selectivity of  1010 with an on/off resistance ratio greater 
than  103 and an operating time constant of tens of nanosec-
onds. It can be seen from this paper that the design scheme 

of an array architecture is closely related to the working 
mechanism of the devices in it. This can provide some ideas 
for the innovation of array architecture design [290].

Various synaptic devices have been proposed to 
build hardware artificial neural networks for in-memory 

Fig. 24  a Schematic plot of the fully printed Ag/MoS2/Ag memristor in a 4 × 4 crossbar structure on flexible polyimide substrate. Reproduced 
with permission [331]. Copyright (2019), Wiley–VCH. b An array architecture for matrix–vector multiplication with 1T1R cells to reduce sneak 
current. c Schematic picture of the van der Waals heterostructure in the crossbar memory array architecture, differing from the traditional one-
selector one-resistor and complementary RS. Reproduced with permission [290]. Copyright (2019), Nature Publishing Group. d Circuits of 
a synaptic transistor-based crossbar array for matrix operations. e 3D schematic illustration of a 10 × 10  MoS2 memtransistor crossbar array. 
Reproduced with permission [305]. Copyright (2021), American Chemical Society. f Diagram of the dual-gated memtransistor crossbar array. g 
Circuit schematic of a 2T–1C cell containing storage and calculation modules. h Circuit diagram of the proposed 2T–1C cell array. i A typical 
diagram of a matrix convolution operation. j Neuromorphic network with three layers, each containing 400 input neurons, 20 hidden neurons, 
and 10 output neurons. k Recognition rate as a function of training epoch (0–100), using 4,000 images for training and 1,000 images for testing. 
l Color map showing trained weights are re-quantized to 4-bits. The size of the colormap is 20 × 200. Reproduced with permission [333]. Copy-
right (2021), Nature Publishing Group
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computing. In addition to the above-mentioned arrays 
integrating two-terminal synaptic devices, the progress of 
arrays integrating three-terminal synaptic devices will be 
introduced below. Electrolyte-gated transistors (EGTs) are 
a type of synaptic transistors. Yao et al. proposed an M × N 
crossbar array for matrix operations, in which the GDY/
MoS2-based EGT acts as the memory element and its chan-
nel conductance states are used as the weight update, as 
shown in Fig. 24d. Simulations for large digits show impres-
sive recognition accuracy (96%). Key to this excellent per-
formance is the high linearity and low noise of the device 
for current-controlled operation, which makes analog tuning 
very efficient [332]. Compared to 1T1R, the three-terminal 
unit is preferable because it is able to combine RS and selec-
tion functions into a single device without any footprint pen-
alty. However, for devices such as floating-gate transistors 
and ferroelectric-gated transistors, although they are three-
terminal devices, gate control still cannot provide additional 
selection functions to avoid crosstalk problems in adjacent 
cells. Feng et al. demonstrated a 10 × 10 self-selective cross-
bar array composed of three-terminal memtransistor unit 
cells with a dense cell size of 3 − 4.5  F2 on a continuous 
monolayer poly-MoS2 thin film. The left part of Fig. 24e 
schematically depicts the self-selective  MoS2 memtransis-
tor crossbar array architecture and its operating mechanism. 
A zoom-in schematic of two adjacent cells is shown in the 
right part of Fig. 24e, which share the same drain to reduce 
the number of BL to (M/2 + 1) in an M row × N column 
crossbar array. The multiply-and-accumulate operation 
was demonstrated experimentally through the memtran-
sistor crossbar array. The MNIST handwritten recognition 
task was simulated, and the pattern recognition accuracy 
reached 96.87% [305]. Different from two-terminal mem-
ristors and three-terminal single-gated memtransistors, the 
array of integrated four-terminal dual-gated memtransistors 
has its unique advantages. Dual gating allows addressability 
of individual nodes in the crossbar array without the sneak 
current and crosstalk issues that plague traditional memris-
tor crossbar architectures. When the two gate lines are in 
separate processing layers, the dual-gate design has the same 
footprint and scaling limitations as single-gated memtransis-
tors. Lee et al. fabricated dual-gated  MoS2 memtransistors 
on polycrystalline monolayer  MoS2 grown by CVD. The 
devices used a global bottom gate and a local top gate. A 
dual-gated memtransistor crossbar array was constructed 
from these devices, as shown in Fig. 24f. In a conventional 

crossbar array, the energy consumption is proportional to 
the size of the crossbar array due to sneak current issues. 
This dual-gated memtransistor crossbar array is expected 
to minimize this additional energy consumption by mini-
mizing sneak currents, thus providing a key advantage over 
conventional architectures. Another important advantage of 
dual-gated memtransistors is the decoupling of reading and 
writing operations [304].

The above describes different synaptic arrays based on 
non-volatile memory devices for in-memory computing. 
Although most non-volatile memories have the advantage 
of enabling multi-bit storage, they usually exhibit a stochas-
tic nature. This leads to a loss of learning accuracy in neural 
network applications. The limited endurance properties of 
these devices are not suitable for the frequent weight update 
process required for in-memory computing. On the other 
hand, volatile memory devices with higher programming 
speed and excellent endurance can also perform in-memory 
computing. However, in volatile memories, stored informa-
tion dissipates quickly and requires periodic refresh opera-
tions. Therefore, new units need to be explored and designed 
for in-memory computing. Wang et al. proposed a MAC 
circuit architecture in a 2T–1C configuration, which includes 
two  MoS2 FETs and one metal–insulator–metal capacitor. 
As shown in Fig. 24g, the circuit schematic diagram of this 
2T–1C cell includes two parts. The 1T–1C structure on the 
left constitutes a dynamic memory, where the  MoS2 FET is 
labeled  T1, and the  MoS2 FET  T2 on the right is used to 
complete the multiplication calculation. Due to the ultralow 
leakage current of the  MoS2 FETs, a voltage with 8-level (3 
bits) quantization can be stored on a capacitor with a reten-
tion time of more than 10 s, sufficient for additional complex 
operations. An array circuit based ona  MoS2 2T–1C unit cell 
is proposed to realize MAC operation in the circuit. The 
circuit diagram (Fig. 24h) corresponds to a MAC operation 
Y
m
=
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k=1

V
xk
×W

km
 (Fig. 24i). A fully connected neural net-

work (FNN) model with a 3-layer network was built for 
handwritten digit recognition, as shown in Fig. 24j. The rela-
tionship between recognition rate and training epoch can be 
seen from Fig. 24k. A color map of the trained weights after 
quantization to 16 levels is shown in Fig. 24l. These results 
show that two 2T–1C units are sufficient for a neuron to store 
a 4-bit quantized weight. This  MoS2 2T–1C circuit provides 
a promising research platform for in-memory computing and 
in situ training of neural networks [333].
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Neuromorphic computing enables efficient processing 
of data-intensive tasks but requires numerous artificial 
synapses and neurons for certain functions, which leads to 
bulky systems and energy challenges. Achieving function-
ality with fewer synapses and neurons will help simplify 
the neuromorphic system and further facilitate the increase 
of integration density and computability. Compared with 
CMOS synapses, 2D material-based synapse devices greatly 
reduce hardware overhead. For neuron devices, the high fir-
ing rate and process maturity make CMOS circuits excel-
lent candidates for artificial neurons. Given this, hybrid 
integration that combines the advantages of 2D synapses 
and CMOS neurons is attractive. Xue et al. demonstrated 
a hybrid neuromorphic hardware with 2D  MoS2 synaptic 
arrays and CMOS neural circuitry integrated onboard [334]. 
The synapse- and neuron-saving hybrid hardware exhibited a 
competitive 98.8% accuracy and 11.4 μW single recognition 
energy consumption.

7.2  2D ICs for In‑Sensor Computing

The above describes synaptic devices and arrays for energy-
efficient and high-performance in-memory computing. How-
ever, systems based on this computing paradigm are still 
affected when interfacing with edge sensors. Because the 
perception and processing units are separated, this creates 
a lot of energy, time, and wiring overhead [335]. Therefore, 
many efforts have been made to build a system that inte-
grates perception, storage, and computing functions, and this 
technology is called in-sensor computing or in-memory per-
ception [335, 336]. In this review, we refer to this comput-
ing paradigm by in-sensor computing. Compared with the 
traditional sensing system, the sensor-memory-computing 
fusion system based on the in-sensor computing paradigm 
has the advantages of low power consumption and low data 
delay [337].

Vision is the most important sense of the human body 
because more than 80% of the acquired information is 
obtained through the visual system [338]. Since machine 
vision techniques generate large amounts of data from sen-
sors, in-sensor computing systems that reduce unnecessary 
data transmission are expected to enable energy-efficient and 
fast visual cognitive processing [339]. Compared with the 
traditional bulk material system, 2D materials have inherent 
advantages in realizing optoelectronic synapses. First, 2D 

materials with atomic-level thickness enable more obvious 
tuning of their optoelectronic transport properties. Second, 
due to the unique quantum confinement effect of 2D mate-
rials, their exciton separation efficiency is very high under 
light conditions, which leads to a high photoelectric conver-
sion efficiency. Third, the layer-dependent band structure 
properties of 2D materials enable 2D materials to have a 
wide range of spectral responses. Fourth, since there are 
no dangling bonds on the surface of 2D materials, their 
heterogeneous integration is relatively simple, avoiding the 
lattice mismatch problem of traditional material heteroge-
neous integration [340–342]. Here, recent reports of 2D 
material-based optoelectronic synaptic devices and arrays 
for in-sensor computing are reviewed.

7.2.1  2D Material‑based Optoelectronic Synaptic Devices

Unlike electronic synaptic devices, which focus on achiev-
ing synaptic plasticity, optoelectronic synaptic devices com-
bine photosensitivity and synaptic plasticity into a single 
device [342]. As shown in Fig. 25a, like sensory neurons in 
the human eye, optoelectronic synapses enable optical data 
sensing, storage, and processing in the same device [343]. 
A material with a direct bandgap smaller than the photon 
energy of the target detection light is an essential require-
ment to enhance the photoresponsivity and sensitivity of 
optoelectronic synapse devices [340]. The possible spectral 
ranges and atomic structures of graphene,  MoS2, BP and 
MXene monolayer with –OH and –F surface termination 
and no termination  (Ti3C2) are shown in Fig. 25b [344]. 
Although the photosensitivity of 2D materials can be uti-
lized to construct light-sensing devices that only have the 
function of sensing optical data, realizing optoelectronic 
synapse operations still requires exploiting other specific 
properties of materials or developing specific technolo-
gies [343]. Different optoelectronic synaptic devices can 
be classified according to different criteria. Based on the 
device structure, the optoelectronic synaptic devices based 
on 2D materials can be divided into two-terminal devices 
and three-terminal devices. In this part, the progress of two-
terminal optoelectronic synaptic devices and three-terminal 
optoelectronic synaptic devices based on 2D materials will 
be introduced successively, and the working mechanism of 
the devices will be considered.
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Fig. 25  a Schematic of the human visual system for image sensing, memory, and processing. Reproduced with permission [349]. Copyright (2021), American Chemical 
Society. b Possible spectral ranges and atomic structures of graphene,  MoS2, BP, and  Ti3C2. Reproduced with permission [344]. Copyright (2020), Wiley–VCH. c Sche-
matic diagram and d working mechanism of a 2D  TiS3-based two-terminal optoelectronic synaptic device with a vertical form. e I − V curves collected under dark condi-
tions and exposed to light of three different wavelengths of the  TiS3-based optoelectronic synaptic device. Reproduced with permission [299]. Copyright (2021), American 
Chemical Society. f Schematic diagram and g band alignment of a  In2Se3/MoS2 heterostructure-based two-terminal optoelectronic synaptic device with a planar form. h 
Modulation of light intensity on the performance of  In2Se3/MoS2 devices. Reproduced with permission [294]. Copyright (2022), American Chemical Society. i Schematic 
diagram of a three-terminal optoelectronic synaptic device based on interfacial carrier capture, with  PtTe2/Si as the gate and  MoS2 as the channel. Reproduced with permis-
sion [343]. Copyright (2022), American Chemical Society. j Schematic diagram of a three-terminal optoelectronic synaptic device based on the  MoS2/h-BN heterostructure, 
in which inherent defects in the material play a key role. Reproduced with permission [345]. Copyright (2021), Nature Publishing Group. k Schematic diagram of a floating-
gate optoelectronic synaptic device based on a multilayer graphene/h-BN/MoS2 vertical vdW heterostructure. Reproduced with permission [346]. Copyright (2022), Wiley–
VCH. l Schematic diagram of a ferroelectric memtransistor made of a  WS2 channel and a ferroelectric PZT thin film for optoelectronic synaptic devices. Reproduced with 
permission [348]. Copyright (2020), American Chemical Society
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In 2D material-based two-terminal optoelectronic syn-
aptic devices, optoelectronic synaptic devices can be con-
structed in a vertical form or a planar form (or called a lateral 
form). In two-terminal devices with a vertical form, the 2D 
material is sandwiched between top and bottom electrodes 
[322]. Among different types of 2D materials, transition-
metal trichalcogenides (TMTCs) have a narrow bandgap 
(0.2–2 eV) and respond to light from the visible to the infra-
red region. In addition, the large content of sulfur in TMTCs 
produces sulfur vacancy defects, which may be related to 
the RS characteristics of devices. Liu et al. demonstrated a 
TMTC-based optoelectronic synapse, as shown in Fig. 25c. 
As shown in Fig. 25d, the working mechanism of this opto-
electronic synaptic device based on titanium trisulfide  (TiS3) 
is the controllable formation and rupturing of the conductive 
aluminum filaments. The current–voltage (I − V) curves col-
lected under dark conditions and exposed to light of three 
different wavelengths are shown in Fig. 25e [299]. In two-
terminal devices with a planar form, the 2D material and 
electrodes are placed horizontally [322]. Flexible optical 
synaptic devices with near-infrared (NIR) sensitivity and 
biomimetic plasticity have great application prospects in 
fields such as artificial vision systems, autopilot, and robots. 
Compared with traditional bulk materials, 2D materials 
show great application prospects in the field of flexible NIR 
optical synapses due to their unique optical, electronic and 
good mechanical flexibility. Hu et al. constructed a synaptic 
device based on the  In2Se3/MoS2 heterostructure, as shown 
in Fig. 25f. By studying the band alignment of the  In2Se3/
MoS2 heterojunction under NIR illumination (Fig. 25g), it 
is found that the  In2Se3/MoS2 interface helps to separate the 
light-induced electron–hole pairs under NIR illumination 
and enhance the synaptic plasticity of this  In2Se3/MoS2 syn-
aptic device. Furthermore, the modulation of light intensity 
on the performance of  In2Se3/MoS2 synaptic devices was 
investigated (Fig. 25h). The stronger the light intensity, the 
more photogenerated carriers are generated in the hetero-
junction, resulting in a larger postsynaptic current (PSC) 
[294].

The metal dichalcogenide,  PtTe2, has been considered as 
a viable 2D material for mid-infrared (MIR) optoelectronic 
devices due to its transition from semiconductor (monolayer) 
to type-II Dirac semimetal (bulk). However, the dark cur-
rent of  PtTe2-based optoelectronic devices is high due to 
its low bandgap, which leads to high energy consumption 
of devices. Therefore, careful design of heterostructures is 

required during the construction of optoelectronic synapse 
devices as a way to exploit the infrared (IR) sensitivity of 
 PtTe2 while maintaining a low dark current. Islam et al. 
integrated IR-sensitive  PtTe2/Si as the gate electrode with 
UV–visible sensitive monolayer  MoS2 as the channel in a 
transistor configuration, as depicted in Fig. 25i. The device 
controls the trapping and releasing of holes at the  MoS2/
Al2O3 interface through the gate voltage. More holes are 
trapped at the  MoS2/Al2O3 interface at higher negative gate 
voltages [343]. Since the use of optical stimuli is limited to 
an excitatory spike pulse for most optoelectronic synapses, 
this limits their application to hardware neural networks. 
Researching a new working mechanism is an effective way to 
solve this problem. Oh et al. realized a unique bidirectional 
operation in an optoelectronic synaptic device based on the 
 MoS2/h-BN heterojunction structure, as shown in Fig. 25j. 
This unique bidirectional operation can be explained by the 
ionization and neutralization of inherent defects in h-BN 
by co-stimulation consisting of optical and electrical spike 
[345]. Among various electronic devices, floating-gate 
memtransistors based on 2D vdW structures exhibit excel-
lent memory behaviors, such as fast writing/erasing speed, 
high extinction ratio, and good endurance and retention per-
formance. However, the integration of optoelectronic synap-
tic functions into floating-gate memtransistors based on 2D 
vdW structures remains to be achieved. To achieve this goal, 
Sun et al. fabricated a floating-gate optoelectronic synaptic 
device based on a multilayer graphene/h-BN/MoS2 verti-
cal vdW heterostructure, as illustrated in Fig. 25k. Various 
synaptic functions, including short-term/long-term plasticity 
and paired-pulse facilitation, were successfully emulated by 
exploiting the synergistic electrical and optical modulation 
of photogenerated carrier tunneling through the vdW het-
erostructure. Furthermore, ultralow energy consumption of 
about 2.52 fJ per light spike was achieved due to the sup-
pressed dark noise current (< 500 fA) after programming 
operation [346]. Hybrid structures comprising 2D materi-
als and ferroelectric materials have generated considerable 
interest due to their attractive properties in nonvolatile mem-
ories and their potential to provide low energy consumption 
schemes [347]. After reports of electronic synaptic devices 
based on this mechanism, exploiting this mechanism to 
mimic complex light-controlled synaptic functions needs to 
be explored. Luo et al. reported a ferroelectric memtransistor 
made of a 2D  WS2 channel and a ferroelectric  PbZr0.2Ti0.8O3 
(PZT) thin film for optoelectronic synaptic devices, as 
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shown in Fig. 25l. The  WS2 channel exhibits voltage and 
light-controlled memristive switching, which are related to 
optically and electrically modulated ferroelectric domains in 
the ferroelectric PZT layer. As a result, the device enables 
simulation of optically driven synaptic functions, including 
short- and long-term plasticity [348].

7.2.2  2D Material‑Based Optoelectronic Synaptic Arrays

Next, we present recent advances in optoelectronic synapse 
arrays for in-sensor computing, taking into account the com-
plexity of the tasks implemented by the arrays.

Building arrays capable of real-time sensing and in situ 
memorization of visual images is fundamental to building 
systems capable of in-sensor computing [350]. Hou et al. 
proposed a two-terminal optical synapse based on pyrenyl 
graphdiyne (Pyr-GDY)/graphene/PbS quantum dot (Pyr-
GDY/Gr/PbS-QD) vertical heterostructure and wafer-scale 
(6 cm × 6 cm) Pyr-GDY was directly synthesized on a gra-
phene surface. Excitatory and inhibitory synaptic behaviors 
were achieved in an optical pathway due to the strong pho-
togating effect induced by Pyr-GDY and PbS QDs endowing 
the device with a bidirectional photoresponse. As shown 
in Fig. 26a, an optical synapse array was constructed on a 
flexible polyethylene terephthalate (PET) substrate to dem-
onstrate the device’s potential for flexible artificial neural 
networks (ANNs) in wearable electronics. In this work, a 
visible information sensing-memory-processing system with 
a 7 × 6 pixels based on the optical synapse array was con-
structed to perform real-time sensing, in situ memorization 
and distinction tasks. As shown in Fig. 26b, initially, all 
Pyr-GDY/Gr/PbS-QDs-based optical synapses are in the low 
conductance state  G0. Since optical synapses exhibit long-
term plasticity under repeated training with light signals, this 
system demonstrates real-time detection and in situ memory 
of visual images. As shown in Fig. 26c, the system perceived 
the letter image “G” after 150 successive optical stimuli to 
the corresponding synapses. The apparent conductance 
difference between irradiated and non-irradiated synapses 
could be maintained for more than  103 s (Fig. 26d), suggest-
ing in situ memorization [349]. Hu et al. also demonstrated 
the image learning and memory functions of an artificial 

vision system based on  In2Se3/MoS2 optical synaptic device 
arrays and studied the imaging evolution process with the 
increase of illumination time and the time after illumination, 
respectively [294].

The biological visual system consists of the retina, optic 
nerve, and brain. The rods and cones neurons in the retina 
act as captures for visual perception, receiving light signals 
and converting them into physiological electrical signals. 
These signals can then be transmitted to the brain via the 
optic nerve. After the preprocessing of the retina, visual 
signals can be further processed by the brain to realize the 
functions of recognition, learning, and memory [338]. The 
visual information is perceived and preprocessed by the 
retina, so the biological retina plays an important role in 
image recognition [338]. Since the image pretreatment of 
contrast enhancement has an important impact on recog-
nition efficiency, it is of great significance to construct an 
artificial retina with functions including perception and pre-
processing [338]. Choi et al. achieved efficient image acqui-
sition and neuromorphic data preprocessing by using a 3 × 3 
 MoS2-pV3D3 phototransistor (pV3D3-PTr) array, as shown 
in Fig. 26e [351]. Meng et al. constructed an artificial retina 
using an array of 100 (10 × 10) cells for preprocessing, as 
shown in Fig. 26f. In addition to the artificial retina, an arti-
ficial neuromorphic system was constructed for image recog-
nition to verify the filtering ability of the proposed artificial 
retina. By comparing the recognition rate with and without 
the artificial retina, the study found that image recognition 
with the pretreatment of the artificial retina improves the 
image recognition rate and recognition efficiency. These 
results suggest that the construction of an artificial retina 
capable of preprocessing by integrating in-sensor computing 
optoelectronic synaptic devices is of great significance for 
image recognition [338].

For the realization of an artificial visual system, it is not 
enough to only include the perception and preprocessing 
functions of the visual information of the artificial retina. 
Furthermore, the ANN implemented on the memristive 
crossbar has pattern recognition capabilities similar to the 
visual cognition process of the human visual system [352]. 
So, in order to develop an artificial vision system, it is a 
good idea to combine the memristive crossbar used to imple-
ment the neural network with the array integrating in-sensor 
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Fig. 26  a Schematic of the optical synapse array fabricated on a flexible PET substrate. b − d Conductance map of a 7 × 6 optical synapse array. 
Reproduced with permission [349]. Copyright (2021), American Chemical Society. e Schematic diagram showing the image acquisition and 
neuromorphic data preprocessing by using a 3 × 3 pV3D3-PTr array. Reproduced with permission [351]. Copyright (2020), Nature Publishing 
Group. f Artificial retina with an array employing 100 (10 × 10) cells to realize the pretreatment. Reproduced with permission [338]. Copyright 
(2022), American Chemical Society. g Flow chart schematically illustrates the image sensing and processing by the retinomorphic sensor and 
image recognition by the memristive crossbar. h Image recognition by the neuromorphic vision system. i Comparison of recognition accuracy 
with and without the retinomorphic sensor. Reproduced with permission [352]. Copyright (2020), Oxford University Press. j bP-PPT array is 
capable of multispectral infrared imaging and is programmable for in-sensor computing. k bP-PPT array receives images in multiple wavelength 
bands. l A CNN model for classifying handwriting numbers “0” and “1” from the MNIST dataset. m Experimental results (top, red) for image 
recognition using the bP-PPT array are compared with the simulation results (bottom, blue). Each bar is the score indicating the possibility of 
the CNN recognizing an image in the MNIST image library. The incorrectly recognized cases are in gray. Reproduced with permission [353]. 
Copyright (2022), Nature Publishing Group
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computing optoelectronic devices used to build the artificial 
retina. Wang et al. proposed a neuromorphic vision system 
composed of a retinomorphic sensor and a memristive cross-
bar. A 3 × 3 retinomorphic sensor based on a  WSe2/h-BN/
Al2O3 vdW heterostructure was fabricated to mimic the 
retinal function of simultaneously sensing and preprocess-
ing an image. As shown in Fig. 26g, a neuromorphic vision 
system was constructed by networking the retinomorphic 
sensor with a large-scale Pt/Ta/HfO2/Ta 1T1R memristive 
crossbar. The constructed neuromorphic vision system is 
very effective in pattern recognition. As shown in Fig. 26h, 
the neuromorphic vision system achieved 100% recognition 
accuracy. Preprocessing images in the retinomorphic sen-
sor of the neuromorphic vision system can speed up image 
recognition in neural networks on the memristive crossbar, 
which shows an advantage when processing large numbers 
of images. The comparison of recognition accuracy with and 
without the retinomorphic sensor is shown in Fig. 26i. It is 
worth noting that the further optimization of the manufac-
turing process and expansion of the retinomorphic sensor 
array and the memristor crossbar array are expected to sig-
nificantly improve the recognition accuracy and convergence 
speed [352].

The artificial vision system introduced above is based on 
the combination of two parts, which respectively realize the 
functions of perceiving and preprocessing visual images and 
the functions of postprocessing visual images. In contrast, 
using the same array for both sense and pre-process images 
and post-process them will further reduce latency and energy 
consumption [353]. Lee et al. presented a multifunctional 
image sensor based on an array of black phosphorous pro-
grammable phototransistors (bP-PPT). The core functional-
ity of the bP-PPT array is illustrated in Fig. 26j, where the 
array can detect the multispectral image in IR range as well 
as perform in-sensor computing and subsequent electronic 
in-memory computing for classification tasks. Therefore, 
this bP-PPT array can be utilized to realize a mixed-mode 
optoelectronic neural network system. As shown in Fig. 26k, 
in terms of the sequence of image processing, the same bP-
PPT array can be used both as the optical frontend to receive 
and preprocess optical images, and as an electronic proces-
sor with in-memory computing to postprocess images. The 
3 × 3 bP PPT array was used to demonstrate a Convolutional 
Neural Network (CNN) that recognizes images of handwrit-
ing numbers “0” and “1” from the MNIST data set. The 
CNN consists of an input layer that captures a 28 × 28-pixel 

image, a convolution layer, an average pooling layer fol-
lowed by a fully connected (FC) layer (Fig. 26l). 100 ran-
domly selected images of handwritten digits (48 of “0”s and 
52 of “1”s) from the MNIST dataset were tested to verify 
the accuracy of the bP-PPT optoelectronic CNN. The bar 
graph in Fig. 26m compares the experimental and simu-
lated output scores for the two labels “0” and “1” for 50 test 
cases, and they show excellent agreement. The study found 
that the CNN based on the bP-PPT array achieved an accu-
racy of 92%, which was comparable to the simulated result 
(95%). This work holds great promise for edge computing 
where low power consumption and low latency are required. 
Furthermore, the programmable photoresponsivity in the 
near-infrared demonstrated in this work can be extended to 
a broader range of infrared by heterogeneous integration of 
2D materials or by varying the thickness of bP. This will 
allow multispectral image processing on edge devices [353].

In this section, recent research advances in electronic 
and optoelectronic synaptic devices and arrays based on 
2D materials are reviewed. For the in-memory computing 
and in-sensor computing parts, we discuss devices classi-
fied according to the number of their terminal electrodes 
and various mechanisms. Then, we extend the discussion 
to arrays of integrated devices and their applications. In-
memory computing and in-sensor computing based on 2D 
materials are emerging research fields, which are still in 
their infancy. Although great progress has been made in 
electronic and optoelectronic synapses based on 2D mate-
rials, there are still several challenges before finally turn-
ing to practical applications.

The first challenge is the wafer-scale synthesis of high-
quality and uniform 2D materials. The second challenge is 
that the device integration process is compatible with the 
CMOS process. Since these two challenges are similar to 
those faced by 2D materials in applications such as digital 
and analog, they will not be discussed in detail here. The 
third challenge is innovation at the device level, including 
device structure design and working mechanism, to meet 
the requirements of synaptic devices for low power con-
sumption and high reliability. For example, it is uncertain 
for synaptic devices based on 2D materials, although it 
may achieve excellent characteristics. Cycle-to-cycle and 
device-to-device variability will affect the weight update 
as well as the accuracy of image recognition. Further syn-
aptic device innovations are one avenue to improve this 
variability. In addition, on the basis of realizing common 
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synaptic functions, how to use artificial synaptic devices 
to simulate more complex interactions between adjacent 
multiple synapses requires further innovation. For synaptic 
devices for in-sensor computing, it is necessary to explore 
the appropriate device structure and working mechanism 
to process the perceived information. The fourth challenge 
appears at the circuit and array level. On the one hand, 
the prototype demonstration in a single device should be 
expanded to circuit-level and array-level operation. On 
the other hand, solutions need to be proposed to suppress 
the leakage and sneak path current in the array. For in-
memory computing and in-sensor computing arrays, the 
peripheral circuits also need to be carefully designed to 
effectively control the operations in arrays. The final chal-
lenge is the reconciliation of hardware and algorithms. 
Ideally, algorithms could be fully implanted into neural 
networks built from neuromorphic devices, which feature 
low power consumption and high performance. However, 
there is currently a lack of coordination between hardware 
and algorithms. Therefore, ongoing research is needed to 
exploit the many advantages of 2D materials in in-memory 
and in-sensor computing. Nevertheless, all recent research 
results show that 2D materials have great application 
potential in the field of AI chips.

8  2D Quantum Devices and Circuit

Quantum technology is based on effects such as spin state 
superposition, entanglement, and coherence. It has unique 
advantages over classical technology in the fields of comput-
ing, communication, sensing, and storage and has become 
one of the main directions of development in various fields 
in recent years. 2D materials at the atomic scale have good 
flexibility, are easy to integrate into various surfaces, and 
have rich quantum phenomena, providing a new platform 
for quantum information technology, with great potential in 
fields such as quantum computing, quantum communication, 
and quantum sensing, as shown in Fig. 27. In 2D materi-
als, electrons only move in two directions, with less inter-
face electron scattering, which improves coherent time and 
has great advantages in manufacturing low-power devices. 
Quantum computing is based on quantum bits and realizes 
quantum algorithms through different quantum gate opera-
tions, which can be used for quantum simulation, quantum 
programming, quantum machine learning, etc. Quantum 

communication is mainly based on quantum emission, 
quantum entanglement, quantum encryption, and conceal-
ment transmission to construct a quantum communication 
network, which has been proven to be an absolutely secure 
communication method. 2D materials cover a wide range of 
bandgaps from zero to wide bandgaps and are easy to con-
trol. In terms of single-photon emission, they cover a large 
number of communication bands and have higher photon 
brightness. Quantum sensing is based on microscopic par-
ticle systems and quantum states, achieving high stability 
and sensitivity for precise measurement of physical fields. 
The spin defects in 2D materials used for quantum sensing 
are more easily arrayed for manufacturing, and the atomic-
scale thickness can be used for close contact in detecting 
intracellular physical fields. In addition, 2D materials can 
undergo unique hetero-stacking and achieve multifunctional 
integration.

2D materials possess advantages such as high electron 
mobility, thermal conductivity, controllability, and quantum 
confinement effects. These properties enable the realiza-
tion of multi-structured, high-speed, and low-power quan-
tum devices and circuits. This section primarily focuses on 
the developments of 2D materials in the fields of quantum 
computing, quantum communication, and quantum sensing. 
Figures 28, 29 illustrate the key milestones in these three 
areas, starting from the discovery of phenomena and gradu-
ally progressing toward the formation of various devices 
and ultimately circuit integration. With the advancement of 
three-dimensional packaging technology, it is anticipated 
that quantum chips predominantly based on 2D materials 
will be formed in the future. Among them, the develop-
ment of superconducting quantum computing chips based 
on three-dimensional materials has progressed the fastest, 
which will facilitate the emergence of 2D materials in chip 
form primarily in the field of quantum computing. However, 
due to the complexity of solid-state atomic spin manipula-
tion platforms, chip-based quantum sensing is yet to materi-
alize, which may result in a slower pace of development for 
quantum sensing chips.

8.1  Quantum Effect

The ultra-thin thickness of 2D materials causes quantum 
limiting effect, and there are abundant quantum degrees of 
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freedom, such as spin, energy valley, pseudospin, etc. The 
electrons in graphene have a linear dispersion relationship 
near point K, behave as massless Dirac fermion [365], and 
have an extremely long spin relaxation time. 2D materials 
have strong Rashba effect and can easily modulate electron 
spin by applying an electric field [366]. Energy valleys form 
when there are degenerate energy extrema in the conduction 
and valence bands. The electrons in the valley have specific 
momentum and spin orientation, which are called "valley 
degrees of freedom". The valley electronics realizes some 
special valley physics mechanism by regulating the energy 
valley state of energy valley materials [367]. Different valley 
polarization states can be used to encode and store infor-
mation. The valley electron operation and detection were 
achieved in  WS2 [368] and  WSe2 [369], providing a new 
opportunity for fundamental qubit construction by valley 
electrons.

It is of great significance to study the quantum effects of a 
new 2D-layered material system to create a new prospect for 
the practical application of a large number of advanced func-
tional quantum devices. 2D materials can be freely stacked 
to form vdW heterojunction, which can compensate for the 

limitation of single 2D materials according to the proximity 
effect, which is not available in bulk materials. The different 
stacking sequences and different layer spacing can change 
the properties of 2D layered materials, showing unique 
potential. By changing the relative angle between the 2D 
material layers, the electron band structure can be regulated 
and new quantum effects can be generated. The packaging 
technology of 2D heterojunction also provides protection 
for qubits and single-photon sources from environmental 
influences [370].

Topological quantum states have potential applications in 
spintronics and fault tolerant topological quantum comput-
ing. Since topological quantum states in 2D materials were 
predicted, topological superconductivity [371, 372], topo-
logical insulation, topological quantum phase transitions, 
quantum Hall effect (QHE) [373], quantum anomalous Hall 
effect (QAHE), quantum spin Hall effect (QSHE), and other 
effects have been confirmed in 2D materials. Topological 
superconductors (TSCs) can support Majorana states on the 
boundary and encode and manipulate quantum information 
utilizing topological protection [374], which provides an 
effective method for fault-tolerant quantum computing. In 

Fig. 27  The application and advantages of 2D materials in quantum information technology, mainly focusing on quantum computing (long 
coherence time), quantum communication (narrow line width, high photon generation rate, adjustable bandgap) and quantum sensing (array, 
surface proximity)
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Fig. 28  Diagram of key nodes in the development of 2D materials in quantum computing [354–358], quantum communication [359–362], 
and quantum sensing [363, 364]. The overall development is from phenomenon discovery to device manufacturing, and then to circuit forma-
tion. With the development of 3D integration, chips will eventually be formed. Reproduced with permission [356]. Copyright (2009), American 
Chemical Society. Reproduced with permission [360, 361, 364]. Copyright (2017), (2019), (2021), Nature Publishing Group

Fig. 29  Quantum phenomena related to quantum bits, quantum emission, and quantum sensing in 2D materials
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QHE, the magnetic field and resistance are no longer lin-
earized, but quantized, which provides a new method for 
determining the fine structure constant. Under the time-
reversal symmetry (TRS), the 2D topological insulators 
have large spin–orbit interaction, and the spin-momentum 
is locked, resulting in QSHE [375]. The TRS will be broken 
when an external strong magnetic field or material sponta-
neous magnetization, the former will produce QHE [376], 
and the latter will produce QAHE [377]. The graphene’s 
unique linear Dirac dispersion relationship [365] makes it 
an ideal carrier for studying various topological quantum 
states. Since graphene itself is non-magnetic and the intrin-
sic spin–orbit effect is extremely weak, it is necessary to 
introduce the extrinsic Rashba spin–orbit coupling [378] and 
the local exchange field that destroys the TRS in order to 
realize the QAHE. The Coulomb interaction in graphene can 
lead to the instability of quantum Hall ferromagnetism. The 
 SrTiO3 substrate with high-dielectric constant can achieve 
electrostatic shielding [379], regulate the transformation of 
graphene Landau level ground state into topological phase, 
and realize the quantum spin Hall effect in low magnetic 
field. The topological properties of monolayer tungsten ditel-
luride  (WTe2) are easy to regulate [380], and novel quan-
tum states can be induced by doping [381], strain, and other 
methods. The quantum spin Hall state of  WTe2 can exist 
stably at 100 K [382], and the single layer shows the signa-
ture transmission conductivity of about  e2  h−1 on each side. 
QSHE, in which electrons move along the edge of a material 
without dissipation, has broad application prospects in low-
power quantum computing.

8.1.1  Quantum Bits

Quantum bits (qubits) as the basic unit of information in 
quantum computing have been extensively explored in 2D 
materials. In 2D materials, various types of qubits have been 
realized, including quantum dot qubits, defect spin qubits, 
superconducting qubits, and topological qubits. The unique 
energy band structure of 2D materials makes the material 
have multiple energy valleys, and the spin state of valley 
electrons can also be used to realize qubits. However, this 
field is still in the early stages of research and exploration. 
The main focus of qubits is on coherence time, decoherence 
time, and implementation time, among other metrics. The 

discovery of quantum entanglement in 2D materials will 
facilitate the interaction between qubits and can be utilized 
for information transfer and quantum gate operations.

The controllability of spin states and the ease of adjusting 
the band structure in quantum dots make them a candidate 
for qubits. By utilizing the spin states of captured charges 
and the Coulomb blockade phenomenon [383], quantum dot 
qubits can be created. Graphene has low intrinsic spin–orbit 
coupling and negligible hyperfine interactions [355], ena-
bling the realization of long coherence time for quantum dot 
spin qubits. However, graphene also leads to slower qubit 
operations. TMDs have strong intrinsic spin–orbit coupling 
and large exciton binding energies [383], enabling rapid spin 
rotations, which is beneficial for fast qubit operations.

The planar structure of 2D materials is advantageous 
for achieving scalable and long-lived defect qubits. By 
controlling the energy levels of spin-active defects in the 
material, quantum gate operations can be realized [370]. 
The h-BN [384] and TMDs [370] have been shown to 
achieve defect spin qubits at room temperature. Defect 
qubits are susceptible to environmental interference, and 
2D vdW heterostructures can provide protection for defect 
qubits. First-principles calculations have been used to 
design 2D material quantum defects, which will acceler-
ate the development of spin qubits.

Superconducting qubits can be realized based on the 
Coulomb pairing interaction and quantum fluctuations in 
superconducting materials, which have the advantages of 
high controllability, ease of preparation, and scalability. 
Josephson junctions (JJs) are an important device of super-
conducting qubits [385], which can act as nonlinear ele-
ments, and can realize unequal energy differences between 
energy levels of the anharmonic oscillator. Qubits can be 
operated by appropriately controlling and adjusting the 
transitions between different energy levels. 2D materials 
have superconductivity and insulation, and are easy to stack 
into vertical vdW heterostructures [385], which can create 
atomically clean interfaces and facilitate the preparation of 
JJs, providing a new platform for superconducting qubits. 
However, superconducting qubits have disadvantages such 
as short coherence time and susceptibility to environmental 
interference, and further technological development is still 
needed.

Topological qubits are a scheme based on topologically 
protected qubits, including topological superconduct-
ing qubits, QHE, quantum spin oscillation, etc. When the 
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topological structure and superconducting properties of the 
material interact with each other, non-Abelian anyons can 
appear, which can be used for qubit operations and coding. 
By controlling the exchange between non-Abelian anyons, 
qubit coupling and manipulation can be achieved. Majorana 
bound states, as a type of non-Abelian anyon, have been 
discovered in various types of 2D materials (topological 
insulators, topological semimetals, ferromagnetic materi-
als, etc.) [386, 387], which provide possibilities for realizing 
topological qubits in 2D materials.

8.1.2  Quantum Emission

In atomically thin 2D materials, especially in monolayers, 
excellent luminescent properties are exhibited due to the 
quantum confinement of quantum wells. In 2015, the anti-
bunching effect was observed for the first time in single-layer 
 WSe2 defects [359], proving the phenomenon of quantum 
emission. The lack of dangling bonds in the lattice of 2D 
materials provides significant advantages for single-photon 
sources. Various quantum emission phenomena, such as 
single-photon emission [359], biexciton emission [388], and 
valley exciton emission [389], have been demonstrated in 
2D materials. The large broadband of TMDs is conducive to 
high-speed quantum emission, and the recombination mech-
anism of defect emission centers has also been explained 
[390]. But only at low temperature, the thermal motion 
and phonon density in the material are relatively reduced, 
which reduces the interaction of electrons, holes, phonons, 
lattices, etc., making excitons easier to form and have longer 
lifetimes and Narrower line widths. This requires TMDC 
quantum emission to be activated at low temperature, which 
limits its application range. However, h-BN [391], which has 
strong exciton binding ability, exhibits good single-photon 
emission ability even at room temperature. A biexciton [388] 
is composed of two electrons and two holes, and it can form 
a strong light emission in 2D materials. Electrons and holes 
in 2D materials combine in the lattice valley region to form 
valley excitons [389], which can emit photons when excited 
by energy. Nonlinear optical effects can be used to generate 
single photons with specific frequencies and polarizations, 
enabling single-photon emission and manipulation. Nonclas-
sically correlated photon pairs are observed in multilayer 
 NbOCl2, which can be used to prepare quantum entangled 
states [392]. Quantum dots have the advantages of adjustable 

luminescence intensity and stable emission frequency and 
have been proven to be ideal materials for preparing efficient 
and high-fidelity single-photon sources. When an electron 
and a hole coincide in a quantum dot, they can recombine 
to produce a photon [390]. Stable single-photon emission 
can also be achieved by controlling the strong electron–hole 
coupling field in quantum dots. Researchers have found that 
the optical physical properties of quantum emission centers, 
such as transition energy, lifetime, and polarization selec-
tion, change when a magnetic field, electric field, or strain is 
applied [393]. This is helpful for the development of scalable 
quantum technology.

8.1.3  Quantum Sensing

Quantum sensing is a technique that utilizes the properties 
of quantum states to achieve high-sensitivity measurements. 
Materials used for quantum sensing require discrete and tun-
able energy levels. Optically addressable spin in wide-band-
gap semiconductors is sensitive to magnetic fields, tempera-
ture, and pressure, and provides a good platform for quantum 
sensing. Recently, it has been found that h-BN with a triplet 
spin state can achieve high-precision detection of physical 
fields [363]. The initialization and readout of the spin state 
can be achieved through laser irradiation and microwave 
manipulation, and the change in the physical field is reflected 
in the optically detected magnetic resonance (ODMR) signal 
[364]. The QHE is a phenomenon in which electrons move 
along the boundary under the action of a magnetic field. 
According to this phenomenon, the sensing of the magnetic 
field can also be realized. The high sensitivity, precision, 
low noise, and non-destructiveness of quantum sensing will 
be beneficial for its wide application, but the technology is 
still in its early stages and requires continuous exploration.

8.2  Quantum Devices

Quantum devices utilize the characteristics of quantum 
states such as entanglement, superposition, transmission, 
and environmental sensitivity to achieve various functions, 
with the advantages of high precision, fast efficiency, and 
high security. With the continuous development of fields 
such as quantum computing, quantum communication, and 
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quantum sensing, quantum devices have gradually become 
widely researched. Common quantum devices include 
qubits, quantum gates, quantum key distributors, quantum 
relays, and quantum sensors. 2D materials have also become 
a research hotspot because of their special quantum phenom-
ena and extremely small size characteristics. Currently, basic 
quantum devices such as JJs for superconducting qubits, 
gate-controlled quantum dots for semiconductor qubits, sin-
gle-photon emitters, solid-state quantum sensors, etc., have 
been implemented on 2D materials. This subsection mainly 
introduces these four quantum devices. In addition, some 
quantum devices based on quantum effects, such as spin 
transistors, magnetic tunnel junctions, Fabry–Pérot quan-
tum Hall interferometers [394], and quantum entanglement 
single-photon field-effect transistors [395], have also been 
fabricated on 2D materials. With the continuous exploration 
of 2D material systems, multifunctional quantum devices 
will be further improved.

8.2.1  Josephson Junctions

The Josephson junction (JJ) is an electronic device consist-
ing of a superconductor–normal–superconductor (SNS) 
structure, where the normal layer provides a tunneling bar-
rier that forms a weak link between the superconductors. The 
superconducting charge can flow through the normal layer 
without any resistance, exhibiting interesting superconduct-
ing properties. When an oxide layer is used as the normal 
layer, the oxygen atoms in it can diffuse easily due to the 
highly non-uniform distribution of the supercurrent, leading 
to a shortened device lifetime. When a ferromagnetic layer 
is used as the normal layer, the spin of the superconducting 
electrons is polarized, resulting in non-uniform phase shifts 
and a π-phase difference between the superconducting and 
ferromagnetic electrons, forming a π JJ. In an environment 
with a certain level of microwave radiation, a specific AC 
voltage is generated at the two ends of the JJ, which can be 
used to produce microwave detectors and superconducting 
quantum computing devices. The superconducting quantum 
interference device (SQUID) consists of a JJ and a supercon-
ducting loop, and it is a key device of ultrasensitive electro-
magnetic measurement systems. In superconducting circuits, 
JJs are used to realize two-level systems to form qubits.

The emergence of 2D materials has allowed for the 
study and application of JJs at a new scale [354, 396], and 
mechanisms such as the photovoltaic effect, electric field 
effect, and spin–orbit coupling effect are favorable for the 
development of new types of JJs. The strong proximity-
coupled JJ with extremely clean interfaces was realized in 
the  NbSe2-graphene-NbSe2 heterostructure [397], where 
monolayer graphene provides highly transparent short 
ballistic paths while maintaining strong superconducting 
phase coherence (Fig. 30a). π JJs are typically fabricated 
using traditional materials evaporation and sputtering tech-
niques, but the discovery of superconductivity and mag-
netism in 2D materials provides a new platform for π JJs. 
VdW stacking enables the realization of π JJs with atomi-
cally uniform thickness and sharp interfaces, as shown 
in Fig. 30b [398]. Nonreciprocal behavior often exists in 
semiconductor junctions composed of 2D materials, which 
is conducive to the fabrication of direction-dependent 
diodes. When an in-plane magnetic field is applied, the 
Cooper pairs of 2D superconductors can acquire a finite 
momentum and induce a diode effect, forming a Josephson 
diode [399]. The discovery of new Josephson phenomena 
has opened the door to various application studies and 
promoted the development of future superconducting elec-
tronics and quantum devices.

Stacking two layers of 2D materials with a relative twist 
angle or slight lattice mismatch can result in a larger (quasi) 
periodic lattice, expanding the potential applications of 2D 
materials. Magic angle twisted bilayer graphene (MATBG) 
has been extensively studied as a multifunctional platform that 
combines metal, superconducting, magnetic, and insulating 
phases in a single crystal. By locally controlling the electric 
field in MATBG, it becomes possible to achieve versatile 
manipulation of quantum devices on a single-material plat-
form. Tunable JJs have been realized on MATBG using multi-
layer gating techniques, providing independent control of weak 
links, barriers, and tunneling electrodes in MATBG (Fig. 30e) 
[400], and observing tunable DC and AC effects. MATBG 
also forms a superconducting quantum interference device 
(SQUID) that can locally and globally tune critical currents 
and inductances [356], with a motion inductance value up to 2 
μH [401], far higher than that of 3D devices. Superconducting 
quantum interference (SQI) technology can be used to recon-
struct the supercurrent distribution in twisted BLG (t-BLG) 
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JJs, confirming the topological edge states of t-BLG [89]. JJs 
and superconducting quantum interference devices have also 
been implemented in  NbSe2 thin films with mismatched stack-
ing of two crystal axes (Fig. 30f) [402]. With the continuous 
development of technology and theory, JJs made from new 
materials will play an important role in many application areas.

2D vdW JJs also provide new opportunities for implement-
ing various circuit quantum dynamics devices. In quantum 
circuits, due to the nonlinearity of JJs, Josephson parametric 
amplifiers (JPAs) can be used to achieve low-noise amplifica-
tion of weak signals. Graphene JJs with electrically tunable 
properties can be fabricated into JPAs [403], which have noise 
performance close to the standard quantum limit. JPAs based 
on 2D materials are ideal for applications such as quantum 
amplitude sensing, single qubit readout, single-photon radia-
tion thermometry, and dispersive magnetic sensing. 2D vdW 
JJs will facilitate the development of basic devices for integrat-
ing superconducting quantum circuits in the future.

8.2.2  Gate‑Controlled Quantum Dots

Quantum dots, as zero-dimensional materials, have ultra-
small sizes (< 10 nm), which confine electrons in three-
dimensional space and exhibit quantum mechanical effects. 
Quantum dots possess luminescence, high stability, and 
tunable band characteristics, showing potential advantages 
in manufacturing new photonic and nanoelectronic devices 
with high speed and low power consumption. However, 
quantum dots suffer from the problem of random growth 
in size and spatial distribution, which seriously affects their 
performance and applications. By adding additional tuning 
knobs such as electric fields, magnetic fields, or mechanical 
strains, more uniform and controllable quantum dots can 
be obtained. Quantum dots also face the problem of inho-
mogeneous line broadening, which leads to distinguishable 
emission of continuous photons, limiting their performance 
in applications such as quantum dot single-photon emitters, 
quantum dot lasers, and quantum dot solar cells. Therefore, 
it is necessary to control quantum dots through appropriate 

Fig. 30  Development of JJs in 2D materials. a Vertically stacked  NbSE2-graphene-NbSE2 JJ: Atomic structure schematic of heterostructure 
and scanning transmission electron microscope (STEM) image of vertical cross-section. Reproduced with permission [397]. Copyright (2017), 
American Chemical Society. b π JJs composed of the plane  NbSe2/Cr2Ge2Te6/NbSe2. The thickness of the barrier layer is d and the width 
is w. Optical micrographs and measurement circuit diagrams are shown on the right. Reproduced with permission [398]. Copyright (2022), 
American Chemical Society. c Schematic diagram of the  NiTe2 Josephson diode device and optical microscope image of several JJ devices 
formed on a single  NiTe2 peel sheet. Reproduced with permission [399]. Copyright (2022), Nature Publishing Group. d Josephson coupling of 
 NbSe2/Cr2Ge2Te6/NbSe2 vdW junctions. Left: Atomic diagram of a JJ. Right: Optical micrograph. Reproduced with permission [396]. Copy-
right (2021), Nature Publishing Group. e A schematic diagram of the interface of gated magic Angle graphene to achieve tunable JJs knots. 
The MATBG is tuned to a superconducting state utilizing a graphite base gate electrode and the left (L) and right (R) top gate electrodes, and 
the center (C) gate is tuned locally to a non-superconducting state. The insulated h-BN separates the gate electrodes from the MATBG, and the 
alumina  (AlOx) layer isolates the top upper and lower doors [400]. f SQUID based on twisted  NbSe2-NbSe2 JJs. Left: Optical image of an etched 
SQUID structure. The overlap between the two  NbSe2 flakes is highlighted in red in the illustration. Right: Schematic diagram of a SQUID 
device shown. Reproduced with permission [402]. Copyright (2021), American Chemical Society
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methods and technologies. The energy level and tunneling 
barrier of quantum dots can be manipulated by applying 
an external gate voltage. By adjusting the gate voltage, the 
Coulomb repulsion can control electrons entering quantum 
dots one by one. Using appropriate device structures and 
gating strategies, quantum dots containing a small number 
of electrons can be realized. The powerful electrical tuning 
ability of gated quantum dots makes them widely applicable. 
In the field of quantum computing, gated quantum dots can 
serve as qubits to store and manipulate quantum information. 
In the field of quantum communication, gated quantum dots 
can serve as a light source to achieve single-photon emis-
sion and generation of entangled states. In quantum sensing, 
gated quantum dots can detect physical quantities such as 
electric fields, magnetic fields, and temperature with high 
precision.

Gate-controlled quantum dot structures have been applied 
to 2D materials and their heterostructures, enabling electric 
confinement, control, and manipulation of single charge car-
riers within materials. In terms of gate-modulated nanoscale 
structures, 2D semiconductors have significant advantages. 
Graphene, as the first discovered 2D material, directly gates 
quantum dots on it, which will be affected by edge disorder 
and charge inhomogeneity caused by ionized impurities in 
the gate electrolyte. Controlling the external electric field 
on the suspended BLG can realize the increase of the tunnel 
barrier for opening the band gap and forming quantum dots 
with good performance (Fig. 31a) [357]. In gate-controlled 
few-carrier BLG devices, bipolar operating quantum dots 
with tunable coupling strength, electronic dot size, and val-
ley g factor are realized. By designing a three-gate tuning 
[404], the control of the polarity of the carriers in the quan-
tum dots is realized (Fig. 31b, c). This paves the way for 
the development of graphene in valley qubits. Single-layer 
TMDCs have a large exciton binding energy, which can pre-
vent charged excitons from dissociating under the influence 
of an electric field. Due to the technical difficulties of the 
gate edge contact with TMD, graphene sheets are usually 
used for bridging and contacting the gate with the metal. It 
is challenging to create clean and uniformly gapped quan-
tum dots directly in single-layer 2D materials, so two layers 
of h-BN are usually used to sandwich the 2D material for 
protection. Through electrostatic gate control in few-layer 
 MoS2 encapsulated in h-BN [405], the emission of charged 
excitons with quasi-one-dimensional spatial span was 
observed, and single quantum dot preparation was realized. 

The small spatial variation of the one-dimensional emission 
line of  MoS2 can also be used as a sensitive detector for the 
length and energy scales of residual inhomogeneities in the 
2D electron gas. In addition to single quantum dots, gate-
controlled double quantum dots have also been formed in 
2D materials [406]. The charge stability diagram of  MoS2, 
which has multiple gate controls, shows a hexagonal honey-
comb pattern, confirming the formation of double quantum 
dots (Fig. 31d) [407]. By further adjusting the gate volt-
age, the synthesis from double quantum dots to larger single 
quantum dots can also be achieved. The monotonous tuning 
of the point-to-point coupling proves the high tunability of 
gate-controlled quantum dots based on TMDs. 2D material 
InSe has relatively small in-plane electron mass and high 
electron mobility, which allows its electrons to be quantized 
in one dimension by electrostatic gating. Local top gates 
are placed at the overlap of InSe/graphene to significantly 
reduce the contact resistance of InSe (Fig. 31e) [408]. Quan-
tum conductance and Coulomb diamond are observed in this 
structure, demonstrating the ability to form quantum dots. In 
gate-controlled BLG devices for few charge carriers, bipolar 
operation of quantum dots has been achieved, and the cou-
pling strength, size of electronic dots, and valley g-factor 
are all adjustable. Through the design of three-gate tuning, 
control of the carrier polarity in quantum dots is realized. 
This paves the way for the development of graphene in val-
ley quantum bit aspect. The research on 2D gate-controlled 
quantum dots has promoted the development of spin-valley 
physics, quantum computing under 2D limits, and various 
condensed matter physics phenomena, providing new ideas 
for the development of more applications.

8.2.3  Single‑Photon Source

Quantum communication technology is rapidly advancing, 
with researchers conducting extensive studies in areas such 
as information transmission, storage, and security. Quantum 
key distribution (QKD) is considered a fundamental aspect 
of secure quantum communication and requires ideal single-
photon sources (SPEs) with antibunching effects, combined 
with quantum key protocols to achieve key distribution. In 
long-distance communication, quantum relays are inserted 
between distant quantum nodes to generate shared keys and 
compensate for losses due to long channels. Millions of 
high-performance SPEs are used to produce the required 
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cluster states in quantum relays. Due to the uncloning and 
unforgeability of single photons, SPEs have become the 
basic building block of scalable quantum information tech-
nology. They are driving the development of future on-chip 
photon-based quantum processing schemes and are benefi-
cial for the development of a quantum internet.

The absence of dangling bonds in the lattice of 2D materi-
als offers great advantages for SPEs, resulting in higher pho-
ton purity. Single-photon emitters embedded in monolayer 
atoms can avoid total internal reflection and have high light 
extraction efficiency. Single-photon emission based on 2D 
materials has been widely studied, but the development of 
all-electrically operated single-photon devices has been rela-
tively slow. Electrically tunable single-photon emission was 
first realized in  WSe2 quantum dot defects, demonstrating 

that quantum emitters can be operated electrically and pro-
viding a prototype for gate-tunable single-photon emitters 
[409]. Monolayer graphene with excellent conductivity 
is often used as a gate to regulate single-photon emission 
in 2D vdW heterogeneous devices. To prevent the single-
photon emission layer from being affected by the external 
environment, it is often sandwiched between two layers of 
stable h-BN. Single-photon emitters in 2D materials provide 
a good platform for LEDs [410]. Localized sites in verti-
cally stacked multilayer 2D materials can be electrostatically 
driven to inject charges into the active layer containing quan-
tum emitters, enabling ultracompact optoelectronic devices-
LEDs. To avoid damaging the already prepared single-pho-
ton emission defect sites during heterostructure assembly, 
defect arrays with single-photon emission functionality can 

Fig. 31  Development of grid-controlled quantum dots in 2D materials. a Schematic diagram of gate defining a double-layer graphene quantum 
dot. Graphene is suspended in electrodes. The electric field and carrier density distributions are controlled by the rear and top grid voltages Vb 
and Vt, while transport measurements can be made by applying a biased Vsd to the electrode [357]. b Schematic diagram of gated BLG quantum 
dots with adjustable polarity. Where, yellow is the split grid and green is the finger grid L, M and R. Make edge contacts (orange) at both ends 
of the channel [404]. c Figure shows the adjustable polarity and band diagram. Reproduced with permission [404]. Copyright (2021), American 
Chemical Society. d h-BN encapsulated grid-controlled  MoS2 double quantum dots. Above: Schematic diagram of the sample structure on the 
left, the potential distribution of COMSOL simulated  MoS2 layer on the right, and the closed contour representing the possible location of the 
quantum dot. Below: Band structure of  MoS2 under different gated voltages. This realizes the evolution of a two-quantum-dot system from weak 
coupling to strong coupling to form a large single quantum-dot. Reproduced with permission [407]. Copyright (2017), American Association 
for the Advancement of Science. e h-BN/InSe/h-BN heterostructure has graphene contacts and multiple top grids. Each layer structure display: 
2D InSe (red), graphene (dark gray), h-BN (blue), Cr/Au contacts, top grid (yellow), Si/SiO2 substrate (light gray). Reproduced with permission 
[408]. Copyright (2018), American Chemical Society
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be selectively generated after assembling into gate-tunable 
heterostructures, as shown in Fig. 32a [411]. This approach 
has been realized in a heterojunction field-effect device with 
graphene as the gate, h-BN as the dielectric, and a mon-
olayer of  MoS2 as the quantum emission layer [411], which 
promotes the further development of gate-addressable and 
gate-switchable single-photon emitters.

The long-term goal of quantum emitters is to achieve 
control over the wavelength and position of single-photon 
emission at the device level. The exciton characteristics 
of 2D materials are sensitive to layer number and lattice 

strain and can be modulated by manufacturing processes 
and external strain (Fig. 32b) [412] to control material 
electrical and optical properties. Strain platforms can 
manipulate the linewidth, polarization, exciton binding 
energy, and other parameters of single-photon emission 
to achieve single-photon emission with different perfor-
mance metrics. Electrostatically driven microcantilevers 
(Fig. 32c) [413], piezoelectric actuators (Fig. 32d) [414], 
and plasmonic waveguide surfaces (Fig. 32e) [415] can all 
provide local strain platforms for 2D single-photon emit-
ters. Since localized excitons are sensitive to the nanoscale 

Fig. 32  Development of single-photon sources in 2D materials. a A single-photon emitter matrix is selectively generated in a  MoS2 vdW het-
erogeneous device. Reproduced with permission [411]. Copyright (2021), American Chemical Society. b A single-photon emitter with  WSe2 
based on nanoscale strain and electron beam irradiation defects shows a strain map of  WSe2 on a silica nanocolumn (W atom in blue and Se 
in yellow). Reproduced with permission [412]. Copyright (2021), Nature Publishing Group. c A single layer  WSe2 single-photon emitter on an 
electrostatically driven microcantilever with a nanopyramid pattern. Reproduced with permission [413]. Copyright (2019), American Chemical 
Society. d Schematic diagram of a 2D-semiconductor-piezoelectric hybrid driven single-photon emitter with integrated monolayer folds  WSe2. 
Reproduced with permission [414]. Copyright (2019), American Chemical Society. e Plasma waveguide is coupled with the single-photon emit-
ter to enhance the emission. Reproduced with permission [415]. Copyright (2018), American Chemical Society. f Quantum constrained stark 
effect tuning of a local emitter on a monolayer  WSe2 edge. Reproduced with permission [417]. Copyright (2017), American Chemical Society. 
g Top view and cross section of the integrated  WSe2 quantum emitter:  WSe2 sheet is integrated on a 220 nm thick single-mode SiN waveguide 
separated from the body SiN by two air grooves. Reproduced with permission [361]. Copyright (2019), Nature Publishing Group. h h-BN quan-
tum emission array based on edge effect. Reproduced with permission [418]. Copyright (2019), American Chemical Society. i h-BN single-
photon emission arrays on nanocolumns. Reproduced with permission [419]. Copyright (2021), American Chemical Society
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proximal dielectric environment, SPEs can also be cou-
pled to plasmas to improve performance, enhancing the 
potential for nanoscale photonics and quantum devices. 
The Stark effect can also modulate exciton characteristics 
such as bandgap and exciton binding energy, and can tune 
single-photon performance through the application of an 
external electric field. A linear Stark shift of up to 5.4 nm 
per GV/m has been achieved by applying an out-of-plane 
electric field to atomic defects in h-BN in an h-BN/gra-
phene heterostructure [416]. The quantum-confined Stark 
effect (QCSE) exists in quantum wells, tilting the bandgap 
under the influence of a built-in electric field and generat-
ing a dipole opposite in direction to the electric field, thus 
manipulating the exciton wave function of single-photon 
emitters. Specific vdW heterostructures can form quan-
tum wells with quantum dot defects in 2D materials, and 
single-photon emission can be modulated by applying a 
vertical electric field (Fig. 32f) [417]. The connection of 
a single-molecule layer to an integrated dielectric cavity 
has been reported (Fig. 32g) [361], and its combination 
with wafer-level CVD growth of 2D materials provides 
new opportunities for quantum photonics chips.

With the increase of information, the single-photon 
source also develops toward an integrated array, which is 
conducive to integration into quantum chip. Local strain or 
defect injection is conducive to forming a quantum emission 
array in 2D materials. Defect-induced quantum emission is 
usually present at the edge of the 2D material. Researchers 
have observed a bright local photoluminescence array that 
matches the geometric shape of a patterned hole by focusing 
an ion beam (FIB) to embed a series of patterned holes into 
h-BN, as shown in Fig. 32h [418]. Dielectric nanorod arrays 
are also commonly employed to provide a strain-engineered 
single-photon emission array, as shown in Fig. 32i [419]. 
Single-photon emission arrays have been achieved by com-
bining nanorods with  WS2 [360],  WSe2 [420], and h-BN 
[418, 419]. When a single-photon source is coupled with a 
nanometer-sized antenna or a dielectric cavity, an enhance-
ment in quantum emission efficiency has been observed. A 
high-efficiency quantum emission array has been realized by 
using an array of metal with quantum emission enhancement 
function, coupled with 2D materials [421].

The deterministic generation and control of multiple 
quantum emitters serve as the foundation for future scal-
able and integrated quantum photonics systems. Active 
control systems with wavelength feedback can stabilize the 

single-photon emission frequency, enabling the integra-
tion of single-layer photon emitters with optical cavities, 
resonators, and detectors, providing possibilities for on-chip 
integrated quantum photonics circuits. The control of single 
photons using electric fields, magnetic fields, and strain is 
an important device of future quantum photonics systems. 
Combining single photons with linear optics can also real-
ize more complex quantum applications such as quantum 
logic gates and quantum interference. The entanglement of 
photon pairs is beneficial for the development of scalable 
quantum technologies. In quantum communication, key gen-
eration still heavily relies on attenuated lasers, which has the 
issue of photon divergence. The development of on-demand 
single-photon states in 2D materials offers a new approach 
for QKD, and simulation of the BB84 protocol has been 
achieved in single-layer  WSe2 quantum sources [362], accel-
erating the application of SPEs in quantum communication.

8.2.4  Solid‑state Quantum Sensors

Quantum sensors rely on the effects of quantized energy 
levels, quantum coherence, or quantum entanglement to 
achieve higher sensitivity and measurement accuracy. 
Quantum sensing technology can be used to create super-
sensitive magnetometers, ultra-precise compasses, quantum 
lithography, atomic clocks, etc., providing exciting prospects 
for navigation, imaging technology, and natural disaster 
prediction.

Solid-state spin defects with discrete and tunable energy 
levels can be used to measure disturbances in the environ-
ment and are a critical device of quantum sensing technol-
ogy [364]. Currently, the spin system for quantum sensing 
is mainly focused on nitrogen-vacancy (NV) centers in dia-
mond, where three-dimensional materials provide natural 
protection for the embedded spin defects. However, prepar-
ing surface spin defects in three-dimensional bulk materials 
is challenging, limiting their precise contact with external 
object and hindering on-chip integration of quantum sen-
sors with complex equipment. 2D materials can be easily 
exfoliated into several layers, creating surface spin defects 
that are comparable in size to the atoms of the object being 
measured. The narrow spin transition linewidths of spin-
active defects in 2D materials greatly enhance the generality 
and sensitivity of quantum sensing technology. However, 
a significant amount of electrical noise and magnetic field 
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noise in the environment can also affect quantum defects in 
monolayer materials, posing a long-term challenge for the 
development of efficient sensors. The development of mon-
olayer-limited quantum sensors still has a long way to go.

Recently, atomic defects in h-BN have received increasing 
attention as alternative materials for studying light-matter 
interactions, nanophotonics, and nanoscale sensing. In nega-
tively charged boron vacancies of h-BN, an electron spin 
triplet state has been observed, in which the ground state is 
split by zero-field, and these spin states can be manipulated 
by laser and microwave fields (Fig. 33a) [422].  VB− defects 
are considered promising quantum sensors due to their 
excellent quantum coherence and single spin addressabil-
ity, and can be used for detecting temperature [364], pres-
sure, magnetic fields (Fig. 33b) [364, 423, 424], and strain 
(Fig. 33c) [425]. There are many ways to create  VB− defects, 
including ion implantation, electron irradiation, neutron 
irradiation, and femtosecond laser writing. Coupling h-BN 
defects with nanophotonic devices with waveguides can 

improve the signal-to-noise ratio of the sensor [426]. How-
ever, the contrast of ODMR and photoluminescence from 
h-BN spin defects is relatively low, which limits its sensitiv-
ity. Therefore, it is necessary to increase the overall quantum 
efficiency by accelerating the photon emission rate while 
maintaining the spin properties. Gold film microwave wave-
guides are often used to enhance the luminescence intensity 
of spin defects and ODMR signals in h-BN [427], as gold 
surfaces can enhance plasmon emission and control spin 
(Fig. 33d). Through the effect of gold film waveguides, the 
ODMR contrast of h-BN nanosheets at room temperature 
reached 46%, and the photoluminescence was enhanced by 
17 times. The plasmon enhancement largely depends on 
the type of plasmonic material. Silver thin films are easier 
to make into low-loss nano-patch antennas (NPA) [428], 
which greatly improves the efficiency of plasmonic cavi-
ties and produces higher Purcell enhancement (Fig. 33e). 
Using silver film-based NPA, the overall emission intensity 
reached up to 250 times, which is conducive to isolating 

Fig. 33  Development of quantum sensors in 2D materials. a Schematic diagram of spin activity transition detection device for  VB− defects 
in h-BN. The spin states are manipulated by laser and microwave fields. The fluorescence spectra were collected and the spin states were read 
from the ODMR signal. Reproduced with permission [422]. Copyright (2022), Nature Publishing Group. b Nanoscale quantum imaging of 
low-dimensional  Fe3GeTe2 (FGT) with ferromagnetism by spin defects in h-BN. Reproduced with permission [423]. Copyright (2022), Nature 
Publishing Group. c Strain quantum sensing of  VB− defects in h-BN. Reproduced with permission [425]. Copyright (2022), American Chemical 
Society. d Photoluminescence enhancement of h-BN spin defects by a gold film microwave waveguide. Its ODMR contrast is up to 46%. Repro-
duced with permission [427]. Copyright (2021), American Chemical Society. e High resolution magnetic field sensor based on low-loss nano-
patch antenna (NPAs) to enhance  VB− defect photon emission. An overall strength increase of up to 250 times was observed. Reproduced with 
permission [428]. Copyright (2022), American Chemical Society
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single  VB− defects and further extending the application of 
 VB− in the field of quantum information.  VB− spin defects 
can serve as local probes and, through integration with low-
dimensional materials, enable nanoscale quantum sensing 
and imaging of the material’s magnetism [423, 429]. In 
h-BN with point defects, a multifunctional quantum micro-
scope was realized [429]. Time-resolved imaging near the 
Curie temperature of vdW ferromagnetism was successfully 
demonstrated, as well as temperature and magnetic imaging, 
and the charge current and Joule heating in operation of gra-
phene devices were mapped. The integration of h-BN with 
multifunctional heterostructures opens up new prospects for 
in situ quantum sensing.

Quantum sensing enables the detection of various physi-
cal fields, and the integration of multifunctional hetero-
structures will drive the development of a series of devices, 
pushing quantum sensing toward broader application areas. 
At the same time, quantum sensing will also benefit from 
the progress in quantum computing, particularly in the fun-
damental understanding of qubits. Multiple sensors can 
cooperate by sharing quantum entangled states, improving 
the signal-to-noise ratio and measurement accuracy. This 
cooperative technique can be used in distributed quantum 
sensors, further expanding their application scope to the 
field of precision measurements.

8.3  Quantum Circuit

A quantum circuit is used to describe the interaction between 
quantum gates and qubits in quantum algorithms. Depend-
ing on the physical carrier used to implement the qubits, 
quantum circuits can be divided into quantum electronic 
circuits and quantum optical circuits. Among them, quan-
tum electronic circuits have been developed earlier. Quan-
tum electronic circuits are based on physical quantities such 
as current and charge and mainly include superconducting 
quantum circuits and semiconductor quantum circuits. Super-
conducting quantum circuits have made significant progress 
[430] in implementing notable quantum algorithms such as 
the Grover search algorithm and the Shor algorithm, as well 
as in simulating complex processes like chemical reactions 
and high-energy physics. It is worth noting that while super-
conducting quantum circuits have successfully implemented 
important quantum algorithms and simulations, the current 

system scale and stability still pose challenges. Semiconduc-
tor quantum circuits utilize modern advanced semiconduc-
tor nanofabrication processes to prepare, manipulate, and 
read qubits purely through electrical control, enabling easy 
realization of large-scale integration. The development of 
quantum electronic circuits based on 2D materials mainly 
focuses on superconducting quantum circuits, which can 
realize the generation, manipulation, and measurement of 
superconducting qubits. They are usually composed of super-
conducting qubits, microwave resonant cavities, and control 
circuits. Quantum optical circuits can realize the generation, 
manipulation, and detection of non-classical light. They are 
usually composed of single-photon sources, photonic crystal 
waveguides, micro-ring resonators, and other components, 
and can be used to achieve long-distance quantum commu-
nication and distributed quantum computing. Quantum pho-
tonic circuits leverage the intrinsic properties of photons to 
densely integrate diverse optical components on a chip in a 
compact manner. Quantum integrated photonics holds several 
advantages, including small size, high integration density, 
and strong resistance to interference. In three-dimensional 
materials, quantum optical chips have been developed that 
integrate multiple devices capable of quantum information 
processing. The integration of single-photon sources based 
on 2D materials and optical waveguides will facilitate the 
further development of quantum optical circuits that combine 
2D materials with photonic ICs.

By applying microwave pulse signals to the superconduct-
ing circuit, the interactions between qubits can be precisely 
controlled, enabling quantum gate operations. By coupling 
multiple superconducting qubits, it becomes possible to 
achieve complex quantum computations and other func-
tionalities. Meanwhile, superconducting circuits have low 
resistance and inductance, which effectively reduces energy 
losses and noise generation, allowing for long-lived qubits. 
The implementation of a series of quantum algorithms and 
quantum simulations holds significant importance for further 
advancements in quantum computing. High-intensity, high-
purity magnetic fields are commonly used to manipulate 
quantum states, and quantum circuits that transport quan-
tum states must be able to operate stably in high magnetic 
field environments. When graphene JJs are used in quan-
tum circuits, the single atomic thickness of graphene makes 
the device insensitive to magnetic fields (Fig. 34b) [431], 
demonstrating the feasibility of using graphene in quantum 
circuits. Superconducting microwave circuits are crucial for 
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implementing quantum gate operations and signal readout, 
and graphene JJs capable of achieving ballistic transport 
have been used in these circuits to observe their microwave 
properties (Fig. 34a) [432], indicating that graphene JJs can 
provide a feasible platform for coherent quantum circuits. 
Superconducting circuits include capacitors and inductors. 
Conventional capacitors are typically composed of two metal 
plates sandwiching an insulating layer, while quantum bit 
capacitors require an additional vacuum insulation layer. 
This is to protect the high precision and stability of quantum 
computation, reduce external environmental interference, 
and avoid loss of dielectric materials. This common quantum 
bit capacitor requires a large size space, resulting in a large 
volume of a quantum bit. The emergence of 2D materials 
provides new ideas for quantum bit capacitors. H-BN can be 
used as an insulating layer for capacitors, and it can maintain 
its defect-free state at ultralow temperatures and high-fre-
quency electric fields. Using vdW materials, it is possible to 
reduce the quantum bit area without sacrificing capacitance 

and quantum coherence. Abhinandan Antony et al. combined 
parallel plate capacitors (PPCs) composed of superconduct-
ing  NbSe2 and insulating h-BN crystal layers with traditional 
aluminum-based JJs, reducing the single quantum bit area to 
one-thousandth of that of traditional quantum chips [433], 
as shown in Figs. 34c, 35. The vdW transmon  T1 relaxation 
time is 1.06 μs. Another group of researchers used the same 
structure of PPCs to achieve a transmon quantum bit with 
a coherence time of up to 25 μs and confirmed that h-BN is 
a low-loss dielectric [434]. H-BN can be used to construct 
high-coherence quantum circuits and helps reduce crosstalk 
between qubits. Hybrid superconducting circuits can obtain 
their coherent properties by interacting with artificial atoms 
(qubits) or microwave photons. It is highly necessary to con-
struct more quantum bit states based on this method and 
investigate the issue of crosstalk between qubits. This will 
bring about a new wave of research. Hybrid superconducting 
circuits based on ballistic superconductor-graphene-super-
conductor (S-G-S) structures have demonstrated quantum 

Fig. 34  a A superconducting quantum circuit based on a conventional aluminum-based JJ and a parallel plate capacitor combination consisting 
of superconducting niobium selenide and insulated h-BN crystal layers. The transmitter capacitor is coupled to the read resonator (red) and the 
drive line (green). Reproduced with permission [432]. Copyright (2018), Nature Publishing Group. b A hybrid superconducting circuit based on 
S-G-S JJ. Reproduced with permission [431]. Copyright (2018), Nature Publishing Group. c Monolayers of graphene Josephson are incorporated 
into microwave-frequency superconducting circuits to create graphene-based transporters. Reproduced with permission [433]. Copyright (2021), 
American Chemical Society
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coherent control in circuit quantum electrodynamics (cQED) 
technology and demonstrated transmon qubits [358]. Super-
conducting qubits based on graphene have high stability and 
long coherence time characteristics, are easy to implement 
large-scale quantum computing, and are of great significance 
for topological quantum computing architecture.

Quantum circuits based on 2D materials have advan-
tages such as high scalability, low power consumption, and 
low noise, making them widely applicable in the fields of 
quantum information processing, sensors, and quantum 
communication. However, quantum circuits need ultrahigh 
integration of qubits to realize quantum computers. Cur-
rently, quantum circuits based on 2D materials are only at 
the level of a few qubits. And the electrons in 2D materials 
are susceptible to strong impurity scattering, which makes 
the quantum bit unstable. Additionally, the weak adsorption 
capability of 2D materials makes it difficult to match them 
with metal electrodes. As mentioned above, there are still 
significant challenges in integrating quantum circuits based 
on 2D materials, and continuous exploration is needed. 
Quantum circuits based on 2D materials will become an 
important device of future quantum technologies.

2D materials exhibit special quantum phenomena, giving 
them inherent advantages in quantum technology, provid-
ing great potential for the development of integrated quan-
tum technology. Manufacturing technologies such as defect 
control, epitaxial growth, and mechanical exfoliation may 

cause instability in the properties of 2D materials, which still 
need to be explored for large-scale high-quality 2D quantum 
materials [435]. In terms of qubits, they are susceptible to 
environmental noise, which can lead to bit errors, requir-
ing continuous error correction to ensure the accuracy of 
information. As the integration of qubits increases, more 
signal lines are needed for precise control and reading of 
each quantum bit, which will face wiring problems. Vertical 
wiring can solve hundreds of qubits, but with the increase 
in the number of bits, better wiring methods will be needed. 
The design of stable, highly integrated quantum bit circuits 
and the realization of coordinated quantum computing both 
face huge challenges. 2D material surfaces are smooth and 
difficult to make ohmic contact with electrodes. They usually 
use graphene or metal electrodes in direct contact with 2D 
materials, which brings high contact resistance and limits 
their application. In the realm of quantum communication, 
the compatibility and matching between 2D materials and 
optical devices pose significant challenges. Furthermore, due 
to the sensitivity of 2D materials to the environment and 
their susceptibility to environmental noise and impurities, 
their sensing capabilities in complex environments face chal-
lenges. Future research and technological advancements are 
expected to address these issues, further driving the devel-
opment of 2D materials in quantum privacy protection, 
quantum simulation, quantum machine learning, quantum 
cryptography, quantum sensing, quantum optimization, and 

Fig. 35  Challenges (large-scale integration, the operation of multiple qubits, quantum bit error correction, quantum computing interconnection, 
sensing for complex environments) and outlook (quantum phenomenon simulation, quantum machine learning, quantum communication, quan-
tum sensing, cryptographic analysis) of 2D materials in quantum technology
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other fields, with profound impacts on scientific research, 
engineering technology, and national security.

9  Lab‑to‑Fab Transition: Outlooks

Since the discovery of graphene in 2004, the field of 2D 
materials has undergone nearly two decades of develop-
ment, with both the depth and breadth of research in this 
area continuously expanding. Simultaneously, the process of 
commercializing 2D materials has been steadily advancing. 
Currently, commercialization efforts for 2D materials are 
primarily concentrated in the following areas: wafer-scale 
production of 2D materials, with companies like 6Carbon 
Technology in China emerging as one of the world’s larg-
est manufacturers, capable of mass-producing high-quality 
2D films, including TMDCs, graphene, h-BN, and source 
crystals. Additionally, Hefei Microcrystalline Company has 
been producing graphene-based products. However, the sup-
ply of single-layer 2D materials remains primarily oriented 
toward research institutions and universities, serving funda-
mental research and integrated circuit process technology 
development. Regarding graphene-based products, some 
commercialization has been achieved as graphene is uti-
lized as an auxiliary material, primarily aimed at enhancing 
performance. For instance, graphene’s exceptional thermal 
conductivity has led to its application as a heat-dissipating 
material in electronic products, such as smartphones and tab-
lets introduced by Huawei. Moreover, graphene-based coat-
ings and suspensions developed by Hefei Microcrystalline 
Company have found applications in corrosion resistance 
and antimicrobial fields.

When it comes to semiconductor industry, there is sub-
stantial attention directed toward 2D materials. Further 
downscaling in Si-based technology has become increas-
ingly challenging due to both process limitations and funda-
mental device constraints. Several prominent semiconductor 
industry players, including IMEC, TSMC, and Intel, have 
actively explored the utilization of 2D materials to extend 
Moore’s law [436–438]. On the one hand, fundamental 
research efforts at the device level involving 2D materials, 
such as material growth, optimization of contact resistance, 
dielectric integration, and device miniaturization, aim to 
substantiate the optimization potential and performance 
advantages offered by 2D materials. Intel demonstrated 
and characterized MOCVD of 2D materials directly on a 

300-mm Si platform [437]. TSMC reported the epitaxial 
growth of single-crystal h-BN monolayers on a Cu film 
across a two-inch sapphire wafer [438]. Furthermore, Intel 
explored 2D channel FET scaling down to source-to-drain 
contact spacing of 25nm, comparable to state-of-the-art Si 
technology [439].

On the other hand, continuous endeavors focus on verify-
ing the scalability of 2D materials manufacturing and their 
compatibility with silicon-based production lines. Intel pre-
sented multiple applications of 2D materials in the BEOL 
[440]. We also noticed that IMEC reported on integration 
challenges and optimized process uniformity for a single-
device yield higher than 90% across full 300mm wafers 
[441]. The efforts of these companies make the devices suit-
able for hybrid 2D integration in the BEOL.

It is evident that the current state of industrialization for 
2D materials is less than ideal, with a predominant focus 
on low-value-added goods and scientific research. Further-
more, their presence in the semiconductor industry remains 
relatively limited. In our opinion, for 2D materials to find 
application in the semiconductor industry, they shall meet 
the following requirements: (1) Device Performance: The 
advantages of using 2D materials in transistors, especially 
in scaling down, have been reported. However, for chip 
applications, it is essential not only to harness the excellent 
electronic properties of these materials but also to ensure 
the stability of performance and the coordinated optimiza-
tion of various parameters. This entails control over mate-
rial mobility, carrier concentration, and defect management. 
Currently, much of the research on 2D materials has focused 
on optimizing individual device performance, while studies 
on doping processes and stability remain relatively lacking. 
(2) Process Compatibility: considering the performance and 
fabrication capabilities of 2D materials fall short of replac-
ing silicon, they are more likely to be integrated heterogene-
ously with silicon. Therefore, it is crucial that 2D materials 
and their processing methods are compatible with existing 
silicon-based fabrication processes. The preparation of 
high-quality 2D materials mainly relies on high-temperature 
processes and specific precursor materials. While progress 
has been made in the low-temperature synthesis processes, 
the quality of prepared 2D materials still requires further 
optimization. Compatibility with silicon-based production 
and its impact on silicon-based manufacturing processes 
require further evaluation. (3) Scale Manufacturing Capa-
bility: achieving scalability and mass production relies on 
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device yield and uniformity, particularly in the context of 
chip manufacturing. Consistency in device performance and 
the matching of module-level circuits are critical factors lim-
iting circuit scalability.

Industrialization differs from laboratory-scale scientific 
research, requiring a more comprehensive and streamlined 
approach. In addition to laboratory-level research on 2D 
materials, there is a need to further enrich and develop the 
technological expertise related to industrialization. We 
believe that efforts should be made in the following aspects:

(1) Cost-effective synthesis technologies: Substantial chal-
lenges still exist in controlling key quality parameters 
such as thickness, uniformity, continuity, defects, grain 
size, phase, and polarity that directly impact the device 
yield and performance. Moreover, due to the variations 
in equipment conditions in different laboratories, there 
is no unified material fabrication strategy or quality 
evaluation system now. Achieving large-scale produc-
tion in the future will necessitate the establishment of 
comprehensive assessment standards. Furthermore, tra-
ditional ion implantation methods are not feasible due 
to the atomically thin nature of 2D materials. And the 
tuning of carrier polarity remains a major challenge. 
Furthermore, the insertion of 2D materials into high 
volume manufacturing may require the development 
of new cost-effective fabrication technologies, despite 
their proof of concept and potential solution.

(2) Factory integration: Ensure that the manufacturing 
infrastructure of the 2D material chip production line 
incorporates essential or specialized components to ful-
fill the demands of automated and intelligent process-
ing of 2D material chips. Due to the extremely high 
growth temperature of 2D materials, it is necessary to 
add a unique process area for 2D materials in tradi-
tional CMOS process lines, such as large size CVD 
growth systems, full-automatic transfer equipment, and 
so on.

(3) Circuit Design: 2D devices exhibit distinct material 
properties and performance characteristics compared 
to silicon-based devices. Therefore, the design of 2D 
circuits cannot simply adopt the schemes and methods 
used for silicon-based circuits. To achieve fully func-
tional 2D circuits in the future, further development 
of a comprehensive set of design processes, method-
ologies, and accompanying software specific to 2D 
materials is necessary. Besides, whenever a new semi-
conductor process is required, the initial step involves 
developing a PDK. The PDK encompasses comprehen-
sive documentation of the fabrication process in the 

foundry’s language, playing a pivotal role in ensuring 
successful chip manufacturing. Additionally, there may 
be challenges related to thermal load and inter-chip 
crosstalk when implementing circuits. Redundancy 
design methods can be considered during circuit design 
to enhance chip yield.

(4) Package and test: The susceptibility of 2D materials, 
such as graphene, to pollution and oxidation in ambi-
ent air environments leads to performance degrada-
tion, necessitating the implementation of packaging 
and other protective measures. Last but not least, the 
evaluation and testing of wafers, which span the entire 
process of wafer production, constitute a pivotal stage 
in the commercialization of 2D materials. The micro-
structure characterization, composition and phase 
analysis, failure behavior analysis, and physical and 
chemical performance testing of 2D materials require 
further improvement.

(5) Metrology and characterization: Real-time observa-
tions during the growth of 2D materials and device 
fabrication processes are essential for understanding 
the material growth mechanisms and ensuring quality 
control [67]. Given the atomically layered nature of 2D 
materials, the development of non-destructive charac-
terization techniques, such as optical monitoring, is of 
paramount importance. On the one hand, it is crucial to 
leverage existing traditional characterization techniques 
while adapting them to the unique characteristics of 2D 
materials. On the other hand, there is a need to develop 
more targeted or specialized characterization methods 
to provide precise information about material structure 
and morphology. Furthermore, there is a requirement 
to establish comprehensive material quality and moni-
toring assessment systems to enable in situ monitoring 
of the structural quality and overall properties of these 
materials, which is indispensable in the fabrication 
workflow.

Considering the current state of 2D materials develop-
ment and the concerted efforts within the industry, we iden-
tify three potential pathways for the future of 2D materials:

Firstly, the development of an all-2D system, particu-
larly in the realm of analog–digital circuitry, capitalizes on 
the advantages of 2D materials in terms of size reduction. 
While significant progress has been made in device-level 
research, the primary challenge lies in seamlessly integrating 
2D materials into advanced node technologies and estab-
lishing a comprehensive ecosystem for 2D chip fabrication. 
Compared to the mature silicon-based technologies that have 



Nano-Micro Lett.          (2024) 16:119  Page 79 of 96   119 

1 3

been developed for decades, this pathway offers substantial 
room for enhancement and optimization.

Secondly, the development of heterogeneous integration 
chip technologies involves the creation of silicon-based—
2D material-based stacked chips or partitioned integration, 
such as chiplet technology. This direction leverages exist-
ing silicon-based ecosystem technologies to further develop 
silicon-compatible integration processes for 2D materials. It 
represents one of the most promising technological pathways 
currently available.

Thirdly, in mainstream applications, 2D materials are 
less likely to completely replace mature bulk materials such 
as Si and GaN. Instead, they are more suitable for use in 
more selective application domains with relatively lower 
material quality requirements, while harnessing the unique 
advantages of 2D materials, such as low operating current 
and leakage current, as well as the multifunctionality of 2D 
materials. Examples of such application domains include 
low-power flexible sensors and neuromorphic computing. 
Utilizing existing cost-effective manufacturing processes, 
there is a promising potential to expedite the industrializa-
tion of 2D materials in the near future.

In summary, the advancement of 2D technologies should 
progress within the foundation of the well-established sili-
con-based processing framework. The commercial applica-
tions of 2D materials are still in an early stage. The growth 
of WSSC materials remains a roadblock hindering their 
industrialization. Furthermore, there is a need for further 
development and improvement in supporting manufacturing 
equipment, design software, material characterization, and 
evaluation systems, as well as research into 2D-compatible 
doping or encapsulation processes. Additionally, it is impor-
tant to broaden the research focus beyond the development 
of advanced logic chips. As discussed in this section, het-
erogeneous integration chips and specific application direc-
tions should receive significant attention as they offer more 
potential and achievable development paths. Moreover, it 
is crucial to emphasize that the commercialization of 2D 
materials should leverage the exploratory advantages of aca-
demic sectors and technical foundations of industrial sectors. 
Close collaboration and coordination between these two sec-
tors can facilitate smoother development for more seamless 
progress.

Acknowledgements This work was supported in part by STI 
2030—Major Projects under Grant 2022ZD0209200, sponsored 

by Tsinghua-Toyota Joint Research Fund,  in part by National 
Natural Science Foundation of China under Grant 62374099, 
Grant 62022047, Grant U20A20168, Grant 51861145202, Grant 
51821003, and Grant 62175219, in part by the National Key R&D 
Program under Grant 2016YFA0200400, in part by Beijing Natu-
ral Science-Xiaomi Innovation Joint Fund Grant L233009, in part 
supported by Tsinghua University-Zhuhai Huafa Industrial Share 
Company Joint Institute for Architecture Optoelectronic Technolo-
gies (JIAOT KF202204), in part by the Daikin-Tsinghua Union 
Program, in part sponsored by CIE-Tencent Robotics X Rhino-Bird 
Focused Research Program, in part by the Guoqiang Institute, Tsin-
ghua University, in part by the Research Fund from Beijing Innova-
tion Center for Future Chip, in part by Shanxi “1331 Project” Key 
Subjects Construction, in part by the Youth Innovation Promo-
tion Association of Chinese Academy of Sciences (2019120), and 
the opening fund of Key Laboratory of Science and Technology 
on Silicon Devices, Chinese Academy of Sciences, in part by the 
project of MOE Innovation Platform, and in part by the State Key 
Laboratory of Integrated Chips and Systems.

Declarations 

Conflict of Interest The authors declare no interest conflict. They 
have no known competing financial interests or personal relationships 
that could have appeared to influence the work reported in this paper. 
He Tian is an editorial board member for Nano-Micro Letters and was 
not involved in the editorial review or the decision to publish this arti-
cle. All authors declare that there are no competing interests.

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

References

 1. J.S. Kilby, Invention of integrated-circuit. IEEE Tran. Elec-
tron. Devices 23(7), 648–654 (1976). https:// doi. org/ 10. 
1109/t- ed. 1976. 18467

 2. K. Uchida, H. Watanabe, A. Kinoshita, J. Koga, T. Numata 
et al., Experimental study on carrier transport mechanism in 
ultrathin-body SOI n- and p-MOSFETs with SOI thickness 
less than 5 nm. in 2002 IEEE International Electron Devices 
Meeting (IEDM), San Francisco, CA, USA, 47–50 (2002). 
https:// doi. org/ 10. 1109/ IEDM. 2002. 11757 76

 3. D.J. Frank, R.H. Dennard, E. Nowak, P.M. Solomon, Y. 
Taur et al., Device scaling limits of Si MOSFETs and their 

http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1109/t-ed.1976.18467
https://doi.org/10.1109/t-ed.1976.18467
https://doi.org/10.1109/IEDM.2002.1175776


 Nano-Micro Lett.          (2024) 16:119   119  Page 80 of 96

https://doi.org/10.1007/s40820-023-01273-5© The authors

application dependencies. Proc. IEEE 89(3), 259–288 (2001). 
https:// doi. org/ 10. 1109/5. 915374

 4. S. Zeng, Z. Tang, C. Liu, P. Zhou, Electronics based on 
two-dimensional materials: Status and outlook. Nano 
Res. 14, 1752–1767 (2021). https:// doi. org/ 10. 1007/ 
s12274- 020- 2945-z

 5. D.E. Nikonov, I.A. Young, Overview of beyond-CMOS 
devices and a uniform methodology for their benchmarking. 
Proc. IEEE 101(12), 2498–2533 (2013). https:// doi. org/ 10. 
1109/ jproc. 2013. 22523 17

 6. S. Yang, C. Jiang, S.-H. Wei, Gas sensing in 2D materials. 
Appl. Phys. Rev. 4(2), 021304 (2017). https:// doi. org/ 10. 
1063/1. 49833 10

 7. Z. Xie, R. Avila, Y. Huang, J.A. Rogers, Flexible and stretch-
able antennas for biointegrated electronics. Adv. Mater. 
32(15), 1902767 (2020). https:// doi. org/ 10. 1002/ adma. 20190 
2767

 8. C. Choi, Y. Lee, K.W. Cho, J.H. Koo, D.-H. Kim, Wearable 
and implantable soft bioelectronics using two-dimensional 
materials. Acc. Chem. Res. 52(1), 73–81 (2019). https:// doi. 
org/ 10. 1021/ acs. accou nts. 8b004 91

 9. H. Xiang, Y.-C. Chien, Y. Shi, K.-W. Ang, Application of 2D 
materials in hardware security for Internet-of-Things: Pro-
gress and perspective. Small Struct. 3(8), 2200060 (2022). 
https:// doi. org/ 10. 1002/ sstr. 20220 0060

 10. C. Cui, F. Xue, W.-J. Hu, L.-J. Li, Two-dimensional mate-
rials with piezoelectric and ferroelectric functionalities. 
npj 2D Mater. Appl. 2, 18 (2018). https:// doi. org/ 10. 1038/ 
s41699- 018- 0063-5

 11. C. Liu, H. Chen, S. Wang, Q. Liu, Y.-G. Jiang et al., Two-
dimensional materials for next-generation computing tech-
nologies. Nat. Nanotechnol. 15, 545–557 (2020). https:// doi. 
org/ 10. 1038/ s41565- 020- 0724-3

 12. A. Pal, S. Zhang, T. Chavan, K. Agashiwala, C.H. Yeh 
et al., Quantum-engineered devices based on 2D materi-
als for next-generation information processing and stor-
age. Adv. Mater. 35(27), 2109894 (2022). https:// doi. org/ 
10. 1002/ adma. 20210 9894

 13. B. Radisavljevic, A. Radenovic, J. Brivio, V. Giacometti, 
A. Kis, Single-layer  MoS2 transistors. Nat. Nanotechnol. 6, 
147–150 (2011). https:// doi. org/ 10. 1038/ nnano. 2010. 279

 14. S.J.B. Yoo, B. Guan, R.P. Scott, Heterogeneous 2D/3D 
photonic integrated microsystems. Microsyst. Nanoeng. 2, 
16030 (2016). https:// doi. org/ 10. 1038/ micro nano. 2016. 30

 15. M. Donarelli, L. Ottaviano, 2D materials for gas sensing 
applications: a review on graphene oxide,  MoS2,  WS2 and 
phosphorene. Sensors 18(11), 3638 (2018). https:// doi. org/ 
10. 3390/ s1811 3638

 16. V.D. Leyen, Fast-Forward into the Tech Future. (Antwerp, 
Belgium, 2022)

 17. S.H. Choi, S.J. Yun, Y.S. Won, C.S. Oh, S.M. Kim et al., 
Large-scale synthesis of graphene and other 2D materials 
towards industrialization. Nat. Commun. 13, 1484 (2022). 
https:// doi. org/ 10. 1038/ s41467- 022- 29182-y

 18. X. Chen, Y. Xie, Y. Sheng, H. Tang, Z. Wang et al., Wafer-
scale functional circuits based on two-dimensional semi-
conductors with fabrication optimized by machine learning. 
Nat. Commun. 12, 5953 (2021). https:// doi. org/ 10. 1038/ 
s41467- 021- 26230-x

 19. P. Yang, X. Zou, Z. Zhang, M. Hong, J. Shi et al., Batch 
production of 6-inch uniform monolayer molybdenum 
disulfide catalyzed by sodium in glass. Nat. Commun. 9, 
979 (2018). https:// doi. org/ 10. 1038/ s41467- 018- 03388-5

 20. S. Wachter, D.K. Polyushkin, O. Bethge, T. Mueller, A 
microprocessor based on a two-dimensional semiconductor. 
Nat. Commun. 8, 14948 (2017). https:// doi. org/ 10. 1038/ 
ncomm s14948

 21. J.-Y. Kim, X. Ju, K.-W. Ang, D. Chi, Van der Waals layer 
transfer of 2D materials for monolithic 3D electronic sys-
tem integration: review and outlook. ACS Nano 17(3), 
1831–1844 (2023). https:// doi. org/ 10. 1021/ acsna no. 2c107 
37

 22. R. Campos, G. Machado, M.F. Cerqueira, J. Borme, P. 
Alpuim, Wafer scale fabrication of graphene microelec-
trode arrays for the detection of DNA hybridization. Micro-
electron. Eng. 189, 85–90 (2018). https:// doi. org/ 10. 1016/j. 
mee. 2017. 12. 015

 23. M. Chhowalla, D. Jena, H. Zhang, Two-dimensional 
semiconductors for transistors. Nat. Rev. Mater. 1, 16052 
(2016). https:// doi. org/ 10. 1038/ natre vmats. 2016. 52

 24. F. Schwierz, Graphene transistors: Status, prospects, and 
problems. Pros. IEEE 101(7), 1567–1584 (2013). https:// 
doi. org/ 10. 1109/ jproc. 2013. 22576 33

 25. K.S. Novoselov, A.K. Geim, S.V. Morozov, D. Jiang, Y. 
Zhang et al., Electric field effect in atomically thin carbon 
films. Science 306(5696), 666–669 (2004). https:// doi. org/ 
10. 1126/ scien ce. 11028 96

 26. S.Z. Butler, S.M. Hollen, L. Cao, Y. Cui, J.A. Gupta et al., 
Progress, challenges, and opportunities in two-dimensional 
materials beyond graphene. ACS Nano 7(4), 2898–2926 
(2013). https:// doi. org/ 10. 1021/ nn400 280c

 27. L. Banszerus, M. Schmitz, S. Engels, J. Dauber, M. Oellers 
et al., Ultrahigh-mobility graphene devices from chemi-
cal vapor deposition on reusable copper. Sci. Adv. 1(6), 
e1500222 (2015). https:// doi. org/ 10. 1126/ sciadv. 15002 22

 28. Y. Liu, X. Duan, H.-J. Shin, S. Park, Y. Huang et al., Promises 
and prospects of two-dimensional transistors. Nature 591, 
43–53 (2021). https:// doi. org/ 10. 1038/ s41586- 021- 03339-z

 29. X. Li, J.T. Mullen, Z. Jin, K.M. Borysenko, M.B. Nardellil 
et al., Intrinsic electrical transport properties of monolayer 
silicene and  MoS2 from first principles. Phys. Rev. B 87(11), 
115418 (2013). https:// doi. org/ 10. 1103/ PhysR evB. 87. 115418

 30. E. Cinquanta, E. Scalise, D. Chiappe, C. Grazianetti, M. 
Houssa et al., Getting through the nature of silicene: An 
 sp2-sp3 two-dimensional silicon nanosheet. J. Phys. Chem. 
C 117(32), 16719–16724 (2013). https:// doi. org/ 10. 1021/ 
jp405 642g

 31. L. Tao, E. Cinquanta, D. Chiappe, C. Grazianetti, M. Fanci-
ulli et al., Silicene field-effect transistors operating at room 

https://doi.org/10.1109/5.915374
https://doi.org/10.1007/s12274-020-2945-z
https://doi.org/10.1007/s12274-020-2945-z
https://doi.org/10.1109/jproc.2013.2252317
https://doi.org/10.1109/jproc.2013.2252317
https://doi.org/10.1063/1.4983310
https://doi.org/10.1063/1.4983310
https://doi.org/10.1002/adma.201902767
https://doi.org/10.1002/adma.201902767
https://doi.org/10.1021/acs.accounts.8b00491
https://doi.org/10.1021/acs.accounts.8b00491
https://doi.org/10.1002/sstr.202200060
https://doi.org/10.1038/s41699-018-0063-5
https://doi.org/10.1038/s41699-018-0063-5
https://doi.org/10.1038/s41565-020-0724-3
https://doi.org/10.1038/s41565-020-0724-3
https://doi.org/10.1002/adma.202109894
https://doi.org/10.1002/adma.202109894
https://doi.org/10.1038/nnano.2010.279
https://doi.org/10.1038/micronano.2016.30
https://doi.org/10.3390/s18113638
https://doi.org/10.3390/s18113638
https://doi.org/10.1038/s41467-022-29182-y
https://doi.org/10.1038/s41467-021-26230-x
https://doi.org/10.1038/s41467-021-26230-x
https://doi.org/10.1038/s41467-018-03388-5
https://doi.org/10.1038/ncomms14948
https://doi.org/10.1038/ncomms14948
https://doi.org/10.1021/acsnano.2c10737
https://doi.org/10.1021/acsnano.2c10737
https://doi.org/10.1016/j.mee.2017.12.015
https://doi.org/10.1016/j.mee.2017.12.015
https://doi.org/10.1038/natrevmats.2016.52
https://doi.org/10.1109/jproc.2013.2257633
https://doi.org/10.1109/jproc.2013.2257633
https://doi.org/10.1126/science.1102896
https://doi.org/10.1126/science.1102896
https://doi.org/10.1021/nn400280c
https://doi.org/10.1126/sciadv.1500222
https://doi.org/10.1038/s41586-021-03339-z
https://doi.org/10.1103/PhysRevB.87.115418
https://doi.org/10.1021/jp405642g
https://doi.org/10.1021/jp405642g


Nano-Micro Lett.          (2024) 16:119  Page 81 of 96   119 

1 3

temperature. Nat. Nanotechnol. 10, 227–231 (2015). https:// 
doi. org/ 10. 1038/ nnano. 2014. 325

 32. Y. Liu, H. Wu, H.-C. Cheng, S. Yang, E. Zhu et al., Toward 
barrier free contact to molybdenum disulfide using graphene 
electrodes. Nano Lett. 15(5), 3030–3034 (2015). https:// doi. 
org/ 10. 1021/ nl504 957p

 33. S.B. Desai, S.R. Madhvapathy, A.B. Sachid, J.P. Llinas, Q. 
Wang et al.,  MoS2 transistors with 1-nanometer gate lengths. 
Science 354(6308), 99–102 (2016). https:// doi. org/ 10. 1126/ 
scien ce. aah46 98

 34. Y.Y. Illarionov, A.G. Banshchikov, D.K. Polyushkin, S. 
Wachter, T. Knobloch et  al., Ultrathin calcium fluoride 
insulators for two-dimensional field-effect transistors. 
Nat. Electron. 2, 230–235 (2019). https:// doi. org/ 10. 1038/ 
s41928- 019- 0256-8

 35. L. Kong, Y. Chen, Y. Liu, Recent progresses of NMOS and 
CMOS logic functions based on two-dimensional semicon-
ductors. Nano Res. 14(6), 1768–1783 (2021). https:// doi. org/ 
10. 1007/ s12274- 020- 2958-7

 36. M. Qian, Y. Pan, F. Liu, M. Wang, H. Shen et al., Tunable, 
ultralow-power switching in memristive devices enabled by a 
heterogeneous graphene-oxide interface. Adv. Mater. 26(20), 
3275–3281 (2014). https:// doi. org/ 10. 1002/ adma. 20130 6028

 37. K. Qian, R.Y. Tay, V.C. Nguyen, J. Wang, G. Cai et al., Hex-
agonal boron nitride thin film for flexible resistive memory 
applications. Adv. Funct. Mater. 26(13), 2176–2184 (2016). 
https:// doi. org/ 10. 1002/ adfm. 20150 4771

 38. S. Kim, G. Myeong, W. Shin, H. Lim, B. Kim et al., Thick-
ness-controlled black phosphorus tunnel field-effect transis-
tor for low-power switches. Nat. Nanotechnol. 15, 203–206 
(2020). https:// doi. org/ 10. 1038/ s41565- 019- 0623-7

 39. X. Wang, P. Yu, Z. Lei, C. Zhu, X. Cao et al., Van der waals 
negative capacitance transistors. Nat. Commun. 10, 3037 
(2019). https:// doi. org/ 10. 1038/ s41467- 019- 10738-4

 40. H. Tian, X. Wang, H. Zhao, W. Mi, Y. Yang et al., A gra-
phene-based filament transistor with sub-10  mVdec−1 sub-
threshold swing. Adv. Electron. Mater. 4(4), 1700608 (2018). 
https:// doi. org/ 10. 1002/ aelm. 20170 0608

 41. M. Lanza, Q. Smets, C. Huyghebaert, L.-J. Li, Yield, vari-
ability, reliability, and stability of two-dimensional materials 
based solid-state electronic devices. Nat. Commun. 11, 5689 
(2020). https:// doi. org/ 10. 1038/ s41467- 020- 19053-9

 42. G. Xue, X. Sui, P. Yin, Z. Zhou, X. Li et al., Modularized 
batch production of 12-inch transition metal dichalcogenides 
by local element supply. Sci. Bull. 68(14), 1514–1521 (2023). 
https:// doi. org/ 10. 1016/j. scib. 2023. 06. 037

 43. P. Yang, S. Zhang, S. Pan, B. Tang, Y. Liang et al., Epitaxial 
growth of centimeter-scale single-crystal  MoS2 monolayer 
on Au(111). ACS Nano 14(4), 5036–5045 (2020). https:// 
doi. org/ 10. 1021/ acsna no. 0c014 78

 44. J.-H. Park, A.-Y. Lu, P.-C. Shen, B.G. Shin, H. Wang et al., 
Synthesis of high-performance monolayer molybdenum 
disulfide at low temperature. Small Methods 5(6), 2000720 
(2021). https:// doi. org/ 10. 1002/ smtd. 20200 0720

 45. J. Mun, H. Park, J. Park, D. Joung, S.-K. Lee et al., High-
mobility  MoS2 directly grown on polymer substrate with 
kinetics-controlled metal-organic chemical vapor deposition. 
ACS Appl. Electron. Mater. 1(4), 608–616 (2019). https:// doi. 
org/ 10. 1021/ acsae lm. 9b000 78

 46. J. Zhu, J.-H. Park, S.A. Vitale, W. Ge, G.S. Jung et  al., 
Low-thermal-budget synthesis of monolayer molybdenum 
disulfide for silicon back-end-of-line integration on a 200 mm 
platform. Nat. Nanotechnol. 18, 456–463 (2023). https:// doi. 
org/ 10. 1038/ s41565- 023- 01375-6

 47. J. Mun, Y. Kim, I.-S. Kang, S.K. Lim, S.J. Lee et al., Low-
temperature growth of layered molybdenum disulphide with 
controlled clusters. Sci. Rep. 6, 21854 (2016). https:// doi. org/ 
10. 1038/ srep2 1854

 48. L. Liu, T. Li, L. Ma, W. Li, S. Gao et al., Uniform nuclea-
tion and epitaxy of bilayer molybdenum disulfide on sap-
phire. Nature 605, 69–75 (2022). https:// doi. org/ 10. 1038/ 
s41586- 022- 04523-5

 49. J. Chen, W. Tang, B. Tian, B. Liu, X. Zhao et al., Chemical 
vapor deposition of high-quality large-sized  MoS2 crystals 
on silicon dioxide substrates. Adv. Sci. 3(8), 1500033 (2016). 
https:// doi. org/ 10. 1002/ advs. 20160 0033

 50. I. Bilgin, F. Liu, A. Vargas, A. Winchester, M.K.L. Man 
et al., Chemical vapor deposition synthesized atomically thin 
molybdenum disulfide with optoelectronic-grade crystalline 
quality. ACS Nano 9(9), 8822–8832 (2015). https:// doi. org/ 
10. 1021/ acsna no. 5b020 19

 51. W. Chen, J. Zhao, J. Zhang, L. Gu, Z. Yang et al., Oxygen-
assisted chemical vapor deposition growth of large single-
crystal and high-quality monolayer  MoS2. J. Am. Chem. Soc. 
137(50), 15632–15635 (2015). https:// doi. org/ 10. 1021/ jacs. 
5b105 19

 52. H. Yu, M. Liao, W. Zhao, G. Liu, X.J. Zhou et al., Wafer-
scale growth and transfer of highly-oriented monolayer  MoS2 
continuous films. ACS Nano 11(12), 12001–12007 (2017). 
https:// doi. org/ 10. 1021/ acsna no. 7b038 19

 53. Y. Huang, Y.-H. Pan, R. Yang, L.-H. Bao, L. Meng et al., 
Universal mechanical exfoliation of large-area 2D crystals. 
Nat. Commun. 11, 2453 (2020). https:// doi. org/ 10. 1038/ 
s41467- 020- 16266-w

 54. X. Lan, Y. Cheng, X. Yang, Z. Zhang, Wafer-scale engineer-
ing of two-dimensional transition metal chalcogenides. Chip 
2(3), 100057 (2023). https:// doi. org/ 10. 1016/j. chip. 2023. 
100057

 55. T. Li, W. Guo, L. Ma, W. Li, Z. Yu et al., Epitaxial growth of 
wafer-scale molybdenum disulfide semiconductor single crys-
tals on sapphire. Nat. Nanotechnol. 16, 1201–1207 (2021). 
https:// doi. org/ 10. 1038/ s41565- 021- 00963-8

 56. N. Briggs, S. Subramanian, Z. Lin, X. Li, X. Zhang et al., 
A roadmap for electronic grade 2D materials. 2D Mater. 6, 
022001 (2019). https:// doi. org/ 10. 1088/ 2053- 1583/ aaf836

 57. Z. Ye, C. Tan, X. Huang, Y. Ouyang, L. Yang et al., Emerg-
ing  MoS2 wafer-scale technique for integrated circuits. 
Nano-Micro Lett. 15, 38 (2023). https:// doi. org/ 10. 1007/ 
s40820- 022- 01010-4

https://doi.org/10.1038/nnano.2014.325
https://doi.org/10.1038/nnano.2014.325
https://doi.org/10.1021/nl504957p
https://doi.org/10.1021/nl504957p
https://doi.org/10.1126/science.aah4698
https://doi.org/10.1126/science.aah4698
https://doi.org/10.1038/s41928-019-0256-8
https://doi.org/10.1038/s41928-019-0256-8
https://doi.org/10.1007/s12274-020-2958-7
https://doi.org/10.1007/s12274-020-2958-7
https://doi.org/10.1002/adma.201306028
https://doi.org/10.1002/adfm.201504771
https://doi.org/10.1038/s41565-019-0623-7
https://doi.org/10.1038/s41467-019-10738-4
https://doi.org/10.1002/aelm.201700608
https://doi.org/10.1038/s41467-020-19053-9
https://doi.org/10.1016/j.scib.2023.06.037
https://doi.org/10.1021/acsnano.0c01478
https://doi.org/10.1021/acsnano.0c01478
https://doi.org/10.1002/smtd.202000720
https://doi.org/10.1021/acsaelm.9b00078
https://doi.org/10.1021/acsaelm.9b00078
https://doi.org/10.1038/s41565-023-01375-6
https://doi.org/10.1038/s41565-023-01375-6
https://doi.org/10.1038/srep21854
https://doi.org/10.1038/srep21854
https://doi.org/10.1038/s41586-022-04523-5
https://doi.org/10.1038/s41586-022-04523-5
https://doi.org/10.1002/advs.201600033
https://doi.org/10.1021/acsnano.5b02019
https://doi.org/10.1021/acsnano.5b02019
https://doi.org/10.1021/jacs.5b10519
https://doi.org/10.1021/jacs.5b10519
https://doi.org/10.1021/acsnano.7b03819
https://doi.org/10.1038/s41467-020-16266-w
https://doi.org/10.1038/s41467-020-16266-w
https://doi.org/10.1016/j.chip.2023.100057
https://doi.org/10.1016/j.chip.2023.100057
https://doi.org/10.1038/s41565-021-00963-8
https://doi.org/10.1088/2053-1583/aaf836
https://doi.org/10.1007/s40820-022-01010-4
https://doi.org/10.1007/s40820-022-01010-4


 Nano-Micro Lett.          (2024) 16:119   119  Page 82 of 96

https://doi.org/10.1007/s40820-023-01273-5© The authors

 58. K. Kang, S. Xie, L. Huang, Y. Han, P.Y. Huang et al., High-
mobility three-atom-thick semiconducting films with wafer-
scale homogeneity. Nature 520, 656–660 (2015). https:// doi. 
org/ 10. 1038/ natur e14417

 59. S. Hwangbo, L. Hu, A.T. Hoang, J.Y. Choi, J.-H. Ahn, Wafer-
scale monolithic integration of full-colour micro-LED display 
using  MoS2 transistor. Nat. Nanotechnol. 17, 500–506 (2022). 
https:// doi. org/ 10. 1038/ s41565- 022- 01102-7

 60. M.-L. Shi, L. Chen, T.-B. Zhang, J. Xu, H. Zhu et al., Top-
down integration of molybdenum disulfide transistors with 
wafer-scale uniformity and layer controllability. Small 
13(35), 1603157 (2017). https:// doi. org/ 10. 1002/ smll. 20160 
3157

 61. J.-Y. Moon, M. Kim, S.-I. Kim, S. Xu, J.-H. Choi et al., Layer-
engineered large-area exfoliation of graphene. Sci. Adv. 
6(44), 6601 (2020). https:// doi. org/ 10. 1126/ sciadv. abc66 01

 62. D. Akinwande, N. Petrone, J. Hone, Two-dimensional flexible 
nanoelectronics. Nat. Commun. 5, 5678 (2014). https:// doi. 
org/ 10. 1038/ ncomm s6678

 63. L. Huang, Y. Huang, J. Liang, X. Wan, Y. Chen, Graphene-
based conducting inks for direct inkjet printing of flexible 
conductive patterns and their applications in electric circuits 
and chemical sensors. Nano Res. 4, 675–684 (2011). https:// 
doi. org/ 10. 1007/ s12274- 011- 0123-z

 64. Z. Lin, Y. Liu, U. Halim, M. Ding, Y. Liu et al., Solution-
processable 2D semiconductors for high-performance large-
area electronics. Nature 562, 254–258 (2018). https:// doi. org/ 
10. 1038/ s41586- 018- 0574-4

 65. N. Zavanelli, W.-H. Yeo, Advances in screen printing of 
conductive nanomaterials for stretchable electronics. ACS 
Omega 6(14), 9344–9351 (2021). https:// doi. org/ 10. 1021/ 
acsom ega. 1c006 38

 66. K.S. Kim, D. Lee, C.S. Chang, S. Seo, Y. Hu et al., Non-
epitaxial single-crystal 2D material growth by geometric 
confinement. Nature 614, 88–94 (2023). https:// doi. org/ 10. 
1038/ s41586- 022- 05524-0

 67. S.A. Iyengar, S. Bhattacharyya, S. Roy, N.R. Glavin, A.K. 
Roy et al., A researcher’s perspective on unconventional 
lab-to-fab for 2D semiconductor devices. ACS Nano 17(14), 
12955–12970 (2023). https:// doi. org/ 10. 1021/ acsna no. 3c019 
27

 68. L. Li, Y. Yu, G.J. Ye, Q. Ge, X. Ou et al., Black phospho-
rus field-effect transistors. Nat. Nanotechnol. 9, 372–377 
(2014). https:// doi. org/ 10. 1038/ nnano. 2014. 35

 69. F. Wu, H. Tian, Y. Shen, Z. Hou, J. Ren et al., Vertical  MoS2 
transistors with sub-1-nm gate lengths. Nature 603, 259–
264 (2022). https:// doi. org/ 10. 1038/ s41586- 021- 04323-3

 70. F. Wu, J. Ren, Y. Yang, Z. Yan, H. Tian et al., A 10 nm short 
channel  MoS2 transistor without the resolution requirement 
of photolithography. Adv. Electron. Mater. 7(12), 2100543 
(2021). https:// doi. org/ 10. 1002/ aelm. 20210 0543

 71. K.A. Patel, R.W. Grady, K.K.H. Smithe, E. Pop, R. Sordan, 
Ultra-scaled  MoS2 transistors and circuits fabricated with-
out nanolithography. 2D Mater. 7, 015018 (2020). https:// 
doi. org/ 10. 1088/ 2053- 1583/ ab4ef0

 72. R. Wu, Q. Tao, J. Li, W. Li, Y. Chen et al., Bilayer tungsten 
diselenide transistors with on-state currents exceeding 1.5 
milliamperes per micrometre. Nat. Electron. 5, 497–504 
(2022). https:// doi. org/ 10. 1038/ s41928- 022- 00800-3

 73. K. Xu, D. Chen, F. Yang, Z. Wang, L. Yin et al., Sub-10 nm 
nanopattern architecture for 2D material field-effect transis-
tors. Nano Lett. 17(2), 1065–1070 (2017). https:// doi. org/ 
10. 1021/ acs. nanol ett. 6b045 76

 74. J. Jiang, M.-H. Doan, L. Sun, H. Kim, H. Yu et al., Ultra-
short vertical-channel van der Waals semiconductor tran-
sistors. Adv. Sci. 7(4), 1902964 (2020). https:// doi. org/ 10. 
1002/ advs. 20190 2964

 75. L. Liu, L. Kong, Q. Li, C. He, L. Ren et al., Transferred 
van der Waals metal electrodes for sub-1-nm  MoS2 vertical 
transistors. Nat. Electron. 4(5), 342–347 (2021). https:// doi. 
org/ 10. 1038/ s41928- 021- 00566-0

 76. J. Jiang, L. Xu, C. Qiu, L. Peng, Ballistic two-dimensional 
InSe transistors. Nature 616, 470–475 (2023). https:// doi. 
org/ 10. 1038/ s41586- 023- 05819-w

 77. C. Tan, M. Yu, J. Tang, X. Gao, Y. Yin et al., 2D fin field-
effect transistors integrated with epitaxial high-k gate 
oxide. Nature 616, 66–72 (2023). https:// doi. org/ 10. 1038/ 
s41586- 023- 05797-z

 78. Y.-Y. Chung, B.-J. Chou, C.-F. Hsu, W.-S. Yun, M.-Y. 
Li et al., First demonstration of GAA Monolayer-MoS2 
nanosheet nFET with 410μA/μm  ID at 1V  VD at 40nm gate 
length. in 2022 International Electron Devices Meeting 
(IEDM), San Francisco, CA, USA, 34.5.1–34.5.4 (2022). 
https:// doi. org/ 10. 1109/ IEDM4 5625. 2022. 10019 563

 79. X. Xiong, A. Tong, X. Wang, S. Liu, X. Li et al., Dem-
onstration of vertically-stacked CVD monolayer channels: 
 MoS2 nanosheets GAA-FET with  Ion > 700 μA/μm and 
 MoS2/WSe2 CFET. in 2021 IEEE International Electron 
Devices Meeting (IEDM), San Francisco, CA, USA, 7.5.1–
7.5.4 (2021). https:// doi. org/ 10. 1109/ IEDM1 9574. 2021. 
97205 33

 80. C.J. Dorow, A. Penumatcha, A. Kitamura, C. Rogan, K.P.O’ 
Brien et al., Gate length scaling beyond Si: Mono-layer 2D 
channel FETs robust to short channel effects. in 2022 Inter-
national Electron Devices Meeting (IEDM), San Francisco, 
CA, USA, 7.5.1–7.5.4 (2022). https:// doi. org/ 10. 1109/ IEDM4 
5625. 2022. 10019 524

 81. M. Chen, X. Sun, H. Liu, H. Wang, Q. Zhu et al., A Fin-
FET with one atomic layer channel. Nat. Commun. 11, 1205 
(2020). https:// doi. org/ 10. 1038/ s41467- 020- 15096-0

 82. A. Liu, X. Peng, S. Peng, H. Tian, Dielectrics for 2-D elec-
tronics: From device to circuit applications. IEEE Trans. 
Electron Devices 70(4), 1474–1498 (2022). https:// doi. org/ 
10. 1109/ ted. 2022. 32204 83

 83. W.M. Arden, The international technology roadmap for semi-
conductors-Perspectives and challenges for the next 15 years. 
Curr. Opin. Solid State Mater. Sci. 6(5), 371–377 (2002). 
https:// doi. org/ 10. 1016/ S1359- 0286(02) 00116-X

 84. M.M. Frank, High-k/metal gate innovations enabling con-
tinued CMOS scaling. in 2011 Proceedings of the ESSCIRC 

https://doi.org/10.1038/nature14417
https://doi.org/10.1038/nature14417
https://doi.org/10.1038/s41565-022-01102-7
https://doi.org/10.1002/smll.201603157
https://doi.org/10.1002/smll.201603157
https://doi.org/10.1126/sciadv.abc6601
https://doi.org/10.1038/ncomms6678
https://doi.org/10.1038/ncomms6678
https://doi.org/10.1007/s12274-011-0123-z
https://doi.org/10.1007/s12274-011-0123-z
https://doi.org/10.1038/s41586-018-0574-4
https://doi.org/10.1038/s41586-018-0574-4
https://doi.org/10.1021/acsomega.1c00638
https://doi.org/10.1021/acsomega.1c00638
https://doi.org/10.1038/s41586-022-05524-0
https://doi.org/10.1038/s41586-022-05524-0
https://doi.org/10.1021/acsnano.3c01927
https://doi.org/10.1021/acsnano.3c01927
https://doi.org/10.1038/nnano.2014.35
https://doi.org/10.1038/s41586-021-04323-3
https://doi.org/10.1002/aelm.202100543
https://doi.org/10.1088/2053-1583/ab4ef0
https://doi.org/10.1088/2053-1583/ab4ef0
https://doi.org/10.1038/s41928-022-00800-3
https://doi.org/10.1021/acs.nanolett.6b04576
https://doi.org/10.1021/acs.nanolett.6b04576
https://doi.org/10.1002/advs.201902964
https://doi.org/10.1002/advs.201902964
https://doi.org/10.1038/s41928-021-00566-0
https://doi.org/10.1038/s41928-021-00566-0
https://doi.org/10.1038/s41586-023-05819-w
https://doi.org/10.1038/s41586-023-05819-w
https://doi.org/10.1038/s41586-023-05797-z
https://doi.org/10.1038/s41586-023-05797-z
https://doi.org/10.1109/IEDM45625.2022.10019563
https://doi.org/10.1109/IEDM19574.2021.9720533
https://doi.org/10.1109/IEDM19574.2021.9720533
https://doi.org/10.1109/IEDM45625.2022.10019524
https://doi.org/10.1109/IEDM45625.2022.10019524
https://doi.org/10.1038/s41467-020-15096-0
https://doi.org/10.1109/ted.2022.3220483
https://doi.org/10.1109/ted.2022.3220483
https://doi.org/10.1016/S1359-0286(02)00116-X


Nano-Micro Lett.          (2024) 16:119  Page 83 of 96   119 

1 3

(ESSCIRC), Helsinki, Finland, 50–58 (2011). https:// doi. org/ 
10. 1109/ ESSCI RC. 2011. 60449 13

 85. S. Fukamachi, P. Solis-Fernandez, K. Kawahara, D. Tanaka, 
T. Otake et al., Large-area synthesis and transfer of multi-
layer hexagonal boron nitride for enhanced graphene device 
arrays. Nat. Electron. 6, 126–136 (2023). https:// doi. org/ 10. 
1038/ s41928- 022- 00911-x

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

 87. J.-K. Huang, Y. Wan, J. Shi, J. Zhang, Z. Wang et al., High-κ 
perovskite membranes as insulators for two-dimensional tran-
sistors. Nature 605, 262–267 (2022). https:// doi. org/ 10. 1038/ 
s41586- 022- 04588-2

 88. C. Zhang, T. Tu, J. Wang, Y. Zhu, C. Tan et al., Single-crys-
talline van der Waals layered dielectric with high dielectric 
constant. Nat. Mater. 22, 832–837 (2023). https:// doi. org/ 10. 
1038/ s41563- 023- 01502-7

 89. M. Fortin-Deschênes, R. Pu, Y.-F. Zhou, C. Ma, P. Cheung 
et al., Uncovering topological edge states in twisted bilayer 
graphene. Nano Lett. 22(15), 6186–6193 (2022). https:// doi. 
org/ 10. 1021/ acs. nanol ett. 2c014 81

 90. H.G. Kim, H.-B.-R. Lee, Atomic layer deposition on 2D 
materials. Chem. Mater. 29(9), 3809–3826 (2017). https:// 
doi. org/ 10. 1021/ acs. chemm ater. 6b051 03

 91. S. McDonnell, B. Brennan, A. Azcatl, N. Lu, H. Dong 
et al.,  HfO2 on  MoS2 by atomic layer deposition: Adsorp-
tion mechanisms and thickness scalability. ACS Nano 7(11), 
10354–10361 (2013). https:// doi. org/ 10. 1021/ nn404 775u

 92. W. Li, J. Zhou, S. Cai, Z. Yu, J. Zhang et al., Uniform and 
ultrathin high-kappa gate dielectrics for two-dimensional 
electronic devices. Nat. Electron. 2(12), 563–571 (2019). 
https:// doi. org/ 10. 1038/ s41928- 019- 0334-y

 93. J. Wang, S. Li, X. Zou, J. Ho, L. Liao et al., Integration 
of high-k oxide on  MoS2 by using ozone pretreatment for 
high-performance  MoS2 top-gated transistor with thickness-
dependent carrier scattering investigation. Small 11(44), 
5932–5938 (2015). https:// doi. org/ 10. 1002/ smll. 20150 1260

 94. X. Wang, T.-B. Zhang, W. Yang, H. Zhu, L. Chen et al., 
Improved integration of ultra-thin high-k dielectrics in few-
layer  MoS2 FET by remote forming gas plasma pretreat-
ment. Appl. Phys. Lett. 110(5), 053110 (2017). https:// doi. 
org/ 10. 1063/1. 49756 27

 95. T. Li, T. Tu, Y. Sun, H. Fu, J. Yu et al., A native oxide 
high-kappa gate dielectric for two-dimensional electronics. 
Nat. Electron. 3, 473–478 (2020). https:// doi. org/ 10. 1038/ 
s41928- 020- 0444-6

 96. D. Qi, P. Li, H. Ou, D. Wu, W. Lian et  al., Graphene-
enhanced metal transfer printing for strong van der Waals 
contacts between 3D metals and 2D semiconductors. Adv. 
Funct. Mater. 33(27), 2301704 (2023). https:// doi. org/ 10. 
1002/ adfm. 20230 1704

 97. P.-C. Shen, C. Su, Y. Lin, A.-S. Chou, C.-C. Cheng et al., 
Ultralow contact resistance between semimetal and 

monolayer semiconductors. Nature 593, 211–217 (2021). 
https:// doi. org/ 10. 1038/ s41586- 021- 03472-9

 98. Z. Cheng, Y. Yu, S. Singh, K. Price, S.G. Noyce et al., 
Immunity to contact scaling in  MoS2 transistors using 
in situ edge contacts. Nano Lett. 19(8), 5077–5085 (2019). 
https:// doi. org/ 10. 1021/ acs. nanol ett. 9b013 55

 99. D.S. Schulman, A.J. Arnold, S. Das, Contact engineer-
ing for 2D materials and devices. Chem. Soc. Rev. 47(9), 
3037–3058 (2018). https:// doi. org/ 10. 1039/ c7cs0 0828g

 100. S. Das, H.-Y. Chen, A.V. Penumatcha, J. Appenzeller, High 
performance multilayer  MoS2 transistors with scandium 
contacts. Nano Lett. 13(1), 100–105 (2013). https:// doi. 
org/ 10. 1021/ nl303 583v

 101. W. Li, X. Gong, Z. Yu, L. Ma, W. Sun et al., Approaching 
the quantum limit in two-dimensional semiconductor con-
tacts. Nature 613(7943), 274–279 (2023). https:// doi. org/ 
10. 1038/ s41586- 022- 05431-4

 102. S. Cho, S. Kim, J.H. Kim, J. Zhao, J. Seok et al., Phase pat-
terning for ohmic homojunction contact in  MoTe2. Science 
349(6248), 625–628 (2015). https:// doi. org/ 10. 1126/ scien 
ce. aab31 75

 103. Y. Wang, J. Xiao, H. Zhu, Y. Li, Y. Alsaid et al., Structural 
phase transition in monolayer  MoTe2 driven by electrostatic 
doping. Nature 550, 487–491 (2017). https:// doi. org/ 10. 
1038/ natur e24043

 104. J. Zhu, Z. Wang, H. Yu, N. Li, J. Zhang et al., Argon plasma 
induced phase transition in monolayer  MoS2. J. Am. Chem. 
Soc. 139(30), 10216–10219 (2017). https:// doi. org/ 10. 
1021/ jacs. 7b057 65

 105. Z. Qian, L. Jiao, L. Xie, Phase engineering of two-dimen-
sional transition metal dichalcogenides. Chinese J. Chem. 
38(7), 753–760 (2020). https:// doi. org/ 10. 1002/ cjoc. 20200 
0064

 106. G. Kwon, Y.-H. Choi, H. Lee, H.-S. Kim, J. Jeong et al., 
Interaction- and defect-free van der Waals contacts 
between metals and two-dimensional semiconductors. 
Nat. Electron. 5, 241–247 (2022). https:// doi. org/ 10. 1038/ 
s41928- 022- 00746-6

 107. Y. Liu, J. Guo, E. Zhu, L. Liao, S.-J. Lee et al., Approach-
ing the Schottky-Mott limit in van der Waals metal-sem-
iconductor junctions. Nature 557(7707), 696–700 (2018). 
https:// doi. org/ 10. 1038/ s41586- 018- 0129-8

 108. Y. Liu, Y. Huang, X. Duan, Van der Waals integration before 
and beyond two-dimensional materials. Nature 567, 323–333 
(2019). https:// doi. org/ 10. 1038/ s41586- 019- 1013-x

 109. L. Wang, I. Meric, P.Y. Huang, Q. Gao, Y. Gao et al., One-
dimensional electrical contact to a two-dimensional material. 
Science 342(6158), 614–617 (2013). https:// doi. org/ 10. 1126/ 
scien ce. 12443 58

 110. Y. Wang, M. Chhowalla, Making clean electrical contacts on 
2D transition metal dichalcogenides. Nat. Rev. Phys. 4, 101–
112 (2022). https:// doi. org/ 10. 1038/ s42254- 021- 00389-0

 111. A. Jain, A. Szabo, M. Parzefall, E. Bonvin, T. Tanigu-
chi et al., One-dimensional edge contacts to a monolayer 

https://doi.org/10.1109/ESSCIRC.2011.6044913
https://doi.org/10.1109/ESSCIRC.2011.6044913
https://doi.org/10.1038/s41928-022-00911-x
https://doi.org/10.1038/s41928-022-00911-x
https://doi.org/10.1038/s41928-020-00529-x
https://doi.org/10.1038/s41586-022-04588-2
https://doi.org/10.1038/s41586-022-04588-2
https://doi.org/10.1038/s41563-023-01502-7
https://doi.org/10.1038/s41563-023-01502-7
https://doi.org/10.1021/acs.nanolett.2c01481
https://doi.org/10.1021/acs.nanolett.2c01481
https://doi.org/10.1021/acs.chemmater.6b05103
https://doi.org/10.1021/acs.chemmater.6b05103
https://doi.org/10.1021/nn404775u
https://doi.org/10.1038/s41928-019-0334-y
https://doi.org/10.1002/smll.201501260
https://doi.org/10.1063/1.4975627
https://doi.org/10.1063/1.4975627
https://doi.org/10.1038/s41928-020-0444-6
https://doi.org/10.1038/s41928-020-0444-6
https://doi.org/10.1002/adfm.202301704
https://doi.org/10.1002/adfm.202301704
https://doi.org/10.1038/s41586-021-03472-9
https://doi.org/10.1021/acs.nanolett.9b01355
https://doi.org/10.1039/c7cs00828g
https://doi.org/10.1021/nl303583v
https://doi.org/10.1021/nl303583v
https://doi.org/10.1038/s41586-022-05431-4
https://doi.org/10.1038/s41586-022-05431-4
https://doi.org/10.1126/science.aab3175
https://doi.org/10.1126/science.aab3175
https://doi.org/10.1038/nature24043
https://doi.org/10.1038/nature24043
https://doi.org/10.1021/jacs.7b05765
https://doi.org/10.1021/jacs.7b05765
https://doi.org/10.1002/cjoc.202000064
https://doi.org/10.1002/cjoc.202000064
https://doi.org/10.1038/s41928-022-00746-6
https://doi.org/10.1038/s41928-022-00746-6
https://doi.org/10.1038/s41586-018-0129-8
https://doi.org/10.1038/s41586-019-1013-x
https://doi.org/10.1126/science.1244358
https://doi.org/10.1126/science.1244358
https://doi.org/10.1038/s42254-021-00389-0


 Nano-Micro Lett.          (2024) 16:119   119  Page 84 of 96

https://doi.org/10.1007/s40820-023-01273-5© The authors

semiconductor. Nano Lett. 19(10), 6914–6923 (2019). https:// 
doi. org/ 10. 1021/ acs. nanol ett. 9b021 66

 112. M.H.D. Guimarães, H. Gao, Y. Han, K. Kang, S. Xie et al., 
Atomically thin ohmic edge contacts between two-dimen-
sional materials. ACS Nano 10(6), 6392–6399 (2016). https:// 
doi. org/ 10. 1021/ acsna no. 6b028 79

 113. L. Kong, R. Wu, Y. Chen, Y. Huangfu, L. Liu et al., Wafer-
scale and universal van der Waals metal semiconductor con-
tact. Nat. Commun. 14, 1014–1014 (2023). https:// doi. org/ 
10. 1038/ s41467- 023- 36715-6

 114. H. Liu, Q.H. Thi, P. Man, X. Chen, T. Chen et al., Controlled 
adhesion of ice-toward ultraclean 2D materials. Adv. Mater. 
35(14), 2210503 (2023). https:// doi. org/ 10. 1002/ adma. 20221 
0503

 115. Y. Zhao, Y. Song, Z. Hu, W. Wang, Z. Chang et al., Large-
area transfer of two-dimensional materials free of cracks, 
contamination and wrinkles via controllable conformal con-
tact. Nat. Commun. 13, 4409 (2022). https:// doi. org/ 10. 1038/ 
s41467- 022- 31887-z

 116. K.K.H. Smithe, S.V. Suryavanshi, M.M. Rojo, A.D. Tedjarati, 
E. Pop, Low variability in synthetic monolayer  MoS2 devices. 
ACS Nano 11(8), 8456–8463 (2017). https:// doi. org/ 10. 1021/ 
acsna no. 7b041 00

 117. W. Xie, L.-T. Weng, K.M. Ng, C.K. Chan, C.-M. Chan, Clean 
graphene surface through high temperature annealing. Car-
bon 94, 740–748 (2015). https:// doi. org/ 10. 1016/j. carbon. 
2015. 07. 046

 118. L. Yu, D. El-Damak, U. Radhakrishna, X. Ling, A. Zubair 
et al., Design, modeling, and fabrication of chemical vapor 
deposition grown  MoS2 circuits with e-Mode FETs for large-
area electronics. Nano Lett. 16(10), 6349–6356 (2016). 
https:// doi. org/ 10. 1021/ acs. nanol ett. 6b027 39

 119. A.D. Smith, K. Elgammal, F. Niklaus, A. Delin, A.C. Fis-
cher et al., Resistive graphene humidity sensors with rapid 
and direct electrical readout. Nanoscale 7(45), 19099–19109 
(2015). https:// doi. org/ 10. 1039/ c5nr0 6038a

 120. S. Fernandez, A. Molinero, D. Sanz, J.P. Gonzalez, M. Cruz 
et al., Graphene-based contacts for optoelectronic devices. 
Micromachines 11(10), 919 (2020). https:// doi. org/ 10. 3390/ 
mi111 00919

 121. T. Li, J. Hou, J. Yan, R. Liu, H. Yang et al., Chiplet heteroge-
neous integration technology-status and challenges. Electron-
ics 9(4), 670 (2020). https:// doi. org/ 10. 3390/ elect ronic s9040 
670

 122. C.S. Premachandran, S. Choi, S. Cimino, T.-Q. Thuy, L. 
Burrell et al., Reliability challenges for 2.5D/3D integra-
tion: An overview. in 2018 IEEE International Reliability 
Physics Symposium (IRPS), Burlingame, CA, USA, 5B.4–
1–5B.4–5 (2018). https:// doi. org/ 10. 1109/ IRPS. 2018. 83536 
09

 123. M. Koyanagi, T. Fukushima, T. Tanaka, Three-dimensional 
integration technology and integrated systems. in 2009 Asia 
and South Pacific Design Automation Conference, Yokohama, 
Japan, 409–415 (2009). https:// doi. org/ 10. 1109/ ASPDAC. 
2009. 47965 15

 124. X. Wang, Y. Sun, K. Liu, Chemical and structural stability of 
2D layered materials. 2D Mater. 6, 042001 (2019). https:// 
doi. org/ 10. 1088/ 2053- 1583/ ab20d6

 125. Z. Hu, Q. Li, B. Lei, Q. Zhou, D. Xiang et al., Water-cat-
alyzed oxidation of few-layer black phosphorous in a dark 
environment. Angew. Chem. Int. Ed. 56(31), 9131–9135 
(2017). https:// doi. org/ 10. 1002/ anie. 20170 5012

 126. T. Kawauchi, J. Kumaki, E. Yashima, Nanosphere and nanon-
etwork formations of [60]fullerene-end-capped stereoregular 
poly(methyl methacrylate)s through stereocomplex formation 
combined with self-assembly of the fullerenes. J. Am. Chem. 
Soc. 128(32), 10560–10567 (2006). https:// doi. org/ 10. 1021/ 
ja063 252u

 127. J. Ma, K.-Y. Choi, S.H. Kim, H. Lee, G. Yoo et al., All poly-
mer encapsulated, highly-sensitive  MoS2 phototransistors 
on flexible PAR substrate. Appl. Phys. Lett. 113(1), 013102 
(2018). https:// doi. org/ 10. 1063/1. 50365 56

 128. Y.-W. Song, M.-K. Song, D. Choi, J.-Y. Kwon, Encapsulation-
enhanced switching stability of  MoS2 memristors. J. Alloys 
Compd. 885, 161016 (2021). https:// doi. org/ 10. 1016/j. jallc 
om. 2021. 161016

 129. K. Alexandrou, N. Petrone, J. Hone, I. Kymissis, Encapsu-
lated graphene field-effect transistors for air stable operation. 
Appl. Phys. Lett. 106(11), 113104 (2015). https:// doi. org/ 10. 
1063/1. 49155 13

 130. J. Jia, S.K. Jang, S. Lai, J. Xu, Y.J. Choi et al., Plasma-treated 
thickness-controlled two-dimensional black phosphorus and 
its electronic transport properties. ACS Nano 9(9), 8729–
8736 (2015). https:// doi. org/ 10. 1021/ acsna no. 5b042 65

 131. Z. Li, Y. Lv, L. Ren, J. Li, L. Kong et al., Efficient strain 
modulation of 2D materials via polymer encapsulation. 
Nat. Commun. 11, 1151 (2020). https:// doi. org/ 10. 1038/ 
s41467- 020- 15023-3

 132. W.J. Woo, I.K. Oh, B.E. Park, Y. Kim, J. Park et al., Bi-layer 
high-k dielectrics of  Al2O3/ZrO2 to reduce damage to  MoS2 
channel layers during atomic layer deposition. 2D Mater. 6, 
015019 (2019). https:// doi. org/ 10. 1088/ 2053- 1583/ aaef1e

 133. Y. Liu, X. Wang, S.K. Ghosh, M. Zou, H. Zhou et al., Atomic 
layer deposition of lithium zirconium oxides for the improved 
performance of lithium-ion batteries. Dalton Trans. 51(7), 
2737–2749 (2022). https:// doi. org/ 10. 1039/ d1dt0 3600a

 134. M.Z. Ansari, P. Janicek, Y.J. Park, S. NamGung, B.Y. Cho 
et al., Preparation of wafer-scale highly conformalamorphous 
hafnium dioxide thin films by atomic layer deposition using 
a thermally stable boratabenzene ligand-containing hafnium 
precursor. Appl. Surf. Sci. 620, 156834 (2023). https:// doi. 
org/ 10. 1016/j. apsusc. 2023. 156834

 135. N. Li, Z. Wei, J. Zhao, Q. Wang, C. Shen et al., Atomic layer 
deposition of  Al2O3 directly on 2D materials for high-per-
formance electronics. Adv. Mater. Interfaces 6(10), 1802055 
(2019). https:// doi. org/ 10. 1002/ admi. 20180 2055

 136. A. Splendiani, L. Sun, Y. Zhang, T. Li, J. Kim et al., Emerg-
ing photoluminescence in monolayer  MoS2. Nano Lett. 10(4), 
1271–1275 (2010). https:// doi. org/ 10. 1021/ nl903 868w

 137. G. Nazir, A. Rehman, S.-J. Park, Energy-efficient tunneling 
field-effect transistors for low-power device applications: 

https://doi.org/10.1021/acs.nanolett.9b02166
https://doi.org/10.1021/acs.nanolett.9b02166
https://doi.org/10.1021/acsnano.6b02879
https://doi.org/10.1021/acsnano.6b02879
https://doi.org/10.1038/s41467-023-36715-6
https://doi.org/10.1038/s41467-023-36715-6
https://doi.org/10.1002/adma.202210503
https://doi.org/10.1002/adma.202210503
https://doi.org/10.1038/s41467-022-31887-z
https://doi.org/10.1038/s41467-022-31887-z
https://doi.org/10.1021/acsnano.7b04100
https://doi.org/10.1021/acsnano.7b04100
https://doi.org/10.1016/j.carbon.2015.07.046
https://doi.org/10.1016/j.carbon.2015.07.046
https://doi.org/10.1021/acs.nanolett.6b02739
https://doi.org/10.1039/c5nr06038a
https://doi.org/10.3390/mi11100919
https://doi.org/10.3390/mi11100919
https://doi.org/10.3390/electronics9040670
https://doi.org/10.3390/electronics9040670
https://doi.org/10.1109/IRPS.2018.8353609
https://doi.org/10.1109/IRPS.2018.8353609
https://doi.org/10.1109/ASPDAC.2009.4796515
https://doi.org/10.1109/ASPDAC.2009.4796515
https://doi.org/10.1088/2053-1583/ab20d6
https://doi.org/10.1088/2053-1583/ab20d6
https://doi.org/10.1002/anie.201705012
https://doi.org/10.1021/ja063252u
https://doi.org/10.1021/ja063252u
https://doi.org/10.1063/1.5036556
https://doi.org/10.1016/j.jallcom.2021.161016
https://doi.org/10.1016/j.jallcom.2021.161016
https://doi.org/10.1063/1.4915513
https://doi.org/10.1063/1.4915513
https://doi.org/10.1021/acsnano.5b04265
https://doi.org/10.1038/s41467-020-15023-3
https://doi.org/10.1038/s41467-020-15023-3
https://doi.org/10.1088/2053-1583/aaef1e
https://doi.org/10.1039/d1dt03600a
https://doi.org/10.1016/j.apsusc.2023.156834
https://doi.org/10.1016/j.apsusc.2023.156834
https://doi.org/10.1002/admi.201802055
https://doi.org/10.1021/nl903868w


Nano-Micro Lett.          (2024) 16:119  Page 85 of 96   119 

1 3

Challenges and opportunities. ACS Appl. Mater. Interfaces 
12(42), 47127–47163 (2020). https:// doi. org/ 10. 1021/ acsami. 
0c102 13

 138. C. Anichini, W. Czepa, D. Pakulski, A. Aliprandi, A. Ciesiel-
ski et al., Chemical sensing with 2D materials. Chem. Soc. 
Rev. 47(13), 4860–4908 (2018). https:// doi. org/ 10. 1039/ 
c8cs0 0417j

 139. M. Long, P. Wang, H. Fang, W. Hu, Progress, challenges, 
and opportunities for 2D material based photodetectors. Adv. 
Funct. Mater. 29(19), 1803807 (2019). https:// doi. org/ 10. 
1002/ adfm. 20180 3807

 140. Q. Qian, J. Lei, J. Wei, Z. Zhang, G. Tang et al., 2D materi-
als as semiconducting gate for field-effect transistors with 
inherent over-voltage protection and boosted ON-current. 
npj 2D Mater. Appl. 3, 24 (2019). https:// doi. org/ 10. 1038/ 
s41699- 019- 0106-6

 141. L. Lin, L. Zhang, X. Wang, J. Liu, H. Zhao et al., Novel 
nanophase-switching ESD protection. IEEE Electron Device 
Lett. 32(3), 378–380 (2011). https:// doi. org/ 10. 1109/ LED. 
2010. 20991 00

 142. R. Ma, Q. Chen, W. Zhang, F. Lu, C. Wang et al., A dual-
polarity graphene NEMS switch ESD protection structure. 
IEEE Electron Device Lett. 37(5), 674–676 (2016). https:// 
doi. org/ 10. 1109/ LED. 2016. 25443 43

 143. H. Feng, G. Chen, R. Zhan, Q. Wu, X. Guan et al., A mixed-
mode ESD protection circuit simulation-design methodology. 
IEEE J. Solid-State Circuits 38(6), 995–1006 (2003). https:// 
doi. org/ 10. 1109/ JSSC. 2003. 811978

 144. L. Wang, X. Wang, Z. Shi, R. Ma, J. Liu et al., Dual-direction 
nanocrossbar array ESD protection structures. IEEE Electron 
Device Lett. 34(1), 111–113 (2013). https:// doi. org/ 10. 1109/ 
LED. 2012. 22223 37

 145. S.-K. Su, C.-P. Chuu, M.-Y. Li, C.-C. Cheng, H.-S.P. Wong 
et al., Layered semiconducting 2D materials for future tran-
sistor applications. Small Struct. 2(5), 2000103 (2021). 
https:// doi. org/ 10. 1002/ sstr. 20200 0103

 146. Z. Wang, W. Zhu, Tunable band alignments in 2D ferroelec-
tric alpha-In2Se3 based van der Waals heterostructures. ACS 
Appl. Electron. Mater. 3(11), 5114–5123 (2021). https:// doi. 
org/ 10. 1021/ acsae lm. 1c008 55

 147. A. Srivastava, M. Dubey, GaAs digital integrated circuits-
a review from silicon point of view for designing ultra-fast 
VLSI circuits. in Proceedings of the 32nd Midwest Sympo-
sium on Circuits and Systems Champaign, IL, USA, 2, 1250–
1254 (1989). https:// doi. org/ 10. 1109/ mwscas. 1989. 102083

 148. H. Wang, L. Yu, Y.-H. Lee, W. Fang, A. Hsu et al., Large-
scale 2D electronics based on single-layer  MoS2 grown by 
chemical vapor deposition. in 2012 IEEE International 
Electron Devices Meeting, San Francisco, CA, USA, 4.6.1–
4.6.4 (2012). https:// doi. org/ 10. 1109/ IEDM. 2012. 64789 80

 149. P.J. Jeon, J.S. Kim, J.Y. Lim, Y. Cho, A. Pezeshki et al., 
Low power consumption complementary inverters with 
n-MoS2 and p-WSe2 dichalcogenide nanosheets on glass for 
logic and light-emitting diode circuits. ACS Appl. Mater. 
Interfaces 7(40), 22333–22340 (2015). https:// doi. org/ 10. 
1021/ acsami. 5b060 27

 150. H. Wang, L. Yu, Y.-H. Lee, Y. Shi, A. Hsu et al., Inte-
grated circuits based on bilayer  MoS2 transistors. Nano 
Lett. 12(9), 4674–4680 (2012). https:// doi. org/ 10. 1021/ 
nl302 015v

 151. Z. Zhang, Z. Wang, T. Shi, C. Bi, F. Rao et al., Memory 
materials and devices: from concept to application. Infomat 
2(2), 261–290 (2020). https:// doi. org/ 10. 1002/ inf2. 12077

 152. J. Li, J. Li, Y. Ding, C. Liu, X. Hou et al., Highly area-effi-
cient low-power SRAM cell with 2 transistors and 2 resis-
tors. in 2019 IEEE International Electron Devices Meeting 
(IEDM), San Francisco, CA, USA, 23.3.1–23.3.4 (2019). 
https:// doi. org/ 10. 1109/ IEDM1 9573. 2019. 89935 20

 153. X. Wang, X. Chen, J. Ma, S. Gou, X. Guo et al., Pass-tran-
sistor logic circuits based on wafer-scale 2D semiconductors. 
Adv. Mater. 34(48), 2202472 (2022). https:// doi. org/ 10. 1002/ 
adma. 20220 2472

 154. F. Traversi, V. Russo, R. Sordan, Integrated complementary 
graphene inverter. Appl. Phys. Lett. 94(22), 223312 (2009). 
https:// doi. org/ 10. 1063/1. 31483 42

 155. S.-L. Li, H. Miyazaki, A. Kumatani, A. Kanda, K. Tsuk-
agoshi, Low operating bias and matched input-output char-
acteristics in graphene logic inverters. Nano Lett. 10(7), 
2357–2362 (2010). https:// doi. org/ 10. 1021/ nl100 031x

 156. S.-L. Li, H. Miyazaki, M.V. Lee, C. Liu, A. Kanda et al., 
Complementary-like graphene logic gates controlled by elec-
trostatic doping. Small 7(11), 1552–1556 (2011). https:// doi. 
org/ 10. 1002/ smll. 20110 0318

 157. H. Liu, A.T. Neal, Z. Zhu, Z. Luo, X. Xu et al., An unex-
plored 2D semiconductor with a high hole mobility. ACS 
Nano 8(4), 4033–4041 (2014). https:// doi. org/ 10. 1021/ nn501 
226z

 158. B. Radisavljevic, M.B. Whitwick, A. Kis, Integrated circuits 
and logic operations based on single-layer  MoS2. ACS Nano 
5(12), 9934–9938 (2011). https:// doi. org/ 10. 1021/ nn203 715c

 159. S. Das, M. Dubey, A. Roelofs, High gain, low noise, fully 
complementary logic inverter based on bi-layer  WSe2 field 
effect transistors. Appl. Phys. Lett. 105(8), 083511 (2014). 
https:// doi. org/ 10. 1063/1. 48944 26

 160. J. Pu, K. Funahashi, C.-H. Chen, M.-Y. Li, L.-J. Li et al., 
Highly flexible and high-performance complementary invert-
ers of large-area transition metal dichalcogenide monolayers. 
Adv. Mater. 28(21), 4111–4119 (2016). https:// doi. org/ 10. 
1002/ adma. 20150 3872

 161. Z. Bian, J. Miao, T. Zhang, H. Chen, Q. Zhu et al., Carrier 
modulation in 2D transistors by inserting interfacial dielectric 
layer for area-efficient computation. Small 19(26), 2206791 
(2023). https:// doi. org/ 10. 1002/ smll. 20220 6791

 162. H. Liu, L. Chen, H. Zhu, Q.-Q. Sun, S.-J. Ding et al., Atomic 
layer deposited 2D  MoS2 atomic crystals: from material to 
circuit. Nano Res. 13(6), 1644–1650 (2020). https:// doi. org/ 
10. 1007/ s12274- 020- 2787-8

 163. J. Yi, X. Sun, C. Zhu, S. Li, Y. Liu et al., Double-gate  MoS2 
field-effect transistors with full-range tunable threshold volt-
age for multifunctional logic circuits. Adv. Mater. 33(27), 
2101036 (2021). https:// doi. org/ 10. 1002/ adma. 20210 1036

https://doi.org/10.1021/acsami.0c10213
https://doi.org/10.1021/acsami.0c10213
https://doi.org/10.1039/c8cs00417j
https://doi.org/10.1039/c8cs00417j
https://doi.org/10.1002/adfm.201803807
https://doi.org/10.1002/adfm.201803807
https://doi.org/10.1038/s41699-019-0106-6
https://doi.org/10.1038/s41699-019-0106-6
https://doi.org/10.1109/LED.2010.2099100
https://doi.org/10.1109/LED.2010.2099100
https://doi.org/10.1109/LED.2016.2544343
https://doi.org/10.1109/LED.2016.2544343
https://doi.org/10.1109/JSSC.2003.811978
https://doi.org/10.1109/JSSC.2003.811978
https://doi.org/10.1109/LED.2012.2222337
https://doi.org/10.1109/LED.2012.2222337
https://doi.org/10.1002/sstr.202000103
https://doi.org/10.1021/acsaelm.1c00855
https://doi.org/10.1021/acsaelm.1c00855
https://doi.org/10.1109/mwscas.1989.102083
https://doi.org/10.1109/IEDM.2012.6478980
https://doi.org/10.1021/acsami.5b06027
https://doi.org/10.1021/acsami.5b06027
https://doi.org/10.1021/nl302015v
https://doi.org/10.1021/nl302015v
https://doi.org/10.1002/inf2.12077
https://doi.org/10.1109/IEDM19573.2019.8993520
https://doi.org/10.1002/adma.202202472
https://doi.org/10.1002/adma.202202472
https://doi.org/10.1063/1.3148342
https://doi.org/10.1021/nl100031x
https://doi.org/10.1002/smll.201100318
https://doi.org/10.1002/smll.201100318
https://doi.org/10.1021/nn501226z
https://doi.org/10.1021/nn501226z
https://doi.org/10.1021/nn203715c
https://doi.org/10.1063/1.4894426
https://doi.org/10.1002/adma.201503872
https://doi.org/10.1002/adma.201503872
https://doi.org/10.1002/smll.202206791
https://doi.org/10.1007/s12274-020-2787-8
https://doi.org/10.1007/s12274-020-2787-8
https://doi.org/10.1002/adma.202101036


 Nano-Micro Lett.          (2024) 16:119   119  Page 86 of 96

https://doi.org/10.1007/s40820-023-01273-5© The authors

 164. H. Son, H. Choi, J. Jeon, Y.J. Kim, S. Choi et al., Comple-
mentary driving between 2D heterostructures and surface 
functionalization for surpassing binary logic devices. ACS 
Appl. Mater. Interfaces 13(7), 8692–8699 (2021). https:// doi. 
org/ 10. 1021/ acsami. 0c177 39

 165. L. Yu, Y.-H. Lee, X. Ling, E.J.G. Santos, Y.C. Shin et al., 
Graphene/MoS2 hybrid technology for large-scale two-
dimensional electronics. Nano Lett. 14(6), 3055–3063 
(2014). https:// doi. org/ 10. 1021/ nl404 795z

 166. A. Dathbun, Y. Kim, S. Kim, Y. Yoo, M.S. Kang et al., Large-
area CVD-grown sub-2 V  ReS2 transistors and logic gates. 
Nano Lett. 17(5), 2999–3005 (2017). https:// doi. org/ 10. 1021/ 
acs. nanol ett. 7b003 15

 167. X. Xiong, S. Liu, H. Liu, Y. Chen, X. Shi et al., Top-gate 
CVD  WSe2 pFETs with record-high  Id~594 µA/µm,  Gm~244 
µS/µm and  WSe2/MoS2 CFET based half-adder circuit using 
monolithic 3D integration. in 2022 IEEE International Elec-
tron Devices Meeting (IEDM), San Francisco, CA, USA, 
20.6.1–20.6.4 (2022). https:// doi. org/ 10. 1109/ IEDM4 5625. 
2022. 10019 476

 168. S.-J. Han, A.V. Garcia, S. Oida, K.A. Jenkins, W. Haensch, 
Graphene radio frequency receiver integrated circuit. Nat. 
Commun. 5, 3086 (2014). https:// doi. org/ 10. 1038/ ncomm 
s4086

 169. S.F. Chowdhury, M.N. Yogeesh, S.K. Banerjee, D. Akin-
wande, Black phosphorous thin-film transistor and RF cir-
cuit applications. IEEE Electron Device Lett. 37(4), 449–451 
(2016). https:// doi. org/ 10. 1109/ led. 2016. 25361 02

 170. Q. Gao, Z. Zhang, X. Xu, J. Song, X. Li et al., Scalable high 
performance radio frequency electronics based on large 
domain bilayer  MoS2. Nat. Commun. 9, 4778 (2018). https:// 
doi. org/ 10. 1038/ s41467- 018- 07135-8

 171. S. Park, S.H. Shin, M.N. Yogeesh, A.L. Lee, S. Rahimi et al., 
Extremely high-frequency flexible graphene thin-film tran-
sistors. IEEE Electron Device Lett. 37(4), 512–515 (2016). 
https:// doi. org/ 10. 1109/ led. 2016. 25354 84

 172. S. Conti, L. Pimpolari, G. Calabrese, R. Worsley, S. Majee 
et al., Low-voltage 2D materials-based printed field-effect 
transistors for integrated digital and analog electronics on 
paper. Nat. Commun. 11, 3566 (2020). https:// doi. org/ 10. 
1038/ s41467- 020- 17297-z

 173. S. Ma, Y. Wang, X. Chen, T. Wu, X. Wang et al., Analog inte-
grated circuits based on wafer-level two-dimensional  MoS2 
materials with physical and SPICE model. IEEE Access 8, 
197287–197299 (2020). https:// doi. org/ 10. 1109/ access. 2020. 
30343 21

 174. N.O. Adesina, A. Srivastava, A. Ullah Khan, J. Xu, An ultra-
low power  MoS2 tunnel field effect transistor PLL design for 
IoT applications. in 2021 IEEE International IOT, Electronics 
and Mechatronics Conference (IEMTRONICS), Toronto, ON, 
Canada, 1–6 (2021). https:// doi. org/ 10. 1109/ IEMTR ONICS 
52119. 2021. 94226 41

 175. K.I. Bolotin, K.J. Sikes, Z. Jiang, M. Klima, G. Fudenberg 
et al., Ultrahigh electron mobility in suspended graphene. 
Solid State Commun. 146(9–10), 351–355 (2008). https:// 
doi. org/ 10. 1016/j. ssc. 2008. 02. 024

 176. H. Wang, D. Nezich, J. Kong, T. Palacios, Graphene fre-
quency multipliers. IEEE Electron Device Lett. 30(5), 547–
549 (2009). https:// doi. org/ 10. 1109/ led. 2009. 20164 43

 177. H. Wang, A. Hsu, J. Wu, J. Kong, T. Palacios, Graphene-
based ambipolar RF mixers. IEEE Electron Device Lett. 
31(9), 906–908 (2010). https:// doi. org/ 10. 1109/ led. 2010. 
20520 17

 178. Y. Wu, Y.-M. Lin, A.A. Bol, K.A. Jenkins, F. Xia et al., High-
frequency, scaled graphene transistors on diamond-like car-
bon. Nature 472, 74–78 (2011). https:// doi. org/ 10. 1038/ natur 
e09979

 179. Y. Wu, K.A. Jenkins, A. Valdes-Garcia, D.B. Farmer, Y. Zhu 
et al., State-of-the-art graphene high-frequency electronics. 
Nano Lett. 12(6), 3062–3067 (2012). https:// doi. org/ 10. 1021/ 
nl300 904k

 180. H. Lyu, H. Wu, J. Liu, Q. Lu, J. Zhang et al., Double-balanced 
graphene integrated mixer with outstanding linearity. Nano 
Lett. 15(10), 6677–6682 (2015). https:// doi. org/ 10. 1021/ acs. 
nanol ett. 5b025 03

 181. S. Das, W. Zhang, L.R. Thoutam, Z. Xiao, A. Hoffmann et al., 
A small signal amplifier based on ionic liquid gated black 
phosphorous field effect transistor. IEEE Electron Device 
Lett. 36(6), 621–623 (2015). https:// doi. org/ 10. 1109/ led. 
2015. 24219 48

 182. W. Lu, G. Yang, N. Lu, L. Li, Recent progress in analog cir-
cuits based on two-dimensional semiconductors. J. Vac. Sci. 
Technol. 41(6), 501–514 (2021). https:// doi. org/ 10. 13922/j. 
cnki. cjvst. 20210 5001

 183. H.-Y. Chang, M.N. Yogeesh, R. Ghosh, A. Rai, A. Sanne 
et al., Large-area monolayer  MoS2 for flexible low-power 
RF nanoelectronics in the GHz regime. Adv. Mater. 28(9), 
1818–1823 (2016). https:// doi. org/ 10. 1002/ adma. 20150 4309

 184. A. Sanne, S. Park, R. Ghosh, M.N. Yogeesh, C. Liu 
et  al., Embedded gate CVD  MoS2 microwave FETs. npj 
2D Mater. Appl. 1, 26 (2017). https:// doi. org/ 10. 1038/ 
s41699- 017- 0029-z

 185. D.K. Polyushkin, S. Wachter, L. Mennel, M. Paur, M. Paliy 
et al., Analogue two-dimensional semiconductor electronics. 
Nat. Electron. 3, 486–491 (2020). https:// doi. org/ 10. 1038/ 
s41928- 020- 0460-6

 186. T. Leng, K. Parvez, K. Pan, J. Ali, D. McManus et al., Printed 
graphene/WS2 battery-free wireless photosensor on papers. 
2D Mater. 7(2), 024004 (2020). https:// doi. org/ 10. 1088/ 
2053- 1583/ ab602f

 187. B.J. Shastri, A.N. Tait, T.F. de Lima, W.H.P. Pernice, H. 
Bhaskaran et al., Photonics for artificial intelligence and neu-
romorphic computing. Nat. Photonics 15, 102–114 (2021). 
https:// doi. org/ 10. 1038/ s41566- 020- 00754-y

 188. J.-A. Carballo, W.-T. J. Chan, P.A. Gargini, A.B. Kahng, S. 
Nath, ITRS 2.0: Toward a re-framing of the Semiconductor 
Technology Roadmap. in 2014 IEEE 32nd International Con-
ference on Computer Design (ICCD), Seoul, Korea (South), 
139–146 (2014). https:// doi. org/ 10. 1109/ ICCD. 2014. 69746 
73

 189. H.-C. Lin, T. Chou, C.-C. Chung, C.-J. Tsen, B.-W. Huang 
et al., RF performance of stacked Si nanosheet nFETs. IEEE 

https://doi.org/10.1021/acsami.0c17739
https://doi.org/10.1021/acsami.0c17739
https://doi.org/10.1021/nl404795z
https://doi.org/10.1021/acs.nanolett.7b00315
https://doi.org/10.1021/acs.nanolett.7b00315
https://doi.org/10.1109/IEDM45625.2022.10019476
https://doi.org/10.1109/IEDM45625.2022.10019476
https://doi.org/10.1038/ncomms4086
https://doi.org/10.1038/ncomms4086
https://doi.org/10.1109/led.2016.2536102
https://doi.org/10.1038/s41467-018-07135-8
https://doi.org/10.1038/s41467-018-07135-8
https://doi.org/10.1109/led.2016.2535484
https://doi.org/10.1038/s41467-020-17297-z
https://doi.org/10.1038/s41467-020-17297-z
https://doi.org/10.1109/access.2020.3034321
https://doi.org/10.1109/access.2020.3034321
https://doi.org/10.1109/IEMTRONICS52119.2021.9422641
https://doi.org/10.1109/IEMTRONICS52119.2021.9422641
https://doi.org/10.1016/j.ssc.2008.02.024
https://doi.org/10.1016/j.ssc.2008.02.024
https://doi.org/10.1109/led.2009.2016443
https://doi.org/10.1109/led.2010.2052017
https://doi.org/10.1109/led.2010.2052017
https://doi.org/10.1038/nature09979
https://doi.org/10.1038/nature09979
https://doi.org/10.1021/nl300904k
https://doi.org/10.1021/nl300904k
https://doi.org/10.1021/acs.nanolett.5b02503
https://doi.org/10.1021/acs.nanolett.5b02503
https://doi.org/10.1109/led.2015.2421948
https://doi.org/10.1109/led.2015.2421948
https://doi.org/10.13922/j.cnki.cjvst.202105001
https://doi.org/10.13922/j.cnki.cjvst.202105001
https://doi.org/10.1002/adma.201504309
https://doi.org/10.1038/s41699-017-0029-z
https://doi.org/10.1038/s41699-017-0029-z
https://doi.org/10.1038/s41928-020-0460-6
https://doi.org/10.1038/s41928-020-0460-6
https://doi.org/10.1088/2053-1583/ab602f
https://doi.org/10.1088/2053-1583/ab602f
https://doi.org/10.1038/s41566-020-00754-y
https://doi.org/10.1109/ICCD.2014.6974673
https://doi.org/10.1109/ICCD.2014.6974673


Nano-Micro Lett.          (2024) 16:119  Page 87 of 96   119 

1 3

Trans. Electron Devices 68(10), 5277–5283 (2021). https:// 
doi. org/ 10. 1109/ ted. 2021. 31062 87

 190. F. Schwierz, Graphene transistors. Nat. Nanotechnol. 5, 487–
496 (2010). https:// doi. org/ 10. 1038/ nnano. 2010. 89

 191. N. Bourahla, B. Hadri, A. Bourahla, Impact of channel dop-
ing concentration on the performance characteristics and the 
reliability of ultra-thin double gate DG-FinFET compared 
with nano-single gate FD-SOI-MOSFET by using TCAD-
Silvaco tool. SILICON 14, 3477–3491 (2022). https:// doi. 
org/ 10. 1007/ s12633- 021- 01121-4

 192. R.W. Keyes, Fundamental limits of silicon technology. Proc. 
IEEE 89(3), 227–239 (2001). https:// doi. org/ 10. 1109/5. 
915372

 193. D. Jena, K. Banerjee, G. Xing, Intimate contacts. Nat. Mater. 
13, 1076–1078 (2014). https:// doi. org/ 10. 1038/ nmat4 121

 194. P.V. Pham, S.C. Bodepudi, K. Shehzad, Y. Liu, Y. Xu et al., 
2D heterostructures for ubiquitous electronics and optoelec-
tronics: Principles, opportunities, and challenges. Chem. Rev. 
122(6), 6514–6613 (2022). https:// doi. org/ 10. 1021/ acs. chemr 
ev. 1c007 35

 195. L. Tong, J. Wan, K. Xiao, J. Liu, J. Ma et al., Heterogene-
ous complementary field-effect transistors based on silicon 
and molybdenum disulfide. Nat. Electron. 6, 37–44 (2023). 
https:// doi. org/ 10. 1038/ s41928- 022- 00881-0

 196. Y. Xia, L. Zong, Y. Pan, X. Chen, L. Zhou et al., Wafer-Scale 
demonstration of MBC-FET and C-FET arrays based on two-
dimensional semiconductors. Small 18(20), 2107650 (2022). 
https:// doi. org/ 10. 1002/ smll. 20210 7650

 197. M. Liu, J. Niu, G. Yang, K. Chen, W. Lu et al., Large-scale 
ultrathin channel nanosheet-stacked CFET based on CVD 
1L  MoS2/WSe2. Adv. Electron. Mater. 9(2), 2200722 (2023). 
https:// doi. org/ 10. 1002/ aelm. 20220 0722

 198. A. Daus, S. Vaziri, V. Chen, Ç. Köroğlu, R.W. Grady et al., 
High-performance flexible nanoscale transistors based on 
transition metal dichalcogenides. Nat. Electron. 4, 495–501 
(2021). https:// doi. org/ 10. 1038/ s41928- 021- 00598-6

 199. Z. Li, D. Xie, R. Dai, J. Xu, Y. Sun et al., High-performance 
heterogeneous complementary inverters based on n-channel 
 MoS2 and p-channel SWCNT transistors. Nano Res. 10, 
276–283 (2017). https:// doi. org/ 10. 1007/ s12274- 016- 1286-4

 200. H. Mertens, R. Ritzenthaler, V. Pena, G. Santoro, K. Kenis 
et al., Vertically stacked gate-all-around Si nanowire transis-
tors: Key process optimizations and ring oscillator demon-
stration. in 2017 IEEE International Electron Devices Meet-
ing (IEDM), San Francisco, CA, USA, 37.4.1–37.4.4 (2017). 
https:// doi. org/ 10. 1109/ IEDM. 2017. 82685 11

 201. C.J. Estrada, Z. Ma, M. Chan, Complementary two-dimen-
sional (2-D) FET technology with  MoS2/hBN/graphene 
stack. IEEE Electron Device Lett. 42(12), 1890–1893 (2021). 
https:// doi. org/ 10. 1109/ LED. 2021. 31248 23

 202. R. Pendurthi, D. Jayachandran, A. Kozhakhmetov, N. Trainor, 
J.A. Robinson et al., Heterogeneous integration of atomically 
thin semiconductors for non-von Neumann CMOS. Small 
18(33), 2202590 (2022). https:// doi. org/ 10. 1002/ smll. 20220 
2590

 203. T. Dai, C. Chen, L. Huang, J. Jiang, L.-M. Peng et al., Ultra-
sensitive magnetic sensors enabled by heterogeneous integra-
tion of graphene hall elements and silicon processing circuits. 
ACS Nano 14(12), 17606–17614 (2020). https:// doi. org/ 10. 
1021/ acsna no. 0c084 35

 204. S.K. Hong, C.S. Kim, W.S. Hwang, B.J. Cho, Hybrid integra-
tion of graphene analog and silicon complementary metal–
oxide–semiconductor digital circuits. ACS Nano 10(7), 
7142–7146 (2016). https:// doi. org/ 10. 1021/ acsna no. 6b033 82

 205. L. Xu, W. Cai, Y. Jia, R. Xing, T. Han et al., Graphene–silicon 
hybrid MOSFET integrated circuits for high-linearity analog 
amplification. IEEE Electron Device Lett. 43(11), 1886–1889 
(2022). https:// doi. org/ 10. 1109/ led. 2022. 32049 50

 206. G. Migliato Marega, Y. Zhao, A. Avsar, Z. Wang, M. Tripathi 
et al., Logic-in-memory based on an atomically thin semicon-
ductor. Nature 587, 72–77 (2020). https:// doi. org/ 10. 1038/ 
s41586- 020- 2861-0

 207. Y. Zheng, H. Ravichandran, T.F. Schranghamer, N. Trainor, 
J.M. Redwing et al., Hardware implementation of Bayes-
ian network based on two-dimensional memtransistors. 
Nat. Commun. 13, 5578 (2022). https:// doi. org/ 10. 1038/ 
s41467- 022- 33053-x

 208. A. Dodda, N. Trainor, J.M. Redwing, S. Das, All-in-one, 
bio-inspired, and low-power crypto engines for near-sen-
sor security based on two-dimensional memtransistors. 
Nat. Commun. 13, 3587 (2022). https:// doi. org/ 10. 1038/ 
s41467- 022- 31148-z

 209. S. Goossens, G. Navickaite, C. Monasterio, S. Gupta, J.J. 
Piqueras et  al., Broadband image sensor array based on 
graphene–CMOS integration. Nat. Photonics 11, 366–371 
(2017). https:// doi. org/ 10. 1038/ nphot on. 2017. 75

 210. C.-C. Yang, K.-C. Chiu, C.-T. Chou, C.-N. Liao, M.-H. 
Chuang et al., Enabling monolithic 3D image sensor using 
large-area monolayer transition metal dichalcogenide and 
logic/memory hybrid  3D+IC. in 2016 IEEE Symposium on 
VLSI Technology, Honolulu, HI, USA, 1–2 (2016). https:// doi. 
org/ 10. 1109/ VLSIT. 2016. 75734 48

 211. H. Hinton, H. Jang, W. Wu, M.-H. Lee, M. Seol et al., A 200 
x 256 image sensor heterogeneously integrating a 2D nano-
material-based photo-FET array and CMOS time-to-digital 
converters. in 2022 IEEE International Solid- State Circuits 
Conference (ISSCC), San Francisco, CA, USA, 1–3 (2022). 
https:// doi. org/ 10. 1109/ ISSCC 42614. 2022. 97316 85

 212. W. Meng, F. Xu, Z. Yu, T. Tao, L. Shao et al., Three-dimen-
sional monolithic micro-LED display driven by atomically 
thin transistor matrix. Nat. Nanotechnol. 16, 1231–1236 
(2021). https:// doi. org/ 10. 1038/ s41565- 021- 00966-5

 213. J. Shin, H. Kim, S. Sundaram, J. Jeong, B.-I. Park et al., Ver-
tical full-colour micro-LEDs via 2D materials-based layer 
transfer. Nature 614, 81–87 (2023). https:// doi. org/ 10. 1038/ 
s41586- 022- 05612-1

 214. O. Lopez-Sanchez, D. Lembke, M. Kayci, A. Radenovic, A. 
Kis, Ultrasensitive photodetectors based on monolayer  MoS2. 
Nat. Nanotechnol. 8(7), 497–501 (2013). https:// doi. org/ 10. 
1038/ nnano. 2013. 100

https://doi.org/10.1109/ted.2021.3106287
https://doi.org/10.1109/ted.2021.3106287
https://doi.org/10.1038/nnano.2010.89
https://doi.org/10.1007/s12633-021-01121-4
https://doi.org/10.1007/s12633-021-01121-4
https://doi.org/10.1109/5.915372
https://doi.org/10.1109/5.915372
https://doi.org/10.1038/nmat4121
https://doi.org/10.1021/acs.chemrev.1c00735
https://doi.org/10.1021/acs.chemrev.1c00735
https://doi.org/10.1038/s41928-022-00881-0
https://doi.org/10.1002/smll.202107650
https://doi.org/10.1002/aelm.202200722
https://doi.org/10.1038/s41928-021-00598-6
https://doi.org/10.1007/s12274-016-1286-4
https://doi.org/10.1109/IEDM.2017.8268511
https://doi.org/10.1109/LED.2021.3124823
https://doi.org/10.1002/smll.202202590
https://doi.org/10.1002/smll.202202590
https://doi.org/10.1021/acsnano.0c08435
https://doi.org/10.1021/acsnano.0c08435
https://doi.org/10.1021/acsnano.6b03382
https://doi.org/10.1109/led.2022.3204950
https://doi.org/10.1038/s41586-020-2861-0
https://doi.org/10.1038/s41586-020-2861-0
https://doi.org/10.1038/s41467-022-33053-x
https://doi.org/10.1038/s41467-022-33053-x
https://doi.org/10.1038/s41467-022-31148-z
https://doi.org/10.1038/s41467-022-31148-z
https://doi.org/10.1038/nphoton.2017.75
https://doi.org/10.1109/VLSIT.2016.7573448
https://doi.org/10.1109/VLSIT.2016.7573448
https://doi.org/10.1109/ISSCC42614.2022.9731685
https://doi.org/10.1038/s41565-021-00966-5
https://doi.org/10.1038/s41586-022-05612-1
https://doi.org/10.1038/s41586-022-05612-1
https://doi.org/10.1038/nnano.2013.100
https://doi.org/10.1038/nnano.2013.100


 Nano-Micro Lett.          (2024) 16:119   119  Page 88 of 96

https://doi.org/10.1007/s40820-023-01273-5© The authors

 215. J.F. Gonzalez Marin, D. Unuchek, K. Watanabe, T. Tanigu-
chi, A. Kis,  MoS2 photodetectors integrated with photonic 
circuits. npj 2D Mater. Appl. 3, 14 (2019). https:// doi. org/ 10. 
1038/ s41699- 019- 0096-4

 216. T.N. Theis, H.-S.P. Wong, The end of Moore’s law: A new 
beginning for information technology. Comput. Sci. Eng. 
19(2), 41–50 (2017). https:// doi. org/ 10. 1109/ mcse. 2017. 29

 217. Y. Liu, J. Sun, L. Tong, Y. Li, T. Deng, High-performance 
one-dimensional MOSFET array photodetectors in the 0.8-
μm standard CMOS process. Opt. Express 30(24), 43706–
43717 (2022). https:// doi. org/ 10. 1364/ oe. 475687

 218. M.M. Shulaker, G. Hills, R.S. Park, R.T. Howe, K. Saraswat 
et al., Three-dimensional integration of nanotechnologies for 
computing and data storage on a single chip. Nature 547, 
74–78 (2017). https:// doi. org/ 10. 1038/ natur e22994

 219. S.R. Cho, D.-H. Kim, M. Jeon, R. Pragya, M. Gyeon 
et al., Overlaying monolayer metal-organic framework on 
 PtSe2-based gas sensor for tuning selectivity. Adv. Funct. 
Mater. 32(47), 2207265 (2022). https:// doi. org/ 10. 1002/ adfm. 
20220 7265

 220. A. Paghi, S. Mariani, G. Barillaro, 1D and 2D field effect 
transistors in gas sensing: A comprehensive review. Small 
19(15), 2206100 (2023). https:// doi. org/ 10. 1002/ smll. 20220 
6100

 221. C. Dai, Y. Liu, D. Wei, Two-dimensional field-effect transis-
tor sensors: the road toward commercialization. Chem. Rev. 
122(11), 10319–10392 (2022). https:// doi. org/ 10. 1021/ acs. 
chemr ev. 1c009 24

 222. C.-Y. You, B.-F. Hu, B.-R. Xu, Z.-Y. Zhang, B.-M. Wu et al., 
Foldable-circuit-enabled miniaturized multifunctional sensor 
for smart digital dust. Chip 1(4), 100034 (2022). https:// doi. 
org/ 10. 1016/j. chip. 2022. 100034

 223. Y. Luo, M.R. Abidian, J.H. Ahn, D. Akinwande, A.M. 
Andrews et al., Technology roadmap for flexible sensors. 
ACS Nano 17(6), 5211–5295 (2023). https:// doi. org/ 10. 1021/ 
acsna no. 2c126 06

 224. B. Davaji, H.D. Cho, M. Malakoutian, J.K. Lee, G. Panin 
et al., A patterned single layer graphene resistance tempera-
ture sensor. Sci. Rep. 7, 8811 (2017). https:// doi. org/ 10. 1038/ 
s41598- 017- 08967-y

 225. A. Harzheim, F. Koenemann, B. Gotsmann, H. van der Zant, 
P. Gehring, Single-material graphene thermocouples. Adv. 
Funct. Mater. 30(22), 2000574 (2020). https:// doi. org/ 10. 
1002/ adfm. 20200 0574

 226. A.M.H. Kwan, Y. Guan, X. Liu, K.J. Chen, A highly lin-
ear integrated temperature sensor on a GaN smart power IC 
platform. IEEE Trans. Electron Devices 61(8), 2970–2976 
(2014). https:// doi. org/ 10. 1109/ ted. 2014. 23273 86

 227. L. Viti, E. Riccardi, H.E. Beere, D.A. Ritchie, M.S. 
Vitiello, Real-time measure of the lattice temperature of 
a semiconductor heterostructure laser via an on-chip inte-
grated graphene thermometer. ACS Nano 17(6), 6103–6112 
(2023). https:// doi. org/ 10. 1021/ acsna no. 3c012 08

 228. A. Daus, M. Jaikissoon, A.I. Khan, A. Kumar, R.W. Grady 
et  al., Fast-response flexible temperature sensors with 
atomically thin molybdenum disulfide. Nano Lett. 22(15), 

6135–6140 (2022). https:// doi. org/ 10. 1021/ acs. nanol ett. 
2c013 44

 229. Y.J. Park, B.K. Sharma, S.M. Shinde, M.S. Kim, B. Jang 
et al., All  MoS2-based large area, skin-attachable active-
matrix tactile sensor. ACS Nano 13(3), 3023–3030 (2019). 
https:// doi. org/ 10. 1021/ acsna no. 8b079 95

 230. J. Jang, H. Kim, S. Ji, H.J. Kim, M.S. Kang et al., Mechano-
luminescent, air-dielectric  MoS2 transistors as active-matrix 
pressure sensors for wide detection ranges from footsteps to 
cellular motions. Nano Lett. 20(1), 66–74 (2020). https:// doi. 
org/ 10. 1021/ acs. nanol ett. 9b029 78

 231. M. Siskins, M. Lee, D. Wehenkel, R. van Rijn, T.W. de Jong 
et al., Sensitive capacitive pressure sensors based on gra-
phene membrane arrays. Microsyst. Nanoeng. 6, 102 (2020). 
https:// doi. org/ 10. 1038/ s41378- 020- 00212-3

 232. S. Zeng, C. Tang, H. Hong, Y. Fang, Y. Li et al., A novel 
high-temperature pressure sensor based on graphene coated 
by  Si3N4. IEEE Sens. J. 23(3), 2008–2013 (2023). https:// doi. 
org/ 10. 1109/ jsen. 2022. 32326 26

 233. Z. Zhu, J. Wang, C. Wu, X. Chen, X. Liu et al., A wide range 
and high repeatability MEMS pressure sensor based on gra-
phene. IEEE Sens. J. 22(18), 17737–17745 (2022). https:// 
doi. org/ 10. 1109/ jsen. 2022. 31952 31

 234. L. Zhou, H. Fu, T. Lv, C. Wang, H. Gao et al., Nonlinear opti-
cal characterization of 2D materials. Nanomaterials 10(11), 
2263 (2020). https:// doi. org/ 10. 3390/ nano1 01122 63

 235. J. Zhao, G. Wang, R. Yang, X. Lu, M. Cheng et al., Tunable 
piezoresistivity of nanographene films for strain sensing. 
ACS Nano 9(2), 1622–1629 (2015). https:// doi. org/ 10. 1021/ 
nn506 341u

 236. Y. Zhang, Q. Lu, J. He, Z. Huo, R. Zhou et al., Localizing 
strain via micro-cage structure for stretchable pressure sen-
sor arrays with ultralow spatial crosstalk. Nat. Commun. 14, 
1252 (2023). https:// doi. org/ 10. 1038/ s41467- 023- 36885-3

 237. T. Zhao, J. Guo, T. Li, Z. Wang, M. Peng et al., Substrate 
engineering for wafer-scale two-dimensional material growth: 
strategies, mechanisms, and perspectives. Chem. Soc. Rev. 
52(5), 1650–1671 (2023). https:// doi. org/ 10. 1039/ d2cs0 0657j

 238. S. Hong, N. Zagni, S. Choo, N. Liu, S. Baek et al., Highly 
sensitive active pixel image sensor array driven by large-area 
bilayer  MoS2 transistor circuitry. Nat. Commun. 12, 3559 
(2021). https:// doi. org/ 10. 1038/ s41467- 021- 23711-x

 239. S. Ma, T. Wu, X. Chen, Y. Wang, J. Ma et al., A 619-pixel 
machine vision enhancement chip based on two-dimensional 
semiconductors. Sci. Adv. 8(31), eabn9328 (2022). https:// 
doi. org/ 10. 1126/ sciadv. abn93 28

 240. W. Yu, Z. Dong, H. Mu, G. Ren, X. He et al., Wafer-scale 
synthesis of 2D Dirac heterostructures for self-driven, fast, 
broadband photodetectors. ACS Nano 16(8), 12922–12929 
(2022). https:// doi. org/ 10. 1021/ acsna no. 2c052 78

 241. H. Park, A. Sen, M. Kaniselvan, A. AlMutairi, A. Bala 
et al., A wafer-scale nanoporous 2D active pixel image sen-
sor matrix with high uniformity, high sensitivity, and rapid 
switching. Adv. Mater. 35(14), 2210715 (2023). https:// doi. 
org/ 10. 1002/ adma. 20221 0715

https://doi.org/10.1038/s41699-019-0096-4
https://doi.org/10.1038/s41699-019-0096-4
https://doi.org/10.1109/mcse.2017.29
https://doi.org/10.1364/oe.475687
https://doi.org/10.1038/nature22994
https://doi.org/10.1002/adfm.202207265
https://doi.org/10.1002/adfm.202207265
https://doi.org/10.1002/smll.202206100
https://doi.org/10.1002/smll.202206100
https://doi.org/10.1021/acs.chemrev.1c00924
https://doi.org/10.1021/acs.chemrev.1c00924
https://doi.org/10.1016/j.chip.2022.100034
https://doi.org/10.1016/j.chip.2022.100034
https://doi.org/10.1021/acsnano.2c12606
https://doi.org/10.1021/acsnano.2c12606
https://doi.org/10.1038/s41598-017-08967-y
https://doi.org/10.1038/s41598-017-08967-y
https://doi.org/10.1002/adfm.202000574
https://doi.org/10.1002/adfm.202000574
https://doi.org/10.1109/ted.2014.2327386
https://doi.org/10.1021/acsnano.3c01208
https://doi.org/10.1021/acs.nanolett.2c01344
https://doi.org/10.1021/acs.nanolett.2c01344
https://doi.org/10.1021/acsnano.8b07995
https://doi.org/10.1021/acs.nanolett.9b02978
https://doi.org/10.1021/acs.nanolett.9b02978
https://doi.org/10.1038/s41378-020-00212-3
https://doi.org/10.1109/jsen.2022.3232626
https://doi.org/10.1109/jsen.2022.3232626
https://doi.org/10.1109/jsen.2022.3195231
https://doi.org/10.1109/jsen.2022.3195231
https://doi.org/10.3390/nano10112263
https://doi.org/10.1021/nn506341u
https://doi.org/10.1021/nn506341u
https://doi.org/10.1038/s41467-023-36885-3
https://doi.org/10.1039/d2cs00657j
https://doi.org/10.1038/s41467-021-23711-x
https://doi.org/10.1126/sciadv.abn9328
https://doi.org/10.1126/sciadv.abn9328
https://doi.org/10.1021/acsnano.2c05278
https://doi.org/10.1002/adma.202210715
https://doi.org/10.1002/adma.202210715


Nano-Micro Lett.          (2024) 16:119  Page 89 of 96   119 

1 3

 242. Z. Li, B. Xu, D. Liang, A. Pan, Polarization-dependent opti-
cal properties and optoelectronic devices of 2D materials. 
Research 2020, 5464258 (2020). https:// doi. org/ 10. 34133/ 
2020/ 54642 58

 243. Y. Li, Y. Zhang, Y. Wang, J. Sun, Q. You et al., Polari-
zation-sensitive optoelectronic synapse based on 3D gra-
phene/MoS2 heterostructure. Adv. Funct. Mater. (2023). 
https:// doi. org/ 10. 1002/ adfm. 20230 2288

 244. C.N. Saggau, F. Gabler, D.D. Karnaushenko, D. Karnaush-
enko, L. Ma et al., Wafer-scale high-quality microtubular 
devices fabricated via dry-etching for optical and microe-
lectronic applications. Adv. Mater. 32(37), 2003252 (2020). 
https:// doi. org/ 10. 1002/ adma. 20200 3252

 245. X. Liu, T. Ma, N. Pinna, J. Zhang, Two-dimensional nano-
structured materials for gas sensing. Adv. Funct. Mater. 
27(37), 1702168 (2017). https:// doi. org/ 10. 1002/ adfm. 
20170 2168

 246. S. Kim, H. Park, S. Choo, S. Baek, Y. Kwon et al., Active-
matrix monolithic gas sensor array based on  MoS2 thin-film 
transistors. Commun. Mater. 1, 86 (2020). https:// doi. org/ 
10. 1038/ s43246- 020- 00086-y

 247. J. Sun, M. Muruganathan, H. Mizuta, Room temperature 
detection of individual molecular physisorption using sus-
pended bilayer graphene. Sci. Adv. 2(4), 1501518 (2016). 
https:// doi. org/ 10. 1126/ sciadv. 15015 18

 248. S.M.M. Zanjani, M. Holt, M.M. Sadeghi, S. Rahimi, D. 
Akinwande, 3D integrated monolayer graphene-Si CMOS 
RF gas sensor platform. npj 2D Mater. Appl. 1, 36 (2017). 
https:// doi. org/ 10. 1038/ s41699- 017- 0036-0

 249. H. Li, S. Liu, X. Li, R. Hao, X. Wang et al., All-Solid, 
ultra-micro, and ultrasensitive pH sensor by monolayer 
 MoS2-based array field-effect transistors. ACS Appl. Nano 
Mater. 4(9), 8950–8957 (2021). https:// doi. org/ 10. 1021/ 
acsanm. 1c015 68

 250. T. Deng, Z. Zhang, Y. Zhang, Y. Li, Z. Liu, Three-dimen-
sional graphene FETs for pH detection. in 2021 IEEE 16th 
International Conference on Nano/Micro Engineered and 
Molecular Systems (NEMS), Xiamen, China, 68–72 (2021). 
https:// doi. org/ 10. 1109/ NEMS5 1815. 2021. 94513 21

 251. C. Panteli, P. Georgiou, K. Fobelets, Reduced drift of 
CMOS ISFET pH sensors using graphene sheets. IEEE 
Sens. J. 21(13), 14609–14618 (2021). https:// doi. org/ 10. 
1109/ jsen. 2021. 30747 48

 252. M. Park, T.S. Seo, An integrated microfluidic device with 
solid-phase extraction and graphene oxide quantum dot 
array for highly sensitive and multiplex detection of trace 
metal ions. Biosens. Bioelectron. 126, 405–411 (2019). 
https:// doi. org/ 10. 1016/j. bios. 2018. 11. 010

 253. A.  Chalupniak,  A.  Merkoci ,  Graphene oxide-
poly(dinnethylsiloxane)-based lab-on-a-chip platform for 
heavy-metals preconcentration and electrochemical detection. 
ACS Appl. Mater. Interfaces 9(51), 44766–44775 (2017). 
https:// doi. org/ 10. 1021/ acsami. 7b123 68

 254. M. Xue, C. Mackin, W. Weng, J. Zhu, Y. Luo et al., Integrated 
biosensor platform based on graphene transistor arrays for 

real-time high-accuracy ion sensing. Nat. Commun. 13, 5064 
(2022). https:// doi. org/ 10. 1038/ s41467- 022- 32749-4

 255. A. Bolotsky, D. Butler, C. Dong, K. Gerace, N.R. Glayin 
et al., Two-dimensional materials in biosensing and health-
care: From in vitro diagnostics to optogenetics and beyond. 
ACS Nano 13(9), 9781–9810 (2019). https:// doi. org/ 10. 1021/ 
acsna no. 9b036 32

 256. D.K. Ban, Y. Liu, Z. Wang, S. Ramachandran, N. Sarkar 
et al., Direct DNA methylation profiling with an electric bio-
sensor. ACS Nano 14(6), 6743–6751 (2020). https:// doi. org/ 
10. 1021/ acsna no. 9b100 85

 257. F. Pu, J. Ren, X. Qu, Recent progress in sensor arrays using 
nucleic acid as sensing elements. Coord. Chem. Rev. 456, 
214379 (2022). https:// doi. org/ 10. 1016/j. ccr. 2021. 214379

 258. A. Purwidyantri, S. Azinheiro, A. Garcia Roldan, T. Jae-
gerova, A. Vilaca et al., Integrated approach from sample-
to-answer for grapevine varietal identification on a portable 
graphene sensor chip. ACS Sens. 8(2), 640–654 (2023). 
https:// doi. org/ 10. 1021/ acsse nsors. 2c020 90

 259. C. Zheng, L. Huang, H. Zhang, Z. Sun, Z. Zhang et al., Fab-
rication of ultrasensitive field-effect transistor DNA biosen-
sors by a directional transfer technique based on CVD-grown 
graphene. ACS Appl. Mater. Interfaces 7(31), 16953–16959 
(2015). https:// doi. org/ 10. 1021/ acsami. 5b039 41

 260. L. Xu, S. Ramadan, B.G. Rosa, Y. Zhang, T. Yin et al., On-
chip integrated graphene aptasensor with portable readout 
for fast and label-free COVID-19 detection in virus transport 
medium. Sens. Diagn. 1(4), 719–730 (2022). https:// doi. org/ 
10. 1039/ D2SD0 0076H

 261. J. Kim, M.-S. Chae, S.M. Lee, D. Jeong, B.C. Lee et al., 
Wafer-scale high-resolution patterning of reduced graphene 
oxide films for detection of low concentration biomarkers in 
plasma. Sci. Rep. 6, 31276 (2016). https:// doi. org/ 10. 1038/ 
srep3 1276

 262. C. Wang, Y. Zhang, W. Tang, C. Wang, Y. Han et al., Ultra-
sensitive, high-throughput and multiple cancer biomarkers 
simultaneous detection in serum based on graphene oxide 
quantum dots integrated microfluidic biosensing platform. 
Anal. Chim. Acta 1178, 338791 (2021). https:// doi. org/ 10. 
1016/j. aca. 2021. 338791

 263. Y. Wang, T.H. Kim, S. Fouladdel, Z. Zhang, P. Soni et al., 
PD-L1 expression in circulating tumor cells increases during 
radio (chemo) therapy and indicates poor prognosis in non-
small cell lung cancer. Sci. Rep. 9, 566 (2019). https:// doi. 
org/ 10. 1038/ s41598- 018- 36096-7

 264. B.R. Goldsmith, L. Locascio, Y. Gao, M. Lerner, A. Walker 
et al., Digital biosensing by foundry-fabricated graphene 
sensors. Sci. Rep. 9, 434 (2019). https:// doi. org/ 10. 1038/ 
s41598- 019- 38700-w

 265. D. Shahdeo, N. Chauhan, A. Majumdar, A. Ghosh, S. Gan-
dhi, Graphene-based field-effect transistor for ultrasensitive 
immunosensing of SARS-CoV-2 spike S1 antigen. ACS 
Appl. Bio Mater. 5(7), 3563–3572 (2022). https:// doi. org/ 
10. 1021/ acsabm. 2c005 03

 266. N. Gupta, V. Renugopalakrishnan, D. Liepmann, R. Paul-
murugan, B.D. Malhotra, Cell-based biosensors: Recent 

https://doi.org/10.34133/2020/5464258
https://doi.org/10.34133/2020/5464258
https://doi.org/10.1002/adfm.202302288
https://doi.org/10.1002/adma.202003252
https://doi.org/10.1002/adfm.201702168
https://doi.org/10.1002/adfm.201702168
https://doi.org/10.1038/s43246-020-00086-y
https://doi.org/10.1038/s43246-020-00086-y
https://doi.org/10.1126/sciadv.1501518
https://doi.org/10.1038/s41699-017-0036-0
https://doi.org/10.1021/acsanm.1c01568
https://doi.org/10.1021/acsanm.1c01568
https://doi.org/10.1109/NEMS51815.2021.9451321
https://doi.org/10.1109/jsen.2021.3074748
https://doi.org/10.1109/jsen.2021.3074748
https://doi.org/10.1016/j.bios.2018.11.010
https://doi.org/10.1021/acsami.7b12368
https://doi.org/10.1038/s41467-022-32749-4
https://doi.org/10.1021/acsnano.9b03632
https://doi.org/10.1021/acsnano.9b03632
https://doi.org/10.1021/acsnano.9b10085
https://doi.org/10.1021/acsnano.9b10085
https://doi.org/10.1016/j.ccr.2021.214379
https://doi.org/10.1021/acssensors.2c02090
https://doi.org/10.1021/acsami.5b03941
https://doi.org/10.1039/D2SD00076H
https://doi.org/10.1039/D2SD00076H
https://doi.org/10.1038/srep31276
https://doi.org/10.1038/srep31276
https://doi.org/10.1016/j.aca.2021.338791
https://doi.org/10.1016/j.aca.2021.338791
https://doi.org/10.1038/s41598-018-36096-7
https://doi.org/10.1038/s41598-018-36096-7
https://doi.org/10.1038/s41598-019-38700-w
https://doi.org/10.1038/s41598-019-38700-w
https://doi.org/10.1021/acsabm.2c00503
https://doi.org/10.1021/acsabm.2c00503


 Nano-Micro Lett.          (2024) 16:119   119  Page 90 of 96

https://doi.org/10.1007/s40820-023-01273-5© The authors

trends, challenges and future perspectives. Biosens. Bioel-
ectron. 141, 111435 (2019). https:// doi. org/ 10. 1016/j. bios. 
2019. 111435

 267. J. Yang, G. Li, L. Zu, W. Wang, Z. Ge et al., Optogeneti-
cally engineered cell-based graphene transistor for pharma-
codynamic evaluation of anticancer drugs. Sens. Actuators 
B Chem. 358, 131494 (2022). https:// doi. org/ 10. 1016/j. snb. 
2022. 131494

 268. D. Ozsoylu, T. Wagner, M.J. Schoning, Electrochemical 
cell-based biosensors for biomedical applications. Curr. 
Top. Med. Chem. 22(9), 713–733 (2022). https:// doi. org/ 
10. 2174/ 15680 26622 66622 03042 13617

 269. D. Ham, H. Park, S. Hwang, K. Kim, Neuromorphic 
electronics based on copying and pasting the brain. Nat. 
Electron. 4(9), 635–644 (2021). https:// doi. org/ 10. 1038/ 
s41928- 021- 00646-1

 270. H. Song, H. Wu, T. Ren, S. Yan, T. Chen et al., Devel-
opments in stability and passivation strategies for black 
phosphorus. Nano Res. 14(12), 4386–4397 (2021). https:// 
doi. org/ 10. 1007/ s12274- 021- 3385-0

 271. Y. Song, W. Zou, Q. Lu, L. Lin, Z. Liu, Graphene transfer: 
Paving the road for applications of chemical vapor deposi-
tion graphene. Small 17(48), 2007600 (2021). https:// doi. 
org/ 10. 1002/ smll. 20200 7600

 272. X. Yang, J. Li, R. Song, B. Zhao, J. Tang et al., Highly 
reproducible van der Waals integration of two-dimensional 
electronics on the wafer scale. Nat. Nanotechnol. 18, 471–
478 (2023). https:// doi. org/ 10. 1038/ s41565- 023- 01342-1

 273. L. Liu, P. Gong, K. Liu, A. Nie, Z. Liu et al., Scalable van 
der Waals encapsulation by inorganic molecular crystals. 
Adv. Mater. 34(7), 2106041 (2022). https:// doi. org/ 10. 
1002/ adma. 20210 6041

 274. C. Choi, M.K. Choi, S.Y. Liu, M.S. Kim, O.K. Park et al., 
Human eye-inspired soft optoelectronic device using 
high-density  MoS2-graphene curved image sensor array. 
Nat. Commun. 8, 1664 (2017). https:// doi. org/ 10. 1038/ 
s41467- 017- 01824-6

 275. W.A. Wulf, S.A. McKee, Hitting the memory wall: implica-
tions of the obvious. ACMSIGARCH. 23(1), 20–24 (1995). 
https:// doi. org/ 10. 1145/ 216585. 216588

 276. M. Horowitz, 1.1 Computing’s energy problem (and what 
we can do about it). in 2014 IEEE International Solid-State 
Circuits Conference Digest of Technical Papers (ISSCC), 
San Francisco, CA, USA, 10–14 (2014). https:// doi. org/ 10. 
1109/ ISSCC. 2014. 67573 23

 277. V.M. Ho, J.-A. Lee, K.C. Martin, The cell biology of synap-
tic plasticity. Science 334(6056), 623–628 (2011). https:// 
doi. org/ 10. 1126/ scien ce. 12092 36

 278. Y. Zhu, Y. Zhu, H. Mao, Y. He, S. Jiang et  al., Recent 
advances in emerging neuromorphic computing and percep-
tion devices. J. Phys. D Appl. Phys. 55(5), 053002 (2021). 
https:// doi. org/ 10. 1088/ 1361- 6463/ ac2868

 279. X. Zhou, L. Zhao, W. Zhen, Y. Lin, C. Wang et al., Phase-
transition-induced  VO2 thin film IR photodetector and thresh-
old switching selector for optical neural network applications. 

Adv. Electron. Mater. 7(5), 2001254 (2021). https:// doi. org/ 
10. 1002/ aelm. 20200 1254

 280. W.S. McCulloch, W. Pitts, A logical calculus of the ideas 
immanent in nervous activity. Bull. Math. Biophys. 5(4), 
115–133 (1943). https:// doi. org/ 10. 1007/ bf024 78259

 281. L. Chua, Memristor-The missing circuit element. IEEE Trans. 
Circuit Theory 18(5), 507–519 (1971). https:// doi. org/ 10. 
1109/ tct. 1971. 10833 37

 282. A.A. Cruz-Cabrera, M. Yang, G. Cui, E.C. Behrman, J.E. 
Steck et al., Reinforcement and backpropagation training for 
an optical neural network using self-lensing effects. IEEE 
Trans. Neural Netw. 11(6), 1450–1457 (2000). https:// doi. 
org/ 10. 1109/ 72. 883476

 283. D.B. Strukov, G.S. Snider, D.R. Stewart, R.S. Williams, The 
missing memristor found. Nature 453, 80–83 (2008). https:// 
doi. org/ 10. 1038/ natur e06932

 284. M.S. Choi, G.-H. Lee, Y.-J. Yu, D.-Y. Lee, S.H. Lee et al., 
Controlled charge trapping by molybdenum disulphide and 
graphene in ultrathin heterostructured memory devices. Nat. 
Commun. 4, 1624 (2013). https:// doi. org/ 10. 1038/ ncomm 
s2652

 285. S. Lei, F. Wen, B. Li, Q. Wang, Y. Huang et al., Optoelec-
tronic memory using two-dimensional materials. Nano Lett. 
15(1), 259–265 (2015). https:// doi. org/ 10. 1021/ nl503 505f

 286. V.K. Sangwan, D. Jariwala, I.S. Kim, K.-S. Chen, T.J. Marks 
et al., Gate-tunable memristive phenomena mediated by grain 
boundaries in single-layer  MoS2. Nat. Nanotechnol. 10, 403–
406 (2015). https:// doi. org/ 10. 1038/ nnano. 2015. 56

 287. J. Lee, S. Pak, Y.-W. Lee, Y. Cho, J. Hong et al., Monolayer 
optical memory cells based on artificial trap-mediated charge 
storage and release. Nat. Commun. 8, 14734 (2017). https:// 
doi. org/ 10. 1038/ ncomm s14734

 288. R. Ge, X. Wu, M. Kim, J. Shi, S. Sonde et al., Atomristor: 
Nonvolatile resistance switching in atomic sheets of transition 
metal dichalcogenides. Nano Lett. 18(1), 434–441 (2018). 
https:// doi. org/ 10. 1021/ acs. nanol ett. 7b043 42

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

 290. L. Sun, Y. Zhang, G. Han, G. Hwang, J. Jiang et al., Self-
selective van der Waals heterostructures for large scale mem-
ory array. Nat. Commun. 10, 3161 (2019). https:// doi. org/ 10. 
1038/ s41467- 019- 11187-9

 291. S. Chen, M.R. Mahmoodi, Y. Shi, C. Mahata, B. Yuan et al., 
Wafer-scale integration of two-dimensional materials in high-
density memristive crossbar arrays for artificial neural net-
works. Nat. Electron. 3, 638–645 (2020). https:// doi. org/ 10. 
1038/ s41928- 020- 00473-w

 292. M.M. Islam, D. Dev, A. Krishnaprasad, L. Tetard, T. Roy, 
Optoelectronic synapse using monolayer  MoS2 field effect 
transistors. Sci. Rep. 10, 21870 (2020). https:// doi. org/ 10. 
1038/ s41598- 020- 78767-4

 293. B. Tang, H. Veluri, Y. Li, Z.G. Yu, M. Waqar et al., Wafer-
scale solution-processed 2D material analog resistive memory 

https://doi.org/10.1016/j.bios.2019.111435
https://doi.org/10.1016/j.bios.2019.111435
https://doi.org/10.1016/j.snb.2022.131494
https://doi.org/10.1016/j.snb.2022.131494
https://doi.org/10.2174/1568026622666220304213617
https://doi.org/10.2174/1568026622666220304213617
https://doi.org/10.1038/s41928-021-00646-1
https://doi.org/10.1038/s41928-021-00646-1
https://doi.org/10.1007/s12274-021-3385-0
https://doi.org/10.1007/s12274-021-3385-0
https://doi.org/10.1002/smll.202007600
https://doi.org/10.1002/smll.202007600
https://doi.org/10.1038/s41565-023-01342-1
https://doi.org/10.1002/adma.202106041
https://doi.org/10.1002/adma.202106041
https://doi.org/10.1038/s41467-017-01824-6
https://doi.org/10.1038/s41467-017-01824-6
https://doi.org/10.1145/216585.216588
https://doi.org/10.1109/ISSCC.2014.6757323
https://doi.org/10.1109/ISSCC.2014.6757323
https://doi.org/10.1126/science.1209236
https://doi.org/10.1126/science.1209236
https://doi.org/10.1088/1361-6463/ac2868
https://doi.org/10.1002/aelm.202001254
https://doi.org/10.1002/aelm.202001254
https://doi.org/10.1007/bf02478259
https://doi.org/10.1109/tct.1971.1083337
https://doi.org/10.1109/tct.1971.1083337
https://doi.org/10.1109/72.883476
https://doi.org/10.1109/72.883476
https://doi.org/10.1038/nature06932
https://doi.org/10.1038/nature06932
https://doi.org/10.1038/ncomms2652
https://doi.org/10.1038/ncomms2652
https://doi.org/10.1021/nl503505f
https://doi.org/10.1038/nnano.2015.56
https://doi.org/10.1038/ncomms14734
https://doi.org/10.1038/ncomms14734
https://doi.org/10.1021/acs.nanolett.7b04342
https://doi.org/10.1038/s41467-018-07572-5
https://doi.org/10.1038/s41467-018-07572-5
https://doi.org/10.1038/s41467-019-11187-9
https://doi.org/10.1038/s41467-019-11187-9
https://doi.org/10.1038/s41928-020-00473-w
https://doi.org/10.1038/s41928-020-00473-w
https://doi.org/10.1038/s41598-020-78767-4
https://doi.org/10.1038/s41598-020-78767-4


Nano-Micro Lett.          (2024) 16:119  Page 91 of 96   119 

1 3

array for memory-based computing. Nat. Commun. 13, 3037 
(2022). https:// doi. org/ 10. 1038/ s41467- 022- 30519-w

 294. Y. Hu, H. Yang, J. Huang, X. Zhang, B. Tan et al., Flexible 
optical synapses based on  In2Se3/MoS2 heterojunctions for 
artificial vision systems in the near-infrared range. ACS Appl. 
Mater. Interfaces 14(50), 55839–55849 (2022). https:// doi. 
org/ 10. 1021/ acsami. 2c190 97

 295. K. Zhu, S. Pazos, F. Aguirre, Y. Shen, Y. Yuan et  al., 
Hybrid 2D-CMOS microchips for memristive applica-
tions. Nature 618, 57–62 (2023). https:// doi. org/ 10. 1038/ 
s41586- 023- 05973-1

 296. F. Wang, F. Hu, M. Dai, S. Zhu, F. Sun et al., A two-dimen-
sional mid-infrared optoelectronic retina enabling simultane-
ous perception and encoding. Nat. Commun. 14, 1938 (2023). 
https:// doi. org/ 10. 1038/ s41467- 023- 37623-5

 297. Y. Xiao, B. Jiang, Z. Zhang, S. Ke, Y. Jin et al., A review 
of memristor: material and structure design, device perfor-
mance, applications and prospects. Sci. Technol. Adv. Mater. 
24(1), 2162323 (2023). https:// doi. org/ 10. 1080/ 14686 996. 
2022. 21623 23

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

 299. L. Liu, Z. Cheng, B. Jiang, Y. Liu, Y. Zhang et al., Optoelec-
tronic artificial synapses based on two-dimensional transi-
tional-metal trichalcogenide. ACS Appl. Mater. Inter. 13(26), 
30797–30805 (2021). https:// doi. org/ 10. 1021/ acsami. 1c032 
02

 300. S. Seo, J.-J. Lee, H.-J. Lee, H.W. Lee, S. Oh et al., Recent 
progress in artificial synapses based on two-dimensional van 
der Waals materials for brain-inspired computing. ACS Appl. 
Electron. Mater. 2(2), 371–388 (2020). https:// doi. org/ 10. 
1021/ acsae lm. 9b006 94

 301. S. Yu, Neuro-inspired computing with emerging nonvolatile 
memorys. Proc. IEEE 106(2), 260–285 (2018). https:// doi. 
org/ 10. 1109/ jproc. 2018. 27908 40

 302. H. Ning, Z. Yu, Q. Zhang, H. Wen, B. Gao et al., An in-
memory computing architecture based on a duplex two-
dimensional material structure for in situ machine learning. 
Nat. Nanotechnol. 18, 493–500 (2023). https:// doi. org/ 10. 
1038/ s41565- 023- 01343-0

 303. Y. Chen, Y. Zhou, F. Zhuge, B. Tian, M. Yan et al., Gra-
phene–ferroelectric transistors as complementary syn-
apses for supervised learning in spiking neural network. 
npj 2D Mater. Appl. 3, 31 (2019). https:// doi. org/ 10. 1038/ 
s41699- 019- 0114-6

 304. H.S. Lee, V.K. Sangwan, W.A.G. Rojas, H. Bergeron, H.Y. 
Jeong et al., Dual-gated  MoS2 memtransistor crossbar array. 
Adv. Funct. Mater. 30(45), 2003683 (2020). https:// doi. org/ 
10. 1002/ adfm. 20200 3683

 305. X. Feng, S. Li, S.L. Wong, S. Tong, L. Chen et al., Self-
Selective multi-terminal memtransistor crossbar array 
for in-memory computing. ACS Nano 15(1), 1764–1774 
(2021). https:// doi. org/ 10. 1021/ acsna no. 0c094 41

 306. C.-H. Wang, C. McClellan, Y. Shi, X. Zheng, V. Chen et al., 
3D monolithic stacked 1T1R cells using monolayer  MoS2 
FET and hBN RRAM fabricated at low (150°C) tempera-
ture. in 2018 IEEE International Electron Devices Meeting 
(IEDM), San Francisco, CA, USA, 22.5.1–22.5.4 (2018). 
https:// doi. org/ 10. 1109/ IEDM. 2018. 86144 95

 307. S. Rehman, M.F. Khan, S. Aftab, H. Kim, J. Eom et al., 
Thickness-dependent resistive switching in black phos-
phorus CBRAM. J. Mater. Chem. C 7(3), 725–732 (2019). 
https:// doi. org/ 10. 1039/ c8tc0 4538k

 308. Y. Wang, F. Wu, X. Liu, J. Lin, J.-Y. Chen et al., High on/
off ratio black phosphorus based memristor with ultra-thin 
phosphorus oxide layer. Appl. Phys. Lett. 115(19), 193503 
(2019). https:// doi. org/ 10. 1063/1. 51155 31

 309. R. Duan, D. Meng, J. Cao, α-In2Se3/MoS2 ferroelectric tun-
nel junctions based on van der Waals heterostructures. in 
2022 3rd International Conference on Electronics, Com-
munications and Information Technology (CECIT), Sanya, 
China, 13–18 (2022). https:// doi. org/ 10. 1109/ CECIT 58139. 
2022. 00011

 310. D. Zheng, M. Si, S.-C. Chang, N. Haratipour, Z. Chen et al., 
Ultrathin two-dimensional van der Waals asymmetric fer-
roelectric semiconductor junctions. J. Appl. Phys. 132(5), 
054101 (2022). https:// doi. org/ 10. 1063/5. 00988 27

 311. Y. Zhang, L. Wang, H. Chen, T. Ma, X. Lu et al., Analog 
and digital mode α-In2Se3 memristive devices for neuro-
morphic and memory applications. Adv. Electron. Mater. 
7(12), 2100609 (2021). https:// doi. org/ 10. 1002/ aelm. 20210 
0609

 312. S. Wang, L. Liu, L. Gan, H. Chen, X. Hou et al., Two-dimen-
sional ferroelectric channel transistors integrating ultra-fast 
memory and neural computing. Nat. Commun. 12, 53 (2021). 
https:// doi. org/ 10. 1038/ s41467- 020- 20257-2

 313. W. Huh, D. Lee, C.H. Lee, Memristors based on 2D mate-
rials as an artificial synapse for neuromorphic electronics. 
Adv. Mater. 32(51), 2002092 (2020). https:// doi. org/ 10. 1002/ 
adma. 20200 2092

 314. Y. Shi, X. Liang, B. Yuan, V. Chen, H. Li et al., Electronic 
synapses made of layered two-dimensional materials. Nat. 
Electron. 1, 458–465 (2018). https:// doi. org/ 10. 1038/ 
s41928- 018- 0118-9

 315. S.M. Hus, R. Ge, P.-A. Chen, L. Liang, G.E. Donnelly et al., 
Observation of single-defect memristor in an  MoS2 atomic 
sheet. Nat. Nanotechnol. 16, 58–62 (2020). https:// doi. org/ 
10. 1038/ s41565- 020- 00789-w

 316. L. Chua, Resistance switching memories are memristors. 
Appl. Phys. A 102(4), 765–783 (2011). https:// doi. org/ 10. 
1007/ s00339- 011- 6264-9

 317. I.T. Wang, C.C. Chang, Y.Y. Chen, Y.S. Su, T.H. Hou, 
Two-dimensional materials for artificial synapses: toward a 
practical application. Neuromorph. Comput. Eng. 2, 012003 
(2022). https:// doi. org/ 10. 1088/ 2634- 4386/ ac5086

 318. G.V. Nenashev, A.N. Aleshin, I.P. Shcherbakov, V.N. Petrov, 
Effect of temperature variations on the behavior of a two-ter-
minal organic–inorganic halide perovskite rewritable mem-
ristor for neuromorphic operations. Solid State Commun. 

https://doi.org/10.1038/s41467-022-30519-w
https://doi.org/10.1021/acsami.2c19097
https://doi.org/10.1021/acsami.2c19097
https://doi.org/10.1038/s41586-023-05973-1
https://doi.org/10.1038/s41586-023-05973-1
https://doi.org/10.1038/s41467-023-37623-5
https://doi.org/10.1080/14686996.2022.2162323
https://doi.org/10.1080/14686996.2022.2162323
https://doi.org/10.1007/s40820-021-00784-3
https://doi.org/10.1007/s40820-021-00784-3
https://doi.org/10.1021/acsami.1c03202
https://doi.org/10.1021/acsami.1c03202
https://doi.org/10.1021/acsaelm.9b00694
https://doi.org/10.1021/acsaelm.9b00694
https://doi.org/10.1109/jproc.2018.2790840
https://doi.org/10.1109/jproc.2018.2790840
https://doi.org/10.1038/s41565-023-01343-0
https://doi.org/10.1038/s41565-023-01343-0
https://doi.org/10.1038/s41699-019-0114-6
https://doi.org/10.1038/s41699-019-0114-6
https://doi.org/10.1002/adfm.202003683
https://doi.org/10.1002/adfm.202003683
https://doi.org/10.1021/acsnano.0c09441
https://doi.org/10.1109/IEDM.2018.8614495
https://doi.org/10.1039/c8tc04538k
https://doi.org/10.1063/1.5115531
https://doi.org/10.1109/CECIT58139.2022.00011
https://doi.org/10.1109/CECIT58139.2022.00011
https://doi.org/10.1063/5.0098827
https://doi.org/10.1002/aelm.202100609
https://doi.org/10.1002/aelm.202100609
https://doi.org/10.1038/s41467-020-20257-2
https://doi.org/10.1002/adma.202002092
https://doi.org/10.1002/adma.202002092
https://doi.org/10.1038/s41928-018-0118-9
https://doi.org/10.1038/s41928-018-0118-9
https://doi.org/10.1038/s41565-020-00789-w
https://doi.org/10.1038/s41565-020-00789-w
https://doi.org/10.1007/s00339-011-6264-9
https://doi.org/10.1007/s00339-011-6264-9
https://doi.org/10.1088/2634-4386/ac5086


 Nano-Micro Lett.          (2024) 16:119   119  Page 92 of 96

https://doi.org/10.1007/s40820-023-01273-5© The authors

348–349, 114768 (2022). https:// doi. org/ 10. 1016/j. ssc. 2022. 
114768

 319. H.-L. Park, T.-W. Lee, Organic and perovskite memristors for 
neuromorphic computing. Org. Electron. 98, 106301 (2021). 
https:// doi. org/ 10. 1016/j. orgel. 2021. 106301

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

 321. S. Hamdioui, S. Kvatinsky, G. Cauwenberghs, L. Xie, N. 
Wald et al., Memristor for computing: Myth or reality? in 
Design, Automation & Test in Europe Conference & Exhibi-
tion (DATE), Lausanne, Switzerland, 722–731 (2017). https:// 
doi. org/ 10. 23919/ DATE. 2017. 79270 83

 322. R. Xu, H. Jang, M.H. Lee, D. Amanov, Y. Cho et al., Vertical 
 MoS2 double-layer memristor with electrochemical metalli-
zation as an atomic-scale synapse with switching thresholds 
approaching 100 mV. Nano Lett. 19(4), 2411–2417 (2019). 
https:// doi. org/ 10. 1021/ acs. nanol ett. 8b051 40

 323. X. Yan, Q. Zhao, A.P. Chen, J. Zhao, Z. Zhou et al., Vacancy-
induced synaptic behavior in 2D  WS2 nanosheet-based mem-
ristor for low-power neuromorphic computing. Small 15(24), 
1901423 (2019). https:// doi. org/ 10. 1002/ smll. 20190 1423

 324. F. Zhang, H. Zhang, S. Krylyuk, C.A. Milligan, Y. Zhu et al., 
Electric-field induced structural transition in vertical  MoTe2- 
and  Mo1-xWxTe2-based resistive memories. Nat. Mater. 18, 
55–61 (2019). https:// doi. org/ 10. 1038/ s41563- 018- 0234-y

 325. Y. Li, S. Long, Q. Liu, H. Lv, M. Liu, Resistive switching 
performance improvement via modulating nanoscale conduc-
tive filament, involving the application of two-dimensional 
layered materials. Small 13(35), 1604306 (2017). https:// doi. 
org/ 10. 1002/ smll. 20160 4306

 326. A. Melianas, M.A. Kang, A. VahidMohammadi, T.J. Quill, 
W. Tian et al., High-speed ionic synaptic memory based on 
2D titanium carbide MXene. Adv. Funct. Mater. 32(12), 
2109970 (2021). https:// doi. org/ 10. 1002/ adfm. 20210 9970

 327. T. Paul, T. Ahmed, K. Kanhaiya Tiwari, C. Singh Thakur, 
A. Ghosh, A high-performance  MoS2 synaptic device with 
floating gate engineering for neuromorphic computing. 2D 
Mater. 6(4), 045008 (2019). https:// doi. org/ 10. 1088/ 2053- 
1583/ ab23ba

 328. G. Cao, P. Meng, J. Chen, H. Liu, R. Bian et al., 2D material 
based synaptic devices for neuromorphic computing. Adv. 
Funct. Mater. 31(4), 2005443 (2020). https:// doi. org/ 10. 1002/ 
adfm. 20200 5443

 329. C. Tian, L. Wei, Y. Li, J. Jiang, Recent progress on two-
dimensional neuromorphic devices and artificial neural net-
work. Curr. Appl. Phys. 31, 182–198 (2021). https:// doi. org/ 
10. 1016/j. cap. 2021. 08. 014

 330. L. Chen, L. Wang, Y. Peng, X. Feng, S. Sarkar et al., A 
van der Waals synaptic transistor based on ferroelectric 
 Hf0.5Zr0.5O2 and 2D tungsten disulfide. Adv. Electron. Mater. 
6(6), 2000057 (2020). https:// doi. org/ 10. 1002/ aelm. 20200 
0057

 331. X. Feng, Y. Li, L. Wang, S. Chen, Z.G. Yu et al., A fully 
printed flexible  MoS2 memristive artificial synapse with 

femtojoule switching energy. Adv. Electron. Mater. 5(12), 
1900740 (2019). https:// doi. org/ 10. 1002/ aelm. 20190 0740

 332. B. Yao, J. Li, X. Chen, M. Yu, Z. Zhang et al., Non-volatile 
electrolyte-gated transistors based on graphdiyne/MoS2 with 
robust stability for low-power neuromorphic computing 
and logic-in-memory. Adv. Funct. Mater. 31(25), 2100069 
(2021). https:// doi. org/ 10. 1002/ adfm. 20210 0069

 333. Y. Wang, H. Tang, Y. Xie, X. Chen, S. Ma et al., An in-
memory computing architecture based on two-dimen-
sional semiconductors for multiply-accumulate operations. 
Nat. Commun. 12, 3347 (2021). https:// doi. org/ 10. 1038/ 
s41467- 021- 23719-3

 334. S. Xue, S. Wang, T. Wu, Z. Di, N. Xu et al., Hybrid neuro-
morphic hardware with sparing 2D synapse and CMOS neu-
ron for character recognition. Sci. Bull. 68(20), 2336–2343 
(2023). https:// doi. org/ 10. 1016/j. scib. 2023. 09. 006

 335. C. Wan, Z. Wang, R.A. John, Editorial: in-memory sensing 
and computing: New materials and devices meet new chal-
lenges. Front. Nanotechnol. 4, 1073863 (2022). https:// doi. 
org/ 10. 3389/ fnano. 2022. 10738 63

 336. H. Bao, H. Zhou, J. Li, H. Pei, J. Tian et al., Toward mem-
ristive in-memory computing: principles and applications. 
Front. Optoelectron. 15, 23 (2022). https:// doi. org/ 10. 1007/ 
s12200- 022- 00025-4

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

 338. J. Meng, T. Wang, H. Zhu, L. Ji, W. Bao et al., Integrated 
in-sensor computing optoelectronic device for environment-
adaptable artificial retina perception application. Nano Lett. 
22(1), 81–89 (2022). https:// doi. org/ 10. 1021/ acs. nanol ett. 
1c032 40

 339. D. Lee, M. Park, Y. Baek, B. Bae, J. Heo et al., In-sensor 
image memorization and encoding via optical neurons for 
bio-stimulus domain reduction toward visual cognitive pro-
cessing. Nat. Commun. 13, 5223 (2022). https:// doi. org/ 10. 
1038/ s41467- 022- 32790-3

 340. W. Chen, G. Liu, Intelligent optoelectronic devices for next-
generation artificial machine vision. Adv. Electron. Mater. 
8(12), 2200668 (2022). https:// doi. org/ 10. 1002/ aelm. 20220 
0668

 341. C. Yoo, T.-J. Ko, M.G. Kaium, R. Martinez, M.M. Islam 
et al., A minireview on 2D materials-enabled optoelectronic 
artificial synaptic devices. APL Mater. 10(7), 070702 (2022). 
https:// doi. org/ 10. 1063/5. 00960 53

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

 343. M.M. Islam, A. Krishnaprasad, D. Dev, R. Martinez-Mar-
tinez, V. Okonkwo et al., Multiwavelength optoelectronic 
synapse with 2D materials for mixed-color pattern recogni-
tion. ACS Nano 16(7), 10188–10198 (2022). https:// doi. org/ 
10. 1021/ acsna no. 2c010 35

https://doi.org/10.1016/j.ssc.2022.114768
https://doi.org/10.1016/j.ssc.2022.114768
https://doi.org/10.1016/j.orgel.2021.106301
https://doi.org/10.3389/fnins.2021.690950
https://doi.org/10.23919/DATE.2017.7927083
https://doi.org/10.23919/DATE.2017.7927083
https://doi.org/10.1021/acs.nanolett.8b05140
https://doi.org/10.1002/smll.201901423
https://doi.org/10.1038/s41563-018-0234-y
https://doi.org/10.1002/smll.201604306
https://doi.org/10.1002/smll.201604306
https://doi.org/10.1002/adfm.202109970
https://doi.org/10.1088/2053-1583/ab23ba
https://doi.org/10.1088/2053-1583/ab23ba
https://doi.org/10.1002/adfm.202005443
https://doi.org/10.1002/adfm.202005443
https://doi.org/10.1016/j.cap.2021.08.014
https://doi.org/10.1016/j.cap.2021.08.014
https://doi.org/10.1002/aelm.202000057
https://doi.org/10.1002/aelm.202000057
https://doi.org/10.1002/aelm.201900740
https://doi.org/10.1002/adfm.202100069
https://doi.org/10.1038/s41467-021-23719-3
https://doi.org/10.1038/s41467-021-23719-3
https://doi.org/10.1016/j.scib.2023.09.006
https://doi.org/10.3389/fnano.2022.1073863
https://doi.org/10.3389/fnano.2022.1073863
https://doi.org/10.1007/s12200-022-00025-4
https://doi.org/10.1007/s12200-022-00025-4
https://doi.org/10.1007/s40820-022-00945-y
https://doi.org/10.1007/s40820-022-00945-y
https://doi.org/10.1021/acs.nanolett.1c03240
https://doi.org/10.1021/acs.nanolett.1c03240
https://doi.org/10.1038/s41467-022-32790-3
https://doi.org/10.1038/s41467-022-32790-3
https://doi.org/10.1002/aelm.202200668
https://doi.org/10.1002/aelm.202200668
https://doi.org/10.1063/5.0096053
https://doi.org/10.1002/adfm.202105625
https://doi.org/10.1021/acsnano.2c01035
https://doi.org/10.1021/acsnano.2c01035


Nano-Micro Lett.          (2024) 16:119  Page 93 of 96   119 

1 3

 344. T. Tan, X. Jiang, C. Wang, B. Yao, H. Zhang, 2D material 
optoelectronics for information functional device applica-
tions: status and challenges. Adv. Sci. 7(11), 2000058 (2020). 
https:// doi. org/ 10. 1002/ advs. 20200 0058

 345. S. Oh, J.-J. Lee, S. Seo, G. Yoo, J.-H. Park, Photoelectroac-
tive artificial synapse and its application to biosignal pattern 
recognition. npj 2D Mater. Appl. 5(1), (2021). https:// doi. org/ 
10. 1038/ s41699- 021- 00274-5

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

 347. A. Lipatov, T. Li, N.S. Vorobeva, A. Sinitskii, A. Gruver-
man, Nanodomain engineering for programmable ferroelec-
tric devices. Nano Lett. 19(5), 3194–3198 (2019). https:// doi. 
org/ 10. 1021/ acs. nanol ett. 9b006 73

 348. Z.D. Luo, X. Xia, M.M. Yang, N.R. Wilson, A. Gruverman 
et al., Artificial optoelectronic synapses based on ferroelec-
tric field-effect enabled 2D transition metal dichalcogenide 
memristive transistors. ACS Nano 14(1), 746–754 (2020). 
https:// doi. org/ 10. 1021/ acsna no. 9b076 87

 349. Y.X. Hou, Y. Li, Z.C. Zhang, J.Q. Li, D.H. Qi et al., Large-
scale and flexible optical synapses for neuromorphic com-
puting and integrated visible information sensing memory 
processing. ACS Nano 15(1), 1497–1508 (2020). https:// doi. 
org/ 10. 1021/ acsna no. 0c089 21

 350. F. Zhou, J. Chen, X. Tao, X. Wang, Y. Chai, 2D materials 
based optoelectronic memory: Convergence of electronic 
memory and optical sensor. Research 2019, 9490413 (2019). 
https:// doi. org/ 10. 34133/ 2019/ 94904 13

 351. C. Choi, J. Leem, M. Kim, A. Taqieddin, C. Cho et al., Curved 
neuromorphic image sensor array using a  MoS2-organic het-
erostructure inspired by the human visual recognition sys-
tem. Nat. Commun. 11, 5934 (2020). https:// doi. org/ 10. 1038/ 
s41467- 020- 19806-6

 352. S. Wang, C.Y. Wang, P. Wang, C. Wang, Z.A. Li et al., Net-
working retinomorphic sensor with memristive crossbar 
for brain-inspired visual perception. Natl. Sci. Rev. 8(2), 
nwaa172 (2021). https:// doi. org/ 10. 1093/ nsr/ nwaa1 72

 353. S. Lee, R. Peng, C. Wu, M. Li, Programmable black phospho-
rus image sensor for broadband optoelectronic edge comput-
ing. Nat. Commun. 13, 1485 (2022). https:// doi. org/ 10. 1038/ 
s41467- 022- 29171-1

 354. M. Titov, C.W.J. Beenakker, Josephson effect in ballistic gra-
phene. Phys. Rev. B 74(4), 041401 (2006). https:// doi. org/ 10. 
1103/ PhysR evB. 74. 041401

 355. B. Trauzettel, D.V. Bulaev, D. Loss, G. Burkard, Spin qubits 
in graphene quantum dots. Nat. Phys. 3, 192–196 (2007). 
https:// doi. org/ 10. 1038/ nphys 544

 356. C. Girit, V. Bouchiat, O. Naaman, Y. Zhang, M. Crommie 
et al., Tunable graphene dc superconducting quantum inter-
ference device. Nano Lett. 9(1), 198–199 (2009). https:// doi. 
org/ 10. 1021/ nl802 765x

 357. M.T. Allen, J. Martin, A. Yacoby, Gate-defined quantum con-
finement in suspended bilayer graphene. Nat. Commun. 3, 
934 (2012). https:// doi. org/ 10. 1038/ ncomm s1945

 358. J.I.J. Wang, D. Rodan-Legrain, L. Bretheau, D.L. Campbell, 
B. Kannan et al., Coherent control of a hybrid superconduct-
ing circuit made with graphene-based van der Waals hetero-
structures. Nat. Nanotechnol. 14, 120–125 (2019). https:// doi. 
org/ 10. 1038/ s41565- 018- 0329-2

 359. Y.M. He, G. Clark, J.R. Schaibley, Y. He, M.C. Chen et al., 
Single quantum emitters in monolayer semiconductors. Nat. 
Nanotechnol. 10(6), 497–502 (2015). https:// doi. org/ 10. 1038/ 
nnano. 2015. 75

 360. C. Palacios-Berraquero, D.M. Kara, A.R.-P. Montblanch, 
M. Barbone, P. Latawiec et al., Large-scale quantum-emitter 
arrays in atomically thin semiconductors. Nat. Commun. 8, 
15093 (2017). https:// doi. org/ 10. 1038/ ncomm s15093

 361. F. Peyskens, C. Chakraborty, M. Muneeb, D. Van Thourhout, 
D. Englund, Integration of single photon emitters in 2D 
layered materials with a silicon nitride photonic chip. 
Nat. Commun. 10, 4435 (2019). https:// doi. org/ 10. 1038/ 
s41467- 019- 12421-0

 362. T. Gao, M. von Helver, C. Antón-Solanas, C. Schneider, T. 
Heindel, Atomically-thin single-photon sources for quantum 
communication. npj 2D Mater. Appl. 7, 4 (2023). https:// doi. 
org/ 10. 1038/ s41699- 023- 00366-4

 363. A. Gottscholl, M. Kianinia, V. Soltamov, S. Orlinskii, G. 
Mamin et al., Initialization and read-out of intrinsic spin 
defects in a van der Waals crystal at room temperature. 
Nat. Mater. 19, 540–545 (2020). https:// doi. org/ 10. 1038/ 
s41563- 020- 0619-6

 364. A. Gottscholl, M. Diez, V. Soltamov, C. Kasper, D. Krauße 
et al., Spin defects in hBN as promising temperature, pressure 
and magnetic field quantum sensors. Nat. Commun. 12, 4480 
(2021). https:// doi. org/ 10. 1038/ s41467- 021- 24725-1

 365. A.H.C. Neto, F. Guinea, N.M.R. Peres, K.S. Novoselov, A.K. 
Geim, The electronic properties of graphene. Rev. Mod. Phys. 
81(1), 109 (2009). https:// doi. org/ 10. 1103/ RevMo dPhys. 81. 
109

 366. J. Chen, K. Wu, W. Hu, J. Yang, High-throughput inverse 
design for 2D ferroelectric Rashba semiconductors. J. Am. 
Chem. Soc. 144(43), 20035–20046 (2022). https:// doi. org/ 
10. 1021/ jacs. 2c088 27

 367. Y. Xu, Y. Wang, S. Wang, S. Yu, B. Huang et al., Spon-
taneous valley polarization caused by crystalline symmetry 
breaking in nonmagnetic  LaOMX2 monolayers. Nano Lett. 
22(22), 9147–9153 (2022). https:// doi. org/ 10. 1021/ acs. nanol 
ett. 2c037 91

 368. E.J. Sie, J.W. McIver, Y.H. Lee, L. Fu, J. Kong et al., Valley-
selective optical Stark effect in monolayer  WS2. Nat. Mater. 
14, 290–294 (2015). https:// doi. org/ 10. 1038/ nmat4 156

 369. G. Wang, L. Bouet, D. Lagarde, M. Vidal, A. Balocchi 
et al., Valley dynamics probed through charged and neutral 
exciton emission in monolayer  WSe2. Phys. Rev. B 90(7), 
075413 (2014). https:// doi. org/ 10. 1103/ PhysR evB. 90. 
075413

https://doi.org/10.1002/advs.202000058
https://doi.org/10.1038/s41699-021-00274-5
https://doi.org/10.1038/s41699-021-00274-5
https://doi.org/10.1002/inf2.12317
https://doi.org/10.1002/inf2.12317
https://doi.org/10.1021/acs.nanolett.9b00673
https://doi.org/10.1021/acs.nanolett.9b00673
https://doi.org/10.1021/acsnano.9b07687
https://doi.org/10.1021/acsnano.0c08921
https://doi.org/10.1021/acsnano.0c08921
https://doi.org/10.34133/2019/9490413
https://doi.org/10.1038/s41467-020-19806-6
https://doi.org/10.1038/s41467-020-19806-6
https://doi.org/10.1093/nsr/nwaa172
https://doi.org/10.1038/s41467-022-29171-1
https://doi.org/10.1038/s41467-022-29171-1
https://doi.org/10.1103/PhysRevB.74.041401
https://doi.org/10.1103/PhysRevB.74.041401
https://doi.org/10.1038/nphys544
https://doi.org/10.1021/nl802765x
https://doi.org/10.1021/nl802765x
https://doi.org/10.1038/ncomms1945
https://doi.org/10.1038/s41565-018-0329-2
https://doi.org/10.1038/s41565-018-0329-2
https://doi.org/10.1038/nnano.2015.75
https://doi.org/10.1038/nnano.2015.75
https://doi.org/10.1038/ncomms15093
https://doi.org/10.1038/s41467-019-12421-0
https://doi.org/10.1038/s41467-019-12421-0
https://doi.org/10.1038/s41699-023-00366-4
https://doi.org/10.1038/s41699-023-00366-4
https://doi.org/10.1038/s41563-020-0619-6
https://doi.org/10.1038/s41563-020-0619-6
https://doi.org/10.1038/s41467-021-24725-1
https://doi.org/10.1103/RevModPhys.81.109
https://doi.org/10.1103/RevModPhys.81.109
https://doi.org/10.1021/jacs.2c08827
https://doi.org/10.1021/jacs.2c08827
https://doi.org/10.1021/acs.nanolett.2c03791
https://doi.org/10.1021/acs.nanolett.2c03791
https://doi.org/10.1038/nmat4156
https://doi.org/10.1103/PhysRevB.90.075413
https://doi.org/10.1103/PhysRevB.90.075413


 Nano-Micro Lett.          (2024) 16:119   119  Page 94 of 96

https://doi.org/10.1007/s40820-023-01273-5© The authors

 370. J.Y. Tsai, J. Pan, H. Lin, A. Bansil, Q. Yan, Antisite defect 
qubits in monolayer transition metal dichalcogenides. 
Nat. Commun. 13, 492 (2022). https:// doi. org/ 10. 1038/ 
s41467- 022- 28133-x

 371. S. Kezilebieke, M.N. Huda, V. Vaňo, M. Aapro, S.C. Gan-
guli et  al., Topological superconductivity in a van der 
Waals heterostructure. Nature 588, 424–428 (2020). https:// 
doi. org/ 10. 1038/ s41586- 020- 2989-y

 372. E. Zhang, Y.M. Xie, Y. Fang, J. Zhang, X. Xu et al., Spin–
orbit–parity coupled superconductivity in atomically thin 
2M-WS2. Nat. Phys. 19(1), 106–113 (2023). https:// doi. org/ 
10. 1038/ s41567- 022- 01812-8

 373. K.S. Novoselov, A.K. Geim, S.V. Morozov, D. Jiang, M.I. 
Katsnelson et al., Two-dimensional gas of massless Dirac 
fermions in graphene. Nature 438, 197–200 (2005). https:// 
doi. org/ 10. 1038/ natur e04233

 374. Y. Li, H. Zheng, Y. Fang, D. Zhang, Y. Chen et  al., 
Observation of topological superconductivity in a stoi-
chiometric transition metal dichalcogenide 2M-WS2. 
Nat. Commun. 12, 2874 (2021). https:// doi. org/ 10. 1038/ 
s41467- 021- 23076-1

 375. S. Lodge, S.A. Yang, S. Mukherjee, B. Weber, Atomi-
cally thin quantum spin hall insulators. Adv. Mater. 33(22), 
2008029 (2021). https:// doi. org/ 10. 1002/ adma. 20200 8029

 376. D.J. Thouless, M. Kohmoto, M.P. Nightingale, M. den Nijs, 
Quantized Hall conductance in a two-dimensional periodic 
potential. Phys. Rev. Lett. 49(6), 405 (1982). https:// doi. org/ 
10. 1103/ PhysR evLett. 49. 405

 377. D.M. Haldane, Model for a quantum Hall effect without 
Landau levels: Condensed-matter realization of the “parity 
anomaly.” Phys. Rev. Lett. 61(18), 2015 (1988). https:// doi. 
org/ 10. 1103/ PhysR evLett. 61. 2015

 378. Z. Qiao, W. Ren, H. Chen, L. Bellaiche, Z. Zhang et al., 
Quantum anomalous Hall effect in graphene proximity 
coupled to an antiferromagnetic insulator. Phys. Rev. Lett. 
112(11), 116404 (2014). https:// doi. org/ 10. 1103/ PhysR 
evLett. 112. 116404

 379. L. Veyrat, C. Déprez, A. Coissard, X. Li, F. Gay et al., Heli-
cal quantum Hall phase in graphene on  SrTiO3. Science 
367(6479), 781–786 (2020). https:// doi. org/ 10. 1126/ scien 
ce. aax82 01

 380. Y.T. Hsu, W.S. Cole, R.X. Zhang, J.D. Sau, Inversion-pro-
tected higher-order topological superconductivity in mon-
olayer  WTe2. Phys. Rev. Lett. 125(9), 097001 (2020). https:// 
doi. org/ 10. 1103/ PhysR evLett. 125. 097001

 381. E. Sajadi, T. Palomaki, Z. Fei, W. Zhao, P. Bement et al., 
Gate-induced superconductivity in a monolayer topological 
insulator. Science 362(6417), 922–925 (2018). https:// doi. 
org/ 10. 1126/ scien ce. aar44 26

 382. S. Wu, V. Fatemi, Q.D. Gibson, K. Watanabe, T. Taniguchi 
et al., Observation of the quantum spin Hall effect up to 100 
kelvin in a monolayer crystal. Science 359(6371), 76–79 
(2018). https:// doi. org/ 10. 1126/ scien ce. aan60 03

 383. A. Kormányos, V. Zólyomi, N.D. Drummond, G. Burkard, 
Spin-orbit coupling, quantum dots, and qubits in monolayer 

transition metal dichalcogenides. Phys. Rev. X 4, 011034 
(2014). https:// doi. org/ 10. 1103/ PhysR evX.4. 011034

 384. A.J. Ramsay, R. Hekmati, C.J. Patrickson, S. Baber, D.R. 
Arvidsson-Shukur et al., Coherence protection of spin qubits 
in hexagonal boron nitride. Nat. Commun. 14, 461 (2023). 
https:// doi. org/ 10. 1038/ s41467- 023- 36196-7

 385. M.B. Shalom, M.J. Zhu, V.I. Fal’Ko, A. Mishchenko, A.V. 
Kretinin et al., Quantum oscillations of the critical current 
and high-field superconducting proximity in ballistic gra-
phene. Nat. Phys. 12, 318–322 (2016). https:// doi. org/ 10. 
1038/ nphys 3592

 386. T. Machida, Y. Sun, S. Pyon, S. Takeda, Y. Kohsaka et al., 
Zero-energy vortex bound state in the superconducting 
topological surface state of Fe (Se, Te). Nat. Mater. 18(8), 
811–815 (2019). https:// doi. org/ 10. 1038/ s41563- 019- 0397-1

 387. D. Wang, L. Kong, P. Fan, H. Chen, S. Zhu et al., Evidence 
for Majorana bound states in an iron-based superconductor. 
Science 362(6412), 333–335 (2018). https:// doi. org/ 10. 1126/ 
scien ce. aao17 97

 388. Y.M. He, O. Iff, N. Lundt, V. Baumann, M. Davanco et al., 
Cascaded emission of single photons from the biexciton in 
monolayered  WSe2. Nat. Commun. 7, 13409 (2016). https:// 
doi. org/ 10. 1038/ ncomm s13409

 389. J. Wang, H. Li, Y. Ma, M. Zhao, W. Liu et al., Routing valley 
exciton emission of a  WS2 monolayer via delocalized Bloch 
modes of in-plane inversion-symmetry-broken photonic crys-
tal slabs. Light Sci. Appl. 9, 148 (2020). https:// doi. org/ 10. 
1038/ s41377- 020- 00387-4

 390. J. Dang, S. Sun, X. Xie, Y. Yu, K. Peng et al., Identify-
ing defect-related quantum emitters in monolayer  WSe2. 
npj 2D Mater. Appl. 4, 2 (2020). https:// doi. org/ 10. 1038/ 
s41699- 020- 0136-0

 391. T.T. Tran, K. Bray, M.J. Ford, M. Toth, I. Aharonovich, 
Quantum emission from hexagonal boron nitride monolay-
ers. Nat. Nanotechnol. 11, 37–41 (2016). https:// doi. org/ 10. 
1038/ nnano. 2015. 242

 392. Q. Guo, X. Qi, L. Zhang, M. Gao, S. Hu et al., Ultrathin 
quantum light source with van der Waals  NbOCl2 crystal. 
Nature 613(7942), 53–59 (2023). https:// doi. org/ 10. 1038/ 
s41586- 022- 05393-7

 393. X. Lu, Single photon emitters originating from donor–accep-
tor pairs. J. Semicond. 44(1), 010401 (2023). https:// doi. org/ 
10. 1088/ 1674- 4926/ 44/1/ 010401

 394. C. Déprez, L. Veyrat, H. Vignaud, G. Nayak, K. Watanabe 
et al., A tunable Fabry-Pérot quantum Hall interferometer in 
graphene. Nat. Nanotechnol. 16(5), 555–562 (2021). https:// 
doi. org/ 10. 1038/ s41565- 021- 00847-x

 395. X. Chen, X. Lu, S. Dubey, Q. Yao, S. Liu et al., Entangle-
ment of single-photons and chiral phonons in atomically thin 
 WSe2. Nat. Phys. 15(3), 221–227 (2019). https:// doi. org/ 10. 
1038/ s41567- 018- 0366-7

 396. H. Idzuchi, F. Pientka, K.F. Huang, K. Harada, Ö. Gül et al., 
Unconventional supercurrent phase in Ising superconductor 
Josephson junction with atomically thin magnetic insulator. 
Nat. Commun. 12, 5332 (2021). https:// doi. org/ 10. 1038/ 
s41467- 021- 25608-1

https://doi.org/10.1038/s41467-022-28133-x
https://doi.org/10.1038/s41467-022-28133-x
https://doi.org/10.1038/s41586-020-2989-y
https://doi.org/10.1038/s41586-020-2989-y
https://doi.org/10.1038/s41567-022-01812-8
https://doi.org/10.1038/s41567-022-01812-8
https://doi.org/10.1038/nature04233
https://doi.org/10.1038/nature04233
https://doi.org/10.1038/s41467-021-23076-1
https://doi.org/10.1038/s41467-021-23076-1
https://doi.org/10.1002/adma.202008029
https://doi.org/10.1103/PhysRevLett.49.405
https://doi.org/10.1103/PhysRevLett.49.405
https://doi.org/10.1103/PhysRevLett.61.2015
https://doi.org/10.1103/PhysRevLett.61.2015
https://doi.org/10.1103/PhysRevLett.112.116404
https://doi.org/10.1103/PhysRevLett.112.116404
https://doi.org/10.1126/science.aax8201
https://doi.org/10.1126/science.aax8201
https://doi.org/10.1103/PhysRevLett.125.097001
https://doi.org/10.1103/PhysRevLett.125.097001
https://doi.org/10.1126/science.aar4426
https://doi.org/10.1126/science.aar4426
https://doi.org/10.1126/science.aan6003
https://doi.org/10.1103/PhysRevX.4.011034
https://doi.org/10.1038/s41467-023-36196-7
https://doi.org/10.1038/nphys3592
https://doi.org/10.1038/nphys3592
https://doi.org/10.1038/s41563-019-0397-1
https://doi.org/10.1126/science.aao1797
https://doi.org/10.1126/science.aao1797
https://doi.org/10.1038/ncomms13409
https://doi.org/10.1038/ncomms13409
https://doi.org/10.1038/s41377-020-00387-4
https://doi.org/10.1038/s41377-020-00387-4
https://doi.org/10.1038/s41699-020-0136-0
https://doi.org/10.1038/s41699-020-0136-0
https://doi.org/10.1038/nnano.2015.242
https://doi.org/10.1038/nnano.2015.242
https://doi.org/10.1038/s41586-022-05393-7
https://doi.org/10.1038/s41586-022-05393-7
https://doi.org/10.1088/1674-4926/44/1/010401
https://doi.org/10.1088/1674-4926/44/1/010401
https://doi.org/10.1038/s41565-021-00847-x
https://doi.org/10.1038/s41565-021-00847-x
https://doi.org/10.1038/s41567-018-0366-7
https://doi.org/10.1038/s41567-018-0366-7
https://doi.org/10.1038/s41467-021-25608-1
https://doi.org/10.1038/s41467-021-25608-1


Nano-Micro Lett.          (2024) 16:119  Page 95 of 96   119 

1 3

 397. M. Kim, G.H. Park, J. Lee, J.H. Lee, J. Park et al., Strong 
proximity Josephson coupling in vertically stacked  NbSe2–
graphene–NbSe2 van der Waals junctions. Nano Lett. 
17(10), 6125–6130 (2017). https:// doi. org/ 10. 1021/ acs. 
nanol ett. 7b027 07

 398. K. Kang, H. Berger, K. Watanabe, T. Taniguchi, L. Forró 
et al., Van der Waals π Josephson junctions. Nano Lett. 
22(13), 5510–5515 (2022). https:// doi. org/ 10. 1021/ acs. 
nanol ett. 2c016 40

 399. B. Pal, A. Chakraborty, P.K. Sivakumar, M. Davydova, 
A.K. Gopi et  al., Josephson diode effect from Cooper 
pair momentum in a topological semimetal. Nat. Phys. 
18(10), 1228–1233 (2022). https:// doi. org/ 10. 1038/ 
s41567- 022- 01699-5

 400. F.K. Vries, E. Portoles, G. Zheng, T. Taniguchi, K. Watan-
abe et al., Gate-defined Josephson junctions in magic-angle 
twisted bilayer graphene. Nat. Nanotechnol. 16(7), 760–763 
(2021). https:// doi. org/ 10. 1038/ s41565- 021- 00896-2

 401. E. Portolés, S. Iwakiri, G. Zheng, P. Rickhaus, T. Taniguchi 
et al., A tunable monolithic SQUID in twisted bilayer gra-
phene. Nat. Nanotechnol. 17, 1159–1164 (2022). https:// doi. 
org/ 10. 1038/ s41565- 022- 01222-0

 402. L.S. Farrar, A. Nevill, Z.J. Lim, G. Balakrishnan, S. Dale 
et al., Superconducting quantum interference in twisted van 
der Waals heterostructures. Nano Lett. 21(16), 6725–6731 
(2021). https:// doi. org/ 10. 1021/ acs. nanol ett. 1c001 52

 403. J. Sarkar, K.V. Salunkhe, S. Mandal, S. Ghatak, A.H. Mar-
chawala et al., Quantum-noise-limited microwave ampli-
fication using a graphene Josephson junction. Nat. Nano-
technol. 17, 1147–1152 (2022). https:// doi. org/ 10. 1038/ 
s41565- 022- 01223-z

 404. C. Tong, R. Garreis, A. Knothe, M. Eich, A. Sacchi et al., 
Tunable valley splitting and bipolar operation in graphene 
quantum dots. Nano Lett. 21(2), 1068–1073 (2021). https:// 
doi. org/ 10. 1021/ acs. nanol ett. 0c043 43

 405. K. Wang, K.D. Greve, L.A. Jauregui, A. Sushko, A. High 
et al., Electrical control of charged carriers and excitons in 
atomically thin materials. Nat. Nanotechnol. 13(2), 128–132 
(2018). https:// doi. org/ 10. 1038/ s41565- 017- 0030-x

 406. L.J. Wang, G.P. Guo, D. Wei, G. Cao, T. Tu et al., Gates con-
trolled parallel-coupled double quantum dot on both single 
layer and bilayer graphene. Appl. Phys. Lett. 99(11), 112117 
(2011). https:// doi. org/ 10. 1063/1. 36384 71

 407. Z.Z. Zhang, X.X. Song, G. Luo, G.W. Deng, V. Mosallanejad 
et al., Electrotunable artificial molecules based on van der 
Waals heterostructures. Sci. Adv. 3(10), e1701699 (2017). 
https:// doi. org/ 10. 1126/ sciadv. 17016 99

 408. M. Hamer, E. Tóvári, M. Zhu, M.D. Thompson, A. Mayorov 
et al., Gate-defined quantum confinement in InSe-based van 
der Waals heterostructures. Nano Lett. 18(6), 3950–3955 
(2018). https:// doi. org/ 10. 1021/ acs. nanol ett. 8b013 76

 409. C. Chakraborty, L. Kinnischtzke, K.M. Goodfellow, R. 
Beams, A.N. Vamivakas, Voltage-controlled quantum light 
from an atomically thin semiconductor. Nat. Nanotechnol. 
10(6), 507–511 (2015). https:// doi. org/ 10. 1038/ nnano. 2015. 
79

 410. C. Palacios-Berraquero, M. Barbone, D. Kara, X. Chen, I. 
Goykhman et al., Atomically thin quantum light-emitting 
diodes. Nat. Commun. 7, 12978 (2016). https:// doi. org/ 10. 
1038/ ncomm s12978

 411. A. Hötger, J. Klein, K. Barthelmi, L. Sigl, F. Sigger et al., 
Gate-switchable arrays of quantum light emitters in contacted 
monolayer  MoS2 van der Waals heterodevices. Nano Lett. 
21(2), 1040–1046 (2021). https:// doi. org/ 10. 1021/ acs. nanol 
ett. 0c042 22

 412. K. Parto, S.I. Azzam, K. Banerjee, G. Moody, Defect and 
strain engineering of monolayer  WSe2 enables site-controlled 
single-photon emission up to 150 K. Nat. Commun. 12, 3585 
(2021). https:// doi. org/ 10. 1038/ s41467- 021- 23709-5

 413. H. Kim, J.S. Moon, G. Noh, J. Lee, J.H. Kim, Position and 
frequency control of strain-induced quantum emitters in 
 WSe2 monolayers. Nano Lett. 19(10), 7534–7539 (2019). 
https:// doi. org/ 10. 1021/ acs. nanol ett. 9b034 21

 414. O. Iff, D. Tedeschi, J. Martín-Sánchez, M. Moczała-
Dusanowska, S. Tongay et al., Strain-tunable single photon 
sources in  WSe2 monolayers. Nano Lett. 19(10), 6931–6936 
(2019). https:// doi. org/ 10. 1021/ acs. nanol ett. 9b022 21

 415. M. Blauth, M. Jürgensen, G. Vest, O. Hartwig, M. Prechtl 
et al., Coupling single photons from discrete quantum emit-
ters in  WSe2 to lithographically defined plasmonic slot wave-
guides. Nano Lett. 18(11), 6812–6819 (2018). https:// doi. org/ 
10. 1021/ acs. nanol ett. 8b026 87

 416. G. Noh, D. Choi, J.H. Kim, D.G. Im, Y.H. Kim et al., Stark 
tuning of single-photon emitters in hexagonal boron nitride. 
Nano Lett. 18(8), 4710–4715 (2018). https:// doi. org/ 10. 1021/ 
acs. nanol ett. 8b010 30

 417. A. Chakraborty, K.M. Goodfellow, S. Dhara, A. Yoshimura, 
V. Meunier et al., Quantum-confined Stark effect of indi-
vidual defects in a van der Waals heterostructure. Nano Lett. 
17(4), 2253–2258 (2017). https:// doi. org/ 10. 1021/ acs. nanol 
ett. 6b048 89

 418. J. Ziegler, R. Klaiss, A. Blaikie, D. Miller, V.R. Horowitz 
et al., Deterministic quantum emitter formation in hexago-
nal boron nitride via controlled edge creation. Nano Lett. 
19(3), 2121–2127 (2019). https:// doi. org/ 10. 1021/ acs. nanol 
ett. 9b003 57

 419. A. Li, N. Mendelson, R. Ritika, Y. Chen, Z.Q. Xu et al., Scal-
able and deterministic fabrication of quantum emitter arrays 
from hexagonal boron nitride. Nano Lett. 21(8), 3626–3632 
(2021). https:// doi. org/ 10. 1021/ acs. nanol ett. 1c006 85

 420. A. Branny, S. Kumar, R. Proux, B.D. Gerardot, Determin-
istic strain-induced arrays of quantum emitters in a two-
dimensional semiconductor. Nat. Commun. 8, 15053 (2017). 
https:// doi. org/ 10. 1038/ ncomm s15053

 421. Y. Luo, G.D. Shepard, J.V. Ardelean, D.A. Rhodes, B. Kim 
et al., Deterministic coupling of site-controlled quantum 
emitters in monolayer  WSe2 to plasmonic nanocavities. Nat. 
Nanotechnol. 13, 1137–1142 (2018). https:// doi. org/ 10. 1038/ 
s41565- 018- 0275-z

 422. N. Mathur, A. Mukherjee, X. Gao, J. Luo, B.A. McCul-
lian et  al., Excited-state spin-resonance spectroscopy of 

https://doi.org/10.1021/acs.nanolett.7b02707
https://doi.org/10.1021/acs.nanolett.7b02707
https://doi.org/10.1021/acs.nanolett.2c01640
https://doi.org/10.1021/acs.nanolett.2c01640
https://doi.org/10.1038/s41567-022-01699-5
https://doi.org/10.1038/s41567-022-01699-5
https://doi.org/10.1038/s41565-021-00896-2
https://doi.org/10.1038/s41565-022-01222-0
https://doi.org/10.1038/s41565-022-01222-0
https://doi.org/10.1021/acs.nanolett.1c00152
https://doi.org/10.1038/s41565-022-01223-z
https://doi.org/10.1038/s41565-022-01223-z
https://doi.org/10.1021/acs.nanolett.0c04343
https://doi.org/10.1021/acs.nanolett.0c04343
https://doi.org/10.1038/s41565-017-0030-x
https://doi.org/10.1063/1.3638471
https://doi.org/10.1126/sciadv.1701699
https://doi.org/10.1021/acs.nanolett.8b01376
https://doi.org/10.1038/nnano.2015.79
https://doi.org/10.1038/nnano.2015.79
https://doi.org/10.1038/ncomms12978
https://doi.org/10.1038/ncomms12978
https://doi.org/10.1021/acs.nanolett.0c04222
https://doi.org/10.1021/acs.nanolett.0c04222
https://doi.org/10.1038/s41467-021-23709-5
https://doi.org/10.1021/acs.nanolett.9b03421
https://doi.org/10.1021/acs.nanolett.9b02221
https://doi.org/10.1021/acs.nanolett.8b02687
https://doi.org/10.1021/acs.nanolett.8b02687
https://doi.org/10.1021/acs.nanolett.8b01030
https://doi.org/10.1021/acs.nanolett.8b01030
https://doi.org/10.1021/acs.nanolett.6b04889
https://doi.org/10.1021/acs.nanolett.6b04889
https://doi.org/10.1021/acs.nanolett.9b00357
https://doi.org/10.1021/acs.nanolett.9b00357
https://doi.org/10.1021/acs.nanolett.1c00685
https://doi.org/10.1038/ncomms15053
https://doi.org/10.1038/s41565-018-0275-z
https://doi.org/10.1038/s41565-018-0275-z


 Nano-Micro Lett.          (2024) 16:119   119  Page 96 of 96

https://doi.org/10.1007/s40820-023-01273-5© The authors

 VB
− defect centers in hexagonal boron nitride. Nat. Commun. 

13, 3233 (2022). https:// doi. org/ 10. 1038/ s41467- 022- 30772-z
 423. M. Huang, J. Zhou, D. Chen, H. Lu, N.J. McLaughlin et al., 

Wide field imaging of van der Waals ferromagnet  Fe3GeTe2 
by spin defects in hexagonal boron nitride. Nat. Commun. 13, 
5369 (2022). https:// doi. org/ 10. 1038/ s41467- 022- 33016-2

 424. A.L. Exarhos, D.A. Hopper, R.N. Patel, M.W. Doherty, L.C. 
Bassett, Magnetic-field-dependent quantum emission in hex-
agonal boron nitride at room temperature. Nat. Commun. 10, 
222 (2019). https:// doi. org/ 10. 1038/ s41467- 018- 08185-8

 425. X. Lyu, Q. Tan, L. Wu, C. Zhang, Z. Zhang et al., Strain 
quantum sensing with spin defects in hexagonal bBoron 
nitride. Nano Lett. 22(16), 6553–6559 (2022). https:// doi. 
org/ 10. 1021/ acs. nanol ett. 2c017 22

 426. E. Fröch, L.P. Spencer, M. Kianinia, D.D. Totonjian, M. 
Nguyen et al., Coupling spin defects in hexagonal boron 
nitride to monolithic bullseye cavities. Nano Lett. 21(15), 
6549–6555 (2021). https:// doi. org/ 10. 1021/ acs. nanol ett. 
1c018 43

 427. X. Gao, B. Jiang, A.E. Llacsahuanga Allcca, K. Shen, M.A. 
Sadi et al., High-contrast plasmonic-enhanced shallow spin 
defects in hexagonal boron nitride for quantum sensing. Nano 
Lett. 21(18), 7708–7714 (2021). https:// doi. org/ 10. 1021/ acs. 
nanol ett. 1c024 95

 428. X. Xu, A.B. Solanki, D. Sychev, X. Gao, S. Peana et al., 
Greatly enhanced emission from spin defects in hexagonal 
boron nitride enabled by a low-loss plasmonic nanocavity. 
Nano Lett. 23(1), 25–33 (2023). https:// doi. org/ 10. 1021/ acs. 
nanol ett. 2c031 00

 429. A.J. Healey, S.C. Scholten, T. Yang, J.A. Scott, G.J. Abra-
hams et al., Quantum microscopy with van der Waals het-
erostructures. Nat. Phys. 19, 87–91 (2022). https:// doi. org/ 
10. 1038/ s41567- 022- 01815-5

 430. Z.L. Xiang, S. Ashhab, J. You, F. Nori, Hybrid quantum cir-
cuits: Superconducting circuits interacting with other quan-
tum systems. Rev. Mod. Phys. 85(2), 623 (2013). https:// doi. 
org/ 10. 1103/ RevMo dPhys. 85. 623

 431. J.G. Kroll, W. Uilhoorn, K.L. van der Enden, D.de Jong, 
K. Watanabe et al., Magnetic field compatible circuit quan-
tum electrodynamics with graphene Josephson junctions. 
Nat. Commun. 9(1), 4615 (2018). https:// doi. org/ 10. 1038/ 
s41467- 018- 07124-x

 432. E. Schmidt, M.D. Jenkins, K. Watanabe, T. Taniguchi, G.A. 
Steele, A ballistic graphene superconducting microwave cir-
cuit. Nat. Commun. 9(1), 4069 (2018). https:// doi. org/ 10. 
1038/ s41467- 018- 06595-2

 433. A. Antony, M.V. Gustafsson, G.J. Ribeill, M. Ware, A. 
Rajendran et al., Miniaturizing transmon qubits using van 
der Waals materials. Nano Lett. 21(23), 10122–10126 (2021). 
https:// doi. org/ 10. 1021/ acs. nanol ett. 1c041 60

 434. J.I. Wang, M.A. Yamoah, Q. Li, A.H. Karamlou, T. Dinh 
et  al., Hexagonal boron nitride as a low-loss dielectric 
for superconducting quantum circuits and qubits. Nat. 
Mater. 21(4), 398–403 (2022). https:// doi. org/ 10. 1038/ 
s41563- 021- 01187-w

 435. X. Liu, M.C. Hersam, 2D materials for quantum information 
science. Nat. Rev. Mater. 4(10), 669–684 (2019). https:// doi. 
org/ 10. 1038/ s41578- 019- 0136-x

 436. Z. Ahmed, A. Afzalian, T. Schram, D. Jang, D. Verreck 
et al., Introducing 2D-FETs in device scaling roadmap using 
DTCO. in 2020 IEEE International Electron Devices Meet-
ing (IEDM), San Francisco, CA, USA, 22.5.1–22.5.4 (2020). 
https:// doi. org/ 10. 1109/ IEDM1 3553. 2020. 93719 06

 437. K. Maxey, C.H. Naylor, K.P. O’ Brien, A. Penumatcha, A. 
Oni et al., 300 mm MOCVD 2D CMOS Materials for More 
(Than) Moore scaling. in 2022 IEEE Symposium on VLSI 
Technology and Circuits. Honolulu, HI, USA, 419–420 
(2022). https:// doi. org/ 10. 1109/ VLSIT echno logya ndCir 
46769. 2022. 98304 57

 438. T.-A. Chen, C.-P. Chuu, C.-C. Tseng, C.-K. Wen, H.S.P. 
Wong et  al., Wafer-scale single-crystal hexagonal boron 
nitride monolayers on Cu (111). Nature 579, 219–223 (2020). 
https:// doi. org/ 10. 1038/ s41586- 020- 2009-2

 439. C.H. Naylor, K. Maxey, C. Jezewski, K.P.O’ Brien, A.V. 
Penumatcha et al., 2D materials in the BEOL. in 2023 IEEE 
Symposium on VLSI Technology and Circuits. Kyoto, Japan, 
1–2 (2023). https:// doi. org/ 10. 23919/ VLSIT echno logya ndCir 
57934. 2023. 10185 307

 440. T. Schram, Q. Smets, D. Radisic, B. Groven, D. Cott et al., 
High yield and process uniformity for 300 mm integrated 
 WS2 FETs. in 2021 Symposium on VLSI Technology. Kyoto, 
Japan, 1–2 (2021). https:// ieeex plore. ieee. org/ docum ent/ 
93719 26

 441. I. Asselberghs, Q. Smets, T. Schram, B. Groven, D. Verreck 
et al., Wafer-scale integration of double gated  WS2-transistors 
in 300mm Si CMOS fab. 2020 IEEE International Electron 
Devices Meeting (IEDM). San Francisco, CA, USA, 40.2.1–
40.2.4 (2020). https:// doi. org/ 10. 1109/ IEDM1 3553. 2020. 
93719 26

https://doi.org/10.1038/s41467-022-30772-z
https://doi.org/10.1038/s41467-022-33016-2
https://doi.org/10.1038/s41467-018-08185-8
https://doi.org/10.1021/acs.nanolett.2c01722
https://doi.org/10.1021/acs.nanolett.2c01722
https://doi.org/10.1021/acs.nanolett.1c01843
https://doi.org/10.1021/acs.nanolett.1c01843
https://doi.org/10.1021/acs.nanolett.1c02495
https://doi.org/10.1021/acs.nanolett.1c02495
https://doi.org/10.1021/acs.nanolett.2c03100
https://doi.org/10.1021/acs.nanolett.2c03100
https://doi.org/10.1038/s41567-022-01815-5
https://doi.org/10.1038/s41567-022-01815-5
https://doi.org/10.1103/RevModPhys.85.623
https://doi.org/10.1103/RevModPhys.85.623
https://doi.org/10.1038/s41467-018-07124-x
https://doi.org/10.1038/s41467-018-07124-x
https://doi.org/10.1038/s41467-018-06595-2
https://doi.org/10.1038/s41467-018-06595-2
https://doi.org/10.1021/acs.nanolett.1c04160
https://doi.org/10.1038/s41563-021-01187-w
https://doi.org/10.1038/s41563-021-01187-w
https://doi.org/10.1038/s41578-019-0136-x
https://doi.org/10.1038/s41578-019-0136-x
https://doi.org/10.1109/IEDM13553.2020.9371906
https://doi.org/10.1109/VLSITechnologyandCir46769.2022.9830457
https://doi.org/10.1109/VLSITechnologyandCir46769.2022.9830457
https://doi.org/10.1038/s41586-020-2009-2
https://doi.org/10.23919/VLSITechnologyandCir57934.2023.10185307
https://doi.org/10.23919/VLSITechnologyandCir57934.2023.10185307
https://ieeexplore.ieee.org/document/9371926
https://ieeexplore.ieee.org/document/9371926
https://doi.org/10.1109/IEDM13553.2020.9371926
https://doi.org/10.1109/IEDM13553.2020.9371926

	The Roadmap of 2D Materials and Devices Toward Chips
	Highlights
	Abstract 
	1 Introduction
	2 Promises of 2D Materials Toward Chips
	3 Process Engineering for 2D Chips
	3.1 Material Synthesis
	3.1.1 Chemical Vapor Deposition
	3.1.2 Metal–Organic Chemical Vapor Deposition
	3.1.3 Mechanical Exfoliation Method
	3.1.4 Other Methods

	3.2 FET Engineering Approaching the Theoretical Limit
	3.2.1 Device Configuration
	3.2.2 Dielectric Integration
	3.2.3 Contact Engineering

	3.3 Material Transfer and Integration
	3.4 2D Package
	3.4.1 Signal Interconnection
	3.4.2 Chip Protection


	4 2D Materials for Digital and Analog Chips
	4.1 2D Digital ICs
	4.1.1 Logic Function Realization
	4.1.2 Complex Digital Functional Circuits

	4.2 2D Analog ICs

	5 Heterogeneously Integrated 2D Devices and ICs
	5.1 Heterogeneously Integrated 2D Devices
	5.1.1 Complementary Field-Effect Transistor 2D Heterostructure
	5.1.2 GAA Nanosheet Vertical-Stacked CFET

	5.2 Monolithic Heterogeneously Integrated 2D ICs
	5.2.1 Monolithic 2D ICs Heterogeneously Integrated of Low Density
	5.2.2 Monolithic 2D ICs Heterogeneously Integrated of High Density


	6 2D Materials Sensor Chips
	6.1 Physical Sensors
	6.1.1 Temperature Sensors
	6.1.2 Pressure Sensors
	6.1.3 Strain Sensors
	6.1.4 Optical Sensors

	6.2 Chemical Sensors
	6.2.1 Gas Sensors
	6.2.2 pH Sensors
	6.2.3 Metal Ion Sensors

	6.3 Biological Sensors
	6.3.1 Nucleic Acid Sensors
	6.3.2 Immunological Sensors
	6.3.3 Cell-Based Sensors


	7 2D AI Chips
	7.1 2D ICs for In-Memory Computing
	7.1.1 2D Material-Based Electrical Synaptic Devices
	7.1.2 2D Material-Based Electrical Synaptic Arrays

	7.2 2D ICs for In-Sensor Computing
	7.2.1 2D Material-based Optoelectronic Synaptic Devices
	7.2.2 2D Material-Based Optoelectronic Synaptic Arrays


	8 2D Quantum Devices and Circuit
	8.1 Quantum Effect
	8.1.1 Quantum Bits
	8.1.2 Quantum Emission
	8.1.3 Quantum Sensing

	8.2 Quantum Devices
	8.2.1 Josephson Junctions
	8.2.2 Gate-Controlled Quantum Dots
	8.2.3 Single-Photon Source
	8.2.4 Solid-state Quantum Sensors

	8.3 Quantum Circuit

	9 Lab-to-Fab Transition: Outlooks
	Acknowledgements 
	References


