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Abstract 

Remote epitaxy, which was discovered and reported in 2017, has seen a surge of interest in recent years. Although 
the technology seemed to be difficult to reproduce by other labs at first, remote epitaxy has come a long way 
and many groups are able to consistently reproduce the results with a wide range of material systems including III‑
V, III‑N, wide band‑gap semiconductors, complex‑oxides, and even elementary semiconductors such as Ge. As 
with any nascent technology, there are critical parameters which must be carefully studied and understood to allow 
wide‑spread adoption of the new technology. For remote epitaxy, the critical parameters are the (1) quality of two‑
dimensional (2D) materials, (2) transfer or growth of 2D materials on the substrate, (3) epitaxial growth method 
and condition. In this review, we will give an in‑depth overview of the different types of 2D materials used for remote 
epitaxy reported thus far, and the importance of the growth and transfer method used for the 2D materials. Then, we 
will introduce the various growth methods for remote epitaxy and highlight the important points in growth condition 
for each growth method that enables successful epitaxial growth on 2D‑coated single‑crystalline substrates. We hope 
this review will give a focused overview of the 2D‑material and substrate interaction at the sample preparation stage 
for remote epitaxy and during growth, which have not been covered in any other review to date.
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1 Introduction
Remote epitaxy is a novel epitaxial technique in which 
epitaxy is carried out on a single-crystalline substrate 
coated with an atomically thin two-dimensional mate-
rial such as graphene, which is composed of a single car-
bon layer. Since graphene is atomically thin, the surface 
potential of the underlying single-crystalline substrate 
can penetrate through the graphene, allowing epitaxial 
registry to the substrate while simultaneously prevent-
ing covalent bond formation between the epitaxial layer 
that is being grown. This ultimately allows easy peeling of 
the epitaxial layer off of the 2D material coated substrate, 
producing ultra-thin and flexible single-crystalline mem-
branes [1, 2].

Remote epitaxy has been demonstrated for a diverse 
system of single-crystalline material systems such as 
compound semiconductors (III-V materials, III-N mate-
rials, wide band-gap materials) and complex-oxides 
(perovskites, spinels, and garnets), proving its wide 
applicability in producing freestanding single-crystal-
line membranes for desirable functional materials for 
electronic, photonic, and quantum information system 
applications. Although remote epitaxy has been experi-
mentally demonstrated by many groups, there is still a 
lack of complete understanding of the experimental basis 
in which successful remote epitaxy can be achieved. This 
is due to the fact that there are several epitaxial growth 
techniques, such as molecular beam epitaxy (MBE), 
metal–organic chemical vapor deposition (MOCVD), 
and pulsed-laser deposition (PLD), which have vastly 
different growth conditions. These growth conditions 
(growth pressure, temperature, source type, ambient etc.) 
greatly affect the coated 2D material, leading to micro 
and macroscopic damage which ultimately prevents 
successful remote epitaxy. Moreover, the interaction of 
source species and surface reconstruction of the sub-
strate surface during growth may also be a factor which 
prevent successful remote epitaxy.

All of  these parameters have not been fully explored 
experimentally to date, which are critical details that 
ultimately determine if remote epitaxy is truly a revolu-
tionary discovery that can change the paradigm for the 
semiconductor device industry, or just another pass-
ing hype. Thus, this review serves as a critical guide as 
to what has been experimentally verified thus far in the 
context of the interaction of the 2D material coated inter-
face with the substrate during growths in various growth 
tools and conditions, and what needs to be done to fully 
understand this interaction.

In this review, first we will briefly introduce the types 
of 2D materials that is applicable and has been applied 
to successful remote epitaxy. Next, we will discuss 
the various methods to fabricate 2D material coated 

single-crystalline substrates which is one of the key fac-
tors for remote epitaxy. Next, we will discuss recent 
studies that elucidate the interaction between the 2D 
material and substrate during remote epitaxy under vari-
ous growth environments, such as MOCVD, MBE, and 
PLD. Although many experimental works have been pub-
lished, these works have not been organized nor analyzed 
systematically thus far. Finally, we will conclude with 
an overview of successful single-crystalline membrane 
material systems that have been demonstrated via remote 
epitaxy.

2  Epitaxy on 2D‑materials coated substrates
Epitaxy is a technique for growing single-crystalline films 
on a crystallographically oriented crystalline substrate 
following the crystallographic registration of that sub-
strate [3]. There are two categories of epitaxy: homoepi-
taxy, in which the substrate and epitaxial layer materials 
are the same (Fig. 1a), and heteroepitaxy, in which they 
are different (Fig.  1b). A high-quality single-crystalline 
epitaxial layer can typically be  grown using homoepi-
taxy. However, this can be relatively costly, especially for 
materials like GaN, due to the scarcity and difficulty of 
producing large-scale single-crystalline GaN substrates. 
Therefore, heteroepitaxy is much more common for the 
growth of device-grade compound semiconductor het-
erostructures. In contrast, heteroepitaxy usually results 
in an epitaxial layer with defects such as threading  dis-
locations due to mismatch of the lattice parameter and 
thermal expansion coefficient between the substrate and 
the epitaxial layer materials [4]. In order to reduce the 
dislocation density of the epitaxial layer, several tech-
niques such as metamorphic growth, introducing a thick 
buffer layer [5], and selective area epitaxy using an addi-
tional patterned mask [6], have been reported. However, 
the quality of the epitaxial layer in large lattice mismatch 
system is still inferior to that of homoepitaxy. To over-
come this challenge, novel approach of epitaxy research 
through non-direct bonding has emerged [7]. The 
method of implementing epitaxy with non-direct bond-
ing can be typically divided into van der Waals (vdW) 
epitaxy and remote epitaxy. Both technologies have 
something in common to alleviate the difference in lattice 
mismatch and thermal expansion coefficient by insert-
ing a 2D interlayer, such as graphene, h-BN, between 
the substrate and the growth material [8, 9]. According 
to previous reports, vdW epitaxy is classified as hav-
ing a crystallographic relationship with the interlayer 
(Fig. 1c), and remote epitaxy is classified as having a crys-
tallographic relationship with the substrate (Fig. 1d) [10]. 
Additionally, it is possible to create freestanding mem-
branes and reuse expensive wafer by non-destructive 
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exfoliation of the epitaxial layer from the host substrate 
via 2D material-assisted layer transfer (2DLT).

Remote epitaxy was first reported by Kim et al. [1] in 
2017, where an epitaxial layer is grown on a 2D-coated 
substrate by columbic interaction between an adatom and 
the underlying substrate, thus epitaxy can remotely occur 
through 2D material. The potential field of the substrate 
is not completely screened by a few layers of 2D mate-
rial, thus the adatom still interacts with the substrate and 
grow in the same crystal orientation of the substrate. In 
this technique, it is necessary to form a few layers of 2D 
material (typically, 1 – 3 layers of graphene) on the sub-
strate through the methods described in Sects. 3 and 4, 
and then epitaxial growth is performed on the 2D-coated 
single-crystalline substrate. Firstly, remote homoepitaxy 
of III-V materials, represented by GaAs, was successfully 
demonstrated on a monolayer graphene-coated substrate 
through the growth of a single-crystalline epitaxial layer 
(Fig. 1e). In addition, it has been reported that the grown 
epitaxial layer can be easily detached from the substrate 
non-destructively due to the weak vdW interface of the 
2D material (Fig.  1f ). Remote epitaxy of III-V materials 
requires several requirements: sufficiently thin graphene 
(monolayer) and clean graphene-substrate interface [11, 
12]. It was revealed that the polarity of the underlying 
substrates and the 2D material affects remote interaction 
through the 2D material, making relatively more strict 

requirements for remote epitaxy of III-V materials are 
necessary [13].

3  Types of 2D materials applicable for remote 
epitaxy

In this section, we will briefly discuss the different types 
of 2D materials and synthesis techniques that can be used 
for remote epitaxy. There are many other research and 
review articles which go much deeper into the synthesis 
and characteristics of these materials [14–16], thus only a 
brief overview will be given to the materials that are rel-
evant to remote epitaxy, and those who are already famil-
iar with this subject may skip this section completely.

3.1  Graphene
Graphene is formed by a network of carbon atoms 
bonded with  sp2 hybridization in a two-dimensional hex-
agonal lattice, and features unique physical, chemical, and 
mechanical properties different from those of conven-
tional three-dimensional materials [17, 18]. Therefore, it 
is a desirable material for applications in high-tech indus-
tries such as electronic devices [19–21], optical devices 
[22] and fuel cells [23, 24]. The synthesis of graphene can 
be classified into (1) a top-down approach via mechanical 
and chemical exfoliation from bulk carbon and (2) a bot-
tom-up approach in which graphene is formed on spe-
cific metallic, semiconducting, and insulating substrates. 

Fig. 1 The schematic of epitaxy techniques for crystal growth and demonstraion of remote epitaxy with III‑V materials. a Homoepitaxy, b 
Heteroepitaxy, c van der Waals epitaxy and d Remote epitaxy. Figure reproduced from ref, [3, 10], Springer Nature Ltd. e High‑resolution 
cross‑sectional scanning transmission electron microscopy (STEM) images showing remote epitaxial alignment of the GaAs through the graphene. 
f Single‑crystalline III‑V membranes exfoliated from graphene/III‑V substrates via remote epitaxy. The large‑scale electron backscatter diffraction 
(EBSD) maps below show the single crystallinity of each epilayer. Figure reproduced from ref. [1], Springer Nature Ltd
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Table 1 summarizes various synthesis and transfer meth-
ods of two-dimensional graphene for non-conventional 
epitaxial growth reported to date. We will briefly discuss 
each method and how it relates to remote epitaxy.

3.1.1  Top‑down approach
Although monolayer graphene mechanically exfoli-
ated from highly oriented pyrolytic graphite (HOPG) 
with multilayer structure exhibits superior mechanical 
strength and stable chemical/thermal properties due to 
high crystallinity [21], advanced approaches for obtaining 
large-area graphene have been attempted to overcome 
the low yield caused by the size of the exfoliation tape and 
the impossibility of accurate thickness control [21, 25–
27]. The physically and chemically exfoliated graphene 
sheets form a large quantities and large-area graphene 
films from graphene oxide solutions [28–31], but there 
are still limitations in accurately controlling the number 
of graphene layers and defect density [32, 33]. Top-down 
approach is not suitable for remote epitaxy due to small 
area and randomness of the graphene thickness which 
cannot be controlled at all. Thus, bottom-up approaches 
in which graphene is formed through the chemical bond-
ing of carbon atoms onto a target substrate have been 
extensively investigated instead.

3.1.2  Bottom‑up approach
Among the various substrates where  sp2 carbon bond-
ing is created, metal substrates such as copper [34–41], 
nickel [42–45], Pd [46] and Ir [47] are representative plat-
forms from which graphene can be formed easily and 
quickly over the entire area through surface-catalyzed 
chemical vapor deposition (CVD) process. However, 
graphene grown on metal substrates not only has vari-
ous defects including grain boundaries and wrinkles, but 
also has the challenge of precisely controlling the thick-
ness of graphene over the entire substrate area [48]. The 
recently proposed Cu-Ni alloy substrate provides high-
quality monolayer graphene with extremely decreased 
the wrinkle density, presenting a superior electric con-
ductivity [49, 50]. In addition, diffusion-assisted synthe-
sis (DAS) is suitable to fabricate large-area graphene on 
the desired substrate at low temperature [51, 52]. Also, 
research on growing single-layer graphene on various 
substrates using a bottom-up approach and then exfoli-
ating or etching to grow multi-layer graphene has been 
conducted. This method produces large and densely 
packed graphene structures that offer the advantages of 
both approaches [53–55].

Recently, orientation-assisted growth of graphene on 
wafer-scale substrates excluding metal seed layers have 
been spotlighted due to the effective control of defects 

Table 1 Various synthesis and transfer methods of graphene

Material Seed substrates Synthesis method Crystallinity Thickness Transfer method References

Graphene Graphite Mechanical exfoliation Single crystal Variable Sticky tape [21, 25–27]

Graphite oxide Chemical exfoliation – [28–31]

Cu foil CVD polycrystal Multiple layer Wet etching [34–39]

Single crystal Single layer Wet etching [40]

Single‑ to bilayer [41]

Ni foil CVD Variable Bilayer Wet etching [42–44]

Single crystal Single‑ to few‑layer Wet etching [45]

DAS Variable Multiple layer Wet etching [51, 52]

Pd CVD Single crystal Monolayer – [46]

Ir [47]

Cu‑Ni alloy foil CVD Single crystal Monolayer Wet etching [49]

Bilayer
Tri‑layer

[50]

Ge CVD Single crystal Variable Dry transfer [56]

Monolayer – [57]

[58]

c‑plane sapphire CVD Single crystal Monolayer Wet etching [60]

SiC CVD Single crystal Monolayer Ni stressor [61, 62]

Single crystal Monolayer – [63, 64]

Multilayer – [65]

MBE Single crystal Monolayer – [66, 67]

Variable – [67–69]
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and wrinkles. A hydrogen-terminated germanium (110) 
surface provides a suitable platform for the catalytic 
reactions, forming high-quality single-crystal graphene 
via the low-pressure CVD (LPCVD) process [56–59]. 
In addition, highly oriented monolayer graphene was 
achieved on a c-plane sapphire wafer using an electro-
magnetic induction heating CVD method [60]. Com-
pared to the growth method using a carbon-containing 
gas source, the SiC surface is transformed into pure car-
bon bonding by the thermal desorption of Si atoms under 
high temperature, resulting in single-crystal graphene 
via CVD [61–65] and MBE [66–69] techniques. These 
novel graphene growth techniques are highly desirable 
for remote epitaxy due to their thermodynamically lim-
ited growth mechanism which allows precise engineering 
of the graphene properties to be transferred onto single-
crystalline substrates.

3.2  TMDCs
Compared to graphene composed of a single layer of car-
bon, transition metal dichalcogenides (TMDCs) such as 
 MoS2,  MoSe2,  WS2, and  SnS2 are a class of 2D materials 
with stoichiometry  MX2 in which a transition metal (M) 
atomic plane is sandwiched between two layers of chal-
cogen atoms (X). Due to their unique crystal structure, 
TMDCs exhibit tunable electronic and optical properties 
depending on chemical composition and the number of 
layers, which are actively applied in various future nano-
technology fields [14]. Similar to graphene exfoliation 
using adhesive tape, the layered structure of bulk TMDCs 
with strong in-plane bonding and relatively weak out-of-
plane bonding can be separated into atomically thin 2D 
materials by physical exfoliation [70–75]. In addition, 
chemical/solvent exfoliation of bulk TMDCs produces 
2D nanosheets with sub-micrometer size [76–80]. How-
ever, both exfoliation methods have critical limitations in 
fabricating large-area 2D materials and controlling their 
precise thickness. Thus, it is necessary to directly grow 
TMDCs on rigid substrates by the chemical reaction 
between transition metals and chalcogen elements for 
large-area and high-quality 2D materials.

The solution-based chemical synthesis method has the 
advantages of being able to get a large amount of vari-
ous TMDC nanostructures including sheet, particle, and 
films, but it is difficult to obtain a large-area single-crys-
talline thin film with an accurate  MX2 composition [81–
83]. Vapor-phase growth process including CVD method 
is an innovative alternative that can overcome these limi-
tations [84, 85]. Since layered 2D TMDCs are formed 
sequentially at high temperature through the chemical 
reactions based on vapor-phase precursors [86–89] and/
or solid-phase precursors [90–95], it is possible to obtain 

high-purity and large-area 2D materials on the target 
substrates, as well as to control the morphology, crystal-
linity, and defect density of TMDCs. Although the use of 
TMDC for remote epitaxy has not been demonstrated 
much so far, it is theoretically possible to use TMDC as 
a 2D interlayer material as it is thin enough for materials 
with high ionicity such as complex oxide materials [13]. 
In a recent paper, the possibility of oxide remote epitaxy 
was shown  of a three-dimensional material with a high 
degree of ionicity on  MoS2, which is one of the TMDC 
materials [96, 97].

3.3  Other 2D materials
Two-dimensional hexagonal boron nitride (h-BN) con-
nected by strong  sp2 covalent bonding, an isomorph of 
graphene with similar lattice parameters [98], is receiving 
great attention in future electronic devices due to excel-
lent mechanical properties [99, 100], chemical stability 
[101, 102] and optical properties [103]. Similar to other 
2D materials, the layered structure bulk h-BN can be 
separated into monolayer or 2D structures with a thick-
ness of several nanometers by mechanical and chemical 
exfoliation [104–117]. However, top-down approaches 
to obtain h-BN are not suitable for controlling the exact 
number of layers and forming large-area 2D materials 
onto the target substrates. The metal substrates such as 
Cu [99, 118–126] and Ni [126–133] serve as appropri-
ate seed platforms to artificially grow large-area h-BN 
via CVD process, and monolayer h-BN is grown to a size 
of 7500 μm2 with controlled nucleation density on the 
Cu-Ni alloy [134]. In addition, various methods such as 
LPCVD [135], PVD [136–139] and PLD [140, 141] have 
been proposed to fabricate large-area high-quality h-BN. 
Although crystalline 2D materials show excellent proper-
ties by controlling thickness, doping, and grain size, there 
are still remaining issues such as substrate dependence 
and high process temperature to be addressed. Compared 
to crystalline 2D materials, large-area amorphous h-BN 
[142–147] and amorphous graphene [148–155] formed 
independently of the substrate at low temperatures show 
high thermal stability and excellent dielectric properties 
at atomic thickness, which expands the application of 2D 
materials. To date, h-BN has been extensively used as a 
seed layer for vdW growth of GaN, even on amorphous 
substrates.

4  Methods of producing 2D materials coated 
single‑crystalline wafers

Non-conventional vdW and remote epitaxial growth 
techniques are typically performed on single-crystalline 
substrates or even amorphous substrates coated with 2D 
materials. For remote epitaxy, single-crystalline substrate 
is necessary whereas for vdW epitaxy, any crystalline 
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substrate typically works as long as the surface is atomi-
cally smooth. For remote epitaxy, the 2D materials play 
a key role in the crystallographic registration and layer 
transfer of the grown epitaxial layer. In this section, 
methods for producing single-crystalline wafers coated 
with 2D materials such as transfer, direct growth, and in-
situ 2D growth will be discussed.

4.1  Transfer
This approach involves growth or deposition of 2D mate-
rials on one substrate, then transferring the 2D mate-
rial to another single-crystalline substrate for epitaxial 
growth. This section mainly focuses on the transfer of 
graphene, a representative 2D material that is almost 
exclusively used for remote epitaxy. Typically, epitaxial 
graphene via graphitization of single-crystalline SiC 
wafer or growth through CVD on a metal catalyst foil are 
mainly used.

Epitaxial graphene is formed by sublimation of silicon 
and the rearrangement of carbon in a high temperature 
annealing of SiC wafer over 1500°C, called graphitization, 
and is one of the most reliable methods to obtain wafer-
scale single-crystal graphene [156, 157]. The graphene 
can then be transferred to any arbitrary substrate without 
significant degradation of quality via a semi-dry transfer 
method (Fig.  2a) [62, 158]. The process begins with the 
deposition of a stressor layer, such as Ni, on graphene. 
An evaporation is recommended for stressor deposition 
rather than sputtering in order to avoid damage caused 
by ion bombardment on the graphene. Then, after attach-
ing the thermal release tape (TRT) as a handling layer, 
the TRT/Ni/graphene stack is released from the SiC 

wafer by the mechanical exfoliation. The exfoliated stack 
is directly transferred to the target substate, and the TRT 
is removed through thermal release at around 120 °C 
using a hotplate. Finally, the stressor layer is etched using 
a Ni etchant, such as  FeCl3, leaving only graphene on 
the target substate. The high-quality epitaxial graphene 
coated single-crystalline substrate can be obtained by 
using graphitization of SiC wafer and semi-dry transfer, 
but expensive SiC wafer and high-temperature processes 
for graphitization are required, and some defects on the 
graphene may occur during the transfer process.

On the other hand, large-scale graphene can be grown 
on a metal catalyst through CVD. In particular, Cu foil is 
a well-known metal catalyst for graphene growth, ena-
bling the synthesis of large-area graphene at a relatively 
low temperature [36, 159]. The growth of graphene is 
mainly performed by flowing carbon precursors such 
as methane and ethane. The graphene grown on Cu foil 
can be transferred to the substrate of interest via a wet 
transfer technique (Fig.  2b) [160, 161]. In this process, 
first, the surface of the graphene to be transferred is spin-
coated with a polymer such as poly(methyl methacrylate) 
(PMMA) to form a semi-rigid supporting layer. Then, 
the PMMA/Graphene/Cu foil stack is placed on top of a 
Cu etchant, such as  FeCl3, to etch the Cu foil. This step 
may take several hours depending on the size and shape 
of the Cu foil. After the Cu foil is etched, the PMMA/
graphene stack is rinsed with DI water to remove etch-
ant residues, then transferred by scooping to the target 
substrate. Finally, the supporting layer is removed using 
acetone, leaving only graphene on the substrate of inter-
est. In addition to graphene, other 2D materials can also 

Fig. 2 The schematic illustration of graphene transfer methods. a Semi‑dry transfer method, b Wet transfer method
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be grown on metal catalysts through CVD. For example, 
h-BN, a polar 2D material, can be synthesized over a 
large-area on metal foil [124]. Similar to graphene, it can 
also be transferred to a target substrate via wet transfer 
process [162]. As an alternative to etching the metal cata-
lyst, a way to reuse the catalyst foil through dry transfer 
using a polymer layer has also been proposed [163, 164]. 
In this method, large-area 2D materials can be obtained 
at a relatively low temperature without an expensive sin-
gle-crystalline substrate, but may require an additional 
process to remove organic residues caused by the poly-
mer used in the transfer process.

4.2  Direct growth
As an alternative to the transfer method, 2D materials 
can be directly grown on the surface of the substrate on 
which remote epitaxy will be performed. In this method, 
various 2D materials, including graphene, TMDC and 
h-BN, can be formed directly on a semiconductor or 
insulator substrate without the need to form graphene 
on a single-crystalline SiC wafer or metal catalyst. The 
CVD method is mainly used for the direct growth. The 
2D materials on the substrate are grown by injecting pre-
cursors in the form of gas or solid into a tube furnace. 
For example, direct growth of 2D materials, including 
graphene, TMDC and h-BN, has been reported not only 
on  SiO2/Si [86, 165], Ge [56], sapphire [60, 135, 166], and 
SiC [63], but also on  SrTiO3 substrate [167], a complex-
oxide material that is drawing significant attention for 
next-generation electronic and photonic devices thanks 
to their functional properties including high-κ dielectrics 
[168, 169], ferroelectric [2], magnetism [170] and super-
conducting [171].

This technique is highly scalable method that can 
form 2D materials on substrates without leaving behind 
any tearing or residues occurred in the transfer pro-
cess. However, it is still difficult to precisely control the 
thickness and uniformity of the grown 2D materials. In 
addition, a relatively high growth temperature might be 
needed since there is no metal catalyst that reduces the 
energy required for CVD growth of 2D materials. This 
makes it difficult to grow 2D materials on thermally 
weak substrates that cannot withstand the CVD growth 
temperatures of 2D materials [172]. To overcome these 
drawbacks, for example, 2D layer thickness control and 
removal of clumps of carbon atoms through atomic 
layer etching (ALE) technique [55], low-temperature 2D 
growth technology enabled by plasma [144, 152] have 
also been reported. Thus, although direct growth of gra-
phene on the growth substrate is likely the most attractive 

option, a novel technique to control the thickness of the 
grown graphene layer, such as ALE, will become more 
important for the future of remote epitaxy.

4.3  In‑situ 2D growth
In-situ 2D growth is a recently proposed method of direct 
growth of 2D materials on a substrate in the epitaxy sys-
tems to grow 2D materials in situ with epitaxy [173]. The 
core of this technology is direct growth of 2D materials 
in epitaxial equipment, enabling efficient epitaxy without 
additional steps to form 2D materials on wafers, such as 
2D transfer, loading/unloading, and ramping/cooling. In 
addition, alternating stacks of 2D materials and epitaxial 
layers can be grown in a single run, and multiple wafer-
scale freestanding single-crystalline membranes can be 
obtained with high throughput via 2DLT [3] (Fig. 3a). The 
process begins with direct growth of 2D materials on a 
host wafer in the epitaxial system. The boron nitride (BN)
and thin amorphous carbon (TAC) were grown on GaN 
and GaAs wafers using conventional epitaxy tools, MBE 
and MOCVD, respectively. Then, epitaxy is performed on 
the 2D-coated single-crystalline substrate, and multiple 
stacks of alternating 2D/epilayer are formed by repeat-
ing 2D growth and remote epitaxy. After that, a stressor 
layer is deposited on the topmost epilayer, and layer-
by-layer peeling enabled by 2DLT is repeated to harvest 
multiple freestanding single-crystalline membranes. For 
proof of concept, three stacks of 2D/epilayer of GaN and 
GaAs were grown, and X-ray diffraction (XRD) spectrum 
showed that all epitaxial layers were grown along the 
crystallinity of the substrate (Fig. 3b and d). In addition, 
cross-sectional and plan-view scanning electron micro-
scope (SEM) images and EBSD maps showed that mul-
tiple freestanding single-crystalline membranes could be 
harvested from a single wafer (Fig. 3c and e).

5  Interaction between growth technique, 2D 
material, and substrate during various epitaxy 
techniques

In the following sections, we will discuss what type of 
epitaxy has been realized utilizing 2D materials on vari-
ous substrates, and how to implement remote epitaxy 
successfully for various growth conditions and methods.

5.1  2D material on Non‑nitride substrate
To date, Si has been the most widely used semiconduc-
tor substrate due to its extremely low price and ease of 
fabrication. In fact, due to its extreme cost effectiveness, 
Si is even used as a substrate to grow GaN and its alloys. 
For example, Araki et  al. reported c-axis oriented GaN 
growth on Si (100) using plasma-excited molecular beam 
epitaxy (PA-MBE) where graphene was introduced as 
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an interlayer [176]. They showed that due to the unique 
structure of the graphene lattice, c-plane oriented GaN 
growth is possible even on substrates with non-epitaxial 
relationships such as Si. However, although out-of-plane 
alignment was possible, in-plane alignment was shown 
to be rather difficult due to the polycrystalline nature 
of the graphene used in the study. Since Si (111) has an 
epitaxial relationship with the hexagonal GaN structure 
on the surface, it has been mainly used for GaN micro-
rod growth rather than planar films [174, 177–180]. 
In a report by Ren et al., it was shown that it is possible 
to grow AlGaN nanorod LEDs on graphene coated Si 
(111) substrates via MOCVD [174]. Figure 4a is the tilt-
view SEM image of AlGaN nanorod LEDs on graphene/

Si (111). Afterward, EBSD analysis shows that c-axis 
orientation is well matched, but in-plane alignment is 
not achieved (Fig.  4b, c). Zheng et  al. compared InGaN 
nanorod growth (via PA-MBE) patterns in cases where 
monolayer graphene and trilayer graphene were used 
as interlayers [179]. In particular, it was reported that 
the trilayer graphene had higher adsorption energy and 
lower migration energy, which resulted in better nuclea-
tion in the initial growth stage, and affected the increase 
in nanorod density. These studies clearly show the pos-
sibility of epitaxial growth of compound semiconductors 
on graphene coated substrates. However, the mechanism 
of growth is still not fully understood whether the epitax-
ial growth is by vdW epitaxy or remote epitaxy.

Fig. 3 Multiplication of freestanding membranes via in situ growth a The schematic illustration of membrane production process via in situ growth. 
b Cross‑sectional TEM image of remote epitaxially grown GaN on BN/GaN. c False‑color cross‑sectional, Plan‑view SEM and EBSD map of as‑grown 
and after exfoliated GaN. d Cross‑sectional STEM image of remote epitaxially grown GaAs on TAC/AlGaAs/GaAs. e False‑color cross‑sectional, 
Plan‑view SEM and EBSD map of as‑grown and after exfoliated GaAs. Figure reproduced from ref. [173], Springer Nature Ltd
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SiC is also a popular substrate for vdW or remote epi-
taxy growth of GaN or other wide bandgap materials, 
as it is possible to form wafer-scale epitaxial graphene 
without the need to go through the wet graphene trans-
fer method. High-quality epitaxial graphene with precise 
thicknesses can be formed on SiC through Si sublimation 
and graphitization at very high temperatures (~ 1800 ºC) 
[8, 61, 181–185]. Epitaxial graphene is one of the best 
suitable buffer layer for implementing vdW or remote 
epitaxy by utilizing the naturally formed vdW honey-
comb lattice surface of the graphatized SiC. Kim et  al. 
utilized the advantage of GaN nucleation (Fig. 4e) at the 
step edge of epitaxial graphene on SiC (0001) (Fig.  4d) 
to produce single-crystalline GaN film growth (via 
MOCVD) and even demonstrating a blue LED [8]. They 
reported this growth method direct vdW epitaxy and 
then successfully separated the grown GaN through a Ni 
stressor and showed transferable potential. Later, more 
detailed research revealed that this growth method was 
actually remote epitaxy and not vdW epitaxy [61].

SiO2 is formed on the Si surface through natural oxida-
tion or deposited to a thickness of hundreds of nanom-
eters and has been mainly used as an insulator and a 
sacrificial layer (Fig.  4g) [25, 175, 186–189]. In 2010, 
Chung et al. grew a transferable GaN film on ZnO-coated 
graphene. Subsequently, they transferred it to the foreign 
substrate through mechanical lift-off to implement the 
device, showing the possibility of exceeding the limita-
tions of conventional epitaxy technology based on direct 
bonding [186]. However, due to the low surface energy 
of graphene,  O2 plasma treatment was required to form 
a dangling bond on the graphene surface for the attach-
ment of adatom during the growth process. Li et al. also 
grew the GaN epitaxial layer by introducing  O2 plasma 
treatment on the graphite surface, revealed the growth 
mechanism, and suggested the possibility of making 
photoelectric devices through high-purity graphite [25]. 
Except for a specific case (on SiC substrate), these reports 
have primarily implemented vdW epitaxy using graphene 
lattice characteristics on the non-nitride substrates.

Fig. 4 Epitaxy of graphene on non‑nitride substrate. a The tilted‑view SEM image of AlGaN nanorods on graphene/Si (111). b the normal‑direction 
EBSD inverse pole figure (IPF) image of on graphene/Si (111). c the transverse‑direction EBSD IPF image of AlGaN nanorods on graphene/Si (111). 
Figure reproduced from ref. [174], MDPI. d AFM image of the surface of a graphitized SiC substrate. e Plan‑view SEM images of GaN films grown 
on graphene by one‑step growth at 1100 ºC, and f modified two‑step growth. Figure reproduced from ref. [8], Springer Nature Ltd. g A schematic 
illustration of the fabrication process for vertical structure micro‑rod LEDs. Figure reproduced from ref. [175], AIP Publishing
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Sapphire  (Al2O3) substrates are relatively inexpensive 
compared to other substrates for GaN growth despite a 
lattice mismatch of about 16% with GaN [191]. However, 
a low-temperature buffer layer or superlattice is usu-
ally necessary to grow high-quality GaN layers on top of 
sapphire. In 2012, Choi et  al. used the DAS method to 
directly coat a sapphire substrate with graphene and suc-
ceeded in the growth of GaN in one-step via MOCVD. In 
the initial state, it is revealed that GaN nucleation begins 
along the graphene ridge, allowing graphene to replace 
GaN buffer layers [51]. Similarly, Mun et al. compared the 
initial growth patterns of GaN using MOCVD through 
multi-stacked graphene buffer layers on sapphire and 
analyzed the stress relaxation effect of the grown GaN 
microstructure [192]. Zeng et al. attempted to grow AlN 
on the graphene buffer layer and reported that defects in 
the graphene layer play a crucial role in the AlN nuclea-
tion [193]. Similarly, Sarau et al. confirmed that control-
ling the defects in graphene during growth is possible 
through nitrogen doping on the surface of the graphene, 
which is advantageous for n-GaN rod formation [194]. 
Graphene defects were intentionally created through 
exposure to  NH3 gas at high temperature or  N2 plasma 
treatment. Other growth methods using graphene in 
various forms, such as multilayer, hybrid, and plasma-
treated graphene, have been reported [194–198]. These 

methods, called vdW epitaxy or quasi-vdW epitaxy, were 
successful in membrane fabrication but had difficul-
ties in exfoliation of the membrane off of the substrate. 
However, Jeong et al. was able to fabricate exfoliable GaN 
microrod LEDs on graphene coated sapphire without 
utilizing graphene defects. They reported "remote heter-
oepitaxy" and showed that the remote epitaxy technology 
can be applied to epitaxial growth of heterostructures 
(Fig. 5a–c). Subsequently, they were successful in trans-
ferred the fabricated GaN microrod LED to different 
substrates using TRT (Fig. 5d, e). Through these reports, 
they proved that c-axis oriented GaN growth (like on 
Si or  SiO2 substrate) is possible via remote epitaxy pro-
ducing well-aligned GaN micro-rod LEDs with in-plane 
alignment (Fig. 5a) [190, 199].

5.2  2D material on III‑N substrate
Aluminum Nitride (AlN) is a material with a wurtz-
ite structure and a lattice mismatch of ~ 2.4% with GaN. 
The polarity  of AlN substrates is rather advantageous 
for  improving the crystal quality of GaN  growth, and 
is another good candidate for remote epitaxy [40, 200–
205]. Zhang et al. succeeded in high-quality GaN growth, 
including low-threading dislocation through the modula-
tion of graphene surface states by transferring graphene 
on sputtered AlN templates [200]. More recently, Liu 

Fig. 5 Remote epitaxy of 2D materials on sapphire  (Al2O3) substrates and the principle. a Optical microscopic image of GaN microcrystals (μCs) 
taken at around the boundary between graphene/Al2O3 and bare  Al2O3 surfaces. Based on the red dotted line, the left is on graphene/Al2O3 
and right is on bare  Al2O3. Tilted‑view SEM images of GaN μCs grown on b graphene/Al2O3 and c bare  Al2O3. d Photograph of the thermal release 
tape after the delamination of polyimide‑encapsulated GaN μCs. The inset of d shows a photograph of the substrate after the exfoliation process. e 
Flexible white μCs‑LED matrix arrays fabricated by forming patterned electrodes. Figure reproduced from ref. [190], Elsevier
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et al. compared growth on a non-epitaxial substrate along 
with an AlN-deposited (via PVD) substrate and realized 
polarization-driven selective growth (OSG) through the 
growth pattern of AlN nuclei after graphene transfer 
[204]. As a result, they showed that single-crystalline 
GaN growth is possible on any non-epitaxial substrate by 
applying the OSG strategy. However, they found it was 
difficult to achieve in-plane alignment because the PVD-
deposited AlN was polycrystalline.

In 2018, Kong et  al. carried out remote epitaxy (via 
MBE and MOCVD) and compared the possibility of 
remote epitaxy according to the polarity of the sub-
strate for a total of four materials, Si, GaAs, LiF, and 
GaN (Fig.  6a, b) [13]. They found that for materials 
with stronger ionicity, remote epitaxy was possible 
even through multilayer graphene depending on the 
ionicity strength (Fig. 6c, d). However when h-BN was 
used instead of graphene, GaN was seeded by the h-BN 

and not the substrate due to the polarity of the h-BN 
itself, hindering the polarity of the substrate to pene-
trate through (Fig. 6e). Further research from the same 
group confirmed that the remote epitaxy phenomenon 
occurred in the same way for complex-oxide-based 
substrates. In addition, they reported that dry-trans-
ferred graphene is more effective than wet-transferred 
graphene since it produces less defects and residues 
during the transfer process [202].

Through these reports, we can conclude that the type 
of epitaxy is determined by the polarity of the substrate, 
the type of interlayer, the number of interlayer stacks, 
and the quality of layers. Thus, remote epitaxy is only 
observed in specific cases to date.

In the following section, we will provide an overview of 
recent publications on how to successfully realize remote 
epitaxy strategically, especially focusing on remote epi-
taxy of GaN via MOCVD.

Fig. 6 Remote epitaxy of 2D materials on III‑N substrates and penetration distance of the potential fluctuations. Si/1‑monolayer (ML)‑graphene 
(Gr)/Si for a1 and b1, GaAs/1‑ML‑Gr/GaAs for a2 and b2, GaAs/2‑ML‑Gr/GaAs for a3 and b3, GaN/2‑ML‑Gr/GaN for a4 and b4, GaN/3‑ML‑Gr/GaN 
for a5 and b5, LiF/3‑ML‑Gr/LiF for a6 and b6. a EBSD of released surfaces. b Scanning electron microscopy morphology of as‑grown surfaces. c 
Comparison of the effective potential energy fluctuation on 1‑ML, 2‑ML, and 3‑ML graphene coated substrates. d The schematic of the remote 
interaction penetration depth depending on iconicity across groups IV, III‑V and I‑VII materials show that graphene transparency increases 
with material iconicity. e Potential energy fluctuation from the GaN substrate through 1‑ML graphene and h‑BN. Figure reproduced from ref. [13], 
Springer Nature Ltd
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5.3  III‑Nitride epitaxial growth on 2D layer
Recalling the mechanism of remote epitaxy as shown in 
Fig. 7a, it is possible to grow a single-crystalline thin-film 
on 2D material-coated substrates via the remote inter-
action of the substrate polarity through the 2D material 
with easy exfoliation of the thin-film off of the substrate 
[206]. Consequently, expensive substrates such as free-
standing GaN, AlN, and silicon carbide could be recy-
cled, ultimately resulting in significantly reduced device 
costs. To date, extensive results such as nitride growth 
on graphene or h-BN coated various substrates, show-
ing exfoliation of overgrown layer and re-using substrate, 
have been reported [207–210].

Two-step growth including low-temperature buffer and 
crystal growth of nitride at high-temperature as shown in 
Fig. 7b is a universal technique that a lot of III -N grow-
ers are now using, which was discovered by Amano et al. 
in 1987 [211]. The interfacial buffer layer is the key fac-
tor determining single-crystalline III-N growth. As stated 
above, the condition of the interfacial 2D material is a key 
factor for successful remote epitaxy of III-N materials 
via MOCVD. One of the most important application for 
remote epitaxy is to be able to mass produce wafer-scale 
exfoliable GaN device films and re-using substrate. How-
ever, due to the relatively harsh nitride growth conditions 
in MOCVD, such as high temperatures and toxic gases, 
there is no guaranteed that 2D materials can remain 
undamaged. Since MOCVD reactor incubates gases such 
as TMGa,  H2, and  NH3 at high temperatures for growing 
III-nitride layers, understanding how these growth con-
dition affect the 2D layers. A slight change in the condi-
tion of the 2D layer can critically change the success rate 
of remote epitaxy. Therefore, in this section, we will dis-
cuss the effect of ambient, temperature, and substrate on 

the 2D layer, providing a strategy for realizing successful 
remote epitaxy of III-nitride materials.

5.4  Effect of hydrogen on 2D materials
Currently, the usage of  H2 carrier gas is a common 
method for growing high-quality III-nitride alloys such 
as GaN, AlN, and AlGaN. Cho et al. found that using  H2 
carrier gas is more advantageous in decreasing the edge 
dislocation density compared to  N2 carrier gas [214, 215]. 
 N2 carrier gas is useful to grow a restricted alloyed mate-
rial such as high indium content InGaN layer [216]. Since 
 N2 has three covalent bonds that are not broken at the 
growth temperature of III-nitride, there is no concern of 
 N2 reacting with the 2D material. Thus, using  N2 may be 
desirable to realize remote epitaxy of InGaN. However, 
most nitride layers still need  H2 carrier gas for obtaining 
high-quality films. Hence, it is necessary to discuss the 
effect of III-nitride carrier gas for remote epitaxy.

In 2009, Elias et al. [212] reported the reaction between 
hydrogen atom and graphene layer. Hydrogenation pro-
duced D and D’ peak in the Raman spectra of graphene 
as well as a change in the lattice spacing between car-
bon atoms in case of both graphene on  SiO2 and free-
standing, as shown in Fig.  8a. The appearance of D, D’, 
and D + D’ peaks is attributed to hydrogenation which 
breaks the symmetry of the C–C  sp2 bonds and forms 
C-H  sp3 bonds. Furthermore, they found that the lattice 
constant of graphene, 2.46  Å, decreased as much as 5% 
after annealing, which was confirmed by TEM. After the 
annealing step, the Raman spectra recovered back to a 
pristine graphene state with strongly suppressed D, D’ 
and D + D’ peaks. Also, annealing led to the return of the 
original lattice constant. This result suggests that hydro-
gen atoms during annealing does not lead to significant 
changes in the characteristics of graphene. Additionally, 

Fig. 7 a Illustration of ideal theory of III‑nitride growth on 2D layer. The weak covalent bond caused by an interfacial 2D layer between overgrown 
layer and the substrate allows the exfoliation of overgrown layer. Subsequently, a used substrate can be recycled for saving a cost. b Typical 
two‑step GaN growth condition on c‑plane sapphire substrate for high crystal quality GaN using MOCVD. This reveals that III‑nitride growth 
conditions such as high temperature, and toxic gases  (H2 and  NH3) may change the properties of 2D layer
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hydrogen can also be used to remove organic PMMA 
residues on the graphene surface if the graphene is trans-
ferred using the wet transfer method [212]. Hydrogen gas 
also enables III-nitride growth on 2D material. In 2014, 

J. Kim et al. [8] reported GaN grown on graphene coated 
SiC substrates, where they optimized the growth condi-
tion in two steps. The first step is nucleation at 1100 ºC, 
and subsequently, the second step was carried out at 

Fig. 8 Effect of hydrogen on 2D materials. a Changes in Raman spectra of graphene caused by hydrogen. Left is Graphene on  SiO2 and right 
is free‑standing graphene. Red, blue, and green curves correspond to pristine, hydrogenated, and annealed samples, respectively. Figure 
reproduced from ref. [212], AAAS. b Raman spectra taken from an as‑grown GaN film on graphene/SiC, released GaN films on the tape, remaining 
graphene after GaN release and GaN film transferred on  SiO2 substrate. c HRTEM observed at the interface between GaN and SiC showing graphene 
remains after growth. Top image is GaN grown on a fresh graphene/SiC and bottom image is GaN grown on a reused graphene/SiC substrate. 
Figure reproduced from ref. [8], Springer Nature Ltd. d STEM image of GaN grown on graphene/c‑sapphire confirming graphene remains. e 
Annealing test of wet‑transferred graphene on c‑sapphire at 1050 ºC ambient in  H2. Figure reproduced from ref. [199], AAAS. f high‑magnification 
CCD image of the interface between AlN and c‑sapphire confirming the presence of h‑BN layer. Figure reproduced from ref. [213], Elsevier. g 
5 nm‑thick h‑BN layer as grown on AlN. h annealed h‑BN on AlN at 1400 ºC ambient in  H2. i FTIR spectra for confirming the presence of h‑BN 
after annealing. Figure reproduced from ref. [203], RSC Publishing
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1250 ºC where hydrogen carrier gas was used. Figure 8b 
shows the Raman spectra of each step. After releasing 
the overgrown GaN layer, graphene D, G, and 2D peak 
were confirmed, indicating that the graphene can remain 
intact under hydrogen ambient. Clearly, the TEM image 
shown in Fig.  8c demonstrates that graphene is present 
at the GaN and SiC substrate interface. This observation 
suggests again that using hydrogen carrier is acceptable 
for remote epitaxy of GaN on graphene. Similar findings 
were also reported elsewhere [199]. GaN microrods were 
grown even on wet transferred either single or bilayer 
graphene on c-sapphire. The TEM observation (Fig. 8d) 
showed the presence of graphene after GaN growth as 
well as the delamination gap between overgrown GaN 
and c-sapphire. In addition, they tested high temperature 
annealing at 1050  ºC ambient in  H2 for the graphene-
coated substrate. Both single and bilayer graphene after 
annealing was confirmed to be intact by Raman spec-
tra, as shown in Fig.  8e. Consequently, it can be con-
cluded that wet-transferred graphene can survive under 
 H2 ambient at the growth temperature of GaN. Figure 8 
shows the potential for remote epitaxy while preventing 
graphene damage during the graphene growth process by 
wet transfer, but wet transfer of graphene to other sub-
strates remains problematic. During the graphene trans-
fer process, a native oxide is formed at the graphene and 
substrate interface, blocking graphene-mediated remote 
interactions. In contrast, dry transfer process produces 
a clean interface without oxidation, enabling success-
ful atomic-level remote epitaxy through graphene, and 
exhibits more reliable remote epitaxy than the wet trans-
fer process [11, 12].

As an alternative 2D material, boron nitride (BN), 
which is a III-nitride family, can be used for both vdW 
and remote epitaxy of III-nitride, with more stability 
than graphene, in the III-nitride growth environment. 
Figure  8f shows the interfacial hexagonal-BN (h-BN) 
layer between AlGaN/AlN and c-sapphire [213]. Prior to 
AlGaN/AlN growth, epitaxial h-BN was first conducted 
on c-sapphire at 1280  ºC in hydrogen ambient. Subse-
quently, AlGaN/GaN layer was grown on the as grown 
h-BN layer at 1140  ºC using hydrogen carrier gas. The 
observed high-resolution CCD image (Fig. 8f ) for h-BN 
seems to be vivid and natural, confirming that AlGaN/
AlN layer could be grown on h-BN using hydrogen gas 
without damage to h-BN layer [197]. Figure  8g, h show 
the atomic force microscopy (AFM) of the as grown 
h-BN on AlN and annealed one at 1400 ºC ambient in  H2, 
respectively. Clearly, there seems to be no significant dif-
ference in the surface morphology and surface roughness 
before and after annealing. Furthermore, Fourier trans-
form infrared (FTIR) spectra (Fig.  8i) obviously reveals 
that h-BN can survive not only under  H2 ambient but 

also at high temperatures of around 1400  ºC, which is 
the temperature where AlN starts to decompose. These 
investigations of h-BN suggest that the 2D material 
containing a nitrogen atom, which is sufficiently robust 
under the III-nitride growth environment, may be desir-
able to realize vdW and remote epitaxy. There are many 
reported results for growing III-nitride on 2D materials 
under  H2 carrier gas. This may indicate that  H2 carrier 
gas alone is not the main cause of failed vdW or remote 
epitaxy.

5.5  Effect of nitrogen on 2D materials
In fact, the properties of 2D materials alter when exposed 
to a nitrogen (N) environment [221, 222]. The effect of 
N on graphene results in not only a dangling bond but 
also vacancy sites. Since the surface energy of graphene 
is ultra-low, the direct growth of III-nitride materials on 
graphene is regarded as very challenging. To overcome 
this, artificially induced N-doped graphene has been 
adopted as an alternative solution to directly grow III-
nitride on graphene.

In 2017, Sarau et al. [194] reported that wet-transferred 
graphene on c-sapphire had N doping of approximately 
11 atoms % in ambient  NH3 at 1200 ºC for 10 min.  NH3 
decomposes by itself at high temperatures and provide 
the N atoms, which creates C-N covalent bonds. Subse-
quently, single-crystalline GaN layer (0002) can be grown 
on graphene/SiO2 annealed in  NH3 environment due 
to the increased C-N bond number [217]. According to 
this work,  NH3 annealing forms  sp2 C-N (398.7 eV) and 
 sp3 C-N (399.6  eV) bonding called pyridine N and pyr-
roline N, respectively. Figure 9a, b show the result of GaN 
growth on with and without  NH3 treated graphene/SiO2, 
respectively. As explained above, since graphene has 
low surface energy, there is small chance that GaN can 
grow on graphene directly without invoking remote epi-
taxy. However, artificially induced C-N bonding is more 
active than  sp2 C–C bonding. This C-N bonding trig-
gers a formation of AlN seed layer on graphene, which 
allows single-crystalline GaN layer (0002) to be grown on 
graphene/SiO2. Instead of annealing in  NH3,  N2 plasma 
treatment has also been reported. Chen et al. showed that 
 N2 plasma treatment increased the defect density, which 
yielded a facilitation of AlN nucleation site, thereby single 
crystalline AlN was obtained [196]. Another hypothesis 
is that the graphene layer is partially etched by  N2 plasma 
treatment [218]. Figure  9c shows HAADF-STEM image 
observing the etched graphene region after  N2 plasma 
treatment. Interestingly, the result of AlN growth differed 
depending on the graphene regions (i.e., unetched and 
etched). The selected area electron diffraction (SAED) 
demonstrated that AlN layer grown on unetched region 
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was of polycrystalline (Fig. 9d) in nature, while on etched 
region was a single-crystalline (Fig. 9e).

Indeed, N-incorporated graphene is beneficial to 
increase the surface energy of graphene, which helps III 
atoms form III-N bond that aids in nucleation. However, 
previous studies pointed out that the graphene honey-
comb lattice can break during N treatment (i.e., N-doped 
graphene structure) [220, 223, 224]. Bangert et  al. [219] 
observed N-atoms adjacent to vacancy sites and substitu-
tional N-atoms after low energy ion implantation of gra-
phene (Fig.  9f ). This implies that N atoms incorporated 
into graphene can create vacancy defects, replacing a 
carbon atom. Similar observation has been reported else-
where [225]. Subsequently, carbon loss is proportional to 
the N coverage in graphene (Fig. 9g) [220]. These results 
indicate that the loss of carbon is related to the amount 
of inserted N, which results in vacancies or holes in the 
graphene lattice. Thus, on one hand, N treatment on gra-
phene provides a chance that III-nitride is easily grown 
on graphene via defect or vacancy. On the other hand, 
N treatment may not be a desirable way for realizing 
III-nitride remote epitaxy since remote epitaxy requires 
a clean interface without any defects for interaction 

between the substrate and the growth material, which is 
a critical factor determining the successful exfoliation of 
the grown film. Also, the effect of  NH3 that is used for III-
nitride growth should be avoided or minimized during 
III-nitride growth since  NH3 changes the performance 
of the graphene layer. Although there is no consensus 
for III-nitride remote epitaxy on graphene-coated sub-
strates yet, especially III-nitride substrates, it is clear that 
N atoms affects the performance of graphene, resulting 
in reduced yield of III-nitride remote epitaxy. There-
fore, a recipe protecting graphene during the epitaxy of 
III-N films via MOCVD needs to be developed moving 
forward.

5.6  Stability of 2D materials on the substrates varying 
temperature.

One challenge preventing remote epitaxy in III-nitride 
growth via MOCVD is the substrate decomposition 
issue. For high crystal quality of GaN, high temperatures 
over 1000 ºC is required [5, 226]. For homoepitaxy such 
as GaN on GaN, the decomposition of GaN substrate 
does not seriously affect growth results even at high tem-
perature as well as  H2 and  NH3 ambient. However, since 

Fig. 9 Plan‑view SEM image of GaN growth on graphene/SiO2/Si substrate. a with  NH3 annealing b without  NH3 annealing. Figure reproduced 
from ref. [217], Wiley. c cross‑sectional HAADF‑STEM image of GaN on N‑plasma treated graphene/SiC substrate. FFT pattern of AlN layer grown 
on d graphene regime, e etched graphene regime. Figure reproduced from ref. [218], Springer Nature Ltd. f atomic resolution HAADF‑STEM image 
of graphene layer after N ion implantation showing N‑atom adjacent to a vacancy and a substitutional N‑atom. Figure reproduced from ref. [219], 
ACS Publications. g Demonstration that carbon loss of graphene is proportional to N coverage. Figure reproduced from ref. [220], ACS Publications
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graphene is not guaranteed to survive in those condi-
tions. According to Park et al. [172] the decomposition of 
the III-nitride substrate triggers graphene-loss. Further-
more, they compared the impact on 2D materials for non-
nitride substrates and nitride substrates. The graphene 
coated GaN template was annealed at varying tempera-
tures from 950 to 1050  ºC under  N2 ambient (Fig. 10a). 
First, graphene was annealed on GaAs substrate for con-
firming which atom (N or As) is responsible for damaging 
graphene. It is deduced that N atoms are the main cause 
of graphene loss. Then, graphene-coated AlN and  Al2O3 

substates, substrates that are widely used in III-nitride 
growth, were systematically investigated under the same 
annealing conditions in  H2 ambient (Fig.  10b, c) [203]. 
The  H2 ambient was selected to investigate substrate 
decomposition at a relatively low temperature (assuming 
that  H2 alone does not cause graphene damage). Simi-
lar to the results on GaN templates, no Raman peak was 
observed for graphene on AlN template over 1300  ºC, 
which is the starting AlN decomposition. On the other 
hand, graphene was observed on  Al2O3 regardless of the 
annealing temperature, including temperatures higher 

Fig. 10 Stability of graphene on various substrates and at various temperatures. Raman spectra of graphene a on GaN at 950–1050 ºC. Figure 
reproduced from ref. [172], Wiley. b on AlN at 1100–1400 ºC c on  Al2O3 at 1100–1400 ºC. d Illustration of occurrence of graphene‑loss caused 
by generated nitrogen atoms through the decomposition of nitride‑substrate. Figure reproduced from ref. [203], RCS Publishing. e The usage 
of desirable substrate for no graphene‑loss and successful remote epitaxy under the III‑nitride growth conditions
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than that of  Al2O3 decomposition, even though the sur-
face became rough with a lot of voids. This indicates that 
the decomposition of the substrate surface alone is not 
the main cause of complete graphene loss. Figure  10d 
describes the mechanism of graphene loss. It has been 
reported that carbon loss producing vacancy points and 
holes in the graphene structure occurs by N atoms, which 
is called N-doped graphene structure [220, 223, 224]. 
This, carbon-loss in graphene caused by N atoms, which 
seems inevitable due to the existance of N atoms in the 
substrate itself. We note that metal atoms such as Al, Ga, 
and In do not lead to carbon-loss, reported in the follow-
ing studies [178, 182, 227]. Similar results for graphene 
loss on III-nitride substrate have been reported else-
where [40, 205, 228].

6  Summary and future outlook
In summary, for successful remote epitaxy, it is neces-
sary to consider many factors such as choosing the most 
robust substrate at the material growth temperature and 
also growth conditions to minimize graphene damage 
during growth. Following this, several solutions can be 
reasonably deduced as shown in Fig. 10e. Typical growth 
temperatures of InN, GaN, and AlN are 500–600, 1000–
1100, and 1200–1300 ºC, respectively. Meanwhile, it has 
been reported that the decomposition temperatures of 
InN, GaN, and AlN ambient in  H2 are approximately 500, 
700, and 1300  ºC, respectively [229–231]. Additionally, 
 Al2O3 and SiC start to decompose at 1200 and 1700 ºC, 
respectively [232, 233]. Considering both growth tem-
perature and decomposition temperature, the substrate 
having a higher decomposition temperature than growth 
temperature would guarantee the survival of the gra-
phene during growth. Therefore, for III-nitride remote 
epitaxy, GaN on graphene/AlN (2.4% lattice mismatch) 
or AlN on graphene/AlN (0% lattice mismatch) may be a 
desirable approach when using MOCVD. Regarding GaN 
on graphene/GaN, it can be realized using MBE system 
that requires a low growth temperature of approximately 
700  ºC, which temperature enables to avoid the decom-
position of GaN substrate, if N-plasma is appropriately 
controlled [234]. Recent studies on modified hybrid 
MBEs [235] specifically designed for remote epitaxy 
show that engineering novel growth tools and techniques 
may be the best route to successful adoption of remote 
epitaxy on the industrial scale.

Acknowledgements
Not applicable.

Author contributions
All authors have participated in searching references and writing the manu‑
script. All authors read and approved the final manuscript.

Funding
H.S.K. acknowledge support by the National Research Foundation of Korea 
(NRF) (grant no. NRF‑2022M3D1A2085228) and the Department of Electrical 
and Electronic Engineering at Yonsei University. D.‑S.L. acknowledge support 
by the National R&D Program through the National Research Foundation of 
Korea (NRF) funded by Ministry of Science and ICT (NRF‑2022M3D1A2085227, 
NRF‑2022R1A2C2012462). S. K. acknowledge support by the Basic Science 
Research Program through NRF funded by the Ministry of Education (NRF 
Award No. NRF‑2021R1C1C1008949).

Availability of data and materials
The datasets used and/or analysed during the current study are available from 
the corresponding author on reasonable request.

Declarations

Competing interests
The authors declare that they have no competing interests.

Received: 2 February 2023   Accepted: 9 April 2023
Published: 28 April 2023

References
 1. Y. Kim, S.S. Cruz, K. Lee, B.O. Alawode, C. Choi, Y. Song, J.M. Johnson, C. 

Heidelberger, W. Kong, S. Choi, K. Qiao, I. Almansouri, E.A. Fitzgerald, J. 
Kong, A.M. Kolpak, J. Hwang, J. Kim, Nature 544, 340 (2017)

 2. H.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, J. Kim, Nature 578, 75 (2020)

 3. H. Kum, D. Lee, W. Kong, H. Kim, Y. Park, Y. Kim, Y. Baek, S.H. Bae, K. Lee, J. 
Kim, Nat. Electron. 2, 439 (2019)

 4. J.W. Matthews, A.E. Blakeslee, J. Cryst. Growth 27, 118 (1974)
 5. H. Amano, N. Sawaki, I. Akasaki, Y. Toyoda, Appl. Phys. Lett. 48, 353 

(1986)
 6. Z.I. Kazi, P. Thilakan, T. Egawa, M. Umeno, T. Jimbo, Jpn. J. Appl. Phys. 40, 

4903 (2001)
 7. A. Koma, Thin Solid Films 216, 72 (1992)
 8. J. Kim, C. Bayram, H. Park, C.W. Cheng, C. Dimitrakopoulos, J.A. Ott, K.B. 

Reuter, S.W. Bedell, D.K. Sadana, Nat. Commun. 5, 4836 (2014)
 9. Y. Kobayashi, K. Kumakura, T. Akasaka, T. Makimoto, Nature 484, 223 

(2012)
 10. S.H. Bae, H. Kum, W. Kong, Y. Kim, C. Choi, B. Lee, P. Lin, Y. Park, J. Kim, Nat. 

Mater. 18, 550 (2019)
 11. H. 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, J. Kim, ACS Nano 15, 10587 (2021)

 12. H. Kim, J.C. Kim, Y. Jeong, J. Yu, K. Lu, D. Lee, N. Kim, H.Y. Jeong, J. Kim, S. 
Kim, J. Appl. Phys. 130, 174901 (2021)

 13. W. Kong, H. Li, K. Qiao, Y. Kim, K. Lee, Y. Nie, D. Lee, T. Osadchy, R.J. 
Molnar, D.K. Gaskill, R.L. Myers‑Ward, K.M. Daniels, Y. Zhang, S. Sundram, 
Y. Yu, S. Hoon Bae, S. Rajan, Y. Shao‑Horn, K. Cho, A. Ougazzaden, J.C. 
Grossman, J. Kim, Nat. Mater. 17, 999 (2018)

 14. P. Ranjan, S. Gaur, H. Yadav, A.B. Urgunde, V. Singh, A. Patel, K. Vishwa‑
karma, D. Kalirawana, R. Gupta, P. Kumar, Nano Converg. 9, 1 (2022)

 15. W. Sohn, K.C. Kwon, J.M. Suh, T.H. Lee, K.C. Roh, H.W. Jang, Nano Con‑
verg. 8, 1 (2021)

 16. H.J. Kim, M. Chong, T.G. Rhee, Y.G. Khim, M.H. Jung, Y.M. Kim, H.Y. Jeong, 
B.K. Choi, Y.J. Chang, Nano Converg. 10, 10 (2023)

 17. E.W. Wong, P.E. Sheehan, C.M. Lieber, Science 277, 1971 (1997)
 18. A.K. Geim, K.S. Novoselov, Nat Mater 6, 652 (2007)
 19. M.D. Stoller, S. Park, Z. Yanwu, J. An, R.S. Ruoff, Nano Lett. 8, 3498 (2008)
 20. G. Srinivas, Y. Zhu, R. Piner, N. Skipper, M. Ellerby, R. Ruoff, Carbon 48, 630 

(2010)
 21. K.S. Novoselov, A.K. Geim, S.V. Morozov, D. Jiang, Y. Zhang, S.V. Dubonos, 

I.V. Grigorieva, A.A. Firsov, Science 306, 667 (2004)



Page 18 of 21Ji et al. Nano Convergence  (2023) 10:19

 22. W.S. Koh, C.H. Gan, W.K. Phua, Y.A. Akimov, P. Bai, IEEE J. Sel. Top. Quan‑
tum Electron. 20, 4000107 (2014)

 23. B. Seger, P.V. Kamat, J. Phys. Chem. C 113, 7990 (2009)
 24. E.J. Yoo, T. Okata, T. Akita, M. Kohyama, J. Nakamura, I. Honma, Nano Lett. 

9, 2255 (2009)
 25. T. Li, C. Liu, Z. Zhang, B. Yu, H. Dong, W. Jia, Z. Jia, C. Yu, L. Gan, B. Xu, H. 

Jiang, Nanoscale Res. Lett. 13, 130 (2018)
 26. K. Chung, C.H. Lee, G.C. Yi, Science 330, 665 (2010)
 27. H. Yoo, K. Chung, Y.S. Choi, C.S. Kang, K.H. Oh, M. Kim, G.C. Yi, Adv. Mater. 

24, 515 (2012)
 28. S. Stankovich, D.A. Dikin, G.H.B. Dommett, K.M. Kohlhaas, E.J. Zimney, 

E.A. Stach, R.D. Piner, S.B.T. Nguyen, R.S. Ruoff, Nature 442, 282 (2006)
 29. S. Watcharotone, D.A. Diking Sasha Stankovich, R. Pinery, I. Jung, G.H.B. 

Dommett, G. Evmenenko, S.E. Wu, S.F. Chen, C.P. Liu, S.T. Nguyen, R.S. 
Ruoff, Nano Lett. 7, 1888 (2007)

 30. J. Song, X. Wang, C.T. Chang, J. Nanomater. 2014, 276143 (2014)
 31. G. Eda, G. Fanchini, M. Chhowalla, Nat. Nanotechnol. 3, 270 (2008)
 32. Y. Hernandez, V. Nicolosi, M. Lotya, F.M. Blighe, Z. Sun, S. De, I.T. McGov‑

ern, B. Holland, M. Byrne, Y.K. Gun’ko, J.J. Boland, P. Niraj, G. Duesberg, 
S. Krishnamurthy, R. Goodhue, J. Hutchison, V. Scardaci, A.C. Ferrari, J.N. 
Coleman, Nat. Nanotechnol. 3, 563 (2008)

 33. K.E. Whitener, P.E. Sheehan, Diam. Relat. Mater. 46, 25 (2014)
 34. J.T. Robinson, S.W. Schmucker, C.B. Diaconescu, J.P. Long, J.C. Culbert‑

son, T. Ohta, A.L. Friedman, T.E. Beechem, ACS Nano 7, 637 (2013)
 35. X. Li, L. Colombo, R.S. Ruoff, Adv. Mater. 28, 6247 (2016)
 36. X. Li, W. Cai, J. An, S. Kim, J. Nah, D. Yang, R. Piner, A. Velamakanni, I. Jung, 

E. Tutuc, S.K. Banerjee, L. Colombo, R.S. Ruoff, Science 324, 1312 (2009)
 37. T.F. Chung, T. Shen, H. Cao, L.A. Jauregui, W. Wu, Q. Yu, D. Newell, Y.P. 

Chen, Int J Mod Phys B 27, 1341002 (2013)
 38. T. Yamada, J. Kim, M. Ishihara, M. Hasegawa, J Phys D Appl Phys 46, 

063001 (2013)
 39. S. Bae, H. Kim, Y. Lee, X. Xu, J. S. Park, Y. Zheng, J. Balakrishnan, T. Lei, H. Ri 

Kim, Y. Il Song, Y. J. Kim, K. S. Kim, B. Özyilmaz, J. H. Ahn, B. H. Hong, and 
S. Iijima, Nat. Nanotechnol. 5, 574 (2010).

 40. X. Han, J. Yu, Z. Li, X. Wang, Z. Hao, Y. Luo, C. Sun, Y. Han, B. Xiong, J. 
Wang, H. Li, Y. Zhang, B. Duan, J. Ning, H. Wu, L. Wang, ACS Appl. Elec‑
tron. Mater. 4, 5326 (2022)

 41. D. Luo, M. Choe, R.A. Bizao, M. Wang, H. Su, M. Huang, S. Jin, Y. Li, M. Kim, 
N.M. Pugno, B. Ren, Z. Lee, R.S. Ruoff, Adv. Mater. 34, 2110509 (2022)

 42. C.M. Seah, B. Vigolo, S.P. Chai, S. Ichikawa, J. Gleize, F. le Normand, F. 
Aweke, A.R. Mohamed, Carbon 96, 268 (2016)

 43. L. Huang, Q.H. Chang, G.L. Guo, Y. Liu, Y.Q. Xie, T. Wang, B. Ling, H.F. Yang, 
Carbon 50, 551 (2012)

 44. K.S. Kim, Y. Zhao, H. Jang, S.Y. Lee, J.M. Kim, K.S. Kim, J.H. Ahn, P. Kim, J.Y. 
Choi, B.H. Hong, Nature 457, 706 (2009)

 45. A. Reina, X. Jia, J. Ho, D. Nezich, H. Son, V. Bulovic, M.S. Dresselhaus, K. 
Jing, Nano Lett. 9, 30 (2009)

 46. S.Y. Kwon, C.V. Ciobanu, V. Petrova, V.B. Shenoy, J. Bareño, V. Gambin, I. 
Petrov, S. Kodambaka, Nano Lett. 9, 3985 (2009)

 47. J. Coraux, A.T. N’Diaye, C. Busse, T. Michely, Nano Lett. 8, 565 (2008)
 48. A.W. Tsen, L. Brown, M.P. Levendorf, F. Ghahari, P.Y. Huang, R.W. Havener, 

C.S. Ruiz‑Vargas, D.A. Muller, P. Kim, J. Park, Science 336, 1143 (2012)
 49. M. Wang, M. Huang, D. Luo, Y. Li, M. Choe, W.K. Seong, M. Kim, S. Jin, M. 

Wang, S. Chatterjee, Y. Kwon, Z. Lee, R.S. Ruoff, Nature 596, 519 (2021)
 50. M. Huang, P.V. Bakharev, Z.J. Wang, M. Biswal, Z. Yang, S. Jin, B. Wang, H.J. 

Park, Y. Li, D. Qu, Y. Kwon, X. Chen, S.H. Lee, M.G. Willinger, W.J. Yoo, Z. 
Lee, R.S. Ruoff, Nat. Nanotechnol. 15, 289 (2020)

 51. J.K. Choi, J.H. Huh, S.D. Kim, D. Moon, D. Yoon, K. Joo, J. Kwak, J.H. Chu, 
S.Y. Kim, K. Park, Y.W. Kim, E. Yoon, H. Cheong, S.Y. Kwon, Nanotechnol‑
ogy 23, 435603 (2012)

 52. J. Kwak, J.H. Chu, J.K. Choi, S.D. Park, H. Go, S.Y. Kim, K. Park, S.D. Kim, Y.W. 
Kim, E. Yoon, S. Kodambaka, S.Y. Kwon, Nat. Commun. 3, 645 (2012)

 53. J. Shim, S.H. Bae, W. Kong, D. Lee, K. Qiao, D. Nezich, Y.J. Park, R. Zhao, S. 
Sundaram, X. Li, H. Yeon, C. Choi, H. Kum, R. Yue, G. Zhou, Y. Ou, K. Lee, 
J. Moodera, X. Zhao, J.H. Ahn, C. Hinkle, A. Ougazzaden, J. Kim, Science 
362, 665 (2018)

 54. J.Y. Moon, M. Kim, S. Kim, S. Xu, J.H. Choi, D. Whang, K. Watanabe, T. 
Taniguchi, D.S. Park, J. Seo, S.H. Cho, S.K. Son, J.H. Lee, Sci. Adv. 6, 6601 
(2020)

 55. K.S. Kim, J.E. Kang, P. Chen, S. Kim, J. Ji, G.Y. Yeom, J. Kim, H.S. Kum, APL 
Mater. 10, 041105 (2022)

 56. J.H. Lee, E.K. Lee, W.J. Joo, Y. Jang, B.S. Kim, J.Y. Lim, S.H. Choi, S.J. Ahn, J.R. 
Ahn, M.H. Park, C.W. Yang, B.L. Choi, S.W. Hwang, D. Whang, Science 344, 
286 (2014)

 57. G. Wang, M. Zhang, Y. Zhu, G. Ding, D. Jiang, Q. Guo, S. Liu, X. Xie, P.K. 
Chu, Z. Di, X. Wang, Sci. Rep. 3, 2465 (2013)

 58. I. Pasternak, M. Wesolowski, I. Jozwik, M. Lukosius, G. Lupina, P. Dab‑
rowski, J.M. Baranowski, W. Strupinski, Sci. Rep. 6, 21773 (2016)

 59. G. Lippert, J. Da̧browski, T. Schroeder, M. A. Schubert, Y. Yamamoto, F. 
Herziger, J. Maultzsch, J. Baringhaus, C. Tegenkamp, M. C. Asensio, J. 
Avila, G. Lupina, Carbon 75, 104 (2014).

 60. Z. Chen, C. Xie, W. Wang, J. Zhao, B. Liu, J. Shan, X. Wang, M. Hong, L. Lin, 
L. Huang, X. Lin, S. Yang, X. Gao, Y. Zhang, P. Gao, K.S. Novoselov, J. Sun, 
Z. Liu, Sci. Adv. 7, abk0115 (2021)

 61. K. 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, J. Kim, Nano Lett. 21, 4013 (2021)

 62. J. Kim, H. Park, J.B. Hannon, S.W. Bedell, K. Fogel, D.K. Sadana, C. Dimitra‑
kopoulos, Science 342, 833 (2013)

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

 64. A. Michon, S. Vézian, E. Roudon, D. Lefebvre, M. Zielinski, T. Chassagne, 
M. Portail, J. Appl. Phys. 113, 203501 (2013)

 65. W. Strupinski, K. Grodecki, A. Wysmolek, R. Stepniewski, T. Szkopek, P.E. 
Gaskell, A. Grüneis, D. Haberer, R. Bozek, J. Krupka, J.M. Baranowski, Nano 
Lett. 11, 1786 (2011)

 66. A. Al‑Temimy, C. Riedl, U. Starke, Appl. Phys. Lett. 95, 93 (2009)
 67. E. Moreau, S. Godey, F.J. Ferrer, D. Vignaud, X. Wallart, J. Avila, M.C. Asen‑

sio, F. Bournel, J.J. Gallet, Appl. Phys. Lett. 97, 241907 (2010)
 68. J. Park, W.C. Mitchel, L. Grazulis, H.E. Smith, K.G. Eyink, J.J. Boeckl, D.H. 

Tomich, S.D. Pacley, J.E. Hoelscher, Adv. Mater. 22, 4140 (2010)
 69. E. Moreau, S. Godey, X. Wallart, I. Razado‑Colambo, J. Avila, M.C. Asensio, 

D. Vignaud, Phys. Rev. B Condens Matter Mater. Phys. 88, 075406 (2013)
 70. H. Fang, S. Chuang, T.C. Chang, K. Takei, T. Takahashi, A. Javey, Nano Lett. 

12, 3788 (2012)
 71. K.S. Novoselov, D. Jiang, F. Schedin, T.J. Booth, V.V. Khotkevich, S.V. 

Morozov, A.K. Geim, Proc. Natl. Acad. Sci. U. S. A. 102, 10451 (2005)
 72. D. Braga, I. Gutiérrez Lezama, H. Berger, A.F. Morpurgo, Nano Lett. 12, 

5218 (2012)
 73. C. Lee, H. Yan, L.E. Brus, T.F. Heinz, J. Hone, S. Ryu, ACS Nano 4, 2695 

(2010)
 74. H.S.S. RamakrishnaMatte, A. Gomathi, A.K. Manna, D.J. Late, R. Datta, S.K. 

Pati, C.N.R. Rao, Angew. Chem. Int. Ed. 49, 4059 (2010)
 75. A.C. Domask, K.A. Cooley, B. Kabius, M. Abraham, S.E. Mohney, Cryst. 

Growth Des. 18, 3494 (2018)
 76. J.N. Coleman, M. Lotya, A. O’Neill, S.D. Bergin, P.J. King, U. Khan, K. Young, 

A. Gaucher, S. De, R.J. Smith, I.V. Shvets, S.K. Arora, G. Stanton, H.Y. Kim, 
K. Lee, G.T. Kim, G.S. Duesberg, T. Hallam, J.J. Boland, J.J. Wang, J.F. Don‑
egan, J.C. Grunlan, G. Moriarty, A. Shmeliov, R.J. Nicholls, J.M. Perkins, 
E.M. Grieveson, K. Theuwissen, D.W. McComb, P.D. Nellist, V. Nicolosi, 
Science 331, 568 (2011)

 77. G. Eda, H. Yamaguchi, D. Voiry, T. Fujita, M. Chen, M. Chhowalla, Nano 
Lett. 11, 5111 (2011)

 78. H.L. Tsai, J. Heising, J.L. Schindler, C.R. Kannewurf, M.G. Kanatzidis, Chem. 
Mater. 9, 879 (1997)

 79. R.A. Gordon, D. Yang, E.D. Crozier, D.T. Jiang, R.F. Frindt, Phys. Rev. B 
Condens Matter Mater. Phys. 65, 1254071 (2002)

 80. S. Kirmayer, E. Aharon, E. Dovgolevsky, M. Kalina, G.L. Frey, Philos. Trans. 
A Math. Phys. Eng. Sci. 365, 1489 (2007)

 81. P. Sekar, E.C. Greyson, J.E. Barton, T.W. Odom, J. Am. Chem. Soc. 127, 
2054 (2005)

 82. C. Altavilla, M. Sarno, P. Ciambelli, Chem. Mater. 23, 3879 (2011)
 83. J.W. Seo, Y.W. Jun, S.W. Park, H. Nah, T. Moon, B. Park, J.G. Kim, Y.J. Kim, J. 

Cheon, Angew. Chem. Int. Ed. 46, 8828 (2007)
 84. H. Schmidt, S. Wang, L. Chu, M. Toh, R. Kumar, W. Zhao, A.H. Castro Neto, 

J. Martin, S. Adam, B. Özyilmaz, G. Eda, Nano Lett. 14, 1909 (2014)
 85. Y. Shi, W. Zhou, A.Y. Lu, W. Fang, Y.H. Lee, A.L. Hsu, S.M. Kim, K.K. Kim, H.Y. 

Yang, L.J. Li, J.C. Idrobo, J. Kong, Nano Lett. 12, 2784 (2012)
 86. Y.H. Lee, X.Q. Zhang, W. Zhang, M.T. Chang, C. te Lin, K. di Chang, Y.C. Yu, 

J.T.W. Wang, C.S. Chang, L.J. Li, T.W. Lin, Adv. Mater. 24, 2320 (2012)
 87. Y. Zhan, Z. Liu, S. Najmaei, P.M. Ajayan, J. Lou, Small 8, 966 (2012)



Page 19 of 21Ji et al. Nano Convergence  (2023) 10:19 

 88. K.K. Liu, W. Zhang, Y.H. Lee, Y.C. Lin, M.T. Chang, C.Y. Su, C.S. Chang, H. Li, 
Y. Shi, H. Zhang, C.S. Lai, L.J. Li, Nano Lett. 12, 1538 (2012)

 89. X. Wang, H. Feng, Y. Wu, L. Jiao, J Am Chem Soc 135, 5304 (2013)
 90. S. Najmaei, Z. Liu, W. Zhou, X. Zou, G. Shi, S. Lei, B.I. Yakobson, J.C. Idrobo, 

P.M. Ajayan, J. Lou, Nat. Mater. 12, 754 (2013)
 91. A.M. van der Zande, P.Y. Huang, D.A. Chenet, T.C. Berkelbach, Y. You, G.H. 

Lee, T.F. Heinz, D.R. Reichman, D.A. Muller, J.C. Hone, Nat. Mater. 12, 554 
(2013)

 92. Y.H. Lee, L. Yu, H. Wang, W. Fang, X. Ling, Y. Shi, C. te Lin, J.K. Huang, M.T. 
Chang, C.S. Chang, M. Dresselhaus, T. Palacios, L.J. Li, J. Kong, Nano Lett. 
13, 1852 (2013)

 93. H. Liu, M. Si, S. Najmaei, A.T. Neal, Y. Du, P.M. Ajayan, J. Lou, P.D. Ye, Nano 
Lett. 13, 2640 (2013)

 94. Y. Yu, C. Li, Y. Liu, L. Su, Y. Zhang, L. Cao, Sci. Rep. 3, 1866 (2013)
 95. Y. Zhang, Y. Zhang, Q. Ji, J. Ju, H. Yuan, J. Shi, T. Gao, D. Ma, M. Liu, Y. Chen, 

X. Song, H.Y. Hwang, Y. Cui, Z. Liu, ACS Nano 7, 8963 (2013)
 96. Y. Kim, J. Watt, X. Ma, T. Ahmed, S. Kim, K. Kang, T.S. Luk, Y.J. Hong, J. Yoo, 

ACS Nano 16, 2399 (2022)
 97. C.H. Ma, L.S. Lu, H. Song, J.W. Chen, P.C. Wu, C.L. Wu, R. Huang, W.H. 

Chang, Y.H. Chu, APL Mater. 9, 051115 (2021)
 98. M. Chubarov, H. Pedersen, H. Högberg, V. Darakchieva, J. Jensen, P.O.Å. 

Persson, A. Henry, Phys. Status Solidi Rapid Res. Lett. 5, 397 (2011)
 99. L. Song, L. Ci, H. Lu, P.B. Sorokin, C. Jin, J. Ni, A.G. Kvashnin, D.G. Kvashnin, 

J. Lou, B.I. Yakobson, P.M. Ajayan, Nano Lett. 10, 3209 (2010)
 100. Q. Peng, W. Ji, S. De, Comput. Mater. Sci. 56, 11 (2012)
 101. I.C. Taskin, O. Sen, M. Emanet, M. Culha, B. Yilmaz, Nanotechnology 31, 

215101 (2020)
 102. L. Shen, Y. Zhao, Y. Wang, R. Song, Q. Yao, S. Chen, Y. Chai, J. Mater. Chem. 

A Mater. 4, 5044 (2016)
 103. K. Watanabe, T. Taniguchi, H. Kanda, Nat. Mater. 3, 404 (2004)
 104. Y. Lin, T.V. Williams, J.W. Connell, J. Phys, Chem. Lett. 1, 277 (2010)
 105. K.S. Novoselov, A.H. CastroNeto, Phys Scr 2012, 014006 (2012)
 106. L. Fu, G. Lai, G. Chen, C. te Lin, A. Yu, ChemistrySelect 1, 1799 (2016)
 107. Z. Zeng, T. Sun, J. Zhu, X. Huang, Z. Yin, G. Lu, Z. Fan, Q. Yan, H.H. Hng, H. 

Zhang, Angew. Chem. Int. Ed. 51, 9052 (2012)
 108. G. Zhao, F. Zhang, Y. Wu, X. Hao, Z. Wang, X. Xu, Adv. Opt. Mater. 4, 141 

(2016)
 109. X. Li, X. Hao, M. Zhao, Y. Wu, J. Yang, Y. Tian, G. Qian, Adv. Mater. 25, 2200 

(2013)
 110. L. Hua Li, Y. Chen, B.M. Cheng, M.Y. Lin, S.L. Chou, Y.C. Peng, Appl. Phys. 

Lett. 100, 261108 (2012)
 111. A.G.F. Garcia, M. Neumann, F. Amet, J.R. Williams, K. Watanabe, T. Tanigu‑

chi, D. Goldhaber‑Gordon, Nano Lett. 12, 4449 (2012)
 112. G.H. Lee, Y.J. Yu, C. Lee, C. Dean, K.L. Shepard, P. Kim, J. Hone, Appl. Phys. 

Lett. 99, 243114 (2011)
 113. L.H. Li, Y. Chen, G. Behan, H. Zhang, M. Petravic, A.M. Glushenkov, J. 

Mater. Chem. 21, 11862 (2011)
 114. W. Yang, G. Chen, Z. Shi, C.C. Liu, L. Zhang, G. Xie, M. Cheng, D. Wang, R. 

Yang, D. Shi, K. Watanabe, T. Taniguchi, Y. Yao, Y. Zhang, G. Zhang, Nat. 
Mater. 12, 792 (2013)

 115. F. Torrisi, T. Hasan, W. Wu, Z. Sun, A. Lombardo, T.S. Kulmala, G.W. Hsieh, 
S. Jung, F. Bonaccorso, P.J. Paul, D. Chu, A.C. Ferrari, ACS Nano 6, 2992 
(2012)

 116. W.Q. Han, L. Wu, Y. Zhu, K. Watanabe, T. Taniguchi, Appl. Phys. Lett. 93, 
223103 (2008)

 117. Y. Lin, T.V. Williams, T.B. Xu, W. Cao, H.E. Elsayed‑Ali, J.W. Connell, J. Phys. 
Chem. C 115, 2679 (2011)

 118. Z. Liu, Y. Gong, W. Zhou, L. Ma, J. Yu, J.C. Idrobo, J. Jung, A.H. Macdonald, 
R. Vajtai, J. Lou, P.M. Ajayan, Nat. Commun. 4, 2541 (2013)

 119. K.K. Kim, A. Hsu, X. Jia, S.M. Kim, Y. Shi, M. Hofmann, D. Nezich, J.F. 
Rodriguez‑Nieva, M. Dresselhaus, T. Palacios, J. Kong, Nano Lett. 12, 161 
(2012)

 120. A. Ismach, H. Chou, D.A. Ferrer, Y. Wu, S. McDonnell, H.C. Floresca, A. 
Covacevich, C. Pope, R. Piner, M.J. Kim, R.M. Wallace, L. Colombo, R.S. 
Ruoff, ACS Nano 6, 6378 (2012)

 121. N. Guo, J. Wei, L. Fan, Y. Jia, D. Liang, H. Zhu, K. Wang, D. Wu, Nanotech‑
nology 23, 415605 (2012)

 122. K.H. Lee, H.J. Shin, J. Lee, I.Y. Lee, G.H. Kim, J.Y. Choi, S.W. Kim, Nano Lett 
12, 714 (2012)

 123. J. Han, J.Y. Lee, H. Kwon, J.S. Yeo, Nanotechnology 25, 145604 (2014)

 124. G. Kim, A.R. Jang, H.Y. Jeong, Z. Lee, D.J. Kang, H.S. Shin, Nano Lett. 13, 
1834 (2013)

 125. L. Wang, X. Xu, L. Zhang, R. Qiao, M. Wu, Z. Wang, S. Zhang, J. Liang, Z. 
Zhang, Z. Zhang, W. Chen, X. Xie, J. Zong, Y. Shan, Y. Guo, M. Willinger, H. 
Wu, Q. Li, W. Wang, P. Gao, S. Wu, Y. Zhang, Y. Jiang, D. Yu, E. Wang, X. Bai, 
Z.J. Wang, F. Ding, K. Liu, Nature 570, 91 (2019)

 126. A.B. Preobrajenski, A.S. Vinogradov, N. Mårtensson, Surf. Sci. 582, 21 
(2005)

 127. Y. Shi, C. Hamsen, X. Jia, K.K. Kim, A. Reina, M. Hofmann, A.L. Hsu, K. 
Zhang, H. Li, Z.Y. Juang, M.S. Dresselhaus, L.J. Li, J. Kong, Nano Lett. 10, 
4134 (2010)

 128. Y.H. Lee, K.K. Liu, A.Y. Lu, C.Y. Wu, C. Te Lin, W. Zhang, C.Y. Su, C.L. Hsu, T.W. 
Lin, K.H. Wei, Y. Shi, L.J. Li, RSC Adv. 2, 111 (2012)

 129. W. Auwärter, M. Muntwiler, J. Osterwalder, T. Greber, Surf. Sci. 545, 735 
(2003)

 130. W. Auwärter, H.U. Suter, H. Sachdev, T. Greber, Chem. Mater. 16, 343 
(2004)

 131. S.K. Kim, H. Cho, M.J. Kim, H.J. Lee, J.H. Park, Y.B. Lee, H.C. Kim, C.W. Yoon, 
S.W. Nam, S.O. Kang, J. Mater. Chem. A Mater. 1, 1976 (2013)

 132. S. Chatterjee, Z. Luo, M. Acerce, D.M. Yates, A.T.C. Johnson, L.G. Sneddon, 
Chem. Mater. 23, 4414 (2011)

 133. K.Y. Ma, L. Zhang, S. Jin, Y. Wang, S.I. Yoon, H. Hwang, J. Oh, D.S. Jeong, 
M. Wang, S. Chatterjee, G. Kim, A.R. Jang, J. Yang, S. Ryu, H.Y. Jeong, R.S. 
Ruoff, M. Chhowalla, F. Ding, H.S. Shin, Nature 606, 88 (2022)

 134. G. Lu, T. Wu, Q. Yuan, H. Wang, H. Wang, F. Ding, X. Xie, M. Jiang, Nat. 
Commun. 6, 6160 (2015)

 135. A.R. Jang, S. Hong, C. Hyun, S.I. Yoon, G. Kim, H.Y. Jeong, T.J. Shin, S.O. 
Park, K. Wong, S.K. Kwak, N. Park, K. Yu, E. Choi, A. Mishchenko, F. Withers, 
K.S. Novoselov, H. Lim, H.S. Shin, Nano Lett. 16, 3360 (2016)

 136. H. Wang, X. Zhang, H. Liu, Z. Yin, J. Meng, J. Xia, X.M. Meng, J. Wu, J. You, 
Adv. Mater. 27, 8109 (2015)

 137. P. Sutter, J. Lahiri, P. Zahl, B. Wang, E. Sutter, Nano Lett. 13, 276 (2013)
 138. J. M. Caicedo, G. Bejarano, G. Zambrano, E. Baca, O. Morán, and P. Prieto, 

in Phys Status Solidi B Basic Res (2005), pp. 1920–1923.
 139. L. Camilli, E. Sutter, P. Sutter, Mater 1, 125003 (2014)
 140. N. R. Glavin, M. L. Jespersen, M. H. Check, J. Hu, A. M. Hilton, T. S. Fisher, 

and A. A. Voevodin, in: Thin Solid Films (Elsevier B.V., 2014), pp. 245–250. 
https:// doi. org/ 10. 1016/j. tsf. 2014. 07. 059

 141. D. Velázquez, R. Seibert, H. Man, L. Spentzouris, J. Terry, J Appl. Phys. 119, 
095306 (2016)

 142. R. Zedlitz, M. Heintze, M.B. Schubert, J. Non Cryst. Solids 198–200, 403 
(1996)

 143. S.‑I. Hirano, T. Yogo, S. Asada, S. Naka, J. Am. Ceram. Soc. 72, 66 (1989)
 144. S. Hong, C.S. Lee, M.H. Lee, Y. Lee, K.Y. Ma, G. Kim, S.I. Yoon, K. Ihm, K.J. 

Kim, T.J. Shin, S.W. Kim, E. ChaeJeon, H. Jeon, J.Y. Kim, H.I. Lee, Z. Lee, A. 
Antidormi, S. Roche, M. Chhowalla, H.J. Shin, H.S. Shin, Nature 582, 511 
(2020)

 145. X. Wu, Q. Han, Comput. Mater. Sci. 184, 109934 (2020)
 146. N.R. Glavin, C. Muratore, M.L. Jespersen, J. Hu, T.S. Fisher, A.A. Voevodin, J. 

Appl. Phys. 117, 023504 (2015)
 147. Y. Li, J. Guo, W. Zheng, F. Huang, Appl. Phys. Lett. 117, 023504 (2020)
 148. S.F. Wang, K.K. Rao, T.C.K. Yang, H.P. Wang, J. Alloys. Compd. 509, 1969 

(2011)
 149. P. Patsalas, Thin Solid Films 519, 3990 (2011)
 150. V. Kapko, D.A. Drabold, M.F. Thorpe, Phys. Status Solidi B Basic Res. 247, 

1197 (2010)
 151. X.A. Li, Z.R. Liu, B.L. Wang, J.P. Yang, Y.W. Ma, X.M. Feng, W. Huang, M.F. 

Gu, Synth. Met. 174, 50 (2013)
 152. C.T. Toh, H. Zhang, J. Lin, A.S. Mayorov, Y.P. Wang, C.M. Orofeo, D.B. Ferry, 

H. Andersen, N. Kakenov, Z. Guo, I.H. Abidi, H. Sims, K. Suenaga, S.T. 
Pantelides, B. Özyilmaz, Nature 577, 199 (2020)

 153. T. Cui, R. Lv, Z.H. Huang, H. Zhu, Y. Jia, S. Chen, K. Wang, D. Wu, F. Kang, 
Nanoscale Res Lett 7, 453 (2012)

 154. W.J. Joo, J.H. Lee, Y. Jang, S.G. Kang, Y.N. Kwon, J. Chung, S. Lee, C. Kim, 
T.H. Kim, C.W. Yang, U.J. Kim, B.L. Choi, D. Whang, S.W. Hwang, Sci. Adv. 3, 
1601822 (2017)

 155. J. Zhao, G. Zhu, W. Huang, Z. He, X. Feng, Y. Ma, X. Dong, Q. Fan, L. Wang, 
Z. Hu, Y. Lü, W. Huang, J. Mater. Chem. 22, 19679 (2012)

 156. K.V. Emtsev, A. Bostwick, K. Horn, J. Jobst, G.L. Kellogg, L. Ley, J.L. 
McChesney, T. Ohta, S.A. Reshanov, J. Röhrl, E. Rotenberg, A.K. Schmid, 
D. Waldmann, H.B. Weber, T. Seyller, Nat. Mater 8, 203 (2009)

https://doi.org/10.1016/j.tsf.2014.07.059


Page 20 of 21Ji et al. Nano Convergence  (2023) 10:19

 157. J.D. Emery, B. Detlefs, H.J. Karmel, L.O. Nyakiti, D.K. Gaskill, M.C. Hersam, J. 
Zegenhagen, M.J. Bedzyk, Phys. Rev. Lett. 111, 215501 (2013)

 158. S.H. Bae, X. Zhou, S. Kim, Y.S. Lee, S.S. Cruz, Y. Kim, J.B. Hannon, Y. Yang, 
D.K. Sadana, F.M. Ross, H. Park, J. Kim, Proc. Natl. Acad. Sci. U. S. A. 114, 
4082 (2017)

 159. B. Zhang, W.H. Lee, R. Piner, I. Kholmanov, Y. Wu, H. Li, H. Ji, R.S. Ruoff, 
ACS Nano 6, 2471 (2012)

 160. X. Li, Y. Zhu, W. Cai, M. Borysiak, B. Han, D. Chen, R.D. Piner, L. Colomba, 
R.S. Ruoff, Nano Lett. 9, 4359 (2009)

 161. J.W. Suk, A. Kitt, C.W. Magnuson, Y. Hao, S. Ahmed, J. An, A.K. Swan, B.B. 
Goldberg, R.S. Ruoff, ACS Nano 5, 6916 (2011)

 162. K.G. Scheuer, G.J. Hornig, R.G. DeCorby, Opt. Express 29, 26103 (2021)
 163. E.H. Lock, M. Baraket, M. Laskoski, S.P. Mulvaney, W.K. Lee, P.E. Sheehan, 

D.R. Hines, J.T. Robinson, J. Tosado, M.S. Fuhrer, S.C. Hernández, S.G. 
Walton, Nano Lett. 12, 102 (2012)

 164. D. Luo, X. You, B.W. Li, X. Chen, H.J. Park, M. Jung, T.Y. Ko, K. Wong, M. 
Yousaf, X. Chen, M. Huang, S.H. Lee, Z. Lee, H.J. Shin, S. Ryu, S.K. Kwak, N. 
Park, R.R. Bacsa, W. Bacsa, R.S. Ruoff, Chem. Mater. 29, 4546 (2017)

 165. K. Kang, S. Xie, L. Huang, Y. Han, P.Y. Huang, K.F. Mak, C.J. Kim, D. Muller, J. 
Park, Nature 520, 656 (2015)

 166. J. Hwang, M. Kim, D. Campbell, H.A. Alsalman, J.Y. Kwak, S. Shivaraman, 
A.R. Woll, A.K. Singh, R.G. Hennig, S. Gorantla, M.H. Rümmeli, M.G. Spen‑
cer, ACS Nano 7, 385 (2013)

 167. J. Sun, T. Gao, X. Song, Y. Zhao, Y. Lin, H. Wang, D. Ma, Y. Chen, W. Xiang, J. 
Wang, Y. Zhang, Z. Liu, J. Am. Chem. Soc. 136, 6574 (2014)

 168. J.K. Huang, Y. Wan, J. Shi, J. Zhang, Z. Wang, W. Wang, N. Yang, Y. Liu, C.H. 
Lin, X. Guan, L. Hu, Z.L. Yang, B.C. Huang, Y.P. Chiu, J. Yang, V. Tung, D. 
Wang, K. Kalantar‑Zadeh, T. Wu, X. Zu, L. Qiao, L.J. Li, S. Li, Nature 605, 
262 (2022)

 169. A.J. Yang, K. Han, K. Huang, C. Ye, W. Wen, R. Zhu, R. Zhu, J. Xu, T. Yu, P. 
Gao, Q. Xiong, X. RenshawWang, Nat. Electron. 5, 233 (2022)

 170. S. Leontsev, P.J. Shah, H.S. Kum, J.L. McChesney, F.M. Rodolakis, M. van 
Veenendaal, M. Velez, R. Rao, D. Haskel, J. Kim, A.N. Reed, M.R. Page, J. 
Magn. Magn. Mater. 556, 169440 (2022)

 171. Z. Chen, B.Y. Wang, B.H. Goodge, D. Lu, S.S. Hong, D. Li, L.F. Kourkoutis, Y. 
Hikita, H.Y. Hwang, Phys. Rev. Mater. 3, 060801(R) (2019)

 172. J.H. Park, J.Y. Lee, M. Do Park, J.H. Min, J.S. Lee, X. Yang, S. Kang, S.J. Kim, 
W.L. Jeong, H. Amano, D.S. Lee, Adv. Mater. Interfaces 6, 1900821 (2019)

 173. Kim, H., Liu, Y., Lu, K. et al. High‑throughput manufacturing of epi‑
taxial membranes from asingle wafer by 2D materials‑based layer 
transfer process. Nat. Nanotechnol. (2023). https:// doi. org/ 10. 1038/ 
s41565‑ 023‑ 01340‑3

 174. F. Ren, Y. Yin, Y. Wang, Z. Liu, M. Liang, H. Ou, J. Ao, T. Wei, J. Yan, G. Yuan, 
X. Yi, J. Wang, J. Li, Materials 11, 2372 (2018)

 175. K. Chung, H. Beak, Y. Tchoe, H. Oh, H. Yoo, M. Kim, G.C. Yi, APL Mater. 2, 
192512 (2014)

 176. T. Araki, S. Uchimura, J. Sakaguchi, Y. Nanishi, T. Fujishima, A. Hsu, K.K. 
Kim, T. Palacios, A. Pesquera, A. Centeno, A. Zurutuza, Appl. Phys. Express 
7, 071001 (2014)

 177. S. Kang, A. Mandal, J.H. Chu, J.H. Park, S.Y. Kwon, C.R. Lee, Sci. Rep. 5, 
10808 (2015)

 178. W. Wang, Y. Zheng, X. Li, Y. Li, H. Zhao, L. Huang, Z. Yang, X. Zhang, G. Li, 
Adv. Mater. 31, 1803448 (2019)

 179. Y. Zheng, W. Wang, Y. Li, J. Lan, Y. Xia, Z. Yang, X. He, G. Li, ACS Appl. 
Mater. Interfaces 11, 13589 (2019)

 180. N.A.A. Zulkifli, K. Park, J.W. Min, B.S. Ooi, R. Zakaria, J. Kim, C.L. Tan, Appl. 
Phys. Lett. 117, 191103 (2020)

 181. N. 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, C.R. Eddy, Appl. Phys. Express 6, 061003 (2013)

 182. Z.Y. al Balushi, K. Wang, R.K. Ghosh, R.A. Vilá, S.M. Eichfeld, J.D. Caldwell, 
X. Qin, Y.C. Lin, P.A. Desario, G. Stone, S. Subramanian, D.F. Paul, R.M. Wal‑
lace, S. Datta, J.M. Redwing, J.A. Robinson, Nat. Mater. 15, 1166 (2016)

 183. Y. Xu, X. Su, B. Cao, Z. Li, Y. Liu, D. Cai, Y. Zhang, J. Wang, C. Wang, K. Xu, 
CrystEngComm 21, 902 (2019)

 184. Y. Xu, B. Cao, Z. Li, S. Zheng, D. Cai, M. Wang, Y. Zhang, J. Wang, C. Wang, 
K. Xu, CrystEngComm 21, 6109 (2019)

 185. A.G. Bhuiyan, D. Ishimaru, A. Hashimoto, Cryst. Growth Des. 20, 1415 
(2020)

 186. S. Ida, D.N.C. Lin, C. Mordasini, Y. Alibert, W. Benz, D. aFischer, G.W. Marcy, 
R.P. Butler, G. Laughlin, S.S. Vogt, M. Mayor, D. Queloz, R. aWittenmyer, M. 
Endl, W.D. Cochran, H.F. Levison, G.W. Henry, Science 330, 655 (2010)

 187. C.H. Lee, Y.J. Kim, Y.J. Hong, S.R. Jeon, S. Bae, B.H. Hong, G.C. Yi, Adv. 
Mater. 23, 4614 (2011)

 188. S.J. Chae, Y.H. Kim, T.H. Seo, D.L. Duong, S.M. Lee, M.H. Park, E.S. Kim, J.J. 
Bae, S.Y. Lee, H. Jeong, E.K. Suh, C.W. Yang, M.S. Jeong, Y.H. Lee, RSC Adv. 
5, 1343 (2015)

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

 190. J. Jeong, D.K. Jin, J. Choi, J. Jang, B.K. Kang, Q. Wang, W. Park, M.S. Jeong, 
B.S. Bae, W.S. Yang, M.J. Kim, Y.J. Hong, Nano Energy 86, 106075 (2021)

 191. W.A. Melton, J.I. Pankove, J. Cryst. Growth 178, 168 (1997)
 192. D.H. Mun, H. Bae, S. Bae, H. Lee, J.S. Ha, S. Lee, Phys. Status Solidi Rapid 

Res. Lett. 8, 341 (2014)
 193. Q. Zeng, Z. Chen, Y. Zhao, T. Wei, X. Chen, Y. Zhang, G. Yuan, J. Li, Jpn. J. 

Appl. Phys. 55, 085501 (2016)
 194. G. Sarau, M. Heilmann, M. Bashouti, M. Latzel, C. Tessarek, S. Christiansen, 

ACS Appl. Mater. Interfaces 9, 10003 (2017)
 195. Z. 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, Z. Liu, Adv. Mater. 
30, 1801608 (2018)

 196. Z. 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, Z. Liu, Adv. Mater. 31, 1807345 (2019)

 197. F. Liu, Z. Zhang, X. Rong, Y. Yu, T. Wang, B. Sheng, J. Wei, S. Zhou, X. Yang, 
F. Xu, Z. Qin, Y. Zhang, K. Liu, B. Shen, X. Wang, Adv. Funct. Mater. 30, 
2001283 (2020)

 198. Y. Chen, H. Zang, K. Jiang, J. Ben, S. Zhang, Z. Shi, Y. Jia, W. Lü, X. Sun, D. 
Li, Appl. Phys. Lett. 117, 099901 (2020)

 199. J. Jeong, Q. Wang, J. Cha, D. Kwon Jin, D. Hoon Shin, S. Kwon, B. Kyun 
Kang, J. Hyuk Jang, W. Seok Yang, Y. Seok Choi, J. Yoo, J. Kyu Kim, C.H. 
Lee, S. Wook Lee, A. Zakhidov, S. Hong, M.J. Kim, Y. Joon Hong, Sci. Adv. 
6, 5180 (2020)

 200. Y. Zhang, K. Su, R. Guo, S. Xu, D. Chen, J. Zhu, W. Bao, J. Zhang, J. Ning, Y. 
Hao, Phys. Status Solidi Rapid Res. Lett. 13, 1900167 (2019)

 201. J. Ning, J. Ning, C. Yan, C. Yan, Y. Jia, Y. Jia, B. Wang, B. Wang, Y. Zeng, Y. 
Zeng, J. Zhang, J. Zhang, D. Wang, Y. Hao, Y. Hao, ACS Appl. Nano. Mater. 
3, 5061 (2020)

 202. P. Wang, A. Pandey, J. Gim, W.J. Shin, E.T. Reid, D.A. Laleyan, Y. Sun, D. 
Zhang, Z. Liu, Z. Zhong, R. Hovden, Z. Mi, Appl. Phys. Lett. 116, 171905 
(2020)

 203. J.H. Park, X. Yang, J.Y. Lee, M. Do Park, S.Y. Bae, M. Pristovsek, H. Amano, 
D.S. Lee, Chem. Sci. 12, 7713 (2021)

 204. D. Liu, L. Hu, X. Yang, Z. Zhang, H. Yu, F. Zheng, Y. Feng, J. Wei, Z. Cai, Z. 
Chen, C. Ma, F. Xu, X. Wang, W. Ge, K. Liu, B. Huang, B. Shen, Adv. Funct. 
Mater. 32, 2113211 (2022)

 205. Y. Qu, Y. Xu, B. Cao, Y. Wang, J. Wang, L. Shi, K. Xu, ACS Appl. Mater. Inter‑
faces 14, 2263 (2022)

 206. H. Kim, C.S. Chang, S. Lee, J. Jiang, J. Jeong, M. Park, Y. Meng, J. Ji, Y. 
Kwon, X. Sun, W. Kong, H.S. Kum, S.‑H. Bae, K. Lee, Y.J. Hong, J. Shi, J. Kim, 
Nat. Rev. Methods Primers 2, 40 (2022)

 207. A. Mazid Munshi, H. Weman, Phys. Status Solidi Rapid Res. Lett. 7, 713 
(2013)

 208. J. Yu, L. Wang, Z. Hao, Y. Luo, C. Sun, J. Wang, Y. Han, B. Xiong, H. Li, Adv. 
Mater. 32, 1903407 (2020)

 209. H. Ryu, H. Park, J.‑H. Kim, F. Ren, J. Kim, G.‑H. Lee, S.J. Pearton, Appl. Phys. 
Rev. 9, 031305 (2022)

 210. M. Park, B. Bae, T. Kim, H.S. Kum, K. Lee, J. Appl. Phys. 132, 190902 (2022)
 211. H. Amano, Ann. Phys. 527, 327 (2015)
 212. D.C. Elias, R.R. Nair, T.M.G. Mohiuddin, S.V. Morozov, P. Blake, M.P. Halsall, 

A.C. Ferrari, D.W. Boukhvalov, M.I. Katsnelson, A.K. Geim, K.S. Novoselov, 
Science 323, 610 (2009)

 213. S. Sundaram, X. Li, S. Alam, T. Ayari, Y. Halfaya, G. Patriarche, P.L. Voss, J.P. 
Salvestrini, A. Ougazzaden, J. Cryst. Growth 507, 352 (2019)

 214. Y.S. Cho, H. Hardtdegen, N. Kaluza, N. Thillosen, R. Steins, Z. Sofer, H. 
Lüth, Phys. Status Solidi C 3, 1408 (2006)

 215. Y.S. Cho, H. Hardtdegen, N. Kaluza, R. Steins, G. Heidelberger, H. Lüth, J. 
Cryst. Growth 307, 6 (2007)

 216. E.L. Piner, M.K. Behbehani, N.A. El‑Masry, F.G. McIntosh, J.C. Roberts, K.S. 
Boutros, S.M. Bedair, Appl. Phys. Lett. 70, 461 (1997)

https://doi.org/10.1038/s41565-023-01340-3
https://doi.org/10.1038/s41565-023-01340-3


Page 21 of 21Ji et al. Nano Convergence  (2023) 10:19 

 217. Y. 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, B. Shen, Adv. Funct. 
Mater. 29, 1905056 (2019)

 218. Y. Yu, T. Wang, X. Chen, L. Zhang, Y. Wang, Y. Niu, J. Yu, H. Ma, X. Li, F. Liu, 
G. Deng, Z. Shi, B. Zhang, X. Wang, Y. Zhang, Light Sci. Appl. 10, 117 
(2021)

 219. U. Bangert, W. Pierce, D.M. Kepaptsoglou, Q. Ramasse, R. Zan, M.H. Gass, 
J.A. Van den Berg, C.B. Boothroyd, J. Amani, H. Hofsäss, Nano Lett. 13, 
4902 (2013)

 220. W. Zhao, O. Höfert, K. Gotterbarm, J.F. Zhu, C. Papp, H.P. Steinrück, J. 
Phys. Chem. C 116, 5062 (2012)

 221. H. Wang, T. Maiyalagan, X. Wang, ACS Catal. 2, 781 (2012)
 222. W.J. Lee, J. Lim, S.O. Kim, Small Methods 1, 1600014 (2017)
 223. S.H. Park, J. Chae, M.H. Cho, J.H. Kim, K.H. Yoo, S.W. Cho, T.G. Kim, J.W. 

Kim, J. Mater. Chem. C Mater. 2, 933 (2014)
 224. K.G. NishanThilawala, J.K. Kim, J.M. Lee, J. Alloys. Compd. 773, 1009 

(2019)
 225. Y.C. Lin, P.Y. Teng, C.H. Yeh, M. Koshino, P.W. Chiu, K. Suenaga, Nano Lett. 

15, 7408 (2015)
 226. T. Sasaki, T. Matsuoka, J. Appl. Phys. 77, 192 (1995)
 227. B. Pécz, G. Nicotra, F. Giannazzo, R. Yakimova, A. Koos, A. Kakanakova‑

Georgieva, Adv. Mater. 33, 2006660 (2021)
 228. T. Feng, S. Zhang, K. Yang, Q. Chen, M. Liang, J. Yan, X. Yi, J. Wang, J. Li, Z. 

Liu, Adv. Opt. Mater. 10, 2201262 (2022)
 229. M. Mayumi, F. Satoh, Y. Kumagai, K. Takemoto, A. Koukitu, Jpn. J. Appl. 

Phys. Part 2 Lett. 39, 070 (2000)
 230. R. Togashi, T. Kamoshita, H. Adachi, H. Murakami, Y. Kumagai, A. Koukitu, 

Phys. Status Solidi C 6, S372 (2009)
 231. Y. Kumagai, K. Akiyama, R. Togashi, H. Murakami, M. Takeuchi, T. Kinosh‑

ita, K. Takada, Y. Aoyagi, A. Koukitu, J. Cryst. Growth 305, 366 (2007)
 232. K. Akiyama, T. Araki, H. Murakami, Y. Kumagai, A. Koukitu, Phys. Status 

Solidi C 4, 2297 (2007)
 233. M. Spera, D. Corso, S. di Franco, G. Greco, A. Severino, P. Fiorenza, F. Gian‑

nazzo, F. Roccaforte, Mater. Sci. Semicond. Process 93, 274 (2019)
 234. Y. Kim, J.M. Suh, J. Shin, Y. Liu, H. Yeon, K. Qiao, H.S. Kum, C. Kim, H.E. Lee, 

C. Choi, H. Kim, D. Lee, J. Lee, J.H. Kang, B.I. Park, S. Kang, J. Kim, S. Kim, 
J.A. Perozek, K. Wang, Y. Park, K. Kishen, L. Kong, T. Palacios, J. Park, M.C. 
Park, H.J. Kim, Y.S. Lee, K. Lee, S.H. Bae, W. Kong, J. Han, J. Kim, Science 
377, 859 (2022)

 235. H. Yoon, T.K. Truttmann, F. Liu, B.E. Matthews, S. Choo, Q. Su, V. Saraswat, 
S. Manzo, M.S. Arnold, M.E. Bowden, J.K. Kawasaki, S.J. Koester, S.R. 
Spurgeon, S.A. Chambers, B. Jalan, Sci. Adv. 8, 5328 (2022)

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub‑
lished maps and institutional affiliations.


	Understanding the 2D-material and substrate interaction during epitaxial growth towards successful remote epitaxy: a review
	Abstract 
	1 Introduction
	2 Epitaxy on 2D-materials coated substrates
	3 Types of 2D materials applicable for remote epitaxy
	3.1 Graphene
	3.1.1 Top-down approach
	3.1.2 Bottom-up approach

	3.2 TMDCs
	3.3 Other 2D materials

	4 Methods of producing 2D materials coated single-crystalline wafers
	4.1 Transfer
	4.2 Direct growth
	4.3 In-situ 2D growth

	5 Interaction between growth technique, 2D material, and substrate during various epitaxy techniques
	5.1 2D material on Non-nitride substrate
	5.2 2D material on III-N substrate
	5.3 III-Nitride epitaxial growth on 2D layer
	5.4 Effect of hydrogen on 2D materials
	5.5 Effect of nitrogen on 2D materials
	5.6 Stability of 2D materials on the substrates varying temperature.

	6 Summary and future outlook
	Acknowledgements
	References


