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ABSTRACT

Heterogeneous integration techniques allow the coupling of highly lattice-mismatched solid-state membranes, including semiconductors,
oxides, and two-dimensional materials, to synergistically fuse the functionalities. The formation of heterostructures generally requires two
processes: the combination of crystalline growth and a non-destructive lift-off/transfer process enables the formation of high-quality hetero-
structures. Although direct atomic interaction between the substrate and the target membrane ensures high-quality growth, the strong
atomic bonds at the substrate/epitaxial film interface hinder the non-destructive separation of the target membrane from the substrate.
Alternatively, a 2D material-coated compound semiconductor substrate can transfer the weakened (but still effective) surface potential field
of the surface through the 2D material, allowing both high-quality epitaxial growth and non-destructive lift-off of the grown film. This
Perspective reviews 2D/3D heterogeneous integration techniques, along with applications of III-V compound semiconductors and oxides.
The advanced heterogeneous integration methods offer an effective method to produce various freestanding membranes for stackable heter-
ostructures with unique functionalities that can be applied to novel electrical, optoelectronic, neuromorphic, and bioelectronic systems.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0122768

1. INTRODUCTION of epitaxially grown thin films from the substrate to create mem-
branes (freestanding forms of thin films) is inevitably destructive
since the interfaces of the film and the substrate are strongly
bonded to each other. To overcome this issue, various non-
destructive lift-off techniques have been developed for the fabrica-
tion of freestanding membranes. The fabricated membranes can be
heterogeneously integrated onto an arbitrary substrate or stacked
with other functional membranes, providing hybrid functionalities
of various material systems, including III-V compound semicon-
ductors, silicon, high-k dielectrics, ferroelectrics, magnetics, perov-

Epitaxy is a universal thin-film growth technique to produce
high-quality single-crystalline films' ™ The epitaxial growth method
generally requires lattice-matched (or nearly matched) material
systems to carry out high-quality growth with minimal defects. To
realize such a growth for modern solid-state electronic and pho-
tonic applications, various epitaxial deposition techniques have
been developed, such as molecular beam epitaxy (MBE),” metal-
organic chemical vapor deposition (MOCVD),® pulsed laser depo-

sition (PLD),” sputtelring,8 etc.

Using epitaxial growth techniques, heteroepitaxy to form the
heterostructure has been developed via consecutive epitaxial growth
by adopting lattice-matched and/or lattice-mismatched material
systems.”'’ In addition to conventional monolithic growth tech-
niques, it is also possible to form artificial heterostructures by
stacking the thin epitaxial films individually. However, the release

skites, etc.''™'* Alternatively, wafer etching techniques allow the
creation of freestanding membranes by etching the entire bulk sub-
strate. However, non-silicon wafers are generally costly, and the
chemical wet etching process can damage the epitaxial film during
the long etching time of the bulk wafer.”

One promising non-destructive method to create epitaxial
freestanding membranes and hetero-integrated materials systems is
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2D material-assisted epitaxial growth and transfer techniques.'' 2D
materials are atomically thin crystalline solids without surface dan-
gling bonds that atomically connect them with foreign materials, so
the relatively weak van der Waals (vdW) force is a major source of
the interlayer bonding. Since the 2D interlayer prevents atomic
bonding between the substrate and epitaxial films, it allows for the
non-destructive separation of the epitaxial films from the substrate
while allowing “remote” seeding of the crystallographic structure of
the substrate to the epitaxial film.'” This 2D material-assisted layer
transfer (2DLT) technique employs a metal stressor layer deposited
on top of the remote epitaxial films to mechanically exfoliate the
epitaxial film off of a graphene-coated substrate.'® By simple stack-
ing, the exfoliated freestanding membrane can then be heteroge-
neously integrated with other membranes of different crystal
structures or materials. Since epitaxial growth generally necessitates
a high growth temperature,” this ex situ heterogeneous integration
is free from thermal budget limitations as well, achieving high com-
patibility and transferability to host substrates.

This Perspective provides an overview of recent progress in
theory, growth, transfer, experimental studies, devices, and the
outlook of 2D/3D heterostructure devices based on the 2DLT tech-
nique. We first summarize the advances in epitaxy techniques in
Sec. 11, followed by state-of-the-art lift-off and transfer techniques
in Sec. ITI. We then analyze the 2D/3D heterogeneous integration
in Sec. IV and its applications and devices in Sec. V. Sections VI
and VII provide the scientific and technological challenges and
future directions of 2D material-assisted heterogeneous integration,
respectively.

Il. ADVANCES IN EPITAXY TECHNIQUES

The advancement in 2D material-assisted epitaxy technologies
opens a new pathway to produce high-quality and high-yield
single-crystalline membranes. The recent advancement stems from
the 2D interlayers that relax the atomic interaction between the epi-
layer and the substrate, allowing guided exfoliation at the 2D inter-
layer/substrate interface.'" Nevertheless, the fundamental growth of
both the target film and the 2D material still relies on conventional
epitaxy technologies. In other words, both conventional and
advanced technologies complement each other, allowing novel
epitaxy and lift-off concepts to be realized. In this section, conven-
tional epitaxy technologies will be introduced first to understand
the following advanced technologies, and two advanced epitaxy
technologies involving 2D materials will be discussed.

A. Conventional epitaxy techniques

Conventional epitaxy techniques were developed for either
homoepitaxy or heteroepitaxial growth. As shown in Fig. 1(a),
homoepitaxy is the epitaxial growth of films that are identical to
the underlying substrate. Thus, the dislocation density and interfa-
cial defects of the epitaxial film are nearly non-existent, and the
highest quality epilayers can be grown. Various flux sources can be
employed for epitaxial growth, such as molecular beam,” metal-
organic/hydride precursors,’ and ablated flux'” for MBE, MOCVD,
and PLD, respectively. However, there are three drawbacks to
homoepitaxy. First, it is difficult to separate the epitaxial layer off
from the parent substrate since there is no obvious atomic
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boundary between the substrate and the epilayer. Second, there is
only a very limited choice of substrate materials for lattice-matched
growth. Third, most advanced electrical and photonic devices
require heterojunctions with varying compositions, so homoepitaxy
has limited use application wise.

Heteroepitaxy is the growth of epitaxial layers with dissimilar
materials compared to the substrate.'” As shown in Fig. 1(b), due
to the differences in the lattice constant, the epitaxial layer is
formed on top of the substrate with strain, which depends on the
magnitude of the lattice constant difference. If the epitaxial layer is
grown very thin, then the epilayer conforms to the in-plane lattice
of the substrate (pseudomorphic growth), deformed in the
out-of-plane direction from its original relaxed state. If the epitaxial
layer is grown beyond a critical thickness, then the built-up strain
is released in the form of crystallographic defects such as disloca-
tions.'” Therefore, the material combination between the substrate
and the epitaxial film is still limited, although much more relaxed
than homoepitaxy. One commonly used approach to solve this
challenge is to employ a buffer layer between the substrate and the
target epilayer. The strain induced by the mismatch is confined to
the atomic structure of the buffer layer above a certain critical
thickness, ranging from a few nanometers to micrometers, depend-
ing on the material system.”””' Thus, the strain and defects are
concentrated in the buffer layer, and reasonably high-quality target
epitaxial layers can be grown on top of the strain-relaxed buffer
layer that is lattice matched to the active epitaxial layer. One
example of the employment of a buffer layer is growing an
AlGaN-based buffer on a Si substrate before GaN growth.”” The
large lattice mismatch between GaN and Si can be overcome by the
AlGaN-based buffer layer, but there are trade-offs in using buffer
layers, such as deteriorated uniformity due to the additional layer
and costs associated with growing a thick buffer layer.

B. 2D-material-assisted epitaxy techniques

2D-material-assisted epitaxy techniques can be categorized as
vdW epitaxy (vdWE) and remote epitaxy.”” Unlike conventional
epitaxial growth techniques, 2D-material-based epitaxy techniques
feature reliable detachability of the epitaxial layer since 2D materi-
als possess no dangling bonds that can hybridize the atomic orbit-
als at the heterostructure interface [Fig. 1(c)]. Therefore, the
out-of-plane interaction due to the dangling bonds is theoretically
non-existent, thereby relaxing the epitaxial strain at the interface.
The vdWE was first demonstrated in the mid-1980s,”” employing a
sub-nanometer ultrathin interlayer regarded as a 2D material
today. By doing so, the lattice mismatch issue is alleviated to a
degree, still enabling the epitaxial growth of the target films. The
relaxed strain broadens the permissible range of the lattice and
thermal expansion coefficients; for example, vdWE with more than
60% lattice mismatch has been successfully achieved.”” One main
drawback of the vdWE is the absence of the dangling bonds of the
2D materials, which results in the poor wettability of the 2D
substrate.”*

Remote epitaxy is the other 2D-material-assisted epitaxial
technique that employs only a few layers or monolayer of 2D mate-
rials so that the substrate surface potential penetrates the thin 2D
material, but simultaneously the vdW bonding between the

J. Appl. Phys. 132, 190902 (2022); doi: 10.1063/5.0122768
Published under an exclusive license by AIP Publishing

132, 190902-2



Journal of
Applied Physics

a Homoepitaxy

PERSPECTIVE scitation.org/journalljap

Heteroepitaxy

Lattice-matched film

3D substrate

c d
vdW epitaxy

Remote homoepitaxy

field
A 4
Vi gap N
20 substrate
00000000090

Low lattice mismatched High lattice mismatched

£

Remote heteroepitaxy

e

FIG. 1. Schematic illustration of mixed dimensional interfaces under various epitaxy techniques. (a) Lattice-matched homoepitaxy without 2D materials. (b) Heteroepitaxy
without 2D materials for lattice-matched (left) and lattice-mismatched (right) heterostructures. (c) Lattice-mismatched van der Waals epitaxy (vdWE) with 2D materials. The
vdW gap ensures the high transferability of the target membrane. (d) Lattice-matched remote homoepitaxy incorporating 2D materials. (e) Lattice-mismatched remote

heteroepitaxy.

substrate and the epilayer results in improved detachability of the
epilayer for freestanding membrane creation [Figs. 1(d) and 1(e)].M
Note that without 2D materials, the interfacial heterostructure is
hardly separable due to the strong covalent bond between the sub-
strate and the epilayer. In general, a few layers (1-3 layers) of 2D
material allow the potential field penetration as well as maintain
the vdW force between the 2D materials and the epilayer. In this
case, the vdW force dominates the atomic interaction, resulting in a
facile separation of the target layers from the 2D surface. As the
number of 2D layers increases, the potential field cannot penetrate
the 2D stack, resulting in polycrystalline growth. On the other
hand, fewer 2D layers elicit a stronger penetration of the potential
field toward the growing surface, leading to a high possibility of
single-crystal epitaxial growth. The critical 2D material thickness to
reliably grow the epilayer is also determined by the polarities (or
ionicity) of both the substrate and the 2D material. Such a polarity
effect has recently been reported for various ionic material systems
such as GaAs, GaN, and LiF, where the strength of the ionicity

limits the maximum number of allowed 2D layers."” In addition to
the ionic interactions driven by 3D materials (substrates and target
layers), the polarity of 2D materials might also be critical at the
2D/3D heterointerface, promoting nucleation and growth of mem-
branes. For example, a recent study of density functional theory
(DFT) calculations for the influence of graphene (non-polar) and
hexagonal BN (hBN, polar) reveals that GaN substrate potential
fluctuation is attenuated by more than half through 1ML hBN than
through 1ML graphene."’

11l. LIFT-OFF AND TRANSFER TECHNIQUES

Although single-crystalline thin films can be epitaxially grown,
additional lift-off and transfer techniques are imperative to produce
freestanding membranes applicable to flexible, wearable, and bio-
inspired electronics” ™’ First reported in 1978, the lift-off process
is a separation method between epitaxially grown layers and sub-
strates as 3D/3D heterostructures, and the transfer process is to
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attach the separated layers onto foreign substrates. In general, direct
epitaxial growth onto the flexible substrates is challenging due to
large lattice mismatches, different crystallinities (typically, poly-
meric materials are employed as the flexible substrates), and vastly
different thermal budgets. Thus, novel lift-off and transfer tech-
niques allow the creation of novel heterostructures, including flexi-
ble heterostructures on polymeric or organic materials’”~"' In this
section, various lift-off and transfer techniques will be explored,
including both conventional and 2D-assisted methods, in conjunc-
tion with the two-step aspects of separation and adhesion.

Figure 2 demonstrates several epitaxial lift-off techniques for
3D/3D and 2D/3D heterostructures. To separate the layers from
the substrate (or from the 2D-on-substrate), conventional lift-off
techniques can be carried out chemically,” optically,”" or mechani-
cally.”” The chemical lift-off technique uses an additional epitaxial
sacrificial layer between the substrate and the target membrane,
and the entire stack is immersed in a solution that only etches the
sacrificial layer.” The freestanding membrane is then transferred
onto a foreign substrate." After drying the transferred membrane

‘ZD material

.”00

Targeé
3D substr?t®

t layer
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(eliminating liquid molecules between the substrate and the trans-
ferred membrane), the adhesion is maintained by the vdW force
bonding between the foreign substrate and the freestanding mem-
brane, which allows further fabrication processes such as photoli-
thography, etching, drying, and cleaning. The wet process, however,
incorporates undesired wrinkles, and the etchant could damage
(etch) adjunct materials in addition to the sacrificial layer.
Therefore, a reliable wet epitaxial lift-off and transfer technique
requires a sacrificial layer with extremely high etching selectivity
(by employing an additional etch-stop layer) and reliable handling
during the transferring process.

In comparison to chemical lift-off, the laser and mechanical
lift-off techniques allow transfer of freestanding membranes
without immersing membranes into a chemical solution.’""”
The laser lift-off technique employs a short-wavelength laser that is
absorbed by the separating layer, decomposing the interface
between the substrate and the target layer.”* The mechanical lift-off
process incorporates an additional deposition of a stressor layer,
which spalls the substrate along with the epitaxial layer.

Chemical etchant

Laser
,Transparent

Sacrificial
etching
Heated
surface

Laser lift-off

i \Exfoliation
> )

} Strong bonding

Chemical lift-off

Thermal tape

Mechanical lift-off (spalling)

Thermal tape 4
P Exfoliation

3D substr?t®

2D-material-assisted

FIG. 2. Schematic illustrations of creation of freestanding membranes. Top row: a sacrificial layer and a target layer can be sequentially deposited onto the substrate. The
sacrificial layer is either chemically etched (wet etching process) or optically deformed to lift off the target layer from the substrate. Middle row: an additional Ni stressor is
deposited after depositing the target layer onto the substrate. The thermally releasable tape is attached to the Ni stressor surface and destructively exfoliates the target
layer from the substrate. Bottom row: the pre-deposited (or pre-transferred) 2D material allows the improved separation of the target layer from the substrate.
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The separated membranes with the stressor and tape are then
transferred onto foreign substrates. Note that the widely used
scotch-tape-based peel-off method is also one of the mechanical
lift-off techniques, which allows exfoliation of 2D layers from the
bulk material.”>*® Moreover, an adhesive polyimide layer can be
spin-coated onto either the epilayer (before the tape is applied to
the epilayer) or a foreign substrate, enhancing the transferability of
the separated membranes.””””® However, mechanical spalling
methods are destructive methods since there is no sacrificial layer
between the substrate and the epilayer (although not for mechani-
cal exfoliation of two-dimensional vdW materials). This leads to
large cracks, thickness variations, and morphological roughness at
the separation interface. Furthermore, the applicability of optical
lift-off methods is limited since the sacrificial layer needs to be
reactive to the optical flux, which might induce high heat and,
thus, damage the membranes.

The 2D-material-assisted growth and lift-off techniques can
prevent the shortcomings of the abovementioned lift-off tech-
niques. As discussed in Sec. II, the weakened atomic interactions
between the interfaces of the epilayer and substrate allow non-
destructive separation." The 2DLT technique provides various
advantages, including substrate reusability with minimal parent
substrate refurbishment and fast and precise layer release from the
substrate.”* Therefore, the 2D-material-assisted heterogeneous inte-
gration methods have recently aroused tremendous interest in the
semiconductor industry. In Secs. IV-VII, 2D/3D heterostructures
for various material systems will be discussed in conjunction with
these lift-off and transfer techniques.

IV. 2D/3D MIXED DIMENSIONAL HETEROGENEOUS
INTEGRATION

In this section, we discuss the 2D-assisted epitaxy and transfer
techniques for III-V, III-N, and complex-oxides to achieve non-
destructive freestanding membranes for heterogeneous integrations.

A. llI-V compound semiconductor membranes

Because of the relaxed lattice matching constraint, vdWE is
more effective for heteroepitaxy than conventional epitaxial growth
techniques. However, the weak vdW interaction between the sub-
strate and the epilayer can cause insufficient short-range ordering in
the epilayer. In addition, vdWE tends to form a rough surface on 3D
films grown on 2D substrates. Due to the absence of reactive dan-
gling bonds on the epitaxial surface, the transparency of 2D material
to atomic interaction is relatively poor, leading to a Volmer—Weber
growth mode and cluster formation.”* Nucleation layer growth at
low temperatures is commonly used to mitigate these effects.’”*’
Also, the wettability for crystalline GaN film growth could be
enhanced by depositing a ZnO nanowall buffer layer before the GaN
growth on graphene or using a hexagonal boron nitride (hBN) sub-
strate with an AlGaN buffer. The substrates coated with hBN can
seed the growth of planar III-N single-crystal films, indicating that
the materials can be grown into single-crystals via vdWE."'

The recently investigated remote epitaxy employs one or multi-
ple layers of 2D materials (e.g., graphene, amorphous boron nitride,
and hBN) between the epitaxial layer and the substrate.'' Due to the
transparency of the 2D material to the Coulombic interactions

PERSPECTIVE scitation.org/journalljap

between the atoms and the substrate surface [Figs. 3(a) and 3(b)],
the substrate under the graphene plays a crucial role in determining
the epitaxial orientation of the grown film. Remote epitaxy suggests
that the ionicity of the substrate determines the epitaxial quality of a
single-crystal film. Thus, nonionic elemental semiconductors, includ-
ing Si and Ge, cannot be grown via remote epitaxy. The critical
thicknesses of graphene for remote epitaxy of GaAs (30% ionicity),
GaN (50% ionicity), and LiF (90% ionicity) are 1, 2, and 3 monolay-
ers, respectively [Fig. 3(c)]. The remote homoepitaxy of GaAs via
1ML graphene shows that the crystalline orientation of grown GaAs
is well matched to the parent substrate [Fig. 3(d)]. Also, remote het-
eroepitaxy was successfully demonstrated for the growth of lattice
mismatched InGaP on a GaAs substrate [Fig. 3(e)]*7* This suggests
that single-crystalline 3D compound semiconductors can be grown
through remote epitaxy (with the optimized number of 2D layers),
also implying that the ionicity of the single-crystal substrate is suffi-
cient to transfer the atomic bonding potential to the single-crystal
compound film through the graphene layer.

Remote epitaxy is applicable to produce freestanding mem-
branes for heterogeneous integration. Epitaxy films grown through
remote epitaxy can be transferred to a foreign substrate via the
2DLT method, in which the host substrate can be flexible, transpar-
ent, act as heat sinks, etc. The combination of remote epitaxy and
2DLT alleviates the lattice mismatch restriction that has limited the
heterogeneous integration of 3D material-based heterostructures
and provides the production cost-reduction of the epitaxial film by
allowing reuse of the parent wafer multiple times.”*""**

2D/3D heterogeneous integration is dictated by interfacial
forces such as ionic-vdW and covalent-vdW. For example, the
interfacial coupling mechanism between graphene and ferroelectric
materials is by ionic-vdW and covalent-vdW due to the electroneg-
ativity difference and crumpling amplitude of graphene at the gra-
phene/ferroelectric interface, respectively.”” Therefore, a 2D/3D
heterogeneous integration system exhibits a more sophisticated
coupling effect than vdW interactions among 2D materials and
exhibits unique coupling properties (electrical, thermal, etc.)’’™>’
Electrical coupling enables ultrafast charge transfer between weak
vdW interfaces at 2D/3D heterojunctions and among 2D materials.
The ultrafast charge transfer in atomically thin heterostructures is
attributed to the proximity of the two heterostructures (because
electrons and holes need to move less than 1nm vertically for
charge transfer). Another essential aspect of electronic devices is
thermal management via heat dissipation. AIN or SiC is conven-
tionally used for heat dissipation of light-emitting diodes, power
devices, and integrated circuits that generate heat by Joule heating.
In contrast, single-layer graphene has a thermal conductivity of
3000-5000 Wm™" K" that is much higher than that of sapphire
and SiC (30 and 350 Wm K, respectively). As a result, thermal
coupling in 3D/2D structures mediates the thermal management
significantly, which can improve the device performance without
additional energy allocation for heat dissipation.”*””

B. Complex oxide membranes

Complex-oxide materials feature a wide range of functional
properties (piezoelectricity, ferroelectricity, and magneticity)
for emerging optoelectronic, spintronic, neuromorphic, and
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FIG. 3. 2D-material-assisted Ill-V remote epitaxial growth. Remote homoepitaxy of GaN with various numbers of (a) graphene (black circle) and (b) hexagonal BN (hBN,
gray circle) interlayers. The schematic illustration shows the crystallinity of the growing GaN; lime colors exhibit matched crystal orientation, and other colors exhibit mis-
matched crystal orientation. The electron backscattering diffraction (EBSD) images are correlated to the adjoint schematics. (c) Potential fluctuation for various materials
and the number of graphene layers. Reprinted with permission from Kong et al., Nat. Mater. 17, 999-1004 (2018). Copyright 2018 Springer Nature Ltd. (d) Cross-sectional
high-resolution scanning transmission electron microscopy (STEM) image of GaAs(001) remote homoepitaxy with 1ML graphene. Convergent-beam electron diffraction pat-
terns from the target layer (top inset) and the substrate (bottom inset). Reprinted with permission from Kim et al., Nature 544, 340-343 (2017). Copyright 2017 Springer
Nature Ltd. (e) Cross-sectional annular dark-field STEM (ADF-STEM) image of InGaP/GaAs remote heteroepitaxy with 1ML graphene. Reprinted with permission from

Bae et al., Nat. Nanotechnol. 15, 272-276 (2020). Copyright 2020 Springer Nature Ltd.

energy-harvesting devices'>’°" These physical functions can be
hybridized through heterogeneous integration by stacking multiple
layers of such materials.””*'~"* However, the material combinations
and compatibility of complicated oxides are severely limited by
lattice mismatch and etch selectivity between the epitaxial layer,
sacrificial layer, and seed substrate.””*® Note that the strong atomic
interaction at the interface governs heteroepitaxy and possibly
causes severe degradation or enhancement of the unique physical
properties of complex oxides (e.g., piezoelectricity and ferroelectric-
ity). Furthermore, the accommodation of the strain energy leads to
a change in the ground state, interdiffusion of a chemical element,
and the creation of defects at interfaces.””

The bonds between the substrate and the piezoelectric or mag-
netostrictive epitaxial layer prevent mechanical fluctuations of
complex oxides, which is called the substrate clamping effect.”**”
This effect drastically reduces the piezoelectricity and magnetostric-
tion of the complex-oxide thin film. However, when membranes
are in their freestanding form, the substrate clamping effect can be

eliminated®®’""* Recently, universal 2DLT methods of producing
freestanding single-crystalline membranes have been developed for
a wide range of complex-oxide materials, including perovskite,
spinel, and garnet crystal structures with varying crystallographic
orientations, leading to artificial heterostructures with very high
magnetoelectric coupling coefficients.'"”>'* The magnetoelectric
property, correlated to the magnetostrictive and piezoelectric coeffi-
cients of constituent components, is dependent on the atomic cou-
pling across the interfaces.'*””

Graphene can be used as an interlayer between the substrate
and the thin film to reduce the strain and substrate clamping
effect.”” The 2D interlayer reduces atomic interaction, thereby
enabling remote epitaxial growth without compromising physical
properties [Fig. 4(a)]. The thickness and quality of the interlayer
are important for the successful production of a crystalline free-
standing oxide membrane. DFT calculation shows that the atomic
potential fields from the substrate can penetrate completely
through 2ML graphene and partially through 3ML graphene for
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STO homoepitaxy with monolayer graphene. (c) High-angle annular dark-field scanning TEM (HAADF STEM) image of PMN-PT heteroepitaxy. Reprinted with permission
from Kum et al., Nature 578, 75-81 (2020). Copyright 2020 Springer Nature Ltd. (d) Cross-sectional TEM image of AZO vdWE onto the mica substrate. Reprinted with per-
mission from Bitla et al., ACS Appl. Mater. Interfaces 8, 32401-32407 (2016). Copyright 2016 American Chemical Society. (e) Lattice-dependent heteroepitaxies for oxide

membranes.

oxide membranes.'* In the case of IML graphene, the macroscopic
holes and tears are easily generated. As a result, the exfoliation
yield of the sample with 1ML graphene is comparatively low.
Furthermore, the quality of the graphene interlayers is critical for
obtaining high-quality and high-yield freestanding crystalline mate-
rials, as shown in Fig. 4(b). Note that conventional growth without
2D interlayers also allows for high-quality heteroepitaxy, but free-
standing oxide membranes are difficult to obtain due to the strong
bonds at the heterointerface [Fig. 4(c)]”*"° Unlike epitaxy of semi-
conductor compounds from groups III-V and III-nitrides on gra-
phene, where the substrate and the target material hardly

atomically interact with graphene, avoiding oxidation of graphene
during the epitaxy of oxides is crucial to ensure epitaxial release.”’
Any oxidation or damage to the graphene layer prevents successful
exfoliation of freestanding crystalline films. Furthermore, organic/
metal residues on graphene and non-uniform graphene thickness
induce localized polycrystalline growth due to the high sticking
coefficient of oxide atoms.”" It has been reported that the freestand-
ing single-crystal perovskite SrTiO; (STO)*” membrane is obtained
by the film exfoliation deposited via PLD, which is grown on a
graphene-coated STO (001) substrate. Similarly, single-crystalline
CoFe,04 (CFO)* and Y;Fe;0;, (YIG)™ can be grown on

J. Appl. Phys. 132, 190902 (2022); doi: 10.1063/5.0122768 132, 190902-7

Published under an exclusive license by AIP Publishing



Journal of
Applied Physics

graphene-coated MgAl,O, (MAO) and Gd;GasO;, (GGG) sub-
strates by PLD, respectively, followed by the 2DLT technique with a
Ni stressor.'*” Note that the crystallinity of the freestanding YIG
membrane can be improved by the annealing process.”” The
researchers applied a thin protection layer to avoid the oxidation
and etching of the graphene layer in an oxygen environment
during deposition, which is effective for all the aforementioned
materials.

Compared to ultrathin bare 2D materials that can be damaged
in an oxygen environment, bulk 2D layered materials exhibit versa-
tility and compatibility with various processes, which facilitate fab-
ricating freestanding membranes. vdW applied to multilayer 2D
materials (e.g., mica) has recently been reported with an abrupt
interface, expanding the design possibilities for 2D heteroepitaxy.””
Note that the substrate under vdWE relaxes stress or strain across
the interfaces. Initially, vdWE only referred to the growth of 2D
materials on other 2D substrates, but it has since been expanded to
include heteroepitaxial growth of 3D materials on 2D substrates.
vdW heteroepitaxy on 2D material is an excellent platform for
developing oxide heteroepitaxy since it causes no strain or substrate
clamping at the interface. Each layer is weakly held together by
interlayer cations, resulting in a vdW gap®~”' One example of 2D
materials, muscovite (mica), has a high yield strain, which allows
the thickness of a single cleaved sheet to be controlled down to a
few micrometers while maintaining superior flexibility.”>”> The
epilayer on the mica substrate can be easily peeled off due to the
weak vdW interaction, resulting in an unconstrained or freestand-
ing thin film. The 2D structure of the monoclinic mica
KAl (AlSi;0,)(OH), is composed of an AlOg octahedral layer
sandwiched between two (Si, Al)O, tetrahedral layers. Interlayer
cations weakly hold these sandwiched layer units with strong cova-
lent bonding inside them, resulting in a vdW gap. Mica is a suitable
substrate for vdW heteroepitaxy since cleavage along this vdW gap
layer generates two atomically flat surfaces with equal but randomly
dispersed K" cations, sustaining charge neutrality. As a result, the
crystalline structure of the mica allows vdWE growth for oxide thin
films, resulting in excellent device performance.”””*” Also, mica
consists of a well-ordered crystal structure compared to polymer
substrates, facilitating epitaxial growth of several inorganic materi-
als such as metal dichalcogenides and oxides. Furthermore, in the
ultraviolet-visible-infrared range of the electromagnetic spectrum, a
thin mica (100um) sheet exhibits exceptional transmittance.”
Furthermore, it is compatible with modern thin film processes due
to its high melting point (1150-1300 K), chemical robustness, and
compatibility in biomedical and wearable applications. Based on
these thermally and chemically stable characteristics, the substrate
clamping effect can be alleviated due to the weak vdW force
between the mica substrate and the functional films, especially at
high temperatures. Therefore, due to the high transparency, atomi-
cally clean surface, thermal and chemical stabilities, flexibility,
mechanical durability, and compatibility with current production
methods, nonmagnetic and insulating mica serve as suitable sub-
strates for flexible optoelectronic applications. As shown in Fig. 4(d),
epitaxially grown oxide films on a 2D layered substrate can further
facilitate the growth of high-performance planar epitaxial devices
that are highly compatible with elevated temperature processes.
According to recent studies, mica is an ideal heteroepitaxy substrate
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for oxide-based flexible and transparent electronics.”” In this
Perspective, various oxide membranes have been grown based on
these advanced epitaxy techniques [Fig. 4(e)], and in Sec. V, the cor-
responding oxide materials and devices will be further discussed.

V. APPLICATIONS

The produced freestanding membranes have great advantages
in realizing heterogeneous integration due to their freedom from
the lattice mismatch constraint. The membranes are applicable to
conventional electronic and optical devices by utilizing electrical,
optical, and thermal couplings at the heterointerface. The potential
applications of the III-V and oxide membranes are discussed in
this section.

A. Applications of heterogeneously integrated
compound semiconductor membranes

In this section, the application of 2D materials-assisted het-
erogeneous integration stemming via vdWE and remote epitaxy
will be discussed. Conventional silicon-based semiconductor
devices are reaching their development limits in miniaturization,
high output power, and high-frequency domains (i.e., Boltzmann
tyranny). Accordingly, many researchers are spurring research on
next-generation semiconductor devices that can overcome the
limitations of silicon. III-V semiconductors exhibit higher mobil-
ity and a wider bandgap (more than 2eV) than Si (1.2eV).
Therefore, III-V semiconductors allow fast switching, high ampli-
fication, and superior optoelectronic performance. III-N semicon-
ductors can operate at high temperatures and voltages and feature
a critical electric field density 10 times higher than that of Si. In
particular, GaN features high electron saturation velocity and a
critical electric field; thus, GaN-based devices can significantly
increase conduction/switching efficiency and reduce energy
loss.”®”? Therefore, III-N semiconductors are desirable materials
in various applications, including high-speed and high-power
FETs, radio-frequency electronics, and optoelectronics. We will
discuss the wide bandgap semiconductor technologies based on
vdWE and remote epitaxy.

Diode: Liu et al. reported the n-MoS,/p-GaN rectifying diodes
by vdWE. Through Quasi vdWE, a cm-scale uniform MoS, film
has been grown on a GaN substrate with an ideality factor of up to
1.3 [Fig. 5(a)].”® Light-emitting diodes (LEDs) are mainly made of
MI-V and III-N based compound semiconductors such as GaAs,
GaP, GaAsP, and GaN. Recently, a remote epitaxially grown film
showed comparable crystalline quality to homoepitaxial GaAs, indi-
cating negligible degradation of material quality during the growth/
transfer process.'' One example is a flexible GaN PN junction
microcrystal-white light emitting diode (MCs-WLED) grown via
remote heteroepitaxy. The microrod (MR) PN junction arrays were
transferred onto a Cu plate from graphene/c-Al,Os. The heteroge-
neously integrated MR LED on the flexible substrate shows a cons-
tant electroluminescence during the thousands of bending cycles,
providing the path toward the transferrable WLED membrane
[Fig. 5(b)]."" Another flexible red LED was demonstrated by trans-
ferring AlGaInP onto a PET substrate through spalling, exhibiting
only a small increase in full width at half maximum (3 nm).'”!
Similarly, deep-ultraviolet LEDs (DUV-LEDs) via quasi-vdWE
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FIG. 5. Applications of heterogeneous integration of lll-V films and membranes. (a) Current-voltage (/—V) characteristics of a monolithically formed n-MoS,/p-GaN rectify-
ing diode via vdWE. Reprinted with permission from Liu et al., ACS Appl. Electron. Mater. 2, 419425 (2020). Copyright 2020 American Chemical Society. (b) Microrod
light-emitting diode (MR LED) membrane from Al,O3 to Cu plate. Left: schematic illustration of the transfer process. Right: electroluminescence (EL) peak position (red
empty squares) and intensity (blue solid circles) measured as a function of bending cycle up to 1000 times. Reprinted with permission from Jeong et al., Sci. Adv. 6,
eaaz5180 (2020). Copyright 2020 AAAS. (c) vdWE of AIN for GaN deep-ultraviolet LEDs (DUV-LEDs). Left: schematic illustration of the DUV-LED structure. Right: electro-
luminescence (EL) spectra of the DUV-LEDs with and without graphene interlayer. Reprinted with permission from Chen et al., Adv. Mater. 31, 1807345 (2019). Copyright
2019 Wiley. (d) InGaN-based solar cells based on remote heteroepitaxy and freestanding Ill-N membrane. Left: dark |-V characteristics of the InGaN-based solar cells.
Right: current density-voltage (J-V) curves of the InGaN-based solar cells under AM 1.5 illumination condition. Reprinted with permission from Ayari et al., ACS Photonics
5, 3003-3008 (2018). Copyright 2018 American Chemical Society. () AlGaN/GaN high-electron mobility transistor (HEMT) based on vdWE and freestanding III-N mem-
brane. Left: schematic illustration of the transferring process. Right: Is-Vgs characteristics of the AlGaN/GaN HEMT. Reprinted with permission from Hiroki et al., Appl.

Phys. Lett. 105, 193509 (2014). Copyright 2014 AIP Publishing.

have been demonstrated using a plasma-treated graphene that
relaxes the strain in the AIN epilayer. The grown graphene inter-
layer also reduces the dislocation density of the epilayer, exhibiting
peak intensity of DUV-LED nearly two orders of magnitude
greater than that without graphene [Fig. 5(c)].'”

Photovoltaic devices: Photovoltaic (PV) cells are optoelectronic
devices that convert photons into electricity. The conventional PV
cell is based on a diode structure; when the light is illuminated, the
photons are absorbed by the active regime of the solar cell, so that
holes and electrons are generated in the semiconductor. The PV
field focuses on maximizing the power conversion efficiency of
photon energy into electrical energy under the constraint of minimal
cost. Substrate reusability and flexible solar power generation are pos-
sible by epitaxial growth of GaAs on a GaAs and/or Ge substrate,
peeling a GaAs thin film through 2DLT, chemical lift-off, mechanical
spalling, and transferring it to a flexible substrate.'”® In addition, a
simple and inexpensive solar tracking system was implemented by
transferring GaAs onto a flexible Kapton substrate via a chemical
lift-off technique to form a Kirigami tracking structure.”* The tilt
angle of the Kirigami structure is tunable to track the position of the
sun over the course of the day, so yearly energy generation increased
between 20% and 40% compared with non-tracking solar systems.
Furthermore, an InGaN-based solar cell on an h-BN/sapphire
wafer via vdWE has been demonstrated, separated from the

substrate and transferred to a host substrate with a backside
reflector.'’” This technique increased the short-circuit current
density by up to 20% over identical solar cells grown on sapphire
[Fig. 5(d)].

High electron mobility transistor: High electron mobility tran-
sistor (HEMT) features a large bandgap and high electron mobility
in conjunction with the formation of 2D electron gas (2DEG).
GaAs-based HEMTs consist of unintentionally doped GaAs,
undoped AlGaAs, and undoped GaAs cap layers. AlGaAs features
a wider bandgap than that of GaAs, and the Fermi level of the
AlGaAs/GaAs heterojunction is higher than the conduction band
energy of GaAs where the 2DEG is formed. The HEMT features
high current density and fast switching capability for fast-switching
FETs, power devices, and RF electronics. However, in heteroge-
neous structures such as GaN on Si and GaN on SiC, a thick buffer
layer is required to alleviate the lattice mismatch constraint, making
it difficult to dissipate heat. This can be solved via the vdWE or
remote epitaxy techniques. Hiroki et al. reported the fabrication of
AlGaN/GaN HEMT on a Cu plate by transferring the active device
structure from sapphire [Fig. 5(e)]. Notably, it is expected that
excellent heat dissipation can be realized by transferring the HEMT
structure to a foreign heat sink (diamond or SiC) via the 2DLT
process, which is expected to improve the durability of HEMTs in
extreme environments such as ultra-high voltage.'**>'"”
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B. Applications of heterogeneously integrated
complex oxide films

Many studies have reported the fabrication of freestanding
oxide membranes, such as archetypal perovskite STO, perovskite
BaTiO; (BTO),'” spinel CFO, and garnet YIG. The remote epitaxy
method is applicable to growing these materials to create high-
quality freestanding membranes.

Freestanding BTO films and CFO films can be heteroge-
neously integrated to achieve strain-mediated multi-ferroelectricity.
A freestanding BTO-CFO heteroepitaxial nanostructure is able to
be epitaxially grown in both out-of-plane and in-plane directions.
Because of the highly organized CFO nanopillars embedded in a
single crystalline BTO matrix, the heterostructure is free of sub-
strate constraints. As a result, the self-assembled nanostructure is
extremely flexible and mechanically sound, capable of spontane-
ously curling into a tube and being bent with a radius as small as
4.23 ym. Furthermore, both microscopic and macroscopic scales of
piezoelectricity and ferromagnetism are exhibited, proving its
strong multiferroicity at ambient temperature.'*’

Pb(Mg;3Nb,/3)05-PbTiO; (PMN-PT) is a freestanding
complex oxide composite that can be epitaxially grown by using
SrRuO; (SRO) as a seed substrate. However, since thin film
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PMN-PT is usually deposited by magnetron sputtering (oxygen
environment),''’ the graphene-based remote epitaxy is incompati-
ble with the oxide composite. Instead, the SRO substrate can
provide a weak interface with PMN-PT, allowing PMN-PT films to
be mechanically released without graphene. A Ni stressor deposited
on the PMN-PT layer will concentrate the strain at the PMN-PT/
SRO interface and allow atomically precise crack propagation
through the interface. Based on the quality and crystallinity of free-
standing PMN-PT membranes, robust mechanical coupling with
the CFO film was reported with a high transfer yield (>90%).
Figure 6(a) shows the stacking of freestanding CFO membranes
onto freestanding PMN-PT membranes to create a composite mul-
tiferroic. The freestanding CFO/PMN-PT structure is useful for
generating a strain-mediated electric field that tailors the magne-
tism in CFO and generates magnetic field-induced voltage across
PMN-PT via fused magnetostriction and piezoelectricity of CFO
and PMN-PT, respectively.''' Another heterogeneous device has
also been demonstrated by using an Al-doped zinc oxide (AZO)
freestanding film fabricated onto a mica substrate [Fig. 6(b)]. The
AZO-Ni-AZO (ANA)/muscovite memristor meets all the most
stringent requirements for a transparent soft device, indium tin
oxide, including optical transparency of more than 80% in visible
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FIG. 6. Applications of heterogeneous integration of complex oxide films and membranes. (a) CFO/PMN-PT magnetoelectric device based on remote heteroepitaxy and
vdWE of freestanding CFO and PMN-PT, respectively. Left: schematic illustration of the CFO/PMN-PT device. Right: the voltage induced across the PMN-PT (8Vje) as a
function of the alternating-current magnetic field strength at a frequency of 1 kHz."* Reprinted with permission from Kum et al., Nature 578, 75-81 (2020). Copyright 2020
Springer Nature Ltd. (b) vdWE of the AZO/NiIO/AZO memrristor. Left: schematic illustration of the AZO/NiO/AZO memiristor. Right: -V hysteresis loop of the AZO/NiO/AZO

memristor. '

Reprinted with permission from Le ef al., Nano Energy 56, 322-329 (2019). Copyright 2019 Elsevier. (c) vdWE of a PZT-based flexible ferroelectric device.

Left: schematic illustration and cross-sectional TEM image of the device. Middle: polarization—electric field (P-E) hysteresis loops of the device under bending conditions.
Right: polarizations and electric field variations as a function of bending radius."" Reprinted with permission from Jiang et al., Sci. Adv. 3, 1700121 (2017). Copyright

2017 AAAS.
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light, high performance (ON/OFF resistance ratio>10°), steady
endurance to 10> cycles, and a long retention duration of 105s.
Figure 6(b) describes the I-V curves of the ANA/muscovite hetero-
structure, which shows the memristive properties.' "

Furthermore, with a high Curie temperature (793 K) and sub-
stantial magnetocrystalline and magnetostrictive anisotropy, CFO
possesses outstanding magnetic characteristics. The CFO thin film
can be grown on the single-crystalline mica (001) substrate using
PLD techniques. The hysteresis loops at various bending conditions
show almost identical characteristics, which can be attributed to
magnetocrystalline anisotropy. The magnetic characteristics and
controllable deformation of the CFO/mica heterostructure empha-
size the potential of flexible magnetostrictive films in flexible elec-
tronic applications."*

vdWE with a mica substrate was utilized to epitaxially grow
lead zirconium titanate (PZT). Figure 6(c) describes the structure
of PZT/SRO/CFO (sacrificial layer)/mica. These single-crystalline
flexible ferroelectric PZT films not only maintain decent perfor-
mance, reliability, and thermal stability comparable to their rigid
counterparts but also show remarkable mechanical properties with
robust operation in bent states (bending radii down to 2.5 mm) and
repetitive tests (1000 times).

VI. CHALLENGES

Maintaining pristine interfaces via ultraclean transfer or direct
growth procedures is critical for forming 3D/2D heterostructures.
Therefore, a reliable procedure must be devised for the creation of
large-scale and high-quality graphene. However, the poor scal-
ability of laboratory fabrication processes and a lack of well-defined
control parameters for the growth kinetics of 2D materials have
hindered the widespread application of 2D materials-based hetero-
integration. One alternative is to circumvent the 2D layer transfer-
ring process by establishing monolithic growth of both graphene
and the epitaxial layer. To achieve monolithic graphene formation,
a suitable carbon source is required, one that allows the carbon pre-
cursor to decompose at low temperatures. Methane is generally
used as the carbon precursor for CVD-grown graphene on a
copper substrate, which is cracked at a substrate temperature above
800 °C. In contrast, the group V elements (As and P) are extremely
volatile in compound semiconductors and desorb at relatively low
temperatures (As and P for 600 and 500 °C, respectively).''>"'® As
a result, it is suggested that a suitable precursor be chosen for the
decomposition at low temperatures when growing the graphene.
For example, liquid carbon sources such as toluene are a potential
candidate for low temperature (600°C) growth of monolayer
graphene.' '

Moreover, surface contaminants generated by adhesive poly-
mers on the substrate limit the seamless remote epitaxial contact
due to the sensitivity of remote epitaxy to the interaction gap
between the substrate and the epilayer. In addition, metal nanopar-
ticles may remain during the 2DLT process, potentially reducing
the device reliability and accelerating the device degradation due to
metal particle migration (causing leakage paths or shorting).''” It is
preferable to investigate a new transfer method without harnessing
metals or adhesive polymers for fully integrating 2D materials into
commercial optoelectronic and electrical devices.
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In the case of wafer-scale exfoliation and growth methods
using 2D materials, it is important to monitor the nanoscale
defects and impurities such as tears, holes, and wrinkles in 2D
materials. In particular, the handling of graphene interlayers causes
tears in the layer, obstructing remote epitaxial growth and causing
partial destructive exfoliation. Due to these difficulties, more
research is needed into fabrication of large-scale monolayer gra-
phene on compound semiconductors that are free of physical
imperfections while reducing the contact gap between the graphene
and the substrate. In addition, a thorough understanding of device
performance affected by defects in 2D materials needs to be
studied. New or existing methods can be used to enable fast and
robust detection of defects; confocal laser scanning has recently
been reported as a non-destructive method for probing macro-
scopic defects in graphene films with a fast turnaround time.''*

In this Perspective, the 3D/2D structure has mainly been dis-
cussed, but the other 2D/3D mixed-dimensional structure has also
been investigated''”~'*' However, unlike the 3D/2D structure, the
2D/3D structure has three main challenges: (1) precise thickness
control during the growth, (2) the limited number of growable 2D
materials, and (3) non-destructive transfer process. Recent studies
have shown that it is possible to precisely control a few 2D materi-
als such as MoSZ,122 MoTez,123 and graphene,lz’1 but the thickness
controllability extremely depends on the ubiquitous environment,
including temperature, humidity, pressure, and chamber geometry.
Further investigation into optimizing the growth conditions is
required. Additionally, unlike general bulk 3D materials, the 2D
materials feature an atomically layered structure; thus, the number
of growable 2D materials is limited.'”” The transfer process of the
2D membrane is also challenging since the 2D interface is easily
contaminated during the transfer process. In this regard, freestand-
ing production via the 2D/3D structure is still challenging; the
destructive scotch-tape method is currently employed for small-
scale device fabrication.''”~"*!

VIl. OUTLOOK

Heterogeneous integration is achieved by epitaxial growth on
2D materials and lift-off transfer techniques, offering improved
transferability compared to destructive transfer techniques. In par-
ticular, the 2D interlayers between the substrate and the target
membrane are held by van der Waals force with a minimal gap
that allows penetration of electrostatic potential from the underly-
ing substrate; thus, both epitaxial growth and transferability are
achieved. We also discussed the ionicity effect of the 2D material
for graphene and hBN 2D materials, suggesting that the ionicity of
the 2D material plays a key role in tuning both pristine epitaxial
growth and transferability. In this regard, other major 2D counter-
parts are also potentially applicable to remote epitaxy and vdWE
with their different polarities, such as transition metal dichalcoge-
nides (TMDs),'*® black phosphorous (BP),'”” and ferroelectric 2D
materials (e.g., In,Se;, SnS, SnTe, and CulnP,S¢)."*® The electrical
coupling properties of the various 2D materials and external elec-
trical fields could modulate the doping concentration of the 2D
material and even the target membrane as well. Therefore, such
2D-assisted advanced epitaxy techniques can boost the versatility of
2D electronics in conjunction with the 2D/3D artificial
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heterostructures. To date, several electrical and optical devices have
been implemented via remote epitaxy and vdWE, such as
LEDs'*'*° and PDs."””'*! Based on these functional devices,
2D-assisted epitaxy techniques are without a doubt universally
applicable to other tiers of devices such as HEMTs and RF filters,
while they can also be stacked on CMOS circuitry.

In the case of the oxide membranes, the unwanted substrate
clamping effect can be eliminated via weak vdW interaction of 2D
interlayers or 2D substrates. General epitaxy techniques for the
oxides are discussed: remote homoepitaxy, remote heteroepitaxy,
and vdWE. The remote epitaxy for the oxide membranes has been
optimized via 2ML graphene with an ultrathin protection oxide
layer to protect the 2D interlayers from oxygen-based plasma depo-
sition techniques such as sputtering and ALD."* Alternatively, the
restricted nucleation of the target oxide could be improved via
surface treatments, ALD process modifications, and the utilization
of freestanding oxide membranes.'*”

Moreover, the production of both freestanding compound
semiconductors and oxide membranes has great advantages in
terms of low-cost, lattice-mismatch-free, and electrical/optical/
thermal couplings among artificial heterostructures. The artificial
heterostructures exhibit tunable energy bands at the heterointerfa-
ces, which can provide unprecedented couplings of electrons,
photons, and phonons. The stacked freestanding membranes, thus,
feature synergistic functionalities and realize third-order nanocir-
cuitry from each layer and heterointerface without external bulk
metal interconnections,'”” resulting in minimized parasitic capaci-
tance and inductance that delay and temporally attenuate the prop-
agating signals.'”* The production of freestanding membranes also
guarantees heterogeneous integration of the films onto foreign sub-
strates such as glass and flexible platforms.”>'”® 2D
materijals-assisted heterogeneous integration will offer an alternative
pathway toward interconnection-free multifunctional nanocircuitry
for deployable fields such as bioelectronics, optoelectronics, neuro-
morphic computing, and electromagnetic engineering.
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