
Epitaxy is a film deposition process where the deposited 
material has the same crystal orientation as the growth 
substrate. The crystal surface is generally decorated with 
dangling bonds from the sudden termination of crystal 
lattices. This induces periodic fluctuations of electric 
potential on the surface, which act as the driving force 
for nucleation of adatoms. Strong chemical bonding 
occurs at the interface between dangling bonds on the 
substrate and epitaxially formed materials. As a result, 
the epitaxial layer bonds tightly to the substrate, with high 
binding energy. Owing to such tight bonding, it is chal-
lenging to physically detach epitaxial layers from their 
host substrate. However, there is an increasing demand 
to isolate epitaxial layers for several purposes. Unlike 
rigid wafers with a thickness of at least several hundred 
microns, once detached, ultra-thin epitaxial layers can be 
made lightweight, flexible, bendable and curved. These 
properties are crucial for emerging applications, includ-
ing bioelectronics, displays and the internet of things1,2. 
Unprecedented performance and multifunctionality 
can be achieved by stacking ultra-thin films of differ-
ent properties and functions, independently grown and 
exfoliated from different substrates3,4. If the substrate 
is not consumed during the exfoliation process, it can 
be reused. This is advantageous as substrates are often 
very costly5.

Several approaches have been proposed to isolate 
epitaxial layers from the substrate, such as chemical, 
mechanical and laser lift-off. Chemical lift-off uses an 
inserted sacrificial layer between the substrate and the 

epitaxial layer, which can be dissolved later to obtain a 
free-standing film6–8. The sacrificial layer should have  
a similar lattice parameter to the substrate and epilayer. 
A selective etchant is required for the sacrificial layer 
to minimize damage on the epitaxial film. Controlled 
spalling, or mechanical lift-off, involves deposition of a 
stressor layer on the material. This introduces a crack 
near the edge, which eventually leads to crack propa-
gation parallel to the surface9,10. Laser lift-off uses the 
laser energy absorption difference between materials, 
such as gallium nitride (GaN) and sapphire (Al2O3). 
A thin region of GaN at the interface absorbs most of the 
pulsed laser energy and detaches itself from the Al2O3 
substrate11. However, these processes have limitations, 
including damage to the substrate requiring a refurbish-
ing process, limited choice of materials for selectivity, 
damage to the interface region of exfoliated layers and 
low throughput. As a result, their application has been 
minimal so far.

Recently, remote epitaxy was proposed as a new 
method for layer transfer and hetero-integration. Using 
this approach, epitaxy takes place on the substrate 
coated with thin van der Waals (vdW) materials, typically 
graphene12. Unlike conventional materials formed by 
strong 3D bondings, in vdW materials, atoms are tightly 
bound only in in-plane directions by covalent or ionic- 
type bonding. There is no atomic bonding between 
each layer in out-of-plane directions, making the layers 
loosely bound by weak vdW interactions. Therefore, the 
layered vdW materials can be easily detached in a layer 
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Epitaxial layer
The thin and planar layer  
of a film formed by an epitaxy 
process, often abbreviated  
as epilayer.

Van der Waals (vdW) 
materials
Materials with strong in-plane 
atomic bonds but weak 
out-of-plane vdW interactions.
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by layer manner owing to their weak binding energy. As 
a result, there is a pathway to easily isolate atomically 
thin vdW materials by depositing a handling layer and 
mechanically detaching it13,14. Remote epitaxy combines 
the advantages of single-crystal, thin film growth from 
conventional epitaxy with the easy detachability of weak 
interfaces provided by vdW surfaces. The process is 
schematically illustrated in Fig. 1.

When a thin graphene layer — such as monolayer 
or few-layer graphene — is formed on the substrate, 
either by transfer from foreign templates or by direct 
growth, the graphene partially screens the electrical and 
chemical properties of the substrate. If fluctuations in 
the surface electrostatic potential of the substrate are not 
completely screened, adatoms on graphene will interact 
with the substrate lattice. This leads to the formation of 
epitaxial films with the same crystal orientation as the 
substrate. In other words, remote interaction between 
adatoms and the substrate through graphene enables 
epitaxy despite the graphene interlayer15,16. Owing to 
reduced surface diffusion activation energy on graphene, 
island nucleation occurs easily on graphene surfaces, 
which are highly affected by the polarity and ionicity 
of the underlying substrate17. Depending on the growth 
conditions and time, the nuclei can coalesce to form a 
smooth film or grow as 3D structures. Because of the 
absence of direct bonding between graphene and the epi-
taxial material, the grown film or structure can be read-
ily exfoliated at the graphene interface by mechanical 
delamination, known as 2D material-based layer transfer 
(2DLT)12. Remote epitaxy and 2DLT methods have ena-
bled a damage-free and high-throughput production of 
free-standing single-crystal films, which overcome the 
limitations of existing lift-off processes. Furthermore, 
remote epitaxy can be applied to virtually any material 

system as long as the graphene layer does not com-
pletely screen the electrostatic potential of the material. 
However, although remote epitaxy promises a novel 
and practical path for isolating epitaxial layers from the 
substrate, technical challenges need to be addressed for 
practical applications. For example, the interface proper-
ties at the 2D interlayer need to be controlled to reliably 
and reproducibly produce high-quality single-crystal 
free-standing films by remote epitaxy and 2DLT.

In this Primer, experimental details on implement-
ing remote epitaxy for various materials are explained. 
Included is a discussion of each step’s role and impor-
tance and how to characterize the sample. Additionally, 
the existing and potential applications are introduced, 
with key considerations for expanding the regime of 
remote epitaxy.

Experimentation
Remote epitaxy is conducted on substrates covered by 
atomically thin vdW materials. Consequently, it is crit-
ically important to precisely control the formation of 
vdW layers and their preservation during remote epi-
taxy. This section introduces the procedures involved 
in forming the vdW interlayer and graphene; substrates 
used for epitaxy; suitable conditions and environments; 
and techniques to isolate remote epitaxial layers from the 
host substrate by the 2DLT process.

Graphene formation
The template for remote epitaxy is the 2D material-coated 
crystalline substrate. In general, there are two meth-
ods to prepare this; either by first synthesizing the  
2D material on a foreign substrate and then transferring 
it to the growth substrate or by direct synthesis of the  
2D layer on the growth substrate. This section focuses on 
graphene among other 2D materials, as it is the preferred 
2D interlayer for remote epitaxy owing to its transparent 
nature and well-developed processing steps.

In the transfer method, the first step is graphene 
synthesis. Graphene may be formed either by growth 
on a catalytic metal surface via chemical vapour dep-
osition (CVD)18 or by graphitization of hexagonal SiC 
crystals to form epitaxial graphene on the top surface19. 
The CVD process — where hydrocarbon precursors are 
decomposed and deposited onto metallic foils such as 
copper to generate graphene — has been credited for 
offering an efficient route to produce large-area mon-
olayer graphene using low-cost substrates. However, 
the graphene formed by CVD is primarily polycrystal-
line, with micrometre to millimetre-sized domains18, 
despite recent progress20–22. Pliable and rough copper 
foil requires a wet transfer process of CVD-graphene 
onto the target substrate. This process is summarized 
in Supplementary Fig. 1a. A polymer support — for 
example, poly(methyl methacrylate) (PMMA) — is 
spin-coated on graphene. The graphene on the rear 
side of the copper foil is then etched away by O2 plasma 
treatment and the copper foil is removed by dipping in 
FeCl3 solution. The remaining polymer/graphene stack 
is rinsed with deionized water and raised out of solu-
tion by growth substrates where remote epitaxy will be 
conducted. Finally, the polymer support is removed by 

Author addresses

1Department of Mechanical Engineering, Massachusetts Institute of Technology, 
Cambridge, MA, USA.
2Research Laboratory of Electronics, Massachusetts Institute of Technology, Cambridge, 
MA, USA.
3Department of Materials Science and Engineering, Rensselaer Polytechnic Institute, 
Troy, NY, USA.
4Department of Nanotechnology and Advanced Materials Engineering, Sejong 
University, Seoul, Republic of Korea.
5Department of Electrical and Computer Engineering, University of Virginia, 
Charlottesville, VA, USA.
6Department of Mechanical Engineering and Materials Science, Washington University  
in Saint Louis, St. Louis, MO, USA.
7Department of Electrical and Electronic Engineering, Yonsei University, Seoul,  
Republic of Korea.
8Department of Material Science and Engineering, School of Engineering, Westlake 
University, Hangzhou, Zhejiang Province, China.
9Key Laboratory of 3D Micro/Nano Fabrication and Characterization of Zhejiang Province, 
School of Engineering, Westlake University, Hangzhou, Zhejiang Province, China.
10Institute of Materials Science and Engineering, Washington University in Saint Louis,  
St. Louis, MO, USA.
11Department of Material Science and Engineering, University of Virginia, Charlottesville, 
VA, USA.
12GRI–TPC International Research Center, Sejong University, Seoul, Republic of Korea.
13Department of Materials Science and Engineering, Massachusetts Institute of 
Technology, Cambridge, MA, USA.
14These authors contributed equally: Hyunseok Kim, Celesta S. Chang, Sangho Lee.

Electrostatic potential
The amount of work needed  
to move an electric charge.

2D material-based layer 
transfer
Exfoliation and transfer of 
layers at the interface formed 
by 2D materials.

Wet transfer process
Transfer of 2D materials onto  
a target substrate in liquid.
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dissolving it in an appropriate solvent, such as acetone 
for PMMA. However, this wet transfer method is likely 
to introduce a significant amount of unwanted defects, 
including wrinkles, holes, polymer residues and interfa-
cial contamination, which could disturb remote interac-
tion between the substrate and the epitaxial film through 
graphene. Therefore, the wet transfer method can only 
be used for remote epitaxy of certain materials, which 
will be discussed in detail in the later sections.

Alternatively, epitaxial graphene can be produced 
by sublimating the top silicon face and rearranging 
the remaining carbon atoms on single-crystalline SiC 
wafers19. As-grown SiC-graphene is single-crystalline 
over the whole SiC surface. A dry transfer process can 
be used, aided by the stiff and atomically flat SiC wafer 
(see Supplementary Fig. 1b). In the dry transfer method, 
nickel is first deposited on graphene as a stressor layer. 
The initial deposition of nickel needs to be conducted 
by electron-beam evaporation or thermal evapora-
tion to prevent damage to the graphene lattice by ion 
bombardments during sputtering. Once the graphene 
is fully covered by evaporated nickel, sputtered nickel 
can be used for further deposition. Next, thermal release 
tape (TRT) is applied on the nickel/graphene/SiC sub-
strate to mechanically exfoliate the nickel/graphene 
stack from the SiC substrate. The released TRT/nickel/
graphene stack is then manually attached to the growth 
substrate, where graphene forms vdW bonding with  
the substrate. The TRT can then be removed at an ele-
vated temperature, such as 80–150 °C, on hot plates. 
Lastly, nickel is removed by dipping the sample in a nickel 
etchant, followed by water rinsing and blow-drying. 
The type of nickel etchant needs to be chosen based  
on the reactivity of the etchant with the substrate material 
to ensure the substrate is not damaged during the nickel 
etching process. The dry transfer process can be con-
ducted in air for the materials introduced in the primer. 
Compared with the wet transfer process of graphene 
from copper foils, dry transfer of SiC-graphene is less 
likely to introduce wrinkles and residues in graphene, 
leading to high-quality graphene uniformly covering 
the substrate. Also, as no water or any other liquid can 
be trapped between the graphene and the substrate, dry 
transfer ensures a much cleaner interface. However, the 
major downsides of this approach are the high cost of 
SiC wafers and the process for graphitization, which 
requires extremely high temperatures around 1,500 °C.

An alternative method of forming graphene is its 
direct growth on the substrate that can be used directly 
for remote epitaxy. Unlike epitaxial graphene, which 
can only be grown on SiC wafers, CVD-graphene can 
be synthesized on metal, semiconductor and insulator 
substrates, which are of vital importance for advanced 
electronic/photonic applications. For example, it has 
been reported that monolayer graphene can be grown 
on germanium23, Al2O3 (refs24,25), SiO2 on silicon (ref.26) 
and glass substrates27. However, owing to its high growth 
temperature — typically above 900 °C — it is difficult 
to grow high-quality graphene directly on substrates 
that cannot sustain such high temperatures. Recently, 
reports on low-temperature growth of sp2-bonded  
2D materials, such as amorphous carbon28 and amorphous  

boron nitrides29, have suggested that there is potential to 
use them as remote epitaxial templates directly formed 
on thermally weak substrates. By direct formation of 

Free-standing films
for hetero-integration

Graphene formation

Remote epitaxy:
epitaxy through 
graphene

Graphene

Epilayer

Deposition of stressor
and handling layer 

2DLT:
peeling at 2D interface

Stressor layer

Handling layer

Fig. 1 | Remote epitaxy and layer transfer process.  
2DLT, 2D material-based layer transfer.

Dry transfer process
Transfer of 2D materials onto a 
target substrate without liquid 
at the interface between the 
2D material and the substrate.

Direct growth
The formation of materials 
directly on the target  
substrate instead of forming 
them elsewhere and then 
transferring them onto the 
target substrate.
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graphene, the graphene surface and the interface can 
be made free of process residues and defects, which is 
an ideal template for remote epitaxy with the cleanest 
interfaces. The process will also become highly scalable, 
making this approach fascinating for remote epitaxy and 
related applications.

Once graphene is formed on the substrate, remote epi-
taxy can be conducted using several epitaxy tools. Widely 
used systems for remote epitaxy are summarized in Fig. 2, 
although other epitaxy tools can also be employed.

Material growth by remote epitaxy
III–V (III–As and III–P). GaAs was the first material 
on which remote epitaxy was demonstrated12. However, 
it was later realized that III–V compound semiconductors 
such as GaAs have relatively weak interaction through 
graphene, imposing stringent requirements to attain 
single-crystal growth by remote epitaxy30,31. This is 
because the ionicity of materials strongly affects the elec-
trostatic potential fluctuation on their surface. GaAs is 
a partially ionic material with relatively low ionicity32, 
and the surface electrostatic potential fluctuation quickly 
diminishes as the distance from the surface increases. 

Density functional theory calculations reveal that remote 
epitaxy of GaAs will not work if graphene is thicker than 
a monolayer15. Consequently, remote epitaxy of III–V 
compound semiconductors — including GaAs, InP and 
GaP — have only been reported on substrates covered 
with monolayer graphene12.

The weak interaction through graphene also implies 
that the interface properties are critically important for 
successful remote epitaxy. Residue above or below the 
graphene layer, or oxidation of the substrate, can increase 
the effective distance between the partially ionic sub-
strate and the adatoms above graphene. As a result, the 
remote interaction may be completely screened, leading 
to the formation of polycrystalline domains. Therefore, 
it is crucially important to preserve pristine surfaces 
in remote epitaxy of III–V materials, which is difficult 
when the conventional wet transfer process is used to 
prepare the graphene. During wet transfer of graphene 
from copper foils onto III–V, graphene is raised by III–V 
substrates in water and then dried. If water is trapped at 
the interface between the graphene and the substrate, 
it can induce the formation of native oxides during the 
drying process. The interfacial formation of native oxides 

Main carrier gas

a  Molecular beam epitaxy (III–N, complex oxides) b  Metal–organic chemical vapour deposition (III–V, III–N)

c  Pulsed laser deposition (complex oxides) d  Chemical vapour deposition (perovskites)
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III–V compound 
semiconductors
Compound semiconductors 
composed of group III (such as 
aluminium, gallium, indium) 
and group V (such as arsenic, 
phosphorus, antimony), 
typically forming zinc-blende 
crystal structures.
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prevents single-crystal growth of remote epitaxial III–V 
thin films, which can be observed by X-ray photoelectron 
spectroscopy (XPS)30. Therefore, the graphene needs 
to be transferred onto III–V substrates by dry trans-
fer immediately after deoxidation of III–V substrates 
by wet etching, water rinsing and blow-drying. This 
ensures a pristine graphene–substrate interface without 
native oxides, which provides a viable path for remote 
epitaxy of III–V12,30,31. However, any graphene transfer  
process inevitably induces damage on graphene, such 
as tearing, folding and contamination, which affects  
the quality of remote epitaxial films and the capability 
to isolate the film at the interface. Directly grown 2D 
materials on III–V substrates that do not require a trans-
fer process would be an ideal pathway for future remote 
epitaxy. The growth of 2D materials on III–V substrates 
is in the early stage of development.

After graphene formation on III–V substrates, remote 
epitaxy of III–V can be achieved using any III–V epitaxy 
tools, such as metal–organic chemical vapour deposition 
(MOCVD), molecular beam epitaxy (MBE) and hydride 
vapour phase epitaxy (HVPE). Currently, experimental 
demonstration has only been reported with MOCVD. 
The growth of GaAs thin films by remote epitaxy can 
be achieved under a standard GaAs epitaxy condition. 
Adding a low-temperature nucleation stage can enhance 
the density of nuclei and promote quick planarization  
of the film12,30. Because epitaxy of III–V takes place at 
a high temperature, it is critically important that nei-
ther the graphene nor the substrate is damaged under 
the harsh epitaxy environment. For example, under an 
MOCVD growth environment, hydrogen carriers can 
damage graphene and prevent remote epitaxy, necessitat-
ing a nitrogen carrier for remote epitaxy30. This principle 
may also apply for HVPE, where radicals from hydride 
sources in the HVPE interact with graphene, meaning 
that the growth conditions and parameters need to be 
carefully studied. In this regard, MBE can ensure the 
most pristine environment optimal for remote epitaxy 
because the growth is conducted with elemental sources 
in ultra-high vacuum conditions at a relatively low tem-
perature. If native oxides form on the surface, they can 
dissociate at high growth temperatures and damage the 
graphene. This emphasizes the importance of obtaining 
pristine interfaces during the transfer process. In sum-
mary, the remote epitaxy of III–V requires stringent 
control in preparing graphene-coated substrates and 
growing remote epitaxial films owing to the sensitivity 
of remote interaction at the atomic scale.

III–N. Remote epitaxy of III–N can be achieved using 
MBE or MOCVD15,33–36. After thorough degreasing and 
native oxide removal of the crystalline substrate with 
hydrochloric acid37, graphene is transferred onto growth 
substrates by either wet or dry transfer. After outgassing 
to remove the surface absorbates on the graphene-coated 
substrate, remote epitaxial growth is initiated using typ-
ical growth methods for III–N in MBE or MOCVD, 
respectively37–39.

The remote epitaxy of III–N operates under relatively 
weak dipole interactions. As a result, factors such as the 
choice of substrate, 2D material, transfer method and 

growth conditions can alter or disrupt the process. In 
general, remote epitaxy of III–N does not require exact 
matching of crystalline lattices between the remote epi-
taxial layer and the substrate. For example, III–N can 
be remote epitaxially grown on graphene-coated GaN, 
AlN, Al2O3 and SiC15,33,35,40–42, which have the same or a 
relatively similar hexagonal lattice arrangement to III–N. 
In general, the crystal quality of remote epitaxial films 
decreases when the substrate is not lattice-matched, and 
the crystal quality of the substrate affects the quality of 
grown films43. Graphene of different origins — including  
polycrystalline CVD-graphene and single-crystalline 
epitaxial graphene — have been used as the interlayer for 
III–N remote epitaxy33,35,42,43. Reports show that defects 
in graphene, intentional or unintentional, can disrupt 
the nucleation induced by remote interaction with the 
substrate, altering the growth mechanisms and crystal 
quality30. Wet-transferred graphene involves a polymer, 
and contamination caused by polymer residues can dis-
turb the remote epitaxy. Consequently, the dry transfer 
process is preferred to attain high-quality remote epi-
taxial films44. Although III–N is a compound semicon-
ductor with relatively strong ionic bonds, the graphene 
spacer should be kept below three layers owing to the 
fast attenuation of dipole interactions away from the sub-
strate beneath the graphene15. Therefore, remote epitaxy 
of GaN on epitaxial graphene formed on a graphitized 
SiC substrate, which does not require transfer processes, 
is a promising method to produce high-quality GaN 
films. This is particularly useful as there is the capability 
to repeatedly reuse the SiC substrate33. When the thick-
ness of epitaxial graphene is reduced, III–N’s nucleation 
density and crystal quality can be improved33. Al2O3 
substrates coated with CVD-grown graphene are also an 
effective template for remote epitaxy of III–N that does 
not require graphene transfer35,36. Although graphene 
is the most suitable interlayer, various 2D materi-
als may be used instead, including hexagonal boron 
nitride (h-BN) and transition metal dichalcogenides 
(TMDCs). However, the polar nature of the h-BN  
and TMDCs can interfere or screen interactions from 
the substrate, disrupting remote epitaxy15. Finally, dam-
age to 2D materials should be avoided, because the 
growth of III–N materials typically involves harsh condi-
tions, such as reactive precursors and high temperatures. 
In conventional III–N epitaxy, the optimal growth con-
ditions are typically at or around the dissociation point 
of III–N, which involves constant surface reconfiguring. 
For remote epitaxy of III–N, however, intense surface 
dynamics leading to the dissociation of III–N surfaces is 
thought to be responsible for damage of 2D interlayers45. 
As a result, although no consensus has been reached on 
the best growth procedure and conditions, a two-step 
method is preferred for III–N remote epitaxy. The first 
step should use a lower temperature, with a gentle flux 
of precursors until the grown film fully encapsulates 
2D interlayers, followed by a second step at a higher 
temperature for high-quality film growth46.

Complex oxides. Complex-oxide materials can be epi-
taxially grown using two techniques. The first tech-
nique, called pulsed laser deposition (PLD), ablates a 

III–N
A special form of III–V 
compound semiconductors 
with nitrogen as a group V 
element, typically forming 
wurtzite crystal structures.

Pulsed laser deposition
An epitaxial growth technique 
that uses short pulses of 
high-intensity lasers to  
ablate a polycrystalline  
target material onto a 
single-crystalline substrate.
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polycrystalline source material using a high-energy exci-
mer laser (KrF, 248 nm). When the laser strikes the source 
material, the material is vaporized and deposited onto the 
substrate. The substrate is heated in a way that enables 
atoms reaching the surface to align epitaxially with the 
substrate. Another technique uses oxide MBE. The MBE 
equipment allows the flow of oxygen during growth. It 
is imperative that O2 is used as the oxygen source when 
the graphene is exposed (usually during the nucleation 
stage) instead of ozone, as ozone will instantly etch the 
graphene. Owing to the energetic PLD growth process,  
the graphene may be damaged during the initial nuclea-
tion of the epitaxial film, which can be prevented by trans-
ferring double layers of graphene and reducing oxygen 
flow during the first few monolayers of growth3. This is not 
an issue for MBE growth owing to its soft growth process.

Remote epitaxy of complex-oxide thin films starts 
with the transfer of graphene onto a single-crystalline, 
complex-oxide substrate3. It is important that the sample 
surface is prepared in the same manner as conventional 
epitaxy. For example, for the growth of strontium titan-
ate (SrTiO3, abbreviated as STO), an archetypal per-
ovskite material, the surface must be TiO2 terminated. 
This can be achieved by immersing it in hydrofluoric 
acid and annealing at high temperatures47. Afterwards, 
the graphene can be dry-transferred onto the STO sur-
face. A similar process is used for other complex-oxide 
substrates, such as magnesium aluminate (MgAl2O4 
or MAO) and gadolinium gallium garnet (Gd3Ga5O12, 
typically abbreviated as GGG).

The type of graphene used is the most important varia-
ble for allowing high-yield exfoliation of remote epitaxially 
grown complex oxides via PLD. A single-crystal graphene 
layer grown on SiC substrates must be used. Polycrystalline 
CVD-grown graphene cannot withstand the harsh plasma 
environment of the PLD during the nucleation stage, 
leading to exfoliation failure. For the transfer of epitax-
ial graphene grown on SiC substrates, dry transfer pro-
cesses with a nickel handling layer need to be used. After 
transferring the tape/nickel/graphene/substrate stack and 
removing the tape on a hotplate, the stack is immersed in 
a solution of FeCl3. The stack is left in the solution until 
the nickel is completely etched. Gentle stirring is nec-
essary before pulling out the graphene/complex-oxide 
substrate to prevent nickel redeposition. The graphene/
complex oxide is then rinsed in deionized water for 15 min  
until the FeCl3 is completely removed. The graphene/
complex-oxide substrate must be handled carefully to pre-
vent delamination of graphene from the substrate surface. 
The final step is to rinse the sample in acetone and isopro-
pyl alcohol (IPA) for 1 min each to remove any remaining 
water on the surface.

Finally, the graphene/complex-oxide stack is placed 
inside the epitaxial growth chamber, and the growth is 
performed as usual. It is worth noting that the growth 
condition may require some changes because initial 
nucleation may be reduced from growth on graphene 
surfaces compared with normal substrate surfaces48.

Halide perovskites. To develop high-performance 
halide perovskite-based optoelectronic devices, syn-
thesis of uniform and grain boundary-free perovskite 

films is essential49–52. Vapour and solution phase epi-
taxy methods were developed to grow high-quality, 
thickness-controlled halide perovskite films with 
low-density defects53–57. One practical challenge for 
most vapour phase epitaxy approaches is that the epi-
taxial films cannot be readily used for device fabrication 
because the epitaxial substrates are often electronically 
inactive. Additionally, the use of lattice-mismatched 
substrates often leads to the creation of optoelectroni-
cally harmful dislocations, impacting the performance 
of devices. Remote epitaxy of halide perovskites was 
developed to address these issues48.

Alkali halides are the preferred universal substrates 
for ionic epitaxy of halide perovskite films because they 
have a similar lattice constant and material chemistry to 
halide perovskites56,58. As alkali halides are water-soluble, 
the preparation of graphene-coated alkali halide substrate 
is slightly different to the typical wet transfer process48. 
The process first follows the standard wet transfer pro-
cess, such as spin-coating PMMA on graphene/copper  
foil and etching graphene on the rear side of copper by 
O2 plasma. After this, the PMMA-coated graphene/
copper is immersed in an ammonium persulfate (APS) 
aqueous solution (60 g l–1) to etch copper away. After 
etching, the PMMA-coated graphene is rinsed in IPA 
several times, and the floating film is gently lifted using 
an alkali halide substrate, for example NaCl. Finally, after 
drying in air, the PMMA is dissolved in acetone, and 
the graphene-coated alkali halide substrate is developed. 
CVD has been used for remote epitaxy of halide per-
ovskite films. The graphene-coated substrate is placed in 
the low-temperature and downstream region of the CVD 
chamber, whereas CsBr and PbBr3 in powder form are 
placed in the upstream regions for growth of CsPbBr3. 
These positions should be optimized to obtain suitable 
vapour pressures of precursors and supersaturation  
on the substrate. Argon gas flow is introduced to trans-
port the precursors onto the substrate before a remote 
epitaxial layer is grown with the centre of the CVD tube 
typically kept at 500 oC.

Microstructures and nanostructures. Non-planar rem
ote epitaxial microstructures and nanostructures with 
various shapes — including rods, discs, wires and  
needles — have been grown on graphene-coated wafers 
via hydrothermal59–61 and MOCVD16,41 techniques. So 
far, the graphene interlayer on ZnO, GaN and Al2O3 
substrates has been prepared by wet-transferring 
CVD-grown polycrystalline graphene on copper foils; 
however, dry transfer processes can also be used. After 
wet transfer of graphene onto a single-crystalline 
wafer of interest, the substrate is annealed at hydrogen 
ambiance. The graphene layer should be thin enough 
so that the graphene layer does not completely screen  
the substrate. In the meantime, it is advised to make the 
graphene thick enough to avoid direct covalent epitaxy 
through pinhole-like defects and unwanted torn aper-
tures of graphene15,59. Typically, hydrothermal remote 
epitaxy of ZnO on ZnO and GaN substrates requires 
interlayer thickness of one to three layers of graphene59,60, 
and MOCVD-based remote epitaxy of GaN on c-Al2O3 
requires one or two layers of graphene16. If the graphene 
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is defective, a fraction of the grown structures cannot 
be exfoliated by the 2DLT process. Instead, they remain 
on the substrate because of a direct covalent epitaxy 
through the defective region41. Therefore, a pinhole-free 
graphene layer is crucial for the successful exfoliation 
of microstructures and nanostructures. This may be 
achieved by transferring graphene twice onto the sub-
strate so that the other layer of graphene covers pinholes 
in each layer.

For the hydrothermal remote epitaxy of ZnO 
micro-rods, a-ZnO and c-ZnO substrates are formed 
as films on r-Al2O3 and c-GaN wafers, respectively. 
Then, the two substrates are dipped in an equimolar 
(25.0 mM) nutrient solution of zinc nitrate hexahy-
drate (Zn(NO3)2·6H2O) and hexamethylenetetramine 
(C6H12N4) dissolved in deionized water at 95 °C for 4 h  
in a Teflon-lined autoclave for hydrothermal synthesis59. 
Hydrothermal synthesis can be applied to control the 
morphology of ZnO microstructures into submicron 
wires, rods, discs, needles and more, depending on 
the chemicals and additives of the nutrient solution61. 
Hydrothermal remote epitaxy of ZnO is possible across 
up to three graphene layers on both substrates.

Meanwhile, MOCVD can be used for remote epi-
taxy of GaN hexagonal micro-rods on c-Al2O3. The 
low-temperature buffer layer typically applied in GaN 
thin film epitaxy on Al2O3 is not adopted in this case. 
The flow rate of ammonia (NH3) is decreased by two 
orders of magnitude from typical thin film growth con-
ditions. The high nucleation temperature decreases the 
nucleation density, whereas the high III/V flow rate ratio 
enables unidirectionally elongated wire-shaped crystal 
growth62,63. As a result, spatially isolated microstructures 
and nanostructures form. The remote epitaxy has a 
30°-rotated in-plane relation to minimize the large lattice 
mismatch strain — a = 3.186 Å and a = 4.785 Å for GaN 
and Al2O3, respectively — similar to covalent epitaxy of 
GaN on Al2O3 (ref.16). In MOCVD, trimethylgallium 
(TMGa) and NH3 are used for gallium and nitrogen pre-
cursors. A high TMGa to NH3 molar flow ratio is used to 
form rod-shaped microstructures as an n-type core. The 
temperature and flow rate profiles of typical thin film 
InGaN quantum wells and p-type GaN are adopted on 
n-type core micro-rods to form multi-quantum well het-
erostructures that can be used to fabricate light-emitting 
diodes (LEDs). The facet direction of microstructures 
is found to be homogeneous over the whole surface of 
the graphene-coated wafer, regardless of the growth 
methods and domain size of graphene. This indicates 
that the potential field penetrated across graphene is 
strongly driven by the underlying wafer rather than the 
vdW interaction with graphene60.

In addition to hexagonal rods, remote epitaxy of GaN 
tetrahedron microstructures can be grown on graphitized 
SiC substrates using MOCVD40. The microstructures 
formed on graphene exhibit a perfect geometrical tetrahe-
dron shape which reflects the high crystallinity achieved 
by strain relaxation of GaN crystals on graphene. By 
flowing NH3 during the annealing step before growth, 
all tetrahedron microstructures are aligned to have the 
same in-plane orientation with the substrate, meaning 
that GaN crystals are remote epitaxially grown.

The methods discussed have no control over the 
position of microstructures. By contrast, selective-area 
remote epitaxy can precisely control the crystal posi-
tion by preparing a patterned mask layer on the 
graphene-coated wafers. A hydrophobic surface is 
required as the mask layer. This prevents nucleation–
growth of overlayer materials during hydrothermal 
remote epitaxy of microstructures. The graphitic layer, 
whose thickness is at least four graphene layers, can 
be used as a growth mask where the growth is inhib-
ited. In other words, the thickness of graphene on the 
growth sites should be reduced for remote epitaxy, 
which can be achieved by standard electron beam or 
photolithographic patterning procedures64,65.

Layer transfer by the 2DLT process
2DLT generally involves remote epitaxy15,30,48,66 or vdW 
epitaxy34,67,68 to grow single-crystalline thin films on 
top of 2D materials, which can be mechanically exfo-
liated from the host substrate to produce high-quality 
free-standing thin films for heterogeneously inte-
grated and physically coupled devices and applica-
tions. Conventional layer transfer methods — chemical 
lift-off, laser lift-off or mechanical spalling — are either 
time-consuming for wafer-scale release, damaging to 
the interface or challenging to control the spalled depth 
for producing smooth samples9. By contrast, 2DLT can 
be an efficient mechanical exfoliation process with high 
throughput and clean interfaces. More importantly, 
the spalling depth can be precisely controlled by the 
position of the interfacial 2D layer with atomic preci-
sion22,69,70. As no covalent bindings are, in principle, 
formed between the substrate and the epilayer, it ena-
bles efficient host wafer recycling without the need for a 
refurbishing process3,71.

Once grown, the thin films or microstructures/nano-
structures can be exfoliated at the interface by 2DLT, as 
schematically shown in Fig. 1. The 2DLT process for 
thin films can be achieved by deposition of a stressor 
layer, followed by deposition or attachment of a han-
dling layer1. Sputtered nickel is widely used as a stressor 
layer, where the tensile stress facilitates the exfoliation 
of remote epitaxial films at the interface14. However, 
other materials may be used instead. Typically, a thin 
layer of nickel (less than a few micrometres) with a low 
stress level is sufficient for the exfoliation, but in some 
cases metal stressors are unnecessary71. Another role of 
the metal stressor is supporting the film, because it can 
crack during exfoliation, especially if the film is severely 
curved. A thin adhesion layer, such as titanium or chro-
mium, can be deposited on the remote epitaxial films 
before sputtering for enhanced adhesion strength. TRT 
is often applied for handling layers because it can be 
easily removed. Other handling materials, such as poly-
dimethylsiloxane (PDMS), can be leveraged depending 
on the fabrication processes3,12,71. After the stressor and 
handling layers are formed, the stack is peeled off from 
the edge of the samples or wafers by mechanical exfoli-
ation. The exfoliated film can then be transferred and 
attached to any substrate of interest by mechanically 
pressing the stack, releasing the tape and etching away 
the metal layer.
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The 2DLT processes for microstructures and nanos-
tructures are slightly different because merged films are 
not formed by remote epitaxy. As a result, gaps between 
these structures need to be filled by a polymeric layer to 
support them (see Supplementary Fig. 2). Spin-coated 
polyimide (PI) is suitable for fabricating flexible devices 
because PI is electrically insulative, mechanically 
deformable, thermally tolerant up to 400 °C and easily 
removable by oxygen plasma treatment72–74. Stressor 
layers are typically not required for the exfoliation of 
microstructures and nanostructures.

After the exfoliation of remote epitaxial films or 
microstructures/nanostructures, residues from the metal 
or handling layer need to be carefully cleaned for device 
fabrication. Also, because graphene has weak adhesion 
to the substrate, the graphene layer can partially be exfo-
liated with the film. Therefore, depending on the appli-
cations, the exfoliated graphene, which partially covers 
the exfoliated film’s interface side, needs to be removed. 
Because the 2DLT technique can enable heterogeneous 
integration of dissimilar materials with clean 2D/3D 
and 3D/3D interfaces, this technique provides a pow-
erful and flexible tool to produce diverse categories of 
high-quality and functional devices when combined 
with remote epitaxy.

Results
This section looks at a few representative characteriza-
tion techniques for remote epitaxy. First, characterization 
methods for 2D material-coated substrates are intro-
duced. Next, techniques are explained for characterizing 
the crystal quality and topography of remote epitaxially 
grown films and microstructures/nanostructures. Lastly, 
this section shows how the exfoliation results of remote 
epitaxial layers can be assessed.

Graphene characterization
Proper characterization of the graphene-coated sur-
face is needed to identify the crystallinity, cleanliness 
and morphology of the as-prepared remote epitaxial 
template. This process is essential for technique success 
and troubleshooting in the case of failure. The most 
important information is determining the number of 
graphene layers and their quality. If graphene is dam-
aged during any process, epitaxy can take place through 
pinholes formed in the graphene layer followed by lateral 
overgrowth75–77.

Mixed growth modes of remote epitaxy and pinhole- 
seeded lateral overgrowth complicate the study and 
damage the substrate during the 2DLT process. Rigorous 
characterization of graphene is necessary for both material 
investigation and device applications. For non-destructive 
characterization of graphene, Raman spectroscopy78, 
XPS79, atomic force microscopy (AFM)80 and scanning 
electron microscopy (SEM)81 are widely used.

Raman spectroscopy is relatively simple to perform 
in terms of the experiment set-up and time required. The 
experiment is typically performed by exciting the sample 
with a visible laser and measuring the Raman scatter-
ing at the Raman shift range of graphene-related peaks, 
such as the D peak (~1,350 cm−1), G peak (~1,580 cm−1) 
and 2D peak (~2,700 cm−1)82. The quality and thickness 

of graphene can be deduced from the peak positions, 
linewidth and relative intensities, making Raman spec-
troscopy one of the most effective tools to characterize 
graphene properties78. For example, the presence of a  
D peak indicates a defective nature of graphene (Fig. 3b), 
and the position and linewidth of the 2D peak indicate 
the thickness of graphene82 (as shown in the spectra in 
Fig. 3a). In the case where Raman peaks of graphene 
overlap with the substrate peak — for example, as-grown 
graphene on SiC where the SiC second-order Raman 
peaks between 1,450 and 1,750 cm−1 are superimposed 
on the G peak of graphene — the Raman spectrum of 
bare SiC needs to be subtracted from the total spec-
trum. XPS is also often used to characterize the qual-
ity of graphene. The D parameter, extracted from the 
carbon KLL Auger transition, is measured to differen-
tiate between the sp3 and sp2 character of carbon bonds, 
where the sp3-bonded portion indicates lattice defects in 
graphene79. The D parameter increases from monolayer 
to multilayered graphene as the thickness of graphene 
contributing to the carbon KLL signal increases. X-ray 
reflectivity can also be used to estimate graphene 
thickness. The carbon 1s spectra at 285 eV are nor-
mally used as a reference for the peak fitting analysis.  
Although these methods require fitting and further anal-
ysis of the spectrum to extract the number of graphene 
layers, AFM can directly measure the thickness and 
damage in graphene80,83. From AFM, the height of 
graphene can be measured at the edge of the graphene 
layer as shown in Fig. 3c–e. AFM can also probe resi-
due or holes in graphene. Additionally, SEM can be 
used to confirm the coverage of graphene81. Under 
SEM, graphene-coated regions exhibit contrast differ-
ences from clean surfaces without graphene. Although 
it is hard to tell the thickness directly, SEM can identify 
multilayer graphene regions such as bilayer stripes or 
thick graphene islands. Besides these methods, other 
techniques, such as transmission electron microscopy 
(TEM)84 and scanning tunnelling microscopy85, may also 
be employed to characterize graphene’s structural and 
chemical properties.

Film and structure characterization
A list of reported remote epitaxial films and structures 
is given in Table 1. The quality of remote epitaxial films 
can be predetermined from in situ reflection high-energy 
electron diffraction (RHEED), which monitors the sur-
face structure during growth. RHEED uses a high-energy 
(10–30 keV) electron beam to record the reflected beam 
from the growth surface. The period of the intensity oscil-
lations corresponds to one monolayer of growth86. Before 
the growth initiation, RHEED patterns can reveal the 
presence or desorption of native oxides. Once the growth 
is initiated, a 2D layer by layer growth mode would lead 
to a smooth single-crystalline growth, resulting in elon-
gated spectral spots, referred to as streaky spots. If a tran-
sition occurs from 2D to 3D island growth, the electron 
beam will pass through the island, creating a spotty pat-
tern similar to an electron diffraction pattern from the 
bulk material. This can be a useful signature to detect 
the growth of polycrystalline films. After the growth is 
finished and the sample is taken out of the epitaxy tool, 
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the crystallinity of the epilayer can be measured by X-ray 
diffraction (XRD). From the 2θ–ω and φ-scans of XRD, 
where ω, 2θ and φ correspond to the beam incident angle, 
diffracted angle and rotation of the sample, respectively, 
the out-of-plane and in-plane orientation of the film 
can be revealed. Rocking curve (ω-scan) measurements 
provide information on the quality and thickness of the  
film, whereas reciprocal space maps can determine  
the strain properties87. Using SEM, the surface morphol-
ogy of the epitaxial layer can be observed with sufficiently 
high magnification to examine the textured or smooth 
surface88. Observing the morphology of textured surfaces 
can support the XRD identification of different domains 
or phases, as they tend to grow along a particular orien-
tation or have a distinguishable crystallinity to create a 
rough surface. Electron backscatter diffraction (EBSD) 
is an SEM-based technique that can visually map the 3D 
orientation of the crystal lattice and phase information 
at each data collection point89. All of the above charac-
terization methods discussed are non-destructive meth-
ods, ensuring safe data collection without damaging the 
epitaxial layer.

The quality of the epitaxial layer at an atomic scale 
can be examined by extracting cross-sectional speci-
mens using a focused ion beam90. The sample is pro-
tected from damage by the ion beam by depositing 

carbon (fifty to hundreds of nanometres thick) and 
platinum layers (~1 μm thick) on the region of interest 
in the SEM focused ion beam chamber. Trench milling is 
undertaken at a voltage of 30 kV, using an initial current 
at 9.5 nA and finishing with 2.5 nA. Once mounted on a 
TEM grid, sample thinning is performed at 30 kV, 80 pA. 
Final sample milling occurs at 5 kV, 68 pA to minimize 
redeposition. For sensitive samples, 2 kV, 89 pA is often 
used at the final stage. Once the specimen is prepared, it 
can be plasma-cleaned using an argon and nitrogen gas 
mixture for 30–180 s when loaded onto the TEM sample 
holder. However, avoiding plasma cleaning is suggested 
as it can damage the graphene, especially when the sam-
ple thickness is thin (<30 nm). Scanning transmission 
electron microscopy (STEM) can be used on the sample 
at various voltages (60–300 kV) to obtain information on 
crystallinity, domains, defects, dislocations or chemical 
composition of the film91. Higher beam voltages produce 
robust atomic lattice images for the epitaxial film grown 
on graphene, although the graphene is easily damaged 
when imaging at a small field of view. As a result, the 
beam voltage and current — the electron beam dose — 
should be carefully selected. Depending on the detec-
tor geometry, high-angle annular dark-field (HAADF) 
STEM produces images with a contrast roughly  
proportional to Z1.7, where Z is the atomic number92. 
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Raman spectra of pristine (upper) and defective (lower) monolayer graphene. c | Atomic force microscopy (AFM) image of 
four-layer graphene. d | Height profile along dashed line in panel c. Graphene thickness can be determined from average 
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If the epitaxial layer is composed of heavy elements, the 
graphene layer consisting of light carbon atoms will not 
be visible. In this case, annular bright-field STEM images 
can be simultaneously acquired to create an image with 

a less stark contrast between elements, making graphene 
more visible93. From atomic-resolution STEM imaging, 
types of defects and dislocations can be identified. Using 
energy dispersive spectroscopy or electron energy loss 

Table 1 | Reported materials and processes for remote epitaxy

Grown 
layer

Substrate 
material

2D interlayer 
material

Interlayer 
formation

Growth 
method

Note Refs

GaAs GaAs Monolayer graphene Dry transfer MOCVD Transfer method significantly affects the quality 
of remote epitaxy

12,15,30,31

InP InP Monolayer graphene Dry transfer MOCVD N2 carrier is used for growth 12

GaP GaP Monolayer graphene Dry transfer MOCVD N2 carrier is used for growth 12

(In)GaP GaAs Monolayer graphene Dry transfer MOCVD Graphene allows for spontaneous relaxation  
of epilayer

95

GaN GaN, Al2O3 One or two-layer 
graphene

Dry transfer, 
wet transfer

MOCVD, MBE Single-crystal growth up to two graphene layers 15,128–130

GaN SiC Monolayer graphene Grown MBE, MOCVD Both epitaxial graphene and graphene buffer 
layer can be used

33,34

AlN AlN, Al2O3 Monolayer graphene Grown, wet 
transfer

MBE, MOCVD Nucleation density is generally higher for AlN 
than GaN

35,36,42

ZnO SiC Monolayer graphene Grown Radio-frequency 
sputtering

Graphene buffer layer is used 33

STO STO Two-layer graphene Dry transfer PLD High-temperature growth results in the worst 
yield out of all complex-oxide materials

3

CFO MAO One or two-layer 
graphene

Dry transfer PLD Owing to the low-temperature growth 
condition, monolayer graphene also works

3

YIG GGG Two-layer graphene Dry transfer PLD Post annealing helps improve crystallinity 3

BTO STO Monolayer graphene Dry transfer, 
wet transfer

MBE Using ozone as an oxygen source will instantly 
etch graphene

3

CsPbBr3 NaCl Monolayer graphene Wet transfer CVD Modified wet transfer process is used 48

VO2 Al2O3 Monolayer graphene Wet transfer PLD Post annealing of the epitaxial film is needed 131

LiNbO3 Al2O3 Monolayer graphene Wet transfer PLD Post annealing of the epitaxial film is needed 132

Copper Al2O3 Monolayer graphene Wet transfer Thermal 
evaporation

Before the growth, the vacuum chamber 
was coated with copper film to block any 
contaminations

133

GdPtSb Al2O3 Monolayer graphene Wet transfer MBE Successfully exfoliated without the need for  
a metal stressor layer

66

HfS2 Al2O3 One or two-layer 
h-BN

Wet transfer CVD Modified wet transfer process; photodetectors 
are demonstrated; h-BN is used as an interlayer

134

ZnO 
(nanorod)

Polycrystal 
ZnO

Monolayer graphene Wet transfer Hydrothermal 
method

Lattice transparency of graphene is reduced  
by increased graphene thickness

135

ZnO 
(micro-rod)

ZnO on r-Al2O3 
and c-GaN

One to three-layer 
graphene

Wet transfer Hydrothermal 
method

High-temperature annealing is required to 
heteroepitaxially crystallize the spin-coated 
ZnO layer on r-Al2O3 and c-GaN substrates

59

ZnO 
(nanorod)

ZnO nanorod Monolayer MoS2 Wet transfer Hydrothermal 
method

Remote epitaxy is conducted on nanorods; 
MoS2 is used as an interlayer

136

ZnO (rod, 
disc, needle)

GaN One to three-layer 
graphene

Wet transfer Hydrothermal 
method

Morphology is controlled by chemicals and 
additives, and position can be controlled by 
mask patterns

60,61,64,65

GaN (rod, 
polyhedron)

Al2O3 One or two-layer 
graphene

Wet transfer MOCVD High III/V molar flow ratio is needed to form 
rod-shaped structures

16,17,41

GaN 
(polyhedron)

AlN Monolayer graphene Wet transfer MOCVD Nuclei emerge from triangular to hexagonal 
shape

17

GaN 
(tetrahedron)

SiC Monolayer graphene Grown MOCVD Pre-annealing treatment in H2/NH3 mixture 
environment is required to grow remote 
epitaxial structures before the nucleation step

40

Al2O3, sapphire; BTO, barium titanate; CFO, cobalt ferrite; CVD, chemical vapour deposition; GaN, gallium nitride; GGG, gadolinium gallium garnet; h-BN, 
hexagonal boron nitride; MAO, magnesium aluminate; MBE, molecular beam epitaxy; MOCVD, metal–organic chemical vapour deposition; NH3, ammonia;  
PLD, pulsed laser deposition; STO, strontium titanate.
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spectroscopy in STEM mode, chemical information 
about the film can be derived. Diffraction patterns 
acquired in the TEM mode can identify different crys-
tallographic domains in cross section. This can also be 
visualized as a false-colour map to show the distribution 
of differently oriented domains94.

As a representative example, the characterization of 
GaAs (III–V) and GaN (III–N) films grown on bilayer 
graphene transferred on GaAs and GaN, respectively, is 
shown in Fig. 4. The EBSD map in Fig. 4a reveals crystal-
lographic orientations in the GaAs and GaN film. The 
maps show that, for GaAs, remote epitaxy only works 
on monolayer graphene, whereas GaN remote epitaxy 
can be performed with bilayer graphene15. SEM images 
of these films are shown in Fig. 4b. Rough and random 
facets are observed for the polycrystalline GaAs layer, 
compared with the smooth surface of single-crystalline 
GaN. The XRD φ-scan of remote epitaxial GaAs in 
Fig. 4c shows fourfold symmetry of cubic GaAs grown 
on monolayer graphene-coated GaAs, confirming that 
there are no in-plane rotations in these remote epitaxial 
films. Figure 4d shows a cross-sectional HAADF STEM 
image of GaAs/graphene/GaAs, showing a remote 
atomic alignment of GaAs through monolayer graphene. 
Characterization of oxide epitaxial layers is undertaken 
similarly to III–V or III–N epitaxial layers (shown in 
Supplementary Fig. 3a–c).

In addition to the remote homoepitaxy of GaAs/
graphene/GaAs and GaN/graphene/GaAs, various char-
acterization techniques can reveal remote heteroepitaxy, 
where the remote epitaxial film exhibits different lattice 
constants from the substrate. Generally, graphene layers 
partially screen the substrate potential, weakening the 
interaction between the substrate and the epitaxial mate-
rial. This is also the case for halide perovskites grown on 
NaCl, where the electrostatic potential of the polar NaCl 
substrate is primarily screened by graphene48. When hal-
ide perovskite film is grown on a single NaCl substrate 
with half the region covered by graphene and the other 

half left empty, the screened substrate electrostatic poten-
tial suppresses nucleation of the halide perovskite and 
promotes growth (shown schematically in Fig. 5a). The 
topography and atomic structures of the remote epitax-
ial CsPbBr3 film can be characterized by cross-sectional 
SEM, cross-sectional HAADF STEM and top-view 
HAADF STEM (as shown in Fig. 5b,c,d, respectively). 
Reciprocal space mapping also reveals their epitaxial 
relations and the film strain, as shown in Fig. 5e for both 
{224} planes of as-grown CsPbBr3 and NaCl substrate. 
The weak interaction in remote heteroepitaxy reduces 
dislocations compared with direct heteroepitaxy without  
graphene. A similar observation was reported in III–V 
remote heteroepitaxy95, suggesting that graphene  
provides an additional path for strain relaxation.

Remote epitaxially grown microstructures and nano
structures can be characterized using similar meth-
ods. The SEM images in Fig. 6a,b show two different 
microstructures grown by hydrothermal remote epi-
taxy and MOCVD. Depending on the substrate crys-
tal orientation, unidirectionally aligned horizontal 
and vertical micro-rods are observed. Meanwhile, 
MOCVD-grown GaN micro-rods on c-Al2O3 are seen 
to have a 30°-rotated in-plane relationship between the 
rods and the substrate to minimize the strain by large lat-
tice mismatch, where such rotation also occurs in direct 
heteroepitaxy of GaN on Al2O3 (ref.16) (Fig. 6c).

Characterization after 2DLT
After exfoliation, remote epitaxial films or structures 
and their host substrates can be observed. They should 
first be examined under an optical microscope to con-
firm the exfoliated area. When using a nickel stressor 
layer, the film normally exhibits a different colour from 
that of nickel. This colour change makes it possible to 
determine the area, often with the naked eye. Compared 
with other methods — such as lone use of PMMA or 
combination with PDMS — where the film is typically 
transparent or has a slight hue, a nickel stressor makes 
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it easier to determine the region of exfoliated films. As 
the film colour has a different appearance depending 
on the material and thickness, regions where the film 
is partially or fully exfoliated can be identified (see 
Supplementary Fig. 3a). The peeling efficiency can 
then be calculated as a fraction of the fully exfoliated 
area from the initial growth area. If the surface rough-
ness of the epitaxial layer before exfoliation is too high, 
EBSD mapping can often fail to identify crystallographic 
orientations. Thus, EBSD is also done at the exfoliated 
surface, which was once the interfacial layer, to confirm 
the single-crystallinity of the epitaxial layer (as shown in 
Supplementary Fig. 3b).

Owing to several factors, such as deposition of the 
nickel stressor layer, the subsequent adhesion–release 
processes from the TRT and slight bending of the film 
during handling, the epilayer can experience strain that 
forms defects and cracks or generates new domains. The 
cross-sectional TEM images in Supplementary Fig. 3c, 
which are measured before and after the nickel stressor 
deposition, show new crack and defect formation in the 
epitaxial layer.

Once a thin film is exfoliated, the film gains flexibility 
depending on the material’s Young’s modulus. The bend-
ing radius can be roughly estimated by observing the bent 
film’s focus change at different regions along a line with 
an optical profiler using Stoney’s equation96. The film will 
crack if the strain caused by the bending radius exceeds 
the critical crack strain of the material. The characteri-
zation of exfoliated microstructures and nanostructures 

can be conducted similarly. Supplementary Figure 3d 
shows representative photographs of exfoliated remote 
epitaxial films and microstructures.

Applications
This section introduces the device applications and  
functionalities demonstrated by remote epitaxy. As 
remote epitaxy is still in its early stage of development, 
efforts and strategies to make the technology more 
practical and to scale up to system levels are discussed.

Remote epitaxial III–V
Remote epitaxy of III–V and 2DLT enable exfoliation 
of III–V thin films and hetero-integration with foreign 
platforms. In general, the growth of III–V on graphene 
is initiated by a formation of islands, which overgrow 
and merge to form a planarized thin film. Therefore, 
growth of III–V device layers on graphene is typically 
conducted after forming a planarized buffer layer. The 
first demonstration of remote epitaxial III–V devices was 
realized on graphene-coated GaAs wafers, by growing 
red InGaP LEDs with GaAs buffer layers12. FIGURE 7a 
shows the schematic of an LED device directly grown 
on graphene, with the electrical operation of the LEDs 
shown in FIG. 7b. The red LEDs were exfoliated from the 
substrate by 2DLT and then transferred and operated 
on silicon. The LEDs did not show a significant change 
in their I–V and lighting performance before and after 
exfoliation and transfer (FIG. 7c,d), showing the feasibility 
of remote epitaxy for hetero-integrated devices.
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Remote epitaxy of III–V has so far been demon-
strated on GaAs, InP and GaP substrates. As a result, 
there will not be limitations for applying it to other 
III–V materials. The proof-of-concept demonstration 
of remote epitaxy for GaAs/InGaP-based red LEDs indi-
cates that virtually any III–V thin film-based devices 
can be made free-standing and integrated on foreign 
platforms. Stand-alone III–V devices — including flex-
ible or curved optoelectronic and photonic devices — 
can be made by remote epitaxy of III–V and 2DLT. For 
example, lightweight and high-performance solar cells 
can be fabricated by remote epitaxy of GaAs and 2DLT, 
where the metal stressor for 2DLT can work as a back 
reflector. Free-standing infrared photodetectors and 
emitters can also be prepared. When integrated with 
other systems and platforms, there are immense pos-
sibilities to boost device performance and enable new 
functionalities. By combining remote epitaxially made 
detectors, emitters and solar cells with computing chips, 
communication chips, light sources and sensors — all 
of which can be made curved or flexible — technology 
can be enhanced to produce next-generation displays, 
augmented/virtual reality, human–machine interfaces 
and edge computing.

Remote epitaxial III–N
III–N compound semiconductors have been used 
in various applications, including high-power or 
radio-frequency transistors, LEDs and laser diodes37. 
Although most applications of III–N are currently 
implemented on rigid substrates such as silicon, Al2O3 
or SiC, III–N materials in the form of free-standing films 
could potentially provide economic benefits or enhanced 
performance1. SiC or high-quality GaN substrates are 
required to make devices of critical performance, but 
the material cost often limits the usage compared with 
Al2O3 and silicon. The release of III–N thin films from 
the substrate immediately allows the reuse of high-value 
substrates12,33. On the other hand, the weak interfacial 
interactions between the remote epitaxial III–N and 2D 
material-coated surfaces have been shown to provide 
improved material quality in the III–N layers. The eradi-
cation of dislocations in isolated grains and reduction of 
dislocations in converged thin films have been observed 
in III–N remote epitaxy33,40. This is an exciting prospect 
for obtaining high-quality epitaxial devices. In con-
ventional III–N epitaxy, dislocations were inevitable to  
relax the lattice strain due to the covalently bonded inter-
face97. The improvement is thought to result from simul-
taneously allowing well-aligned crystalline orientation 
and full relaxation of strain due to the weak coupling at 
the III–N remote epitaxial interface95. Lastly, the decou-
pling of the remote epitaxial III–N from the rigid sub-
strates also enables the integration of III–N devices with 
other functional surfaces71. So far, remote epitaxy has 
been used to make efficient deep-ultraviolet LEDs35,36,42. 
High-quality AlN thin films and multi-quantum well 
structures were epitaxially grown on graphene-coated 
substrates, showing the improved structural quality of 
the epitaxial materials and enhanced quantum efficiency 
of the deep-ultraviolet LEDs. Although the demon-
strated applications of III–N remote epitaxy are limited 

at this stage, the foreseeable implementations of the 
technology would be in lighting, display, amplifiers and 
power transistors in the near future.

a  ZnO on graphene/a-ZnO

b  ZnO on graphene/c-ZnO

c  GaN on graphene/c-Al2O3

10 μm

2 μm

50 μm

Fig. 6 | Characterization of microstructures. a | Scanning 
electron microscopy (SEM) images of horizontal ZnO 
micro-rods on graphene/a-ZnO. b | Vertical ZnO micro- 
rods on graphene/c-ZnO. c | Gallium nitride (GaN) 
micro-rods on graphene/c-Al2O3. ZnO grown by 
hydrothermal method, and GaN by metal–organic 
chemical vapour deposition (MOCVD). Parts a and b 
adapted with permission from ref.59, RSC. Part c reprinted 
with permission from ref.41, Elsevier.
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Remote epitaxial complex oxides
Complex oxides embody a wide variety of physical 
properties such as ferroelectricity, piezoelectricity, pyro-
electricity, ferromagnetism, ferrimagnetism, magneto-
striction, superconductivity and more. This provides 
many exciting applications to be demonstrated using flex-
ible, single-crystalline complex-oxide thin films that are 
detached from the substrate. One application is to stack 
materials with different physical properties and artificially 
create a multi-physical heterostructure, a designer hetero-
structure. For example, a piezoelectric lead magnesium 

niobate–lead titanate (PMN-PT) can be stacked with mag-
netostrictive cobalt ferrite (CoFe2O4, abbreviated CFO) to 
create a multiferroic heterostructure while maintaining 
the high piezoelectricity and magnetostrictive coefficient 
of each material (illustrated in Fig. 7e). Moreover, owing to 
the extreme thinness of these films, the substrate clamping 
effect is no longer present, further improving the piezo-
response and magnetostriction. This was demonstrated 
and showed extremely high strain-mediated magneto
electric coupling coefficients compared with other works 
with similar heterostructures3, as evidenced in Fig. 7f,g.

a b

e g

h kji

CFO

PMN-PT

Ti

Pt

500 nm

xy

z

Multi-quantum wells
p-GaN

p-GaAs cap

p-AllnGaP barrier
InGaP emitter
n-AllnGaP barrier
n-GaAs buffer
Gr
GaAs wafer

Top electrode 
(7 nm) 

CFO (300 nm)

PMN-PT (500 nm)

Bottom electrode

Substrate

Al
2
O

3
 (0001)

5mm

–5 0 5 10 15

0

20

40

60

80

100

Voltage (V)

C
ur

re
nt

 (m
A

)

d Before transfer

After transfer

VPMN-PT

c

–1 0 1 2 3

0.000

0.025

0.050

0.075

Bias (V)

LED before 
transfer
LED after 
transfer

C
ur

re
nt

 (A
) 

VPMN-PT

0 200 400 600 800 1000
300

400

500

600

No. of bending cycles

102

104

106

108

LED operation after bending 
500 times 1,000 times

2mm

0 time

EL
 p

ea
k 

po
si

ti
on

 (n
m

)

EL
 in

te
ns

it
y 

(A
.U

.)

1
0

1,000
500
100
50
10

n-
GaN

f

2 4 6 8 10

0

50

100

150

δV
M

E (μ
V

)

H
ac 

(Oe)

 Free-standing
 Clamped

Frequency = 1 kHz

CFO
PMN-PT

PMN-PT
Substrate

CFO

Fig. 7 | Applications of remote epitaxy. a–d | InGaP-based red light- 
emitting diodes (LEDs) fabricated by remote epitaxy: LEDs grown on 
graphene/GaAs (panel a); light emitted from LEDs (panel b); I–V curves of 
LEDs grown on graphene–GaAs substrate and directly on GaAs substrate 
(panel c); and light emission of LEDs before and after transfer (panel d). 
e–g | Hetero-integrated cobalt ferrite (CFO) and lead magnesium niobate–
lead titanate (PMN-PT) membranes: CFO/PMN-PT magnetoelectric 
device (panel e); voltage induced across PMN-PT (δVME) as a function of 
alternating-current magnetic field strength at 1 kHz frequency (insets 
showing free-standing and clamped devices) (panel f); and cross-sectional 
transmission electron microscopy (TEM) image of the CFO/PMN-PT 

membrane heterostructure (panel g). h–k | Blue LEDs via remote epitaxy of 
III–N micro-rods: remote epitaxially grown heterostructured micro-rods 
(panel h); electroluminescence (EL) from bent micro-rod LED (panel i); 
characteristic I–V curves measured after repeating bending cycles (1–1,000 
times) between radius curvatures ∞ and 10 mm (panel j); and EL peak position 
(red empty squares) and intensity (blue solid circles) measured as a function 
of bending cycle (panel k). LED was flattened and operated at 100 mA after 
bending cycles. Insets are photographs of EL emission after bending cycles 
of 0, 500 and 1,000. Al2O3, sapphire; GaN, gallium nitride. Parts b–d adapted 
from ref.12, Springer Nature Limited. Parts e–g adapted from ref.3, Springer 
Nature Limited. Parts h–k adapted with permission from ref.16, AAAS.
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A similar concept is used to prepare free-standing 
PMN-PT thin films as a versatile platform to impart 
voltage-controlled stress onto other thin films. Another 
application of free-standing, complex-oxide thin films is 
integration with conventional complementary metal-oxide 
semiconductor (CMOS) platforms or III–V electronic and 
photonic devices. Some complex-oxide thin films exhibit 
robust ferroelectricity with ultra-high dielectric constants, 
making them an ideal gate oxide material for ferroelectric 
field-effect transistors98 or negative capacitance field-effect 
transistors99. Owing to the single-crystalline nature, these 
materials have a high thermal budget and can be incor-
porated into the fabrication process flow of any con-
ventional CMOS device. Additionally, materials such as 
barium titanate (BaTiO3, abbreviated as BTO) have an 
extremely high Pockels coefficient, which enables them to 
be an excellent platform for high-bandwidth waveguides. 
BTO can be integrated into SiN waveguides to act as a 
transducer for quantum information systems100, which is 
impossible without epitaxial lift-off and transfer of BTO 
onto SiN layers.

Remote epitaxial halide perovskites
Over the past two decades, halide perovskites have 
attracted growing attention owing to their outstand-
ing optoelectronic properties. Demonstrated high- 
performance devices based on halide perovskites include 
photovoltaics50, LEDs51, lasers52, photodetectors101 and 
transistors102. For most practical applications of semi-
conducting devices, epitaxial thin films are preferred. 
Epitaxial films of halide perovskites show supercarrier 
dynamics56, high optoelectronic performance53–55 and bet-
ter phase stability57,103 over the polycrystalline counterpart. 
Remote epitaxy allows the development of an epitaxial 
halide film with low dislocation density and better opto-
electronic quality. Recently, it has been experimentally 
demonstrated that, compared with the epitaxial CsPbBr3 
film directly grown on NaCl, remote epitaxially grown 
CsPbBr3 shows improved photoresponse when used in 
a two-terminal photodetector48. This has been attributed 
to the low optically active defect density — the threading 
dislocation density — in the remote epitaxial film. With 
increased understanding and knowledge of the atomistic 
mechanism and processing of remote epitaxy in halide 
perovskites, more applications are expected to emerge.

In general, thin films (a few hundred nanometres 
or thinner) have a much higher elastic strain limit than 
their bulk forms — typically three orders of magnitudes 
for ceramics — due to the size effect of crystalline mate-
rials associated with the elastic strain limit104. Epitaxial 
halide perovskites films with high crystallinity and 
low-density defects can be integrated on any electro
nically active, optically active or mechanically flexible 
substrate using remote epitaxy and subsequent transfer. 
This enables a much larger design space for developing 
future perovskite halide-based functional devices, as 
suggested in Supplementary Fig. 4.

Remote epitaxial microstructures/nanostructures
Spatially isolated microstructures or nanostructures 
fabricated by remote epitaxy provide an ideal geometry  
for transferable, deformable and bespoke devices. 

Furthermore, the host wafers can be reused after 2DLT 
without an elaborate surface refurbishing process, such 
as chemical or mechanical polishing. One of the desired 
device applications is to create a large, flexible lighting 
panel with numerous blue LED-architectured micro-rod 
arrays. This can be achieved by remote epitaxy of III–N 
micro-rods16,41. For LED operation, micro-rods of n-type 
core and outermost p-type shells are made and embed-
ded with InGaN/GaN multi-quantum wells (Fig. 7h). 
The grown micro-rods are encapsulated by PI. The top 
and bottom electrodes are formed at both sides of PI,  
contacting the p and n-segments of the micro-rods for 
electrical injection. The PI-encapsulated micro-rod 
LEDs can be transferred onto a conductive, deformable 
metal plate through the transfer process using TRT. The 
blue LED panel attached to copper foil or tape is tolerant 
against various deformations, such as bending, crum-
pling and folding (Fig. 7i). The bending deformations 
can be repeated more than 1,000 times at bending radii 
between ∞ and 10 mm, without any apparent degrada-
tion in electrical properties, electroluminescence (EL) 
intensities and emission wavelengths16 (Fig. 7j,k). Matrix 
arrays of micro-rod LED panels are also demonstrated, 
where the LED arrays show uniform emission properties 
without degradation by deformations41.

Another advantage of remote epitaxy is that the 
donor wafers can be reused. After 2DLT, the wafers 
can be recycled for another remote epitaxy by simply 
removing the graphene with oxygen plasma treatment, 
followed by standard wet cleaning of the wafer. Then, the 
overall procedure of remote epitaxy — graphene transfer 
and MOCVD of micro-rod LED arrays — can be carried 
out on the cleansed wafer. Notably, LEDs with compara-
ble quality are obtained from reused wafers16. Such wafer 
reusability can significantly reduce manufacturing costs 
and could be important for carbon-neutral production 
of electronics and optoelectronics.

Building hetero-integrated systems
Remote epitaxy enables manufacturing of high-quality 
thin films and structures that can be detached from 
the host wafers and made in free-standing forms. This 
provides a path for hetero-integration of electronic and 
optoelectronic devices of high performances, such as 
LEDs, photodiodes and high electron-mobility tran-
sistors, which could not be grown on the same sub-
strate owing to the lattice-matching requirement. Such 
hetero-integration schemes can be further expanded 
to a system-level hetero-integration that incorporates 
multiple, stackable thin films as individual functional 
building blocks, enabling artificial intelligence (AI) 
chips, wireless communications, sensors, micro-batteries 
and solar cells. Leveraged by the high degree of freedom 
for electronic functions, geometries and places, the 
implementation of artificial heterostructure systems 
can be harnessed in various fields. Example applica-
tions include optoelectronic systems, neuromorphic 
computing systems and skin electronics.

Multifunctional optoelectronic thin films can be 
individually transferred and stacked to any substrate. 
This enables the heterostructure system to incorporate 
optoelectronic functions, such as multispectral colour 

Pockels coefficient
A coefficient that quantifies  
the phenomena in which the 
refractive index of a medium 
changes proportional to  
the strength of the applied 
electric field.
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display, optical communication and image sensing. One 
potential example is a multispectral focal plane array 
(MSFPA) that allows for the visual detection of multiple 
wavelengths such as visible, infrared, short-wave infra-
red and ultraviolet105,106. Pieces of information from each 
spectrum can be extracted and combined in MSFPAs 
to create meaningful information. For instance, infra-
red lights can be generated by black-body radiation of 
the target objects. Combining the independent visible 
and infrared information enables enhanced night vision 
by the machine learning-based spectral fusion algo-
rithms107,108. For fabrication of MSFPAs, a large-scale 
focal plane array requires silicon-based CMOS read-out 
circuitry, whereas the optoelectronic active pixels gen-
erally incorporate III–V compound semiconductors. 
Multiple layers of III–V detectors with different spec-
tral sensitivities can be stacked and hetero-integrated 
on CMOS circuitry by remote epitaxy and 2DLT. 
Consequently, this approach could replace the conven-
tional macroscale metal–wire interconnections, which 
induce undesired power dissipation and signal delay 
through parasitic inductance and capacitance. This 
could provide a path for smaller feature sizes, improved 
parasitic effect and lower system costs.

As another example, neuromorphic computing is an 
emerging bio-inspired computing technique proposed 
as an alternative to silicon electronics with the issue of 
further scalability109–111. The increasing data size from the 
massive applicability of AI, computer vision and big data 
requires a more efficient computing platform than the 
conventional central processing units and graphic pro-
cessing units. Instead of employing 0 and 1 binary varia-
bles, neuromorphic computing incorporates a multistate 
analogue computing capability based on intelligent mat-
ters such as memristors, ferroelectric devices, magnetic 
devices and ionic electrolyte transistors112. These intel-
ligent devices enable in-memory computing attributed 
to storing information in the physical material medium 
that simultaneously features arithmetic operations for AI 
computing. Such devices are generally incorporated as 
a crossbar array to process large-scale data, where addi-
tional CMOS read-out circuitry is required, similar to 
the MSFPA system. Remote epitaxy technology is ideal 
for hetero-integration of intelligent matters with silicon 
electronics, which opens new opportunities to imple-
ment compact neuromorphic chips while minimizing 
complex fabrication processes.

Lastly, bio-inspired systems require a flexible sub-
strate that can be easily attached and transplanted to 
curvy and deformable human bodies105,113,114. Therefore, 
intact flexible and stretchable systems can maximize the 
acquisition of imperceptible signals and could provide 
promising surgical treatments and non-invasive diag-
nosis in conjunction with AI algorithms115. Flexible 
sensing platforms can be realized through various 
sensing materials, including III–V compound semicon-
ductors and piezoelectric and piezoresistive materials, 
such as lead zirconate titanate (PZT), polyvinylidene 
fluoride–trifluoroethylene (PVDF-TrFE) and poly 
(3,4-ethylenedioxythiophene) polystyrene sulfonate 
(PEDOT:PSS)116–119. With remote epitaxy as a base 
technique, it is possible to incorporate paper-cutting 

structures, also known as kirigami or origami arts, allow-
ing 3D transformable geometries that possess shape 
tunability, high pixel fill factor and bendability. This 
provides tunable device performance114,120. Furthermore, 
multiple remote epitaxy processes enable the transfer of 
stacked sensing materials onto a conformal substrate, 
which could apply to various functional devices, such as 
beam steering, artificial eyes, 2D/3D mixed-dimensional 
devices and non-line-of-sight detection121,122.

In summary, remote epitaxy processes can offer a 
high degree of freedom for hetero-integration. The 
potential branches can also be co-designed, providing 
synergistic effects to realize further advanced systems.

Reproducibility and data deposition
The reproducibility of remote epitaxy and 2DLT is 
critically important for the reliable production of 
high-quality, single-crystal thin films and structures. 
Reproducibility is primarily affected by several factors 
related to preparation processes for graphene-coated 
templates, remote epitaxy processes and 2DLT pro-
cesses1,4,30,71. The most important step is the prepara-
tion of graphene-coated templates, which are generally 
conducted by 2D material formation on foreign sub-
strates and then transfer onto the target substrate. 
When graphene is grown, either on foreign substrates 
or directly on the target substrate, if there is an irregu-
lar graphene thickness greater than the critical distance 
for remote interaction, then remote interaction through  
the graphene layer is not possible in that region15,30. 
Thick graphene leads to low density of nucleation, which 
will be partially polycrystalline, making it challenging 
to grow fully planarized single-crystalline thin films. 
Therefore, the graphene layer thickness and uniformity 
must be carefully controlled and characterized before 
remote epitaxy. Next, defects and pinholes in graphene, 
often formed during the transfer processes, trigger 
covalent bonding between epilayers and substrates3,12. 
In other words, direct epitaxy occurs from the defec-
tive area, and the region cannot be exfoliated smoothly 
because of the strong covalent bonds at the interface12, as 
shown in the SEM images in Fig. 8a,b. Furthermore, sev-
eral disorders can be involved during the transfer pro-
cess, such as nanometre- to micrometre-scale pinholes, 
wrinkles, ripples and non-pristine interfaces, severely 
disturbing remote interaction. Therefore, minimizing 
the contamination and damage during the graphene 
growth and transfer is key to reproducible and relia-
ble remote epitaxy31,43. In this regard, directly growing 
graphene on the substrates of interest would be ideal 
for reliable remote epitaxy and substrate recycling (see 
Supplementary Fig. 3e). Direct growth does not involve 
the transfer processes, meaning graphene uniformity 
can be directly controlled by tailoring chemical reac-
tions during growth33,34. However, the stability of sub-
strates at the graphene growth temperature needs to be 
considered45,123.

During remote epitaxy, the epitaxy environment 
needs to be monitored for reproducible film quality. To 
do this, sensors in the epitaxy tools — such as thermo-
couples, pyrometers, RHEEDs, reflectometers, residual 
gas analysers or others — should be used to ensure that 
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growth conditions do not drift or fluctuate. Remote epi-
taxy conditions often involve harsh environments, such 
as high temperatures and reactive gases. As a result, pre-
serving the graphene layer in these environments is an 
important requisite for the reproducible production of 
remote epitaxial films.

The reproducibility of the 2DLT process strongly 
depends on the stressor condition, the adhesion energy 
between the stressor and epilayers, and the vdW inter-
face14,16,70,124. The stress condition governs the genera-
tion and propagation of cracks, and thus the stress level 
and thickness of the nickel stressor layer need to be 
well controlled. Typically, nickel is deposited by direct 
current sputtering. The chamber pressure and sample 
temperature can be manipulated to tune the stress level 
of nickel. It is also important to preserve sufficient adhe-
sion energy between epilayers and stressor layers14,15,48. 
Insufficient adhesion energy produces self-delamination 
of the stressor layer from the epilayer, not at the graphene 
interface1,95. Therefore, depositing a thin adhesion layer, 
such as titanium or chromium, before nickel sputtering 
can ensure strong adhesion at the interface. In summary, 
for a reproducible process, it is necessary to start with 
a uniformly covered, pristine graphene layer, which is 
preserved during remote epitaxy, with careful monito
ring of the epitaxy environment and stressor deposition 
conditions.

Currently, research on remote epitaxy is in the early 
stages. High-yield and reproducible manufacturing 

processes are not yet well established, especially for 
materials with weak ionicity15. For reliable remote epi-
taxy and free-standing thin film production, it is crucial 
to conduct each experimental process with rigorous 
characterizations at each step to ensure that the results 
can be directly correlated to the experimental conditions.

Limitations and optimizations
Challenges in remote epitaxy
The biggest challenge in ensuring successful remote 
epitaxy is obtaining consistent, large-area, high-quality 
graphene. It is well known that growing graphene with 
high consistency over a large area is difficult because 
the Gibbs free energy remains relatively consistent, 
leading to the simultaneous formation of single, dou-
ble and, possibly, multilayered materials with the same 
free energy on the substrate22,125. If there are areas with 
thick graphene, those areas will result in the formation of 
polycrystalline films during remote epitaxy, significantly 
reducing the crystal quality. These areas of non-uniform 
thickness can be incredibly hard to detect as they may 
be several nanometres in size. Finding a method to grow 
monolayer, pristine, large-area graphene is of the utmost 
importance and urgency. The most optimal growth 
would be a self-limited growth mode where, thermo
dynamically, only one or two monolayers of graphene 
can be grown, such as on SiC substrates.

The next challenge is the transfer step. It is still 
very challenging to transfer large-area graphene onto 
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foreign substrates. Transferred graphene often exhibits 
organic residues with many macroscopic defects such 
as tears and wrinkles, which reduce the exfoliation 
area yield during the 2DLT process. The wet transfer 
process, which is the most widely used technique for 
transferring graphene, induces oxidation of substrates 
due to trapped water underneath graphene because it 
is raised from water. This can result in remote epitaxy 
failing, as shown in the case of GaAs remote epitaxy on 
wet-transferred graphene in Fig. 8c,d. Cross-sectional 
TEM and electron energy loss spectroscopy measure-
ments revealed interfacial oxides, preventing remote epi-
taxy30 (Fig. 8e,f). The dry transfer method alleviates some 
of these issues, but some variations and mistakes inevita-
bly occur because humans perform it. Obtaining pristine 
large-area graphene and transferring it onto a foreign 
substrate go hand in hand in difficulty. A robust trans-
fer process for each semiconductor or complex-oxide 
material is still being optimized to reduce remnant res-
idues and macroscopic tears, wrinkles and folds on the 
graphene surface.

Another issue may arise when the substrate is highly 
reactive to polar solvents, such as water. Lithium-based 
materials may be sensitive to moisture, which prevents 
the transfer of graphene using any polar solvents. A 
solution to this issue is to transfer graphene purely in 
non-polar solvents such as IPA. This method requires 
several steps. The first step is to transfer SiC-graphene 
onto a SiO2/silicon platform using the dry transfer tech-
nique. Next is to use PMMA as a handling layer and 
etch the SiO2 in buffered oxide etchant (BOE), rinsing 
the PMMA/graphene film in deionized water and, then, 
transferring the film to IPA. The final step is to dip the 
reactive substrate into IPA and transfer the PMMA/
graphene onto the reactive substrate. The IPA can then 
be drained, leaving the PMMA/graphene/substrate 
stack. The PMMA can be dissolved in acetone, leaving 
behind the graphene/substrate stack.

Finally, remote epitaxy is limited by the growth con-
ditions. If epitaxial growth occurs in an environment 
where graphene is damaged, remote epitaxy cannot be 
conducted successfully. For example, the SEM and EBSD 
images in Fig. 8g,h show that remote epitaxy of GaAs fails 
when GaAs is grown by MOCVD using a hydrogen car-
rier because graphene is damaged under such growth 
conditions30. The quality of remote epitaxial thin films 
is more severely affected by the graphene and environ-
ment in materials with lower ionicity because of the 
weaker electrostatic potential fluctuation on graphene 
that guides the nucleation. Fortunately, most materials 
can be epitaxially grown using MBE, which is an excel-
lent tool for remote epitaxy. The growth conditions are 
sufficiently mild, even at high temperatures, for remote 
epitaxy of III–V, III–N and complex-oxide materials. For 
growth using tools such as PLD — which may damage 
the graphene owing to the plasma at high temperatures 
— one way to prevent graphene damage is to perform a 
slightly off-axis deposition. This means the graphene/
substrate stack is not directly above the plasma plume 
but at a slight angle. However, off-axis deposition is 
limited as epitaxial growth while maintaining a perfect 
stoichiometry may not be possible in this set-up.

2DLT and device fabrication challenges
2DLT is a universal transfer method for creating hetero- 
integrated electronic and photonic systems. Scaling up 
2DLT for industrial applications is limited because het-
erogeneous integration by remote epitaxy has only been 
demonstrated on a small scale. Therefore, developing a 
reliable and systematic 2DLT process at a large scale is 
imperative.

Fabrication of a high-performance device requires 
a graphene layer with a low defect density. Defects in 
graphene, such as cracks and pinholes, cause direct expo
sure of the substrate to adatoms, resulting in direct bon
ding of the epitaxial layer to the substrate. The direct 
bonding without 2D materials results in a destructive 
spalling exfoliation instead of 2DLT. This unintention-
ally generates rough morphology and spalling marks on 
the substrate and transferred layer12. As it is challenging 
to grow large-scale, high-quality graphene and transfer 
it without damage, directly growing graphene or other 
2D layers on substrates for remote epitaxy could be 
investigated.

Other challenges relate to exfoliation and handling 
stability. The 2DLT technique requires a nickel stressor 
layer. However, the additional nickel deposition process 
can damage the originally transferred material struc-
tures. As the nickel deposition is generally performed by 
sputtering and ion bombardment, the increase in sam-
ple temperature during sputtering could cause contam-
ination or film degradation. As a result, unless the film 
is comparatively thick (micrometre scale), additional  
protective layers on the film surface could alleviate 
these challenges by minimizing possible stoichiometric  
and atomic interactions between the nickel stressor and 
the film.

Stable exertion of uniform forces during attachment 
and release ensures reliable film transfer. However, 
depending on the thickness of the remote epitaxial film, 
it can crack during exfoliation. Minor differences in the 
procedure can affect the results of 2DLT and transfer 
onto foreign substrate. Consequently, an automated 
exfoliation set-up capable of mimicking the process with 
precise controllability of parameters in the peeling pro-
cess is required to guarantee consistent exfoliation results 
at a given stress condition. A capillary transfer technique 
was recently proposed that uses a liquid-assisted natu-
ral adhesion between soft films and solid substrates, 
minimizing the variations during handling126. Another 
recent study on 2D to 3D transformation and transfer 
via anchoring and liquid-level modulation could also 
aid in achieving high transferability127. Furthermore, 
mechanical simulations for the automation can be used 
to determine the parameters for the automated system 
and to realize a stable and repeatable transfer platform, 
which could overcome these challenges and reliably 
produce high-performance devices and platforms by 
remote epitaxy.

Outlook
Remote epitaxy is a new epitaxy concept, involving 
vdW interlayers. The method has a short history since 
its first report in 2017. The discovery of remote epitaxy 
has opened up many exciting opportunities for device 
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applications and as a tool to study fundamental science. 
For functional devices and applications, remote epitaxy 
enabled the growth and separation of single-crystal thin 
films from the wafer, which was feasible for a limited 
choice of materials using conventional approaches. 
The role of the vdW interlayer, typically graphene, is 
not limited to a releasable interface but also provides a 
ground for strain relaxation that can improve the qual-
ity of the grown material. The features facilitated by 
remote epitaxy and 2DLT make it a promising approach 
for flexible, bendable or ultra-thin applications and 
hetero-integrated systems. Additionally, the 3D–2D–3D 
material system with crystallographic relationships is 
an ideal platform to study the underlying physics of 
mixed-dimensional heterostructures. This includes 
analysis of physical, electric, magnetic and chemical 
couplings, alongside atomic interactions.

Although remote epitaxy and 2DLT offer exciting 
opportunities, experimental demonstration — growth 
of high-quality single-crystal thin films and structures 
on substrates coated with 2D materials, followed by exfo-
liation at the 2D interface — requires stringent experi-
mental conditions owing to the extreme sensitivity of 
remote interactions at the atomic scale. In this Primer, a 
comprehensive guide is provided for successful remote 
epitaxy. First, the methods used to prepare graphene as 
a vdW interlayer on substrates were introduced. The 
importance of the thickness, quality and transfer pro-
cess of graphene was explained in detail, with strategies 
to prepare graphene on each substrate material. Next, 
the epitaxy processes were discussed in detail to grow 
high-quality remote epitaxial films and structures with-
out damaging the graphene layer. Lastly, step by step 
methods to exfoliate the grown layer at the interface by 
2DLT were introduced to use the grown layer for diverse 
functional and hetero-integrated device applications.

Successful experimental demonstration of remote 
epitaxy has been achieved for many material systems, 
including III–V, III–N, II–VI, I–VIII, complex oxides, 
halide perovskites and metal. In addition, a theoretical 

understanding of the remote epitaxy mechanism has 
been enriched by density functional theory and molec-
ular dynamics simulations. These simulations explain 
why remote epitaxy does or does not work under cer-
tain conditions. Although the field is rapidly growing, 
there remain many challenges to overcome. As a future 
direction, for more reliable and scalable processes, it is 
envisioned that the transfer processes of vdW materials 
need to be eliminated, particularly for device applica-
tions and the reuse of substrates. This is because resi-
due and defect formation is inevitable during transfer. 
In this regard, remote epitaxy on the substrate with 
directly grown vdW material is an ideal approach, 
which has been demonstrated on a limited choice of 
materials: III–N on graphitized SiC and CVD-grown 
graphene-coated Al2O3. For many other substrates, the 
substrate material cannot sustain the high growth tem-
perature of graphene, typically higher than 900–1,000 °C.  
Therefore, a low-temperature growth process needs to 
be developed for those materials. Fortunately, recent 
reports demonstrate low-temperature growth of atom-
ically thin sp2-bonded vdW materials28, which could be 
adopted as a promising approach.

In summary, remote epitaxy isolates single-crystal 
thin films and structures from wafers, which was pre-
viously impossible or impractical for many materi-
als. Although this technology is still in its early stages, 
with experimental challenges to overcome, the library 
of materials that can be made free-standing by remote 
epitaxy is quickly growing. Many studies are currently 
focused on material investigation rather than device 
applications, but it is evident that once remote epitaxy 
matures it will enable novel functionalities by decou-
pling the epitaxial layer from the host substrate and 
establishing a new coupling of dissimilar materials by 
2DLT and stacking. This could revolutionize the field of 
sensor fusion, multifunctional AI, edge computing and  
bioelectronics, to name a few.
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