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Abstract 

Remote epitaxy has opened novel opportunities for advanced manufacturing and heterogeneous integration of two-
dimensional (2D) materials and conventional (3D) materials. The lattice transparency as the fundamental principle 
of remote epitaxy has been studied and challenged by recent observations defying the concept. Understanding 
remote epitaxy requires an integrated approach of theoretical modeling and experimental validation at multi-scales 
because the phenomenon includes remote interactions of atoms across an atomically thin material and a few van 
der Waals gaps. The roles of atomically thin 2D material for the nucleation and growth of a 3D material have not been 
integrated into a framework of remote epitaxy research. Here, we summarize studies of remote epitaxy mechanisms 
with a comparison to other epitaxy techniques. In the end, we suggest the crucial topics of remote epitaxy research 
for basic science and applications.

Keywords  Remote epitaxy, Epitaxy mechanism, Heterogeneous integration, Incommensurate materials, Two-
dimensional materials, Semiconductors, Advanced manufacturing

1  Introduction
1.1 � Demands and challenges for next‑generation 

electronics and optoelectronics
Advances in semiconductor epitaxy have catalyzed the 
development of various high-performance electronic and 
optoelectronic devices, including high electron mobil-
ity transistors (HEMTs), light emitting diodes (LEDs), 
laser diodes, photodetectors, etc. [1–4]. These devel-
opments have significantly impacted our daily lives by 
making them smarter, more compact, convenient, and 

sustainable. For next-generation semiconductor applica-
tions, technologies enabling high-performance, multi-
functional, and free-form devices are essential. Moore’s 
law highlights the scaling challenges faced by nano- and 
micro-devices in the current semiconductor industry [5, 
6]. High-density heterogeneous integration of devices 
could overcome difficulties in achieving high-perfor-
mance and multi-function devices beyond Moore [7, 8]. 
Additionally, novel designs such as three-dimensional 
integration and foldable or wearable electronics pose 
immediate hurdles over traditional solid-state thin film 
templates [7, 9]. The challenges could be addressed by 
developing new innovative methods in epitaxy and sub-
sequent device fabrication process [10].

Two-dimensional (2D) materials have emerged as a 
promising solution due to their weak inter-planar van 
der Waals (vdW) forces, allowing for the physical separa-
tion of individual layers without surface dangling bonds 
[11]. These ultrathin nanomaterials have already been 
integrated into multi-functional vertical heterostructures 
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by stacking them over again and applied to flexible elec-
tronic devices [12–15]. However, it is still challenging to 
prepare single crystalline 2D materials that can meet the 
stringent requirements of microelectronics standards 
[16]. Moreover, numerous defects (e.g., wrinkles, tears, 
folds, etc.) are unintentionally formed on the ultrathin 
nanolayers during the transfer and stacking process, [17, 
18] complicating their use in standard microelectron-
ics processing. Meanwhile, conventional epitaxial thin 
films have been chemically, thermally, and mechanically 
“peeled off” by chemical etchants [19], pulsed lasers 
[20], and mechanical spalling, [19] respectively, to cre-
ate free-standing membranes, like 2D materials. The 
membranes were either diced-and-assembled or bonded-
and-patterned to integrate the devices on a template, 
presenting the native outstanding physical properties 
of the epitaxial membranes [21–24]. In addition, excep-
tional structural durability was obtained after the diced 
devices were assembled on flexible templates [25]. The 
membrane-based approaches demonstrated their distinct 
potential for addressing the challenges toward high-per-
formance, hetero-integration, and flexible device applica-
tions [10]. Nonetheless, concerns related to the scalability 
of 2D materials, difficulties in high-density assembly for 
hetero-integration, and potential damage to epi-film 
surfaces from chemical etching or laser-assisted melting 
may affect high-density hetero-integration and the over-
all performance of the nanodevices.

1.2 � Opportunities offered by 2D materials as substrate
The ultimate goal for next-generation electronics/opto-
electronics research is to develop reliable methods for 
preparing large-scale, high-quality epitaxial semiconduc-
tor membranes that can be easily “lifted off” and “stacked 
on” for hetero-integration and flexible devices [8]. This 
approach will enable to create high-performance/multi-
functional electronic and optoelectronic devices, sat-
isfying the demands of various applications, including 
wearable electronics, foldable devices, and advanced inte-
gration technologies. Developing such methods requires 
breakthroughs in material synthesis, transfer techniques, 
and device fabrication processes, which must leverage 
the unique properties of 2D materials and advanced epi-
taxy techniques [11, 26–29]. One potential solution is the 
direct growth of thin films on top of 2D layered materials 
[30–32]. Chung et al. reported on growing epitaxial GaN 
layers on ZnO nanowalls-buffered graphene, becoming 
the earliest success in achieving epitaxial semiconductor 
films on graphene [30]. Due to the difficulty in forming 
a continuous film on graphene, oxygen-plasma treat-
ment is carried out on graphene, enhancing its chemical 
activity by creating step-edges that facilitate the forma-
tion of chemical bonds with the overlayer. The natural 

growth of high-density ZnO nanowalls on these step-
edges plays a critical role in realizing the heteroepitaxial 
growth of GaN on graphene without forming polycrys-
tals or unwanted islands. This work demonstrates that 
it is possible to create high-quality thin film epilayers 
by engineering the surface of 2D material and to stably 
operate the resulting epilayer LEDs after freely transfer-
ring them to the desired surface. This can be regarded as 
the original work on the releasable epitaxy, and it has sig-
nificant implications in offering diverse and appropriate 
applications guidance in the subsequent research areas of 
vdW and remote epitaxy. Moreover, recent advances in 
preparation of single crystalline 2D materials, on which 
nucleation of conventional materials is not significantly 
governed by defects on 2D materials, have provided other 
opportunities of understanding the roles of 2D materials 
as substrates and manufacturing of high-quality releas-
able membranes of conventional materials [33, 34].

Since the 2D materials have no dangling bonds on 
their surfaces, energy minimization through the forma-
tion of chemical bonds does not drive epitaxial growth. 
As a result, an unconventional and novel epitaxy regime 
has emerged: the concept of “vdW epitaxy” was firstly 
introduced by Koma et  al. in 1984 [35], which signifies 
epitaxial growth capable of accommodating significant 
lattice mismatches at the substrate/overlayer interface 
by virtue of the vdW gap, free of surface dangling bonds 
[36, 37]. The vdW epitaxy comprehensively encompasses 
specific types of epitaxial structures, including heter-
oepitaxy of purely 2D stacks, 2D materials grown on 
conventional wafers, and thin film nucleation on top of 
2D materials. Among numerous 2D materials, graphene, 
a honeycomb-bonded monoatomic-thick sheet of car-
bon, has emerged as the most favorable 2D candidate for 
the vdW epitaxy substrate due to excellent thermal and 
mechanical stability and thickness-controlled synthesis. 
Significantly, graphene is the thinnest material and pos-
sesses no permanent dipole, making it an ideal candidate 
for investigating the interacting forces involved in the 
unconventional epitaxies discussed in this review article.

Intriguingly, graphene exhibits “transparency” from 
multiple perspectives: it is optically transparent (< 2% 
absorption) at 1–2 monolayer thickness [38], making it an 
ideal 2D transparent conductor; it also demonstrates wet-
ting transparency [39], meaning that the wetting behav-
ior of the underlying substrate remains unaffected by the 
thin graphene on top; “lattice transparency” is a relatively 
new concept that has emerged in recent years, serving as 
the fundamental basis for remote epitaxy, a novel phe-
nomenon in material systems that include atomically thin 
2D materials for creating a gap. This review summarizes 
the unique aspects of remote epitaxy, compared to other 
epitaxy schemes, such as conventional epitaxy limited by 
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materials compatibility, nanoepitaxy, and vdW epitaxy. 
The current understanding of the remote epitaxy mech-
anism based on polarity-governed lattice transparency 
will be discussed. Subsequently, the challenges of lattice 
transparency as the key mechanism will also be discussed 
with the recent results. The review of remote epitaxy will 
lead us to the perspectives of remote epitaxy research to 
achieve a thorough understanding of the mechanism and 
to realize applications in advanced manufacturing and 
heterogeneous integration.

2 � General categories of epitaxy
2.1 � Conventional epitaxy: homoepitaxy, strained epitaxy, 

and domain matching epitaxy
Conventional epitaxy broadly refers to epilayer nuclea-
tion and growth on substrate by forming covalent or 
ionic bonds at the interface through physical or chemi-
cal vapor deposition (CVD) methods, such as pulsed 
laser deposition (PLD), molecular beam epitaxy (MBE), 
metal–organic vapor phase epitaxy (MOCVD), hydride 
vapor phase epitaxy (HVPE), etc. [1, 40]. A wide range 
of materials, including elemental semiconductors, com-
pound semiconductors (e.g., II–VI, III–V, carbides, etc.), 
ceramic oxides, perovskites, or others, can be grown 

using well-established recipes that yield single crystal-
line, smooth surface coverage suitable for practical device 
applications. Critical factors for obtaining high-quality 
epilayers and heterostructures include the selection of 
appropriate substrates with similar crystal structure, 
thermal expansion coefficient, and careful control of 
growth conditions.

Generally, there are several distinct modes or schemes 
in the conventional epitaxy. (1) Homoepitaxy or com-
mensurate epitaxy, where the film/substrate interface is 
strain-free and/or composed of the same material, is the 
most intuitive epitaxy mode and will not be discussed 
in detail. For example, SrRuO3 (SRO) is considered as 
an ideal buffer conductive layer on SrTiO3 (STO) due to 
their comparable lattice constants (Fig. 1a) [41]. (2) Het-
eroepitaxy, where strained growth can be maintained 
up to a certain thickness before fully relaxed. A strained 
epilayer can exhibit unexpected physical properties such 
as ferroelectricity (Fig.  1b) [42]. (3) Domain matching 
epitaxy, a special case with the M:N lattice matching 
relationship between the epilayer and substrate, typi-
cally generates periodic misfit dislocations to minimize 
the strain or structural disorder for the epitaxial growth. 
This growth scheme enables the combination of material 

Fig. 1  Types of Epitaxy. Conventional thin film heteroepitaxy with strained or domain matching lattice relationship. a Fully relaxed SrTiO3(STO) thin 
film epitaxy on SrRuO3(SRO) buffered STO substrate. b Domain Wall interface and its displacement vector map of BiFeO3 grown on STO substrate. 
c ZnO doped HfO2 (HZO) on La0.7Sr0.3MnO3(LSMO) domain matching epitaxy with a 9:10 matching relationship. d Catalyst-free nano-epitaxy 
of semiconductor NWs using metal–organic chemical vapor deposition (MOCVD) and plasma-assisted molecular beam epitaxy (PA-MBE). SEM 
tilted view of InGaAs NW arrays on patterned substrates (left) and cross-sectional SEM image of InGaN NWs grown by on (001) Si (right). e 
Heteroepitaxy composed of purely 2D layered materials. f MoS2/WSe2 heterostructures with increase of W/Se composition ratio (left to right) and its 
HRSTEM micrograph at the WS2/WSe2 heterointerface. g Raw HAADF-STEM image and and false color viewed HAADF-STEM iamge of monolayer 
MoS2 grown on nanoporous gold substrate from the [98]Au. h HRSTEM micrographs and atomic line profile of remote epitaxial GaAs/monolayer 
graphene/GaAs heterointerface
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systems from different space groups, for example, the 
Zr doped HfO2 (HZO) and La0.7Sr0.3MnO3, as shown in 
Fig. 1c [43].

Indeed, single crystalline substrates, such as Si, GaAs, 
sapphire, and other single crystalline oxides, are com-
monly used for epitaxy due to commercial reasons of 
cost, large-area process, well-established legacy process, 
etc. For this reason, most semiconductor epitaxy is per-
formed through heteroepitaxy [44], where strain control 
is always a significant challenge. The thickness of the 
wafer is much greater than that of epilayer, making strain 
control in the epilayer difficult without forming strain-
compliant or strain-controlled layers (e.g., buffer, porous 
epitaxial layer, superlattices) [45–50]. For functional 
devices, composition-modulated thin heterostructures, 
such as quantum wells, are necessary with precisely con-
trolled thickness and homogeneous composition. How-
ever, the accurate control in the strained epilayer is not 
easily accomplishable. For instance, indium segregation is 
observed in indium-rich InGaN-based red LEDs [51, 52], 
despite the complete compositional solubility of indium 
in InGaN [53]. The limited choice of commercial wafers 
makes developing high-quality devices with controlled 
strain in a designed structure challenging. Regarding the 
epilayer separation, the chemical and laser lift-off is usu-
ally used, which leaves chemical and physical damage to 
the heterostructures in the epitaxial overlayer. Thus, the 
damages induced from the aforementioned lift-off and 
dicing procedures could substantially degrade the device 
performances, where the feature size of devices becomes 
smaller for high-density integration [54–58]. Therefore, 
the epitaxy methods discussed in the following sub-sec-
tions offer potential alternatives for relaxing or control-
ling strain and damage-less lift-off and dicing of epilayer, 
which could lead to improved device performances and 
the development of next-generation electronic and opto-
electronic devices.

2.2 � Nanoepitaxy
Nanoepitaxy, introduced here as a distinct type of epi-
taxy, involves the growth of epi-structures in contact 
with the substrate on a sub-micrometer scale. Self-
assembled quantum dots (QDs) via Stranski–Krastanov 
(SK) growth mode are the first examples of nanoepi-
taxy. Shape and nucleation of extended defects in a QD 
are governed by balance between adatom adhesive force 
and surface adhesive force during SK growth. Another 
notable example, for which extended defect forma-
tion can be minimized, is the growth of single-crystal-
line nanowires (NWs) on crystalline substrates. One 
of the earliest examples is the growth of crystalline Si 
NWs using the Au-catalyzed vapor–liquid–solid (VLS) 
method [59]. The VLS NW growth has been extensively 

studied, and it has been shown to produce axial hetero-
structures with graded composition modulation along 
NW length. The VLS occurs due to a metal catalyst 
droplet, which segregates the alloyed composition to 
the top of the NW during the growth process [60–62]. 
The metal droplet acts as a nucleation site for the NW 
material, allowing it to grow in a preferred direction 
while the alloyed components are concentrated towards 
the top of the NW for segregation. However, metal cat-
alyst-based NWs growth is not solely governed by VLS 
mechanism. For instance, growth of GaN NWs by MBE 
is governed by a combination of self-catalyst of Ga 
droplets and screw dislocation-driven mechanism [63, 
64].

Catalyst-free nanoepitaxy has emerged as a prefer-
able approach for growing semiconductor NWs with-
out the inevitable metal catalyst contamination. This 
method presents abrupt clean interfaces for both 
axial and radial heterostructures. Several catalyst-free 
nanoepitaxy mechanisms have been proposed, includ-
ing oxide-assisted growth (OAG), self-catalytic VLS, 
dislocation-driven growth, and surface energy minimiza-
tion. For the OAG method, deposited Si sub-oxide clus-
ters act as nuclei to facilitate the formation of Si NW in 
a preferred orientation. Oxygen atoms in Si sub-oxide 
are expelled from Si during the growth and diffuse to 
the edge, forming SiOx shell that prevents further radial 
expansion of the NW. The OAG nanoepitaxy with pre-
ferred crystallographic orientation is also affected by 
dislocations in the growth direction, with Si {111} fac-
ets exposure to minimize surface energy. The self-cat-
alytic VLS of NW, as explained by Mohammad et al., is 
driven by the formation and retention of liquid droplets 
from constituent metal, adsorption and incorporation of 
vapor-phase species into liquid droplets, and the crea-
tion of nucleation sites for NW growth [65, 66]. Surface 
energy minimization of NWs represents another princi-
pal mechanism of nanoepitaxy. Non-centrosymmetric 
wurtzite semiconductors, such as GaN and ZnO, tend 
to elongate along c-axis to minimize the area of unstable 
c-planes [67]. The spontaneous nucleation and subse-
quent elongation along a preferred crystallographic ori-
entation have motivated selective-area nanoepitaxy for 
preparing NW arrays with predetermined positions and 
precisely controlled diameters and heights. This control 
also allows the growth of quantum well structures and 
position-controlled light-emitting architectures on crys-
talline substrates (e.g., Si, sapphire, GaAs, etc.) [68–74]. 
These catalyst-free nanoepitaxy have been successfully 
demonstrated by both MOCVD and MBE techniques for 
monolithic integration of III–V NWs for both electronic 
and optoelectronic device applications (Fig.  1d) [75, 
76]. More importantly, the NW morphology offers an 
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opportunity of releasing the strain caused at the hetero-
structure interface through the large surface area of the 
NW periphery.

Research areas of nanoepitaxy also include selec-
tive area epitaxy (SAE) based on various mechanisms, 
such as contrast of precursor adsorption and desorp-
tion on chemically and physically patterned substrates. 
SAE has been considered as localized epitaxy of thin 
films at desired locations. Recent progress in nanoma-
terials growth has demonstrated that SAE can be useful 
to control morphology and sizes of nanostructures [77, 
78]. Studies of SAE have brought fruitful discussions on 
chemical/physical patterning of surfaces of substrates 
to deliver contrast of adsorption and desorption of pre-
cursor molecules and adatoms rather than a growth 
mechanism.

2.3 � Epitaxy on 2D materials: vdW epitaxy and remote 
epitaxy

As briefly discussed in the Introduction, 2D materi-
als offer opportunities to investigate the interactions 
between the grown layer and substrate, which are physi-
cally separated by the vdW gap. When vdW materials are 
introduced as substrates, conventional growth and nucle-
ation mechanisms are not applicable due to the absence 
of chemical bonds (i.e., covalent and ionic bonds) across 
the vdW gap [79]. To utilize a 2D material, an underlying 
substrate is required to support the ultrathin 2D layer. In 
a 2D/substrate structure, mixed interacting forces from 
the 2D material and underlying substrate influence the 
adatom of the epilayer during the growth. Depending 
on the relative strength of these interacting forces, epi-
taxy without chemical bonds is classified as either vdW 
or remote epitaxy. Various materials platforms for com-
paring the interactions across the vdW gap have been 
realized through either vdW or remote epitaxy. In this 
section, we will provide more details about these intrigu-
ing growth schemes that enable the hetero-integration 
of epitaxial devices and flexible designs, representing 
many new aspects of materials chemistry/physics and 
processing.

When the vdW force from 2D material is more domi-
nant than that from the underlying substrate, the vdW 
force governs the adatom migration, nucleation, and 
initial epilayer growth at the earliest epitaxy stage. The 
process is the so-called “vdW epitaxy” [80] and an epi-
taxial relationship exists between the epilayer and 2D 
material. The vdW epitaxial relation is clearly observed 
by growing semiconductors on 2D/SiO2 and suspended 
2D layers [81, 82]. For the vdW epitaxy, the initial growth 
is of particular interest with respect to adatom and 
nucleation. Hong et  al. grew InAs NWs on suspended 
graphene through MOCVD, resulting in a uniform 

in-plane alignment of vertical hexagonal NWs, as shown 
in Fig.  2c. The vdW epitaxial InAs/graphene system is 
simulated through first-principles calculations, revealing 
that indium atoms exhibit greater adsorption energy on 
graphene than arsenic (Fig.  2a) [82] The hexagonal hol-
low (‘H’, Fig. 2b) was identified as the most stable site for 
adsorption on graphene, rather than carbon bridge (‘B’) 
and carbon top (‘T’), according to the calculation work 
by Chan et al. [83] Following the initial indium adatom, 
arsenic participates in forming InAs nuclei, as depicted 
in Fig.  2d. Subsequently, InAs NWs grow exclusively 
along < 111 > B (Fig.  2e). The calculated vdW adsorption 
energy for the InAs/graphene system is 64 meV with an 
equilibrium vdW gap of 3.1 Å (Fig. 2f ), which is in good 
agreement with TEM observation.

When the interacting force from the underlying sub-
strate is stronger than the vdW force from the top 2D 
layer, the crystalline substrate remotely dictates the 
crystallographic registration (i.e., crystal symmetry and 
orientation) of the epilayer through 2D material. It is 
called “remote epitaxy” [84, 85]. Such long-range force 
through the 2D layer is discussed with regard to polarity 
formed by bonding ionicity [86]. In the remote epitaxy, 
the crystal (or domain) orientation of 2D materials does 
not impact the remote epitaxial relationship [87]. How-
ever, not all uses of 2D layer/crystal substrate can guar-
antee the remote epitaxy: the 2D layer must be ultrathin 
enough to allow the attracting force from the substrate to 
penetrate, and the maximum thickness of the 2D layer for 
the remote epitaxy depends on the bonding ionicity of 
the underlying substrate [86].

The vdW epitaxy includes various novel epitaxial struc-
tures, such as 2D on 2D (Fig. 1e) [13], 2D on 3D [88] and 
3D on 2D [82]. In this review, description of dimensional-
ity is based on density of states not on shapes. Therefore, 
majority of the prepared materials on 2D materials can 
be considered as 3D materials unless physical properties 
of low-dimensional structures is given. Examples shown 
in Fig.  1f are CVD-grown vertical WS2/WSe2 epitaxial 
heterostructure with sharp atomic interface in between 
[89]; the vdW epitaxy can also be achieved on a bulk sub-
strate, e.g., monolayer MoS2 on nanoporous Au, shown 
in Fig.  1g [90]. The vdW epitaxy of 3D on 2D has gen-
erally been studied for compound semiconductors (e.g., 
InAs on graphene) [91]. It is noteworthy that the paral-
lel progress in advanced microscopy and data processing 
for visualizing atomically sharp cross-sections and moiré 
superlattices of these heterostructures provides valuable 
insights into understanding the mechanisms of vdW epi-
taxy. The epitaxy of 3D on 2D and 2D on 3D are referred 
to as quasi-vdW epitaxy due to the presence of dangling 
bonds on the 3D material. Whether actual chemical 
bonding occurs has intrigued many researchers in the 
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field. In principle, no strong interaction sharing or donat-
ing electrons via dangling bonds on the vdW substrate 
mediates the formation of an epilayer, even for the quasi-
vdW epitaxy. Thus, 2D on 3D or 3D on 2D epitaxy has 
shown structurally decoupled interfaces with a large gap 
of at least two or three Å, whose distance is much greater 
than the length of typical chemical bonds (i.e., covalent, 
ionic, and metallic bonds). Since the dangling bonds on 
the 3D side have no direct chemical bonds with the 2D 
substrate, the vdW substrate enables domain-aligned 
growth of highly incommensurate materials without 

forming threading dislocations through the decoupled 
interface. In this review article, we generally refer as the 
vdW epitaxy, without making a distinction between it 
and quasi-vdW epitaxy.

Remote epitaxy represents another aspect of material 
interactions across two vdW gaps, on and beneath the 
2D material. Regardless of the orientation or domain of 
2D material, the epilayer’s crystal symmetry and orienta-
tion follow that of the substrate. For instance, Fig. 1h dis-
plays a GaAs epilayer grown on a graphene-coated GaAs 
substrate, revealing that diatomic Ga–As dumbbells 

Fig. 2  vdW epitaxy of InAs NWs on graphene. a Adsorption energy and equilibrium distance of indium and arsenic adatom on graphene. b 
Possible adatom sites on graphene, noted with H, T, and B, standing for hollow, top, and bridge, respectively. c Top-view SEM image of InAs NWs 
grown on suspended graphene. d The ball-and-stick model for vdW InAs/graphene epitaxial structure. e HRTEM image of the cross-sectioned InAs/
graphene. f vdW binding energy of InAs on graphene, plotted as a function of vdW gap, simulated by first-principles calculation
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are perfectly aligned across a 0.65  nm gap [92]. Addi-
tionally, remote epitaxially grown GaN on graphene/c-
Al2O3 showed the same epitaxial relation of GaN grown 
on c-Al2O3. Thus, the strength of remote epitaxy lies in 
utilizing conventional large-scale crystalline wafers. 
Furthermore, despite the large lattice mismatch, the 
high-quality epilayer can be achievable where the remote 
epitaxy is implemented. The high-quality epilayers pre-
pared by remote epitaxy provide various opportunities of 
advanced device manufacturing and realization of heter-
ostructures composed of incommensurate materials due 
to their quality and releasable structures [93].

The slippery vdW surface of 2D materials efficiently 
releases the strain and does not form the dislocation as 
well. The weak attraction between the epilayer and wafer 
across the 2D layer enables easy peel-off of the epilayer 
through metal stressor or thermal release tape-assisted 
delamination method. As for the 2D layer, graphene has 
become the most favorable candidate, primarily due 
to its thermal stability and compatibility with the high-
temperature conditions required for growing epilayers. 
The “lattice transparency” characteristic, which is the key 
element enabling remote epitaxy, will be discussed in the 
next section.

The motivation for growing high-quality semicon-
ductor films includes three aspects: (1) fundamental 
explorations in understanding vdW interactions or the 
mechanisms of remote epitaxy; (2) releasing these func-
tional membranes for stacking the into vertical or lat-
eral heterostructures, while enabling substrate reuse, an 
attractive feature for commercializing the method toward 
industrial applications; (3) utilizing membranes or epilay-
ers to develop flexible optoelectronic devices and wear-
able sensors or chips. In the following sections, we will 
discuss the governing mechanisms that enable these 
remote epitaxy schemes, as well as recent progress in 
developing flexible devices.

3 � Governing mechanisms and factors of remote 
epitaxy

3.1 � 2D/3D substrate: role of dangling bonds on 3D
The first question to address is whether there are any 
interactions, in terms of atoms, electrons, or phonons at 
the 2D/3D interface, that modify electronic properties 
or surface chemistry. Over the years, numerous studies 
have confirmed the existence of such interactions and the 
possibility of manipulation through chemical treatments. 
For example, Shemella et  al. [94] theoretically unveiled 
interactions between single-layer (1L)- and double-layer 
(2L)-graphene with the O-terminated crystalline SiO2 
surface using density functional theory (DFT), indicating 
that carbon atoms tend to form C–O covalent contacts 
for graphene placed on natural SiO2 surfaces, but this is 

limited only to 1L graphene. There are no such interac-
tions for hydrogen(H)-passivated SiO2 surfaces (Fig. 3a). 
The predicted potential charge density plot at these inter-
faces with a vdW gap indicates charge transfer between 
1L graphene and native SiO2 surfaces (Fig.  3b), and the 
electronic band structure shows a switch from semicon-
ducting to semi-metallic properties when no interaction 
occurs between graphene and H-passivated SiO2 surfaces 
(Fig. 3c). Notably, DFT consistently provides reliable pre-
dictions and insights for experimental explorations.

Later in 2010, Lyding’s findings [95] on semi-lattice-
transparent graphene on GaAs substrate, resulting from 
its electronic effect, brought significant interest to the 
unique “lattice transparency” property of graphene in 
altering structural properties of the substrate mate-
rial. These findings align with another work reported by 
Aluru et  al. in [96], which also provided experimental 
observations of visualizing such transparent substrate 
structures through graphene after the H-depassivation 
process. Figure  3d displays scanning tunneling micros-
copy (STM) images of the graphene lattice on top of 
H-passivated and H-depassivated Si(100), respectively. 
Similarly, the H-passivation protects the substrate sur-
face from chemical interaction with carbon atoms, show-
ing a non-lattice-transparent graphene layer with respect 
to the Si surface, while the depassivation process breaks 
the bonds between H–C, returning to the original clean 
Si surface where potential covalent bonding occurs. The 
predicted atomic model and the charge density plots 
(Fig. 3e) using DFT calculations corroborate the experi-
mental results. Furthermore, the electronic properties 
show consistency between measured and transport con-
ductivity, indicating a transition to metallic nature after 
depassivation (Fig. 3f ), consistent with Shemella’s predic-
tion of the band structure.

Carbon atoms in graphene have two pz orbitals per-
pendicular to the graphene plane, and these diametrically 
symmetric orbitals play a crucial role in remote epitaxy. 
When a negative local charge on a crystal substrate 
reaches the bottom of graphene, the downward pz orbital 
becomes positively charged because there are no elec-
tron sharing or donations and the orbitals merely over-
lap (Fig.  4a). Consequently, the upward pz orbital turns 
negative to maintain charge neutrality in graphene. In 
this manner, the pz orbitals mediate to transfer the charge 
as like induced dipole, and the surface charge patterns 
of the underlying crystal substrate are replicated to the 
graphene surface (Fig. 4b, c). For example, every carbon 
atom placed on aluminum atoms shows a positive charge 
density difference (CDD, blue in Fig. 4c) in 1L graphene/
c-Al2O3 substrate, and without graphene the CDD maps 
at the same height surface show a neutral charge. This 
suggests the ability of graphene to transfer local charge, 
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as depicted in Fig. 4c. However, this charge pattern rep-
lication is attenuated as increasing graphene thickness. 
Hence, there exists the maximum graphene thickness for 
remote epitaxy, as reported by Kong et al. [86].

3.2 � Lattice transparency of 2D layer: a key mechanism 
of remote epitaxy

The examples presented in Fig.  6 show clues of the lat-
tice transparency from the substrate surface through 
graphene, even though the underlying Si substrate has 
no bonding ionicity. Two critical factors can be identi-
fied for the lattice transparency: (1) the number of 2D 
layers that can be tolerated and (2) surface termina-
tion of ionic bonded atoms in the underlying crystal. 
Kim et  al. [84] provided insightful pathways to these 

factors. The calculated charge density profile suggests 
that 2L graphene can be tolerated for As-terminated and 
Ga-initiated slabs, while only 1L graphene for As–As 
intersections (Fig.  5a). The actual growth confirms the 
single-crystalline quality of GaAs grown on 1L graphene/
GaAs(001) substrate, while polycrystalline for 2L and 
3L graphene/GaAs substrates. High-angle annular dark 
field (HAADF) scanning transmission electron micro-
scope (STEM) reveals a high-quality interface, with GaAs 
atomic columns perfectly aligned remotely through the 
5 Å gap (Fig. 5b). Recent work by Kim et al. [92] directly 
shows that As-initiated GaAs was formed on 1L gra-
phene/Ga-terminated GaAs substrate, suggesting that 
no polarity inversion occurred through the graphene 
gap. More interestingly, the authors demonstrate that 

Fig. 3  Surface interactions. DFT calculations of potential interactions at graphene/SiO2 (crystalline, O-terminated) substrate interface for three 
cases: monolayer graphene, bilayer graphene, monolayer graphene on H-passivated SiO2 substrate in the red box. a atomic models, b charge 
density plots, c band structures. Graphene/Si (001) substrate interface in the blue box. d STM images before and after H-depassivation. e Atomic 
models and charge density distribution of graphene on Si with H-passivated and H-depassivated Si surface. f Experimental and simulated tunneling 
dI/dV versus sample bias, respectively
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GaAs(001), InP(001), and GaP(001) epilayers, which are 
III–V compounds with bonding ionicity, can be formed 
through remote epitaxy, and exfoliated using metal 
stressor and thermal release tape, for preparing LED 
devices with performance comparable to the LEDs pre-
pared by conventional epitaxy [84]. As the first report on 
remote epitaxy, this study opens up tremendous possi-
bilities for understanding the remote epitaxy mechanism 
structurally and applying it commercially to a wide range 
of optoelectronic devices for heterogeneous integration 
and preparing flexible devices using this growth scheme.

Lattice transparency of graphene in realizing ZnO 
nanorod remote homoepitaxy has also been dem-
onstrated [97], showing atomic column alignment 

as resolved by high-resolution transmission electron 
microscopy (HRTEM) (Fig. 5c). Calculation of interfacial 
binding energy provides insights into the remote epitaxy 
mechanism. The binding energy for direct homoepi-
taxy of ZnO is always high, while it decreases when gra-
phene is inserted. Intuitively, the binding energy for ZnO 
remote epitaxy is higher for growth on graphene/crystal-
line Zn-terminated ZnO (c-znt-ZnO) as compared to the 
nucleation on graphene/disordered Zn-terminated ZnO 
(do-znt-ZnO). It is meaningful that the charge density 
distribution at these interfaces is calculated to under-
stand how graphene electronically interacts with the sub-
strate and thus affects the as-grown epilayer. Figure  5d 
shows that the existence of graphene enhances charge 

Fig. 4  Principle of charge transfer and redistribution through graphene layer. a Schematics of charge transfer through pz orbitals of graphene 
layer affected by substrate net charge. The amount of net electron charge was relatively denoted by blue–green–red color column for electron 
deficiency, neutral, and electron accumulation state in colors ordered. b Atomic model, electron charge density mapping, and charge density 
difference plot as a function of z-distance at 1L graphene/c-Al2O3 system. c Atomic structure and electron charge density maps on 1L graphene/
c-Al2O3 system
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redistribution and shortens equilibrium distance, which 
means graphene acquires the “ZnO-mimic” charge dis-
tribution from the underneath ZnO substrate, reinforc-
ing the interactions with epi-ZnO growth. Briefly, lattice 

transparency is an important factor in realizing remote 
epitaxy. Such transparency is closely correlated with 
charge redistributions across the vdW gap to enhance the 
binding energy for the epilayer.

Fig. 5  Remote epiaxy through lattice transparent vdWs layer. Remote homoepitaxy of GaAs/graphene/GaAs in the red box. a DFT calculated 
average electron density along the GaAs slabs for As-Ga interaction and As-As interaction, respectively. Significant charge density exists 
inside the separated gap of about 9 Å. b STEM micrographs at the GaAs/graphene/GaAs heterostructure interface with a sharp interface 
with thickness of 5 Å. Remote homoepitaxy of ZnO nanorods/graphene/ZnO film in the blue box. c SEM tilted view of the ZnO nanorods grown 
on graphene/ZnO substrate and its HRTEM image across the interface with predicted atomic structure. d Atomic structure and charge density 
difference of remote homoepitaxial c-ZnO/MLG/c-ZnO and c-ZnO/BLG/c-ZnO heterointerfaces

Fig. 6  Polarity effect of substrate polarity and in 2-D materials in the red box. a From top to bottom: atomic model, DFT simulated potential 
fluctuation (meV) map, and the EBSD mapping of the crystalline orientation for Si/1L-graphene/Si (left column), GaAs/1L-graphene/GaAs (middle 
coloum), and LiF/3L-graphene/LiF (right column), respectively. b Schematics of the polarity effect of 2-D materials and corresponding EBSD 
mapping for GaN remote homoepitaxy with h-BN and graphene, respectively. Enhancing Ge thin film nucleation through dipole moment from 2D 
and substrate in the blue box. c 3D DFT simulation of electron density in the graphene/h-BN stack, red arrow denoting the direction of non-zero 
polarization. SEM images of Ge nucleation on top of graphene, ozone-treated graphene, and h-BN on SiO2/Si substrate and HR-TEM micrograph 
for Ge grown on graphene/h-BN stacked SiO2/Si substrate. d 3D illustration of Ge nucleation on graphene/TiN-AlN hyperbolic metamaterial stack 
and corresponding SEM image of the Ge surface. e Tilted SEM, low-magnification BF-TEM image and HRTEM at the ZnO/1L-MoS2/ZnO interface. f 
DFT calculated charge density distribution from both side and top projections
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3.3 � Polarity: a factor governing available material 
combinations for remote epitaxy

DFT calculations can predict the number of graphene 
layers or other 2D materials that can be inserted to 
achieve a single-crystalline epilayer. In the other work 
[86], Kong et  al. discussed that polarity, which arises 
from the materials’ bonding ionicity or atomic bonding 
characteristics, could affect the epilayer crystallinity,. 
Such ionicity can vary for different materials (both 2D 
and 3D) and the thickness of the 2D interlayer. Exam-
ples displayed in Fig. 6a clearly demonstrate the single 
crystallinity of GaAs remote homoepitaxy through 1L 
graphene, while electron backscatter diffraction (EBSD) 
mapping reveals polycrystalline epilayers for Si/1L gra-
phene/Si and GaN/3L graphene/GaN [86]. Similar to 
the binding energy calculation mentioned earlier, cal-
culating the potential fluctuation of the 2D/substrate 
surface predicts the likelihood of potential energy 
being transferred through the 1L graphene. For exam-
ple, the well-transmitted potential of GaAs or LiF leads 
to remote epitaxial growth, while covalently bonded Si 
presents significant attenuation of the potential field, 
resulting in a polycrystalline Si epilayer regardless of 
graphene thickness. With the increase in ionicity, more 
layers of graphene can be inserted without screening 
out the potential field, as observed from the single-
crystalline LiF film grown across 3L graphene.

Polarity exists in both vdW 2D materials and crys-
talline substrates; even for hexagonal boron nitride 
(h-BN), polarity still exists, although covalent bonding 
interactions are dominant in h-BN. To achieve success-
ful remote epitaxy, predictions can be made based on 
charge distribution and binding energy calculations, 
as previously mentioned, while also considering mate-
rials’ ionicity and thickness of 2D insertion to design 
and expand remote epitaxy to a broader range of mate-
rial systems. Specifically, for the remote homoepitaxy 
of GaN, as shown in Fig.  6b, [86] when grown on top 
of h-BN layers, polarity must be considered for both 
2D and substrate layers. GaN epilayers are expected 
to be grown as polycrystalline on thinner h-BN due 
to a mixture of potential fields caused by the polarity 
of both h-BN and GaN, while GaN forms single-crys-
talline film on thicker h-BN because dominant vdW 
attracting force from h-BN drives the vdW epitaxy of 
GaN on h-BN [98]. The polarity from substrate could 
be smeared out throughout the 2D layer. This suggests 
that additional factors need to be considered when the 
vdW interlayer has its own polarity, which could be 
beneficial but more complicated to be applied to either 
remote or vdW epitaxy. For the use of graphene, the 
situation is simpler since the covalently bonded carbon 
atoms do not contribute to polarity, but for more than 

3L-graphene, such remote interaction might be too 
weak to penetrate.

3.4 � Beyond lattice transparency: out‑of‑plane dipole 
moment, interference, attenuative charge transfer

Studying remote epitaxy involves addressing two ques-
tions: (1) nucleation on a 2D material and (2) the role of 
the 2D material as a substrate. The postulation of ‘lattice 
transparency’ alone is insufficient to develop a model 
for remote epitaxy because an ideal 2D material has 
no surface dangling bonds and steps that facilitate the 
nucleation of a 3D material of overlayer. In most cases, 
adsorption coefficients of precursors or adatoms of 3D 
materials on 2D materials, especially graphene, are too 
low to form sufficiently dense nuclei to form a continuous 
thin film. The nucleation has been explained by surface 
energy modification through formation of out-of-plane 
dipole moment.

A 2D material is not an inert component in a sub-
strate architecture consisting of a crystalline 3D sub-
strate and the 2D material for remote epitaxy, as charge 
transfer occurs between the substrate and the 2D layer. 
In a recent report by Yoo et al. [99] stacking 1L graphene 
with 1L h-BN significantly enhances the nucleation of 
Ge, which does not effectively occur either on 1L gra-
phene or on h-BN alone. The underlying mechanism 
involves the induced out-of-plane dipole moment in the 
graphene/h-BN stack. Charge transfer between graphene 
and h-BN leads to the accumulation of electrons along 
the vdW gap between h-BN and graphene. The accumu-
lated charges generate an out-of-plane dipole moment, 
which increases the surface energy of the topmost gra-
phene layer (Fig. 6c). Engineering the out-of-plane dipole 
moment in a 2D material to facilitate the nucleation of 
3D materials on the 2D layer has been demonstrated 
through multiple approaches: for example, graphene 
placed onto polarized ferroelectric thin film and metal/
dielectric (TiN/AlN) multi-layers generates inherent out-
of-plane dipole moments (Fig. 6d) [100]. Although still in 
its early stages, the dipole engineering can be considered 
a universal strategy for nucleating 3D materials on vari-
ous 2D materials.

The out-of-plane dipole engineering brings insight into 
the roles of 2D materials and their stacks with other 2D 
and 3D materials as substrates for remote epitaxy, going 
beyond lattice transparency. Recent studies demon-
strate that such transparency can be extended to mon-
olayer TMDs, such as 1L-MoS2. Figure 6e–f illustrate the 
remote epitaxy of ZnO nanorods/1L-MoS2/ZnO, which 
can be achieved on both ZnO nanorods and films [101]. 
The DFT-calculated charge density distribution indi-
cates a more energetically favorable O-terminated ZnO 
alignment across MoS2, i.e., the O–Zn//S–Mo–S//Zn–O 
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along the out-of-plane direction, which also induces a 
polarity inversion considering the S–Zn bonding inter-
actions. The colored electron accumulation (Fig. 6f ) also 
suggests charge transfer between MoS2 and ZnO layers, 
appearing to have a similar driving mechanism to remote 
epitaxy through graphene. The polarity inversion implies 
that the monolayer MoS2 interferes with the penetration 
of the surface potential of the underlying ZnO.

Another recent study of the epitaxy of AlN on gra-
phene/SiC provides an insight of the mechanism of 
remote interaction through graphene [102]. The analysis 
of charge distribution in the AlN/graphene/SiC system 
shows that the graphene constructs the remote interac-
tion between the SiC substrate and the crystalline AlN 
overgrown layer through mediation of attenuative charge 
transfer. The study indicates that there are plenty of room 
to explore mechanism of remote epitaxy besides lattice 
transparency.

4 � Outlooks
Remote epitaxy, a nascent research field, shows a typical 
pathway of progress in science. The underlying principles 
of remote epitaxy have been expanded from the sim-
ple and clear explanation of ‘lattice transparency’ to the 
incorporation of various ideas to explore opportunities 
for heterogeneous integration. Diverse observations have 
made discussions in the field fruitful. Nevertheless, there 
are still questions on the mechanisms of remote epitaxy, 
directly related to the validation of the concept of ‘remote 
epitaxy’. Therefore, the following questions are critical to 
the future of remote epitaxy research in basic science.

We need to explore the boundaries of the materials 
domain in which remote epitaxy is available. The cur-
rent framework to understand remote epitaxy is based 
on lattice transparency and field penetration of the sub-
strate through a 2D layer. Therefore, remote epitaxy has 
been studied with non-centrosymmetric 3D material on 
graphene. However, remote epitaxy on a non-graphene 
(MoS2) layer and the formation of cubic phases of 3D 
materials on graphene have been reported. The experi-
mental observations indicate that remote epitaxy can be 
applicable for the growth of centrosymmetric 3D materi-
als on non-graphene 2D materials. Pushing the limit of 
remote epitaxy can bring novel opportunities for under-
standing heterogeneous integration across the vdW gap 
and device manufacturing with existing infrastructure.

Remote epitaxy studies still lack a decisive visuali-
zation of penetration of the potential of the substrate 
through a 2D layer, although remote epitaxy is founded 
on a hypothesis of lattice transparency. Visualization of 
atom structures of Si underneath monolayer graphene 
was accomplished by STM. Nevertheless, the STM 
technique is not applicable to the realistic conditions 

of remote epitaxy. An in  situ/in operando characteri-
zation technique to probe the atom arrangement of a 
3D material on or beneath a 2D material will be a key 
method for understanding remote epitaxy in detail. 
Modeling at multi-scales encompassing atom scale 
and mesoscale is also necessary to obtain a fundamen-
tal understanding of remote epitaxy. Integrated theory 
suite, including quantum mechanics and vdW interac-
tion in multi-hetero-layers, of which sizes are up to sev-
eral tens-nanometers, will be a versatile tool.

Materials design to realize novel and unprecedented 
functionalities is being entered into the realm of remote 
epitaxy research as the available materials grown by 
remote epitaxy have been expanded. Stacked crystal-
line membranes of incommensurate materials with 
atomically sharp interfaces and heterostructures com-
posed of non-graphene 2D materials and semiconduc-
tors are notable examples of recent accomplishments of 
remote epitaxy. Remote epitaxy research is expanding 
to the realization of novel devices besides economi-
cal manufacturing, which has been a key application. 
Unconventional material combinations not limited by 
material compatibility will open opportunities for novel 
devices. However, the devices require suitable designs 
for utilization.

The three topics discussed above are intertwined and 
require the integration of multi-discipline. Remote epi-
taxy as a key hub for interdisciplinary collaboration will 
advance our understanding of nanoscience and broadly 
impacts basic science and applied research.
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