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Building crystalline heterostructures with arbitrary material combinations, which has been often referred
to as "anything-on-anything” integration, has remained a central challenge in materials science and
device platforms. Membrane-based technologies provide a viable pathway toward this goal by decoupling
thin-film growth from the resulting heterostructures. By isolating high-quality single-crystal layers from
their host substrates, lift-off techniques bypass the intrinsic constraints imposed by substrate properties
and enable the production of freestanding films and nanomembranes as previously inaccessible material
building blocks. Among various lift-off strategies, mechanical lift-off is particularly attractive due to its
wide applicability to virtually any material systems. However, the difficulty in manipulating cracks during
mechanical lift-off, which determines the properties of exfoliated membranes, has limited the widespread
adoption of the technology. Here, we provide key insights into the fundamental mechanics governing
mechanical lift-off and discuss how recent breakthroughs in interface design, epitaxy techniques, and
crack-quiding principles have enabled highly controlled spalling with atomic precision, scalability, and
throughput. We then highlight how such innovations in mechanical lift-off technology, along with other
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emerging lift-off methods, have advanced membrane-based technologies and have opened new appli-
cation spaces. Finally, we discuss remaining challenges not only in the lift-off processes themselves but
also across the full process flow, outlining pathways toward the broader adoption of lift-off technologies

rsc.li/nanoscale for both fundamental scientific studies and advanced device platforms.

atomically precise interfaces is essential both for device engin-
eering and for exploring new physical behavior.
Despite their importance, creating high-quality hetero-

1. Introduction

Thin-film heterostructures and interfaces constitute the back-

bone of virtually every advance in modern electronics and are
central to exploring condensed-matter physics. Unlike amor-
phous or polycrystalline materials, single-crystal thin films
and heterojunctions allow charge, phonons, excitons, and
spins to propagate with minimal scattering, enabling high-per-
formance electronics, photonics, quantum devices, and emer-
gent interfacial phenomena. As a result, the ability to create
high-quality crystalline layers and integrate them together with
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structures across a broad range of material combinations
remains difficult. Conventional epitaxy allows crystalline films
to inherit the lattice order of the underlying substrate, but this
process requires close lattice and thermal-expansion
matching.'™ Few material pairs satisfy these conditions and
attempts to epitaxially integrate mismatched systems typically
lead to dislocations, strain, warpage, or cracking. Alternative
approaches such as direct wafer bonding followed by thinning
provide another route, yet they impose strict requirements on
surface chemistry, thermal budgets, and bonding strength,
and they often consume costly wafers in the process.*
Furthermore, these constraints prevent the reliable integration
of many promising materials and make it nearly impossible to
interface crystalline films with other substrates or films that
are textured, fragile, temperature-sensitive, or chemically inert.
As a result, both the accessible material combinations and the
achievable interface quality by these approaches remain
limited.

Nanoscale


http://rsc.li/nanoscale
http://orcid.org/0009-0004-6394-6212
http://orcid.org/0000-0003-3091-8413
http://crossmark.crossref.org/dialog/?doi=10.1039/d6nr00357e&domain=pdf&date_stamp=2026-05-08
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d6nr00357e
https://pubs.rsc.org/en/journals/journal/NR

Open Access Article. Published on 11 May 2026. Downloaded on 5/12/2026 1:06:16 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Review

A promising way to overcome these integration challenges
is to decouple thin-film growth from the heterostructures or
interfaces that are formed as a result. This can be achieved by
growing a high-quality single-crystal layer on a suitable sub-
strate, isolating it as a freestanding membrane, and then trans-
ferring it to any desired platform. This approach removes the
constraints imposed by lattice and thermal matching in
epitaxy, enabling arbitrary combinations of materials as long
as grown layers can be released intact. Once separated from
the thick and rigid growth wafer, the isolated ultrathin mem-
brane becomes mechanically compliant, allowing integration
onto substrates that are textured, flexible, curved, or otherwise
incompatible with conventional epitaxy or bonding. Concepts
based on such layer lift-off and transfer of single-crystal mem-
branes date back to the 1980s,>° beginning with chemical lift-
off techniques and later expanding to mechanical and laser-
based lift-off methods. These early demonstrations laid the
foundation for today’s membrane-based integration strategies.

Among the various lift-off strategies, mechanical lift-off is
the most broadly applicable because it is not constrained by
material-specific chemical reactions or optical absorption. In
mechanical lift-off, tensile stress applied by various means
initiates a crack at a predetermined depth, and the crack then
propagates laterally to separate a thin membrane from the
underlying substrate. Mechanical peeling can, in principle, be
applied to virtually any crystalline film, if the applied stress
can exceed the fracture toughness of the material to facilitate
crack generation and propagation. On the other hand, other
lift-off techniques cannot be applied universally to diverse
material systems: chemical lift-off requires a sacrificial layer
that can be selectively etched, and laser lift-off relies on an
interfacial layer that efficiently absorbs incident light. The uni-
versality of mechanical lift-off makes this technique particu-
larly attractive for both device engineering and fundamental
scientific studies.

In recent years, the need to advance membrane-based inte-
gration technologies has grown rapidly. In electronics, contin-
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ued scaling to keep up with Moore’s law is constrained by
short-channel effects, power limits, and escalating fabrication
complexity.””® To overcome these challenges and meet the
computing demands of AI and data centers, the field increas-
ingly depends on three-dimensional heterogeneous integration
(3DHI): introducing new materials with superior electronic or
photonic properties and stacking functional layers vertically to
shorten interconnect lengths and expand system bandwidth.
Beyond conventional electronics and photonics, many emer-
ging device concepts, as well as platforms that exploit corre-
lated or topological properties, require novel heterostructures
and interfaces with precise control over layer quality and
thickness.” " Freestanding membranes offer a practical way to
assemble such structures with far fewer restrictions than direct
epitaxy or bonding. At the same time, emerging areas such as
bioelectronic systems, soft robotics, and Internet-of-Things
(IoT) devices require placing functional single-crystal films
onto unconventional substrates that are flexible, curved, or
mechanically incompatible with conventional approaches.
These trends highlight the growing importance of methods
that can release high-quality crystalline membranes and inte-
grate them with virtually any target platform.

Driven by these expanding needs, membrane-based lift-off
techniques have experienced a significant resurgence recently,
with many important advances occurring in mechanical lift-
off. Traditional mechanical exfoliation approaches offered
limited control over the depth, uniformity, and quality of the
released membrane. Recent breakthroughs in several areas—
including epitaxial control of interfacial properties, engineered
growth templates, post-growth interface modification, tailored
crack-initiation schemes, and refined strategies for guiding
crack propagation—now enable exfoliation with far greater
controllability, approaching sub-nanometer control of mem-
brane thickness, and across a much wider range of materials
than were previously inaccessible. These advances are opening
new opportunities for devices and unconventional integration
platforms.
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The goal of this review is to present a comprehensive over-
view and perspective on mechanical lift-off approaches for pro-
ducing freestanding thin films and nanomembranes and uti-
lizing them for diverse applications (Fig. 1). Throughout this
article, “lift-off” is used as a broad term for releasing a mem-
brane from its growth substrate, regardless of the driving
mechanism. “Exfoliation” is considered a subset of lift-off that
involves a mechanical force or mechanism for release. In exfo-
liation, the crack plane may propagate either within the sub-
strate or along a weak interface. “Spalling” is used more
specifically to describe a stressor-driven form of exfoliation in
which a crack propagates beneath and parallel to the surface,
most often within the substrate. We begin by outlining the
theoretical background and conventional mechanical lift-off
methods that established the foundation of the field. We then
discuss recent breakthroughs across the key areas described
above, highlighting how these advances have transformed the
precision, reliability, and accessible material space of mechan-
ical exfoliation. For a balanced context and comparison, we
also briefly summarize progress in other lift-off techniques.
Finally, we introduce emerging applications that have become
possible by these innovations, along with remaining chal-
lenges and potential solutions to enable the holy grail—
enabling “anything-on-anything” platforms for condensed-
matter research, post-Moore electronics, and new classes of
device.

2. Mechanical lift-off: theory and
methodology

Mechanical lift-off is one of the most direct and versatile ways
to obtain freestanding crystalline membranes. Because crack
formation and propagation depend only on mechanical frac-
ture rather than on chemistry or optical absorption, nearly any
material can be separated from its growth substrate if
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sufficient stress is applied. This simplicity has made mechani-
cal peeling an attractive concept for decades, and it has been
demonstrated across many semiconductors, oxides, and com-
pound systems. However, its practical use has long been
limited by difficulties in controlling the depth at which the
crack propagates, maintaining interfacial smoothness across
large areas, and directing propagation in materials that exhibit
asymmetric fracture toughness across different -crystallo-
graphic orientations. These challenges are especially critical
when targeting ultrathin films, such as nanomembranes,
where deviations of even a few nanometers can compromise
the electronic properties and device performance. As a result,
although mechanically induced lift-off is broadly feasible,
achieving precise, reproducible exfoliation has required a more
rigorous understanding of the underlying mechanics and
interface physics.

In this section, we describe the theoretical and methodo-
logical foundations that historically enabled controlled
mechanical lift-off. We first discuss the mechanics of spalling,
including energy release rates, fracture modes, and how these
principles extend from bulk fracture to the thin-film regime.
We then introduce methodology for generating and sustaining
the stresses required for crack initiation and propagation,
ranging from deposited stressor layers to externally applied
forces and engineered interfacial features. These fundamental
concepts provide the basis of mechanical lift-off processes and
context for the recent innovations presented in later sections.

2.1. Thin-film spalling theory

In a mechanical lift-off process, a membrane is separated from
a bulk substrate or epitaxial stack through a cracking process
known as spalling. For practical use, the crack must advance
along a prescribed plane that is preferably parallel to the
surface, which is referred to as controlled spalling. Controlled
spalling of crystalline membranes is typically achieved by
applying stress and enabling crack generation and propagation
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Fig. 1 Schematic overview of the advantages and limitations of conventional lift-off techniques, emerging strategies to overcome these limitations,
and the resulting new functionalities and emerging fields. Conventional lift-off, while offering universality and high throughput, faces challenges
such as rough interfaces and poor thickness control. These challenges have been addressed through interface engineering approaches, including
2D-assisted mechanical spalling and the use of porous substrates, enabling improved control over crack propagation and interface quality. In paral-
lel, other lift-off techniques have also advanced. Together, these developments enable the realization of nanometer-thick freestanding membranes
from a wide range of materials, opening new opportunities for emergent phenomena and novel device applications.
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either through an external trigger or by spontaneous initiation
under the imposed stress field.

When the load applied to a medium is sufficient for the
crack-driving force to exceed the fracture resistance of the
material, crack initiation and subsequent propagation occur
along a path dictated by the applied stress. Typically, crack
propagation can be categorized into three modes: Mode I
(opening/peel), Mode II (in-plane shear), and Mode III (out-of-
plane shear) (Fig. 2a). Crack advance is governed by the strain
energy-release rate G at the crack front relative to the critical
energy-release rate (often written as G¢ or I'). For mechanical
lift-off, Mode I is generally preferred because it promotes a
stable and predictable path well-suited for producing mem-
branes. With this fracture-mechanics basis, spalling theory
quantifies how stressor parameters and substrate properties
determine the depth of the spalling plane and the conditions
for stable Mode-I propagation.

Spalling theory was initially developed by Thouless et al. in
1987."2 However, the theory had appreciable discrepancies com-
pared to experimental data since it assumed infinite substrate
thickness. Drory et al. successfully resolved these discrepancies

This journal is © The Royal Society of Chemistry 2026
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Fig. 2 Mechanics and procedures for mechanical lift-off. (a) The three canonical fracture modes at a crack front: mode | (opening), mode Il (in-
plane shear), and mode IIl (out-of-plane shear);** Copyright 2021, Elsevier. (b) Schematic illustrating tape-assisted peeling under an applied bending
moment M and edge force P, which generate stress-intensity factors K| and K), that drive crack initiation and guide the crack toward an energetically
favorable spalling plane. (c) Example of crystallography-guided, non-planar crack propagation during spalling of (100) GaAs;?? Copyright 2022,
Elsevier. (d) Photograph of a released SiC membrane after controlled spalling;*® Copyright 2024, American Chemical Society. (e) Representative
crack-initiation methods, namely (el) laser ablation, (e€2) localized substrate etching, and (e3) a wedge spaller. (f) Single-roller (f1) and double-roller
(f2) spallers that provide a controlled, steady peeling force during propagation;2* Copyright 2021, Elsevier.

by considering a more realistic, finite thickness substrate using
a finite element calculation method.”*** The formulation used
by Drory et al. treats spalling as a traction-prescribed boundary-
value problem in a bimaterial system. The elastic mismatch
between the two constituents—the stressed stressor layer and
the spalled substrate—is represented compactly by the Dundurs
parameters a and p. This mismatch then enters indirectly
through the nondimensional coefficients U, V, y, ¢, and the
phase w, each a function of a or . Under force and moment
equilibrium, the six external loads reduce to two independent

This journal is © The Royal Society of Chemistry 2026

parameters, edge force P and bending moment M (Fig. 2b). The
corresponding energy-release rate is described as:

[P N M? N 2PM sin
T1elun Ve Jovee

To characterize the crack-tip fields, we introduce the Mode-
I and Mode-II stress-intensity factors, denoted by K; and K.
Using the mixed-mode linear elastic fracture mechanics iden-

. C .
tity G=§2(K12+KHZ) and the expression above for G, we
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K P cos(w) + M sin(w +7)
= () w
' Vauh VoV g
K P sin(w) M cos(w +7)
= w) — 0]
" \Vaun Vv 7

where 7 is the stressor thickness.**®

Given the stressor thickness %, the elastic constants and the
Poisson’s ratios of both the stressor and substrate, and the
residual stress in the stressor layer (all experimentally measur-
able or independently obtainable material parameters), or
equivalently the resulting edge force P and bending moment
M, the elastic-mismatch parameters a and f can first be deter-
mined. These parameters are then used to determine U, V, y,
¢,, and w in the Drory formulation, from which G, K; and Ky,
can be calculated as functions of crack depth. Crack initiation
requires that the mixed-mode stress intensity be sufficiently
large to overcome the fracture toughness (Kic) of the material,
ie, K? + K> > K> Thus, both K; and Kj; contribute to frac-
ture initiation, and mixed-mode loading can drive crack deflec-
tion onto an inclined plane. Once initiated, the crack trajectory
is governed by the relative contributions of K; and Ky, which
vary with depth. A positive Kj; drives the crack deeper (down-
ward), whereas a negative Kj; causes it to deviate toward the
surface (Fig. 2b). Consequently, the crack propagates unstably
until it converges onto a trajectory where Ky = 0. This con-
dition satisfies the principle of maximum energy release rate,
establishing a steady-state propagation regime where the crack
advances strictly parallel to the surface.

For elemental semiconductors such as Si and Ge, controlled
spalling along planes parallel to the substrate surface is rela-
tively straightforward, because the fracture toughness does not
vary dramatically among the major crystallographic planes.
Several studies have demonstrated micron-scale controlled
spalling of Si(100)'°™® and Ge(100),"**° yielding single-crystal
membranes with planar interfaces. These exfoliated mem-
branes can be transferred and fabricated into functional
devices—such as complementary metal-oxide-semiconductor
(CMOS) circuits and solar cells—while retaining mechanical
flexibility. However, for polar materials such as GaAs, the con-
trolled spalling along (100) is difficult. Since zinc-blende III-V
crystals have polar {111} terminations, cleavage is favored on
the non-polar {110} planes.>’ In other words, the fracture
toughness of the {110} plane is lower than that of {100}, where
the {110} plane is inclined at a 45-degree angle relative to the
surface of a {100}-oriented wafer. In this case, the Kj; com-
ponent changes sign during the peeling process. As the crack
kinks upward onto {110}, Kj; can increase until it overcomes
the toughness difference Kic(—100y — Kicqioo; after which the
crack turns back downward. Repeating this process produces a
zig-zagging crack (Fig. 2¢).”

These formulations establish the mechanical criteria that
determine when and how a stable spalling plane forms, as well
as the resulting spall depth (i.e., the thickness of the exfoliated
membrane), for a given set of material properties. The theory
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and experimental results indicate that controlled, uniform-
thickness peeling cannot be universally achieved across all
crystalline materials, particularly when the fracture toughness
along the intended membrane orientation is not the weakest.
Moreover, even in favorable -crystallographic orientations,
achieving perfectly uniform thickness remains challenging, as
any spatial fluctuation in stress can perturb the crack front
and introduce local thickness variations. This implies that
uniform control of the stressor over large areas is crucial for
scalable membrane production, as we discuss next.

2.2. Stressor layers for controlled spalling

As described above, controlled spalling of crystalline mem-
branes requires stress applied to the target substrate. Most
reported controlled-spalling processes employ the stack con-
figuration (Fig. 2b):'*'®?? (1) a substrate containing the crystal-
line thin film to be exfoliated, (2) a stressor layer, typically a
ductile metal with built-in stress, and (3) a handle layer, which
provides mechanical support and allows for the exertion of an
external force.

The stressor layer is a central component for mechanical
lift-off as it can provide controllable and uniform stress
throughout the entire substrate, where various material
systems can serve as the stressor. An ideal stressor should
possess sufficiently high, uniform, and tunable residual stress
for accurately controlling and tuning the thickness of exfo-
liated membranes. The stressor layer should also exhibit
strong adhesion to the underlying membrane, and be
mechanically robust to avoid cracking or rupturing during
peeling. Stressors must also be compatible with standard
deposition methods, such as physical vapor deposition and
electroplating, and be compatible with subsequent fabrication
processes.

A wide range of stressor materials have been explored for
mechanical spalling, spanning both metals and dielectrics.
For instance, Dross et al. demonstrated stress-induced spalling
using evaporated Al and Ag overlayers.>® Beyond these
examples, residual stress in other metals (e.g., Au, Pd, In) has
also been leveraged to drive exfoliation and applied to delami-
nate stacked 2D material layers.>® Dielectric films such as SiN,
and SiO, can likewise develop substantial intrinsic stress
during deposition; however, their comparatively low fracture
toughness and limited ductility often lead to cracking or self-
delamination during growth, leading to constrained practical
use as stressors.’® Among many candidates, Ni has been
proved to be the most powerful and convenient choice due to
its low cost, high fracture toughness, good adhesion, and
broad stress tunability.'® Ni stressors can commonly be de-
posited by sputtering or electroplating, where the sputtered Ni
can exhibit tensile stress up to 700 MPa,”” whereas electro-
plated Ni offers a broader tunable stress window up to ~2
GPa,”*®?° enabling the exfoliation of tough materials such as
SiC (Fig. 2d).*°

First, electroplating is one of the most straightforward
routes to deposit stressed Ni films. The process typically
begins with substrate degreasing followed by mild alkaline/

This journal is © The Royal Society of Chemistry 2026
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acid treatments to remove surface contaminants and enhance
wettability. The substrate is then electrically connected as the
cathode and immersed in a Ni**-containing electrolyte (com-
monly based on nickel salts such as NiSO, and/or NiCl,).
Upon applying a DC bias between the cathode and an anode,
Ni*" ions are reduced and deposited onto the cathodic surface
—i.e., the target substrate—forming a Ni stressor layer.'® By
tuning the electrolyte composition and electroplating current
density, Crouse et al. demonstrated a wide range of Ni stress
values, mapping to different spalled Ge thicknesses.*
However, electroplated Ni stressors suffer from intrinsic limit-
ations. The electroplating process is susceptible to co-deposit-
ing impurities like hydrogen and sulfur, resulting in poorly
controlled residual stress. Furthermore, these films often
exhibit significant thickness non-uniformity, being character-
istically thicker at the wafer edge. This variation directly trans-
lates to an uneven stress distribution. Collectively, these chal-
lenges of impurity incorporation and poor uniformity severely
limit obtaining high-quality, controllably spalled films via
electroplating.®*

Sputtered Ni provides more uniform stress/thickness distri-
bution,®® and offers higher tunability, and thus is the most
commonly chosen way of stressor deposition in recent years.
Several mechanisms contribute to the tensile residual stress in
sputtered Ni—important when fine-tuning the stress for a spal-
ling stressor. (i) Thermal-expansion mismatch: the coefficient
of thermal expansion (CTE) of Ni is ~(12.9-17.0) x 107 °® K" at
300-600 K,** versus ~2.5 x 107® K™' for Si as an example;
heating during sputtering followed by cooling leaves the Ni
film in tension. (ii) Grain coalescence and excess-atom incor-
poration: during deposition, polycrystalline grains coalesce
(e.g., via grain rotation), generating strain.*® In the pre-coalesc-
ence stage, excess atoms can incorporate at grain boundaries
or become trapped between surface ledges, also generating
strain.>*® (iii) Atomic peening. Ion bombardment of the
growing film densifies the near-surface and induces residual
stress—analogous to hammer peening on metal. As the sput-
tering pressure increases beyond ~3 mTorr, the bombardment
energy drops and the stress can transition from compressive to
tensile.>”*®

The wide tunability and versatility of Ni have made it an
effective stressor layer for a broad range of material spalling
processes and have enabled many applications leveraging con-
trolled spalling. However, Ni presents intrinsic drawbacks,
such as the compatibility with subsequent processes and the
risk of chemical contamination during Ni removal. In
addition, achieving precise and spatially uniform stress
control over large areas is challenging with Ni, which compli-
cates ultra-uniform membrane thickness control. It is also
difficult to realize low or near-zero residual stress, which is
required for more delicate processes such as exfoliation of 2D
materials. More generally, achieving ultrathin nanomembranes
is inherently difficult when relying solely on a stressor layer-
driven spalling process. The stress required to initiate crack
formation sets a lower bound on the achievable membrane
thickness, corresponding to the depth at which the stress

This journal is © The Royal Society of Chemistry 2026
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intensity factor satisfies the fracture criterion. This means
that, regardless of stressor quality, an intrinsic limit exists on
the minimum membrane thickness that can be produced.
These limitations have motivated the development of emer-
ging strategies that offer improved controllability, as discussed
in the following sections.

2.3. Methodology for mechanical lift-off

Once a stressor layer is deposited (optionally with a handling
layer), mechanical spalling can occur either spontaneously or
via an external trigger. Spalling begins with the initiation of a
crack, followed by its propagation.?® Typically, spontaneous
crack initiation due to the membrane or stressor’s residual
stress is not desirable, because cracks may nucleate at arbitrary
locations and disrupt controllable, continuous crack propa-
gation. This limits the ability to peel a uniform membrane
over the entire substrate, as the crack can wander upward or
downward until it settles on an energetically favorable cracking
plane.

Therefore, various strategies have been explored to control
the initiation of cracks and their propagation, which often
involve applying external force. The mechanics in section 2.1
describes how a crack can spontaneously nucleate and propa-
gate, yet it does not consider the role of such external force.
Early studies paid limited attention to the controlled initiation
of cracks, which often resulted in unpredictable thickness vari-
ations near the initial crack front. For example, a simple and
widely used method employs adhesive tapes as a handle layer,
which is applied to the stressor/membrane/substrate stack and
then gently pulled upward manually.'® Although this approach
is straightforward to implement, it provides no control over
where the crack is initiated. Once a crack is initiated arbitra-
rily, the crack may deviate upward or downward to seek an
energetically favorable plane, leading to non-uniform film
thicknesses. To address this limitation, various crack initializa-
tion methods have been developed, such as wedge spalling®®
laser ablation,*® and substrate chemical etching (Fig. 2e).*" In
these approaches, a predefined notch or weakened region is
formed at a predefined depth/plane, through a thin blade,
localized laser ablation, or targeted etching, so that the crack
initiates at this site and subsequently propagates along the
intended path.

Even with controlled crack initiation strategies, non-uni-
formity in the applied force can still induce roughness and
thickness variation. To address this, utilizing a single-roller
spaller (a motor-driven cylinder) provides a steady, controlla-
ble, and reproducible peeling force and can greatly improve
the thickness uniformity of the exfoliated membrane.*" A two-
roller spaller can enable control of the angle and tension of
the handle layer, providing even more precise load control at
the crack tip. By precisely calculating and controlling the load,
the substrate can be spalled at the desired depth. This extra
controllability of forces can affect the final spall depth.*?
Another advantage of such roller systems is high throughput;
complete wafer-scale exfoliation can typically be achieved on
the scale of seconds (Fig. 2f).”® These attributes make roller-
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based spalling particularly attractive for potential industrial
translation. In practice, however, industrial adoption has so
far been limited to specific applications, such as cost
reduction of expensive single-crystal substrates (e.g., GaAs or
Ge) in III-V solar cell production.>® Although exfoliation of
various materials at a wafer scale (>4 inch) has been
demonstrated,'®** the key barrier to economical substrate
reuse is the post-spall surface condition: spalling-induced
roughness and morphological defects often necessitate chemi-
cal-mechanical polishing (CMP) before the wafer can be
reused without compromising device performance. Mangum
et al. systematically categorized spalling-induced defects and
correlated them with performance degradation in III-V solar
cells.** Consequently, to be able to minimize the requirement
of CMP for substrate reuse, extreme precision in the interface
of lift-off is required as discussed in the following section.

More broadly, mechanical splitting combined with wafer
bonding has recently been commercialized to reduce the cost
of high-quality SiC wafers. Specifically, a monocrystalline
4H-SiC wafer is bonded to a polycrystalline carrier and then
split, yielding a 350-800 nm thick high-quality SiC film
attached to a handle wafer.*®> This process is carried out at an
industrial scale, enabling the production of 10 SmartSiC™
wafers from a single monocrystalline 4H-SiC wafer. A closely
related ion-implantation-based splitting process (Smart Cut™)
is widely used for silicon-on-insulator (SOI) wafers.*®

To summarize, the framework of mechanical lift-off—
including the theory of crack generation and propagation, the
utilization of stressor layers to provide necessary forces, and
the implementation of lift-off processes for controlling and
guiding crack evolution—establish the foundation for produ-
cing high-quality crystalline membranes through controlled
spalling. However, as discussed above, several limitations have
constrained the broader adoption of conventional mechanical
lift-off approaches, including thickness uniformity, surface
roughness, crack deflection or zig-zag propagation, intrinsic
lower bounds on achievable membrane thickness, and poten-
tial incompatibilities with process flows. Recent advances have
now opened a new generation of mechanical lift-off strategies
that leverage engineered interfaces and novel exfoliation
schemes, enabling controlled crack propagation that results in
atomically abrupt interfaces, nanoscale membrane thick-
nesses, broader material compatibility, enhanced reproducibil-
ity, and greater scalability. As discussed in the following sec-
tions, these developments substantially broaden the scope and
applicability of mechanical lift-off.

3. Emerging technologies for
ultimate controllability in mechanical
lift-off

Mechanical lift-off technology has demonstrated broad appli-

cability across various material systems. However, as emerging
applications increasingly require ultrathin films, atomically
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smooth interfaces, and reproducible exfoliation over large
areas, the limitations of conventional spalling methods
become apparent. These challenges have motivated the rede-
sign of the process in several distinct domains. One major
direction focuses on interface modification—through substrate
engineering, insertion of interlayers, epitaxial design, or struc-
tural modification—to define the spalling plane with far
greater precision and controllability. Another direction focuses
on post-growth manipulation strategies to govern how cracks
are initiated and guided, enabling substantially improved uni-
formity, thickness control, repeatability, and throughput. As
we describe below, these approaches have enabled producing
crystalline films and nanomembranes with atomic-scale thick-
ness precision, interface smoothness, wafer-scale uniformity,
and excellent repeatability, thus positioning mechanical exfo-
liation techniques as truly versatile technology for membrane-
based applications.

3.1. Interface engineering strategies

From the classical spalling theory, a crack in a stressed
material propagates at a depth where the shear component of
the stress intensity factor Kj; = 0. While this criterion applies
to homogeneous materials, the behavior can be different in
heterogeneous material systems. In heterogeneous systems,
the fracture toughness values of constituent layers, as well as
the interfacial bonding strength, need to be collectively con-
sidered. Intuitively, the crack could follow the mechanically
weakest path available, even if this path does not coincide with
the depth that minimizes shear. For example, if the interfacial
toughness (Ki,) is significantly lower than the bulk material
fracture toughness, the interface can act as a geometric con-
straint that forces the crack to propagate along the boundary.
In this case, Kj; is not necessarily zero at the crack position,
and the spalling criterion becomes K + Ki? > Kind’.

These considerations suggest a straightforward strategy for
depth control: deliberately introducing a weak interface that
defines the spalling plane. When such an interface is com-
bined with an appropriately tuned stressor layer, the crack
propagation can be guided along the heterointerface.
Therefore, weakened interfaces provide a route to near-ulti-
mate control of exfoliation, enabling atomically abrupt spal-
ling interfaces and greatly expanded thickness tunability down
to the nanoscale. Below we discuss notable interface tuning
technologies that enabled controlled spalling.

3.1.1. Mismatch-driven strategies. Lattice and thermal
expansion mismatches are commonly present in heteroepitax-
ial material systems and are known to generate internal strain
and misfit dislocations. These strain fields and defects modify
interfacial energies, creating opportunities to influence crack
propagation and define the spalling plane.

For material systems with large mismatch, significant strain
can accumulate at the heterointerface during growth and post-
growth cooldown, which could promote spontaneous separ-
ation of the epilayer from the growth substrate. Voronenkov
et al. studied the self-separation and cracking behavior in
highly mismatched systems, revealing its strong dependence

This journal is © The Royal Society of Chemistry 2026
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on the film-to-substrate thickness ratio.’” After exceeding a
critical ratio, reproducible separation without cracking can be
achieved. Taking GaN on sapphire as an example (~13.8% mis-
match), controllable GaN separation on a standard 430 pm-
thick 2-inch sapphire substrate could be achieved when the
GaN thickness reaches 2800 pm, which is consistent with the
report from Fujito et al.*® Even in material systems with much
smaller mismatches, mismatch-induced local strain and
associated energy variations can still arise. These effects pri-
marily originate from non-ideal interfaces and phase mixing
caused by atomic interdiffusion or memory effects of precur-
sors. By exploiting the localized misfit strain energy at the InP/
Iny 53Gay 47As heterointerface, Park et al. successfully reduced
the surface energy of the (100) plane, which is parallel to the
interface, to below that of the (110) plane.”® As a result, the
(100) plane becomes energetically favorable for layer release
during spalling, providing a pathway for eliminating the zig-
zag fracture morphology commonly observed at the spalled
interfaces in III-V materials. Consequently, the epitaxial struc-
ture can be separated at the heterointerface (Fig. 3a). The esti-
mated exfoliation yield was about 78%. Moreover, thickness
uniformity measurements over a 15 x 15 mm? sample showed
uniform layer release over an area of >12 x 12 mm?, highlight-
ing the potential for producing atomically flat, uniform II-V
membranes over large areas.

In addition to lattice-mismatch-induced strain, mismatch
in the CTE between the epilayer and the substrate provides
another useful pathway to generate the strain required for
membrane release, which could spontaneously occur during
cooldown after epitaxy, or be induced intentionally through
post-growth annealing. First, in thin-film epitaxy, which is typi-
cally performed at elevated temperatures, films grown beyond
the critical thickness often become partially or fully relaxed
through dislocation formation. During subsequent cooldown,
however, thermal stress builds up due to CTE mismatch
between the epilayer and the substrate. Specifically, when the
CTE of the epilayer is larger than that of the substrate, the epi-
layer tends to contract more than the substrate upon cooling.
This differential contraction generates significant tensile stress
within the film, which can be harnessed to drive spontaneous
membrane release.>*>°

Second, intentional post-annealing processes applied after
heterostructure growth can be used to trigger spontaneous
delamination. During such post-annealing processes, the
strain evolution generally undergoes three sequential stages:
the initial release of pre-stored residual strain, a temporary
thermally strain-free state near the growth temperature, and
finally, the induction of new thermal strain due to the CTE
mismatch upon further temperature increase. This mode is
particularly effective when the epilayer possesses a lower CTE
than the substrate. In this case, while the film might be under
compression after growth, the higher expansion rate of the
substrate during post-annealing pulls the epilayer into a state
of high tensile strain. When this newly generated thermal
strain energy surpasses the interface bonding tolerance, spon-
taneous interfacial delamination can occur (Fig. 3b). Utilizing

This journal is © The Royal Society of Chemistry 2026

View Article Online

Review

this phenomenon, Lu et al demonstrated a spontaneously
exfoliated Ga,O; film from the AIN template by annealing as-
grown Ga,O3/AlN/sapphire wafer in a furnace.’® Interestingly,
the intentional introduction of dopants, such as Si, enhanced
interfacial thermal stability and promoted exfoliation along
the desired interface before interdiffusion occurs. This
increases the yield of successful spontaneous delamination
and enables reuse of the host substrate.

These examples clearly illustrate that the mismatches in
lattice and thermal properties provide an intrinsic driving
force for film separation and offer opportunities for controlla-
ble mechanical exfoliation with atomic precision. Such strat-
egies can, in principle, be extended to a wider range of
material systems that can be grown epitaxially. However, lattice
and thermal mismatches are often accompanied by dislocation
formation, which can degrade film quality and thus the per-
formance of devices fabricated using the membranes. Lattice
and thermal mismatch can also be unevenly distributed over
wafer-scale films, which is a challenge for industrial scaling.
In addition, the thermal budget associated with high-tempera-
ture processes must be carefully considered when implement-
ing mismatch-driven strategies for membrane production.

3.1.2. Structural modification strategies. Besides the strain-
induced exfoliation, another effective strategy for achieving
controlled film release is to artificially engineer the interface
within the epitaxial structure. Instead of relying solely on
lattice or thermal mismatch, this approach focuses on inten-
tionally modifying the interfacial structure to lower its
adhesion energy or fracture toughness, thus making a natural
path for crack propagation during spalling. Various techniques
have been proposed to achieve such interfaces, including
nanopatterning-assisted strain localization, porous layer for-
mation, and strain-induced phase transformation.

First, nanopattern-assisted strain localization strategies rely
on patterned interlayers, where selectively exposed regions of
the substrate govern the nucleation and epitaxial lateral over-
growth, while the masked area with weak interfacial bonding
guides crack propagation. This approach allows the fracture to
follow predefined, low-energy paths and enables precise
control of exfoliation depth and location. McClelland et al
first reported the cleavage of lateral epitaxial film for transfer
(CLEFT) technique for III-V material membrane production
and substrate reuse.>® The process involves lithography, car-
bonization of the photoresist, lateral overgrowth, and exfolia-
tion of laterally overgrown epilayers. Since the adhesion
between the mask (i.e., carbonized photoresist) and the sub-
strate is weak, the epilayer strongly adheres only to the
unmasked area where the III-V epilayer and the substrate are
directly bonded. This approach has enabled the exfoliation of
GaAs film from a GaAs substrate without significant degra-
dation. However, CLEFT is highly dependent on substrate
orientation and is largely limited to (110) oriented substrates,
making extension to (100) substrates challenging. As described
above, {110} planes are the primary cleavage planes for zinc-
blende III-V materials, and cracks generated on (100) sub-
strates tend to deviate towards the inclined {110} facets during
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Fig. 3 Advanced membrane release techniques: mismatch-driven and structural-modification approaches. (a) Cross-sectional scanning electron
microscope (SEM) images of the released layer and the remaining substrate after InP/InGaAs/InP layer exfoliation;*°> Copyright 2022, American
Association for the Advancement of Science. (b) Schematic of the exfoliation based on CTE mismatch and a photograph of the as-exfoliated Ga,O3
membrane;>! Copyright 2023, Elsevier. (c) SEM image of a substrate after exfoliation, exhibiting patterned features and fracture traces;?? Copyright
2022, Elsevier. (d) Cross-sectional FIB-SEM images of the GaN membrane on the nanoporous GaN layer before exfoliation (left) and the remaining
nanoporous GaN layer after exfoliation (center), together with a plan-view SEM image of the nanoporous GaN layer after exfoliation (right);®*
Copyright 2023, Wiley-VCH GmbH. (e) Pb-induced weakening of the PTO/STO interface enables clean exfoliation. (e1) Charge transfer calculated at
the interface of BTO/STO (left) and PTO/STO (right). (e2) Cross-sectional transmission electron microscopy image. (e3) Photographs of released

oxide films after the ALO process and freestanding membrane production using PTO as an interlayer;®® Copyright 2025, Springer Nature.

propagation. Micron-scale patterns employed in CLEFT induce
such crack deflection, limiting the deployment of the process
to (100) substrates.

On the other hand, reducing the opening sizes to the nano-
scale provides a chance to enable spalling along the (100)
planes of III-V materials. For example, nano-imprint lithogra-
phy (NIL) patterned SiO, masks could effectively confine the
crack within the engineered interfacial layer.>® High-density
nanoscale patterns act as periodic stress concentrators that
force the crack to propagate laterally along the intended (100)
interface before it has the opportunity to deflect into the
natural {110} cleavage planes. Braun et al. studied the effects
of the shape, dimension, and arrangement of the patterned
buried layer on the spalling of the GaAs epilayer.”® It was
found that maintaining the pattern continuity along the spall

Nanoscale

direction is the most important for creating the favorable frac-
ture path, besides a proper aspect ratio, high-fill factor, and
void formation during the overgrowth further helping stabilize
the crack propagation along the NIL interlayer rather than
along facet-forming planes (Fig. 3c). Fine-tuning the patterns
has enabled the controllable exfoliation of millimeter-scale
(100) oriented GaAs with a smooth interface. These results
highlight that nanopatterning-assisted strain localization
approaches provide a controllable route for guiding crack
propagation and acquiring membranes with smooth surfaces.
However, these techniques require additional lithography and
etching steps, which increase process complexity.
Furthermore, lateral overgrowth often leads to defect for-
mation at coalescence boundaries in both homoepitaxial and
heteroepitaxial systems, which need to be addressed to obtain

This journal is © The Royal Society of Chemistry 2026
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high-quality membranes.**® In addition, selective three-
dimensional nucleation typically requires growth to a certain
thickness to achieve film planarization, which imposes a lower
bound on the achievable membrane thickness.

Utilizing porous interlayers can also enable the guidance of
crack propagation along the interface for controlled film
release. In this method, a porous layer, typically formed by
electrochemical etching or oxidation of a sacrificial buffer
layer, is introduced between the epitaxial film and the sub-
strate, thereby locally reducing the mechanical strength and
adhesion energy at the interface. This technique has been
widely established for producing Si membranes, in which a
sacrificial porous silicon layer is formed via electrochemical
anodization and subsequently serves as a structurally compli-
ant template for epitaxial growth of Si and mechanical
separation.>®®” A similar strategy has been extended to germa-
nium, where porous Ge layers created by anodization or metal-
assisted chemical etching can act as sacrificial or fracture
layers.>®°°

This approach could be employed even for materials with
significantly higher fracture toughness and chemical stability,
such as nitrides. Min et al. demonstrated the utilization of
porous interlayers to decrease the high interfacial toughness
of GaN for controllable exfoliation.®® The process involves
electro-chemical etching to form a porous GaN layer, which
dictates the depth of membranes, followed by the regrowth of
nitride layers. During this high-temperature regrowth, the
porous layer transforms into cavities, further reducing the
interface toughness and facilitating membrane separation.
Finally, by depositing a stressor layer, the GaN epitaxial struc-
ture can be readily spalled at the pre-defined porous interlayer
at the wafer scale and subsequently used for device fabrica-
tion. To enhance the precision of this method, Zhang et al.
introduced a graded-porosity design and demonstrated that
stacking layers with varying porosities enables tuning of the
interfacial fracture toughness to selectively match the energy
release rate of the external stressor (Fig. 3d).®" Porous inter-
layer-based approaches have also been successfully applied to
other compound semiconductors, such as GaAs and InP,
demonstrating their general applicability for achieving con-
trolled exfoliation and substrate reuse.®”®* However, etching-
induced surface damage and impurity contamination may
degrade the regrown film quality, while the thick overlayer
required to flatten the porous morphology increases process
time and cost, limiting the practical applicability of this
technique.

Another unique structural engineering strategy relies on
strain-induced structural phase transformations. Certain
materials act as ‘phase-change switches’, which remain in a
stable phase under equilibrium but transform into other meta-
stable phases under applied stress. Kim et al. exemplified this
concept using a molybdenum (Mo) interlayer.®> When a Mo
film was initially deposited on a glass substrate, the strain-free
condition stabilizes Mo in a body-centered cubic (BCC) phase.
Upon deposition of a stressed layer, such as SiO,, the Mo layer
near the interface transforms to a face-centered cubic (FCC)
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phase because of its higher stability under strain. The BCC/
FCC interface formed within Mo exhibits substantially lower
adhesion energy than its bulk counterparts, creating a pre-
ferred pathway for crack propagation. This allows for the suc-
cessful exfoliation of the ~1 pm thick inorganic membrane at
a centimeter scale, supporting the large-scale transfer of the 32
x 32 memory array without mechanical degradation.

Direct modulation of chemical bonding provides another
pathway, particularly in complex oxide systems. Zhang et al.
demonstrated that chemical doping, specifically introducing
Pb into the perovskite lattice, can substantially reduce inter-
facial bonding strength by suppressing electron transfer
between cations and oxygen.®® Based on this strategy, control-
lable exfoliation of various perovskite oxides, such as SRO,
BTO, and STO, was achieved with atomic precision, reaching
thicknesses of sub-10 nm (Fig. 3e). Notably, the yield of pyro-
electric device arrays fabricated over an entire 80 nm-thick
transferred membrane reached 100%. These breakthroughs
highlight that phase and chemical engineering approaches
enable the production of ultrathin freestanding membranes
with pristine surfaces.

In summary, these structural modification strategies focus
on artificially reducing interfacial bonding strength to guide
crack propagation. While well-defined, atomically abrupt inter-
faces can be achieved in many cases, preserving crystallinity
and structural integrity remains challenging, especially as the
film area is scaled up. In addition, these strategies cannot be
universally applied across entire material systems, as their
effectiveness depends strongly on the specific etching chem-
istry, bonding chemistry, three-dimensional growth, phase
diagram, and process compatibility, necessitating the develop-
ment of more universal exfoliation approaches that combine
precise control with broad materials compatibility.

3.1.3. Insertion of 2D materials at the interface. Unlike
bulk materials, layered 2D materials possess surfaces free of
dangling bonds, resulting in intrinsically low surface energy
and weak interfacial adhesion. This unique feature provides
ideal conditions for film exfoliation or layer transfer without
the need for additional sacrificial layers or complex template
preparation processes. Beyond its simplicity, the introduction
of 2D interlayers offers unparalleled precision in defining the
fracture plane. Because atomically thin 2D interfaces form
weak van der Waals bonds, the exfoliation path is strictly con-
fined to a single atomic layer, eliminating the deflection of
cracks or roughening of surfaces commonly observed in bulk
spalling or porous-layer-based approaches. Consequently, this
approach removes the lower limit on the thickness of the pro-
duced layers, enabling the production of ultrathin, high-
quality, and atomically smooth nanomembranes.

A prerequisite for 2D materials-assisted exfoliation is
forming crystalline thin films on the substrates coated with 2D
layers. As a notable example, Chung et al. established a 3D-on-
2D growth and transfer platform, demonstrating that epitaxial
films can be mechanically exfoliated and transferred onto arbi-
trary substrates while maintaining high crystalline quality and
device performance.®” This discovery has motivated extensive
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research into developing novel epitaxial growth and lift-off
techniques assisted by 2D materials. Representative tech-
niques for growing epitaxial films on 2D surfaces include
remote epitaxy, where the crystalline substrate underneath the
2D material governs the growth, and quasi van der Waals
epitaxy, where the 2D material itself serves as the guiding
template.®®”" These 2D-material-assisted epitaxy mechanisms
provide a solid foundation for further developing 2D
materials-assisted lift-off techniques (2DLT). Building on these
foundational studies, many groups have demonstrated suc-
cessful membrane growth and exfoliation across various
material systems (Fig. 4a), including nitrides, arsenides, and
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perovskites.”””7® The choice of 2D interlayers is also diverse,
covering graphene, hexagonal boron nitride (h-BN), and tran-
sition metal dichalcogenides (TMDCs).””"®? Using graphene as
an interlayer, Kim et al. demonstrated remote epitaxy of high-
quality GaAs, InP, and GaP, followed by precise film release
from the host substrate along the (100) plane.®® Similarly,
Yuan et al. reported strain-relaxed perovskite films that were
successfully exfoliated and transferred through graphene-
mediated lift-off.®* Yin et al. demonstrated nitride exfoliation
assisted by WS,,”® while Kobayashi et al. showed that h-BN is
also applicable for nitride transfer.®* More recently, with the
maturation of 2D material synthesis techniques, Snure et al.

epitaxial film & membrane
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Fig. 4 2D materials-assisted lift-off techniques. (a) Overview of 2DLT with representative membranes and 2D interlayers;®872=757880 Copyright
2017 and 2022, Springer Nature, Copyright 2020 and 2021, American Chemical Society, Copyright 2019, 2022, and 2024, Wiley-VCH GmbH. (b)
Wafer-scale GaN exfoliation by a 2DLT technique combined with CTE mismatch method;®? Copyright 2021, American Chemical Society. (c) 2-inch
GaAs exfoliation assisted by nanopatterned graphene: (cl) schematic of the stack structure, (c2) photograph of the exfoliated GaAs membrane and
the remaining Ge wafer, and (c3) SEM image of the Ge surface after exfoliation;*®> Copyright 2022, Springer Nature. (d) Layer-by-layer harvest

process in the 2DLT technique;®® Copyright 2023, Springer Nature.
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achieved wafer-scale (4-inch) GaN membrane transfer using
the 2DLT method.®® Further progress toward scalable manufac-
turing was demonstrated by Vuong et al. They reported the
metal-organic chemical vapor deposition (MOCVD) growth of
h-BN and subsequent vdW epitaxy of blue GaN-based multiple
quantum wells (MQWs) light-emitting diode (LED) hetero-
structures on full 6-inch h-BN/sapphire wafers, followed by
full-wafer device fabrication, membrane lift-off, and transfer.®®
This demonstration is particularly impactful for industrial
translation, as it brings 2DLT from earlier proof-of-concept
demonstrations into a wafer-scale format compatible with
established manufacturing platforms.

Besides enabling scalable membrane transfer, 2D-material-
assisted epitaxy may also provide opportunities for defect
engineering. This possibility is particularly attractive for
nitride systems, where defect management remains a long-
standing challenge. Unlike the conventional nitride/sapphire
interface, Liu et al. found that no periodic array of misfit dis-
locations or strain core is observed at the nitrides/graphene/
sapphire interface. This indicates that the nitrides epilayer
tends to release the strain spontaneously, rather than forming
dislocations at the interface.’” Shi et al. further explained that
the spontaneous lattice relaxation at the GaN/graphene/sap-
phire interface originates from the reduced interfacial slip
potential barrier, which is responsible for the strain and misfit
dislocation reduction.®® By using a graphene buffer layer
(GBL)-covered SiC substrate, Qiao et al. substantially enhanced
the interaction between the GaN epilayer and the underlying
substrate while maintaining the releasable nature of the film.
As a result, they achieved a releasable GaN film with record
crystalline quality. Moreover, the GBL was able to withstand
multiple growth-release cycles and enabled a 100% release
yield for the epilayer, as demonstrated by three rounds of sub-
strate reuse without re-graphitizing or any polishing process.®’
More recently, Wen et al. showed that the graphene interlayer
enabled high-quality nitride epitaxy at reduced film thickness,
further highlighting the potential of 2D interlayers for defect
management in thin nitride epilayers.”® Although these find-
ings were established for graphene, similar interfacial effects
may also be relevant to other 2D interlayers such as h-BN.*
2DLT also shows capability for maintaining film quality after
transfer. For example, Blanton et al. achieved GaN films and
subsequent AlGaN/GaN high-electron-mobility transistor
(HEMT) structures on h-BN-covered sapphire substrates and
found that the transfer process had minimal influence on
both the film quality and device performance.”’ Kobayashi
et al. also reported GaN films and subsequent blue InGaN/
GaN MQWs grown on h-BN-covered sapphire substrates, for
which clear MQWs satellite peaks remained visible after trans-
fer, suggesting that the structural quality was largely pre-
served.®® These results highlight the potential of the 2DLT
approach for rapid film transfer, defect control, and inte-
gration compatibility.

In addition to its intrinsic capability for membrane for-
mation and transfer, the 2DLT approach is highly compatible
with other lift-off strategies. Karrakchou et al showed an

This journal is © The Royal Society of Chemistry 2026
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example of combining CTE engineering and 2DLT for the con-
trollable exfoliation of epilayers (Fig. 4b).”> The GaN-based
LED structure is first grown on the h-BN covered sapphire sub-
strate, and then a 30 pm thick copper layer is deposited on the
top via electroplating. Upon annealing at a moderate tempera-
ture of 100 °C, far below the nitride growth temperature, the
entire LED membrane detached spontaneously due to the
shear stress induced by the CTE mismatch between the copper
layer and the sapphire. As a result, crack-free membranes were
obtained, and all 400 tested LEDs remained emissive, corres-
ponding to a 100% crack-free transfer yield. Compared with
approaches that rely solely on CTE mismatch-induced stress,
this method is more compatible with back-end-of-line (BEOL)
processes owing to its low thermal budget.

Besides CTE engineering, the 2DLT strategy is also compati-
ble with nanopattern-assisted membrane exfoliation. Kim
et al. reported a method to produce freestanding single-crystal-
line membranes based on nanopatterned graphene and devel-
oped the corresponding mechanics theory to precisely guide
the cracks through the graphene layer (Fig. 4c)."®> The process
includes graphene formation, patterning, and selective-area
epitaxy of epilayers, which is analogous to the nanopattern-
assisted membrane exfoliation described above. Owing to the
weak bonding strength at graphene-covered regions, the epi-
taxial interface can be efficiently weakened, facilitating epilayer
release. By appropriately matching the stressor thickness, epi-
layer thickness, and graphene coverage, wafer-scale controlla-
ble exfoliation has been achieved across a range of materials,
from elemental semiconductors to III-V compounds. The
resulting separation surfaces exhibit good spatial control,
remaining flat over graphene-covered regions while showing
height fluctuations in the exposed openings.

It is also worth mentioning that the 2DLT technique can be
combined with chemical lift-off processes. Recently, Gao et al
demonstrated that integrating 2DLT with chemical lift-off pro-
vides an effective route for preserving the structural integrity
of released thin films in liquid etchants, enabling lossless,
wafer-scale stripping of GaN-based LED structures. These
examples show the compatibility of 2D materials-based inter-
face engineering strategies with various epitaxy and lift-off
techniques, highlighting the versatility of 2D materials for
membrane production with atomic precision.

Another appealing feature of 2DLT technique is that it pro-
vides a high-throughput pathway to produce freestanding
single-crystalline membranes, which greatly compensate for
the drawbacks of the conventional layer transfer process.
Moving beyond high-crystalline quality 2D materials like gra-
phene or h-BN, Kim et al. explored the use of thin amorphous
carbon (TAC) and BN as interlayers.”®> These materials can be
deposited at significantly lower temperatures than their crystal-
line counterparts while still allowing the underlying substrate
to guide epitaxy. This enables the formation of multiple alter-
nating layers of 2D materials and epilayers in a single growth
run. Consequently, each epilayer can be harvested layer-by-
layer, providing a pathway to produce multiple freestanding
membranes from a single wafer (Fig. 4d). Moreover, atomic-
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precision exfoliation at the 2D interface allows the reuse of the
host wafer for subsequent membrane production without
requiring a complicated refurbishing process, which is ben-
eficial for reducing cost and processing time.

Placing 2D materials as cleavage planes provides a clean,
versatile, and highly compatible strategy for producing free-
standing single-crystalline membranes with well-defined thick-
ness at the atomic scale. One of the key challenges in imple-
menting 2DLT lies in controlling the film thickness and crys-
tallinity, due to the nucleation difficulty on the inert 2D
material surface and the possible interface contamination if
2D materials are prepared by transfer. The difficulty in
forming pristine and uniform 2D materials as templates, as
well as preserving them under harsh epitaxy environments,
also remains a challenge—especially when considered for use
at wafer-scale for high-volume manufacturing.’**> Fortunately,
various strategies are being developed to address these chal-
lenges, which can be found in other reviews.’®®” These
advances establish a strong foundation for the future develop-
ment of 2D materials-based lift-off technology.

3.2. Advanced lift-off techniques

In addition to engineering the interface, which we discussed
above, achieving fully controllable exfoliation also requires
precise management of crack initiation. If a crack nucleates
randomly, instead of at a predetermined location and depth,
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this leads to variations in spalling depth and thus nonuniform
film thickness and reduced yield. Once a crack is initiated, its
subsequent propagation must also be regulated to maintain a
consistent spall depth, avoid film cracking, and prevent devi-
ations from the intended release plane. Therefore, precise exfo-
liation requires control over both the initiation of the crack
and its subsequent propagation, which are particularly crucial
for emerging applications requiring nanoscale thickness
control. Here, we describe lift-off techniques that can be
employed “after” growth to address these two aspects—estab-
lishing reliable initiation sites and regulating the applied
peeling forces—and achieve reproducible and uniform mem-
brane release.

First, deterministic control of the crack initiation position
is a prerequisite for precise exfoliation, since it ensures that
fracture begins at a designed depth before propagating
through the substrate. A common approach is cutting the
wafer edge or using a wedge fixed on a wall to create a crack, as
described in section 2.2. For materials with higher fracture
toughness, however, such mechanical initiation may be insuffi-
cient. In these cases, introducing localized damage such as a
shallow trench at the substrate edge can further reduce the
energy threshold for crack initiation. Using this approach,
Horn et al. demonstrated the controllable exfoliation of 4H-SiC
membranes with a Ni stressor (Fig. 5a).>° For applications
requiring higher precision in spalling positioning, applying an
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Fig. 5 Emerging lift-off techniques for controlled membrane exfoliation. (a) Schematic of the spalling geometry for crack initiation and propa-
gation;*° Copyright 2024, American Chemical Society. (b) Schematic and experimental statistics of microcrack density and crack-propagation prob-
ability for an exfoliated diamond membrane under different peeling angles;°® Copyright 2024, Springer Nature. (c) Acoustic spalling for GaAs wafer
reuse: (cl) process schematic; (c2) (left) a dark lock-in thermography image of the as-grown GaAs solar cell device on a spalled GaAs wafer, reveal-
ing localized non-linear shunt hot spots associated with the rough spalled surface; (right) J-V characteristics of a GaAs solar cell after transfer onto
a Au layer, achieving ~27% efficiency with suppressed shunting;'°® Copyright 2023, Cell Press.
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adhesion demoter or laser becomes an effective method to
initialize cracks. The demoter is a material (such as ink or
powder) that reduces the adhesion between the stressor layer
and the substrate. By localized adhesion reduction, it ensures
clean fracture propagation within the substrate center and pre-
vents uncontrolled cracking at the wafer edge after stressor
deposition. Laser-assisted crack initiation is a technique where
a laser is used to create well-defined notches at the substrate
edge, providing controlled starting points for fracture. This
approach allows precise definition of the crack initiation site,
improving reproducibility and uniformity in exfoliation, and
thus has been widely applied to Si membrane exfoliation and
substrate reuse.

Second, once a crack is initiated, subsequent crack propa-
gation also needs to be carefully managed to achieve a
uniform exfoliation. Consequently, various methods have been
developed to regulate the applied stress and crack dynamics
during peeling, ensuring controllable propagation and
improved film quality. One primary cause of non-uniformity in
exfoliated film was the uneven stress induced by the Ni stres-
sor, which stems from thickness variation during deposition.
To address this, Ward et al. designed a spalling tool integrat-
ing a laser displacement sensor and an active tension control
system.”” This closed-loop system compensates for local stress
variations during peeling, improving Si film thickness uni-
formity by 53% and surface roughness by 67% compared to
conventional tools without thickness compensation.

In addition to controlling the uniformity of stress distri-
bution, how to apply a peeling force plays a significant role in
governing crack propagation and membrane integrity. Jing
et al. systematically studied the effect of peeling angle on
diamond membranes and revealed that the optimal peeling
angle strongly depends on the film thickness.”® For thick
membranes (800-1000 nm), successful exfoliation can be
achieved over a wide range of angles, while thin membranes
(~600 nm) require a narrower angle range of 40°-70° to avoid
cracks (Fig. 5b). By utilizing an appropriate peeling angle,
diamond membranes are successfully exfoliated at the wafer
scale with minimal damage. As another approach, Li et al.
mitigated the stick-slip instability commonly encountered in
tape-based peeling, arising from the stretching and abrupt
failure of adhesive fibrils, by replacing conventional tape with
a hot-pressed thin thermoplastic polyurethane (TPU) handle
layer.® This approach isolates adhesive fibrillation from other
influencing factors, yielding more reproducible results.

Ultrasonic and other externally assisted methods can
further facilitate controlled crack propagation, enabling
uniform membrane separation in otherwise challenging
material systems. To utilize ultrasonic vibration for controlled
spalling, Bertoni et al. pre-stressed substrates to just below the
fracture threshold and then applied controlled ultrasonic
waves, which transiently increased the total stress beyond the
material’s fracture toughness.'® This approach enabled
gradual crack propagation and subsequent membrane separ-
ation, which could be applied to Si, sapphire, and glass
systems. Sacchitella et al. applied this technique to reuse GaAs
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substrates—they grew the same cells by MOCVD on a fresh
substrate, a substrate that had been spalled once, and a sub-
strate that had been spalled twice.'®® They noted that the best
devices from each wafer were very similar, but the reused sub-
strates had more variability in their devices. Similarly, Coll
et al. demonstrated substrate reuse in SiC, successfully harvest-
ing membranes from wafers with thicknesses of 68.1 + 7.6 pm
and 22.3 + 3.2 pm, respectively, highlighting the effectiveness
of acoustic-assisted spalling in enabling the exfoliation of
high-fracture-toughness materials.'”> For 50 mm SiC wafers,
the lift-off area reached approximately 80%-90% of the wafer.
Although these approaches enable controllable exfoliation,
acoustic-assisted spalling faces challenges in maintaining
surface uniformity and minimizing roughness, which are criti-
cal for subsequent epitaxial growth. Schulte et al. explored
mitigating the issue via growth design; by incorporating wet
etching, thick-layer growth, and planarizing regrowth steps,
defects in the GaAs epitaxial structure could be mitigated.'®?
As a result, solar cells with 26.9% photovoltaic conversion
efficiency were obtained, which are comparable to devices fab-
ricated by conventional methods (Fig. 5c¢).

Overall, the emerging strategies reviewed here demonstrate
significant progress in improving the controllability of
mechanical lift-off. Interface engineering, structural modifi-
cation, 2D interlayers, and more advanced lift-off techniques
have together provided new ways to control crack initiation
and propagation, making it possible to obtain crystalline
membranes with improved thickness uniformity, smoother
interfaces, and better reproducibility over large areas. These
developments suggest strong potential for reducing manufac-
turing costs, improving device performance, and expanding
the application space of membrane-based technologies.
Nevertheless, several limitations remain to be addressed. Most
approaches introduce additional complexity, such as narrow
process windows, extra process steps, or material-specific
mechanisms, which restrict their wider applicability. In
addition, achieving precise exfoliation without compromising
film quality is still challenging in many systems. Further
advances will therefore require more universal strategies that
integrate multiple aspects, including broad materials compat-
ibility, interface-driven structure design, simplified processing,
and robust exfoliation control, rather than relying on any
single approach. Progress along multiple fronts will be essen-
tial for translating these techniques into scalable manufactur-
ing technologies.

4. Emerging non-mechanical lift-off
techniques

Mechanical exfoliation is often regarded as a simple and low-
cost approach for producing freestanding membranes.
Nevertheless, even with the advanced strategies described
above, mechanical exfoliation still faces limitations in terms of
the final membrane thickness, uniformity, and crystallinity. To
address these constraints, alternative lift-off methods—such as
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chemical lift-off or laser lift-off—have played an important his-
torical role in membrane release. Chemical lift-off offers deter-
ministic control of exfoliation depth by using sacrificial layers
engineered to dissolve with high selectivity, enabling ultrathin
films independent of fracture mechanics. In material systems
where lattice-matched sacrificial layers are available, this
approach can also preserve the crystalline quality of the result-
ing membranes. Laser lift-off relies on localized energy absorp-
tion to melt or break interfacial bonds, allowing large-area sep-
aration of materials that lack suitable sacrificial layers. As with
mechanical lift-off, these methods have seen important recent
innovations that expand their applicability, precision, and scal-
ability. For a balanced perspective, we introduce these tech-
niques here and discuss their advantages, limitations, and
integration considerations.

4.1. Chemical lift-off

Chemical lift-off (CLO) is a release technique that utilizes a
chemical etchant to selectively remove an interlayer, separating
an originally stacked structure from its host substrate.
Typically, the sacrificial layer is intentionally introduced so
that the release occurs at the designed interface, allowing the
target film to be detached as a thin membrane. If both the
target layer and the sacrificial layer are epitaxially grown, this
process is often referred to as epitaxial lift-off (ELO). CLO is a
broader term as CLO does not necessarily require the layers to
be epitaxially formed. For example, for a SOI wafer composed
of a Si/Si0O,/Si structure made by wafer bonding, CLO can be
used to obtain a thin Si membrane by selectively removing the
buried SiO, layer. Compared with mechanical lift-off, this
method provides two distinct advantages: it can produce a
sharp surface, and it offers good control of membrane thick-
ness. This is because the final thickness is defined by the epi-
taxial growth (for ELO) or by the bonding/interface geometry
(for bonded stacks), rather than by a mechanical fracture.
Consequently, CLO has received increasing attention as a
reliable approach for producing high-quality nanomembranes.

4.1.1. Principles and conventional material systems for
chemical lift-off. CLO is broadly applicable in material systems
where a selectively removable sacrificial layer can be inserted
between the growth substrate and the target epitaxial device
layer. A generalized CLO workflow typically consists of: (i) inte-
grating a sacrificial layer beneath the device layer, (ii) laminat-
ing or depositing a temporary handle/carrier layer (e.-
g., black wax, polymer carriers, or thermal release tape) to
provide mechanical support during and after release, (iii)
exposing the sacrificial layer through edge opening or pat-
terned access windows, (iv) selectively etching the sacrificial
layer to laterally undercut and release the device membrane,
and (v) transferring and bonding the freestanding single-
crystal membrane onto a foreign host substrate through van
der Waals bonding or an adhesive interlayer (e.g., spin-on
glass (SOG),'®* polyimide (PI),'® or benzocyclobutene
(BCB)'%°) (Fig. 6a).

A representative example of a “ready-to-use” CLO template
is the SOI wafer, consisting of a Si handle wafer, a buried oxide
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(BOX), and a device Si layer. After attaching a temporary
handle layer on the top Si device layer, the BOX can be selec-
tively removed in hydrofluoric acid (HF), yielding a freestand-
ing single-crystal Si nanomembrane supported by the handle.
The BOX dissolution is commonly written as,""”

The released Si nanomembrane can then be transferred
and integrated onto arbitrary rigid or flexible substrates,
enabling diverse device implementations such as metal oxide
semiconductor field effect transistors (MOSFETs)"*'*° and
solar cells."'® Because silicon remains the backbone of
modern microelectronics, silicon-based membranes provide a
powerful pathway toward monolithic 3D integration, allowing
high-performance Si device layers to be stacked up for both
more Moore and More-than-Moore applications.

In many III-V material systems, high-quality sacrificial
layers can be epitaxially grown together with the device stack;
therefore, CLO is most often implemented in the form of ELO.
For III-V ELO processes, the most widely adopted sacrificial
layer is AlAs (or high-Al-content AlGaAs), which can be etched
with extremely high selectivity relative to GaAs-based device
layers. Pioneering studies by Yablonovitch et al. established
the feasibility of lifting off high-quality epitaxial films by selec-
tively dissolving an AlAs release layer in HF, provided that the
structure is designed to ensure efficient etchant transport and
byproduct removal at the advancing etch front.>™" This
extreme selectivity between GaAs and AlAs is later elucidated
by Voncken et al. The etching reaction of AlAs in the process
can be written by

AlAs + 3HF + H,0
— AsH; + [AIFn, - (H,0), ,]®™" + (3 — n)F~ + nH,0

with n = 0, 1, 2 or 3."*? The etching reaction demonstrates the
safety concerns of the process, due to the usage of HF as well
as the production of arsine gas, which is highly toxic. The
process also imposes limitations for recycling substrates. For
substrate reuse, the remaining substrate surface should
remain epi-ready; however, post-release residues and surface
roughening can require additional repolishing (e.g., a polish-
ing etch and, in some cases, CMP), adding cost and potentially
limiting the number of reuse cycles. These issues have motiva-
ted the search for alternative sacrificial-layer/etchant pairs that
avoid toxicity and reduce residues.'**'*

As an example, Cich et al. have demonstrated using InGaP
as a sacrificial layer which can be selectively etched by HCIL.'*®
Leveraging the high selectivity between epitaxially grown GaAs
and the InGaP layer, they achieved sharp undercuts, demon-
strating its viability as a sacrificial layer. However, this material
combination suffers from a slow etch rate, reported to be
0.9 um min~"', which is approximately 16 times slower than
the conventional HF/AlAs (1 mm h™") pair.” To address this
limitation, Ansbak et al. demonstrated that using InAlP with
HCI provides both high selectivity and an etch rate approxi-
mately 10 times faster than InGaP."'® Furthermore, they found

This journal is © The Royal Society of Chemistry 2026


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d6nr00357e

Open Access Article. Published on 11 May 2026. Downloaded on 5/12/2026 1:06:16 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Nanoscale
a .
handle/carrier layer
sacrificial epi-layer +
layer {
M

substrate

View Article Online

Review

selective transfer & bonding
etching ‘

foreign substrate

Fig. 6 Conventional and advanced approaches for chemical lift-off. (a) Generic CLO process flow: a target film on a sacrificial layer is supported by
a handle, selectively released, and then transferred/bonded to a foreign substrate. (b) Anisotropic etching of InALP in HCl, producing suspended can-
tilevers through lateral undercutting of the sacrificial layer;**® Copyright 2013, AIP Publishing. (c) Schematic of bandgap-selective PEC ELO, where
the lower-bandgap InGaN absorbs photons and dissolves in KOH, while the GaN remains intact. (d) Wafer-scale lift-off of a micrometer-thick GaN
film using an InGaN release layer and bandgap-selective PEC;'?2 Copyright 2017, Wiley-VCH GmbH. (e) NPAs as the sacrificial layer, enabling fast
release of an a-Ga,Oz membrane;*?® Copyright 2025, American Chemical Society. (f) Strain-assisted ELO, where multiple films are released simul-
taneously together with the strained layers, greatly increasing throughput;*?° Copyright 2023, American Chemical Society. (g) Released Al,Os film

using an SAO sacrificial layer, along with a scanning transmission electron microscopy (STEM) image of the STO/SAO epitaxial structure;

Copyright 2021, Wiley-VCH GmbH.

the etch rate to be highly anisotropic, with the (100) direction
etching ten times faster than the (110) directions. This crystal-
lographic dependence makes InAlP a promising candidate for
the sacrificial release of high-aspect-ratio structures. This is
achieved by aligning the long axis of the structure with the
fast-etching direction, (100) in this case (Fig. 6b).

Although alternative sacrificial-layer/etchant pairs have
been successfully demonstrated in GaAs-based systems,
extending purely chemical ELO to GaN-based devices is intrin-
sically challenging. IlI-nitrides are chemically robust, and
nitride layers that are closely lattice-matched to GaN and suit-
able as growth templates (e.g., AIN) are only modestly more

This journal is © The Royal Society of Chemistry 2026
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reactive than GaN itself in typical alkaline solutions.""” As a
result, reported AlN-based sacrificial schemes for GaN release
exhibit limited selectivity and slow, poorly controlled lateral
undercut.'*® Nevertheless, Horng et al. reported removal yield-
rates of approximately 70% and 90% for GaN employing pat-
terned SiO, and AlN/patterned-SiO, intermediate sacrificial
layers, respectively, suggesting that proper intermediate-layer
design can partially mitigate these limitations and improve
CLO performance and template reusability."'® Still, these
results suggest that chemistry alone is often insufficient for
GaN ELO and have motivated the development of mechanism-
engineered strategies, in which additional driving forces are
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introduced to expand the usable space of sacrificial-layer/
etchant systems, as discussed below.

4.1.2. Emerging strategies for chemical lift-off. Chemical
lift-off processes are attractive when a suitable sacrificial-layer/
etchant pair exists: high selectivity enables precise control of
membrane thickness and the process is fundamentally non-
destructive, unlike substrate grinding'"' or membrane spal-
ling. However, its applicability is restricted by the requirement
for a highly selective, lattice-compatible sacrificial layer.
Furthermore, CLO processes that rely on lateral undercut are
often slow (even taking days), particularly for large-area sub-
strates, and typically depend on hazardous chemistries such as
HF.

To extend the usable space of sacrificial-layer/etchant pairs
to nitrides, photon-enhanced (photoelectrochemical, PEC)
etching has been widely adopted. In this method, illumination
with photon energies exceeding the bandgap of the sacrificial
layer generates holes that drive oxidation and subsequent dis-
solution (Fig. 6c)."*° In this scheme, InGaN is commonly
chosen as the sacrificial layer, because it is closely lattice-
matched to GaN to support high-quality epitaxial growth, and
its narrower bandgap compared to GaN creates a spectral
window where optical absorption exclusively occurs in the
InGaN layer. The PEC process can be summarized as follows:
(i) the GaN/InGaN stack is connected to the anode in a KOH
electrolyte. (ii) The sample is illuminated with photons with
their energy hv satisfying E,(InGaN) < hv < E,(GaN), so that
electron-hole pairs are generated predominantly in the InGaN
release layer. (iii) Holes drift or diffuse to the semiconductor-
electrolyte interface, where they oxidize the InGaN; the result-
ing oxides/hydroxides then dissolve in KOH. (iv) The excess
electrons flow through the external circuit to the cathode,
where they reduce water or dissolved oxygen. Several groups
have demonstrated that this bandgap-selective PEC process
enables the reliable lift-off and transfer of epitaxially grown
GaN layers onto arbitrary host substrates,""'** and can be
integrated into the fabrication of functional GaN-based
devices.’®®'** As a representative example, Youtsey et al.
demonstrated wafer-scale lift-off of a micrometer-thick GaN
film using an InGaN release layer by PEC etching in KOH
(Fig. 6d)."** They further showed that the prefabricated GaN
Schottky barrier diode characteristics are preserved after trans-
fer, with reverse-bias leakage reduced for most devices.
Because PEC does not require substantial modification of con-
ventional chemical lift-off processes—beyond the addition of
optical excitation—it represents a versatile and broadly appli-
cable strategy for enabling selective release in material systems
where purely chemical approaches are otherwise ineffective.

In addition to utilizing photon energy to enable selective
etching, exploiting conductivity differences in an electro-
chemical process provides an alternative pathway. In conduc-
tivity-selective electrochemical etching, a heavily doped n*/n*"-
GaN layer embedded in the stack serves as the sacrificial layer.
Under anodic bias in an electrolyte such as oxalic acid (often
with auxiliary UV illumination), the current concentrates in
this highly conductive layer. Similar to PEC, holes generated at
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the semiconductor-electrolyte interface drive oxidation and
dissolution of the sacrificial layer, while the adjacent semi-
insulating GaN remains largely unaffected. Zhang et al. first
systematized this behavior in n*-GaN;'*® Chang et al. adopted
the process to selectively remove an n*'-GaN layer and release
AlGaN/GaN nanomembranes for HEMT;'*® and Huang et al.
exploited the mechanism to form nanoporous/air-gap GaN
beneath LEDs, enhancing light extraction rather than achiev-
ing full lift-off."*”

In parallel, substantial efforts have been devoted to mitigat-
ing the intrinsically slow lateral undercut. For instance, to
accelerate the etching process, Li et al. engineered a novel
structure by growing a a-Ga,Oj; thin film on o-Fe,03/0-Ga,03
nanopillar arrays (NPAs)."?® Here, a-Fe,O; serves as the sacrifi-
cial layer and can be selectively removed in HCI, while the
nanopillar geometry provides open channels for etchant trans-
port, facilitating rapid dissolution and byproduct removal
(Fig. 6e). This architecture reduced the total etching process to
the scale of minutes, a significant improvement over the
several hours required by conventional planar etching. This
process provides an additional merit: as the film laterally over-
grows on top of the pillars, strain can relax laterally without
forming dislocations. Consequently, the authors found that
the edge dislocation density in the resulting film was
decreased compared to films grown directly on a planar sap-
phire substrate, leading to improved film quality. As another
approach to accelerate the release speed, Haggren et al
demonstrated a strain-engineered multilayer ELO process
based on an epitaxially grown multilayer heterostructure.'?®
They inserted an extra strained InGaAs layer between each
device/sacrificial (GaAs/AlInP) stack. Due to its larger lattice
constant, this strained layer exerts a tensile force. Once the
sacrificial layer starts to dissolve by the etchant, the internal
tensile force causes the released portion to bend upward. This
action opens a wider channel for the etchant to flow, dramati-
cally accelerating the etching process. By engineering the
tensile stress in each layer, they demonstrated the ability to
etch multiple films simultaneously, which greatly enhances
release efficiency and lowers cost (Fig. 6f). When implemented
for III-V solar cells, this advantage translated into a substan-
tial reduction in cost per watt: 55% for a three-layer strain-
engineered multilayer ELO process and 74% for a ten-layer
process relative to a reference single-junction ELO cell.

These emerging strategies represent a significant advance
in CLO processes, expanding the range of material systems
that can be accessed, enhancing the effective selectivity achiev-
able within these systems, and substantially improving process
throughput. Although CLO has long been pursued as a precise
route for single-crystal membrane production and as a means
to reduce cost through reuse of substrates (such as II-V
wafers, which are orders of magnitude more expensive than
Si), its broader adoption has been limited by challenges associ-
ated with slow release kinetics, low yield, and the need for
extensive substrate refurbishment. Recent breakthroughs that
integrate new release mechanisms, structural designs, and
stress engineering tactics offer a potential pathway toward
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overcoming these limitations, positioning CLO as a more
viable platform not only for precise thickness control in nano-
membranes but also for scalable manufacturing and cost-
effective heterogeneous integration.

4.1.3. Water-soluble sacrificial layers: oxides and fluorides.
Despite the excellent selectivity and thickness control offered
by CLO processes, their practical deployment is often con-
strained by reliance on hazardous chemicals such as HF for
removing sacrificial layers. These limitations have motivated
considerable efforts to develop alternative sacrificial-layer/
etchant pairs that enable safer and more benign release chem-
istries. To circumvent the use of strong and toxic acids tra-
ditionally required to lift off GaAs epilayers from AlAs-based
sacrificial layers, Sharma et al. engineered a water-soluble flu-
oride sacrificial heterostructure, a Ge/(Ca, Sr)F,/BaF,/(Ca,
S1,)."*° In this design, the central BaF, layer readily dissolves
in deionized water at room temperature and serves as the
actual release layer, while the surrounding (Ca, Sr)F, layers
provide lattice matching to both Ge and BaF,. This strategy
also avoids the expensive post-release CMP process typically
required for conventional lift-off, which can cost about 25% of
a pristine 6-inch GaAs substrate. The top Ge layer offers a
more favorable surface for subsequent GaAs nucleation and
growth compared with direct growth on fluoride buffers,
leading to improved epitaxial quality and enhanced perform-
ance of the resulting GaAs solar cells. At the same time, the
process retains the practical advantage of a clean, water-
soluble sacrificial layer for release. Although water-soluble
sacrificial spacers had previously been explored mainly in
complex-oxide systems as we discuss below, this study extends
the same concept to GaAs release and enables a broader use of
water-soluble sacrificial layers.

Complex oxides have recently emerged as a compelling
class of materials for CLO. Their appeal is twofold: they can
function as clean, water-soluble sacrificial layers, and they
intrinsically possess rich functionalities and intriguing new
physics. These oxides exhibit numerous phenomena such as

superconductivity,"*! colossal magnetoresistance,'** piezoelec-
tricity,">> ferroelectricity,"** multiferroicity,"*> magnetism,"*°
catalytic activity,"*” and high mobility two-dimensional elec-

tron gas (2DEG) at the interface with the insulator.’*”*4°

Although tremendous progress has been made in synthesizing
high-quality complex-oxide films, engineering sophisticated
structures to meet advanced technological demands remains
challenging. CLO, by removing the target layer from the con-
straints of its growth substrate, provides a crucial solution.
This freedom allows researchers to handle, stack, and strain
the film post-growth, enabling the construction of vertically
stacked heterostructures and superlattices that are inaccessible
by conventional epitaxy alone.

Among various oxide materials, the Sr;Al,O¢ (SAO) family
has become the most widely used platform. SAO is a water-
soluble perovskite-derived oxide with a pseudocubic lattice
parameter (~3.96 A) close to that of SrTiO; (STO), making it
epitaxially compatible with many perovskite oxides commonly
grown on STO (Fig. 6g)."*"'*> However, a practical compli-
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cation is that SAO surfaces can partially amorphize during
overgrowth, degrading the crystalline quality of the subsequent
functional layer. To address this, Salles et al. introduced Ca-
substituted Sr;_,Ca,Al,O¢ (SC,AO) as the sacrificial layer for
Lag ,STosMnO; (LSMO) membranes.'*® A brief vacuum anneal
was sufficient to recrystallize the SC,AO, sharpen the RHEED
streaks, and significantly improve the structural quality of the
overgrown LSMO. In parallel, other aluminate variants such as
(Ca,Ba);Al,06,"**'** as well as simpler binary oxides such as
BaO and SrO,'**'"” have also been developed as water-soluble
sacrificial layers. This broader choice of sacrificial oxides pro-
vides flexibility to select lattice constants that best match the
epitaxial growth requirements of the functional film of inter-
est. Beyond their benign dissolution chemistry, these complex
oxides can be deposited using a range of well-established thin-
film techniques—including pulsed laser deposition (PLD),
molecular beam epitaxy (MBE), and sputtering—further lower-
ing the barrier to integrating sacrificial layers into complex-
oxide heterostructure designs. Collectively, these advantages
have positioned complex-oxide sacrificial layers as a key
enabler for advanced studies of freestanding complex-oxide
membranes and heterostructures.

The ability to create freestanding complex-oxide mem-
branes has opened a broad range of experimental and techno-
logical opportunities. Once released from their substrates,
these films can be elastically strained, bent, or stacked in ways
that are inaccessible in substrate-clamped architectures,
enabling systematic control of polarization, electronic struc-
ture, and interfacial coupling.'****® At the same time, trans-
ferable membranes provide a straightforward route to integrate
functional oxides with conventional semiconductor and photo-
nic platforms,’*>'** so that water-soluble sacrificial oxides
serve not only as a tool for membrane exfoliation but also as a
practical bridge between complex-oxide functionalities and
existing device technologies.

4.2. Laser lift-off

Along with other lift-off techniques, laser lift-off (LLO) has
been widely explored to achieve membrane separation along a
deliberately engineered sacrificial interface. LLO is arguably
the most commercially successful lift-off technology to date. In
contrast to CLO, which relies on wet chemical reactions to dis-
solve a sacrificial layer, LLO uses laser irradiation through a
transparent substrate onto an absorbing epilayer to induce
localized decomposition or ablation at the interface. This
method offers several distinct advantages: the separation
depth is well-defined at the substrate/epilayer interface, the
method supports high-throughput, wafer-scale processing, and
it is a purely dry process that avoids chemical etchants. These
features make LLO particularly attractive for large-scale manu-
facturing of ultra-thin electronics that are incompatible with

aggressive  chemicals or prolonged high-temperature
processing.
4.2.1. Principles of laser lift-off. The primary requirement

for LLO is that the carrier substrate is transparent to the wave-
length of laser light used, whereas the separation layer strongly

Nanoscale


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d6nr00357e

Open Access Article. Published on 11 May 2026. Downloaded on 5/12/2026 1:06:16 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

[{ec

View Article Online

Review Nanoscale

absorbs the laser to decompose through localized heating. 1. Photothermal ablation: long laser pulses, on the scale of
Once these criteria are met and a laser is shone upon the nanoseconds, can lead to significant heating of the absorbent
sample of interest, there are three primary mechanisms by layer, raising the temperature up to melting or vaporization.
which film separation can occur (Fig. 7a):*>>"** While the melting contributes to the delamination of the film,
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Fig. 7 Mechanisms and strategies of laser lift-off. (a) Schematic illustration of three primary mechanisms associated with LLO. (b) Map of laser—
matter interaction regimes, showing the different breakdown mechanisms triggered as a function of the interaction between time and light inten-
sity;'>® Copyright 2022, Wiley-VCH GmbH. (c) Representative LLO outcomes across the process window, highlighting failure modes at excessive
laser fluence;*>* Copyright 2020, Elsevier. (d) Comparison of graphene-enabled LLO (GLLO) and conventional LLO, showing that GLLO provides a
wider process window over a broader fluence range;'*® Copyright 2024, Springer Nature.
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the heat-affected zone can extend hundreds of nanometers
into the device layer, potentially causing thermal damage.

2. Photomechanical spalling: when a short-wavelength laser
irradiates the substrate-film interface, the above-bandgap
ultraviolet photons are strongly absorbed and rapidly heat the
material, generating gaseous or plasma byproducts at the
interface. The resulting rapid expansion launches shock waves
that propagate through the film and mechanically spall it from
the substrate. Because crack propagation can extend beyond
the directly illuminated region, exfoliation is not strictly con-
fined to the laser spot, allowing a lower pulse density to be
used. However, the same shock waves can also induce uncon-
trolled cracks, wrinkles, and other damage in thin films.

3. Photochemical bond cleavage: high-energy picosecond
and femtosecond lasers can lead to film separation via two-
photon or multiphoton absorption/ionization (MPA/MPI),
which directly breaks chemical bonds at the interface of inter-
est. Sun et al. reported that such processes can achieve lift-off
with a lower total energy input than nanosecond lasers, while
also significantly reducing thermal damage."*®> Because of the
reduced heat load, this mechanism has been referred to as
“cold” LLO. The high cost and complexity of ultrafast lasers
have limited the widespread adoption of cold LLO methods.

These mechanisms can be organized in the parameter
space of pulse duration and laser fluence (Fig. 7b).
Nanosecond pulses fall in the photothermal/photomechanical
spalling regimes, where energy diffusion and shock waves
dominate interface decomposition. Picosecond-femtosecond
pulses access a photochemical bond cleavage regime, where
multiphoton processes drive bond breaking at lower fluence
with a much smaller heat-affected zone.

Laser fluence is a critical parameter that defines the bound-
aries between residual adhesion, successful lift-off, and violent
wrinkling and rupture of the film (Fig. 7c).">* Excessive laser
fluence leads to excess ablated material which results in the
formation of a gas bubble and the buildup of tensile strain
along the bubble perimeter. In contrast, laser fluence below
the ablation threshold results in incomplete separation,
degrading the process yield. Optimal lift-off is achieved at a
fluence just above the ablation threshold, allowing clean separ-
ation of the device film without inducing wrinkles or gas-
induced damage. As reported by Kang et al., the optimal
fluence for retaining good film quality is narrow: to lift-off a
2.9 pm Pl-on-glass film, a fluence of 111 mJ cm™? led to good
separation, whereas a 15% decrease led to under-exfoliation
and a 15% increase caused destructive separation
accompanied by wrinkling.>® These multiple LLO mecha-
nisms, along with the strong influence of pulse width and
fluence, emphasize the need for rigorous process design to
ensure uniform, scalable, and low-damage lift-off.

4.2.2. Material systems for laser lift-off. LLO is advan-
tageous for thin-film production because the released films
typically exhibit low residual stress, the process does not
require the deposition of additional materials on the film
surface, and it avoids the use of potentially hazardous chemi-
cals. The first demonstration of LLO was reported in 1997,
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when Kelly et al. showed that ablating an interface between
GaN and sapphire by the incidence of laser light from the sap-
phire side would lead to delamination of the GaN."” A year
later, in 1998, Wong et al. demonstrated the successful lift-off
and transfer of 2.5-3 pm thick 3 x 4 mm GaN flakes from sap-
phire, establishing GaN-on-sapphire as the prototypical LLO
system.'>®

Subsequent work has clarified that key requirements for suc-
cessful LLO include a suitable combination of the laser-respon-
sive layer and excitation wavelength: the carrier substrate must
be nearly transparent at the laser wavelength, while the film or
an interfacial “release” layer is strongly absorbing the laser
light. For III-N semiconductors, this design rule leads naturally
to single-crystal GaN, InGaN, or AlGaN films grown on sapphire
or amorphous layers deposited on glass, processed with deep-
UV excimer sources such as 248 nm (KrF) or 308 nm (XeCl),
where the nitride layer absorbs and decomposes while the
carrier remains essentially transparent.>”**° Another example
includes oxide thin films on transparent substrates. ZnO,
PbZr;_,Ti,O; (PLZT) and related oxide films grown on sapphire
(for crystalline layers) or deposited on glass (for polycrystalline
or amorphous layers) can be detached using similar excimer
wavelengths (~248-308 nm), again exploiting the strong
absorption in the oxide layer versus the wide bandgap of the
carrier."®* ' In Si-based stacks on glass, amorphous or poly-Si
and a-Si:H absorber layers are lifted off from glass using
248-355 nm sources, with the glass acting as the transparent
entrance window.'®>'®* Finally, a large group of systems use
polyimide or adhesive layers on glass or silicon as the laser-
responsive layer: here, commercial PI or debonding films
absorb 308-355 nm (or, in some cases, 1064 nm IR) radiation,
enabling the debonding of device layers or redistribution struc-
tures from rigid carriers without directly exposing the active
films to strong absorption.'>*'®

Overall, the applicability of LLO is defined less by a specific
material system than by the optical compatibility between the
laser and the film/substrate stack: a transparent carrier, an
absorbing and responsive separation layer, and a laser wave-
length and fluence chosen to localize energy deposition at the
desired interface. In practice, this requirement imposes an
intrinsic constraint that the carrier substrate must possess a
wider bandgap than the epilayer to ensure optical transpar-
ency. In addition, despite its scalability, LLO can introduce
localized thermal or photochemical damage to the released
film and the remaining substrate. Despite these constraints,
LLO has shown many applications for decoupling thin films
from transparent carriers across packaging, display, energy,
and sensing platforms.'>16-17°

4.2.3. Emerging strategies for laser lift-off. Although LLO
has been demonstrated on a wide range of material systems,
several practical constraints limit its broader adoption. The
light-absorbing (inter)layer must be compatible with the trans-
parent substrate and epitaxial growth, and minimizing the
degradation of films during LLO is challenging. As a result,
thicker sacrificial layers are often employed to maintain the
intactness of device layers.
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An effective strategy to mitigate chemical and mechanical
damage during release is to introduce an intermediate layer
that either (i) enhances optical absorption to lower the laser
threshold or (ii) improves thermal transport to reduce peak
temperature. As an example, Long et al. showed that inserting
a carbon-nanotube (CNT) layer between GaN and sapphire can
reduce the LLO energy threshold."”* Because CNTs strongly
absorb the incident laser light, the temperature elevates more
efficiently within the CNTs and conducts heat to the surround-
ing GaN, accelerating the local decomposition of GaN. Raman
and photoluminescence measurements further indicated
reduced residual stress in the GaN after CNT-assisted LLO due
to reduced mechanical damage. Extending the same idea to
atomically thin absorbers, Kang et al. incorporated a mono-
layer graphene interlayer.””® With graphene placed at the
glass-PI interface, the laser energy is preferentially absorbed
in the graphene, while its high in-plane thermal conductivity
spreads heat laterally and suppresses localized overheating,
thereby enabling successful lift-off over a broader laser fluence
window (Fig. 7d). Moreover, graphene’s weak out-of-plane
adhesion helps redistribute interfacial stresses, which reduces
wrinkling and damage in the PI film. As a result, the graphene
interlayer not only lowers the effective release threshold but
also enables cleaner PI detachment with fewer residues and
less film damage.

An alternative route to better control exfoliation is utilizing
a low-fluence multiscanning technique, which was first
employed by Bian et al. Instead of relying on a single laser
pulse above the ablation threshold, this method employs mul-
tiple scanning laser passes at sub-threshold fluence. Each scan
incrementally decomposes the sacrificial layer, generating less
thermal damage and fewer shock waves, thus avoiding cracks
and surface roughening. This significantly widens the effective
process window, reduces overall thermal loading, and yields
smoother surfaces, making it especially suited to thin mem-
branes.'”> These innovations in interlayer engineering and
laser application have substantially improved the controllabil-
ity of LLO while reducing process-induced damage.

In summary, CLO and LLO techniques represent powerful
and increasingly mature pathways for diverse material systems
and device applications, as they offer deterministic thickness
control, selectivity, and compatibility with wafer-scale proces-
sing. As a result, both approaches have progressed beyond lab-
oratory demonstrations and have been implemented in indus-
try for application-specific manufacturing. CLO is most estab-
lished in high-efficiency, lightweight, thin-film solar cells such
as MicroLink Devices’ GaAs-based cells for unmanned aerial
vehicles (UAVs), space solar cells, and concentrated
photovoltaics.”*'”* CLO is also a prominent technique for III-
V substrate reuse.’”>'”® LLO, on the other hand, is widely used
for flexible and foldable OLED and pLED display
panels'®®'”77'7% and shows good promise for use in thin-film
electronics such as photovoltaics and sensors'>*169170,180-184
due to its process simplicity and high throughput. Recent
innovations ranging from epitaxial and structural engineering
to lift-off strategies have significantly expanded the precision,
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throughput, and materials choices. Despite these advances,
however, both chemical and LLO fundamentally rely on
specific material requirements, such as the availability of selec-
tively etchable sacrificial layers or optically transparent sub-
strates with compatible absorption layers. As a result, these
techniques are not universally applicable but instead operate
complementarily with mechanical lift-off, with the optimal
release strategy determined by material choice, structural
design, and manufacturing context. By leveraging the comp-
lementary strengths of mechanical lift-off, CLO, and LLO, and
strategically selecting or combining these approaches accord-
ing to the material system and application requirements,
along with the emerging technologies described above (Fig. 8),
a broader and previously inaccessible design space for thin-
film integration can be accessed, as discussed in the following
section.

5. Applications

The development of controllable exfoliation and lift-off tech-
niques has enabled the fabrication of freestanding membranes
that can be released from their native substrates and trans-
ferred onto arbitrary platforms (Table 1). These transferable
membranes combine high crystalline quality with mechanical
flexibility, opening new design spaces for next-generation elec-
tronic, photonic, and energy devices. By decoupling the growth
and functional substrates, freestanding membranes not only
preserve intrinsic material properties but also introduce oppor-
tunities for structural reconfiguration, functional stacking, and
large-area integration that are difficult to realize in convention-
al substrate-bound systems. Furthermore, recent advances in
mechanical, chemical, and LLO techniques have introduced
unprecedented control over membrane thickness, uniformity,
strain state, and quality that were previously inaccessible. In
this section, we highlight how these lift-off approaches have
enabled new application spaces across five broad categories: (i)
flexible device platforms, (ii) improved manufacturing
economy through wafer recycling and enhanced throughput,
(iii) 3D heterogeneous integration architectures, (iv) record-
breaking device performances via new operating regimes in
electronic and photonic devices, and (v) the exploration of
emergent phenomena arising from freestanding membranes
and their heterostructures. These examples illustrate how
advances in lift-off science are directly translating into new
device concepts and system-level functionalities.

5.1. Flexible, compliant, and wearable devices

In the ultrathin membrane form, even traditionally rigid thin
films can become extremely flexible and mechanically compli-
ant. The growing demand for wearable and flexible electronics
has therefore driven the development of ultrathin, bendable,
and stretchable devices capable of conforming to complex sur-
faces such as the human body. These devices span a wide
range of materials, including silicon, III-V materials, and
complex oxides, and have applications in health monitoring,
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Fig. 8 Radar-chart comparison of representative lift-off and exfoliation strategies in terms of key practical metrics, namely accuracy (A), throughput
(T), universality (U), process simplicity (S), and substrate reuse (R). This qualitative overview highlights the distinct strengths and trade-offs of each
strategy, illustrating how recent innovations in interface design and release engineering are expanding the performance space of membrane fabrica-
tion technologies toward higher precision and greater substrate reusability, while preserving throughput and process simplicity.

flexible displays, energy harvesting, and integrated sensors. A
key challenge is realizing high-performance electronic com-
ponents that are not only integrated on mechanically flexible
substrates but are made ultrathin without degrading their elec-
trical or optical properties. In this domain, controllable lift-off
techniques provide an effective approach to address such
challenges.

The initial breakthrough in flexible high-performance elec-
tronics was achieved by stress-controlled mechanical spalling
directly to fully fabricated wafers. This “post-fabrication”
approach relies on the deposition of a high-stressor layer to
induce a fracture parallel to the surface at a depth governed by
fracture mechanics. A key validation of this technique is that
the resulting mechanical fracture does not compromise the
structural or electrical integrity of the nanoscale active devices.
For instance, Zhai et al. demonstrated that integrated circuits
(ICs) fabricated on bulk Si substrates could be exfoliated into
thin membranes with thicknesses precisely controlled at tens
of micrometers, while the transport characteristics of the
resulting MOSFET remained unchanged.'® Building on this
promise, Shahrjerdi et al. established a robust approach for

This journal is © The Royal Society of Chemistry 2026

fabricating flexible ultrathin Si CMOS circuits by electroplating
a thick nickel stressor (10-100 pm) onto a prefabricated ultra-
thin body silicon on insulator (UTB-SOI) wafer, which demon-
strated full compatibility with standard BEOL thermal budgets
and successfully produced the top 10-15 pm of the substrate
containing the active devices (Fig. 9a).'®® Furthermore, after
repeated bending up to 200 cycles, no noticeable change was
observed in device metrics (e.g., Vi, and Gy,), highlighting the
robustness of the spalled membrane. However, in the mechan-
ical exfoliation method, the exfoliated thickness typically falls
within the bulk regime and the fracture surface typically exhi-
bits roughness reaching hundreds of nanometers, which thus
requires subsequent CMP or wet etching to achieve the sub-
micron thicknesses and ultra-flat surface needed for extreme
flexibility. Furthermore, excessive residual stress and uneven
thickness in the spalled layer remains another problem. As
reported by Park et al, the thicker device layers experienced
more pronounced performance degradation, including
threshold voltage shifts, mobility reduction, and gain vari-
ation, with differing impacts on n- and p-MOSFET, highlight-
ing the need for precise process control in this approach.'”
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Table 1 Comparison of representative film exfoliation methods and the resulting film characteristics
Exfoliation technique Material system Membrane thickness (pm) Demonstration scale Ref.
Conventional mechanical spalling Si 20-70 150 x 150 mm” 16
2-15 N/A 17
5-38 1 inch 18
Ga(In)As 4 4 inch 19
Ge 10-60 4 inch
0.32-75.6 20 x 20 mm* 20
4H-SiC 10-50 29 x 29 mm? 30
Mismatch-assisted exfoliation GaN 2800 2 inch 47
InP/InGaAs 3.3-28 15 x 15 mm* 49
p-Ga,0, ~3.8 1x1cm? 51
Pattern-assisted exfoliation GaAs 5-10 ~4 cm? 52
Porous-interlayer-assisted exfoliation Si 10-24.5 10 x 10 cm?® 56
0.72 3 x 3 cm? 57
GaN ~3.4 2 inch 60
~0.45-1.85 2 inch 61
InP N/A 1x1cm? 63
2 2 cm? 64
Pb-mediated interface weakening Perovskite 0.01-0.2 1x1cm? 66
2D materials-assisted exfoliation Perovskite 0.01 N/A 72
0.14 4 cm? 83
ZnO ~7.5% N/A 73
GaN ~2.5 N/A 67
~2 N/A 74
~2 N/A 76
~11° 5 x 5 mm?> 77
N/A 1x1cm? 78
~1.2 N/A 79
~2 2 inch 80
~1.3 ~5 x 5 mm” 82
~3.4 5 x 5 mm® 84
1.9 4 inch 85
~0.9 6 inch 86
~0.9 4x3cm* 92
0.5 2 inch 93
GaAs 3 2 inch
1 2 inch 15
Leveraging peeling angle Diamond 0.2-1 2 inch 98
Acoustic spalling GaAs ~7.8 2 inch 101
SiC ~68.1 2 inch 102
GaN ~22.3 2 inch
GaAs ~6.5 2 inch 103
Chemical lift-off GaAs 1-3 2 inch 113
~4.15 N/A 114
~0.5 N/A 115
GaN ~6.8 2 inch 118
~5.3 2 inch 119
~5 4 inch 122
~5 Quarter of 2-inch 123
~14.74 2 inch 124
AlGaN ~0.3 0.5 x 0.5 cm® 126
a-Ga,0; ~3 N/A 128
GaAs ~3 2 inch 129
Water-based lift-off GaAs ~3.76 N/A 130
Perovskite 0.06 5x 5 mm® 143
0.02 Millimeter-scale 144
0.06 5 x 5 mm?® 145
0.011-0.422 0.5 x 0.5 mm* 146
0.2 4 x 10 mm”® 147
Laser lift-off GaN 2.5-3 3 x 4 mm?> 158
5 2 inch 159
ZnO 2.6 Millimeter-scale 160
Perovskite 2 3.5 x 3.5 cm? 161
2 N/A 162
GaAs 2.25 2 x 3.4 mm”? 163
1ZO0 ~4 N/A 164
GaN 6 2 x2cm? 171

“Nanorod structure.
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Fig. 9 Flexible devices (top panel) and scalable, low-cost manufacturing (bottom panel) enabled by membrane transfer and substrate reuse. (a)
Schematic and photograph of a 100 mm UTB-SOI circuit transferred to a flexible substrate enabled by the controlled spalling;'®® Copyright 2013,
American Chemical Society. (b) Schematic and SEM images of as-fabricated MESFET devices enabled by a multi-stack ELO approach;*®” Copyright
2010, Springer Nature. (c) Photographs of electroluminescence (EL) from an LED under bending, an LED array deformed into different shapes, and
LED-adhered LEGO® minifigures in different postures;*®® Copyright 2020, American Association for the Advancement of Science. (d1) Transferred
2-inch AlGaAs LED on a Si wafer and the corresponding optical image of light emission. (d2) J-V and EQE characteristics of GaAs single-junction
solar cells grown and fabricated on new (green) and reused (blue) substrates;'*® Copyright 2013, Springer Nature. (e) Schematic of the GBL substrate
and a photograph of the three-times-reused GBL substrate with exfoliated GaN epilayers;®®> Copyright 2021, American Chemical Society. (f)
Schematic of successive membrane production by remote epitaxy, 2DLT and wafer recycling and the as-obtained crystalline membranes and reused
substrates;®® Copyright 2023, Springer Nature.

Alternatively, the advanced membrane exfoliation tech-
niques with a predefined weak boundary, whether chemically
sacrificial or mechanically distinct, offer hope for fabricating
flexible devices with superior precision and throughput. For
instance, utilizing the ELO approach, Yoon et al. fabricated
seven-layer GaAs MESFET stacks in a single MOCVD run,

This journal is © The Royal Society of Chemistry 2026

which were subsequently released via HF etching of an AlAs
sacrificial layer, and transferred the layers onto PI-coated glass
(Fig. 9b). The as-obtained devices maintained a high on/off
ratio (>10°) and multi-GHz operation (fy ~ 2 GHZ, foax ~ 6
GHz), demonstrating the viability of batch fabrication for high-
performance flexible electronics.'®” Extending this precision to
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wide-bandgap materials, Zhang et al. utilized GaN-on-insulator
structures to define the release interface for flexible AlGaN/
GaN HEMT. The as-transferred GaN-based HEMT responded
differently to the applied tensile and compressive stress.
Moreover, this strain response remained nearly unchanged
after up to 50 bending cycles, supporting potential appli-
cations as thin-film, high-density strain sensors."®®

In addition to these conventional lift-off techniques for III-
V and nitride-based electronics, emerging 2DLT methods have
also gained attention as a promising route for various appli-
cations. For instance, Jeong et al. achieved GaN-based LED
array transfer to a flexible substrate based on the 2DLT strat-
egy.'®® After transfer, the obtained 5 x 5 mm?” panel still
showed bright cyan/blue emission while it was able to with-
stand crumpling, twisting, and bending at up to 10 mm radius
at over 1000 fatigue cycles with minimal degradation in turn-
on voltage or peak electro-luminous intensity (Fig. 9¢). In
addition, the use of a graphene interlayer enabled clean separ-
ation and substrate reuse, further improving process sustain-
ability. Beyond LEDs, the 2DLT strategy has been extensively
extended to a variety of flexible and wearable electronics,
including HEMT, UV photodetectors, solar cells, photocata-
lysts, and resistive random-access memory (ReRAM)
arrays.”*'%°'%> These devices maintain their high-quality
single-crystalline performance even after being decoupled
from rigid growth substrates, demonstrating the great poten-
tial of 2DLT for multi-functional flexible platforms.

These studies demonstrate that controllable exfoliation
offers a universal route to realize high-performance and
mechanically compliant electronic and optoelectronic systems.
By decoupling the growth and functional substrates, this tech-
nique preserves intrinsic material quality while imparting flexi-
bility, enabling applications ranging from stretchable inte-
grated circuits to bendable optoelectronics devices.

5.2. Sustainable, cost-effective, and high-volume
manufacturing

Beyond flexible electronics and heterogeneous integration, lift-
off techniques offer a route toward economical, sustainable,
and high-throughput manufacturing by enabling the reuse of
donor substrates. By reducing the consumption of wafers, sub-
strate reuse directly lowers material costs and improves the
overall sustainability. Importantly, repeated layer-release and
reuse of donor substrates can substantially increase effective
wafer and device throughput, enabling higher-volume pro-
duction. Below we introduce how different lift-off strategies
facilitate donor substrate recycling and improve throughput
for cost-effective and sustainable manufacturing.

One pathway lies in stress-controlled bulk mechanical spal-
ling, which has been utilized across photoelectrochemical,
photovoltaic, and light-emitting applications. Lee et al. showed
that spalled Si and GaAs membranes could serve as efficient
photocathodes, allowing donor-wafer reuse with minimal
material loss.'®® Their spalled Si films decorated with Pt nano-
particles exhibited a hydrogen evolution reaction onset poten-
tial of 332 mV and a photocurrent density of —20.1 mA cm™? at
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0 V, outperforming thin Si films prepared by conventional wet
etching. Similarly, spalled GaAs films achieved performance
comparable to 350 pm bulk GaAs controls. Similarly, Lee et al.
fabricated spalled thin-Si photoelectrodes for PEC water split-
ting, intentionally texturing the Si (111) surface by KOH
etching to enhance light trapping.'®” Incorporating a nickel
oxide catalyst and a rear pn' junction, the devices achieved a
photocurrent density of 23.43 mA cm™2, demonstrating that
spalled films can support high-efficiency PEC architectures.

This approach also shows potential in addressing cost and
flexibility challenges in high-efficiency III-V solar cells, where
expensive single-crystal substrates limit widespread adoption.
For example, Shahrjerdi et al. fabricated flexible InGaP/(In)
GaAs tandem solar cells on plastic substrates using controlled
spalling for layer transfer.'”® The flexible tandems achieved
>28% efficiency, a specific power >1995 W kg™', and stable
operation under bending (up to 1000 cycles at a 10 mm
radius). Device performance matched that of a chemically de-
substrated control device, indicating that the spalling/transfer
step maintained the layer quality. The substrate reuse enabled
by controlled mechanical spalling has also been applied to
LEDs. Bedell et al. spalled an InGaN/GaN MQWs structure
from a sapphire wafer using a Ni stressor layer, removing
~3 pm of the LED stack with the fracture occurring in the
n-GaN layer.'® The process provided immediate access to the
n-contact, preserved the MQWSs’ integrity, and allowed reuse of
the sapphire substrate and buffer. Electroluminescence
measurements confirmed that device operation was not com-
promised by spalling.

However, a fundamental trade-off exists in mechanical bulk
spalling-enabled substrate reuse; i.e., the fracture surface typi-
cally exhibits roughness, necessitating CMP or wet etching to
restore the epi-ready condition. This additional processing
step not only increases cost but also gradually consumes the
finite thickness of the donor wafer, limiting the number of
reuse cycles. In the case of III-V solar cells for example,
Horowitz et al. note that the Ge substrate used for triple-junc-
tion cells and the GaAs substrate with CMP for single-junction
and dual-junction cells makes up the largest fraction of costs,
of the order of 40-55% of the total manufacturing cost.>*°
They show that reducing or eliminating the polishing costs for
wafer reuse combined with a modest increase in the number
of reuses would make substrate reuse much more cost-
effective. Recently, Mangum et al reported that epitaxial
regrowth is possible directly on spalled surfaces without
CMP.** By growing InGaAs single-junction solar cells on
spalled Ge substrates, they were able to study the relationship
between the various morphological defects and the efficiency
of the devices grown on these regions. They showed that
regions with no spalling defects had an efficiency of 23.4%,
which is within 2% relative to the same cells grown on pristine
epi-ready Ge substrates. This indicates the difficulty of achiev-
ing uniform wafer-scale yield solely through bulk fracture
control, as three different types of defect were observed which
could reduce efficiency. To bypass the need for surface refin-
ishing and achieve theoretically infinite reuse, advanced exfo-
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liation techniques with a precisely defined separation interface
have been applied to achieving damage-free separation and
substrate reuse. Cheng et al. replaced the conventional AlAs-
based sacrificial layer and HF-based etchant with phosphide-
based materials and HCI for a III-V materials ELO process.'*?
This attempt minimized the post-etching residues and main-
tained the atomic smoothness, which enabled the direct reuse
of GaAs substrates for high-performance devices without the
safety hazards and surface degradation associated with tra-
ditional methods (Fig. 9d).

Unlike bulk spalling which relies on crack propagation
through the crystal lattice, or CLO which is limited by specific
etch selectivity, the 2DLT strategy exploits the intrinsically
weak van der Waals layer to define the separation plane, which
offers two distinct advantages. First, it guarantees an atomic-
ally precise exfoliation interface, thereby eliminating surface
roughness and the need for post-process polishing. Second, its
universal applicability allows it to be implemented across
diverse material systems, from elemental semiconductors to
complex wide-bandgap oxides, where traditional sacrificial
layers may be unavailable. As an example, Qiao et al. chose the
GBL on SiC as the growth and exfoliation platform for wide
bandgap semiconductors, such as GaN and ZnO.*® Unlike epi-
taxial graphene which interacts weakly with the substrate, the
GBL is covalently bonded to the SiC, making it robust enough
to withstand high-temperature growth while presenting a
quasi-2D surface for release. Based on this platform, they
achieved a GaN remote epilayer with record crystalline quality,
high-yield membrane release (Fig. 9¢). The 2DLT technique
also offers a chance to support batch manufacturing and sub-
strate reuse at the same time. Kim e¢ al. developed a technique
to grow multiple alternating layers of 2D materials and III-V or
III-N epilayers in a single growth run.”® Each epilayer in this
multi-stack structure can be harvested via layer-by-layer exfolia-
tion. The atomic-precision release interface enabled three
cycles of wafer reuse without intermediate polishing steps and
with nearly no degradation. This offers a pathway to dramati-
cally reduce the cost of non-silicon technologies (Fig. 9f).

These studies highlight controllable exfoliation as a versa-
tile platform for sustainability. By evolving from bulk fracture
to exfoliation guided by well-defined interfaces, the field is
moving toward a “growth-transfer-reuse” cycle that eliminates
material waste and refinishing costs, making high-perform-
ance inorganic devices economically viable for large-scale
deployment.

5.3. 3D and heterogeneous integration

As electronic and photonic systems continue to evolve toward
higher levels of performance and functionality, integration
technologies have become more important for device inno-
vation. Beyond simple planar scaling, 3D integration and
heterogeneous integration offer effective routes to increase per-
formance and introduce new functionalities.>** Membrane
exfoliation provides the foundation to meet those require-
ments, initially through stress-controlled bulk mechanical
spalling strategies. For example, exfoliation of thin Si mem-
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branes offers a rapid and cost-effective alternative to conven-
tional wafer thinning methods for 3D integration. This
approach is a critical enabler for vertical IC stacking, which
addresses the growing demand for higher transistor densities.
By stacking layers in this manner, interconnect paths are sig-
nificantly shortened, reducing signal delays and power con-
sumption, while simultaneously allowing the integration of
diverse components, such as logic, memory, and sensors, into
a single compact system.'”” Extending this strategy to photonic
platforms, Thureja et al. demonstrated that single-crystalline
barium titanate (BTO) films could be mechanically spalled
using a Ni stressor. The resulting films exhibited electro-optic
coefficients approaching those of bulk crystals, while the Ni
stressor simultaneously served as a reflective contact, simplify-
ing the subsequent high-speed modulator processing.>’*

While stress-controlled mechanical spalling is effective for
homojunctions or robust bulk materials, it lacks the material
selectivity and atomically smooth cleavage surfaces required
for integrating dissimilar material systems with fragile inter-
faces. To address these limitations, advanced exfoliation tech-
niques have been adopted to enable the damage-free assembly
of complex heterogeneous architectures. A notable example is
integrating exfoliated III-V layers, such as GaAs and InGaAs,
onto Si substrates to combine high electron mobility with
CMOS-compatible platforms. Geum et al. demonstrated high-
performance GaAs HEMT transferred onto Si, achieving a sub-
threshold swing (SS) of 83 mV dec™' by employing pre-pat-
terned mesas and HF-assisted lift-off, which greatly improved
process efficiency, reducing the release time from over
30 hours to less than 20 minutes (Fig. 10a).>* To further
enhance scalability, Lee et al. realized the wafer-scale fabrica-
tion of InGaAs HEMT by growing device structures on large-
area Si donor wafers and subsequently transferring them to
target substrates via an ELO process.>** The resulting devices
exhibited electron mobilities 1.3 times higher than standard Si
MOSFET due to the elimination of defective buffer layers.
Beyond enhancing single-device performance, this precision
enables the construction of multifunctional vertically stacked
architectures. Geum et al. demonstrated a vertically stacked
photodetector system, integrating a visible-light GaAs detector
atop a near-IR InGaAs detector.>®® This precisely aligned,
three-terminal structure allowed the simultaneous and inde-
pendent detection of multiple wavelengths, illustrating the
potential of exfoliation-based integration for compact, multi-
functional optoelectronic systems. Pursuing higher integration
density for advanced displays, Shin et al. utilized the 2DLT
technique to realize vertically stacked full-color pLEDs, where
ultrathin RGB membranes are epitaxially grown, released, and
reassembled into compact multilayer architectures with the
assistance of 2D materials. The resulting devices exhibit record
pixel densities over 5000 PPI and ultrathin overall thickness,
thereby providing a scalable pathway toward high-resolution
AR/VR displays and three-dimensional optoelectronic inte-
gration (Fig. 10b).>%

These cases exhibit the potential of controllable exfoliation
to unify diverse materials and device functionalities, paving
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Fig. 10 Heterogeneous integration (top panel), device performance enhancement (middle panel), and emergent phenomena in thin crystalline film
(bottom panel) enabled by membrane transfer. (a) Cross-sectional TEM of GaAs-Ol on Si showing the GaAs HEMT stack, J-V of GaAs solar cells on
Si vs. GaAs (control) (inset: top-view SEM), and IC-VCE (dark/photo) of an InGaP/GaAs heterojunction phototransistor (HPT) on Si;2°® Copyright
2016, Springer Nature. (b) Optical micrographs and a cross-sectional SEM image of vertical pLED pixels;2°> Copyright 2023, Springer Nature. (c)
Photograph of an ELO-LED transferred to a Cu substrate and the corresponding peak emission wavelength at an injection current of 350 mA;2°¢
Copyright 2015, Optica Publishing Group. (d) Thermal performance of AlGaN/GaN HEMT with vdW bonding and polymer adhesive layers;”®
Copyright 2020, American Chemical Society. () Comparison of the bulk photovoltaic effect between strained and freestanding BFO films along the
x (left) and y (right) axis;*>° Copyright 2025, Wiley-VCH GmbH. (f) Pyroelectric current density of the device with a thickness ranging from 10 nm to
200 nm compared with the laser modulation frequency ranging from 100 Hz to 760 Hz;%® Copyright 2025, Springer Nature.

the way for compact, multifunctional electronic and photonic
systems. However, such membrane-based 3D and hetero-
geneous integration faces several outstanding challenges.
Thermal and stress management becomes increasingly critical
as membrane-based device layers are stacked up, and full com-
patibility with CMOS BEOL processes has not been resolved to
date. Addressing these challenges will require integrated solu-

Nanoscale

tions involving the co-design of materials, interfaces, and
processes.
5.4. Device performance enhancement

Exfoliation and transfer techniques serve as powerful tools for
enhancing device performance by transferring fully processed
optoelectronic and electronic devices onto optimized sub-
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strates. By decoupling the device layer from its native growth
substrate, these methods enable improvements in thermal
management, optical efficiency, and mechanical flexibility,
while also allowing for novel device architectures, all enabled
by integrating the exfoliated device layers onto adequate
foreign platforms. However, when fully processed devices are
released, precise control of the resulting interfaces becomes a
critical consideration. The stochastic nature of fracture can
introduce surface roughness or subsurface damage, which, if
not properly managed, may lead to interfacial voids during
subsequent bonding and degrade thermal, optical, or mechan-
ical properties. These challenges underscore the importance of
controlled exfoliation to fully realize the performance benefits
of exfoliation-based device transfer.

Various advanced exfoliation techniques have been explored
to circumvent these issues and enable precise controllability in
interface separation. Wu et al. employed the ELO method to
transfer vertical AlGaInP LEDs from GaAs onto high-thermal-
conductivity Cu substrates (Fig. 10c).>°® Thermal simulations
guided the design of a patterned Cu receiver that confined
mechanical stress during release, producing crack-free LEDs
with thermal and optical performance comparable to non-
released reference devices. A similar process has been applied
in high-efficiency thin-film III-V solar cells. Bauhuis et al
demonstrated a record 26.1% single-junction GaAs cell by
combining lift-off with optimized low-temperature front con-
tacts and a backside metal mirror for photon recycling.>*’
Trying to solve the lattice-mismatch at the sacrificial interface
induced dislocation generation in III-V materials, Chancerel
et al. developed a strained AlAs/InAlAs superlattice sacrificial
layer to lift off InGaAs solar cells from InP substrates, enabling
high-quality membrane release while suppressing defect
propagation.”®®

While chemical interface engineering has proved highly
effective, it remains constrained by the stringent requirement
for lattice-matched sacrificial layers and the complexity of wet
etching processes. The 2DLT technique offers a new insight to
overcome these crystallographic constraints and introduce
novel physical functionalities. Addressing thermal limitations
in high-power electronics without relying on chemical etch-
ants, Motala et al. demonstrated the deterministic exfoliation
of fully processed GaN HEMT onto various substrates using a
monolayer h-BN as a weak interface (Fig. 10d).”® This approach
preserved device integrity, minimized strain-induced damage,
and allowed direct bonding to high-thermal-conductivity sub-
strates such as SiC or diamond. Burzynski et al further
enhanced flexibility and thermal performance by incorporat-
ing graphene nanoplatelets into PDMS, which reduced device
self-heating during operation and preserved device perform-
ance (no observed reduction in the saturation current) after
100 bending cycles.**’

These examples illustrate that transfer-based techniques
offer reliable pathways to enhance thermal, optical, and
mechanical performance across LEDs, solar cells, and HEMT,
while enabling integration onto diverse substrates and sup-
porting advanced device designs.

This journal is © The Royal Society of Chemistry 2026
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5.5. Emergent phenomena and new functionality

While the previous section discussed how transfer techniques
optimize device performance through structure lift-off and
transfer, such as superior heat sinking or optical management,
this section focuses on a more fundamental aspect: the emer-
gence of novel physical properties when materials transition
from substrate-clamped bulk forms to freestanding mem-
branes. The ability to produce freestanding thin films nano-
membranes via lift-off techniques has opened avenues for
exploring and exploiting novel physical phenomena arising
from their new form factors. By freeing the material from its
rigid support, intrinsic properties can be revealed or tuned,
while the ultrathin nature of these films allows additional
control through flexing, straining, or integration onto uncon-
ventional platforms. As a result, freestanding nanomembranes
and their heterostructures provide a unique platform for acces-
sing emergent properties that can be systematically engineered
and harnessed.

Initially, stress-controlled mechanical bulk spalling was uti-
lized to leverage the morphological features of the fracture
surface for energy applications. Lee et al. demonstrated wafer-
scale, 20 pm GaAs membranes as photocathodes for hydrogen
production.'®® After minor surface treatment and Pt nano-
particle deposition, these membranes achieved a hydrogen
evolution reaction onset potential of —136 mV (vs. RHE) and a
saturation photocurrent density of 22.4 mA cm™2, comparable
to bulk GaAs controls. The spalling-induced sawtooth {110}
facet structure further increased light absorption by ~3%,
illustrating that mechanical exfoliation can intrinsically
enhance photonic and catalytic performance. Similar strat-
egies were applied to silicon thin films with additional surface
texturing,'®” highlighting the versatility of thin-film transfer
for energy applications.

However, while the surface roughness inherent to bulk spal-
ling benefits light trapping, it poses a significant obstacle for
applications requiring high structural integrity and pristine
interfaces. To access the intrinsic physics of the crystal lattice,
such as ferroelectric relaxation or elastic strain limits,
advanced exfoliation techniques are more favored due to their
ability in producing atomically smooth, defect-free mem-
branes. Utilizing this precision, researchers have unlocked
material properties previously inaccessible in clamped films.
For example, Lin et al. employed a water-soluble complex oxide
sacrificial layer (Srz;Al,06) to exfoliate BiFeO; (BFO) mem-
branes.'®® Once released, the films underwent structural relax-
ation, inducing larger non-central ion displacements and
enhancing the bulk photovoltaic effect (BPVE) by approxi-
mately 200% compared to the original strained film (Fig. 10e).
Beyond fundamental physics, this approach also enables prac-
tical heterogeneous integration. Takahashi et al. used BaO as a
water-soluble sacrificial layer to release single-crystal BTO
membranes, which were then transferred onto flexible PET
substrates to create functional piezoelectric energy harvest-
ers."”” Pushing the boundaries of oxide exfoliation further,
Zhang et al. achieved high-yield production of large-scale
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membranes with thicknesses down to 10 nm based on a
release-layer-free atomic lift-off technique.®® In this ultrathin,
freestanding regime, the removal of substrate clamping
unlocked a pronounced dimensionality effect, resulting in a
record-high pyroelectric coefficient of 1.76 x 107> C m™ K™,
which was nearly two orders of magnitude higher than conven-
tional thin films (Fig. 10f). This breakthrough paves the way
for cooling-free far-infrared (FIR) imaging systems capable of
covering the full spectrum, outperforming state-of-the-art
cooled HgCdTe detectors. Furthermore, the pristine surface
quality of interface-defined membranes provides a route to
extreme strain engineering. Jing et al. applied 1.2% tensile
strain to ultrathin (1 pm) diamond membranes, reducing the
bandgap from 5.31 eV to 5.06 eV and thereby enhancing UV
responsivity. They further noted that, within a 2% strain
window, the membrane can withstand >10 000 bending cycles
without introducing cracks or surface damage.>°

These examples demonstrate that freestanding thin films,
enabled by lift-off techniques, unlock an unprecedented
degree of freedom in mixing and matching materials, enabling
electrical, mechanical, thermal, optical, and interfacial pro-
perties not attainable on growth substrates. At the same time,
the current literature suggests that the transferred crystalline
membrane can already retain promising mechanical robust-
ness and stable electrical performance under moderate
repeated deformation, with several studies reporting minimal
degradation in key device metrics after bending. Some reports
have also shown compatibility with practical processing con-
straints, such as BEOL thermal budgets, and have explored
substrate or packaging designs to mitigate self-heating during
operation. However, realizing these advantages at the system
level requires continued advances. For freestanding mem-
branes to serve as reliable platforms for fundamental scientific
studies demands rigorous control over thickness uniformity,
crystallinity, strain state, and defect properties, to ensure
reproducibility and unambiguous interpretation of emergent
physical phenomena. At the same time, advancing proof-of-
concept membrane devices from lab to fab requires such rigor-
ous control, and in addition, process compatibility, yield, and
integration with existing workflows. Moreover, systematic
studies of long-term reliability under extended electrical,
thermal, and mechanical loading remain limited, and thus
future study should move beyond proof-of-concept cycling
tests toward standardized evaluations of bias stress, thermal
aging, and coupled thermo-mechanical fatigue. Addressing
these challenges through innovations in material growth, lift-
off, and integration processes will be essential for the broader
adoption of freestanding membrane concepts into device
technologies.

6. Conclusion and outlook

Freestanding single-crystal membranes are fundamentally
different from epitaxial thin films bound to their growth sub-
strates in how they can be manipulated, tuned, stacked, and
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integrated. Lift-off techniques, when combined with epitaxial
growth strategies, provide a route to decouple high-quality
single-crystal films from their growth substrates and convert
them into freestanding films and nanomembranes without
sacrificing crystalline integrity. This capability substantially
expands the accessible design space for heterostructures, inter-
faces, and device platforms. It has already led to recent dem-
onstrations of emergent physical phenomena and unconven-
tional device architectures that cannot be realized by conven-
tional heterogeneous integration approaches alone. These
advances position lift-off technologies not simply as alternative
fabrication routes, but as a uniquely powerful tool for rethink-
ing how crystalline materials are assembled, combined, and
functionally exploited.

In this review, we discussed theoretical foundations, practi-
cal implementations, and recent innovations of lift-off tech-
niques for producing freestanding crystalline membranes, as
well as the emerging application spaces enabled by lift-off
techniques, with a particular emphasis on mechanical lift-off.
Mechanical exfoliation is intrinsically universal, as it does not
rely on material-specific chemistry or optical absorption;
however, its broader adoption was historically limited by poor
control over crack initiation and propagation, which are critical
for controlling membrane thickness and uniformity. Recent
innovations in interface engineering, stressor design, crack
initiation and manipulation schemes, and hybrid approaches
that combine multiple physical effects, now allow exfoliation
to be guided with far greater precision. These developments
enable uniform membrane release with atomically precise
thickness control, broader controllability of membrane thick-
nesses down to the nanometer scale, improved scalability, and
access to material systems that were previously difficult or
impractical to exfoliate, significantly expanding the scope and
reliability of mechanical lift-off as a membrane-fabrication
strategy. For a balanced perspective, we also introduced other
lift-off techniques and their recent innovations, and discussed
application spaces enabled by these complementary
approaches.

Although a wide range of novel heterostructures have been
enabled by lift-off techniques at the laboratory scale, fully com-
mercialized devices that directly leverage these approaches
remain limited. Among the various methods, LLO has achieved
the greatest commercial success and is now widely used in
applications such as chip packaging and display technologies,
where its throughput, process maturity, and compatibility with
large-area manufacturing are well established. In contrast,
mechanical and CLO techniques have been extensively investi-
gated for commercialization in areas such as III-V photovol-
taics, wafer reuse, lightweight and flexible electronics, and
high-performance optoelectronic devices, but they have not yet
reached broad industrial adoption. While multiple startups
and pilot efforts have pursued these approaches over the past
decades, sustained commercial success is yet to be seen. The
efforts to leverage lift-off techniques for emerging applications,
such as 3D heterogeneous integration and bio-integrated
systems, also largely remain at the early prototype stage.

This journal is © The Royal Society of Chemistry 2026
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In the near term, the most urgent challenge is to close the
gap between proof-of-concept membrane release and reprodu-
cible device integration. First, the lift-off process itself must
offer tighter control over exfoliation depth, interface rough-
ness, thickness uniformity, and wafer-scale yield, all of which
are essential for manufacturability, reproducibility, and device
performance. In many applications, it is not sufficient to
simply release a membrane; the released film must also retain
the desired crystalline quality and thickness with high uni-
formity. This requirement becomes even more stringent for
ultrathin membranes with thicknesses far below the natural
spalling depth, where maintaining uniformity remains
difficult despite recent progress. The interface-engineering
strategies discussed in this review can help address this limit-
ation by guiding crack propagation along engineered weak
planes, but these benefits often come with trade-offs. In par-
ticular, interface modification may degrade the crystalline
quality of subsequently grown epilayers, and such strategies
are not universally applicable across different material
systems.

Another near-term priority is post-release integration. In
most practical cases, membrane release is not the final objec-
tive, but only the first step toward heterogeneous integration
onto a foreign substrate. As a result, the success of lift-off
technologies depends not only on whether membranes can be
released, but also on whether they can be transferred and
bonded with sufficient mechanical robustness and interfacial
quality for subsequent fabrication and device operation. In
practice, achieving such bonding often requires extremely
smooth surfaces, stringent surface preparation, and some-
times elevated pressure or temperature, all of which can be
difficult to implement reliably. The challenge is even greater
when mechanically spalled membranes retain stressor layers,
or when the receiving substrates are flexible, textured, or other-
incompatible with conventional bonding schemes.
Developing substrate- and material-specific integration routes
is therefore an immediate requirement for translating lift-off-
enabled membranes into practical device platforms.

In the long term, the field must move beyond successful
membrane release and transfer demonstrations toward manu-
facturing-ready and operationally reliable integration work-
flows. In this context, throughput and process compatibility
remain major barriers, particularly for applications in which
lift-off is expected to provide economic benefit at scale. A
representative example is substrate reuse, which has long been
regarded as one of the most attractive opportunities for lift-off
technologies, especially for costly III-V platforms. However,
meaningful cost reduction will require far more than demon-
strating that reuse is possible. Instead, it will depend on
achieving many recycling cycles with minimal surface damage,
tight thickness control, minimal refurbishment processing,
and stable regrowth quality, such that the cumulative cost and
yield penalties associated with repeated lift-off, surface recov-
ery, and regrowth do not outweigh the anticipated savings.

Once membranes are integrated onto foreign substrates,
additional challenges related to structural integrity, process

wise
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compatibility, and operational stability must also be con-
sidered. Bonding-induced stress, residual stress from lift-off,
and stress accumulated during later fabrication steps can all
degrade membrane quality and device performance. In
addition, thermal expansion mismatch between the mem-
brane and the host substrate, together with heat dissipation
constraints introduced by multilayer stacking, may lead to
cracking, delamination, or performance drift under demand-
ing operating conditions, particularly in harsh environments
or high-power devices. These considerations highlight that the
practical success of lift-off technologies depends not only on
membrane release and transfer, but also on whether the inte-
grated membrane platform can remain process-compatible,
operationally stable, and scalable within a manufacturing
environment.

Fully unlocking the potential of lift-off technologies will
require end-to-end co-design and co-optimization across mem-
brane release, integration, and downstream device fabrication.
In this review, we discussed several emerging strategies that
have already advanced lift-off technologies in the near term by
improving the quality, precision, and yield of released mem-
branes, particularly through interface engineering, stressor
design and crack initiation. We also highlighted advances that
may contribute to longer-term manufacturing goals, such as
2D-material-assisted lift-off to improve substrate reusability. At
the same time, substantial progress is still needed in long-
term integration directions, particularly in throughput, sub-
strate refurbishment, and compatibility with downstream fab-
rication and integration. With such holistic development, lift-
off technologies may progress from standalone membrane-
release methods into a broadly applicable platform for hetero-
geneous integration across diverse material systems.
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