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Abstract: The recent blossom in 2D atomic crystals (2DACs) has ignited intense interest in a new type of bond-free van der
Waals heterostructures (vdWHs), in which distinct material components are physically brought together within a vdW distance
and held together by weak vdW interactions. Without direct chemical bonding between the constituent materials, the vdWHs
negate the lattice matching requirements in typical epitaxially bonded heterostructures. Here we briefly summarize the key
advances in the construction and fundamental investigation of versatile vdWHs from diverse 2DACs and beyond, and highlight
a unique class of vdW superlattices (vdWSLs) consisting of alternating 2D atomic layers and/or self-assembled molecular
layers, with tailored structural symmetry, electronic band modulation, interlayer coupling, and chirality. Lastly, we conclude
with a brief outlook on the opportunities in exploring such artificial materials to unlock previously inaccessible physical limits
and enable new device concepts beyond the reach of the existing materials.
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The construction of heterostructures and superlattices with spatially modulated chemical compositions and
electronic structures is essential for tailoring and controlling the charge transport in solid-state materials and
creating novel electronic and optoelectronic functions. The traditional heterostructures are often produced
using high-temperature crystal growth and sequential epitaxial processes (e.g., molecular beam epitaxy
(MBE), metal organic chemical vapor deposition (MOCVD)), with extensive bond breaking and structural
reorganization to form the constituent materials and atom-to-atom covalent bonds to join them together.
Thus, the achievable heterostructures are fundamentally dictated by thermodynamics [1] and generally
limited to materials that meet strict lattice matching and processing compatibility requirements. A minute
lattice mismatch could result in considerable interfacial defects and strain, which may propagate beyond the
interface to form extensive dislocations, and in some cases, generate entirely disordered interfacial layers [2–
5], thus fundamentally deviating from the designed heterostructure interfaces. As a result, high-quality
epitaxial heterostructures or superlattices can only form between materials with nearly identical lattice
structures and thus similar electronic properties. Materials with substantially different lattice structures can
hardly be epitaxially grown together without generating too serious interfacial disorders to fundamentally
alter/degrade their intrinsic electronic properties.
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The recent blossom in 2D atomic crystals (2DACs) has ignited intense interest in a new type of bond-free
van der Waals heterostructures (vdWHs), in which distinct material components are physically brought
together within a vdW distance and held together by weak vdW interactions (Figure 1A) [6–21]. Without
direct chemical bonding between the constituent materials, the vdWHs negate the lattice matching re-
quirements in typical epitaxially bonded heterostructures. Additionally, the vdW integration process is
typically conducted at or near room temperature without direct chemical processing on the existing materials,
offering a low-energy approach for damage-free integration of highly distinct materials beyond thermo-
dynamic limits in high temperature epitaxial growth. The weak vdW interactions largely preserve the pristine
atomic structure and intrinsic electronic properties of the constituent materials after integration. It can thus
enable a new generation of artificial heterojunctions with deterministic control of atomically clean and
electronically sharp interfaces by design, unlocking previously inaccessible physical limits and enabling
devices with superior performance or unprecedented functions.
The vdW integration process is particularly versatile for constructing diverse heterostructures from

2DACs. The 2DACs, as represented by graphene or MoS2, consist of a large family of layered materials with
covalently bonded atomic layers weakly held together by vdW interactions, and can be readily isolated into
single- or few-atom thick membranes. Most notably, these atomic membranes feature a dangling bond free
surface and thus few intrinsic surface traps, ensuring excellent electronic properties even at the ultimate
single-atom thickness limit. Thus, a simple physical assembly of different atomic layers can lead to high-
quality trapping free heterostructure interfaces that rival the highest-quality lattice-matched heterostructures
obtained through sophisticated epitaxial growth processes. Without direct chemical bonding or chemical

Figure 1 2D vdWHs. (A) Building vdWHs with various 2D materials. From top to bottom: graphene, hBN, MoS2, WSe2 and fluoro-
graphene. Adapted with permission from ref. [18]. (B) vdW complementary inverters. From top to bottom: Ti, MoS2, graphene, Bi2Sr2Co2O8,
graphene. Adapted with permission from ref. [17]. (C) Atomically thin vdW p-n junctions. From top to bottom: graphene, MoS2, WSe2 and
graphene. Adapted with permission from ref. [23]. (D) vdW plasmonic device. Adapted with permission from ref. [25]. (E) vdW spintronic
device. Adapted with permission from ref. [26]. (F) Twisted bilayer graphene with Moiré pattern. Adapted with permission from ref. [32].
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processing on existing materials, this approach opens vast flexibility to arbitrarily combine highly distinct 2D
atomic layers with radically different compositions or electronic structures, allowing to create a wide range of
artificial heterostructures [18,19,21]. With this approach, a wide range of 2D atomic layers with distinct
physical properties (e.g., metal, semiconductor, insulator, Weyl semimetal, topological insulator, super-
conductor, or ferromagnet) may be nearly arbitrarily mixed, paired and assembled together to form an
essentially infinite combination of artificial heterostructures with designable electronic band offsets, pro-
viding an unprecedented playground for condensed matter physics and novel device concepts, including
vertical tunneling transistors [16], vertical field-effect transistors [9] and logic integration (Figure 1B) [17],
gate tunable photodiode [22], vertical p-n diodes (Figure 1C) [23,24], plasmonic devices (Figure 1D) [25],
and 2D ferromagnet tunneling junctions (Figure 1E) [26–28]. Recently, other emerging vdWelectronics were
also developed, including sub-nm channel length field effect transistor [29], 2D/2D spin-orbit torque device
[30], and magnetic Josephson junctions [31]. Additionally, the bond-free nature of the vdWHs also opens an
additional twisting degree of freedom to further tailoring the interlayer electronic coupling and potential
landscape, which creates a totally new material platform for exploring exotic quantum physics including
unconventional superconductivity in magic angle graphene bilayers (Figure 1F) [32,33] and Moiré excitons
in twisted (hetero-)bilayers of transition metal dichalcogenides [34–37].
Although the vdW heterostructures are mostly known and popularized within the 2D material community,

the vdW interaction is a universal intermolecular force between any two objects when they are placed close
enough. Thus, the vdW integration, in which prefabricated material/device components are physically la-
minated within a vdW distance, is in principle not limited to only 2D materials, but expandable to virtually all
materials systems, including traditional 3D materials and particularly various nanoscale materials [11,13].
The ability to exploit vdW interactions to integrate traditional 3D materials with 2DACs and form atomically
clean 2D/3D vdWHs is critical for capturing the merit of 2D materials in functional devices (Figure 2A and
2B) [10,20,38].
For example, 2D semiconductors have been widely speculated for continued transistor scaling for their

superior electronic properties in the atomically thin body. However, conventional electronic manufacturing
processes, including lithography, vacuum deposition, and plasma etching processes usually involve ag-
gressive chemical processes and can induce undesired structural defects in the atomically thin 2D materials,
seriously degrading their electronic properties [39–41]. To fully exploit the potential of the 2D atomic lattices
in functional devices, it is essential to retain the pristine contact interfaces and dielectric interfaces with
minimum interfacial trapping states. Indeed, even before 2D vdWHs became popular, the now widely
adopted “transfer-and-lamination” process was used to directly integrate pre-synthesized 3D dielectric
structures on graphene by exploiting weak vdW force [6–8,10–12,14]. This simple physical transfer process
has enabled high-quality dielectric integration without damaging the delicate 2D crystals, thus achieving
atomically clean interface without integration induced degradation to realize the highest mobility top-gated
transistors (Figure 2C) [6]. This approach was further extended for the integration of the entire gate-stack
(including gate dielectrics and gate electrodes) on graphene to produce the fastest graphene transistors with
intrinsic cutoff frequency >400 GHz (Figure 2A) [10,15]. Similarly, this approach was also applied in
damage-free gate integration on 2D semiconductors such as MoS2 to enable nearly ideal transistor char-
acteristics with a maximum oscillation frequency up to 50 GHz [42]. Further, vdW integration of a AgI
superionic solids with 2D materials allows to use a superionic gate to induce programable ionic doping and a
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unique delible electronics for electronic security (Figure 2D) [43].
Beyond the passive dielectric interface where there is no charge injection across the interface, the vdW

integration approach can also be used to create active metal/semiconductor junctions for efficient charge
injection. Recently, this physical “transfer-and-lamination” approach was used to integrate lithographically
defined metal thin film electrodes on 2D semiconductors to produce nearly ideal metal-semiconductor
junctions with atomically clean vdW interfaces free of Fermi level pinning effects, allowing to experi-
mentally achieve the Schottky-Mott limit that has been difficult to realize in conventional metal-semi-
conductor diodes due to unavoidable interfacial disordering and Fermi level pinning effect (Figure 2E) [20].
Taking a step further, such metal/2D vdW contacts were more recently used to construct high-performance
photodiodes from 2D semiconductors with minimal contact interfacial disorder, minimizing the Shockley-
Read-Hall recombination and achieving nearly ideal intrinsic excitonic photophysics dictated quantum
efficiency [44]. Similar approaches have also been used to create metal/2D Schottky diode with designed
barrier height for creating high performance metal-semiconductor field-effect transistors (MESFET) with
ultralow subthreshold swing [45].
Besides 2D/3D vdW heterostructures, the assembly of 3D/3D vdWHs could also enable exciting oppor-

tunities. For example, the damage-free vdW contacts developed for 2D materials are also applicable for the
delicate 3D materials, such as lead halide perovskites (LHPs). The LHPs have emerged as an exciting
optoelectronic material, but are extremely delicate and can be easily degraded during the conventional
lithography or metal deposition processes, resulting in excessive contact resistance that seriously plague the

Figure 2 vdWHs beyond 2D materials. (A) Scalable fabrication of graphene high-speed transistor arrays with transferred gates. Adapted
with permission from ref. [15]. (B) vdW metal contacts on 2D materials. Adapted with permission from ref. [20]. (C)–(F) Cross-sectional
transmission electron microscopy images of the interfaces between bond-free van der Waals-integrated Al2O3/graphene ((C) adapted with
permission from ref. [6]); AgI/h-BN/WSe2 ((D) adapted with permission from ref. [43]); Au/MoS2 ((E) adapted with permission from ref.
[20]); Au/CsPbBr3 ((F) adapted with permission from ref. [48]); Scale bars: 1 nm.
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intrinsic electrical transport studies [46,47] and compromise the relevant device functions. In this case, vdW
integration of metal thin film contacts avoids any solvent treatment or direct metal deposition process on
delicate LHPs, thus minimizing interfacial disordering to realize high-performance contacts (Figure 2F)
[48,49], enabling a systematic study down to cryogenic temperature, and revealing a record-high carrier
mobility exceeding 2000 cm2/(V s), an ultralow bimolecular recombination rate, a quantum interference-
induced weak localization behavior, as well as key signatures of ferroelectric large polarons, which have been
previously difficult to probe in LHPs due to the rapidly degrading contacts at cryogenic temperatures. The
vdW contacts has been applied to the self-assembled molecular monolayers as well [50–52], which avoids
deposition induced damages to delicate molecules and ensures intrinsic charge transport across the junction,
and also serves as an encapsulation layer for the stable operation of the device. Examples of utilizing vdW
integration on bulk materials can also be found in the Pt/β-Ga2O3 interface where a designed barrier height
was used to ensure high performance rectifiers for MESFET [53], highlighting the generality of vdW
contacts for creating artificial heterostructures with designable electronic interfaces. Additionally, recent
experiment has shown one-step simultaneous vdW integration of both high-k dielectrics and contacts to
enable high performance top-gated transistors on delicate emerging materials [54].
Taking a step further, the vdW interactions can also be used for creating vdW superlattices (vdWSLs)

integrating radically different materials in high-order superstructures [55]. The bond-free vdW interactions
between the neighboring constituent layers offer a natural mechanism for interfacial strain relaxation, al-
lowing to retain nearly perfect crystalline structure within each layer regardless of the structure differences
between layers. This is in stark contrast to conventional epitaxial superlattices, where a slight lattice mis-
match could lead to extensive dislocations [5]. The flexibility to integrate radically different materials could
enable a new generation of artificial materials with tailored electronic, magnetic or topological properties.
However, it is of considerable challenge to explore sequential “transfer-and-lamination” approach to

construct high-order vdWSLs, due to the limited yield associated with each step. To efficiently produce high-
order superstructure thus requires the development of new self-assembly strategies. To this end, a capillary-
force-driven rolling-up process was recently used to delaminate synthetic 2D vdWHs from the growth
substrate and produce roll-up structure with alternating monolayers, thus forming high-order vdWSLs
(Figure 3A–3D) [56]. This strategy can be extended for creating diverse 2D/2D vdWSLs, more complex 2D/
2D/2D vdWSLs (Figure 3E), and beyond-2D materials, including 3D thin-film materials and 1D nanowires,
to generate mixed-dimensional vdWSLs.
Alternatively, an artificial vdW superlattice can also be prepared by intercalate selected molecular species

into bulk layer crystals, creating a new class of hybrid superlattices consisting of alternating crystalline
atomic layers and self-assembled molecular layers. For example, it has been shown that the electrochemical
intercalation of black phosphorus (BP) generates a unique monolayer phosphorene molecular superlattices
with atomic precise integration of highly distinct atomic crystals and molecular layers (Figure 3F and 3G)
[57]. With the organic molecular layers sandwiched in between BP atomic layers, the BP layers are spatially
separated and electronically decoupled with each other, thus producing a unique bulk monolayer material: a
3D material in bulk format but with monolayer physical characteristics. Such artificial vdWSLs can be
expanded to a wide range of 2D host materials and designable intercalants with different electronic band
offsets or structural symmetry [58–60], opening up vast possibilities for creating a rich library of artificial
materials with widely variable chemical compositions, structural motifs and electronic functions. For ex-
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ample, the intercalation of chiral molecules into selected 2DACs has enabled a family of chiral molecular
intercalation superlattices as the artificial chiral solids that show robust chiral-induced spin selectivity
(Figure 3H and 3I) [28].
The vdWSLs provide an unprecedented flexibility for integrating distinct atomic layers without restrictions

set by traditional chemical integrations, creating an entirely new generation of artificial superlattices with
kinetic rather than thermodynamic stability. It could enable a new class of artificial quantum solids with
elaborated modulation of chemical compositions, electronic band offsets, interlayer coupling, dimension-
ality, inversion or time-reversal symmetry, chirality, topology, spin degeneracies or valley degeneracies by
design, with an atomic scale integration of distinct physical properties. The integration of the well-ordered
atomic or molecular layers into the solid-state superlattices could open up the exciting opportunities to
exploit highly versatile molecular design strategies to tailor solid-state materials and create a new platform of
artificial quantum solids for exploring emergent physical phenomena.
Beyond the methods discussed above, chemical vapor deposition (CVD) has been widely explored for the

scalable synthesis of vdWHs and vdWSLs [61,62]. However, the CVD growth typically requires high
synthesis temperature, and thus with limited material and substrate choices (e.g., not readily applicable for
hetero-integrating organic molecular layers and crystalline atomic layers). It is often difficult to achieve high-
order superlattices since the requirement of repeated switch between different synthetic conditions could
damage the delicate monolayer materials [63,64].
Despite the exciting opportunities vdW integration offer, there are considerable challenges. For example,

for the “transfer-and-lamination” approach, although it is most popular among 2D/2D systems and has also
been recently successfully expanded to many 3D/2D structures for scientific research, examples of utilizing it

Figure 3 vdWSLs. (A) Schematic illustration of the roll-up vdWSLs. (B) Cross-sectional transmission electron microscopy image of the
interfaces in SnS2/WSe2 superlattices. Corresponding EDS mapping images for W (C) and Sn (D). (E) Cross-sectional transmission electron
microscopy image of the interfaces between SnS2/MoS2/WS2. (B)–(E) Adapted with permission from ref. [56]. (F) Schematic illustration of
higher-order organic/inorganic hybrid vdW superlattice created by electrochemical intercalation. (G) Cross-sectional transmission electron
microscopy image of the interfaces between BP/CTAB. Adapted with permission from ref. [57]. (H) Schematic illustration of the chiral
molecule intercalated vdW superlattices. (I) Cross-sectional transmission electron microscopy image of the chiral molecule intercalated TaS2
superlattice. Adapted with permission from ref. [28]. Scale bars: 1 nm.
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on traditional 3D semiconductors (e.g., GaAs, Ge and Si) are still quite limited. Further exploiting its
applicability on traditional 3D material system could greatly expand its technological potential. For high-
order vdWSLs, although the out-of-plane modulation has been well characterized and features highly ordered
structures (e.g., sharp peak in the XRD patterns), the in-plane structures are less studied. For example, in the
hybrid superlattice, the in-plane molecular structure, ordering and its exact coupling with 2D host lattice is
largely unexplored at this moment. Due to the presence of wrinkle, air bubble, molecular domains, etc., in-
plane structures may be less ordered. Therefore, more studies on the in-plane geometry and their impact on
the fundamental physical properties of the hybrid superlattices are required for further development of
vdWSLs to couple the in-plane functions among distinct layers.
Together, the bond-free vdW integration offers vast flexibility for damage-free integration of highly

distinct materials beyond the thermodynamic limits of traditional epitaxial growth. It can enable a new
generation of artificial heterostructures and superlattices with essentially arbitrary modulation of chemical
compositions and electronic structures by design. Such unprecedented flexibility defines a rich library of
artificial materials and provides a versatile material platform for exploring intricate electronic and spin
interactions across the highly tunable heterostructure interfaces, for controlling the generation, confinement,
and modulation of charge, exciton, and spin states at the limit of single-atom thickness and across the
alternating layers, and for tailoring the electronic structure, ferroelectricity, ferromagnetism, and super-
conductivity at such atomic interfaces. It could seed transformative advances across diverse areas ranging
from traditional electronics, optoelectronics to the emerging areas of spintronics and quantum information
science. Considering the rich electronic functions generated from a few limited semiconductor hetero-
structures and superlattices in today’s semiconductor industry, the opportunities that may be brought by such
highly versatile vdWHs and vdWSLs with nearly infinite variations seem boundless. It could open a new
field of artificial solids for exploring emerging physical phenomena, new device concepts and unprecedented
technological opportunities.
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