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ABSTRACT

Epitaxial growth, a crystallographically oriented growth induced by the chemical bonding between crystalline substrate and atomic building
blocks, has been a key technique in the thin-lm and heterostructure applications of semiconductors. However, the epitaxial growth tech-
nique is limited by different lattice mismatch and thermal expansion coefcients of dissimilar crystals. Two-dimensional (2D) materials with
dangling bond-free van der Waals surfaces have been used as growth templates for the hetero-integration of highly mismatched materials.
Moreover, the ultrathin nature of 2D materials also allows for remote epitaxial growth and connement growth of quasi-2D materials via
intercalation. Here, we review the hetero-dimensional growth on 2D substrates: van der Waals epitaxy (vdWE), quasi vdWE, and intercala-
tion growth. We discuss the growth mechanism and fundamental challenges for vdWE on 2D substrates. We also examine emerging vdWE
techniques that use epitaxial liftoff and connement epitaxial growth in detail. Finally, we give a brief review of radiation effects in 2D materi-
als and contrast the damage induced with their 3D counterparts.
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I. INTRODUCTION

The combination of crystals with different physical properties
offers the capability of integrating them into functional systems.
Numerous epitaxial growth techniques have been developed to realize
the crystallographically modulated integration of different crystals.
Epitaxy refers to the phenomenon in which grown crystals or lms are
fabricated with the crystalline orientation relative to the growth sub-
strate when a crystalline material is grown on a different crystalline
substrate. The chemical bonding of dangling bonds between the crys-
talline substrate and atomic building blocks is responsible for the lat-
tice ordering in epitaxial growth, causing the epilayer to mimic the
crystalline structure of the substrate. Despite different lattice parame-
ters and thermal expansion coefcients of the grown material and the
substrate, strong chemical bonds at the heterointerface forces the for-
mation of lattice matching of the two materials. This causes numerous
mismatch-related defects, such as mist dislocations and interface dis-
order (buffer layer) at the heterointerface.1,2 Therefore, specic condi-
tions need to be satised for conventional epitaxial growth with strong
chemical bonds at the heterointerface, such as growth of GaAs on
GaN. To fabricate high-quality heterointerfaces with low defect den-
sity, articial buffer layers have been introduced at the interface.3,4

However, the formation of a buffer layer is not universally applicable
to all epitaxial growth systems. Moreover, heterointerfaces with a
buffer layer possess a disordered structure, which deteriorates the elec-
trical properties of epitaxially grown lms.

Van der Waals epitaxy (vdWE), which refers to epitaxial growth
on a dangling-bond-free substrate, relaxes the restriction of lattice
matching and thermal expansion owing to weak van der Waals inter-
action between grown materials and the substrate. In contrast to that
in conventional heteroepitaxy, the grown epilayer with van der Waals
(vdW) interaction exhibits incommensurate/incoherent in-plane latti-
ces at the heterointerface, thereby enabling an alternative bond-free
integration with minimized lattice-mismatch strain.5,6 The recent
emergence of two-dimensional (2D) materials and vdW heterostruc-
tures has sparked considerable interest in vdWE. For example, a previ-
ous work has proposed remote epitaxy,7 that is, the epitaxial growth of
a single-crystalline lm on a graphene-coated growth substrate.8 In
addition, the intercalation growth of quasi-2D crystals, such as Au, Ga,
and GaN with a thickness of several atoms, has been demonstrated as
a connement-heteroepitaxial-growth method.9–11

In this paper, we review recent progress in the vdWE, remote
epitaxy, and intercalation growth using 2D templates (Fig. 1). First,
we introduce the features of vdWE growth of 3D and 2D materials
on the 2D templates. Then, we discuss the growth mechanism and
limits of vdWE on 2D templates and provide the approaches to
solve the issues for vdWE, such as defect control and functionaliza-
tion. We also highlight the emerging research eld based on vdWE,
such as remote epitaxy and intercalation growth. Finally, a brief
review of radiation damage effects in 2D materials is given, since
there is strong interest in using these in lightweight systems with
novel electronic and photonic applications, such as space-borne
sensing and monitoring.

II. Van der WAALS EPITAXY ON 2D TEMPLATES

vdWE is the growth of the epitaxial layer on a crystalline sub-
strate, where the grown crystalline layer is held together with the sub-
strate by a weak vdW interaction. This contrasts with conventional
epitaxy, where the crystalline layer is attached to the substrate by a
strong chemical bond [Figs. 2(a) and 2(b)]. Substrates used in conven-
tional epitaxy possess a highly active surface with several dangling
bonds. Due to the formation of the strong chemical bonds at the heter-
ointerface, the in-plane lattice parameter of the epilayer should be
modied to match that of the substrate. A high lattice mismatch
between the epilayer and the substrate induces high interfacial strain
and a number of mismatch-related defects, such as mist dislocations
and interface disorder.1 By contrast, the vdW surface has no dangling
bonds, and a vdW gap is generated at the heterointerface, leading to a
negligibly small strain.7 The epilayers in the vdWE have incommensu-
rate in-plane lattices and a crystallographic orientation relationship
with the vdW substrate.5,6 Therefore, vdWE enables the formation of
numerous heterostructure combinations between two materials with
different crystal structures and symmetries. When conventional bulk
crystals with dangling bonds are grown on a vdW substrate, quasi-
vdWE (QvdWE) is possible due to the dangling-bond-free bottom
substrate, as shown in Fig. 2(c).

2D materials have recently attracted interest because of their
unique physical and chemical properties and potential technological
applications. Owing to the weak vdW interactions between the layers,

FIG. 1. Two-dimensional material templates for (a) 2D/2D van der Waals epitaxy,
(b) 3D/2D van der Waals epitaxy, (c) remote epitaxy, and (d) intercalation
growth.7,10,53,112 Reproduced with permission from Balushi et al., Nat. Mater. 15,
1166 (2016). Copyright 2016 Springer Nature. Reproduced with permission from
Domask et al., Cryst. Growth Des. 18(6), 3494–3501 (2018). Copyright 2018 The
Royal Society of Chemistry. Reproduced with permission from Li et al., Nature 579,
368–374 (2020). Copyright 2020 Springer Nature.
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atomically thin layers can be isolated from the bulk materials.12 The
lack of surface dangling bonds on 2D materials provides new opportu-
nities for studying unprecedented, dimensionality-driven physical
properties.13–15 Recent theoretical studies estimate that more than a
thousand materials are exfoliable,16,17 including the group IV and V
crystals (e.g., silicene and phosphorene), transition metal dichalcoge-
nides (TMDs), (e.g., MoS2, WSe2), transition metal carbides, and
nitrides (e.g., Ti3C2TX, where T¼O, OH, F), composite materials of
the groups III–V, II–VI, and I–VII [e.g., GaN, hexagonal BN (hBN),
and GaAs], and transition metal halides (e.g., CrI3).

18–21 Therefore,
exfoliable materials with different basal plane structures of square, hex-
agonal, and rectangular shapes can provide varied potential landscapes
for different epilayers without chemical bonds.22 Epilayers grown on
the vdW substrates with vdWE have atomically abrupt interfaces with
a vdW gap, which prevents interdiffusion between the epilayers and
the vdW substrates. The vdWE heterostructures of 2D and 3D materi-
als with ultraclean heterointerfaces offer a rich library of materials
with unprecedented and superior electronical, magnetic, and optical
properties and enables the investigation into new physics and fabrica-
tion of high-performance electronic devices.23

A. Van der Waals epitaxial relation on 2Dmaterials

1. 2D/2D van der Waals epitaxy

2D/2D vdW heterostructures have been demonstrated using
mechanical exfoliation and stacking processes. However, the stacking
process is not scalable for practical applications.24,25 Thus, vdWE has
been studied to scale up 2D/2D vdW heterostructures. Among various
deposition techniques, molecular beam epitaxy (MBE) has been used
to fabricate a clean heterointerface and minimize impurity concentra-
tion in the grown lm.26–34 For example, in situ growth of MoSe2/
MoTe2 superlattices on GaAs (111) was demonstrated as shown in
Fig. 3(a). Owing to their ultrathin thickness and excellent crystallinity,
the MBE-grown 2D heterostructures are promising templates for
investigating novel physical properties at the atomic scale, such as
bandgap transition and quantum spin Hall states.26,35 However, MBE
has a low yield and requires extremely puried source materials; thus,
considerable effort has been made to utilize direct vapor-phase growth
techniques, such as chemical vapor deposition (CVD)36–47 and met-
al–organic CVD (MOCVD).48,49 For example, the vdWE growth of
single-crystalline, atomically thin 2D metallic Mte2 (M¼V, Nb, Ta)

on a Wse2 (WS2) substrate was synthesized using CVD, resulting in
vdW contacts for 2D semiconductors with minimal interface damage
and improved electronic performance [Fig. 3(b)].36 The atomic layer-
by-layer epitaxial growth of vdW superlattices composed of more than
two kinds of dissimilar TMDs was successfully demonstrated by
MOCVD through the kinetic control of heteronucleation in the near-
equilibrium limit.49 To suppress the unwanted overgrowth and inter-
layer mixing, low growth temperature (550 C) and precursor partial
pressure (107 Torr) were set, leading to full epilayer coverage by
decreasing the lateral growth rate to 0.15 nmmin–1 [Fig. 3(c)]. The
recent demonstrations of the growth of 2D/2D vdWE are summarized
in Table I.

2. 3D/2D quasi van der Waals epitaxy

From elemental metals to other complicated 3D materials with
more than one element, such as compound semiconductors (III–V
and II–VI semiconductors), oxides, and metal halides, the QvdWE of
other non-layered 3D materials on 2D substrates has been achieved.
Some metals exhibit a QvdWE interaction with 2D materials when
they are directly grown on 2D materials.53–55 Several face-centered
cubic (FCC) metals are known to grow epitaxially on TMDs with an
orientational relationship of metal (111)//TMDs (0001). Other sixfold
symmetric metals, such as body-centered cubic (111) and hexagonally
close-packed (0001), are also grown on TMDs with epitaxial relation-
ships to the (0001) planes of TMDs.53,54 Black phosphorus (BP), a
low-symmetry 2D material, guides the assembly of metal atoms along
the [100] direction, allowing for the epitaxy of single-crystalline lm in
a different manner from that of TMDs with an orientational relation-
ship of metal (110)//BP (010) [Figs. 4(a)–4(c)].56 Figure 4(c) shows the
electron back scattering diffraction mapping of single-crystalline Au
on a BP ake formed by E-beam evaporation.

The realization of the vdW interface and orientational relation-
ship between 2D materials and metals is essential to increase the per-
formance of 2D material-based devices by reducing the contact
resistance and Fermi level pinning at the vdW interface. Based on the
reduced Fermi level pinning, contact resistance is simply controlled by
the work function difference between 2D materials and metals,
approaching the Schottky–Mott limit for a vdWmetal–semiconductor
junction.57,58 The crystallographic alignment of semimetal Bi on MoS2
with vdW gap shifts the Bi pz orbital to the conduction band of MoS2

FIG. 2. Schematic illustration of conventional, van der Waals, and quasi van der Waals epitaxy.

Applied Physics Reviews REVIEW scitation.org/journal/are

Appl. Phys. Rev. 9, 031305 (2022); doi: 10.1063/5.0090373 9, 031305-3

Published under an exclusive license by AIP Publishing



while greatly suppressing the metal induced gap states of MoS2, result-
ing in an ultralow contact resistance of 123 X lm [Fig. 4(d)].

Compound semiconductors can be grown on 2D materials by
QvdWE. Graphene is typically used as a 2D substrate for the growth
of compound semiconductors because it meets the temperature
requirements for the growth conditions (up to 1000 C) of compound
semiconductors due to their high melting temperature and chemical
inertness.59–63 TMDs are also used as 2D substrates in the QvdWE of
compound semiconductors. However, given the low thermal stability
and high reactivity of TMDs relative to graphene, only a few experi-
mental demonstrations of vdWE on TMDs have been reported.64

Controlling the heat-up procedure and carrier gas is important to pre-
serve the integrity of the TMDs layer during growth. GaN layers were
grown on WS2 substrates by ramping up to the growth temperature in
the N2 atmosphere and switching the carrier gas to hydrogen immedi-
ately before the growth of the GaN layer.64

The absence of dangling bonds at the surface of 2D substrates
suppresses nucleation, thus hindering the growth of the thin-lm
structure. However, a nanowire structure can be successfully grown on
2D substrates due to its small footprint. The QvdWE growth of IIIV
semiconductors, such as InAs [Fig. 5(a)], GaAs, and GaN nanowires,
on 2D substrates has been demonstrated.59,60,65,66 The direct

applications of nanowires/graphene in hybrid systems have been
focused on optoelectronic devices such as photodetectors, solar cells,
and light emitting diodes.61,63,67 Infrared photodetectors, fabricated
from graphene/InAs nanowires with a vertically stacked heterojunc-
tion, exhibited strong photoresponsivity due to the rectifying behavior
of the graphene/InAs nanowire heterojunctions and the tunable
Schottky barrier can be used to control charge transport across the ver-
tically stacked heterostructure. QvdWE of vertical nanowires (InGaAs/
InAs coreshell PN junction) on graphene was employed in a novel
solar cell architecture.61 Graphene functioned as the conductive back
contact and growth template for QvdWE of vertical nanowires. The
radial junction geometries are benecial for mitigating surface defects
and ShockleyReadHall recombination, leading to moderate
enhancement in the power conversion efciency compared to that of
the axial junction geometries. Coreshell InGaAs/InAs junction
nanowire arrays demonstrate a high conversion efciency of 2.51%.
The other QvdWE of GaN/ZnO core-shell nanowire heterojunction
was grown directly on graphene, which was employed for light emit-
ting diodes.67 First, ZnO nanowires were grown directly on graphene;
then, InxGa1xN/GaN multi quantum wells were grown epitaxially on
the ZnO core. Finally, a Mg-doped p-GaN layer was deposited. The
GaN-based coaxial light emitting diode nanostructures emitted blue

FIG. 3. (a) Growth diagram of the MoTe2/MoSe2 superlattices on the GaAs substrate by molecular beam epitaxy (MBE) and high angle annular dark eld-scanning transmis-
sion electron microscope (HAADF-STEM) image of the superlattices and atomic resolution electron energy loss spectroscopy (EELS) map of the Te M4,5 edge.

34 Reproduced
with permission from Vishwanath et al., J. Mater. Res. 31, 900–910 (2016). Copyright 2016 Springer Nature. (b) Optical microscope (OM) images of V(Ta)Te2 nanosheets
grown on the WSe(S)2 substrates by chemical vapor deposition (CVD) and the corresponding atomic force microscopy (AFM) images. The scale bar of OM and AFM images
are 5 and 2 lm, respectively.36 Reproduced with permission from Wu et al., Adv. Funct. Mater. 29, 1806611 (2019). Copyright 2019 Wiley-VCH GmbH. (c) Flow-rate modula-
tions of metal-organic (MO) precursors for the growth of MoS2/WS2 superlattices by metal–organic chemical vapor deposition (MOCVD) and a series of cross-sectional
HAADF-STEM images of the MoS2/WS2 superlattices from 1 to 7monolayer stacks.49 Reproduced with permission from Jin et al., Nat. Nanotechnol. 16, 1092–1098 (2021).
Copyright 2021 Springer Nature.
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light and could also be transferred to exible substrates. No signicant
degradation of the device performance on exible substrates was
observed, owing to the exibility of the graphene substrate.

Low nucleation density makes the direct growth of thin-lm
compound semiconductors on 2D substrates difcult to achieve; thus,
epitaxially-grown epilayers are used as thin-lm growth templates.
GaN nanowires grown on graphene assisted the coalescence of a
single-crystalline GaN lm on an amorphous silica glass substrate.62

At the interface between the nanowires and thin lm, the top of the
nanowires showed an inverted pyramid shape formed in the process
of epitaxial lateral overgrowth [Figs. 5(b)–5(d)].62 A light emitting
diode fabricated using a GaN thin lm grown on GaN nanowires

showed a record internal quantum efciency of 48.67%. No defect-
related emissions were found in the spectra even at low temperature
(5K), indicating the high quality and low defect density of the GaN
thin lm. It was also demonstrated that the single-crystalline GaN lm
can be grown on a graphene/Cr substrate by using the epitaxial AlN
seeding layer. This can be effective approach to fabricate the single-
crystalline GaN lm on a exible polycrystalline Cu substrate.68

The fabrication of thin lms directly on 2D substrates usually
needs the adequately control of defect or functional groups on 2D sub-
strates to increase the nucleation density. This is described in Sec. II C.

QvdWE of oxides and metal halides on 2D substrates has been
demonstrated recently. Oxides with various crystal structures

TABLE I. Summary of recent examples of 2D/2D van der Waals epitaxy. Note: Lattice mismatch (%) ¼ (aepi — asub)/asub  100% (a: d-spacing).

2D substrates Epilayers Growth methods

Lattice system

Lattice mismatch (%) References2D substrates Epilayers

Graphene MoSe2 MBE Hexagonal Hexagonal 33.5 26
27

MoS2 27.8 28
29

Wse2 33.4 30
31

hBN MoSe2 31.3 32
WS2 MoS2 0.2 33

MoSe2 4.3
Wse2 4.2

MoS2 MoSe2 4.5
WS2 0.2

MoSe2 WS2 4.1
MoS2 4.3

Wse2 WS2 4.0
MoS2 4.2

Graphene WS2 CVD 28 37
Wse2 33.4 38

hBN Graphene 1.6 39
MoS2 25.7 40
WS2 26.0 41
ZrS2 46.2 42

WS2 MoS2 0.2 43
44

Wse2 MoS2 4.2 45
SnS2 10.8 46

MoSe2 GaSe 13.7 47
Graphene Wse2 MOCVD 33.4 50

48
51

hBN 1.6 52
MoS2 27.8 51

MoS2 Wse2 4.4 49

Wse2 MoS2 4.2
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including rock salt (NiO), gallium oxide (Ga2O3), wurtzite (ZnO),
inverse spinel (CoFe2O4), and perovskite (lead zirconium titanate,
PZT) have an epitaxial relationship with 2D muscovite (mica)
substrate.69–72 For example, the epitaxial relationships between mica
and CoFe2O4 is determined as CoFe2O4(111)//mica(001), which
serves same epitaxial relationships other functional oxides grown
on CoFe2O4. The magnetoelectric coupling from ferroelectric
ferrimagnetic bulk heterojunction was demonstrated by epitaxially
grown bulk heterojunction (BiFeO3CoFe2O4) structure on mica.71

In addition, single-crystalline exible ferroelectric PZT lms grew
on CoFe2O4 with assistance of mica as a 2D material [Fig. 6(a)].
Scalable epitaxial growth of orthorhombic molybdenum oxide
(a-MoO3) nanosheets on various 2D substrates was demonstrated
[Figs. 6(b) and 6(c)].73 High-quality lead halide perovskites (CsPbBr3)
single crystals were grown on highly oriented pyrolytic graphite
(HOPG).74 Figures 6(d) and 6(e) show the optical image and calcu-
lated relaxed supercell structure of CsPbBr3 on HOPG. Different
orientations of CsPbBr3 resulting from the sixfold orientations of
HOPG have equal probability for nucleation.

A weak vdW interaction between the functional oxides and inor-
ganic perovskites 2D substrate can reduce the effects induced from the
interaction between substrates and epilayers. PZT grown on mica
shows better piezoelectric coefcients than others grown by conven-
tional epitaxy due to the absence of structural deformation at the inter-
face between PZT and the substrate.72 VO2 grown on hBN shows
sharper metalinsulator transition (MIT) dynamics than that of VO2

grown on the conventional epitaxial substrate, c-Al2O3.
75 Owing to

the weak nature of vdW interaction at the VO2/hBN interface, MIT

proceeds via a single grain within a narrow temperature range of 2K.
Recent works that have demonstrated the growth of 3D/2D QvdWE
are summarized in Table II.

B. Effect of growth factors on van der Waals epitaxy

1. Adhesion energy and cohesive energy

In epitaxial growth, the morphology of epilayers is determined at
the early stages of nucleation and by the dispersion of atoms on the
surface at the particular growth temperature and mechanism. The
adhesion energies and diffusion barriers of adatoms are important
parameters in the nucleation process.87 The morphology of the
nucleus is determined based on the competition between the adhesion
energy (Eads) of the adatom to substrate and the cohesive energy (Ecoh)
of adatom to adatom. The evolution of their morphology during
growth is inuenced by kinetic factors, which determine whether
newly deposited adatoms are likely to form a new nucleus or grow on
an existing nucleus. When the diffusion barriers of adatoms are low,
adatoms diffuse rapidly on the surface to form large crystalline islands.
Conversely, when the diffusion barriers of adatoms are high, the
nucleus forms nely dispersed islands with a small volume. In the
thermodynamic limit, epitaxial growth can follow three major growth
types according to Eads/Ecoh and the diffusion barriers [Fig. 7(a)]: (1)
Frankvan der Merwe type, which consists of layer-by-layer growth
of the epilayers for large Eads/Ecoh and low diffusion barriers; (2)
VolmerWeber type, which describes the 3D clustering of adatoms
on a bare substrate for small Eads/Ecoh and low diffusion barriers; and
(3) Stranski–Krastanov type, which is an intermediary growth type

FIG. 4. (a) Schematic illustration of the metal atom adsorption and lm formation process on black phosphorus (BP). (b) Selected area electron diffraction (SAED) pattern of
the Au/BP heterostructure. Diffraction spots from Au and BP are marked by blue and red circles, respectively. (c) Electron back scattering diffraction (EBSD) mapping of
single-crystalline Au on a BP ake formed by e-beam evaporation.56 Reproduced with permission from Lee et al., Chem. Mater. 33(10), 3593–3601 (2021). Copyright 2021
The Royal Society of Chemistry. (d) Schematic of the side view of Bi–MoS2 and SAED patterns of MoS2 (3.6 cm

1), Bi (4.3 cm1) and Au (6.8 cm1) circled in yellow, pink,
and orange, respectively.78 Reproduced with permission from Shen et al., Nature 593, 211–217 (2021). Copyright 2021 Springer Nature.
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characterized by both Frankvan der Merwe and VolmerWeber
types. Transition from the layer-by-layer growth to island-based
growth occurs at a critical layer thickness, which is related to the inter-
face strain between the substrate and epilayer.

In general, 2D substrates provide low diffusion barriers and Eads
to adatoms due to the dangling bond-free inert surface. Therefore,
adatoms can quickly diffuse and add on to the fastest growth front at
the growing epilayer to extend it. Meanwhile, the Frankvan der
Merwe type growth mode during 3D/2D QvdWE is difcult to see
because of the low Eads of adatoms [Fig. 7(b)]. For example, in
QvdWE of metals on 2D substrates, only Li, Na, and K are predicted
to follow Frankvan der Merwe-type growth mode due to the large
Eads/Ecoh and low diffusion barrier energy. Meanwhile, other group
metals follow either StranskiKrastanov-type or VolmerWeber-
type growth mode.87

In 2D/2D vdWE, Ecoh of adatoms is anisotropic for growing 2D
materials, which results in the layer-by-layer growth of the 2D epi-
layers.88–91 The edge site of the 2D epilayer is more active than that of
the plane; consequently, adatoms preferentially merge at the edge site
of the growing 2D epilayer, leading to the extension of the 2D epilayer
in ultrathin structures following the Frankvan der Merwe type
growth mode [Fig. 7(b)]. By contrast, the 3D substrates possess high
surface roughness and dangling bonds on the surface, which result in
high diffusion barriers that prevent the layer-by-layer growth of 2D
epilayers and increase the thickness of the 2D epilayer and the number
of 2D islands. Figure 7(c) shows the optical images of NbTe2 nano-
plates grown on substrates WSe2 and SiO2. The optical contrast of
NbTe2 indicates that a thinner layer of NbTe2 is grown on WSe2 in
comparison to that grown on SiO2. Figure 7(d) shows the thickness
distribution of NbTe2 nanoplates grown on WSe2 and on SiO2

FIG. 5. (a) Tilt/top-view FE-SEM image of InAs nanowires grown epitaxially on single layer graphene and schematic images of the atomic conguration presenting the nearly
coherent epitaxial relationship of zinc blende InAs [-110]//Gr [1-210].59 Reproduced with permission from Hong et al., Nano Lett. 12(3), 1431–1436 (2012). Copyright 2012 The
Royal Society of Chemistry. (b) Schematic illustration of the nanowire-assisted vdWE method for the growth of the GaN lm. (c) The tilted-view scanning electron microscope
(SEM) image of vertically aligned GaN nanowires with uniform height; the inset shows the high-magnication SEM image of hexagonal-shaped nanowires between which the
relative rotation angles of about 0, 10, and 30 are labeled by red, green, and blue lines, respectively. (d) The SEM image of a continuous and planar GaN lm. At the inter-
face between the nanowires and planar lm, the top of nanowires shows an inverted pyramid shape, formed during the epitaxial lateral overgrowth process, shown in the inset
of Fig. 1(d) labeled by orange dotted lines. Scale bars, 5 lm (d), 0.5lm [(c), inset of (d), and 0.2lm [(inset of (c)].62 Reproduced with permission from Ren et al., Sci. Adv. 7
eabf5011 (2021). Copyright 2021 American Association for the Advancement of Science.
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substrate, which clearly shows that the NbTe2 nanoplates on the WSe2
substrate are much thinner than those grown on the SiO2 substrate.

36

Similarly, thinner Bi2Te3 was synthesized on hBN in contrast to the
growth on SiO2 substrates.

92

2. Growth temperature

The nucleation density in QvdWE is directly related to growth
temperature. Nucleation density systematically decreases with increas-
ing growth temperature due to the desorption of adatoms at high tem-
perature.93 In general, MOCVD and CVD growth techniques

systematically yield lower nucleation densities than that of MBE due
to the difference in operation temperature.94

At high temperature, the increased diffusion rate promotes the
epitaxial alignment of epilayers. Adatoms with high kinetic energy at
high temperature are easily located at a stable position according to
surface potential of 2D substrates. When metals deposited on 2D
materials with insufcient thermal energy, there are some misalign-
ments of epitaxial orientations due to the limited diffusion of metal
adatoms.53 For examples, the crystallographic structure of Au on
MoS2 is changed from polycrystalline to single crystalline by elevating
deposition temperature [Fig. 8(a)].95 Moreover, Ag and Al are epitaxi-
ally grown on MoS2 with a62 misalignment upon deposition at

FIG. 6. (a) Schematic illustration of PZT (PbZr0.2Ti0.8O3)/mica heterostructure via vdW heteroepitaxy and the cross-sectional transmission electron microscope image depicting
the PZT/SRO (SrRuO3) and SRO/CFO (CoFe2O4)/mica interfaces along with the selected area diffraction patterns of PZT, SRO, and mica.

72 Reproduced with permission from
Jiang et al., Sci. Adv. 3, e1700121 (2017). Copyright 2017 American Association for the Advancement of Science. (b) Optical microscopic images of MoO3 nanosheets grown
on graphene, hBN, mica, and MoSe2. (c) Histogram of relative angles between the edges of MoO3 grown on various 2D substrates.73 Reproduced with permission from Kim
et al., 2D Mater. 6, 015016 (2019). Copyright 2019 IOP Publishing Ltd. (d) Optical image of CsPbBr3 on HOPG with different directions. The dotted arrows with the same color
between different CsPbBr3 show an ordered orientation. Different orientations of the CsPbBr3 result from the sixfold orientations of HOPG. (e) Planar view of atomic stacking
of the relaxed supercell used in DFT calculations.74 Reproduced with permission from Wang et al., ACS Appl. Mater. Interfaces 12(17), 19674–79681 (2020). Copyright 2020
The Royal Society of Chemistry.
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room temperature and that misalignment disappears upon annealing
to a moderate temperature [Fig. 8(b)].53

3. Interfacial strain

In 3D/2D QvdWE, the remaining interface strain energy between
the epilayer and 2D substrate should be considered. The nucleation
density of GaN nanowires on a graphene substrate is related to the
number of graphene layers. Owing to increased stiffness, a thicker gra-
phene template releases the strain energy less and leads to elevated
nucleation barrier on the graphene.96 The growth density of GaN
nanowires is dramatically decreased by increasing the number of gra-
phene substrate layers from 1 to 5 [Fig. 9(a)]. In the QvdWE of InP
and InAs nanowires on graphene, the thermodynamically less favor-
able wurtzite phase is grown. The ultrafast diffusion of adatoms on the
graphene surface might lower the activation energy barrier for the
wurtzite phase nucleation.97 The interface strain from the lattice mis-
match of InAs/graphene is effectively released by the formation of a

wurtzite phase for energy minimization in terms of less in-plane lattice
mismatching between wurtzite phase and graphene. The lattice mis-
match difference between epi-nanowire and 2D substrates results in
the phase separation of nanowires grown on 2D substrates. When
InGaAs nanowires are grown on graphene, core–shell phase separa-
tion of InGaAs to InAs/InGaAs is observed at the beginning of growth
[Figs. 9(b) and 9(c)].98 By contrast, no InGaAs phase segregation was
observed when the nanowires were grown on MoS2. The low lattice
mismatch between InxGa1–xAs and graphene of only 0.5% for x¼ 1
(InAs)60 and 5.65% for x 0.2 indicates that InAs is close to lattice
matched with graphene. However, MoS2 has a lattice parameter of
3.16 Å (larger than that of graphene by approximately 28%), offering
an alternative surface atomic conguration to stabilize the growth of
InGaAs.

To relax the interface strain, specic crystallographic alignments
between epilayers and 2D substrates are generated in QvdWE.
However, the weak vdW interaction induces crystallographic misalign-
ment between epilayers and 2D substrates relative to conventional

FIG. 7. (a) Schematic illustrations of the basic growth modes including Frank–Van der Merwe, Volmer–Weber, and Stranski–Krastanov growth. (b) Schematic illustrations of
the 3D/2D quasi van der Waals epitaxy and 2D/2D van der Waals epitaxy. Cohesive energy difference between 3D and 2D epilayer induces different growth modes. (c) Optical
images of the NbTe2 nanosheets grown on the WSe2 and SiO2/Si substrates. OM image show different thickness NbTe2 nanosheets on SiO2/Si. Scale bars are 5 lm. (d) The
histogram shows the thickness distribution of NbTe2 nanosheets grown on WSe2 and on SiO2/Si substrates.

36 Reproduced with permission from Wu et al., Adv. Funct. Mater.
29, 1806611 (2019). Copyright 2019 Wiley-VCH GmbH.
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epitaxy. Figure 10(a) shows the rotation angle distribution for vdWE
growth of MoS2 on hBN substrates. In addition, weak vdW interaction
decreases the energy difference of each crystallographic conguration,
and several stacking angles appear at the same time. Owing to the
minimal difference in relative energies between the 2H and 3R cong-
urations per unit cell for bilayer WSe2, there is a large probability of
nding equilateral triangular crystals with a relative angle difference of
60 [Fig. 10(b)]. Grain boundaries are formed after the coalescence of
these grains [Fig. 10(c)].94 The coalescence of different crystallographic
congurations of GaN nanowire on graphene also induces the

formation of grain boundaries [Fig. 10(d)].62 In the QvdWE of PbI2
on WS2, a metastable conguration (30-rotated stacking) is achieved
in addition to the most stable conguration, 0 stacking [Fig. 10(e)].99

C. Novel approaches toward epitaxial growth
on 2D templates

Surface engineering of 2D materials has been studied to enhance
nucleation on vdW surfaces. To engineer surface properties, defects or
functional groups are commonly generated.66,100–112 Defects or

FIG. 8. (a) Cross section transmission electron microscope images and atomic force microscope height images of Au on MoS2 grown at different temperatures. Grain boundaries
depicted by the yellow dotted line in the lm decrease with higher growth temperatures.95 Reproduced with permission from Chen et al., ACS Appl. Nano Mater. 3(3), 2997–3003
(2020). Copyright 2020 The Royal Society of Chemistry. (b) Selected area diffraction patterns (SAED) of Ag on MoS2 on deposition showing an epitaxial relationship of Ag(111)//
MoS2(0001). Ag has a 62 rotational misalignment, which can be seen where the spots have spread. SAED of Ag on MoS2 after annealing at 573 K showing the same epitaxy
but without the misalignment. The cross-sectional transmission electron microscope image measured after annealing shows epitaxial Ag on MoS2 with no line defects or grain
boundaries.53 Reproduced with permission from Domask et al., Cryst. Growth Des. 18(6), 3494–3501 (2018). Copyright 2018 The Royal Society of Chemistry.
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functional groups in 2Dmaterials make the dangling bond-free surface
more reactive, thereby promoting the seeding process in epitaxial
growth. Moreover, considering the large energy difference between the
defect/functional group and the pristine surface, the position of nucle-
ation sites for epitaxial growth can be dened by patterning the defect/
functional group on 2D materials.113 This strategy is hardly applicable
to conventional epitaxy substrates because the adatoms are intrinsi-
cally attached to 3Dmaterials by a chemical reaction.

The site-selective defect engineering of 2D materials has been
used to dene the nucleation sites of 2D epilayers, which enables to
achieve the patterned 2D/2D van der Waals heterostructures. To con-
trol the nucleation sites on surface, chalcogen vacancies were periodi-
cally generated on WS(Se)2 substrates by laser irradiation
[Fig. 11(a)].112 Owing to the higher volatility of S(Se) than that of W,
S(Se) is evaporated under laser irradiation, whereas W-terminated
sites remain. Considering that the adhesion energy of W-terminated
sites is higher than that of pristine areas, adatoms favor the W-
terminated sites for nucleation [Figs. 11(b) and 11(c)]. After nucle-
ation, the epilayer begins to grow laterally, resulting in the perfect
vdW interface betweenWSe2 and epilayers. The patterned vdWE tech-
nique can be applied to other vdW heterostructures, including VSe2/
WSe2, NiTe2/WSe2, CoTe2/WSe2, NbTe2/WSe2, VS2/WSe2, VSe2/

MoS2, and VSe2/WS2. No interdiffusion or chemical bonds are present
in the clean interface between 2D layers and 2D substrates at the over-
grown area. An atomically clean interface serves as synthetic 2D/2D
vdW contacts without lithography-induced contamination and
deposition-induced damage [Fig. 11(d)]. Metallic VSe2 was selectively
grown onto semiconducting WSe2 for contact formation. Transistors
with 2D/2D vdW contacts show improved performance in compari-
son to conventional metallization contacts [Figs. 11(e) and 11(f)].
Defect-mediated selective-area vdWE can also be realized by a focused
He ion beam,109 which generates carbon vacancies in graphene sub-
strates that serve as preferential nucleation sites for the growth of
hBN.109

Surface engineering of 2D substrates has been used to control the
epilayer morphology in 3D/2D QvdWE. The morphology of epitaxi-
ally grown ZnO on hBN substrate was controlled by oxygen and argon
plasma, which induced linked atomic defects on hBN and conse-
quently promoted the preferential nucleation of ZnO specically along
the linked atomic defects [Fig. 12(a)].111 Under the same growth con-
ditions, the pristine hBN surface resulted in ZnO nanoneedle arrays,
whereas plasma-treated hBN substrates yielded high-density vertical
nanowall networks [Fig. 12(b)].111 ZnO nanoneedles were grown on
atomic defects (or vacancies) of hBN, whereas the nanowalls were

FIG. 9. (a) Scanning electron microscope bird’s eye view of the nanowires grown near the central part of a pyramidal monocrystalline graphene ake. The ake consists of dis-
tinct terraces bounded by monolayer steps. From periphery to center, the graphene lm thickness increases while the nanowires density and height both decrease. Insets
show the nanowires at the terrace boundaries.96 Reproduced with permission from Kumaresan et al., Nano Lett. 16(8), 4895–4902 (2016). Copyright 2016 The Royal Society
of Chemistry. (b) Schematic illustration of spontaneous phase separation of InGaAs nanowires on the gaphene substrate in contrast to the MoS2 substrate. (c) High-angle
annular dark-eld scanning transmission electron microscopy (HAADF-STEM) image of phase-seperated InGaAs. Radial energy dispersive x-ray (EDX) linescan along the
white dashed line indicates the formation of coaxially heterostructured InAs/InxGa1–xAs nanowires.98 Reproduced with permission from Mohseni et al., Nano Lett. 13(3),
1153–1161 (2013). Copyright 2013 The Royal Society of Chemistry.
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grown along with the linked atomic defects. The position and diameter
of ZnO nanowire were controlled by modulating the position and size
of holes in graphene substrates.114 Hole arrays in multilayer graphene
were rst patterned by O2 plasma etching. The exposed edge line of

holes then functioned as the nucleation sites for ZnO nanowires
[Fig. 12(c)].114 The position and diameter of the ZnO nanowires were
controlled by dening the position and diameter of hole arrays, and
then the obtained nanowires were used as a growth template for

FIG. 10. (a) Area probability histogram of the relative rotation angle of single-layer MoS2 grown on hBN. Inset: a typical selected area electron diffraction (SAED) pattern of a
single-layer MoS2 ake grown on thin hBN. The green hexagon shows the sixfold-symmetric diffraction spots from MoS2 while the purple hexagon shows the sixfold-symmetric
diffraction spots from hBN.40 Reproduced with permission from Yan et al., Nano Lett. 15(10), 6324–6331 (2015). Copyright 2015 The Royal Society of Chemistry. (b)
Distribution of the relative in-plane azimuthal orientation of the WSe2 crystals for the WSe2 van der Waals homoepitaxy. Two distinct peaks are clearly noticed in the presented
histogram, originating from the large probability to nd equilateral triangular crystals with a relative azimuthal orientation at respective angles of 15 and 75. (c) Scanning
transmission electron microscopy (STEM) image of the WSe2 van der Waals homoepitaxy. The green triangle highlights the WSe2 crystal that is stacked in the 3R phase. The
yellow triangle highlights the WSe2 crystal that is stacked in the 2H phase. The coalescence of such two crystals results in the formation of a 60 grain boundary (GB) as sur-
rounded in the image with the withe rectangle. In the inset of (c), the magnied image of 60 GB is presented. The GB is highlighted using a blue dashed line. The scale bar is
2 nm. Reproduced with permission from Mortelmans et al., Appl. Mater. Today 22, 100975 (2021). Copyright 2021 Elsevier Ltd. (d) Calculated models of GaN/Gr for grain 1,
GaN 0//Gr 0, grain 2, GaN 10.9//Gr 0, and grain 3, GaN 0//Gr 30. Transmission electron microscopy images show the grain boundary between grain 1 and grain 2 and
between grain 1 and grain 3. The insets show fast Fourier transform (FFT) images from the boundary with the relative rotation angles of 10 and 29, respectively.62

Reproduced with permission from Ren et al., Sci. Adv. 7, eabf5011 (2021). Copyright 2021 American Association for the Advancement of Science. (e) STEM images of PbI2
0//WS2 0 and PbI2 30//WS2 0. Scale bars are 2 nm.99 Reproduced with permission from Erkılıç et al., ACS Appl. Mater. Interfaces 11, 40503 40511 (2019). Copyright
2019 The Royal Society of Chemistry.
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lattice-matched GaN and InGaN layers to fabricate InGaN/GaNmicro
light emitting diodes.

To grow uniform lms on 2D substrate, functionalization is gener-
ally used to increase the surface reactivity of the inert sur-
face.100,101,103–107,110 Such well-regulated groups can be anchored on the
2D surface to work as nucleation sites so that the upper material can
grow epitaxially on a large scale. QvdWE growth of high-quality AlN
lms was conducted on graphene/sapphire substrates [Fig. 13(a)].103

The sp3 C–N bonds in N2 plasma-treated graphene facilitate the AlN
nucleation. Density-functional theory (DFT) calculation veried that
the adsorption energy of Al atoms to sp3 C–N bond increased to
5.9 8.6 eV compared to that of graphene, 1.1 eV. The N2 plasma-
treated graphene substrate allowed the epitaxial growth of a large-area
single-crystal AlN lm. A high density of single-crystalline AlN islands
was grown on a graphene substrate by the in situ heat treatment of gra-
phene with NH3 gas during MOCVD to generate sp3 C–N bonds.107

Single-crystalline AlN islands functions as the direct epitaxial-growth
buffer layer to grow single-crystalline GaN thin lm. Nucleation
induced by articial dangling bonds is also applied to hBN substrates. A
high-quality AlN epilayer was grown on an hBN substrate through O2

plasma treatment.110 A small amount of N atoms in hBN was replaced
by O atoms, and some B–O chemical bonds were tilted from the c axis
[Fig. 13(b)]. At the nucleation stage, the tilted B–O bonds in O2 plasma-
treated hBN surface induced the tilt of the AlN islands, which merged
into uniform lms [Fig. 13(c)].110 Recent demonstration samples of sur-
face engineered QvdWE are summarized in Table III.

III. REMOTE EPITAXY ON 2D TEMPLATES

The quality of a material grown through heteroepitaxial growth
is determined by the lattice match between the epilayer and underlying
substrate. This requirement for closely matched lattice constants limits
the substrateepilayer combinations. Furthermore, the grown epilayer
generally includes abundant defects and grain boundaries. These
defects act as non-radiative recombination centers that degrade pho-
tonic and optoelectronic properties. Therefore, these materials limit
the performance of optoelectronic devices such as laser diodes and
avalanche photodiodes.115,116 By contrast, homoepitaxial growth can
be used to obtain a high-quality single-crystalline epitaxial layer
aligned with the crystal structure of the substrate. However, this
requires a relatively expensive substrate, which hinders the commercial
application of these electronic/photonic materials.117

Remote epitaxy is a recently proposed technique that can help
compensate for the shortcomings of hetero/homoepitaxy while retain-
ing the advantages of vdWE. Graphene exhibits lattice transparency,
which means it cannot completely screen electric elds and electro-
magnetic waves, due to the single-atom thickness-induced tunneling
effect of electromagnetic waves.118 Therefore, information on adjacent
crystals penetrates through graphene. The water droplet wetting angle
for various substrates under graphene is predominantly determined by
the underlying substrate and is barely affected by the graphene.119 It
was demonstrated that single-crystalline GaAs, InP, and GaP can be
grown on graphene-coated GaAs (001), InP (001), and GaP (001) sub-
strates, respectively, aligned with the substrate despite the presence of

FIG. 11. (a) Schematic of the laser-patterning process via focused laser (488 nm) irradiation combined with a raster scan in a confocal laser system. Large-area monolayer or
bilayer semiconducting TMDs (for example, WSe2, MoS2 and WS2) were rst grown using a chemical vapor deposition (CVD) process and then selectively patterned to create
periodic defect arrays that function as exclusive nucleation sites for site-specic growth of metallic TMDs (for example, VSe2, VS2, CoTe2, NiTe2, and NbTe2) to form van der
Waals heterostructure arrays. (b) The adsorption energy comparison of VSe2 species on pristine WSe2 and the W-terminated surface. (c) Illustration of the nucleation and
growth of VSe2 on the W-terminated surface at the patterned sites. (d) Cross-sectional scanning transmission electron microscopy (STEM) image of the van der Waals hetero-
structure interface with the corresponding atomic model for VSe2 (upper layers) and WSe2 (lower layer) and the intensity prole (right), with the white dashed line highlighting
the heterojunction interface. (e) Optical microscope image of back-gated WSe2 transistors with VSe2 van der Waals contacts. (f) Comparisons of WSe2 transistors with syn-
thetic van der Waals contacts and directly deposited metal (Cr/Au) contacts on the 285 nm SiO2/Si substrate by transfer characteristics.

112 Reproduced with permission from Li
et al., Nature 579, 368–374 (2020). Copyright 2020 Springer Nature.
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monolayer and bilayer graphene (BIG) interlayers [Figs. 14(a)–14(c)].7

These results imply that the crystallographic features of the underlying
substrate also can penetrate graphene and remotely determine nucle-
ation and crystallization during the initial epitaxial growth stage.120

Their work showed that a heterojunction light emitting diode fabri-
cated using remote epitaxy exhibited electrical and electrolumines-
cence characteristics that were comparable to those of devices grown
using conventional homoepitaxy [Figs. 14(d) and 14(e)]. In addition,
the epilayer was easily released from the epitaxial substrate, and the
characteristics were maintained even after the device was transferred
to other substrates. These results illustrate two important ndings:
rst, the electrostatic potential of the substrate is not completely
screened by the multiple layers of graphene, which means the crystal
alignment of the substrate can be transmitted via remote interactions;
and second, the epilayer grown by remote epitaxy can be easily exfoli-
ated and transferred to another substrate without degrading the qual-
ity of the epilayer. These ndings have encouraged research on the use
of the remote epitaxy technique to grow various oxide compounds
and metals, as well as III–V, III–N, and I–VII compound semiconduc-
tors.115,117,120–122 A summary of the recent examples of epilayers
grown with remote epitaxy is presented in Table IV.

A. Origin and control factors of remote epitaxy

The remote interaction between an epilayer and a substrate can be
explained by charge redistribution on the graphene surface. DFT calcula-
tions showed the electrostatic potential modication on the surface of gra-
phene in a graphene/c-ZnO system [Figs. 15(a) and 15(b)].120 In the vdW
gap between the graphene and substrate, electron accumulation and
depletion alternate in the vertical direction according to the lattice
arrangement. Depletion of electrons is mainly observed around graphene.
By contrast, more electrons are accumulated along c-ZnO. Therefore, a
dipole is formed in the vertical direction at the vdW binding interface.
When the precursor adatom approaches the graphene surface, adhesion
and diffusion can occur at a xed position owing to the dipole moment.
These results suggest that the underlying substrate can inuence the ada-
tom across the graphene interlayer by means of the net charge difference
along the z-axis direction, which is induced by charge redistribution.
Notably, the distance between the monolayer of graphene (MLG) and the
c-ZnO substrate decreased from 3.12 to 2.78 Å after remote epitaxial
growth, indicating that a strong remote electrostatic attraction still existed
between the substrate and the epilayer [Fig. 15(a)]. Similarly, GaN grown
on the graphene/SiC system through remote epitaxy possessed a Ga
polarity identical to that of GaN grown by direct epitaxy.123

FIG. 12. (a) Cross-sectional schematic showing how ZnO nanoarchitectures are formed on a plasma-treated hBN area. During the metal–organic chemical vapor deposition
(MOCVD) process, multiple ZnO nuclei that preferentially dwell along the edge of the plasma-treated area are then connected at their base to form outer nanowalls. (b)
Schematic of the fabrication process and tilt-view eld-emission scanning electron microscopy images of ZnO vertical nanoneedle arrays and nanowall networks.111

Reproduced with permission from Oh et al., NPG Asia Mater. 6, e145 (2014). Copyright 2014 Springer Nature. (c) Scanning electron microscope (SEM) image of the InGaN/
GaN micro crystal array grown on ZnO nanowires. Micro light emitting diodes was fabricated by epitaxial growth of undoped GaN (u-GaN), n-GaN, the InGaN/GaN MQW, and
p-GaN on ZnO nanowires.114 Reproduced with permission from Yang et al., ACS Photonics 7(5), 1122–1128 (2020). Copyright 2020 The Royal Society of Chemistry.
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According to the underlying mechanism of remote epitaxy, the
physical distance between the substrate and the epilayer plays a cru-
cial role in determining the lattice alignment by charge redistribu-
tion. The seeding effect is weakened by the reduced interaction,
resulting in a lowered nucleation density and degraded crystal qual-
ity, along with the introduction of polycrystallinity.124 For example,
although single-crystalline GaAs grew on a GaAs(0001) substrate
coated with MLG, a (111)-dominant polycrystal grew when bilayer
and tetralayer graphene were used as interlayers [Fig. 16(a)]. These
results demonstrate the existence of a “true charge interaction gap”
through which crystallographic information from the underlying
substrate can be transmitted.7 As shown in Fig. 15, the screening
effect of graphene for bilayer graphene (BLG) is greater than that for
MLG. The screening effect depresses the dipole-induced generation
of nucleation sites, consequently disturbing the epitaxial growth of
the resulting materials. Therefore, nucleation density decreases with
the increasing number of graphene layers owing to the decrease in
adhesion energy, which is attributed to dipole momentum damping
[Fig. 16(b)]. The adhesion energy at the graphene surface on the

c-ZnO substrate decreased from 52.0meV/Å2 with the use of
MLG to32.3meV/Å2 with BLG.120

The use of polar 2D materials, such as hBN and TMDs, results in
even lower adhesion energies. The strong polarity of these 2D materi-
als signicantly attenuates electrostatic potential propagation, thereby
affecting the nucleation and orientation of the epilayer. Kong et al.8

have theoretically and experimentally demonstrated that the potential
uctuation of the GaN substrate is attenuated more by a hBN (polar)
interlayer than by a graphene (non-polar) interlayer. Monolayer hBN
disrupts the transmission of the crystallographic information of the
substrate, resulting in the growth of an GaN epilayer with two inter-
mixed phases [Fig. 16(c)].8 Furthermore, as the number of layers of
hBN increases, the effects of vdWE through the hBN template become
more dominant than those of remote epitaxy.

In the same context, substrate polarity can also affect the poten-
tial uctuation distance. As the ionicity of the substrate increases, the
electric potential of substrate can better penetrate the buffer layer, con-
sequently affecting the growth of upper layer more strongly and
enabling remote interaction at greater distances.116,132 In the case of Si

FIG. 13. (a) Schematic diagram of the nucleation and lm growth of AlN on the N2-plasma-treated graphene/sapphire substrate. (1) Enhanced AlN nucleation on the plasma-
treated graphene/sapphire substrate through Al–N bonding. (2) Then, the fast 2D lateral growth of the AlN islands to form a continuous lm due to the reduced diffusion barrier
of adatoms on the ideal graphene.103 Reproduced with permission from Chen et al., Adv. Mater. 31, 1807345 (2019). Copyright 2019 Wiley-VCH GmbH. (b) Schematic dia-
grams of the atom connective structure of hBN before and after the O2 plasma treatment. O atoms can replace some N atoms in the hBN. (b) Schematic illustration of the
growth mechanism of AlN materials on hBN/sapphire and plasma-treated hBN/sapphire.110 Reproduced with permission from Wu et al., CrystEngComm 19, 5849–5856
(2017). Copyright 2017 The Royal Society of Chemistry.
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and Ge with pure covalent bonds, potential uctuation rapidly decays
by a factor of r-6, where r is interatomic distance (the Lennard-Jones
model). Materials with ionic bonds, such as Ga–N, experience dipole
eld stemming by a factor of r2. Consequently, longer-distance elec-
trostatic potential transmission is possible for substrates with greater
ionicity [Fig. 17(a)] due to the stronger polar cohesive ordering by
greater electronegativity difference between the substrate and adatom.8

Wang et al.133 showed that the electron charge density of sapphire
transmitted through a bilayer hBN interlayer of 7 Å because of the
high ionicity of the sapphire substrate, which facilitated the growth of
single-crystalline HfS2 [Fig. 17(b) and 17(c)]. Furthermore, single-
crystalline ZnO was successfully grown even when a trilayer graphene
interlayer was used.120 The remote interaction of the substrate and
adatom depends not only on the polarity of the substrate, but also on
the polarity of the adatom. For example, because the diffusion length
of Ge adatoms is smaller than that of Ga and As adatoms, the remote
interaction between the adatom and the substrate in the Ge/graphene/
GaAs system is larger than that in the Ge/graphene/Ge system and
smaller than that in the GaAs/graphene/GaAs system.125 Despite the
relatively high ionicity of GaAs, single-crystalline GaAs and Ge did
not form in the graphene/Ge and graphene/GaAs templates, respec-
tively [Figs. 18(a)–18(d)], indicating that both the substrate and ada-
tom play important roles in remote interaction.

Furthermore, the cleanliness of the graphene/substrate interface
and graphene surface is a determining factor for potential propagation.
Native oxide and contaminants present at the interface between the
graphene and substrate increase the interlayer spacing and cause elec-
trostatic uctuations, thereby degrading the quality of the epilayer.134

For instance, a wet transfer technique for CVD on graphene results in
many adsorbates on the graphene surface.135,136 These adsorbates hin-
der lattice transparency, thereby weakening the remote interaction
between the adatom and substrate. Therefore, the wet transfer tech-
nique can induce more grain boundaries and defects in epilayers than
the dry transfer technique.7,125 In addition, when polycrystalline gra-
phene is used as an interlayer, the non-uniform thickness and organic/
metal residues can cause inhomogeneous epitaxial growth.137 Notably,
these contaminants can be removed through additional annealing
steps to improve the conformality of the graphene and sub-
strates.138–140 These results provide two general rules for obtaining a
single-crystalline epilayer using remote epitaxy: (1) interaction
between the underlying substrate and epilayer must be enabled; and
(2) the seeding layer should be determined by the epitaxial substrate
and not by the 2D interlayer.

Although graphene is chemically and thermally inert, it can be dam-
aged under harsh growth conditions, such as the high temperatures and
corrosive precursors employed for compound semiconductors.141–143

TABLE III. Summary of recent examples of surface engineered (quasi) van der Waals epitaxy.

2D substrates Epilayers Growth methods
Surface engineering

methods
Defect (functionaliza-

tion) type
Epilayer

morphologies References

Graphene AlGaN MOCVD Plasma (O2) Oxygen functional
group (O–sp3C) and C

vacancy

Film 100

Graphene GaN MOCVD Plasma (O2) Oxygen functional
group (O–sp3C) and C

vacancy

Film 101

Graphene ZnO MOCVD Plasma (O2) Linked vacancy Nanowall 102
Graphene AlN MOCVD Plasma (N2) Nitrogen functional

group (N–sp3C) and C
vacancy

Film 103

104

105

Graphene GaN MBE Plasma (N2) Nitrogen functional
group (N–sp3C) and C

vacancy

Nanowire 66

Graphene AlN MOCVD Plasma (XeF2) Fluorine functional
group (F–sp3C)

Film 106

Graphene AlN MOCVD High-temperature
NH3 exposure

Nitrogen functional
group (N–sp3C)

Film 107

Graphene GaN MOCVD High-temperature
NH3 exposure

Nitrogen functional
group (N–sp3C)

Micro ake 108

Graphene hBN MBE Focused ion beam
(He)

C vacancy Spatially controlled
micro ake

109

hBN AlN MOCVD Plasma (O2) Oxygen functional
group (O–sp3B)

Film 110

hBN ZnO MOCVD Plasma (O2) Linked vacancy Nanowall 111
WS2WSe2 VS2, VSe2, NiTe2,

CoTe2, NbTe2
CVD Laser irradiation

(433 nm)
S, Se vacancy Spatially controlled

micro ake
112
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Considering that surface energy largely uctuates at the defect sites of gra-
phene, the crystallographic information of the substrate is screened.
Therefore, nucleation can occur at the dangling bonds of graphene due to
potential uctuations, resulting in vdWE instead of remote epi-
taxy.125,144,145 In addition, small holes and torn regions induced in gra-
phene in the transfer process form a direct covalent bond for the epilayer
with the substrate through opening-mediated nucleation, thereby causing
lateral overgrowth or inhibiting exfoliation characteristics.120 Several
methods have been proposed to overcome this problem. Kum et al.
employed bilayer graphene as an interlayer instead of monolayer to pre-
vent the damage of graphene during lm deposition process.126 This pre-
vented the direct bonding between substrates and epilayers and
successfully yielded various single-crystalline complex oxides, such as
perovskite SrTiO3 [Fig. 19(a)], perovskite BaTiO3, spinel CoFe2O4, and
garnet Y3Fe5O12. Moreover, a multi-step remote epitaxy technique has
been proposed, in which an epilayer is grown under harsh conditions
after rst forming a seed layer at a moderate temperature at which gra-
phene is not damaged [Fig. 19(b)]. A two-step method was proposed for
growing the GaNmain layer at 1075 C after nucleation at 700 C using a
low-pressure MOCVD technique.127 The GaN epilayer grown using this
method with a nucleation step of 2min possessed comparable structural
and optical properties to those of the layer grown directly on the underly-
ing GaN substrate owing to the reduced damage to graphene [Figs. 19(c)
and 19(d)]. Similarly, it was reported that dividing pre-nucleation

annealing steps into hydrogen-based initial annealing and ammonia
mixture-based nucleation can help minimize damage to the graphene
template.123

Based on the experimental results above, three important design
considerations for remote epitaxy can be deduced: polarity of the epi-
taxial materials (adatom, 2D interlayer, and substrate), interfacial
properties, and crystal quality of the 2D interlayer. Therefore, to obtain
high-quality epilayers by remote epitaxy, further research on various
aspects, such as cleaning, transfer, and growth conditions, is required
to diminish the formation of residues, defects, and adlayers and to
form the conformal contact of the 2D interlayer with the substrate.

B. Applications of remote epitaxial growth

Remote epitaxy can be used to obtain a high-quality epilayer
through heteroepitaxial growth. In general, a lattice mismatch between
a substrate and an epilayer in heteroepitaxy causes crystalline defects
such as a dislocation. Built-in strain energy accumulated in the epilayer
by lattice mismatch is released by generating dislocations above a criti-
cal thickness [Fig. 20(a)]. Both vdWE and remote epitaxy use slippery
2D layers as an epitaxial template that have weak vdW interactions
with adjacent layers. Thus, the mist strain is spontaneously relaxed
during growth [Fig. 20(b)].128 It was estimated that the energy
required to displace the interface on the surface of graphene is several

FIG. 14. (a) High-resolution x-ray diffraction x–2h scans (top) of the exfoliated semiconductor/stressor stack and large-scale electron backscatter diffraction (EBSD) maps that
include GaAs(001) (left), InP(001) (middle), and GaP(001) (right) epilayers. (b) High-resolution STEM images showing excellent remote alignment of the GaAs(001) lattices
through the graphene. Convergent-beam electron diffraction patterns from the epilayer (top inset) and the substrate (bottom inset) show identical zinc-blende (001) orientations.
(c) Cross-sectional SEM image of heterojunction LEDs. (d) I–V curves of LEDs grown on graphene–GaAs substrates and directly on GaAs. Inset, emitted red light from the
LEDs grown on the graphene–GaAs substrate. (e) Electroluminescence spectra of the LEDs grown on graphene–GaAs substrates and directly on GaAs. Inset, photographs of
functioning LEDs grown on both substrates.7 Reproduced with permission from Kim et al., Nature 544, 340 (2017). Copyright 2017 Springer Nature.
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orders of magnitude smaller than that required for generating disloca-
tions and delamination due to the weak interface adhesion [Fig.
20(c)].128 Therefore, the strain accumulated in the epilayer can be
spontaneously relaxed [Fig. 20(b)]. This decoupling of graphene and
the epilayer causes the growth of a high-quality epilayer with low dis-
location density [Figs. 20(e) and 20(f)]. The dislocation density when
InGaN was grown with heteroepitaxial remote epitaxy on a graphene-
coated GaAs substrate was 3.72 108 cm2, which was lower than the
dislocation density of layers grown on the bare GaAs substrate
(1.49 109 cm2). Moreover, the diffusion of In caused by InGaN
strain was suppressed due to strain relaxation during remote epitaxy,
facilitating the production of InGaN/GaN multi-quantum-well light
emitting diodes with a high level of In incorporation of 30%.122

Remote epitaxy is expected to help realize highly crystalline epilayers
for photonic applications by improving the non-radiative recombina-
tion and effective carrier lifetime by minimizing mist and threading
dislocations.116

For an epilayer grown on a 2D material template via vdWE or
remote epitaxy, the epitaxial interface exhibits non-covalent vdW bond-
ing. Therefore, as shown in Fig. 21(a), the GaN tetrahedrons grown via
remote epitaxy on a graphene/GaN substrate possess a weak adhesion
energy and are easily moved to the periphery of the swept zone by
atomic force microscopy sweeping.123 The weak adhesion energy ena-
bles the detachment of the grown epilayer from the epitaxial substrate
via a nondestructive process to obtain a high-quality freestanding mem-
brane.129 Several methods for exfoliating the epilayer into a freestanding
membrane have been reported.120,146,147 The key idea of the proposed
methods is to apply a supporting layer, such as polyimide or a metal
stressor, onto a grown lm and then mechanically peel it off using a
exible handling layer (i.e., thermal release tape) [Fig. 21(c)].130,147 The
quality of the freestanding membranes obtained through these techni-
ques is maintained because there are no chemical bonds breaking
between the layer and substrate. Furthermore, the exfoliated freestand-
ing membrane can be transferred to various functional substrates,
providing an additional degree-of-freedom for manufacturing high-
performance (opto)electronic devices. The original substrates can be
reused for additional epitaxial growth, thereby reducing the cost of the
semiconductor manufacturing process [Fig. 21(c)]. The epilayers grown
on the reused substrates do not exhibit any performance degradation.
The defect density and EL characteristics of GaN light emitting diodes
grown with remote epitaxy on reused graphene/c-plane sapphires were
comparable to those of GaN light emitting diodes grown on virgin sub-
strates [Fig. 21(b)].130 However, the formation of defects such as tears,
holes, and wrinkles on the 2D interlayer in the exfoliation and growth
processes results in the degradation of the epilayer quality and limited
exfoliation. Thus, additional processes such as etching of the 2D mate-
rial with cleaning and polishing of the substrate are essential to reuse the
substrate.117 To overcome these constraints, a graphene buffer layer/SiC
system was used as a growth template [Fig. 21(d)].124 The strong cova-
lent bond between the graphene buffer layer and the SiC substrate
reduces the distance between the substrate and epilayer. The reduced
distance not only improves the potential penetration of the substrate
[Fig. 21(e)] but also prevents damage to the buffer layer during the epi-
layer exfoliation process, enabling multiple growth–release cycles at
100% yield [Fig. 21(f)].

Many studies have shown that GaN, GaP, and GaAs epilayers
and micro-/nanorods grown via remote epitaxy can be utilized asTA
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high-quality light emitting diodes and exible devices [Figs.
22(a)–22(e)].7,122,128,130,131 In addition, a multi-dimensional hetero-
structure system with various structures and orientations can be fabri-
cated by integrating various freestanding membranes. For example,
Pb(Mg1/3Nb2/3)O3–PbTiO3 (PMN-PT) has a signicantly high piezo-
electric coefcient in its single-crystalline form, and CoFe2O4 has a
high magnetostriction coefcient.148–151 Freestanding PMN-PT and
CoFe2O4 grown using remote epitaxy have high crystal quality, and
the clamping effect by the substrate is excluded; thus, these characteris-
tics can be greatly improved. Moreover, heterostructures integrating
PMN-PT and CoFe2O4 exhibit extraordinary performance due to the

coupling effect [Figs. 22(f) and 22(g)].126 In addition, the HfS2 layer
grown on the hBN/sapphire substrate can be used for fabricating a
high-performance photodetector by weak interface scattering between
HfS2 and hBN [Fig. 22(h)].133 Integration of the freestanding lms
synthesized using remote epitaxy with various membranes/substrates
to produce 3D/3D, 3D/2D, and 2D/3D functional heterostructures can
help overcome the functionality and scalability limitations of conven-
tional devices. Moreover, it provides opportunities for exploring new
physics and developing unprecedent next-generation electronic and
optoelectronic devices.

IV. INTERCALATION GROWTH OF QUASI-2D LAYERS

Although some compounds can be implemented in a 2D form,
most compounds with covalent and ionic bonds cannot exist with
thicknesses of a few atoms. When materials are scaled down to a few-
atom thickness, they transition to another thermodynamically stable

FIG. 15. Atomic structure and charge density difference (DCD) of remote homoepi-
taxial (a) c-ZnO/MLG/c-ZnO, and (b) c-ZnO/BLG/c-ZnO heterointerfaces. All the left
panels show stable atomic congurations and DCD of substrates before remote
epitaxy, while the right panels correspond to those of remote epitaxial heterointerfa-
ces after overlayer growth. DCDs are depicted at isosurface levels of 60.0002 e/
bohr3. The yellow and blue isosurfaces stand for the electron accumulation and
depletion regions, respectively. The dotted-line boxes are chosen to represent
repeating units, where partial charges resulting from electron accumulation and
depletion are denoted with d and dþ, respectively. The bond dipoles of “þ!”
marked in the dot-line boxes denote the electric dipoles with Lewis notation to
describe electric eld direction and bond polarity.120 Reproduced with permission
from Jeong et al., Nanoscale 10, 22970 (2018). Copyright 2018 The Royal Society
of Chemistry.

FIG. 16. (a) Electron Back Scattered Diffraction (EBSD) maps of GaAs grown on
and exfoliated from “monolayer” graphene–GaAs(001) substrate (left), showing
(001) single-crystallinity, and of GaAs grown on and exfoliated from “bilayer” (mid-
dle) and “tetralayer” (right) graphene–GaAs(001) substrate showing (111)-dominant
polycrystallinity. On the right is the inverse pole gure color triangle for crystallo-
graphic orientations.7 Reproduced with permission from Kim et al., Nature 544, 340
(2017). Copyright 2017 Springer Nature. (b) Schematic (top) and EBSD (bottom) of
the exfoliated surface of GaN on MLG/GaN (left), BLG/GaN (middle), and trilayer-
graphene/GaN (right). (c) Schematic (top) and EBSD (bottom) of the exfoliated sur-
face of GaN on ML-hBN/GaN (left), BL-hBN/GaN (middle), and trilayer-hBN/GaN.8

Reproduced with permission from Kong et al., Nat. Mater. 17, 999 (2018).
Copyright 2018 Springer Nature.
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phase. Moreover, they are easily degraded by environmental mole-
cules.10,152,153 This is because the high surface energy caused by unsat-
urated dangling bonds on the surface constrains reduction of the
surface, thereby inducing charge compensation by electron redistribu-
tion and surface reconstruction.10,153 Due to these limitations, most of
the research on non-vdW 2D materials (quasi-2D material) has been
focused on theoretical approaches. A growth method for quasi-2D
materials that employs the intercalation phenomenon of graphene has
recently been proposed.154–157 This method overcame thermodynamic
and kinetic limitations of the approach and suggested the possibility of
expanding a new class of 2D materials that were previously nonexis-
tent. In this part, we briey introduce the emerging technique of grow-
ing quasi-2D atomic crystals by using the intercalation characteristics
of graphene.

Recently, Al Balushi et al. demonstrated a 2D GaN synthesized
by a migration-enhanced encapsulated growth method using a
quasi-freestanding epitaxial graphene (QFEG)/SiC(0001) template
(Fig. 23).10 They showed that a 2D GaN with a wurtzite structure is
formed when a QFEG/SiC substrate is sequentially exposed to the tri-
methylgallium precursor and ammonia. These results are of great

signicance because dimensional scaling of wurzite GaN causes a
spontaneous transition into a planar-coordinated graphitic structure
through charge compensation. This implies that the graphene layer
located at the upper region of quasi-2D GaN plays an important role
in stabilizing the 2D-buckled GaN structure, which will be discussed
below.

A. Growth mechanism of quasi-2D layers through
intercalation

In SiC substrates, the Si atoms on the surface are sublimated at
temperatures above 1200 C, and then reconstruction of the
(6


3

p
 6


3

p
)R30 layer follows.158 The top carbon layer forms a hon-

eycomb structure, generally referred to as the buffer layer or zeroth
layer, and one-third of the bottom carbon atoms are covalently bound
with the SiC substrate to form a quasi-freestanding epitaxial graphene
(QFEG) [Fig. 23(a)]. Subsequently, passivation of the dangling bonds

FIG. 17. (a) The schematic of the remote interaction penetration depth depending
on ionicity across groups IV, III–V, and I–VII materials shows that graphene trans-
parency increases with material ionicity.8 Reproduced with permission from Kong
et al., Nat. Mater. 17, 999 (2018). Copyright 2018 Springer Nature. (b) Cross-
sectional TEM image of the HfS2 layer on c-sapphire through a monolayer hBN.
The inset shows the corresponding fast Fourier transfer (FFT) pattern. (c) XRD azi-
muthal scans taken on the HfS2 (10-11) and sapphire (11-26) reections for as-
prepared templates with different hBN interlayers.133 Reproduced with permission
from Wang et al., Nanoscale 11, 9310 (2019). Copyright 2019 The Royal Society of
Chemistry.

FIG. 18. (a) Schematic illustration (left) top-view scanning electron microscopy
(SEM) image (middle) and EBSD map (right) of GaAs grown on graphene/GaAs.
The scale bar in the SEM image is 10lm. The scale bar in the EBSD map is
2lm. Top-view scanning electron microscopy (SEM) images (left) and EBSD maps
(right) of (b) Ge on graphene/Ge, (c) Ge on graphene/GaAs, and (d) GaAs on gra-
phene/Ge. All scale bars of SEM images and EBSD maps are 2 lm.125

Reproduced with permission from Kim et al., ACS Nano 15, 10587 (2021).
Copyright 2021 American Chemical Society.
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existing at the interface between graphene/SiC through hydrogeneration
decouples the QFEG from the substrate, resulting in the generation of
an additional graphene layer. Therefore, n-layer graphene can be grown
into (nþ 1)-layer graphene through repeated hydrogen intercalation
[Fig. 23(b)].154 When the QFEG/SiC substrate is exposed to the trime-
thylgallium precursor, Ga adatoms are decomposed at the surface of
graphene and easily diffused into the QFEG/SiC interface because of the
lowered energy by hydrogenation [Fig. 23(c)]. Thereafter, when the sub-
strate is exposed to ammonia at 675 C, a 2D GaN with a wurtzite struc-
ture is formed through a chemical reaction between the decomposed
nitrogen and intercalated gallium [Figs. 23(d)–23(g)].

The formation of a quasi-2D material using an intercalation
method involves complex interactions of adatom, graphene, and a sub-
strate. Graphene defects, such as grain boundaries, point defects, and
wrinkles, act as a pathway through which the adjacent molecules can
enter the QFEG/SiC interface. By using DFT calculations, it was dem-
onstrated that the vacancy formation energy of graphene decreases
with the cooperative effect of the adatom and substrate [Figs. 24(a)
and 24(b)].159 When an Si adatom is located on the surface of the

freestanding graphene, the defect formation energy of graphene is con-
siderably stable at 8.09 eV [Fig. 24(a)]; however, the energy is signi-
cantly reduced to 0.23 eV when the graphene is supported on a Ru
substrate [Fig. 24(b)]. Theoretical simulations and experiments demon-
strated that this formation energy reduction is a universal phenomenon
in various adatom/substrate systems. In addition, the precursor-derived
adatoms break the carboncarbon bond near the pre-existing defects
of graphene, thus causing defect enlargement.160,161 Therefore, adatoms
dissociated at the graphene surface can be intercalated into the interface
between graphene and SiC through the enlarged holes and the newly
formed defects from the hydrogenation process [Fig. 24(c)].162 Defect
engineering of graphene can stimulate such intercalation. By control-
ling the permeability according to the density or conguration of
defects formed in graphene through UV/ozone, electron beam, and
plasma treatments, it is possible to permeate atoms with large atomic
sizes, such as Ga, In, and Sn, or increase the lateral coverage.11,163

Hydrogenation of SiC substrates also plays an important role in deter-
mining the coverage of 2D materials. In interfaces without hydroge-
nation, atoms cannot easily diffuse owing to the disturbance of the

FIG. 19. (a) Micrography of the exfoliated SrTiO3 membrane on graphene-coated SrTiO3 substrates with varying graphene thickness. Holes are evident (indicated by black
arrow) from monolayer graphene compared bilayer graphene. The scale bar indicates 20lm. The holes are due to macroscopic holes and tears of the graphene during trans-
fer, resulting in homoepitaxy on those areas and ultimately leading to spalling during exfoliation.126 Reproduced with permission from Kum et al., Nature 578, 75 (2020).
Copyright 2020 Springer Nature. (b) Schematic illustration of multi-step remote epitaxy techniques. (c) TEM images of GaN epilayers on graphene with the nucleation layer
(left) and magnied GaN/graphene/GaN interface (right). (d) XRD rocking curves of GaN epilayers grown on graphene.127 The reference indicates the rocking curve width of
the GaN epilayer grown directly on the underlying GaN. Reproduced with permission from Badokas et al., J. Phys. D: Appl. Phys. 54, 205103 (2021). Copyright 2021 IOP
Publishing Ltd.
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Si dangling bonds with a relatively high diffusion-energy barrier against
the intercalants. By contrast, intercalation and diffusion easily occur
after the hydrogen intercalation process because of reduced interfacial
energy, which enhances the lateral coverage.

Atoms stabilized by the low interface energy cause an interface
ordering in the 2D form by spatial restriction and interaction with the
underlying substrate. For example, single-layer gold atoms synthesized
at the heterointerface between graphene and 6H-SiC(0001) have a
highly ordered triangular lattice by imitating the SiC (1 1) registry
[Fig. 25(a)].9,164 By contrast, Au atoms deposited on the SiC(0001)
substrate without a graphene capping layer do not follow the (1 1)
order, thereby conrming that graphene stabilizes the unique ordering
and electronic structure of the synthesized quasi-2D materials.165,166

Intercalated post-transition metals, such as Ga, In, and Sn, at the gra-
phene/SiC interface also can be arranged and stabilized in one to three
atomic layer forms according to the chemical potential of each metal
[Fig. 25(b)].11 Furthermore, quasi-2D group III-nitrides, such as GaN,
InN, and AlN, obtained through the nitridation of quasi-2D single ele-
ments show the lattice alignment with the substrates.10 This nding is
due to the altered orbital of an atom or chemical structure of a mole-
cule by the strong interaction between the intercalant and substrate, as
well as the connement effect by the spatial restriction.167 The electri-
cal and structural properties of the quasi-2D material can be further
tuned by manipulating the interfacial properties. The graphene
defects generated during intercalation can be recovered by annihilating
the carbon vacancies at a relatively low annealing temperature

(300–800 C) after the growth process.159,167 The repaired graphene
also prevents oxidation and lattice reconstruction by blocking the syn-
thesized quasi-2D materials from oxygen or chemical species. This
sealing effect enables the ex situ analysis of the intrinsic properties of
the quasi-2D materials without degradation by environmental mole-
cules.167 The resulting quasi-2D materials form a strong covalent bond
with the SiC substrate and a non-bonded vdW interface with the gra-
phene overlayer, named the “half vdW” structure [Fig. 25(c)].10

Overall, the formation of a quasi-2D material through intercalation
follows four key steps: formation of defects, intercalation and diffusion
of atoms, ordering and growth of intercalants, and repairing of gra-
phene. Many experiments and theoretical results have demonstrated
that this phenomenon is universal and can be extended to various
adatom/substrate systems.

B. Characteristics of quasi-2Dmaterials and their
heterostructures

The quasi-2D materials grown using the intercalation technique
exhibit electrical and structural properties that are signicantly differ-
ent from those of their bulk forms. The most common phenomenon is
bandgap tuning due to strong quantum connement. For example,
the exciton Bohr radii of InN, GaN, and AlN are 8, 2.4, and 1.4 nm,
respectively, and the electronic properties of few-atom-thick 2D InN,
GaN, and AlN are modied by the strong quantum connement effect
[Figs. 26(a)–26(c)].10 The bandgap of 2D InN as measured using scan-
ning tunneling spectroscopy is 26 0.1 eV, which is wider than that of

FIG. 20. (a) Schematic diagram of strain relaxation via the introduction of a dislocation. T indicates where a dislocation forms. (b) Schematic diagram of strain relaxation via
spontaneous relaxation. (c) Energy barrier required for the interface sliding of epilayers on graphene/substrates and bare substrates (left) and threshold energy for the situa-
tions of interface sliding on graphene, the introduction of a dislocation, and interface sliding on bare GaAs (right). (e) Cross-sectional view of GaP grown on bare GaAs and (f)
cross-sectional view of GaP grown on graphene/GaAs.128 Reproduced with permission from Bae et al., Nat. Nanotechnol. 15, 272 (2020). Copyright 2021 Springer Nature.
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bulk InN (0.7 eV).168 Similarly, quasi-2D GaN with a buckled structure
grown by the intercalation method has a direct bandgap of 5.28 eV,
which is larger than the indirect bandgap of freestanding 2D GaN in
the planar structure (4.12 eV) and the direct bandgap of the wurtzite-
structured bulk GaN (3.42 eV).10 This shows that the quasi-2D GaN
grown by the intercalation method can be used in deep-ultraviolet
photonic and optoelectronic applications. Notably, quasi-2D transition
metals such as Au and Ag exhibit metal-to-semiconductor transitions
depending on thickness.9,169 Moreover, the charge transfer and orbital
overlap between graphene and quasi-2D materials affect the electronic
state of each layer. 2D Ga exhibits superconducting properties owing
to the interaction with graphene overlayers.11 Furthermore, the Dirac
point of graphene shifts because quasi-2D materials act as an electron
donor or acceptor.161 The heterostructure of the graphene/quasi-2D
materials naturally formed in the intercalation growth process enables
the fabrication of Moire superstructure, double lateral junction, and
Schottky junction devices without additional processes such as exfolia-
tion or transferring [Figs. 26(d)–26(i)].9,10,170,171 This new class of 2D
materials and their heterostructures are expected to enable the devel-
opment of new electronic, optoelectronic, superconductor, and plas-
monic devices with new physics. However, the synthesis of quasi-2D
materials using the intercalation method has the limitations of poor
uniformity and low lateral coverage.10,170 Therefore, further research

on the tuning of growth factors in combination with defect engineer-
ing is required. Overall, expanding this approach for the experimental
implementation of a new class of 2D materials that have not been
explored to date will be an interesting research topic (Fig. 27).

V. RADIATION DAMAGE IN 2D MATERIALS

Due to the interest in employing them in space-borne and other
harsh environment applications, the degradation of thermal, electrical
and optical properties of 2D materials through interaction with ioniz-
ing and non-ionizing radiation has been the subject of numerous stud-
ies over the past decade.172–199 Additional structural changes can be
caused by ions creating primary defects, which are mostly vacancies
and interstitial atoms in the case of ions of low mass number. It is
common for these primary defects to have signicant diffusion distan-
ces at room temperature, and thus, they can form complexes with
impurities, dopants, or other defects in the crystal structure. The most
common type of radiation exposure of uxes of high energy protons,
alpha particles, and electrons would occur for 2D materials used in
space-borne applications such low earth orbit satellites,172 as well as
neutrons or gamma rays if used in radiation-hard nuclear or military
systems Each of these forms of radiation produces different types of
crystal lattice damage on the crystalline materials.

FIG. 21. (a) SEM images showing the positions of the GaN crystals, respectively, before (left) and after (right) the AFM sweeping of the surface. The swept area is indicated
by a square on each image.123 Reproduced with permission from Journot et al., Nanotechnology 30, 505603 (2019). Copyright 2019 IOP Publishing Ltd. (b) Photographs of
blue EL emission of the LEDs fabricated with a virgin wafer (left) and recycled wafer (right) attached on the surface of nger-sized bottle in the bent form at an Rb of 10 mm.

130

Reproduced with permission from Jeong et al., Sci. Adv. 6, eaaz5180 (2020). Copyright 2020 American Association for the Advancement of Science. (c) Schematic of the pro-
cesses of remote epitaxy, exfoliation, and transfer. (d) Modeled atomic structures of the buffer layer on SiC. (e) Potential uctuation (meV) maps on the GBL/SiC. (f)
Photograph of the three-times-reused GBL substrate and the exfoliated GaN epilayers.124 Reproduced with permission from Qiao et al., Nano Lett. 21, 4013 (2021). Copyright
2021 American Chemical Society.
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For space-based applications, the doses received by electronics
depends on many factors, including the altitude and inclination, the
amount of shielding, and the solar are cycles.172 The main sources of
radiation in this case are solar ares and coronal mass ejections, trapped
charge in the radiation belts and galactic cosmic rays (GCR). Deep-
space missions may also encounter neutrons from background or radio-
isotope thermal generators or other nuclear sources. Atmospheric and
terrestrial applications are subject to GCRs and their secondaries. A
GCR ion is a charged particle (typically H, He, Fe, and heavier) found in
free space, whose energies range fromMeV to GeV.172

An important parameter determining the magnitude of the effect
radiation has on 2D materials is how much energy is deposited per
unit length by this particle as it passes through the material. This is

known as linear energy transfer or LET (dE/dX). The common LET
unit is MeV cm2/mg of the material. For one particular type of disrup-
tion to a 2D device, known as a single event effect (SEE), immunity is
dened as a device having an LETth > 100MeV cm2/mg. The radia-
tion effects are usually classed into long-term effects due to total ioniz-
ing dose (TID) and displacement damage (DD) and transient or single
particle effects, which lead to soft or hard errors in microprocessors.

These three main types of radiation damage are summarized
below:

(1) Total ionizing dose, which is ionization damage caused by
electron–hole pairs that are generated in gate insulators. The
damage is the result of trapping of excess carriers at interface

FIG. 22. (a) High-angle annular dark-eld scanning transmission electron microscopy (HAADF-STEM) image of MQWs in the InGaN/GaN MQWs LED structure and the EDS
linear scanning spectrum along the growth direction in MQWs. (b) EL spectra of an LED as a function of injection current.122 Reproduced with permission from Zhang et al.,
Small 17, 2100098 (2021). Copyright 2021 Wiley-VCH GmbH. (c) EL spectra and photomicrographs of white, blue, green, yellow, and orange emissions obtained from each
single microcrystal GaN p–n junction LED. (d) Photographs of EL emission from the microcrystal-white LED with a current injection of 100 mA. The large-area photomicrograph
of microcrystal-white LED taken from the boxed area in (d) and enlarged photographs presenting various EL light emission colors. Reproduced with permission from Jeong
et al., Nano Energy 86, 106075 (2021). Copyright 2021 Elsevier Ltd. (e) A series of photographs of cyan microrod LED (k ¼ 500 nm) deformed in various shapes, such as
twisted, 90-folded crumpled, and 180-folded forms, operated at 100 mA. The inset in the rightmost image is a schematic illustrating the geometry of MR arrays in the folded
form.130 Reproduced with permission from Jeong et al., Sci. Adv. 6, eaaz5180 (2020). Copyright 2020 American Association for the Advancement of Science. (f) Schematic of
the CFO/PMN-PT magnetoelectric device. (g) The voltage induced across the PMN-PT (dVME) as a function of the alternating-current magnetic eld strength at a frequency of
1 kHz. The inset shows schematics of the freestanding and the clamped devices.126 Reproduced with permission from Kum et al., Nature 578, 75 (2020). Copyright 2017
Springer Nature. (h) Responsivity and detectivity of HfS2/hBN photodetector as a function of the power intensity at 10 V.133 Reproduced with permission from Wang et al.,
Nanoscale 11, 9310 (2019). Copyright 2019 The Royal Society of Chemistry.
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FIG. 23. (a) HAADF-STEM cross section of quasi-2D GaN, consisting of two sub-layers of gallium, between bilayer graphene and SiC(0001). Elemental energy-dispersive x-
ray spectroscopy mapping of (b) silicon, (c) gallium, and (d) nitrogen in 2D GaN. [(e)–(g)] Schematic of the MEEG process that leads to the formation of quasi-2D GaN. (e)
The process of silicon sublimation from SiC(0001) to grow epitaxial graphene that consists of an initial partially bounded graphene-buffer layer (bottom) followed by a mono-
layer of graphene (top). The green halos at the SiC/graphene interface represents Si dandling bonds. (f) Exposing the epitaxial graphene in a to ultrahigh-purity hydrogen at
elevated temperatures decouples the initial (bottom) graphene-buffer layer to form bilayer QFEG. (g) The proposed MEEG process for the formation of quasi-2D GaN: rst, tri-
methylgallium precursor decomposition and gallium adatom surface diffusion; second, intercalation and lateral interface diffusion; nally, transformation of gallium to quasi-2D
GaN via ammonolysis.10 Reproduced with permission from Al Balushi et al., Nat. Mater. 15, 1166 (2016). Copyright 2016 Springer Nature.

FIG. 24. The predicted energy barrier of Si intercalation (a) without and (b) with the Ru substrate, respectively.159 Reproduced with permission from Li et al., J. Am. Chem.
Soc. 137, 7099 (2015). Copyright 2015 American Chemical Society. (c) Schematic structures for the formation of quasi-2D AlN layers sandwiched between graphene and Si
substrates.162 Reproduced with permission from Wang et al., Adv. Mater. 31, 1803448 (2018). Copyright 2018 WILEY-VCH GmbH.
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regions at the interface between the dielectric and 2D material.
This is a cumulative long term ionizing damage. In electronic
devices, the main effects are threshold shifts, excess leakage cur-
rent and functional failures. The units are kRads (material).
TID can be partially mitigated with shielding.

(2) Displacement damage, also referred to as non-ionizing energy
loss (NIEL) caused by lattice collisions between energetic ion-
ized particles that transfer sufcient energy to the lattice to dis-
place it within the lattice. This is also a cumulative long term
non-ionizing damage. Some of the effects include production of
defects that degrade device performance by trapping of carriers
and reduction of carrier mobility. The unit of interest is particle
uence at a given energy. Shielding can reduce the severity of
displacement damage.

(3) Single event upsets (SEU), which are caused by passage through
the materials of incident single ions resulting in an ionized trail
of charge that couples to the lattice. This electron-phonon cou-
pling to the atomic structure creates a local thermal spike on a
time scale <300 fs. At sufciently high energy deposition rates,
this can progress to formation of localized electronic excitations
that can rupture bonds. If the LET of the particle (or reaction)
is greater than an energy threshold, transients or destructive
errors may occur in device operation.

In the initial stages of entering the material under irradiation, the
incident ions lose energy mainly by electronic stopping, and move in
fairly straight paths. When the ion has slowed down sufciently, the
collisions with nuclei become more likely. When atoms receive signi-
cant recoil energies, they will be removed from their lattice positions,
and produce a cascade of further collisions in the lattice. These colli-
sion cascades are the main cause of damage production. Ions create

mainly point defects, which are most commonly created right after
irradiation.

Krasheninnikov recently published a perspective on the reasons
for the reported high tolerance of 2D materials to radiation dam-
age.199,200 He suggested that although the free-standing lms are
indeed radiation-hard, the inuence of the substrate can have a major
effect and be the determining factor in the response of the 2D to radia-
tion exposure. Of the 2D materials, most radiation damage studies
have been performed on graphene. when graphene is irradiated with a
proton beam, the defect generation is dependent on the number of
graphene layers and is coupled to the interactions with the underlying
substrate. At radiation levels common for satellite altitudes up to geo-
stationary orbit, Vogl et al. reported no changes in the characteristics
of hBN, MoS2, and WS2 after irradiation with protons, electrons,
gamma rays, or x rays.173 However, under high c-irradiation doses,
WS2 monolayers exhibited a signicant change in optical emission.
However, for these WS2 monolayers, the extrapolated effect of
increased PL and carrier lifetime after 4 yr in low earth orbit to
be<0.15%. Self-healing after c-irradiation was suggested to be due to
reaction of chemisorbed oxygen with chalcogen vacancies. Shi et al.
irradiated WSe2/SiC heterostructures with 2MeV protons, 2.5 and
5MeV Feþ or 4MeV Agþ and found that proton doses of 1016 cm2

were necessary before they observed charge transfer into WSe2.
193 For

the heavy ions, irradiation at high displacement per atom (dpa) levels
leads to signicant physical damage. Collisions between heavy ions
and WSe2 lead to structural disorder and the preferential ejection of
selenium; therefore, the sample is oxidized once exposed to an
oxygen-bearing ambient. Kim et al. found that 10MeV proton irradia-
tion of MoS2 eld effect transistors can induce trap states at interfaces
and within the gate oxide, degrading the transistor’s performance.190

FIG. 25. (a) STM topography image over a (5.2 5.2) nm2 region. The (13 13) moire unit cell is indicated as a cyan diamond. Image recorded at Usample ¼ 100 mV and
Itunnel ¼ 85 pA. The scale bar is 1 nm. The ball-and-stick model of the gold atoms intercalated between graphene and SiC(0001). Side view and, on the right side, top view
showing the (13 13) supercell.9 Reproduced with permission from Forti et al., Nat. Commun. 11, 2236 (2020). Copyright 2020 Springer Nature. (b) Cross-sectional STEM
showing three layers of Ga, In, and Sn between EG and SiC. The inset of top gure shows different interlayer spacings of the Ga layers.11 Reproduced with permission from
Briggs et al., Nat. Mater. 19, 637 (2020). Copyright 2020 Springer Nature. (c) Schematic of the buckled 2D GaN structure between SiC and graphene grown with intercalation
growth.10 Reproduced with permission from Al Balushi et al., Nat. Mater. 15, 1153 (2016). Copyright 2016 Springer Nature.
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The threshold for damage was 1013 cm2, with higher doses leading to
signicant decrease in FET current and transconductance. Zhang et al.
found that 10 keV x-ray irradiation led to decrease in drain current of
back-gated MoS2 transistors.

186 It was suggested that the x-ray irradia-
tion enhanced adsorption of oxygen on the surface of MoS2 and that
these adsorbed atoms function as electron traps. Proton, electron, and
ion-beam irradiation of MoS2 structures. When exposed to an 80 keV
electron beam, the MoS2 layers can be doped when vacancies created

by the irradiation are lled by impurity atoms. After irradiation with
1.14GeV U28þ ions, Ochedowski et al. reported that MoS2 exposed-
channel transistors suffered permanent failure.189 The electrical charac-
teristics of MoS2 devices have been found to change due to high-energy
proton irradiation-induced traps in the oxide layer and/or at the inter-
face between MoS2 and oxide.186,188–190 Kim et al. used point defect
creation in ambipolar WSe2 by exposure to an Ar plasma to induce
n-type doping in contact regions, while protecting the channel region

FIG. 26. (a) Binding energy calculations of freestanding planar and buckled 2D nitrides (N: nitrogen, M: group-III metal element and H: hydrogen atoms), as a function of layer
number (L). (b) Band structure calculations via DFT of freestanding planar and buckled 2D monolayer GaN, (c) diagram of bandgap energy vs in-plane lattice parameter for
bulk and buckled 2D nitrides. The dashed lines are to illustrate the potential for Eg tunability via alloying of 2D buckled monolayers. A plot of Eg as a function of number of
atomic buckled layers is included as an inset in (c).10 Reproduced with permission from Al Balushi et al., Nat. Mater. 15, 1166 (2016). Copyright 2016 Springer Nature. (d)
Scanning tunneling microscopy (STM) topography image borophene–graphene vertical heterostructures. (e) Point scanning tunneling spectroscopy (STS) spectra of graphene
and borophene-intercalated graphene. (f) Zoomed-in STM image of the graphene–graphene/borophene interface (top) and borophene-intercalated graphene domain (bot-
tom).171 Reproduced with permission from Liu et al., Sci. Adv. 5, eaax6444 (2019). Copyright 2019 American Association for the Advancement of Science. (g) Moire structure
of M 2D-Au grown with intercalation epitaxy.9 Reproduced with permission from Forti et al., Nat. Commun. 11, 2236 (2020). Copyright 2020 Springer Nature. (h)
Current–voltage (I-Vtip) characteristics collected with the conductive atomic force microscopy (c-AFM) tip on the graphene/SiC (red) and graphene/InO/SiC (black) regions. The
inset shows a semi log plot of the two I-Vtip curves under forward bias polarization and the t with the thermionic emission and with the combined thermionic emission and
direct tunneling (TE þ DT) models. (i) Energy band diagrams for the (left) graphene/SiC and (right) graphene/InO/SiC heterojunctions.170 Reproduced with permission from
Kakanakova-Georgieva et al., Appl. Surf. Sci. 548, 149275 (2021). Copyright 2021 Elsevier Ltd.
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of the transistors with h-BN.197 The sheet resistance of the exposed areas
was much reduced as a result of the point defect introduction, leading to
strong n-type conductivity. Similarly, plasma bombardment of 2DMoS2,
was found to create point defect (S vacancies), causing 1T phase transi-
tions.198 Using a plasma exposure to change the conductivity of 2D
materials is a very convenient and controllable method, since the more
conventional ion implantation is difcult to implement in such thin
layers. In particular, the use of inert Ar plasmas means there is no change
due to chemical reactions. Liang et al. reported the total ionizing dose
radiation response of HfO2-passivated black phosphorus MOSFETs.192

Both positive and negative biasing during irradiation with 10keV x rays
led to positive oxide-trap charge buildup in the HfO2 gate dielectric, with
degradation of mobility and subthreshold swing.

Table V shows a summary of reported radiation studies on 2D
materials.173–199 It is clear that under the types of doses expected to be
encountered by 2D materials in space-borne or terrestrial applications,
they can be classed as radiation-hard compared to Si devices. Whether
or not the lms are free-standing or supported by a substrate makes a
difference in their response to radiation and more studies are needed
that separate these effects.198

VI. OUTLOOK

We have reviewed the (quasi) vdWE, remote epitaxy, and inter-
calated quasi-2D material growth using 2D materials as growth tem-
plates. Different from conventional epitaxy, material growth using a
2D substrate offers a bond-free integration strategy without the severe

FIG. 27. Clockwise from top left are shown a schematic of proton beam irradiation on a MoS2 FET, change in the threshold voltage of the devices following proton irradiation
with different beam uences (1012, 1013, and 1014 cm–2) and optical image of FET. Reprinted with permission from Kim et al., ACS Nano 8, 2774 (2014). Copyright 2014
American Chemical Society.

TABLE V. Summary of radiation effects in 2D materials.

Material Radiation treatment Outcome References

WS2, MoSe2 c rays, 1.28MeV protons, 1.7MeV, 1012 cm2 Devices no change, single layers O passivation of SV 173
MoS2 FETs Protons, 10MeV, 1013 cm2 Decrease in conductance and current 190
MoS2 FETs 10 keV x-rays Decreases in drain current 186
MoS2 FETs 1.14GeV U-238 FET destroyed at dose of 4  1011 cm2 189
WSe2 Protons, 2MeV, 1016 cm2,

Ag or Fe, 4 or 5MeV, 1016 cm2
Charge transfer to WSe2 from substrate with protons,

dissociation with heavy ions
193

MoS2 Remote ICP Ar plasma 2H ! 1T phase transition 198
MoS2 2MeV protons Magnetic ordering induced 187
WSe2 Low energy Ar plasma exposure Creation of Se vacancies 197
hBN 2MeV electrons, 1015 cm2 Increase in density of single photon emitters 196
BP 10 keV x-rays Threshold voltage shifts in MOSFETs 192
Graphene 10 keV x-rays 1.8MeV protons Hole trapping in gate oxide, decreased drain current,

eventual creation of O-related defects
181
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consideration of lattice mismatch, thus allowing the experimental vali-
dation of the epitaxy in various 3D/2D and 2D/2D heterostructures.
The interplay between the symmetries of the 2Dmaterial and substrate
is critical during conventional epitaxial growth.201,202 Moreover, due
to the atomically thin nature of 2D materials, the crystallographic fea-
tures of the 3D substrate can penetrate the 2D overlayer and remotely
determine orientation of the epilayer by charge distribution, thereby
enabling remote epitaxial growth. The 2D overlayer-covered substrate
can also conne atoms penetrated through defects of the 2D overlayer,
yielding highly ordered quasi-2D crystals by low interface energy and
spatial restriction. Despite the extraordinary potential and consider-
able progress to date, to the application of 2D template-based growth
techniques in practical technologies have several issues. For uniform
growth of epilayers on 2D templates, proper surface engineering of
various 2D materials is needed. Moreover, the effects of defects and
functional groups on the physical properties at the interface between
epilayers and 2D templates should be studied. Although remote epi-
taxy has been successfully demonstrated so far, process conditions
should be further optimized to improve crystal quality and throughput
and to reduce process cost for commercial applications. The imple-
mentation of intercalation growth requires additional studies to
increase the uniformity and crystallinity of the quasi-2D materials.
Defect engineering in conjunction with interface engineering of 2D
overlayer/substrate may help control the quality of quasi-2D materials.
The investigation and advances in this review provide opportunities
for fundamental studies and technological applications using epitaxial
growth on 2D templates.
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29J. Hall, B. Pielić, C. Murray, W. Jolie, T. Wekking, C. Busse, M. Kralj, and T.
Michely, 2D Mater. 5(2), 025005 (2018).

30L. Liu, Z. Ge, C. Yan, A. D. Moghadam, M. Weinert, and L. Li, Phys. Rev. B
98(23), 235304 (2018).

31T. Le Quang, V. Cherkez, K. Nogajewski, M. Potemski, M. T. Dau, M. Jamet,
P. Mallet, and J. Y. Veuillen, 2D Mater. 4(3), 035019 (2017).

32S. M. Poh, X. Zhao, S. J. R. Tan, D. Fu, W. Fei, L. Chu, D. Jiadong, W. Zhou,
S. J. Pennycook, A. H. Castro Neto, and K. P. Loh, ACS Nano 12(8),
7562–7570 (2018).

33W. Mortelmans, A. Nalin Mehta, Y. Balaji, S. Sergeant, R. Meng, M. Houssa,
S. De Gendt, M. Heyns, and C. Merckling, ACS Appl. Mater. Interfaces
12(24), 27508–27517 (2020).

34S. Vishwanath, X. Liu, S. Rouvimov, L. Basile, N. Lu, A. Azcatl, K. Magno, R.
M. Wallace, M. Kim, J.-C. Idrobo, J. K. Furdyna, D. Jena, and H. G. Xing,
J. Mater. Res. 31(7), 900–910 (2016).

35S. Tang, C. Zhang, D. Wong, Z. Pedramrazi, H.-Z. Tsai, C. Jia, B. Moritz, M.
Claassen, H. Ryu, S. Kahn, J. Jiang, H. Yan, M. Hashimoto, D. Lu, R. G.
Moore, C.-C. Hwang, C. Hwang, Z. Hussain, Y. Chen, M. M. Ugeda, Z. Liu,
X. Xie, T. P. Devereaux, M. F. Crommie, S.-K. Mo, and Z.-X. Shen, Nat. Phys.
13(7), 683–687 (2017).

36R. Wu, Q. Tao, W. Dang, Y. Liu, B. Li, J. Li, B. Zhao, Z. Zhang, H. Ma, G.
Sun, X. Duan, and X. Duan, Adv. Funct. Mater. 29(12), 1806611 (2019).

37C. Kastl, C. T. Chen, R. J. Koch, B. Schuler, T. R. Kuykendall, A. Bostwick, C.
Jozwiak, T. Seyller, E. Rotenberg, A. Weber-Bargioni, S. Aloni, and A. M.
Schwartzberg, 2D Mater. 5(4), 045010 (2018).

38Y. C. Lin, C. Y. Chang, R. K. Ghosh, J. Li, H. Zhu, R. Addou, B. Diaconescu,
T. Ohta, X. Peng, N. Lu, M. J. Kim, J. T. Robinson, R. M. Wallace, T. S.
Mayer, S. Datta, L. J. Li, and J. A. Robinson, Nano Lett. 14(12), 6936–6941
(2014).

39S. M. Kim, A. Hsu, P. T. Araujo, Y. H. Lee, T. Palacios, M. Dresselhaus, J. C.
Idrobo, K. K. Kim, and J. Kong, Nano Lett. 13(3), 933–941 (2013).

40A. Yan, J. Velasco, Jr., S. Kahn, K. Watanabe, T. Taniguchi, F. Wang, M. F.
Crommie, and A. Zettl, Nano Lett. 15(10), 6324–6331 (2015).

41S. Behura, P. Nguyen, S. Che, R. Debbarma, and V. Berry, J. Am. Chem. Soc.
137(40), 13060–13065 (2015).

42M. Zhang, Y. Zhu, X. Wang, Q. Feng, S. Qiao, W. Wen, Y. Chen, M. Cui, J.
Zhang, C. Cai, and L. Xie, J. Am. Chem. Soc. 137(22), 7051–7054 (2015).

43Y. Yu, S. Hu, L. Su, L. Huang, Y. Liu, Z. Jin, A. A. Purezky, D. B. Geohegan,
K. W. Kim, Y. Zhang, and L. Cao, Nano Lett. 15(1), 486–491 (2015).

44Y. Gong, J. Lin, X. Wang, G. Shi, S. Lei, Z. Lin, X. Zou, G. Ye, R. Vajtai, B. I.
Yakobson, H. Terrones, M. Terrones, B. K. Tay, J. Lou, S. T. Pantelides, Z.
Liu, W. Zhou, and P. M. Ajayan, Nat. Mater. 13(12), 1135–1142 (2014).

45C. Zhang, C. P. Chuu, X. Ren, M. Y. Li, L. J. Li, C. Jin, M. Y. Chou, and C. K.
Shih, Sci. Adv. 3(1), e1601459 (2017).

46J. Zribi, L. Khalil, B. Zheng, J. Avila, D. Pierucci, T. Brule, J. Chaste, E.
Lhuillier, M. C. Asensio, A. Pan, and A. Ouerghi, npj 2D Mater. Appl. 3(1),
27 (2019).

47X. Li, M. W. Lin, J. Lin, B. Huang, A. A. Puretzky, C. Ma, K. Wang, W. Zhou,
S. T. Pantelides, M. Chi, I. Kravchenko, J. Fowlkes, C. M. Rouleau, D. B.
Geohegan, and K. Xiao, Sci. Adv. 2(4), e1501882 (2016).

48S. M. Eichfeld, L. Hossain, Y. C. Lin, A. F. Piasecki, B. Kupp, A. G. Birdwell,
R. A. Burke, N. Lu, X. Peng, J. Li, A. Azcatl, S. McDonnell, R. M. Wallace, M.
J. Kim, T. S. Mayer, J. M. Redwing, and J. A. Robinson, ACS Nano 9(2),
2080–2087 (2015).

49G. Jin, C. S. Lee, O. F. N. Okello, S. H. Lee, M. Y. Park, S. Cha, S. Y. Seo, G.
Moon, S. Y. Min, D. H. Yang, C. Han, H. Ahn, J. Lee, H. Choi, J. Kim, S. Y.
Choi, and M. H. Jo, Nat. Nanotechnol. 16(10), 1092–1098 (2021).

50S. C. de la Barrera, Y.-C. Lin, S. M. Eichfeld, J. A. Robinson, Q. Gao, M.
Widom, and R. M. Feenstra, J. Vac. Sci. Technol. 34(4), 04J106 (2016).

51A. Azizi, S. Eichfeld, G. Geschwind, K. Zhang, B. Jiang, D. Mukherjee, L.
Hossain, A. F. Piasecki, B. Kabius, J. A. Robinson, and N. Alem, ACS Nano
9(5), 4882–4890 (2015).

52A. F. Rigosi, H. M. Hill, N. R. Glavin, S. J. Pookpanratana, Y. Yang, A. G.
Boosalis, J. Hu, A. Rice, A. A. Allerman, N. V. Nguyen, C. A. Hacker, R. E.
Elmquist, A. R. Hight Walker, and D. B. Newell, 2D Mater. 5(1), 011011
(2018).

53A. C. Domask, K. A. Cooley, B. Kabius, M. Abraham, and S. E. Mohney,
Cryst. Growth Des. 18(6), 3494–3501 (2018).

54K. A. Cooley, R. Alsaadi, R. L. Gurunathan, A. C. Domask, L. Kerstetter, W.
A. Saidi, and S. E. Mohney, J. Cryst. Growth 505, 44–51 (2019).

55A. D. Agyapong, K. A. Cooley, and S. E. Mohney, J. Appl. Phys. 128(5),
055306 (2020).

56Y. Lee, H-g Kim, T. K. Yun, J. C. Kim, S. Lee, S. J. Yang, M. Jang, D. Kim, H.
Ryu, G.-H. Lee, S. Im, H. Y. Jeong, H. J. Choi, and K. Kim, Chem. Mater.
33(10), 3593–3601 (2021).

57Y. Sun, H. Zhao, D. Zhou, Y. Zhu, H. Ye, Y. A. Moe, and R. Wang, Nano Res.
12(4), 947–954 (2019).

58Y. Wang, J. C. Kim, R. J. Wu, J. Martinez, X. Song, J. Yang, F. Zhao, A.
Mkhoyan, H. Y. Jeong, and M. Chhowalla, Nature 568(7750), 70–74 (2019).

59Y. J. Hong, W. H. Lee, Y. Wu, R. S. Ruoff, and T. Fukui, Nano Lett. 12(3),
1431–1436 (2012).

60A. M. Munshi, D. L. Dheeraj, V. T. Fauske, D. C. Kim, A. T. van Helvoort, B.
O. Fimland, and H. Weman, Nano Lett. 12(9), 4570–4576 (2012).

61P. K. Mohseni, A. Behnam, J. D. Wood, X. Zhao, K. J. Yu, N. C. Wang, A.
Rockett, J. A. Rogers, J. W. Lyding, E. Pop, and X. Li, Adv. Mater. 26(22),
3755–3760 (2014).

62F. Ren, B. Liu, Z. Chen, Y. Yin, J. Sun, S. Zhang, B. Jiang, B. Liu, Z. Liu, J.
Wang, M. Liang, G. Yuan, J. Yan, T. Wei, X. Yi, J. Wang, Y. Zhang, J. Li, P.
Gao, Z. Liu, and Z. Liu, Sci. Adv. 7(31), eabf5011 (2021).

63S. Nalamati, M. Sharma, P. Deshmukh, J. Kronz, R. Lavelle, D. Snyder, C. L.
Reynolds, Y. Liu, and S. Iyer, ACS Appl. Nano Mater. 2(7), 4528–4537
(2019).

64P. Gupta, A. A. Rahman, S. Subramanian, S. Gupta, A. Thamizhavel, T.
Orlova, S. Rouvimov, S. Vishwanath, V. Protasenko, M. R. Laskar, H. G.
Xing, D. Jena, and A. Bhattacharya, Sci. Rep. 6, 23708 (2016).

65E. A. Anyebe, A. M. Sanchez, S. Hindmarsh, X. Chen, J. Shao, M. K. Rajpalke,
T. D. Veal, B. J. Robinson, O. Kolosov, F. Anderson, R. Sundaram, Z. M.
Wang, V. Falko, and Q. Zhuang, Nano Lett. 15(7), 4348–4355 (2015).

66S. Fernandez-Garrido, M. Ramsteiner, G. Gao, L. A. Galves, B. Sharma, P.
Corfdir, G. Calabrese, Z. de Souza Schiaber, C. Pfuller, A. Trampert, J. M. J.
Lopes, O. Brandt, and L. Geelhaar, Nano Lett. 17(9), 5213–5221 (2017).

67C. H. Lee, Y. J. Kim, Y. J. Hong, S. R. Jeon, S. Bae, B. H. Hong, and G. C. Yi,
Adv. Mater. 23(40), 4614–4619 (2011).

68S. Shervin, M. Moradnia, M. K. Alam, T. Tong, M.-H. Ji, J. Chen, S. Pouladi,
T. Detchprohm, R. Forrest, J. Bao, R. D. Dupuis, and J.-H. Ryou, J. Mater.
Chem. C 9, 2243–2251 (2021).

69C. Morant, L. Soriano, J. F. Trigo, and J. M. Sanz, Thin Solid Films 317(1–2),
59–63 (1998).

70Y. Bitla, C. Chen, H. C. Lee, T. H. Do, C. H. Ma, L. V. Qui, C. W. Huang, W.
W. Wu, L. Chang, P. W. Chiu, and Y. H. Chu, ACS Appl. Mater. Interfaces
8(47), 32401–32407 (2016).

71T. Amrillah, Y. Bitla, K. Shin, T. Yang, Y. H. Hsieh, Y. Y. Chiou, H. J. Liu, T.
H. Do, D. Su, Y. C. Chen, S. U. Jen, L. Q. Chen, K. H. Kim, J. Y. Juang, and Y.
H. Chu, ACS Nano 11(6), 6122–6130 (2017).

72J. Jiang, Y. Bitla, C. W. Huang, T. H. Do, H. J. Liu, Y. H. Hsieh, C. H. Ma, C.
Y. Jang, Y. H. Lai, P. W. Chiu, W. W. Wu, Y. C. Chen, Y. C. Zhou, and Y. H.
Chu, Sci. Adv. 3(6), e1700121 (2017).

73J. H. Kim, J. K. Dash, J. Kwon, C. Hyun, H. Kim, E. Ji, and G.-H. Lee, 2D
Mater. 6(1), 015016 (2018).

74Z. Wang, B. Cai, Y. Ren, W. Wang, L. Feng, S. Zhang, and Y. Wang, ACS
Appl. Mater. Interfaces 12(17), 19674–19681 (2020).

75S. Pendse, J. Jiang, L. Zhang, Y. Guo, Z. Chen, Y. Hu, Z. Lu, S. Li, J. Feng,
T.-M. Lu, and J. Shi, J. Cryst. Growth 543, 125699 (2020).

Applied Physics Reviews REVIEW scitation.org/journal/are

Appl. Phys. Rev. 9, 031305 (2022); doi: 10.1063/5.0090373 9, 031305-33

Published under an exclusive license by AIP Publishing



76P. Periwal, J. D. Thomsen, K. Reidy, G. Varnavides, D. N. Zakharov, L.
Gignac, M. C. Reuter, T. J. Booth, S. Hofmann, and F. M. Ross, Appl. Phys.
Rev. 7(3), 031402 (2020).

77C. Gong, C. Huang, J. Miller, L. Cheng, Y. Hao, D. Cobden, J. Kim, R. S.
Ruoff, R. M. Wallace, K. Cho, X. Xu, and Y. J. Chabal, ACS Nano 7(12),
11350–11357 (2013).

78P. C. Shen, C. Su, Y. Lin, A. S. Chou, C. C. Cheng, J. H. Park, M. H. Chiu, A.
Y. Lu, H. L. Tang, M. M. Tavakoli, G. Pitner, X. Ji, Z. Cai, N. Mao, J. Wang,
V. Tung, J. Li, J. Bokor, A. Zettl, C. I. Wu, T. Palacios, L. J. Li, and J. Kong,
Nature 593(7858), 211–217 (2021).

79C.-H. Ma, J.-C. Lin, H.-J. Liu, T. H. Do, Y.-M. Zhu, T. D. Ha, Q. Zhan, J.-Y.
Juang, Q. He, E. Arenholz, P.-W. Chiu, and Y.-H. Chu, Appl. Phys. Lett.
108(25), 253104 (2016).

80H. J. Liu, C. K. Wang, D. Su, T. Amrillah, Y. H. Hsieh, K. H. Wu, Y. C. Chen,
J. Y. Juang, L. M. Eng, S. U. Jen, and Y. H. Chu, ACS Appl. Mater. Interfaces
9(8), 7297–7304 (2017).

81C.-I. Li, J.-C. Lin, H.-J. Liu, M.-W. Chu, H.-W. Chen, C.-H. Ma, C.-Y. Tsai,
H.-W. Huang, H.-J. Lin, H.-L. Liu, P.-W. Chiu, and Y.-H. Chu, Chem. Mater.
28(11), 3914–3919 (2016).

82Y. Wang, Y.-Y. Sun, S. Zhang, T.-M. Lu, and J. Shi, Appl. Phys. Lett. 108(1),
013015 (2016).

83T. Ueno, H. Yamamoto, K. Saiki, and A. Koma, Appl. Surf. Sci. 113–114,
33–37 (1997).

84Y. Wang, Y. Shi, G. Xin, J. Lian, and J. Shi, Cryst. Growth Des. 15(10),
4741–4749 (2015).

85Y. Wang, X. Sun, R. Shivanna, Y. Yang, Z. Chen, Y. Guo, G. C. Wang, E.
Wertz, F. Deschler, Z. Cai, H. Zhou, T. M. Lu, and J. Shi, Nano Lett. 16(12),
7974–7981 (2016).

86G. Tang, P. You, Q. Tai, A. Yang, J. Cao, F. Zheng, Z. Zhou, J. Zhao, P. K. L.
Chan, and F. Yan, Adv. Mater. 31(24), e1807689 (2019).

87W. A. Saidi, Cryst. Growth Des. 15(7), 3190–3200 (2015).
88R. Ai, X. Guan, J. Li, K. Yao, P. Chen, Z. Zhang, X. Duan, and X. Duan, ACS
Nano 11(3), 3413–3419 (2017).

89Y. Jung, J. Shen, Y. Sun, and J. J. Cha, ACS Nano 8(9), 9550–9557 (2014).
90J. Ji, X. Song, J. Liu, Z. Yan, C. Huo, S. Zhang, M. Su, L. Liao, W. Wang, Z.
Ni, Y. Hao, and H. Zeng, Nat. Commun. 7, 13352 (2016).

91T. Yang, B. Zheng, Z. Wang, T. Xu, C. Pan, J. Zou, X. Zhang, Z. Qi, H. Liu, Y.
Feng, W. Hu, F. Miao, L. Sun, X. Duan, and A. Pan, Nat. Commun. 8(1), 1906
(2017).

92H. Heo, J. H. Sung, J. H. Ahn, F. Ghahari, T. Taniguchi, K. Watanabe, P. Kim,
and M. H. Jo, Adv. Electron. Mater. 3(2), 1600375 (2017).

93Y. Nie, C. Liang, P. R. Cha, L. Colombo, R. M. Wallace, and K. Cho, Sci. Rep.
7(1), 2977 (2017).

94W. Mortelmans, S. De Gendt, M. Heyns, and C. Merckling, Appl. Mater.
Today 22, 100975 (2021).

95K.-C. Chen, S.-M. Lai, B.-Y. Wu, C. Chen, and S.-Y. Lin, ACS Appl. Nano
Mater. 3(3), 2997–3003 (2020).

96V. Kumaresan, L. Largeau, A. Madouri, F. Glas, H. Zhang, F. Oehler, A.
Cavanna, A. Babichev, L. Travers, N. Gogneau, M. Tchernycheva, and J. C.
Harmand, Nano Lett. 16(8), 4895–4902 (2016).

97S. Mukherjee, N. Nateghi, R. M. Jacobberger, E. Bouthillier, M. de la Mata, J.
Arbiol, T. Coenen, D. Cardinal, P. Levesque, P. Desjardins, R. Martel, M. S.
Arnold, and O. Moutanabbir, Adv. Funct. Mater. 28(8), 1705592 (2017).

98P. K. Mohseni, A. Behnam, J. D. Wood, C. D. English, J. W. Lyding, E. Pop,
and X. Li, Nano Lett. 13(3), 1153–1161 (2013).

99U. Erkilic, P. Solis-Fernandez, H. G. Ji, K. Shinokita, Y. C. Lin, M. Maruyama,
K. Suenaga, S. Okada, K. Matsuda, and H. Ago, ACS Appl. Mater. Interfaces
11(43), 40503–40511 (2019).

100T. Li, C. Liu, Z. Zhang, B. Yu, H. Dong, W. Jia, Z. Jia, C. Yu, L. Gan, B. Xu,
and H. Jiang, Nanoscale Res. Lett. 13(1), 130 (2018).

101T. Li, C. Liu, Z. Zhang, B. Yu, H. Dong, W. Jia, Z. Jia, C. Yu, L. Gan, and B.
Xu, AIP Adv. 8(4), 045105 (2018).

102K. Chung, S. In Park, H. Baek, J.-S. Chung, and G.-C. Yi, NPG Asia Mater.
4(9), e24 (2012).

103Z. Chen, Z. Liu, T. Wei, S. Yang, Z. Dou, Y. Wang, H. Ci, H. Chang, Y. Qi, J.
Yan, J. Wang, Y. Zhang, P. Gao, J. Li, and Z. Liu, Adv. Mater. 31(23),
e1807345 (2019).

104H. Chang, J. Shan, D. Liang, Y. Gao, L. Wang, J. Wang, J. Sun, and T. Wei,
J. Appl. Phys. 130(19), 193103 (2021).

105Z. Chen, X. Zhang, Z. Dou, T. Wei, Z. Liu, Y. Qi, H. Ci, Y. Wang, Y. Li, H.
Chang, J. Yan, S. Yang, Y. Zhang, J. Wang, P. Gao, J. Li, and Z. Liu, Adv.
Mater. 30(30), e1801608 (2018).

106N. Nepal, V. D. Wheeler, T. J. Anderson, F. J. Kub, M. A. Mastro, R. L. Myers-
Ward, S. B. Qadri, J. A. Freitas, S. C. Hernandez, L. O. Nyakiti, S. G. Walton,
K. Gaskill, and C. R. Eddy, Jr., Appl. Phys. Express 6(6), 061003 (2013).

107Y. Feng, X. Yang, Z. Zhang, D. Kang, J. Zhang, K. Liu, X. Li, J. Shen, F. Liu, T.
Wang, P. Ji, F. Xu, N. Tang, T. Yu, X. Wang, D. Yu, W. Ge, and B. Shen, Adv.
Funct. Mater. 29(42), 1905056 (2019).

108Z. Y. Al Balushi, T. Miyagi, Y.-C. Lin, K. Wang, L. Calderin, G. Bhimanapati,
J. M. Redwing, and J. A. Robinson, Surf. Sci. 634, 81–88 (2015).

109M. Heilmann, V. Deinhart, A. Tahraoui, K. H€oich, and J. M. J. Lopes, npj 2D
Mater. Appl. 5(1), 70 (2021).

110Q. Wu, J. Yan, L. Zhang, X. Chen, T. Wei, Y. Li, Z. Liu, X. Wei, Y. Zhang, J.
Wang, and J. Li, CrystEngComm 19(39), 5849–5856 (2017).

111H. Oh, Y. J. Hong, K.-S. Kim, S. Yoon, H. Baek, S.-H. Kang, Y.-K. Kwon, M.
Kim, and G.-C. Yi, NPG Asia Mater. 6(12), e145 (2014).

112J. Li, X. Yang, Y. Liu, B. Huang, R. Wu, Z. Zhang, B. Zhao, H. Ma, W. Dang, Z.
Wei, K. Wang, Z. Lin, X. Yan, M. Sun, B. Li, X. Pan, J. Luo, G. Zhang, Y. Liu,
Y. Huang, X. Duan, and X. Duan, Nature 579(7799), 368–374 (2020).

113X. He, L. Zhang, R. Chua, P. K. J. Wong, A. Arramel, Y. P. Feng, S. J. Wang, D.
Chi, M. Yang, Y. L. Huang, and A. T. S. Wee, Nat. Commun. 10(1), 2847
(2019).

114D. W. Yang, K. Lee, S. Jang, W. J. Chang, S. H. Kim, J. H. Lee, G.-C. Yi, and
W. I. Park, ACS Photonics 7(5), 1122–1128 (2020).

115J. Yu, L. Wang, Z. Hao, Y. Luo, C. Sun, J. Wang, Y. Han, B. Xiong, and H. Li,
Adv. Mater. 32(15), e1903407 (2020).

116J. Jiang, X. Sun, X. Chen, B. Wang, Z. Chen, Y. Hu, Y. Guo, L. Zhang, Y. Ma,
L. Gao, F. Zheng, L. Jin, M. Chen, Z. Ma, Y. Zhou, N. P. Padture, K. Beach, H.
Terrones, Y. Shi, D. Gall, T. M. Lu, E. Wertz, J. Feng, and J. Shi, Nat.
Commun. 10(1), 4145 (2019).

117H. Kum, D. Lee, W. Kong, H. Kim, Y. Park, Y. Kim, Y. Baek, S.-H. Bae, K. Lee,
and J. Kim, Nat. Electron. 2(10), 439–450 (2019).

118V. Panchal, C. E. Giusca, A. Lartsev, R. Yakimova, and O. Kazakova, Front.
Phys. 2, 3 (2014).

119J. Raee, X. Mi, H. Gullapalli, A. V. Thomas, F. Yavari, Y. Shi, P. M. Ajayan,
and N. A. Koratkar, Nat. Mater. 11(3), 217–222 (2012).

120J. Jeong, K. A. Min, D. H. Shin, W. S. Yang, J. Yoo, S. W. Lee, S. Hong, and Y.
J. Hong, Nanoscale 10(48), 22970–22980 (2018).

121Z. Zhang, X. Xu, R. Qiao, J. Liu, Y. Feng, Z. Zhang, P. Song, M. Wu, L. Zhu, X.
Yang, P. Gao, L. Liu, J. Xiong, E. Wang, and K. Liu, Nano Res. 12(11),
2712–2717 (2019).

122S. Zhang, B. Liu, F. Ren, Y. Yin, Y. Wang, Z. Chen, B. Jiang, B. Liu, Z. Liu, J.
Sun, M. Liang, J. Yan, T. Wei, X. Yi, J. Wang, J. Li, P. Gao, Z. Liu, and Z. Liu,
Small 17(19), e2100098 (2021).

123T. Journot, H. Okuno, N. Mollard, A. Michon, R. Dagher, P. Gergaud, J.
Dijon, A. V. Kolobov, and B. Hyot, Nanotechnology 30(50), 505603 (2019).

124K. Qiao, Y. Liu, C. Kim, R. J. Molnar, T. Osadchy, W. Li, X. Sun, H. Li, R. L.
Myers-Ward, D. Lee, S. Subramanian, H. Kim, K. Lu, J. A. Robinson, W.
Kong, and J. Kim, Nano Lett. 21(9), 4013–4020 (2021).

125H. Kim, K. Lu, Y. Liu, H. S. Kum, K. S. Kim, K. Qiao, S. H. Bae, S. Lee, Y. J. Ji,
K. H. Kim, H. Paik, S. Xie, H. Shin, C. Choi, J. H. Lee, C. Dong, J. A.
Robinson, J. H. Lee, J. H. Ahn, G. Y. Yeom, D. G. Schlom, and J. Kim, ACS
Nano 15(6), 10587–10596 (2021).

126H. S. Kum, H. Lee, S. Kim, S. Lindemann, W. Kong, K. Qiao, P. Chen, J. Irwin,
J. H. Lee, S. Xie, S. Subramanian, J. Shim, S. H. Bae, C. Choi, L. Ranno, S. Seo,
S. Lee, J. Bauer, H. Li, K. Lee, J. A. Robinson, C. A. Ross, D. G. Schlom, M. S.
Rzchowski, C. B. Eom, and J. Kim, Nature 578(7793), 75–81 (2020).
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