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Abstract Two-dimensional van der Waals heterostructures (2D vdW HSs) can be constructed by stacking
different 2D materials together in nearly endless ways, and have significantly enriched the 2D materials
family. They have attracted intense research attention effort, due to their exotic physical properties and
intriguing device performance, often beyond those found in their constituent 2D materials. Here we review
research progresses in this emerging 2D system, including fabrication methods, material properties, device
applications, and offer our perspectives on emerging research opportunities in this highly active area.
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1 Introduction

2D materials have been intensively studied for more than a decade [1]. To date, more than a hundred
types of 2D materials have been realized with different combinations of elements, including: elementary
2D materials (such as graphene [1] and black phosphorus (bP) [2]); binary-compound 2D materials (such
as transition metal dichalcogenides (TMDC) [3], hexagonal boron nitride (h-BN) [4], and CrIs family [5]);
ternary-compound 2D materials (such as 2D magnets CroGegTeg (CGT) [6], FesGeTeo (FGT) [7], and
MnBi;Tey (MBT) [8]); and so on.

However, these single crystals only represent a small fraction of 2D materials that have been predicted—
many remain yet to be synthesized or grown. This to some extent limits the further exploration of new
2D structures and novel properties, as experimental study always goes after the successful synthesis of a
new 2D single crystal. Worldwide, researchers have been devoting tremendous effort to engineering new
properties and novel applications in existing 2D single crystals by varying thickness, doping, alloying,
intercalation, strain/pressure engineering, etc. Among all the approaches, one method clearly stands
out: by simply stacking different 2D materials (two or more) together, one can create 2D vertical van
der Waals (vdW) heterostructures (HSs) in nearly endless ways, and thus realize and explore emerging
properties in these tailor-made 2D vdW HSs. The investigation of 2D vdW HSs has since been an active
research area, creating new opportunities and challenges for researchers in related fields.

Compared to vertical vdW HS, 2D lateral HS is based on the one-to-one bonding within the materials
with similar structures and lattice constants, rather than the vdW interaction. Specifically, both 2D
lateral HSs and 2D vertical vdW HSs provide new platforms to explore novel physical phenomena, and
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Figure 1 (Color online) Various research thrusts of 2D vdW HSs.

offer new opportunities for enabling next generation 2D devices. In this review, we survey recent progress
in fabrication methods, material properties, and device applications of 2D vdW HSs (Figure 1), and offer
our perspectives on future research directions.

2 Fabrication

There are various methods to fabricate 2D vdW HSs, which can be categorized into two categories: direct
growth and mechanical assembly. Direct growth methods offer an efficient synthesis of new types of 2D
HSs with specific twist angles in their most stable phases, typically have high throughput, and produce
large-area 2D HS flakes. However, sometimes the grown sample quality could be limited due to the
lattice mismatches among different 2D materials. Mechanical assembly methods, in comparison, offer
additional degrees of freedom by stacking the pre-grown constituent 2D layers (either by direct growth
or mechanical exfoliation) during the assembly process, allowing more structural varieties with the same
number of constituent layers. Besides, 2D vdW HSs produced by this method can sometimes avoid the
lattice mismatch among 2D layers, and hence possess higher sample quality compared with the direct
growth method. Below we survey and compare these fabrication methods in detail.

2.1 Direct growth

Based on different growth techniques, direct growth methods can be categorized into different groups,
including chemical vapor deposition (CVD), pulsed laser deposition (PLD) [9], physical vapor deposition
(PVD) [10], and molecular beam epitaxy (MBE) [11], etc. Among them, MBE is capable of growing very
high-quality samples with minimal impurities and defects, but is limited by stringent growth conditions
and prerequisites, high cost, and slow growth rate. PLD has a higher growth rate than MBE, but the
growth products also typically have a much higher defect density. CVD and PVD methods strike a nice
balance between applicability, growth rate, and sample quality, and are by far the most commonly used
techniques for direct growth of 2D HSs, with several representative studies discussed below.
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Table 1 Summary of CVD methods for graphene/h-BN vdW HSs

HS structures Number of growth steps Growth substrates [Ref.]
One-step Cu foils [12,14]
Lateral
Two-step Cu foils [16,17,19], Ni film [16], Ru(0001) [15], SiO5/Si [18]
One-step Ni film [22]
Vertical
Two-step Cu foil [13,19, 21], quartz [20]

2.1.1 Graphene/h-BN HSs

Graphene is the archetypical 2D material, and its vdW HSs combined with other 2D materials have been
grown and studied from more than a decade [12-22]. Due to the same hexagonal symmetry and similar
size of carbon and boron/nitrogen atoms, the lattice mismatch between graphene and h-BN is merely
about 1.7%, which makes graphene/h-BN one of the most studied 2D HSs. Therefore, the growth of
lateral and vertical graphene/h-BN HSs has been explored extensively, as summarized in Table 1.

(1) Lateral graphene/h-BN HSs. Scalable synthesis of lateral 2D HSs is a critical step towards atomi-
cally thin two-dimensional integrated circuits. First, choosing a proper substrate is an important prereq-
uisite for the successful growth of 2D HSs.

Copper foil has been serving as the go-to substrate for the growth of graphene/h-BN HSs [13]. Ci et
al. [12] directly synthesized lateral graphene/h-BN HSs on Cu substrate by one-step CVD method, using
methane and NHs-BHj as precursors for the growth of graphene and h-BN, respectively. By controlling
the ratio of C, B, and N elements, hybridized and randomly distributed domains of h-BN and C phases are
obtained (h-BNC), with compositions ranging from pure h-BN to pure graphene. Later, Chang et al. [14]
optimized the growth parameter and fabricate graphene/h-BN HSs, including h-BN codoped graphene
(h-BNG) (Figure 2(a)).

In addition to copper, ruthenium has also been demonstrated as a suitable substrate to prepare
graphene/h-BN HSs [15]. Liu et al. [16] successfully synthesized lateral graphene/h-BN HSs by growing
graphene in lithographically patterned h-BN atomic layers, precisely controlling the shapes of graphene
and h-BN domains. In addition, other modified CVD methods have also been developed to grow lateral
graphene/h-BN HSs, such as epitaxial growth of graphene/h-BN 1D interface [17] and chemical conversion
reaction combined with lithography [18].

(2) Vertical graphene/h-BN HSs. 2D vertical HSs have opened up more possibilities in the applications
of future photovoltaic, spintronic and excitonic devices, by making use of their unique interlayer degree of
freedom. Recent studies show that vertical graphene/h-BN vdW HSs can be synthesized on Cu substrate
by two-step CVD methods [13]. Moreover, one can choose whether to form lateral or vertical graphene/h-
BN HSs by simply controlling the growth temperature. For example, Gao et al. [19] successfully fabricated
lateral and vertical graphene/h-BN HSs by simply choosing the growth temperature of the graphene layer
above (lateral) or below (vertical) 900°C. The different growth processes and morphologies of the lateral
& vertical graphene/h-BN HSs are shown in Figure 2(b).

In addition, silane- and nickelocene-catalyzed fast growth of graphene/h-BN vertical HSs has been
realized [20,21], followed by a one-step CVD growth technique developed for mass production of large-area
graphene/h-BN vdW HSs [22]. This technique uses a co-segregation growth process for graphene/h-BN
vdW HSs by one-step CVD method [22], in which a sandwich structure (consisting of C-doped nickel top
layer, (B, N)-source layer, and Ni bottom layer) is first deposited on a SiOy/Si wafer by electron-beam
evaporations. During subsequent vacuum annealing processes, C atoms first segregate from the stack to
the surface and form graphene, followed by (B, N) source diffusing and forming an h-BN layer between
graphene layer and C-doped Ni layer.

2.1.2 TMDC/TMDC HSs

With the clear need for atomically thin semiconducting structures, research interests in heterojunction
based on 2D semiconductors (such as TMDC) have been expanding explosively, thus the growth of
TMDC/TMDC HSs both in lateral and vertical configurations. Thanks to the similarity in lattice pa-
rameters among different TMDCs, many types of TMDC/TMDC HSs have been successfully grown.
During growth, a number of factors can be leveraged to control and optimize the growth process of HSs,
thus producing either lateral or vertical TMDC/TMDC HSs (see Table 2 [23-39] for a summary).

(1) Precursor/reactants. In 2014, Duan et al. [23] fabricated lateral WSy /WSeo HSs by a one-step
CVD method. To realize the one-step growth of HSs, the system is designed to allow in-situ switching of
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Figure 2 (Color online) (a) Schematic illustration of the structural evolution in h-BNG films with increasing h-BN concentration
[14] © 2013 American Chemical Society. (b) Schematic illustration of temperature-triggered switching growth between lateral
h-BN/graphene vdW HS (route 1) and vertical graphene/h-BN vdW HS (route 2) [19] © 2015 Springer Nature.

reactants from WSy powder to WSes powder. Using similar techniques, lateral and vertical MoSes /W Ses
HSs, MoS2/WSs HSs, and WSey/SnS; HSs are synthesized subsequently [24-28]. In addition, more
complicated mixed-phase HSs, such as MoSy/Mo; WSz, Moj . W;So /WS, and WSy /WSa,Ses(1 )
HSs, have also been successfully synthesized [28-30].

(2) Temperature. By controlling growth temperature, Gong et al. [31] designed a one-step CVD method
to fabricate both vertical and lateral WSs/MoSs heterobilayers. During the growth process, S powder,
MoQO3, and SiO3/Si with Te+W mixture are placed in a quartz tube in sequence along the direction of
gas flow, with the growth temperature set at 850°C for vertical WSs/MoSs HSs, and 650°C for lateral
HSs. Temperature controlling is also used to control the TMDC/TMDC vdW HSs growth in a specific
sequence, e.g., switching between growing WSy/MoSy vs. MoSs/WSs vdW HSs can be achieved by
controlling temperature [32].

(3) Carrier gas. By selecting different carrier gases, one can realize either lateral or vertical TMDC/
TMDC HSs in a one-step CVD growth. For example, lateral and vertical WSy/MoS, HSs could be
synthesized with and without hydrogen acting as carrier gas [33].

2.1.3  Superlattice and twisted bilayers

Compared with the growth of two-component lateral and vertical 2D HSs with one junction, it is more
challenging to grow multi-junction superlattices, which have alternating 2D materials repeated with
specific periodicities. Some notable achievements have been made, typically by extending the growth
steps and addressing the related technical challenges.

Lateral superlattices have been demonstrated through some means. Sahoo et al. [34] reported growth
of 2D lateral superlattice with multiple junctions by alternating the growth gas environments. In this
method, the No+HsO gas environment is found to facilitate the growth of MoS; and MoSe;, while
Ar+H, promotes the growth of WSs and WSey. Therefore, one can obtain MoSes/WSeg or MoSy /WS,
superlattice via repeatedly switching the carrier gas. Besides, one can also grow 2D superlattices by
alternating the gas flow direction or varying the types and flow rates of liquid precursors [35-37].

2D vertical superlattices are also realized by several growth methods with more complicated processes.
For example, Zhao et al. [38] successfully converted a vertical TMDC HS into a superlattice through a
“CVD + mechanical rolling” combing method. As shown in Figure 3, a vertical HS is first synthesized
by a typical CVD method, on which a drop of ethanol-water-ammonia solution is applied. As a result
of the capillary force, the rolling-up process turns the TMDC vertical HS into a TMDC superlattice.
However, the quality of the obtained superlattice could be affected by the residues and impurities from
the solution. Recently, a more controllable and cleaner method has been realized to directly grow vertical
TMDC superlattices by controlling the flow rate of precursor gas during CVD [39].
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Table 2 Summary of CVD methods of TMDC/TMDC vdW HSs

HS structures Number of growth steps Growth substrates, if not SiOz/Si [Ref.]
WS2/WSez and MoSsz/MoSes [23], MoSes/WSes [24],
One-step WSz /MoSs [31], MoS2/WSs, MoSs/Moi—, W, S and
Moy o W, S2 /WS, [28], WS2/WSa,Sea(1 ) [29,30]
Lateral MoS2/WSs and MoSes/WSes [34], TMDC/TMDC [36],
Two-step WS2/MoSz on sapphire [33]
Multi-step TMDC superlattice [35,37], TMDC superlattice on sapphire [39]
One-step WSs/MoS; [31]
WSes/MoSez [25], MoS2 /WSy [26], WSe2/SnS, [27],
Vertical Two-step WSs/MoSs and MoS2/WSs on Au foil [32],
WSs2/MoS2 on sapphire [33], TMDC superlattice [38]
Multi-step TMDC superlattice on sapphire [39]
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Figure 3 (Color online) Schematic of the synthesis process of the rolled-up vdW HS and the resulting vdW superlattice [38] ©
2021 Springer Nature.

Besides controlling the types and numbers of constituent layers in 2D vertical HSs, growing 2D vertical
stacks with designated stacking angles is also crucial for realizing tailored properties in these stacked
materials. Typically, for 2D twisted bilayers, the most commonly obtained types are those with special
angles such as 0°, 30°, and 60°, corresponding to the low-energy configurations. Particularly, twisted
bilayer graphene (TBG), MoSy/MoS;, and WSy/WSy with random stacking angles have also been re-
ported [40-43], though with low yield and imprecise control of twist angles. Recently, it has been found
that gas-flow manipulation could be used to control the twist angle of 2D bilayers, and thus CVD-grown
TBG with a wide range of twist angles has been achieved [44].

2.2 Mechanical assembly

The other frequently used method to fabricate 2D vdW HSs is mechanical assembly, which is typically
not limited by the lattice mismatch among 2D layers during growth, and hence enables more diverse
combinations of different 2D layers, as well as more possibilities of twist angles among layers. The
additional degree of freedom offered by this method largely expands the 2D vdW HSs family in a nearly
endless way. Below we present several mainstream techniques and examples of fabricating 2D vdW HSs
based on mechanical assembly.

2.2.1 Solution-based transfer

A solution-based transfer is also referred to as a “wet transfer” technique, which involves several solution-
based processes, and typically involves transferring 2D flakes from one substrate to another.

A typical solution-based transfer process using poly (methyl methacrylate) (PMMA) is illustrated in
Figure 4(a) [45]. First, PMMA solution is spin-coated and dried on a 2D flakes/SiO2/Si wafer and forms
a PMMA/2D flakes/SiO2/Si structure, which is then submerged into NaOH aqueous solution to etch
SiOq layer. After the PMMA /2D flakes film is detached from the previous SiO3/Si substrate, it is then
transferred and precisely aligned to the new substrate, followed by dissolving the PMMA layer with
acetone flow. Finally, 2D vdW HSs can be obtained if the target substrate already contains 2D flakes, or
by repeating this wet transfer method to stack more 2D layers.

By modifying the above wet transfer method, Dean et al. [46] have obtained cleaner graphene/h-
BN HSs without using NaOH aqueous solution (replaced with deionized (DI) water). First, the graphene



Wang Z H, et al. Sci China Inf Sci  November 2022 Vol. 65 211401:6

flakes are exfoliated onto a polymer stack consisting of a water-soluble layer and PMMA. Next, the water-
soluble layer is dissolved away by DI water instead of NaOH solution, leaving the PMMA /graphene film
floating. Finally, the PMMA /graphene film is aligned to the target h-BN flake and transferred onto the
new substrate using a glass slide, followed by the dissolving of the PMMA. To further reduce solution
contamination to the transferred 2D flake, an optimized method has then been developed, by just allowing
the water-soluble layer side of the stack to be in contact with water during its dissolving process [47].

2.2.2  Non-solution-based transfer

While using solution-based transfer methods, one or more solutions are required to complete the transfer
process. This gives rise to the possibility of contamination at the interface between the 2D flakes,
which could weaken the interlayer coupling in as-grown 2D vdW HSs. Therefore, non-solution-based
transfer methods (often referred to as “dry-transfer” methods) are developed to avoid solution usage and
contamination during the construction of 2D vdW HSs.

A typical fabrication process of graphene/h-BN HSs using a dry-transfer method [48] is shown in Figure
4(b). First, a “mask” is prepared, consisting of three layers: glass, tape, and polymer. Next, graphene
is deposited on the polymer side of the “mask” by mechanical exfoliation. After the “mask” is flipped
with the graphene side facing the substrate, the graphene flake is then aligned and transferred onto the
target substrate, which already has an h-BN flake on it. Finally, the whole structure is heated to melt
the polymer and thus release the HS from the tape, followed by the dissolving of the remaining polymer
with acetone and isopropanol. Note that the polymer dissolving process also involves organic solvent,
but it is less likely to contaminate the graphene/h-BN interface since the solvent is applied after the HS
is formed.

In another method, two different polymers, polycarbonate (PC) and polydimethylsiloxane (PDMS), are
simultaneously used for the creation of more complicated vdW HSs [49]. One example of h-BN/graphene/h-
BN fabrication process is illustrated in Figure 4(c). In this method, PDMS serves as a temporary substrate
holding one 2D flake, while PC is used to pick up another target 2D flake on the SiO2/Si wafer. The
sample is heated to 60°C-90°C during this process, which ensures that the PC is more adhesive to PDMS
than to SiOz (so that it does not attach to the substrate) while keeping the 2D materials more adhesive
to PC than to SiOy (so that they can be picked up). This process can be repeated to form complicated
HSs. When it is ready to deposit the HS to a target substrate (which could contain yet another layer of
2D material to add one last layer to the HS), the substrate is heated to 150°C so that the PC layer melts
and detaches from the PDMS (together with the HS underneath it). The PC residue covering the HS is
then removed by chloroform.

Beyond the above techniques, different combinations of tape, PMMA, polypropylene carbonate (PPC),
polyvinyl alcohol (PVA), and PDMS are used for different fabrication purposes of 2D vdW HSs [50,51].
Temperature is frequently used as a means of controlling the pickup and drop-off processes, as well as
improving the interface quality of the HSs [52,53]. Interestingly, h-BN is found to have stronger adhesion
compared with many substrates and polymers, and thus can be used to pick up a selected area/shape of
2D flakes (Figure 4(d)) [50]. This feature of h-BN is highly useful in creating 2D vdW HSs with precise
twist angles, which is discussed in Subsection 2.2.3.

Different from the above methods, which still involve the solution process as the last step to remove
polymer residue, one completely dry transfer technique has been demonstrated, without any usage of
solution throughout the entire transfer, stack, and deposition process [54,55]. To achieve this, a 2D
flake is first exfoliated onto a viscoelastic layer (typically PDMS) by mechanical exfoliation, and then the
stamp is aligned to the target substrate and pressed against the substrate with another 2D flake already
on it. The stamp is then slowly peeled off, leaving the transferred HS on the target substrate [54]. This
technique is particularly useful in creating suspended 2D structures on pre-patterned substrates [55], as
any solvent usage during the fabrication process may cause the suspended structure to collapse due to
capillary force.

2.2.3  Tear-and-stack technique

In recent years, 2D twisted homobilayer systems, such as TBG [56,57] and twisted TMDC HSs [58,59],
have attracted increasing attention. These bilayer (or even more layer) systems exhibit exotic phenomena
like unconventional superconductivity and Moiré potential, which makes the fabrication of these twisted
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Figure 4 (Color online) (a) Schematic of a wet transfer process. The graphene flakes are first deposited on SiO2/Si substrates
via exfoliating highly oriented pyrolytic graphite and are finally transferred onto a nonspecific substrate [45] © 2008 American
Chemical Society. (b) Schematic of a typical dry transfer process used to fabricate a graphene/h-BN HS [48] © 2011 American
Institute of Physics. (c¢) Cross section (not to scale) of the glass slide used to pick up a graphene flake. The pick-up process can
be repeated several times to create a multilayer HS. In the last step, the stack is released onto graphite on the substrate at an
elevated temperature (~150°C) [49] © 2014 American Institute of Physics. (d) Schematic of pick-up technique for fabrication of
encapsulated devices with the h-BN mask on top [50] © 2015 American Chemical Society.

homobilayer structures with controlled twist angle an important subject. Among all the fabrication meth-
ods, the tear-and-stack technique is the most commonly used one to achieve such twisted homobilayers.
This technique could be summarized as a two-step process: first, selectively pick up (tear) one part of
a 2D flake, and next, stack it onto the other part of the same flake. Generally speaking, in the step
when the twisted bilayer is created, no solution is involved; though it could be used at the end when the
polymer is dissolved if any.

One example of this tear-and-stack technique to fabricate TBG is shown in Figure 5(a). First, a
femtosecond laser is used to complete the “tear” process, with a monolayer graphene flake being cut into
many pieces with straight edges. Then, by stacking them with a dry-transfer method with the straight
edges used to determine the twist angles, TBG flakes with controllable twist angles are obtained [60].
Another example could be found in Figure 5(b), which instead uses an AFM tip to scribe through a 2D
flake in contact mode, thus partially cutting the sheet and then folding it into a homobilayer [61].

A more broadly used tear-and-stack strategy [62] is to use h-BN to tear the 2D flake apart, leveraging
the strong adhesion between h-BN and other 2D materials. A typical process of TBG fabrication using
this technique is illustrated in Figure 5(c). First, a hemispherical handle with PVA-coated epoxy picks
up an h-BN flake, which is then used to adhere and tear apart the target graphene flake on the SiO4/Si
substrate. Given the difference in adhesion strength between h-BN/graphene and h-BN/SiO2 surfaces,
only the graphene part in direct contact with h-BN will be picked up, leaving the other part on the
substrate. Then, the handle is rotated at a given angle to the substrate before picking up the remaining
part of the graphene flake. Finally, the TBG stack is then deposited into a new substrate, with polymer
removed as in other transfer techniques mentioned above.

All the above techniques have played important roles in 2D HS research. While a solution-based trans-
fer method has been quite successfully used in many experiments, non-solution-based transfer methods
have become more popular due to the advantage of creating clean interfaces. Meanwhile, more types
of polymers have been introduced in transferring 2D materials. For example, PDMS, PPC, PC, and
polyethylene terephthalate (PET) have been used to create 2D vdW HSs. In addition, the “tear-and-
stack” method is also becoming increasingly important with the rise of Moiré superlattices, thanks to its
capability of producing bilayer systems with well-defined twist angles.
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Figure 5 (Color online) (a) Schematic of a cutting-rotation-stacking technique used to fabricate TBG and double twisted trilayer
graphene [60] © 2016 John Wiley & Sons. (b) AFM image of a folded graphene. The inset shows a high-resolution AFM image
that determines the zigzag crystallographic orientation of the bottom layer (left). Schematics of the folding procedure, notice that
a Moiré pattern is generated in the folded region (right) [61] © 2011 American Chemical Society. (c) Rotationally aligned graphene
double-layer realized by successive transfers from a piece of monolayer graphene using a hemispherical handle substrate, and the
red box represents a zoom-in view of the hemispherical handle substrate. From left to right: before pick-up; partial contact of the
h-BN with the bottom graphene; raising the h-BN tearing one section of graphene; the second pick-up to create an overlap region
of the two graphene layers [62] (© 2016 American Chemical Society.

3 Material properties

Not only do 2D HS systems inherit the properties of their constituent 2D layers, but they also offer new
degrees of freedom by combing different 2D materials in endless ways. Therefore, 2D HSs are excellent
platforms for exploring and investigating exquisite physical phenomena, such as magnetic proximity effect
(MPE), interlayer excitons, superconductivity, and ferroelectricity. Below we survey and discuss a few
examples of the optical, magnetic, and electrical properties of 2D HSs.

3.1 Optical properties

Optical characterization of 2D vdW HSs usually includes photoluminescence (PL), Raman scattering,
and absorption [63,64]. Through tracking and analyzing the spectral features in 2D vdW HSs, properties
related to their interlayer coupling and band structure can be studied. The optical properties of these
vdW HSs could be sensitively tuned by both intrinsic parameters (such as material composition) and
external fields (such as pressure). Here we discuss the interlayer excitons and Raman behaviors in several
representative vdW HSs.

3.1.1 Interlayer excitons

Excitons are electron-hole pairs bound by Coulomb interaction in semiconductors. Typically, the binding
energy of excitons can be extracted from the PL or absorption spectra of the sample. With reduced
dielectric screening, 2D materials have larger exciton binding energy (compared with those in 3D crystals)
and hence more prominent excitonic behaviors. Moreover, different from excitons in monolayer and bulk
2D materials, 2D vdW HSs have the unique concept of interlayer exciton vs. intralayer exciton. These
two types of excitons have different physical origins and show distinct tunability to external fields.

The study of interlayer excitons is of great importance for understanding the physical mechanism
of interlayer coupling in 2D HSs. One prerequisite for a 2D heterobilayer structure to form interlayer
excitons is that it has type-II band alignment, as shown in Figure 6(a) [64]. Typically, a type-II vdW
HS with moderate interlayer coupling could be excited to exhibit both intralayer and interlayer excitonic
emissions (the top panel of Figure 6(a)), while the HSs with very weak interlayer coupling may only have
intralayer excitonic emissions from the individual layers (the bottom panel of Figure 6(a)).

There are several ways known to enhance interlayer coupling in 2D HSs, making precise investigation
of interlayer excitons possible. Mainstream approaches include epitaxial growth to directly obtain 2D
HSs with a clean interface [64], annealing to reduce the interlayer distance of as-transferred 2D HSs [65],
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Figure 6 (Color online) (a) Simplified schematic illustration of excitation, charge separation and emission processes in type-II-
alignment 2D HSs with moderate (top) and weak (bottom) interlayer coupling; only the top case possesses interlayer excitons [64]
© 2021 Springer Nature. (b) Normalized PL spectra at 10 K of MoSez /MoS»> heterobilayer, and as-grown MoSes and MoS, single
layers. MoSez/MoS2 HS exhibits both intralayer and interlayer excitons [67] (© 2017 American Chemical Society. (c¢) Evolution of
the PL spectrum with pressure in a color plot for the WSes/MoSes HS [64] © 2021 Springer Nature. (d) Normalized PL spectra
of single-layer WSes, MoSs, and WSez/MoS» heterobilayer with n layers of inserted h-BN (N = 0, 1, and 3) [82] (© 2014 National
Academy of Sciences.

and focused-laser treatment to enhance interlayer coupling for 2D HSs [66]. Figure 6(b) [67] shows an
example of 2D vdW HS (MoSes/MoSs) with moderate interlayer coupling, thus exhibiting PL emissions
from both intralayer and interlayer excitons.

Tunable interlayer excitons. As mentioned above, interlayer excitons show greater sensitivity (and
thus tunability) to external fields than intralayer ones, especially in terms of emission energy and exciton
lifetime [68,69]. Some of the typical tuning methods include gating [68,70-73], temperature [74], excitation
power [74,75], twist angle [69,76-78], magnetic field [79], and strain [80]. For example, using electrostatic
gating, Rivera et al. [68] studied a WSey/MoSes HS and found both the energy (blue shifts by ~45 meV)
and intensity of its interlayer excitons are highly tunable with applied gate voltage, which is scanned
from +100 to —100 V. This is attributed to the coupling between the applied electrical field and the anti-
aligned dipole of the interlayer exciton. This study also finds that the lifetime of the interlayer exciton is
an order of magnitude longer than intralayer excitons. In addition, exciton lifetime in MoSe;/WSey HSs
is highly sensitive to temperature and twist-angle [69].

Pressure engineering is known as a highly effective, reversible, and in-situ technique for modulating the
interlayer excitonic behavior of 2D vdW HSs by controlling the interlayer distance. For example, calcula-
tions show that MoSs/WSa HS could be transformed from an indirect-gap semiconductor to a direct-gap
one by changing the interlayer distance [81]. Experimentally, Xia et al. [64] studied a WSes/MoSes HS
sample and demonstrated efficient tuning of its interlayer coupling by pressure engineering, observing a
pressure-induced band changeover as shown in Figure 6(c).

Reversely, one can also increase the interlayer distance of a 2D HS by inserting dielectric layers (e.g.,
h-BN) into the vdW gap, and thus effectively tune the interlayer coupling and excitonic behaviors in
2D HSs. One example of this interlayer-distance-increasing method (using WSes/MoSs HSs as samples)
is illustrated in Figure 6(d) [82], where the emission energy of interlayer excitons is modulated by the
inserted h-BN layers with different thicknesses.

Moiré excitons. Moiré superlattices in 2D vdW systems provide an attractive platform to study
the emerging physics in these periodic structures, offering intriguing opportunities to engineer the band
structure of collective excitations. For example, the Moiré excitons in WSes /WSy HSs with small twist
angles exhibit gate dependences, different than the A exciton in WSes monolayers and WSes /WS HSs
with large twist angles [83]. Liu et al. [59] reported optical signatures of trions coupled to the Moiré
potential in bilayer WSes/MoSey HSs: the Moiré trions show multiple sharp emission lines, in contrast
to the behavior of conventional trions without Moiré potential. Besides, the interaction and coupling
between Moiré excitons and photons in 2D HSs have been studied: for example, a distributed Bragg
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(2)

(b)

Figure 7 (Color online) (a), (b) Illustrations of the light-induced charge separation and the formation of interlayer exciton in a
WS2/MoS, HS: O immediately after photoexcitation, electron/hole pairs, intralayer excitons, and other carriers are generated in
each layer, [ holes transfer to WSy and electrons transfer to MoS> to form the intermediate states (interlayer hot excitons), O the
hot excitons relax to generate the tightly bound interlayer excitons [89] (© 2016 Springer Nature.

reflector consisting of MoSes /WSy HSs exhibits cooperative coupling between Moiré-lattice excitons and
microcavity photons [84].

Exciton dynamics: ultrafast charge transfer. The ultrafast charge transfer processes in 2D vdW
HSs have been widely studied, which embeds rich information of both intralayer and interlayer exciton
dynamics. In particular, 2D HSs with strong interlayer coupling promote the charge transfer between two
layers, which further affects the exciton recombination process within the individual layers [66]. Hong
et al. [85] reported the first experimental observation of ultrafast charge transfer (50 fs) in photoexcited
MoS,/WSso HSs and suggested that the proximity of the two monolayers contributes to the ultrafast
charge transfer process.

Similarly, ultrafast charge transfer processes have been found in graphene (or graphite)/TMDC HSs
(400 fs~1 ps) [86,87] and MoSs/WSey HS (470 fs) [88]. Chen et al. [89] experimentally analyzed the
transfer process in an MoSs/WSs HS by ultrafast visible/IR microspectroscopy, as shown in Figures 7(a)
and (b). This study demonstrates that the ultrafast charge transfer between the WS, and MoSz mono-
layers results in an intermediate state of electron/hole pair with excess energy, before the formation of
tightly bound interlayer excitons after an interlayer charge-transfer process.

3.1.2  Raman scattering

Raman spectroscopy can reveal rich structural information in 2D vdW HSs, such as structure instability,
interlayer distance, interlayer sliding, and phase transition. Specifically, ultra-low frequency Raman
spectroscopy enables precise measurement of interlayer vibration (and thus interlayer interaction) in
vdW HSs, therefore allowing identification of the twist angles in these 2D HSs [64, 90].

For example, Quan et al. [90] studied the phonon renormalization in MoSs/MoSs Moiré HSs, and
discovered that the interlayer phonon modes shift rapidly with twist angle. This is due to the ultra-
strong coupling between different phonon modes and the atomic reconstructions of the Moiré pattern,
which exist over a range of small twist angles. Besides, the relationship between Davydov splitting of
the high-frequency intralayer vibrations and the low-frequency interlayer vibrations in twisted multilayer
MoTe, is also experimentally studied, where the out-of-plane intralayer modes are found to be more
sensitive to the interfacial layer-breathing coupling [91].

3.2 Magnetic properties

Since the discovery of intrinsic 2D magnetism in monolayer Crls [5] and bilayer CGT [6] in 2017, 2D
magnetic materials and their vdW HSs have attracted tremendous attention. In this emerging field, the
study of magnetic vdW HSs, including theoretical explorations, mainly focuses on 2D HSs stacked with
monolayer TMDC and 2D magnets [92-94].
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On the one hand, the TMDC layer affects the magnetic properties of 2D magnets. Taking WSes/Crls
HSs as an example: it is predicted that after forming WSes/Crls HSs, monolayer Crls undergoes a
direct to indirect band gap transition, and easy magnetization direction changes from out-of-plane to
in-plane [92], with the generation of topologically nontrivial states [93].

On the other hand, owing to the intrinsic magnetism of the 2D magnets, the physical properties of
the TMDC layer in HSs can also be tuned. Figure 8(a) shows that the PL intensity of WS, is largely
enhanced after forming WS, /CGT HSs [95]. In addition, other intriguing phenomena have also been
predicted or found in TMDC/2D magnet HSs, such as MPE induced Zeeman splitting [96,97], exchange
bias and spin-wave dynamics [98], and the formation of 2D-magnet-based magnetic tunneling junctions
(MTJs). These exotic optical and magnetic properties in 2D HSs dominated by interlayer interaction
will be discussed in detail below.

3.2.1 Magnetic prozimity effect

Magnetic proximity effect (MPE) is a type of interfacial effect in vdW HSs consisting of 2D magnets
and other 2D materials. Using WSes/CrX3 (X = I, Br, or Cl) HSs as an example, MPE refers to the
magnetic effect on the WSes layer induced by the adjacent magnetic CrXs layer [96,97]. To date, Zeeman
splitting is the most studied MPE in TMDC/CrXs, graphene/CrXs, and HSs consisting of two different
2D magnets.

Valley Zeeman splitting. Owing to the unique valley nature of TMDC, valley Zeeman splitting is
prominent in TMDC/CrXs HSs, and thus has been studied intensively.

(1) Valley splitting characterized by the magneto-PL method. Thanks to the excellent PL property of
monolayer WSey and the strong magnetic field of Crls, the WSey/Crls system provides an ideal platform
for studying the magneto-PL effect, revealing clear valley splitting [97,99] and charge transfer processes
in such HSs [97,100]. For example, in WSey /Crls HS, rapid switching of valley splitting and polarization
in monolayer WSey are demonstrated via magnetization flipping in the Crls layer [99], as shown in Fig-
ures 8(b)—(d). In MoSey/CrBrs HSs, the valley polarization of the MoSes trion state is strongly affected
by the local CrBrs magnetization, while the neutral exciton state remains insensitive [101].

(2) Valley splitting modulated by an external field. Through the MPE, laser power can be used to con-
tinuously and efficiently tune the valley polarization and valley Zeeman splitting in WSey/CrIz HS [102].
Figure 8(e) shows the modulation of valley polarization and splitting via optical excitation power in a
WSes/Crls HS, which suggests an efficient pathway to optically tune the magnetic exchange field in
2D HSs. In addition, it is expected or shown that valley splitting can also be tuned by intrinsic point
defects [103], twist angle [96], strain [104], pressure [105], and gating [96,106]. Figures 8(f) and (g) show
gate modulation of valley splitting in an MoSes/CrBrg HS measured by reflection spectroscopy [107],
revealing electric field dependences of the MPE and the tunneling rate across the MoSey/CrBrs interface.

(3) The physical nature of valley splitting. The origin of the large valley splitting phenomenon in
WSey/Crl; HSs has been widely studied. It has been proposed that the distinct exchange interactions
between spin and pseudospin due to W-Cr superposition are responsible for the splitting [108, 109].
Theoretically, Hu et al. [110] discover a valley splitting in WSey/CrIz HSs based on the coexistence of
inversion and time-reversal symmetry breaking, and suggest that the valley splitting is a robust feature
regardless of the Crls thickness.

Zeeman splitting and Zeeman spin Hall effect. Besides monolayer TMDC, graphene is also
found to exhibit strong MPE when forming an HS with CrXs, which includes Zeeman splitting and
Zeeman spin Hall effect [111-113]. For example, clear Zeeman splitting in 2L-graphene/CrCls HS has
been observed (Figures 8(h) and (i)), in which the enhancement of the nonlocal signal near the Dirac
point mainly originates from the exchange-field-induced Zeeman spin Hall effect [113]. Zeeman splitting
is also found in graphene/CrBrs HSs [112], and the MPE in these 2D HSs is expected to be modulated
by pressure [114] and electric field [115].

3.2.2  FEzxchange bias

The interaction between different 2D magnets can give rise to some intriguing phenomena in HSs con-
sisting of two different 2D magnets, such as enhanced ferromagnetic properties of FGT in FePS3;/FGT
HSs [116], elevated Curie temperature in VI3/Crl; and FePS3/FGT HSs (compared with individual
2D magnets) [105,116], spin-Seebeck effect in Crl3/NiCly HSs [117], and electrical-field-tuned quantum
anomalous Hall effect in MnBisTey/Crls HSs [118].
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Figure 8 (Color online) (a) PL spectra of 1L-WSy and HSs with different-thickness CGT. 1L-WS3 /6L-CGT exhibits a strong
enhancement of PL intensity [95] © 2021 American Chemical Society. (b) Schematic of an h-BN/1L-WSez /Crls/h-BN vdW HS [99]
© 2017 The Authors. (c) Spin-valley locking effect and valley-dependent optical selection rules in monolayer WSes, dashed (solid)
lines indicate the band edges before (after) exchange field coupling [99] © 2017 The Authors. (d) Circularly polarized PL spectra
under different magnetic fields, exhibiting clear valley Zeeman splitting [99] © 2017 The Authors. (e) Laser power modulation of
valley polarization and splitting in 1L-WSes/CrIz HS [102] © 2018 American Chemical Society. (f) Schematic of the type-II band
alignment of MoSes and CrBrg with chemical potential p for positive and negative gate voltages [107] © 2020 American Physical
Society. (g) Out-of-plane electric field dependence of the valley splitting A and FWHM of the exciton peaks in MoSes/CrBrs
HS [107] © 2020 American Physical Society. (h) Band structure of 2L-graphene/CrCls HS [113] © 2021 American Chemical
Society. (i) Zoom-in of the dashed box in (h), showing Zeeman splitting effect [113] © 2021 American Chemical Society.

Among the many physical processes, exchange bias is the most widely studied in such 2D magnets
HSs. It refers to the magnetic coupling phenomenon in which the spins in a ferromagnet (FM) are pinned
by those of an antiferromagnet (AFM) [118,119]. Exchange bias is related to the exchange coupling
between an FM and an AFM [120], and can be influenced by the non-nearest neighbor magnetic layer
(and thus depends on the thickness of the 2D magnetic layers). This is different than MPE, which is
entirely interfacial (and thus independent of the thickness of 2D magnets). Figure 9(a) shows an example
of the exchange-bias fields in CrCls/FGT HSs tuned by the field-cooling process and the thickness of
CrCls [119).

3.23 MTJs

MTJs refer to a type of 2D HSs consisting of both 2D magnets and a non-magnetic tunneling layer.
The large tunneling magnetoresistance (TMR) found in MTJs makes this kind of material promising
for novel devices such as spin-torque diodes, high frequency oscillators, and magnetic random access
memory devices. The two most-studied categories of 2D-HS-based MTJs are the nonmagnetic (NM) layer
sandwiched by magnetic (M) layers (M/NM/M) and the M layer sandwiched by NM layers (NM/M/NM),
which we discuss below.

M/NM/M MTJ systems. An M/NM/M MTJ system is composed of an NM layer sandwiched
by two M layers. To date, large TMR effect has been predicted in CrXs/h-BN/CrX3 (X = Br, I) [121],
FGT/h-BN/FGT [122,123], VSes/h-BN/VSes [124], and MnSes /h-BN/MnSe; MTJs [124], all with h-BN
serving as the tunneling layer. These studies reveal that the TMR effect in 2D-based MTJs is sensitive
to the thickness of the M layer [125].

In addition to h-BN, TMDCs can also be sandwiched between the M layer and make MTJ sys-
tems [126,127]. Figure 9(b) shows the magnetoresistance of an FGT/MoS;/FGT MTJ at 1 pA bias
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Figure 9 (Color online) (a) Ry ~ H hysteresis loops for FGT and two different CrCls /FGT HSs measured at 2.5 K [119] ©
2020 American Chemical Society. (b) Magnetoresistance of an FGT/MoS,/FGT MTJ measured under different temperatures in
the range of 10-240 K with a constant bias current of 1 pA, and measured at 10 K under different bias currents from 1 nA to
30 pA [126] © 2020 American Chemical Society.

current under different temperatures (10~240 K), and under different bias current (1 nA to 30 pA) at
10 K. In this MTJ, MoSs serves as a conducting layer, and the TMR of junction increases monotonically
as temperature or bias current decrease [126].

NM/M/NM MTJ systems. An NM/M/NM MTJ system, in contrast, consists of an M layer
sandwiched by two NM layers. For example, an h-BN/graphite/Crls/graphite/h-BN tetralayer junc-
tion [128] has been demonstrated, with two graphite sheets serving as electrodes. The tunneling con-
ductance of Crls is measured as a function of temperature and applied magnetic field, revealing a field
induced metamagnetic transition with large TMR (95% in bilayer Crls device). Besides such a large TMR
effect [129,130], other phenomena have also been observed or predicted, such as enhancement of inter-
layer magnetic coupling by hydrostatic pressure in h-BN/graphene/Crls/graphene/h-BN HS [131], chiral
edge state in a lateral WTes/Crl3/WTes junction [132], and spin transport in graphene/Crls/graphene
MTJs [133)].

3.3 Electrical properties

Electrical properties of vdW HSs have been intensively studied and have important implications for
potential device applications. Meanwhile, from a fundamental science perspective, electrical transport
measurements can also reveal important physical processes. The unique electronic properties of vdW HSs
mainly come from two facts: device structure and electronic structure, which we briefly survey below.

3.3.1 Devwice structure

The additional stacking degree of freedom offered by vdW HSs allows the device structures to be further
optimized, leading to intriguing electronic performance. The main advantages of using vdW HSs typically
come from the improved substrate surface, better electric contact, and enhanced gating efficiency.

(1) Substrate surface. 2D vdW HS structure allows researchers to effectively change the substrate
experienced by the channel layer in an electronic device, and the most commonly used “substrate”
material is h-BN. Dean et al. [46] measured transport characteristics of graphene/h-BN HSs in comparison
to graphene devices on the SiO5/Si substrate, and showed that h-BN constitutes a much better substrate
with an atomically smooth surface. Consequently, graphene devices on h-BN substrates exhibit almost an
order of magnitude higher mobility than devices on SiOs. Such high mobility in graphene/h-BN HSs can
also be obtained using a dry-transfer method, which is almost completely free of bubbles or wrinkles [48].
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Inspired by the intriguing results of using HS device structure to effectively improve the device sub-
strate, which is in contact with the channel material on the bottom side, researchers went further to encap-
sulate the channel material on both sides, forming a sandwich structure. For example, h-BN/WSes/h-BN
HSs have been demonstrated with excellent electrical properties [50]. These results show that vdW HSs
allow efficient control of the surface smoothness and dielectric environment experienced by the channel
layer, and can thus effectively improve the devices’ electronic properties.

(2) Electric contact. HS device structure can also be used to improve electrical contacts. For example,
electrical transport properties of h-BN/bP /h-BN HSs [134] have been investigated and compared with
non-HS devices using Co/bP contacts. Researchers find that the Co/h-BN contacted bP transistors in
the HS show n-type characteristics with significantly decreased work function, a clear improvement from
the non-HS Co/bP contacts. In addition to carrier injection, HS device structures are also expected to
improve the efficiency of spin injection: calculation shows that Ni(111)/h-BN/graphene HSs exhibit high
spin-injection efficiency with the presence of an h-BN barrier [135].

(3) Gating efficiency. The HS device structure also facilitates the implementation of novel device
structures with atomically thin gate dielectric layers to improve gating efficiency in electronic devices.
One of the most commonly used gate dielectrics is h-BN [136], and in vdW HSs this allows the gate
(often made of graphene) to be positioned much closer to the channel (down to a few nm), and thus
much higher gating efficiencies be achieved than in devices gated through conventional SiOs dielectric
(typically hundreds of nm thick).

In addition, researchers have also used the sandwich structure to create vdW HSs with atomically thin
gate dielectric on both sides, in order to fully control the out-of-plane electric field through the channel
layer. For example, Fei et al. [137] fabricated graphene/h-BN/WTey/h-BN/graphene HSs and studied
the electric polarization of WTes using the combination of top and bottom graphene gates (and the h-BN
layers serving as gate dielectric). Such HS structure allows researchers to study spontaneous out-of-plane
electric polarization in the WTe, layer and realize ferroelectric switching in such atomically thin vdW
HSs.

3.3.2  Electronic structure

While the electronic properties of the vdW HSs can be enhanced through improvements in the substrate
surface, electric contact, and gating efficiency, the channel layer where electric transport takes place can
also be engineered using the additional stacking degree of freedom, giving rise to new electronic structures
and thus exotic transport properties. One of the most intensely studied examples is twisted bilayer HS
(in particular bilayer graphene) [56,57,138-140], in which researchers tune the electronic structure of
bilayer HSs through interlayer interactions by varying the twist angles.

Early theoretical study [138] showed that the low energy dispersion is linear in small-angle TBG, and
an external electric field cannot open an electronic gap. Surprisingly, Cao et al. [139] observed and
demonstrated insulating states in h-BN/TBG/h-BN HSs with small angles induced by strong interlayer
interactions (Figure 10(a)). Later, the same group of researchers found that as the twist angle in TBG
reaches 1.1° (the so-called “magic angle”), the band structure near zero Fermi energy becomes flat
owing to strong interlayer coupling [56,57], and tunable zero-resistance states with a critical temperature
of up to 1.7 kelvin can be observed. Electronic properties of TBG with twist angles smaller than 1°
have also been investigated [140] and are found to be strongly altered by electron-electron interactions
(Figure 10(b)).

In addition to TBG HSs, twisted bilayer h-BN/h-BN HSs [141] have also been studied, which exhibit
ferroelectricity even at room temperature. These examples show that the stacking degree of freedom in
vdW HSs offers great opportunities for researchers to explore all kinds of device structures, and take
advantage of the interlayer interaction to realize novel electronic devices. More complicated HS device
structures, such as those involving both graphene and TMDC, have also been extensively studied, which
we will survey in the section “FET devices”.

It is important to note that optical, magnetic, and electrical properties are not completely independent,
and the modulations of different properties are not mutually exclusive. Specifically, when subjecting HSs
to external modulations, such as doping, laser pumping, and pressure engineering, many different physical
properties could change at the same time. Similarly, individual characterization techniques can be used to
study different properties. For example, PL spectra can be used to monitor electronic band evolution, and
circularly polarized PL spectra can be used to observe valley Zeeman splitting due to changes in magnetic
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Figure 10 (Color online) (a) Comparison of the conductivity of a large-angle and a small-angle TBG device. The vertical bars
around n = £7.5x10'? em~? indicate the insulating states [139] © 2016 American Physical Society. (b) Ry vs. n measured at
T = 1.5 K in small-angles TBG with different twist angles [140] © 2017 National Academy of Sciences.

moments. Therefore, it is important to have different characterizing techniques, allowing researchers to
comprehensively study the various physical properties within 2D HSs.

4 Device applications

The intriguing material properties discussed above make these 2D vdW HSs [142] of great promise for
creating atomically thin devices [143-146], such as field-effect transistors (FETs), photovoltaic devices,
sensors, memory devices, and mechanical resonators. In addition, one can realize multifunctional vdW
HS-based devices by leveraging different properties within the same structure [147-157]: for example,
MoS2/h-BN/graphene HS can serve as both random access memory [158] and photodetector [159]; with
proper design, it is entirely possible that these different functions can be integrated within the same device,
and enable new designs such as light-sensitive imaging arrays with memory functions. For example, an
ReSo /h-BN/graphene HS can be used to realize a tunneling diode, a logic gate, an FET, and a memory
device [152]; an MoTey/MoS; HS can be designed for a device acting as a self-powered photodetector
and a ternary inverter [154]; an MoS2/WSes/MoSs HS can potentially function as an FET, a biosensor
and a PH sensor [157]. Below we discuss several types of vdW HSs-based devices and their potential
applications.

4.1 Transistors

2D materials and vdW HSs hold unique promises for atomically thin transistors, which can exhibit
low subthreshold swing, high drive current, and other desirable device properties [160,161]. In Ta-
ble 3 [27,162-175], we summarize some of the recent progress on 2D FETs. Below we discuss 2D-HS-
based FETs by dividing them into two categories, lateral and vertical ones, based on the geometry of
and direction of current flow in the HSs.

4.1.1 FETs based on lateral HSs

It has been theoretically shown that a lateral graphene/h-BCN FET [162] can have I,,/Iog ratio larger
than 10*, with a gate length of 7 nm and a supply voltage of 0.6 V. Later, a lateral p-type graphene/WSes
FET is experimentally demonstrated, with p-doping graphene used to reduce the graphene/WSes junction
resistance; this causes the on-current to be significantly increased, and the I,, /I ratio reaches ~10%
(Figure 11(a)) [163]. More recently, a lateral MoS;/NbSs FET is predicted to have high on-off ratios
(10°-107) and minimal leakage current (on the order of 10=% wA) [164]. It is also predicted that in
lateral NbSy/MoS,/NbSe FETS, the electron transport along the armchair edge shows ballistic transport
properties, while along the zigzag edge, it exhibits resonance tunneling transport properties [165].
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Figure 11 (Color online) (a) Transfer curves of 1L-graphene/WSes (red) and multilayer-graphene/WSes (blue and black) transis-
tors [163] © 2017 American Chemical Society. (b) Dependence of the on- and off-current on Vpg_reaq for an MoSs/h-BN/graphene
FET, as it is programmed using a voltage pulse (—10 V, 1 s) and erased using a light pulse (50 nW, 1 s) [170] © 2019 John Wiley &
Sons. (c) Direct comparison of the transconductance efficiencies of a WSez/SnSes HS and a WSes MOSFET. The WSes/SnSes FET
reaches peak transconductance efficiency close to 90 V™! and outperforms the MOSFET over the entire subthreshold region [171]
© 2020 Springer Nature. (d) Transfer curves of an Au/MoSs/h-BN FET with 1D edge contact in log scale (black) and linear scale
(red), measured at room temperature and Vp = 1 V [175] © 2019 John Wiley & Sons.

4.1.2 FETs based on vertical HSs

FETs based on vertical HSs are much more studied, due to their easier fabrication process compared
with that of lateral FETs. For example, h-BN/graphene transistors on flexible substrates have been
demonstrated, exhibiting excellent electrical and mechanical properties as well as robust stability [176,
177]. In addition, TMDC/graphene and TMDC/h-BN/graphene FETs have been studied extensively
[166-170]. Figure 11(b) shows data from an MoSy/h-BN/graphene HS FET with an extremely low
off-current of ~1071* A, and a high optical switching on/off current ratio of over ~106 [170].

Besides TMDC/graphene-based FETs, TMDC/TMDC FETs have also been widely studied, with an
example shown in Figure 11(c). Compared with WSes MOSFET, the WSes/SnSe, tunnel FET exhibits
a greater on/off current ratio (in excess of 10° at Vps = 500 mV) and a larger subthreshold region [171].
Similarly, FETs-based vertical 2D HSs formed by WSez/SnS2, MoS2/NbSs and WSez/MoSez HSs all
exhibit excellent device performance [27,172], including, but are not limited to, ultra-low off-state leakage
current, high on-off ratio, excellent gate modulation behavior, and high rectification ratio.

While FETs-based vertical 2D HSs have already demonstrated great potential, there is continued effort
to further improve their device performance [160,161,173,174,178]. By choosing the optimal electrode
materials [175], a high hole mobility of 432 cm?V~!s~! (Au) and a high I,,/Ig ratio exceeding 10% (Pd)
are realized in MoS;/h-BN FETs (Figure 11(d)). Other efforts to improve device performance include
fabricating highly doped and air-stable devices [160], optimizing the Schottky contacts [161], and applying
thermal annealing treatment [178].



Wang Z H, et al. Sci China Inf Sci  November 2022 Vol. 65 211401:17

Table 3 Performance of various vdW FET devices

HSs Ton/Ioss Mobilities (cmz/Vs) Gate structures Ref.

Lateral graphene/WSex ~ 108 84 Top-gate [163]
Vertical graphene/MoSa ~ 10° 3000-5000 Back-gate [168]
Vertical graphene/MoS2 5 x 10* - Back-gate [169]
Vertical MoSs /graphene 102 600 Conductive-AFM [167]
Vertical MoTes/graphene ~ 10° - Top-gate [174]
Vertical MoS, /h-BN/graphene 10%-10° 45 Back-gate [166]
Vertical MoSs/h-BN/graphene ~ 10° - Two-terminal floating-gate [170]
Vertical h-BN/MoS2 > 108 432 Back-gate [175]
Vertical h-BN/MoSs/h-BN 107 49.7 Double-gate [173]
Vertical WSez/SnS, 107 10.1 Back-gate [27]
Vertical WSes/SnSes > 10° 1.8 Back-gate [171]
Vertical MoSez/WSes ~3x10°-6x10° 2.2 (hole), 15.1 (electron) Back-gate [172]

4.2 Photoelectronic devices

Photoelectric devices, such as photodetectors and photovoltaic devices, have been realized in 2D HSs.
Unlike conventional 3D p-n junction, 2D vdW HSs do not have any depletion region in the vertical
direction, so the interlayer coupling and interfacial effect may affect the interlayer charge transfer and
photocarrier generation [179,180]. This makes 2D vdW HSs-based photoelectric devices interesting for
both studying physical mechanisms and exploring novel applications.

4.2.1 Photoconductive devices (photodetectors)

Detectivity and detection range are important parameters for photodetectors, so many efforts have been
spent on improving these parameters in 2D-based photodetectors. For example, a unipolar barrier pho-
todetector fabricated by WSy /h-BN/PdSes; vdW HS has been demonstrated [181]. This detector can
be used for visible and mid-wavelength infrared light detection, and exhibits an ultralow dark-current
density and an ultrahigh light I, /Iog ratio, compared with other 2D-based photodetectors at room tem-
perature. In another work, a photodetector based on MoSs/graphene/WSes HS has been successfully
demonstrated, showing broadband photodetection in the visible to the short-wavelength infrared range
at room temperature, as shown in Figure 12(a) [182]. This device exhibits competitive performance,
including a specific detectivity of up to 10'' Jones in the near-infrared region. In another example, a
self-powered photodetector has been achieved using lateral MoSs/WSo HSs, which exhibits a spectral
responsivity of 4.36 mA/W and detectivity of 4.36 x 10'3 Jones [183].

4.2.2  Photovoltaic devices (solar cells)

2D TMDC HSs are also frequently used for building photovoltaic devices, due to their strong optical
absorption, which can be as high as 95% [184]. In particular, 2D TMDC HS systems with type-II band
alignments have great potential for such devices. The performance of photovoltaic devices is characterized
by many key parameters, such as quantum efficiency, response time, and spectral range. Recently,
photovoltaic devices based on vdW HSs with high performance have been widely studied, as well as
various improvement methods for device performance. Here we briefly introduce some of the recent
progress.

In one example, an h-BN/graphene/TMDC/graphene HS is demonstrated, based on which a high-
performance 2D photovoltaic device is realized with large photon absorption and photocurrent produc-
tion, as well as an extrinsic quantum efficiency of 30% [184]. Further, a number of photovoltaic devices
based on WSez/SnSs HSs [27], bP/MoTe, HSs [185], and MoSs/graphene HSs [186] have been suc-
cessfully designed, mostly with high quantum efficiency, broadband absorption spectral range, and fast
photoresponse (Figure 12(b)).

To improve device performance, one demonstrated pathway is electrically tuning the vdW HSs-based
devices [186-189]. For example, in a type-II graphene/MoS;/WSy/graphene HS [189], applying back-
gate voltage can effectively modulate the photovoltaic effect through tuning the interlayer electron-hole
recombination rate, and the photocurrent direction could be reversed by switching the stacking sequences
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Figure 12 (Color online) (a) Photoresponsivity R (left) and specific detectivity D™ (right) of an MoSs/graphene/WSez HS
device for wavelengths ranging from 400 to 2400 nm. The device was tested in ambient air at Vgg = 1 V and V;, = 0 V [182] ©
2016 American Chemical Society. (b) Time-resolved photoresponse of a WSes/SnS, device with a fast response time of 500 ps
measured at Vgs = 1 V [27] © 2017 Springer Nature. (c) Graphene/WS3/MoSs/graphene and graphene/MoSs>/WSs /graphene
vertical devices with various back-gate voltages under the excitation power at 270 pW for 532 nm [189] © 2019 American Chemical
Society.

of WS, and MoS; (Figure 12(c)). This interesting phenomenon is also observed in a graphene/WSs /h-
BN/graphene HS [190].

Beyond existing 2D photovoltaic devices, simulations have predicted numerous photovoltaic devices,
offering guidance for future research [191-193]. Type-II MoSes/SnSs HSs with direct-bandgap are pre-
dicted as potential candidates for solar cell applications [193], followed by 91 simulated 2D HSs with
potentially high power conversion efficiency and thus promising for ultrathin excitonic solar cells [192].

4.3 Sensors

2D materials and their vdW HSs also show vast potential for sensing devices, especially flexible sensors,
thanks to their atomically thin structure, large surface-to-volume ratio, and unique electrical, mechanical,
and optical properties. Below we briefly survey biosensors, pressure sensors, and gas sensors based on 2D
HSs.

4.3.1 Biosensors

One broadly-studied sensing application for 2D HSs is biosensing. A common sensing mechanism in
2D HS biosensors is surface plasmon resonance (SPR). A number of SPR-based biosensors have been
proposed, including bP/TMDC HSs and bP/graphene HSs [194,195], graphene/MoSs HSs [196] and
PtSea /WSy HSs [197]. Such SPR-based vdW HSs biosensors often show high sensitivity, wide linear
range, and good detection limit, and have been used to detect protein, DNA, micromolecule, cell, virus,
etc. For example, the graphene/MoSa-based molecule detector exhibits ultrahigh sensitivity, which is
about 2000-fold higher than that of conventional SPR sensors [196].

Other sensing mechanisms beyond SPR have also been explored in 2D HSs to demonstrate functions and
devices like DNA detection [198-200] and visual sensor [201]. Figure 13(a) schematically illustrates the
charge distribution of DNA on graphene/MoSs HS, and Figure 13(b) shows the representative PL spectra,



Wang Z H, et al. Sci China Inf Sci  November 2022 Vol. 65 211401:19

which are used for label-free and selective detection of DNA hybridization [198]. In this device, the
graphene serves as a protection layer to prevent the reaction between MoS, and the ambient environment,
as well as a biocompatible interface layer to host DNA molecules on its surfaces. The PL intensity of
the MoSs layer increases with the concentration of the added target DNA, which can be performed at
ultralow concentration. In another example, a high-density and hemispherically-curved image sensor array
is designed, leveraging the atomically thin MoSy/graphene HS and strain-releasing device designs [201].

4.3.2 Pressure sensors

Based on the sensitivity of 2D vdW structures to pressure, one can use them to construct atomically
thin pressure sensors. In one example, the performance of a graphene/h-BN/graphene HS used for
pressure sensing is calculated [202]. The results indicate that a sensor with 6 h-BN layers shows optimal
performance, which is highly sensitive to pressure while insensitive to temperature. As the number of h-
BN layers increases, the responsivity of the pressure sensor increases, with the trade-offs such as increased
non-linearity and reduced tunneling current.

Figure 13(c) shows the time-dependent response of another 2D pressure sensor based on bP/graphene
HS. The hybridized sensor exhibits a high thermal index, good strain sensitivity, and excellent durability
(over 18400 cycles), promising for wearable (even on-skin) temperature-strain sensing applications [203].
In addition to pressure sensing, such bP /graphene hybrid HS can also be used for humidity sensing [204],
which shows improved stability than bP-based humidity sensors.

4.3.3 Gas sensors

2D vdW HSs have also been widely used for gas sensing, such as graphene/MoSs HSs as NOg sensors
[205-207] and toluene sensors [208]. These sensors often have high responsivity, good selectivity, low
detection limit, large detection range, and broad working temperature range. Figure 13(d) shows the
response of a mechanically stable (upon bending 5000 times) NOg sensor based on graphene/MoSy HSs
[205], in which the patterned graphene is used for charge collection, and the response of MoSy can detect
an NOs concentration as low as 1.2 ppm.

TMDC/TMDC HS-based gas sensors, such as those based on MoS2/ WSz, WSez/WS2 and MoSs/WSes
HSs, have also been studied. In one study, the response of an MoS2 /WS, gas sensor towards different gases
is studied, showing improved selectivity for NO2 compared to MoSy sensors [209]. Tt is also theoretically
predicted that p-type WSea /WS, and n-type MoSa/WSes HSs can be used as photovoltaic self-powered
gas sensors [210], capable of detecting NOy and NHj gases with high responsivity and selectivity without
external bias voltage (Figure 13(e)).

4.4 Memory devices

2D vdW HSs also hold promises for building future memory devices. A survey of current memory
technologies [211] outlines a roadmap for non-volatile memory to gradually replace conventional flash
memory, suggesting that the outstanding electrical and magnetic properties of 2D vdW HSs are promising
for addressing some of the key challenges in this field, such as low material reliability and high off-state
current [158]. Recent studies on vdW HSs-based non-volatile memories have suggested that these memory
devices can have excellent erase/program ratio, enduring performance [212], and ultrahigh writing speed
[211].

For example, a conceptual non-volatile optoelectronic memory based on MoSs /bP/MoS; HSs has been
demonstrated [213]. Figure 14(a) shows the readout current of this device as a function of the number
of applied laser pulses, which gives the evidence that the device can be operated under eleven storage
states. Non-volatile memory devices based on MoS,/graphene HS have also been studied [214], in which
the current in the MoSs layer is highly sensitive to the presence of charges in the charge trapping layer,
resulting in a factor of 10* difference between the memory program and erase states.

Recent studies show that inserting a barrier layer (e.g., h-BN) into 2D HSs can improve the performance
of a memory device [215]. In this case, a tunneling random access memory is fabricated by inserting
an h-BN layer into an MoSs/graphene HS to form an MoSs/h-BN/graphene structure. Figure 14(b)
compares the off current and on/off ratio of three types of RAM (TRAM, PRAM, and RRAM; standing
for tunneling, phase change, and resistive random access memory) [158]. With effective charge tunneling
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Figure 13 (Color online) (a) Schematic illustration of charge distribution of DNA on a graphene/MoS2 HS [198] © 2014 John
Wiley & Sons. (b) PL peak of the A-trion (red dashed line) and A exciton (blue dashed line) responding differently to target DNA
concentration in a graphene/MoS2 HS [198] © 2014 John Wiley & Sons. (c¢) Time-dependent resistance response to strains from
2% to 20% of a bP /graphene sensor [203] © 2021 Wiley-VCH GmbH. (d) Response to different gases of a flexible graphene/MoS»
device before and after bending. Inset: schematic of the bending [205] © 2015 American Chemical Society. (e) Calculated response
of WSez/WSs and MoS,/WSez gas sensor corresponding to each gas concentration of NOs and NH3 [210] © 2020 Wiley-VCH
GmbH.
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Figure 14 (Color online) (a) Readout current as the number of applied laser pulses increases in an MoSz/bP/MoSs HS [213] ©
2021 Wiley-VCH GmbH. (b) Off current (left panel) and on/off ratio (right panel) of three types of RAM devices with MoS3/h-
BN/graphene structure [158] © 2016 Springer Nature.

through the h-BN layer and stored charges in the graphene layer, the TRAM device shows a low off-state
current of 10~ A, and thus an ultrahigh on/off ratio over 10°.

4.5 Mechanical resonators

2D vdW HSs have also been demonstrated in building atomically thin mechanical resonators, with res-
onance frequencies typically in the high- and very-high-frequency (HF and VHF) bands. Furthermore,
the material choice and stacking degree of freedom offer researchers new tools, for tailoring elastic mod-
ulus and thus the resonant response of the 2D structure, and for studying interlayer interactions such as
friction and sliding.

For example, resonators based on MoSy/graphene and h-BN/graphene heterostructures have been
successfully demonstrated [216,217], showing robust nanomechanical resonances and gate tunability in
both frequency and quality factors. Figure 15(a) shows the frequency tuning curve in a graphene/MoSs
HS resonator, where a kink is clearly visible. This is explained as the onset of an interlayer slippage in
the heterostructure.

Interestingly, density functional theory simulation suggests the presence of a local pinning effect at
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Figure 15 (Color online) (a) Fundamental mode frequency tuning by sweeping gate voltage of graphene/MoSs resonator [218]
© 2018 American Chemical Society. (b) Measured frequency tuning Vs gate voltage of MoSz/graphene resonator [219] © 2021
American Chemical Society.

ripples and folds in the HS, which determines the onset of such an interlayer process [218]. In contrast, in
another work [219], such kink has not been observed in resonators made from monolayer MoS; stacked on
single-, tri-, and few-layer graphene by a clean, all-dry transfer method. The devices exhibit an ultrawide
frequency tuning range (Figure 15(b)), suggesting a clean interface and thus strong vdW bonding between
the layers.

5 Conclusion and outlook

We have above surveyed recent progress in studying 2D vdW HSs, including fabrication methods, ma-
terial properties, and device applications. While this family of 2D structures exhibits many exceptional
properties and intriguing device performance, further studies on 2D vdW HSs still face important chal-
lenges, and several scientific questions remain unexplored. This offers new opportunities for 2D HS study
that can potentially lead to important breakthroughs. Here we discuss a few such examples.

(1) Further development of growth techniques. Effective methods to synthesize large-area, high-quality,
low-cost 2D HSs are becoming increasingly important for enabling future device applications. In addition,
the growth of 2D HSs consisting of air-sensitive materials (such as Crl3) remains yet to be demonstrated,
hindering further development of 2D magnetic HSs. Solving the growth challenge will therefore greatly
enable further exploration and future application of 2D HSs.

(2) Investigation of twistronics in 2D HSs beyond BLG. Twistronics is an emerging field in condensed
matter physics, and has been actively studied over the last couple of years. TBG with magic angle is an
extensively studied system for the exploration of twistronics. More recently, twisted tri-layer graphene
and Moiré superlattices based on bilayer TMDC HSs have also started to attract increasing research
interest. Meanwhile, other twisted 2D HSs systems, such as twisted bilayer based on 2D magnets, have
rarely been studied. Modulation of twisted bilayer by external fields, such as electric and magnetic fields,
is also open for further exploration. Such a study will likely lead to new findings and novel physical
processes.

(3) Exploration of 2D magnetic memory devices. 2D magnetic HSs (e.g., TMDC/CrXs, CrX3/CrX;
HSs) have great potential to make new types of magneto-optic, magneto-electric, and spintronic devices.
However, to date, 2D HSs-based memory devices are mostly based on nonmagnetic 2D HSs. Therefore,
there is a clear opportunity of exploring magnetic memory devices based on 2D magnets by leveraging
their spin degree of freedom (rather than the charge degree of freedom as in existing 2D HS memories).
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