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ABSTRACT

Advanced heterogeneous integration technologies are pivotal for next-generation
electronics. Single-crystalline materials are one of the key building blocks for heterogeneous
integration, although it is challenging to produce and integrate these materials. Remote epitaxy is
recently introduced as a solution for growing single-crystalline thin films that can be exfoliated
from host wafers and then transferred onto foreign platforms. This technology has quickly gained
attention as it can be applied to a wide variety of materials and can realize new functionalities and
novel application platforms. Nevertheless, remote epitaxy is a delicate process, and thus successful
execution of remote epitaxy is often challenging. Here, we elucidate the mechanisms of remote
epitaxy, summarize recent breakthroughs, and discuss the challenges and solutions in remote
epitaxy of various material systems. We also provide a vision for the future of remote epitaxy for

studying fundamental materials science as well as for functional applications.



Contemporary electronic industries necessitate innovative approaches to incorporate
numerous electronic and optoelectronic chips within constrained spaces. This need is particularly
pronounced in light of the escalating demand for compact system-on-chip (SoC) designs driven
by the popularity of small electronic devices like cellphones, smartwatches, and wearables.
Furthermore, the dimensions of fundamental electronic components such as memory, logic
circuits, photodetectors, and LEDs have reached their physical constraints in advanced application
contexts.! Hence, it is crucial to vertically arrange arrays of these devices, making three-
dimensional integration one of the foremost priorities in the contemporary electronic community.>
As is well recognized within this field, these devices must exhibit a single-crystalline structure to
achieve optimal electronic and optoelectronic performance. Consequently, layers of such devices
are epitaxially grown on the surface of single-crystalline wafers. The process of connecting these
single-crystalline devices involves drilling holes through the wafer, known as Through-Silicon
Vias (TSV), followed by filling these holes with copper to establish vertical connections.’
Subsequently, the wafers are bonded together, ultimately creating 3D stacks of devices.
Nonetheless, TSV technology encounters practical obstacles, including the expensive wafer
grinding process, potential chip misalignment issues, the introduction of RC delay through the
copper within the TSV, and the allocation of precious chip space for TSVs.? Thus, to enhance the
efficiency of the 3D integration process, an ideal approach is the wafer-free stacking of devices,
known as monolithic 3D integration."? One highly effective method for achieving monolithic 3D
integration involves creating freestanding single-crystalline membranes and then stacking them.

In 2017, remote epitaxy was introduced to the community as one of the most promising
methods for growing single-crystalline electronics and optoelectronics that can be easily separated

from the wafer.* This method exhibits universal applicability across a wide range of material



systems, facilitates high-throughput membrane manufacturing through exceptionally rapid
mechanical release at room temperature, and permits the reuse of substrates, protected by 2D
materials.> Consequently, it sets itself distinguished from other methods for epitaxial liftoff. The
ability of remote epitaxy to generate ultrathin membranes from a wide array of materials also
unlocks numerous additional possibilities beyond 3D integration (Fig. la). These include
applications in flexible electronics and the fusion of functionalities from single-crystalline
materials, a feat not typically achievable through conventional heteroepitaxy due to lattice-
matching requirements. In this review, we will discuss the applications and opportunities that
remote epitaxy brings to the community.

Beyond its promising applications, remote epitaxy represents a novel phenomenon within
the epitaxy community, earning its name from the observation that epitaxial films conform to the
crystalline lattices of substrates under 2D interlayers. Many research groups worldwide have
successfully demonstrated this remote epitaxy phenomenon and expanded the available choice of
materials. However, the existence of remote epitaxial phenomena has also been a subject of debate
within the community, with several scenarios being considered. Graphene can contain defects,
such as dangling bonds, tearing, and residue, which can affect the growth or even lead to a failure
of remote epitaxy but could be challenging to observe with advanced microscopy techniques.®’
There are other growth mechanisms than remote epitaxy, such as quasi-van der Waals epitaxy and
pinhole-based epitaxy, yielding similar results in that single-crystalline thin films are formed on
2D materials.®® As such, this review elucidates the mechanisms of remote epitaxy and the
methodologies to unambiguously distinguish the remote epitaxial growth mode from other
possible scenarios. For this, several intriguing phenomena are introduced, which are unique to

remote epitaxy and theoretically not observable in other growth modes.



It is important to acknowledge that remote epitaxy is a delicate process, typically occurring
through one or two layers of graphene, and successful outcomes are highly dependent on specific
experimental conditions. Additionally, effective strategies can vary depending on the material
systems under investigation. Therefore, this review is intended to provide great details of the
methods used to achieve successful remote epitaxy in various material systems.

To conclude, the review will provide a vision of the future of remote epitaxy, with the
objective of advancing the electronic industry through revolutionary and exciting applications. In
addition to the theoretical and experimental aspects of remote epitaxy, we outline the areas of
application enabled by single-crystalline freestanding membranes including advanced electronics,
optoelectronics, photonics, and biomedical devices. Furthermore, we summarize the future device
platforms and potential discoveries in new physics and phenomena that could emerge from the

integration of coupled 3D-3D or 2D-3D mixed heterostructures.

1. Principles of remote epitaxy

In remote epitaxy, single-crystalline thin films are grown on substrates coated with 2D
materials, wherein the epilayers are epitaxially aligned with underlying substrates through 2D
interlayers (Fig. 1b). Graphene has been dominantly utilized as an interlayer material for remote
epitaxy, because graphene does not exhibit polarity and thus has a smaller screening effect than
polar 2D materials, such as hexagonal boron nitride (h-BN) and transition metal dichalcogenides
(TMDs). When 2D materials do not completely screen the remote interaction between
adatoms/nuclei and the substrate, remote epitaxial growth via the 2D interlayer could become

possible in principle.*



Substrates and 2D materials for remote epitaxy

Since the epitaxial registry in remote epitaxy is governed by the surface potential of the
substrate and their attenuation via graphene or other 2D interlayers, the polarity and the orientation
of substrate materials critically affect remote epitaxy. A general rule of thumb is that materials
with higher ionicity facilitate a stronger interaction of adatoms with substrates via 2D interlayers.
For example, III-V compound semiconductors, which exhibit low ionicity, require a very thin,
only monolayer, graphene for successful remote epitaxy. On the contrary, ionic materials, such as
LiF substrates, can support remote epitaxy up to three layers of graphene, as summarized in Fig.

19 Above these critical thicknesses of graphene, the substrate potential is almost completely

le
screened by graphene, thereby resulting in the growth dominated by van der Waals interaction
between the 2D layer and adatoms. In other words, the critical thickness of graphene for successful
remote epitaxy is governed by the ionicity of substrate materials.!*!?

Such a requirement rules out Si (001) or Ge (001) as a candidate for remote epitaxy,
because their covalent-bonded nature makes the surface potential fluctuation too weak for remote
epitaxy to occur even with monolayer graphene.®!° Nevertheless, the crystallographic orientation
of the substrate can also significantly change the intensity of the potential. Based on ab initio
density functional theory (DFT) calculations, Ge (011) exhibits higher potential fluctuation than
Ge (001) as shown in Fig. 1d. This makes a remote epitaxial growth of BaTiO3.s (BTO) possible
on graphene-coated Ge (011) without any grains, whereas a failure of remote epitaxy of BTO is
observed on Ge (001) substrates.!® This substantiates that not only the substrate materials but also
their orientations determine the critical graphene thickness that allows remote epitaxy.

The polarity of 2D materials also plays a significant role in remote epitaxy. Based on DFT

calculations, h-BN screens the substrate much more substantially than graphene, resulting in the



coexistence of remote and quasi-van der Waals epitaxy.>!° However, this does not mean that 2D
materials other than graphene cannot be used in remote epitaxy. In principle, if 2D materials could
permit the penetration of the potential field from the substrate, remote epitaxy is still
achievable.>!*!* The combination of polar 2D materials and substrates with a high ionicity can
alleviate the screening effect, as reported by remote epitaxial growth of HfS> on monolayer h-BN
coated sapphire'*. Although monolayer TMDs exhibit polarity and are thicker than graphene or h-

BN, the utilization of TMDs could also be feasible.

Theoretical studies to unveil remote interaction

Most of the theoretical frameworks on remote epitaxy have been set by DFT calculations.
DFT calculations could be applied not only to study the surface properties (such as electric field
fluctuation or charge density) of 2D materials-coated substrates, but also to investigate the
interactions of adatoms/nuclei with underlying substrates. These studies brought pivotal insights
into the role of 2D materials—whether 2D interlayers merely increase the distance between adatoms
and the substrate or have any other effects that influence the epitaxy environment.

In initial studies, DFT calculations showed that the potential from the substrate does not
completely diminish at the distance set by the thickness of monolayer graphene and van der Waals
gap.* This suggested the possibility of adatoms to nucleate following the underlying substrate. In
the following studies, the transfer of charges from the substrate to the surface of 2D layers is
revealed as the fundamental principle of remote epitaxy in given material systems.!® For example,
from DFT calculations of halide perovskite CsPbBr3 (001) on a graphene-coated NaCI(001)
substrate,'” it was found that graphene does not significantly alter the charge distribution at the

CsPbBr3; and NaCl interface compared to the case without graphene, thereby leading to remote



epitaxial growth of CsPbBr3 (001) on NaCl (001) (Fig. 2a). Similar phenomena of charge transfer
have been also observed in other material systems, such as GaN'¢ and GaAs.” An atomic
relationship of As-C-Ga is thus formed from the remote epitaxy of GaAs, in that the first nucleation
layer on graphene is As when the GaAs substrate is terminated with Ga (Fig. 1b).!”

Theoretical studies with DFT calculations can also quantitatively predict the traits of
remote epitaxy. The charge density difference (CDD) calculations showed that charge transfer
from the substrate through graphene ultimately enables long-range remote interaction and that the
effect could be enhanced with the increasing ionicity of the substrate as shown in Fig. 2b.'%!° For
example, due to improved charge transfer on AIN than Al2O3, GaN nucleation density on
monolayer graphene-coated AIN should be higher than Al,O3, which is experimentally confirmed

as well.'®

Recent DFT calculations further modeled that remote epilayers are the most stable when
they exhibit the same polarity as the substrate in III-N remote homoepitaxy.?’ For instance, Al-
polar AIN substrate will lead to Al-polar AIN while N-polar AIN substrate will result in the
formation of N-polar GaN in remote epitaxy. This suggests that adatoms nucleate and eventually
follow the same orientation and polarity with the substrate, aided by the charge transfer through
graphene in remote epitaxy.

Last, theoretical studies revealed the beneficial roles of graphene. DFT calculations
revealed that the potential field is not attenuated within a graphene interlayer but rather propagates
across the graphene,'® which is attributed to the balance by redistribution of n-electrons.?! Such a
relay effect of graphene helps to enlarge the effective distance of the atomic interaction via
graphene and thus promotes remote epitaxy further (Fig. 2c). Another beneficial role of graphene

stems from its dangling-bond-free nature, which provides a slippery surface for adatoms. Because

of this, strain in nuclei can be relaxed spontaneously without introducing dislocations,'? which is



supported by DFT calculations in that the interface displacement energy on the graphene is much
lower than the energy required for introducing dislocations. Thanks to this role of graphene, remote
heteroepitaxy systems such as InGaP on graphene/GaAs,'? GaP on graphene/GaAs,'? and AIN on
graphene/SiC! yielded significantly reduced dislocation density compared to direct heteroepitaxy
without graphene. These results substantiate that remote heteroepitaxy could be a viable path for
improving the crystal quality of epilayers that are lattice-mismatched to the substrate.

Therefore, remote epitaxy offers an attractive path for forming single-crystalline epilayers
in diverse material systems. The strain relaxation effect and the capability for mechanical
exfoliation make this technology ideal for forming artificial heterostructures by heterogeneous

integration.

2. Remote epitaxy: Experimental procedures

As outlined in Fig. 1a, the template for remote epitaxy is prepared by forming 2D materials
on substrates. Graphene is the most widely used as an interlayer for remote epitaxy, although
remote epitaxy on h-BN has also been reported.!” To prepare the template, wet transfer of graphene
from copper foils to epitaxial substrates has been widely used due to the availability, cost-
effectiveness, and thickness-controllability of graphene-on-copper templates.?> Graphene attained
from this process is typically polycrystalline, although single-crystalline graphene can also be
produced by using Cu (111) foils.?* As defects in 2D materials such as grain boundaries and
dangling bonds increase the chemical reactivity>* and induce local fluctuation of surface charge
density,’ the crystallinity of 2D materials could affect the results of remote epitaxy. As another
transfer method, dry-transfer processes have been developed for better interface quality. For dry

transfer, graphene needs to be first formed on a rigid substrate, exfoliated using a temporary

10



handling layer, and then directly transferred onto epitaxial substrates.? In addition to these transfer
methods, transfer-free graphene formation by directly growing graphene on remote epitaxy
substrates is recently gaining attention, because direct growth of graphene is more scalable and
can eliminate transfer process-related issues. The only obstacle to this approach is that not all
substrates are suitable for graphene growth due to the high growth temperature of graphene.
Currently, therefore, the reports on remote epitaxy based on directly grown graphene are limited
to a few types of substrates, including SiC,!*?%?” Ge,!* SrTi03,?® and sapphire.?’

As direct growth of 2D materials is a promising solution for wafer-scale processing with
the cleanest interfaces, there have been attempts to directly grow other forms of 2D materials as a
remote epitaxy template on the substrates where graphene cannot be grown. For example, GaAs
and GaN substrates are thermally unstable at a typical graphene growth temperature, and low-
temperature growth processes have been developed to prevent thermally induced damage to these
substrates while forming atomically thin carbon layers and boron nitride layers on GaAs and GaN,
respectively.’ These materials are in nanocrystalline or amorphous phases due to their low growth
temperatures, but they still dominantly form sp>-bonds and support remote epitaxy, as shown in
Fig. 3a. These low-temperature growth techniques could be utilized for other substrates to expand
the available choice of materials for wafer-scale and transfer-residue-free remote epitaxy (Fig. 3b).

Once 2D materials-coated substrates are prepared, remote epitaxy can be conducted on
these templates as long as the ionicity of the substrate and the properties of 2D materials are
suitable for remote epitaxy.'® We note that the ionicity of the epitaxial materials is also crucial for
successful remote epitaxy, not only that of the substrate, because the interaction between the
epilayer and the substrate via graphene is analogous to dipole-dipole interaction.® The first

experimental demonstration of remote epitaxy was achieved using III-V compound
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semiconductors by metal-organic chemical vapor deposition (MOCVD), which is soon followed
by many other material systems, including III-N/V,!® 1I-VI,*® I-VIL,'® complex oxides,'! halide
perovskites,'> and metal!. Various epitaxy methods can be utilized for the growth of such a variety
of materials, such as gas-based processes including (MO)CVD,* molecular beam epitaxy (MBE),!°

31 and pulsed laser deposition (PLD),'! as well as solution-based processes like

evaporation,
hydrothermal methods.*® The detailed library of material systems and methods for remote epitaxy
can be found elsewhere.?? It is important to note that the epitaxy method can largely affect the
results of remote epitaxy, which is discussed in detail in the next section.

As schematically illustrated in Fig. 1a, epitaxial layers and structures formed by remote
epitaxy processes can be mechanically exfoliated at the 2D interface due to weak adhesion on 2D
materials, which is termed as 2D materials-based layer transfer (2DLT) process. It is even possible
to form multiple stacks of remote epitaxial thin films and harvest them layer-by-layer by
mechanical peeling,® as a high-throughput process for manufacturing freestanding thin films. As
2D materials form a van der Waals (vdW) bonding with both the overlayer and the substrate, it is

possible for 2D materials to be exfoliated together with overlayers or remain on the substrate

during the 2DLT process.>*?

3. Experimental challenges and prospects

Remote epitaxy is a delicate process because it relies on the interaction between substrates
and adatoms/nuclei via atomically thin 2D interlayers. Any deviation from ideal atomic
configurations could lead to a poor crystal quality of remote epitaxial thin films or even a complete
failure of remote epitaxy. The key requirements for successful remote epitaxy are; (a) preparing

ideal remote epitaxy templates, (b) preserving the templates during epitaxy, and (c¢) manipulating
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adatoms and nuclei to form thin films with high crystal quality. It is often challenging to achieve
them, although satisfying all these requirements is crucial in remote epitaxy. Below we discuss

these challenges and solutions in detail.

Preparation of remote epitaxy templates

First, it is critically important to prepare 2D materials-coated substrates exhibiting pristine
interfaces and desired 2D material properties. If wet-transferred graphene is employed to form
epitaxy templates, it is difficult to keep the graphene/substrate interfaces free of contamination,
because liquid trapped at the interface can form residue or induce substrate oxidation during the
drying process.®® Interfacial contamination increases the distance between the graphene and the
substrate, and thus also the distance between the topmost atoms of the substrate and the
bottommost atoms of epilayers, which is confirmed by cross-sectional transmission electron
microscopy (TEM) measurements.!?° This will severely weaken the remote interaction, and could
even lead to the failure of remote epitaxy, as in the example shown in Fig. 3c. Interfacial
contamination could also induce a poor epilayer quality,’ in-plane rotation of nuclei*® or
polycrystalline growth.!”** When oxidation of the substrates is severe, 2D materials can even be
torn under epitaxy environment due to destructive de-oxidation processes, which can induce
nucleation from the damaged 2D area (Fig. 3d).%° These reports substantiate that utilizing wet-
transferred graphene is prone to a failure of remote epitaxy and thus should be avoided if possible.
Nevertheless, the validity of remote epitaxy has often been studied using wet transfer of
graphene.?’3* Although the interfacial contamination can be mitigated by employing dry transfer

processes,'’ graphene inevitably forms wrinkles and tearing regardless of the transfer processes
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used, which deteriorates epilayer quality.*¢ Therefore, it is clear that direct growth of 2D materials
is the ideal approach to form pristine interfaces without contamination or substrate oxidation.

For direct growth of 2D materials, CVD-growth of graphene is a viable approach on
substrates with good thermal stability.*® To precisely tune the thickness of graphene layers, atomic
layer etching (ALE) of graphene can be used before remote epitaxy to maximize the remote
interaction and attain high-quality epilayers.?® Graphitization of Si-faced SiC substrates is also an
effective approach, because the thickness of graphene on SiC can be precisely tuned by
sublimation conditions? and post-processing®®. Lastly, amorphous sp? materials can potentially be

used as a universal remote epitaxy template, because these materials can be grown at low

36,37 36,38

temperatures with good controllability of the thickness down to a single atomic layer.
Indeed, wafer-scale remote epitaxy of III-V and III-N has been achieved using amorphous sp?

layers as shown in Fig. 3a, proving the effectiveness of such templates.’

Preservation of 2D materials during epitaxy

Second, preserving the templates under epitaxy conditions is crucial yet challenging.
Epitaxy is usually conducted at high temperatures with reactive agents, and 2D materials can be
severely damaged under such an extreme environment. Therefore, the harshness of epitaxy
methods/conditions needs to be carefully considered for the successful execution of remote
epitaxy. Under MOCVD environment, for example, utilizing hydrogen as a carrier gas could
damage the graphene layer, which is experimentally demonstrated in the remote epitaxy of I1I-V®
and III-N* with graphene interlayers (Fig. 4a). Precursors used for MOCVD growth of these
materials, such as trimethylaluminium (TMAI) and ammonia, can also have adverse effects on

graphene.** These reports on failures of remote epitaxy by damages to 2D materials provide
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valuable insights into mitigating the issue. Based on these findings, successful remote epitaxy of
II1-V and III-N has been achieved by introducing several tactics, such as (a) utilizing nitrogen as

a carrier gas,>* (b) introducing low-temperature nucleation stages, %!

and (c) employing more
robust graphene templates, such as graphitized SiC.'*?® Employing MBE instead of MOCVD
could also be an effective approach for the remote epitaxy of these materials,>® because the growth
environment is less harsh in MBE as it employs a lower temperature, lower pressure, and elemental
sources.

Oxygen is another element that can violently react with 2D materials, which is particularly
problematic for the growth of oxides. Even at a very low oxygen partial pressure, graphene is
damaged at elevated temperatures.” This is observed under both PLD!! and MBE’ growths, and is
more problematic in growing oxide materials requiring high growth temperatures'!. Therefore,
special tactics have been developed for remote epitaxy of oxides, including (a) starting the growth
with thicker graphene to compensate for the partial etching of graphene under epitaxy
environment,'! (b) growing nucleation layers with reduced or no oxygen flow to protect the
graphene layer,'! (c) employing low growth temperatures in MBE, and (d) changing the source
materials for oxygen-free growth environment (Fig. 4b).”

In addition to the epitaxy environment, there are other factors that affect the stability of
graphene during growth. For example, polycrystalline graphene exhibits poorer thermal-chemical
stability than single-crystalline graphene, and thus is more easily damaged under epitaxy
conditions.*>* The stability of substrate materials has to be considered as well, because substrate
degradation can entail etching or tearing of graphene. For example, in III-N remote epitaxy by
MOCVD, graphene-coated GaN templates are more easily damaged than AIN templates, making

remote epitaxy difficult on GaN, as schematically shown in Fig. 4a.>>*!** Although not as severe
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as GaN, AIN templates can also experience damages under harsh MOCVD growth conditions (Fig.
4¢),!83439 while sapphire and SiC templates are the most robust.!** The stability of templates is
also affected by the polarity of these substrates (e.g. Ga-polar versus N-polar GaN).*¢ These results
show the importance of experimental designs and the necessity of comprehensive characterizations
during/after each process to ensure the pristineness of 2D materials and interfaces for successful

remote epitaxy.

Remote epitaxy of high-quality epilayers

Even when the two challenges above are resolved, forming high-quality epilayers by
remote epitaxy requires additional careful design of experiments. This is because (a) 2D
interlayers screen the electrostatic interaction between adatoms and substrates, and (b) the
chemical inertness of graphene surface impedes nucleation of adatoms. First, the chance of
forming antisites or defects is increased due to the weakened electrostatic potential by graphene, '
especially when the substrate exhibits low ionicity. As a result, threading dislocations are formed
even when lattice-matched epilayers are grown by remote epitaxy on threading dislocation-free
substrates.” This suggests that there may be fundamental limitations in forming defect-free
epilayers for materials with low ionicity, such as III-V, although more studies are necessary to
make a clear conclusion on whether remote homoepitaxy could outperform conventional epitaxy
in terms of the material quality. Second, screened electrostatic interaction from the substrate
promotes Volmer-Weber growth mode, making it often difficult to form fully merged and
planarized thin films.’® Therefore, the growth conditions need to be modified from standard
conditions for enhanced nucleation density.>***” Intentional formation of dangling bonds on 2D

materials by plasma treatment can also be employed in remote epitaxy to enhance the nucleation
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density,?**

although the conditions used for plasma treatment have to be carefully controlled to
prevent the occurrence of other growth modes, such as quasi-vdW (qvdW) epitaxy and pinhole-
based selective epitaxy.

Despite such challenges, 2D materials-coated templates also provide unique opportunities
for attaining materials with unprecedented properties. First, the dangling-bond-free nature of 2D
surfaces offers a path for spontaneous relaxation of strain, meaning that remote heteroepitaxy can
be used to produce materials with higher crystal quality than conventional heteroepitaxy.'?!319:48
This opens up a new opportunity to grow and exfoliate high-quality membranes that are not lattice-
matched to any available wafer. Second, if substrates are defective (e.g. typical GaN wafers with
high density of threading dislocations), the abrupt junction formed by 2D materials could
effectively prevent the crystal defects from extending towards epilayers. This could potentially
enable an improvement of epilayer quality in remote homoepitaxy as well, in addition to the case
of remote heteroepitaxy, if adequate material systems and growth conditions are employed.
Furthermore, graphene can protect the substrate and enable the formation of single-crystal hetero-
epilayers that cannot be achieved without graphene, as evidenced by BTO growth on graphene-

coated Ge (011)."® Therefore, remote epitaxy is a versatile technique to study fundamental material

science as well as to form high-quality functional membranes.

4. Unveiling the mode of epitaxy

In addition to remote epitaxy, other epitaxy mechanisms are also available on 2D materials-
coated substrates. One case is qvdW epitaxy, wherein the nucleation is driven by vdW interaction
between adatoms and 2D materials. The substrate underneath 2D materials plays little or no role

in the growth. The other case is pinhole-based epitaxy, wherein the nucleation is driven by pinholes

17



(i.e. tiny areas where the substrate is not covered by 2D materials). These pinholes can be formed
not only during the transfer of 2D materials* but even in directly-grown 2D templates® or during
the epitaxy on 2D templates (Fig. 3d).® Nucleation preferentially occurs in pinholes due to the
chemical inertness of 2D materials, and thus, pinhole-based epitaxy can be categorized as a type
of selective-area epitaxy with randomly formed patterns. As all these growth modes can yield
peelable single-crystalline epilayers, careful studies with rigorous characterizations are necessary
to prevent any confusion or misinterpretation of growth results.** Furthermore, these growth
modes can co-exist if (a) there is non-uniformity in 2D materials, such as thickness fluctuation or
damages or (b) more than one growth mode is kinetically allowed. Below we summarize the

methodologies to unambiguously distinguish the growth mode.

Remote epitaxy vs. qvdW epitaxy

As the nucleation in remote epitaxy and qvdW epitaxy is governed by underlying substrates
and 2D overlayers, respectively, the distinction between these epitaxy modes is straightforward if
the in-plane atomic configuration of substrates is not hexagonal (i.e. different from 2D materials).
In such a case, the mode of epitaxy can be readily verified by comparing the crystal structure of
epilayers with that of substrates and 2D materials. Confusion can arise when the substrate has
hexagonal in-plane lattices, such as (0001)-oriented wurtzite materials, which coincide with the
in-plane lattice configuration of 2D materials. For example, GaN epilayers formed on graphene-
coated c-plane sapphire or III-N substrates will exhibit (0001) out-of-plane orientation regardless
of the growth mode. Therefore, the in-plane orientation of materials needs to be compared, not the
out-of-plane orientation. The growth mode is remote epitaxial if the in-plane orientation of

epilayers matches with the substrate, and vice versa. This can be achieved by several measurement
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techniques, including in-plane inversion pole figure (IPF) mapping®?!

and X-ray diffraction
(XRD) phi-scan, as shown in Fig. 5a.!%?° If 2D materials are directly grown on substrates, however,
2D materials and the substrate can also have an epitaxial relationship.?”*® This makes the
verification of the growth mode particularly challenging, because the epilayer, 2D layer, and
substrate are all correlated in their in-plane orientation. In this case, studying the thickness
dependence can reveal the growth mode. The epilayer quality gets worse or even transforms to
polycrystalline phases in remote epitaxy when the thickness of 2D materials is increased,*’*
whereas the quality is relatively invariant in qvdW epitaxy regardless of the thickness of 2D
materials.’®>! The polarity of 2D materials also plays an important role in substrate screening. This

make qvdW epitaxy mode to be favored on h-BN or TMD templates,'%?!->2

although remote
epitaxy on these polar 2D materials would not be impossible.

The mode of epitaxy can also be verified by changing the substrate materials while keeping
the 2D layer property the same, because changing the substrate will affect the growth results only
in remote epitaxy. For example, qvdW epitaxy can yield single-crystalline epilayers on
amorphous™ or polycrystal?® substrates (Fig. 5b), which is not possible in remote epitaxy. On the
other hand, changing the polarity of substrates, such as from N-polar to Al-polar AIN, yields the
polarity inversion in epilayers only in the case of remote epitaxy.?® Lastly, strain relaxation effects
are observed in both growth modes, which could be beneficial for growing high-quality ternary
materials or lattice-mismatched materials.>*> It should be noted, however, that the relaxation is
governed only by the 2D materials in qvdW epitaxy mode, whereas the substrate materials (such
as the degree of mismatch between the substrate and epilayer) will also affect the relaxation

properties in remote epitaxy.'? These results provide important insights into studying the growth

mode.
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Remote epitaxy vs. pinhole-based epitaxy

Unlike the case of qvdW epitaxy, the nucleation in pinhole-based epitaxy is governed by
underlying substrates, which is the same as remote epitaxy. When pinholes are large and sparse,
the epitaxy from pinholes can be easily confirmed by characterizing 2D materials,® studying
nucleation,*’ and observing the substrate damage during the mechanical exfoliation of epilayers.*>°
However, if pinholes are (a) small enough (on the order of nanometers) to leave no trace on
substrates after epilayer exfoliation and (b) dense enough to provide enough nucleation sites for
quick mergence of films, careful studies are needed to distinguish the growth mode.

The most direct method to verify the growth mode is to observe the interface by cross-
sectional TEM measurements. In principle, pinhole-based epitaxy can be confirmed by the
presence of pinholes and/or direct connection at the epilayer/substrate interface.”” However, even
if no pinhole is observed in TEM images, it does not confirm the remote epitaxial growth because
there exists a possibility that pinholes are located ‘outside’ of the measured area and not detected
by TEM. In such a case, the interface may look identical to the case of remote epitaxy. For directly
probing remote epitaxy mode in TEM, therefore, it is necessary to stop the growth at a nucleation
stage with the nuclei size smaller than a few tens of nanometers, so that TEM specimen can contain
the entire nucleus.*’ This completely eliminates the possibility of pinholes residing outside of the
lamella made by focused ion beam (FIB) milling, as a direct and irrefutable proof of remote epitaxy
(Fig. 5¢). In other words, with the lamella containing the entire nucleus can the growth mode be
unambiguously verified by adjusting the focus during TEM imaging and confirming the existence

(pinhole-based epitaxy) or non-existence (remote epitaxy) of pinholes.

20



In addition to this direct measurement technique, several indirect methods can be applied
to reveal the growth mode. The key idea in these methods is to observe different behaviors of
growth in each mode, such as nucleation and strain relaxation characteristics. For example,
nucleation density can be used as one of the important indicators to distinguish the growth mode.
In pinhole-based epitaxy, the location of pinholes predominantly determines the nucleation sites
and also the nucleation density. In remote epitaxy, on the other hand, the diffusion length of
adatoms determined by underlying substrates and growth conditions govern the nucleation density.
The nucleation density increases in remote epitaxy by (a) changing the substrate material to have

larger ionicity!**’

and (b) decreasing the growth temperature to reduce the diffusion length, as
summarized in Fig. 5d.°*" In the heteroepitaxy of lattice-mismatched materials, strain properties
are also an important indicator in studying the growth mode. Spontaneous relaxation occurs in
remote heteroepitaxy, resulting in quick relaxation of entire epilayers at an early stage of
growth.!>13:132748 On the other hand, pinhole-based heteroepitaxy induces strain and defect
formation at the exposed area, whereas the laterally overgrown areas are relatively free of strain
or defect.?”>¢ These features can be characterized by several methods including scanning electron
microscopy (SEM), TEM and XRD measurements to reveal the growth mode, as shown in Fig.
Se. Strain in pinhole-based heteroepitaxy can also induce the formation of other domains or
facets.>?’ It is important to note that these two growth modes can co-exist, because completely
eliminating pinholes in 2D materials is challenging, if not impossible, although having one growth
mode almost completely dominate the other is still possible.*® In this case, verifying the portion

of epilayers formed by each growth mode can be informative, which can be systematically studied

by tuning the growth conditions (Fig. 5).°
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To summarize, distinguishing remote epitaxy from pinhole-based epitaxy may not be
trivial after a full growth of merged thin films (especially without growth condition-dependent
studies), and a misconception on remote epitaxy could occur if studies are not rigorously
designed.* To prevent any confusion, it is imperative to study nucleation mechanisms to

unambiguously reveal the growth mode by adopting the methods introduced in this section.

5. New functionalities and applications enabled by remote epitaxy

Remote epitaxy provides a chance to monolithically integrate device layers whose
crystalline structures are significantly different by permitting the stacking of single-crystalline
membranes without any wafer bonding process involved. Moreover, remote epitaxy offers a
platform to study mixed-dimensional heterostructures from as-grown 2D/3D heterostructures as
well as from detached epilayers that are transferred onto other platforms, forming artificial
heterostructures. Below we introduce the new functionalities and applications fields enabled by

remote epitaxy.

New paradigm of single-crystalline freestanding membrane production

Several layer transfer techniques have been thoroughly investigated during the last few
decades due to their potential in semiconductor device fabrication, serving as a strategy to diminish
substrate costs and realize heterogeneously integrated devices. However, the prevalent layer
transfer procedures fail to achieve sufficient throughput, cost-efficiency, or enough substrate re-
usability to achieve techno-economic benefit. In contrast, 2DLT technique, paired with remote

epitaxy, offers multiple advantages over conventional layer transfer methods.
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Facilitated by the development of directly grown wafer-scale 2D materials as remote
epitaxy templates, 2DLT evolved into a technique that can produce wafer-scale membranes, which
was technically challenging in transfer process-based approaches. Furthermore, as the surface of
the wafers can be fully covered by direct growth, this enabled high-yield, high-throughput, and
low-cost production of freestanding membranes without wafer damages.® With direct growth of
2D materials, it even becomes feasible to consecutively grow multiple 3D/2D stacks within a
single growth run. A repeated 2DLT process on these stacked wafers can yield multiple
membranes with significantly enhanced production throughput, as schematically illustrated in Fig.
6a. Remote epitaxy also brings a substantial cost reduction, because the wafer surface is protected
by 2D materials during the exfoliation and thus chemical-mechanical polishing (CMP) processes
are not required for wafer recycling. The universality of the process is another huge advantage.
Other lift-off techniques like epitaxial lift-off (ELO) and laser lift-off (LLO) require specific
substrate properties, whereas remote epitaxy and 2DLT can be applied to a much broader spectrum
of materials.* This positions 2DLT as a promising method for the heterogeneous integration of

diverse membranes.

New functionalities and device applications

Remote epitaxy offers two distinctive features to tackle the issues in industrialization. First,
conventional three-dimensional (3D) integration of various optoelectronic and electronic devices
relies on drilling holes through the wafer followed by wafer bonding through metals to form
interconnects. On the other hand, remote epitaxy enables advanced wafer-free 3D integration, also
known as monolithic 3D integration by allowing a 2DLT process, which tackles inherent

challenges in conventional wafer-bonding-based 3D integration. Second, conventional
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heteroepitaxy suffers from epitaxial strain relaxation by dislocation introduction, which
substantially degrades the performance of the devices. However, remote heteroepitaxy enables

spontaneous relaxation of strain and reduced dislocation density.'> Not only the improvement of

157 115

material qualities, but its impact on enhancing the electrical®’ and optical'® properties is also
demonstrated. Also, as epilayers can be made freestanding by 2DLT process, this provides an
additional degree of freedom in manipulating strain-dependent properties of materials.'""!* This
makes remote heteroepitaxy stand out as a unique technique to achieve improved performance in
devices that can be made freestanding.

Thus far, there have been various reports on stand-alone optoelectronic devices
demonstrated by remote epitaxy. The strain relaxation mechanism in remote heteroepitaxy allowed
AlGaN-based deep ultraviolet LEDs (DUV-LEDs) to exhibit enhanced electroluminescence (EL)
intensity and quantum efficiency (Fig. 6b).***® Remote epitaxial LEDs that can be made

4,16

freestanding and are operating in visible wavelengths™'® are also demonstrated (Fig. 6¢). In

addition to emitters, flexible photodetectors with better performance than conventional

1459 which also shows the impact of remote

counterparts are realized by remote heteroepitaxy,
epitaxy for making curved/flexible/bendable devices with high performance, as shown in the
photograph in Fig. 6d. Vertical stacking of those various devices without having wafer will
revolutionize 3D heterogeneous integration. Recently, this has been showcased by demonstrating
full-color micro-LED devices by vertically stacking the red, green, and blue LED layers. Owing
to its monolithic 3D stacking, the smallest pixel size (4 um) and the highest array density (5,100

pixels per inch) are demonstrated (Fig. 6¢).° Similarly, various optoelectronic components could

be stacked with driving circuitry made on a Si wafer with 2DLT.
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The capability to vertically stack up multiple layers by 2DLT also opens up the path for
coupling the physical properties of each layer. For example, a unique multiferroic heterostructure
can be formed by stacking piezoelectric lead magnesium niobate—lead titanate (PMN-PT) with
remote epitaxial magnetostrictive cobalt ferrite (CoFe>Os, abbreviated CFO), where both PMN-
PT and CFO layers are single-crystalline, allowing for their maximal performance (Fig. 6f).!! As
the substrate clamping effect is eliminated by layer exfoliation and transfer, remarkably high
strain-mediated magnetoelectric coupling coefficients are achieved, which were not possible in
conventional approaches.

The capability to prepare ultrathin single-crystalline membranes also revolutionizes future
bioelectronics because this enables the integration of inorganic single-crystalline semiconductors
onto bioelectronic components such as wearables and implantables. For example, declamping from
substrates and coupling with functional platforms enabled a new concept of electronic skin (e-skin)
devices with multi-modal sensing capabilities.’' Herein, ultrathin GaN freestanding membranes
are produced by remote epitaxy and utilized as surface acoustic wave (SAW) sensors that can
measure pulse, sweat, and UV light. The ultrahigh conformability, flexibility, and
electromechanical coupling coefficient of freestanding GaN membranes are the key characteristics

that lead to efficient wearable devices that can operate wirelessly and without battery (Fig. 6g).

6. Outlook

Although remote epitaxy has a short history of less than a decade, it already emerged as a
powerful technique to produce novel single-crystalline membranes. It already proved its usefulness
for heterogeneous integration technologies and for studying mixed-dimensional heterostructure,

and thus the research community is rapidly expanding worldwide. Nevertheless, the execution of
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remote epitaxy is still challenging in many material systems, primarily because of the difficulties
in the formation of ideal templates and their preservation during growth. In this review, we
summarized the challenges and strategies to overcome these. Eliminating the transfer processes of
2D materials and developing epitaxy strategies specifically targeted for 2D materials templates are
the key requirements for successful remote epitaxy. We also explained how remote epitaxial
growth mode can be distinguished from other growth modes, with an attempt to address questions
on the remote epitaxy mechanisms.

There has been remarkable recent progress in utilizing remote epitaxy for growing
materials with unprecedented properties and transferring them to form functional device platforms.
Remote epitaxy has a huge potential to be the key technique in monolithic 3D integration of
electronics, optoelectronics, photonics, and biomedical devices. Below we introduce prospective
future directions that remote epitaxy can uniquely fit into.

In electronics, layer transfer by remote epitaxy can replace current TSV-based
interconnects with monolithic integration approaches. High-mobility materials such as III-V can
be fabricated into a logic layer and transferred onto a memory layer to construct processing in
memory (PIM) architecture. Such a monolithic 3D scheme is regarded as the only viable approach
to keep up with Moore’s law and achieve a significant boost in data processing speed and
efficiency.! It is important to note that the transfer of remote epilayers is fully compatible with the
back-end-of-line (BEOL) processing constraints, contrary to conventional heteroepitaxy which
surpasses the thermal budget required for BEOL compatibility. The key remaining challenges
include (a) the need for automation of exfoliation process, (b) the need for adequate bonding
process of exfoliated layer, which is compatible with industrial processes, (c) adequate removal

and cleaning processes of stressor layers and handling layers, and (d) scaling up the process to be
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compatible with industrial wafer sizes. Dedicated research on the engineering aspects of the
process is thus necessary for lab-to-fab transition of remote epitaxy technology.

In optoelectronics and photonics, remote epitaxy will allow dissimilar materials and
components to be seamlessly integrated on the same plane of a chip. This will be extremely
transformative in various applications, including multispectral focal plane arrays (MSFPAs), high-
pixel-density and flexible displays for augmented reality/virtual reality (AR/VR), and Si photonic
platforms with multi-functionality. Spontaneous relaxation in remote heteroepitaxy will not only
enhance the performance but also allow bandgap tunability and expand the wavelengths at which
the components/devices/platforms can operate. It should also be noted that these platforms made
by remote epitaxy can bypass the cost-intensive and intricate procedures associated with the
contemporary wafer-bonding and CMP processes.

In the field of ferroelectrics and multiferroics, remote epitaxy also plays a vital role in
producing a variety of freestanding complex-oxide membranes with single-crystallinity, which
could serve as an essential building block with unique functionalities for stacking artificial
multifunctional heterostructures. The absence of substrate clamping effect in freestanding
membranes significantly improves their own functionalities as well as offers an efficient route to
control physical properties at the interfaces through active coupling to external perturbations such
as strain, light, gating, and proximity. For instance, an unconventional robust ferroelectricity is
observed at room temperature in strained STO membrane,®” and seamless integration of
transferrable ultrahigh-k STO layer onto 2D semiconductor allows for surpassing the performance
limits of current 2D transistors.®® In addition, as discussed in the above section, when material
components are all freestanding and single-crystalline, a strain-mediated magnetoelectric coupling

effect can be maximized at the interfaces between piezoelectric BTO and magnetostrictive CFO,
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where both layers can be generated by remote epitaxy. Such integrated multiferroic material
systems with highest efficiency are expected to push the frontier of energy harvesting devices and
next-generation logic transistors beyond traditional energy conversion limitations. The flexible,
conformal, and wirelessly operating nature of ultrathin multifunctional devices herein holds great
promise for future applications such as Internet of Things, smart vehicles, wearable electronics,
and biomedical devices.

In conclusion, remote epitaxy technology provides unique opportunities for producing
diverse types of single-crystalline membranes, where these membranes will serve as an important

building block for next-generation hetero-integrated device platforms.

28



> = ‘

Single-crystal 2D material Remote epitaxy Exfoliation Heterogeneous
substrate formation (2DLT) integration
c d Graphene Graphene
e tasA tash
=3 ML ©
[001] Ge  o11] Ge
<3 ML @ GaN ®—(110] D—+{100]
[110] [o11]
<2 ML @ Gahs 03eV
<1 ML q gis
0 0.2 0.4 0.6 08 1

lonicity oev

Figure 1. Processes and principles of remote epitaxy. a, Process flow of remote epitaxy and
heterogeneous integration. b, Cross-sectional STEM image of GaAs on a graphene-coated GaAs,
showing atomic alignment via graphene.!” Adapted with permission from ref 17. Copyright 2021
AIP Publishing. ¢, The maximum graphene thickness allowing for remote interaction as a function
of the ionicity of materials.!® Adapted with permission from ref 10. Copyright 2018 Springer
Nature. d, DFT calculations showing a stronger surface potential fluctuation on graphene/Ge(011)
than graphene/Ge(001)."* Adapted with permission under the Creative Commons CC BY license

from ref 13. Copyright 2022 Springer Nature.
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Figure 2. Mechanisms of remote interaction through graphene. a, Charge transfer distributions
between CsPbBr3(001) and NaCl(001) with a graphene interlayer.!> Adapted with permission
under the Creative Commons CC BY license from ref 15. Copyright 2019 Springer Nature. b,
Charge distribution densities of Ga/single-layer-graphene (SLG), Ga/SLG/AlO3, and
Ga/SLG/AIN. Charge redistribution is observed by introducing substrates, and more charge
transfer is observed on AIN than Al,0s.'® Adapted with permission from ref 18. Copyright 2022
American Chemical Society. ¢, Calculated planar average electric field of sapphire with
various graphene thicknesses, revealing a relay effect.’! Adapted with permission from ref 21.

Copyright 2023 John Wiley and Sons.
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Figure 3. The impact of 2D materials formation methods on remote epitaxy. a, Cross-
sectional STEM of remote epitaxial GaAs on a directly grown thin amorphous carbon (TAC)
layer.’> Adapted with permission from ref 5. Copyright 2023 Springer Nature. b, Photographs of
GaAs (upper) and GaN (lower) membranes obtained by remote epitaxy on directly grown 2D
materials.> Adapted with permission from ref 5. Copyright 2023 Springer Nature. ¢, Cross-
sectional STEM of GaAs grown on wet-transferred graphene, showing a failure of remote epitaxy
(left). Electron energy loss spectroscopy (EELS) confirms oxidation of graphene/substrate

interface.!” Reprinted from ref 17, with the permission of AIP Publishing. d, SEM images and
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Reflection high-energy electron diffraction (RHEED) patterns showing a desorption of native
oxide and a creation of holes (upper). Schematic (lower) shows the mechanism of pinhole-based

selective area epitaxy.® Adapted with permission under the Creative Commons CC BY license

from ref 8. Copyright 2022 Springer Nature.
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Figure 4. Preservation of 2D materials under epitaxy environment. a, Schematic showing the
damage to graphene layer under epitaxy environment, which is more severe under hydrogen
environment than nitrogen, and on GaN substrates than AIN.*>* Adapted with permission from ref
39. Copyright 2022 American Chemical Society. b, Oxygen-free hybrid MBE to avoid graphene
damage (left). Cross-sectional STEM reveals successful remote epitaxy of STO on
graphene/STO.” Reprinted with permission of AAAS from ref 7. © The Authors, some rights
reserved; exclusive licensee AAAS. Distributed under a CC BY-NC 4.0 license
(https://creativecommons.org/licenses/by-nc/4.0/). ¢, Failure of III-N remote epitaxy due to

graphene damage and interfacial contamination, confirmed by STEM (left) and EDS (right). This
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shows the importance of graphene formation method and epitaxy conditions for successful remote

epitaxy.** Adapted with permission from ref 34. Copyright 2023 AIP Publishing.
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Figure 5. Comparison of qvdW epitaxy, remote epitaxy, and pinhole-based epitaxy. a, In
qvdW epitaxy of AIN, the orientation of AIN follows that of graphene, as confirmed by XRD phi-
scan.?® b, Cross-sectional STEM image showing single-crystal GaN growth on a polycrystal
substrate by qvdW epitaxy.?’ (a,b) Reprinted with permission of AAAS from ref 20. © The
Authors, some rights reserved; exclusive licensee AAAS. Distributed under a CC BY-NC 4.0
license (https://creativecommons.org/licenses/by-nc/4.0/). ¢, Confirming the remote epitaxial
growth of BTO on graphene/STO by making a TEM specimen containing the entire nuclei (left)
and then confirming a full coverage of graphene by STEM (right).’ d, The effect of growth
temperatures and substrate ionicity on the nucleation density in remote epitaxy of GaN.*’ (c,d)
Reprinted with permission of AAAS from ref 47. © The Authors, some rights reserved; exclusive
licensee AAAS. Distributed under a CC BY-NC 4.0 license
(https://creativecommons.org/licenses/by-nc/4.0/). e, Cross-sectional STEM images of GaN nuclei
on epitaxial graphene/SiC. Strain-induced color contrast is observed near the center of the nucleus
(upper left). Direct bonding of GaN/SiC is shown in the pinhole area (box ‘c’), whereas graphene

is fully covered in laterally overgrown area (box ‘d’).?” Adapted with permission from ref 27.



Copyright 2019 IOP Publishing, Ltd. f, Schematic illustration showing co-existence of remote
epitaxy (R30) and pinhole-based epitaxy (R0) areas with different in-plane orientation.’ Adapted

with permission from ref 9. Copyright 2022 American Chemical Society.
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Figure 6. New functionalities and applications by remote epitaxy. a, High-throughput
membrane production scheme by multi-stacked remote epitaxy structures.’” Adapted with
permission from ref 5. Copyright 2023 Springer Nature. b, Improvement of electroluminescence
efficiency of UV LEDs by remote heteroepitaxy.”® Adapted with permission from ref 58.
Copyright 2020 AIP Publishing. ¢,d, Photographs of flexible LEDs'® (¢) and photodetectors'* (d)
enabled by remote epitaxy. Reprinted with permission of AAAS from ref 16. © The Authors, some
rights reserved; exclusive licensee AAAS. Distributed under a CC BY-NC 4.0 license
(https://creativecommons.org/licenses/by-nc/4.0/). Adapted with permission from ref 14.
Copyright 2019 Royal Society of Chemistry. e, Cross-sectional SEM image of vertically stacked
RGB micro-LEDs (lower) and photographs showing full-color operation (upper).*® Adapted with

permission from ref 60. Copyright 2023 Springer Nature. f, Cross-sectional TEM image of
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multiferroic CFO/PMN-PT heterostructure.!! Adapted with permission from ref 11. Copyright
2020 Springer Nature. g, Tilted SEM image (left) and photograph (right) of remote epitaxial GaN
membranes on e-skin platforms.®' Adapted with permission from ref 61. Copyright 2022 American

Association for the Advancement of Science.
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ABBREVIATIONS

3D, three-dimensional; LED, light emitting diode; RC delay, Resistive-capacitive delay; 2D, two-
dimensional; III-V, group III and IV; LiF, lithium fluoride; Si, silicon; Ge, germanium; BaTiO,
barium titanate; HfS,, hafnium disulfide; ZrS,, zirconium disulfide; CsPbBr3;, cesium lead
bromide; NaCl, sodium chloride; GaN, gallium nitride; GaAs, gallium arsenide; AIN, aluminum
nitride; Al>O3, alumina or sapphire; III-N, group III and nitrogen/nitride; InGaP, Indium gallium
phosphide; GaP, gallium phosphide; SiC, silicon carbide; Cu, copper; SrTiOs, Strontium titanate;

II-VI, group II and VI; I-VII, group I and VII; VO», vanadium oxide; i.e. that is; UV, ultraviolet
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