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Abstract

Van der Waals heterostructures (vdWHs) are showing considerable potential in both
fundamental exploration and practical applications. Built upon the synthetic successes of
(two-dimensional) 2D materials, several synthetic strategies of vdWHs have been developed,
allowing the convenient fabrication of diverse vdWHs with decent controllability, quality, and
scalability. This review first summarizes the current state of the art in synthetic strategies of
vdWHs, including physical combination, deposition, solvothermal synthesis, and synchronous
evolution. Then three major applications and their representative vdWH devices have been
reviewed, including electronics (tunneling field effect transistors and 2D contact),
optoelectronics (photodetector), and energy conversion (electrocatalysts and metal ion
batteries), to unveil the potentials of vdWHs in practical applications and provide the general
design principles of functional vdWHs for different applications. Besides, moiré superlattices
based on vdWHs are discussed to showcase the importance of vdWHs as a platform for novel
condensed matter physics. Finally, the crucial challenges towards ideal vdWHs with high
performance are discussed, and the outlook for future development is presented. By the
systematical integration of synthetic strategies and applications, we hope this review can further
light up the rational designs of vdWHs for emerging applications.

Keywords: 2D materials, van der Waals heterostructures, gas-phase deposition,
solvothermal synthesis, synchronous evolution

1. Introduction structures have sparked an immense interest. From an elec-
tronic structure point of view, the exploration of functional

Since the discovery of graphene (Gr) [1], 2D layered mater- 2D materials mainly covers metal/semimetals (e.g. NbS; [2],
ials (2DLMSs) [1] with varying compositions and electronic ~ PtTe, [3], TaSe; [4]), semiconductors (e.g. the majority of
transition metal dichalcogenides (TMDs) [5], black phos-

phorus (BP) [6]) and insulators (e.g. hBN [7], transition metal
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der Waals interaction between each layer, which opens another
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ever-expanding library of 2DMLs offers considerable free-
dom for diverse vdWHs, enabling many unique applications
with exotic properties and satisfying performance. A typical
example would be the ultrahigh carrier mobility recorded in
hBN encapsulating Gr via van der Waals integration, achieving
140000 and 1000000 cm?V~'s~! at room temperature and
cryogenic temperature, respectively [13—15]. Similar van der
Waals encapsulation strategies are also demonstrated on 2D
semiconductors to improve the device performance [16, 17],
while insulating the unstable 2DL.Ms channel from the ambi-
ent environment [ 18-21]. The vertical transistor is another sig-
nificant breakthrough brought by the vdWHs, which possesses
an ultrashort charge transport path determined by the thickness
of 2DLMs, such as tunnelling field-effect transistors (TFETSs)
[22-25], barristors [26], floating-gate transistors and hot elec-
tron transistors [27-29]. In addition, the excellent optoelec-
tronic properties of 2DLMs, and more importantly, the ulti-
mate thickness make vertical heterostructures promising in
optoelectronic applications such as infrared photodetectors
[30-33], photodiodes [31], and LEDs [34, 35]. In addition to
the high-performance devices, vdWHs provide a platform to
study numerous intriguing physical phenomena or properties
[36-44], such as moiré patterns [45], synergistic effect [46],
proximity effect [47], fractal quantum hall effect [48], and res-
onant tunnelling phenomenon [49, 50]. As a typical example,
periodic moiré patterns in the vdWHs can control the inter-
layer hybridization, resulting in strongly correlated quantum
states formed by a relatively rotating van der Waals layer with
a finite twist angle [45].

To study the novel properties, and more importantly, to
realize practical applications of vdWHs, tremendous efforts
have been put into preparation/synthesizing vdWHs by vari-
ous methods, including the physical combination [51-58],
deposition [59-63], solvothermal methods [64—69] and syn-
chronous evolution (one-step synthesis) [70-72] (as illustrated
in figure 1). Among them, the most intuitional and versatile
technique is the physical combination which became popular
after the initial breakthrough in the electronic device based on
Gr/hBN vdWH via such mechanical technique, which has rel-
atively high mobilities and carrier inhomogeneities assembled
[13, 73]. However, despite tremendous effort, the scalabil-
ity of mechanical assembly is questionable, due to the small
sample size and poor output [13, 74, 75]. Naturally, more
efforts are devoted to the scalable synthetic strategies of
vdWHs built upon the existing success in 2DLM syntheses,
such as chemical vapor deposition (CVD) [76, 77], physical
vapor deposition (PVD) [78], and solvothermal methods. For
instance, both in-plane and vertical Gr/hBN structures have
been successfully synthesized by two-step CVD deposition
benefitting from the similar lattice structures of hBN and Gr
[79, 80]. Most recently, GaSe/MoSe, vdWHs with large lat-
tice mismatch have been fabricated, further expanding the
application potential of deposition methods [81]. Compared
to the CVD deposition, the self-assembly of vdWHs in the
liquid phase is a high-throughput and low-cost alternative.
For instance, MnO,/MoS, [53] and MXene/Gr [54] vdWHs
have been fabricated based on the electrochemical exfoliation

2D van der waal
heterostructures

Figure 1. Synthetic strategies for 2D vdWHs.

and consequent assembly in a colloidal mixture. Unlike CVD
methods, solvothermal methods have relatively weak con-
trol over the morphology and uniformity, and it is very suit-
able for energy application due to more exposed active edges
and defects resulting from the amorphous shape and porous
structures [11]. The methodologies toward high-quality and
scalable vdWHs have continued to evolve in the past decade.

2D vdWHs have been widely reviewed in recent years due
to the comprehensive exploration and rapid development of
their synthetic strategies and related applications. Almost all
of them are focused on a specific 2D material system (such
as Mxenes [82], TMDs [83-85]), or fabrication method (such
as mechanical stacking [86, 87], CVD [88, 89]) or applic-
ation (such as electronics [90-92], optoelectronics [93-95],
energy-related application [84, 96]), due to the extensive
research on 2D vdWHs. However, it is not easy to construct
the relationship between synthetic strategies and the applic-
ation of 2D vdWHs for the novice, and following choose
a proper synthetic strategy and design the heterostructures
for a specific application. This review first introduces the
major synthetic strategies: physical combination, gas-phase
deposition, solvothermal synthesis and synchronous evolu-
tion. The fundamental principles, development tendencies,
as well as strengths and weaknesses of each strategy are
elaborated. Next, we will further illustrate the integration
design based on the vdWHSs in electronics, photodetectors and
energy-related applications, and discuss the research on moiré
superlattice based on resonant emissions as the representat-
ive of novel physical phenomena. Then discuss the potential
opportunities and challenges arising in the vdWHs synthesis
and applications. Combined with the comprehensive discus-
sion of synthesis and applications, we hope this review can
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routes can be chosen if the non-metallic element of each van
der Waals layer is the same (sulphur or selenium): (1) the bot-
tom layer is deposited and then sulfurized or selenized, and
then deposit and transform the upper layer [130]; (2) the pre-
cursors of vdWHs are deposited in order, and then sulfurize or
selenize in one batch the whole structure [60]. It is worth not-
ing that clear moiré patterns are observed for the MoS,/WS;
vdWH fabricated by the second synthetic route, providing a
scalable synthetic strategy of vdWHs with moiré patterns bey-
ond mechanically twisting the van der Waals layers for the
exploration of novel condensed matter physics. In addition to
the metal precursors, metal oxides are also used in the chem-
ical transformation methods [130]. Inspiringly, this method
has been extended to group 10 (PtSe,/PtS, [101]) and group
14 (SnS,/SnS [131]), providing more opportunities for fabric-
ating other novel vdWHs.

4FFEFE HSPXUI N MMhé¢t daeTsecond layer is
directly deposited on the other layer to form vdWHs, the nucle-
ation positions and growth are random if the bottom materials
are nearly perfect (with minimal defects and contaminants).
Hence seeded growth methods are developed to control the
process of vdWHs fabrication. These strategies control nuc-
leation positions by artificially producing defects with high
energy and chemical disorder. As illustrated in figures 3(f)
and (g) [75], after the deposition of the first thin film of 2D
materials, a periodic array of defects is introduced by the
focused laser irradiation combined with a raster scan. Then,
selective growth of the second layer of 2D materials at the
desired position can be realized by seeded growth. A series of
high-quality vdWHs arrays can be precisely fabricated via this
strategy, including VSe,/WSe,, NiTe,/WSe,, CoTe,/WSe,,
NbTe,/WSe,r, VS,2/WSe>, VSer/MoS, and VSe,/WS,. Fur-
thermore, the ideal interfaces with clear moiré patterns are
observed, providing a versatile platform for exploring exotic
physics.

In short, all three deposition strategies (direct deposition,
chemical transformation, and seeded growth) can effectively
produce vdWHs. The direct deposition method is the most
common choice but is limited to the lattice compatibility
between layers and the stability of the bottom layer of mater-
ials. Diverse substrates and deposition conditions have been
explored to fabricate more potential vdWHs with large lattice
mismatches. The chemical transfer methods are generally con-
trollable in the quality of the vdWHs, which are, however, lim-
ited in applicable materials. On the other hand, the qualities of
vdWHs synthesized by the seeded growth method are determ-
ined by two factors: the crystal quality of the bottom layers
(the higher, the better to avoid extra nucleation sites) and the
growth condition of the second layer.

APMWPUIFSNBM TZOUIFTJT

In addition to the exfoliation and deposition methods, solvo-
thermal synthesis is well known for the cost-effective prepar-
ation of 2DLMs in high quantity [84]. Specifically, molecule

precursors are dissolved and sealed in a solvothermal reactor
under high-pressure environments to form products with
different morphologies via controlling temperature and pre-
cursor concentration. Based on past success in solvothermal
synthesis, cost-effective wet chemical synthesis of vdWHs has
been developed. Similar to the previously discussed deposition
methods, nanosheets of one 2D material are always needed as
templates to both provide nucleation position for another 2D
material and control the nucleation and growth of the second
layer to form the desired vdWHs [132]. Besides, synthetic
methods based on intercalation and chemical transformation
are also explored. According to the different reaction pro-
cesses, the solvothermal synthesis of vdWH is categorized
as (1) template-assisted methods and (2) space-confined syn-
thesis (intercalation and transformation).

5FNQMBUF BTTJTUHFMINbasetdPP VdWHs
have been widely synthesized via template-assisted wet-
chemical methods. Many chemically stable and well-dispersed
2D materials have been used as the 2D templates, includ-
ing rGO [64, 69], BP [67], Mxenes [65] and graphydiyne
(GD) [133]. Figure 4(a) illustrates the standard procedures
of template-assisted methods, which composes the prepar-
ation, dispersion and mixture of template nanosheets (GD)
and precursors (WClg) in the DMF solution [133]. The tem-
perature and precursor concentration are important paramet-
ers that determine the intense degree of interaction between
templates and precursors, ensuring nucleation position on
templates rather than forming separate products. As men-
tioned above, the vdWHs fabricated by solvothermal meth-
ods are usually applied to energy-related applications due
to the amorphous structures and abundant defects. However,
solvothermal methods are relatively uncontrollable compared
with deposition methods, leading to self-restack into thicker
layers with decreased active sites and inferior interfacial
interaction, hindering the catalytic performance (figure 4(b)).
In order to solve this problem, a modified method with
polyvinylpyrrolidone (PVP) surfactant and thioacetic acid
(TAA) has been applied to fabricate uniform MoS,/rGO het-
erostructure and assisted with TAA and PVP, small-sized, and
non-aggregated MoS,/rGO vdWHs are obtained [136]. Fur-
thermore, space-confined synthesis has been explored to fab-
ricate well-defined vdWHs as desired.

4QBDF DPOaOFE NSpa¢¢fdniined methods
refer to confining precursors between interfaces of 2DLMs
to direct the growth of vdWHs. As illustrated in figure 4(c)
[134], the molecular precursors are intercalated into the inter-
face space by liquid-phase mixing and filtration and then
transferred into well-desired vdWHs by annealing at elevated
temperatures. The confining space between layered materials
and their superlattice is essential for the synthesis. Till now,
Gr [134, 137], Mxenes [68, 138], MoS, [139-141], LDHs
[67, 142], and BP [134, 143] have demonstrated great suc-
cesses as nanoreactors by providing limited interlayer spacing
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quality are like two sides of the same coin that cannot be sat-
isfied simultaneously. Mechanical assembly is the most intu-
itional and maneuverable strategy with high interfacial qual-
ity. Hence, it has become the standard protocol for exploring
novel properties of the vdWHs, such as the 2D moiré pat-
terns and various (opto) electronic devices [38]. Nevertheless,
contaminants and defects are inevitably introduced due to the
complex operation, even in dry transfer methods operated in a
vacuum environment. Furthermore, the labor-intense and low-
yield fabrication remains the most critical intrinsic limitation
of these mechanical ‘peel and stack’ methods. On the other
hand, gas-phase deposition is a promising synthesis strategy
with much anticipation. However, most of them involve trans-
fer procedures due to the sensitivity of nucleation and growth
of 2DLMs to the substrates, inevitably leading to interfacial
contaminants. In addition, the synthesized vdWHs usually
have poor crystalline quality with multiple grain boundaries
and massive grain boundaries, which is caused by the high-
density nucleation and relatively random growth during the
deposition of the second 2D material layer. Hence, the current
efforts focus on the control of the nucleation and growth of
2D materials. Among them, chemical transformation methods
have been proposed to synthesize high-quality TMDs-based
vdWHs via sulfurization or selenization. In addition, wet-
chemistry- based solvothermal methods shine in the high-yield
fabrication of vdWHs. It is, however, limited to amorphous
structures and binary systems. Moreover, the defective struc-
tures inherited from wet-chemical synthesis may be suitable
for catalytic applications with abundant activity sites. Finally,
synchronous evolution seems to be the ideal method to syn-
thesize high-quality and desired vdWHs at large scales. How-
ever, the choice of suitable materials is still extremely lim-
ited, and the synthetic conditions to satisfy are very strict,
requiring the precious control of the diffusion of precursor
atoms or molecules and dedicated reaction procedures and
conditions.

To further the field, a fundamental understanding of nuc-
leation and growth of materials is required, and more syn-
thesis strategies should be explored and applied. For example,
reverse flow chemical vapor deposition [221, 222] MOCVD
[117] and vertical chemical vapor deposition [104] have
demonstrated considerable success in synthesizing various
vdWHs, including a series of TMDs with variable structural
configurations and tunable electronic and optical properties
[104, 117,221, 222].

vdWHs based on varying 2D materials have been widely
explored as a promising platform to implement applications
in the fields of electronics, optoelectronics, and electrochem-
istry. Each field is facing diverse key challenges. For elec-
tronic applications, the lack of comprehensive and cohesive
fundamentals of device physics at low dimensions is prob-
lematic. For example, Richardson’s law is still the primary
theoretical basis for bulk materials to explain the thermi-
onic emission transporting over the Schottky barrier between
semiconducting 2DLMs and metals or Gr. However, the
thickness of the nanosheets is often similar or even smaller

compared with de Broglie wavelength. Moreover, thermionic
carrier emission across high interfacial barriers involves ener-
getic electrons at positions far away from the Dirac point.
Therefore, the conventional theories and approximation mod-
els are insufficient to investigate the electronic physics of
vdWHs, though some revisions have been attempted [223].
For photodetectors, getting a low dark current is still challen-
ging, though the high barriers at the interfaces of vd WHs can
suppress the dark current to a certain degree. Currently, the
high sensitivity and fast response cannot be satisfied simultan-
eously in vdWHs based on infrared photodetectors, severely
limiting their practical applications. In electrocatalysis, on the
one hand, the desirable interfacial coupling effects are highly
dependent on the quality of vdWHSs; on the other hand, the
amorphous structures can enhance the catalytic performance
due to more edge sites. vdWHs with optimized catalytic per-
formance require balancing from both. Furthermore, the sta-
bility of the vdWH electrocatalysts remains the biggest chal-
lenge for practical applications. More efforts should be made
to understand the electrochemical fundamentals of the emer-
ging 2D materials, and their vdWHs are in demand.

Novel chemical and physical phenomena caused by the
interaction among different layers make vdWHs particularly
attractive. The superlattices resulting from the twisting angle
have many exciting and potential properties that have only
just begun to be explored. Although many vdWH-based super-
lattice systems have been synthesized and studied, most are
found by coincidence, besides the limited superlattices fabric-
ated by deterministically mechanical placement. However, the
crystallographic orientation of the neutrally grown material is
usually fixed, leading to a fixed twist angle between different
layers. Until now, the most feasible and controllable synthetic
methods of such superlattices are based on dry transfer and
integration, in which the twist angle can only be an inferred
posterior by the transport or scanning probe measurements. It
is, therefore, highly desirable to develop a scalable production
of vdWH superlattice with twist angles, likely gas-deposition
methods.

Despite challenges everywhere, vdWHs are already a force
to be reckoned with, reaching performance beyond conven-
tional materials and unveiling novel physical phenomena pre-
viously inaccessible to conventional methodologies. More
work is anticipated in this exciting new field.
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