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The field of two-dimensional (2D) materials has seen remarkable progress, driven by their exceptional
electronic, optical, and mechanical properties. In addition to their intrinsic qualities, 2D materials are atomically
thin and readily integrated with a wide range of devices, offering immense potential for next-generation on-
chip technologies across various domains, beyond just electronics and optics. Central to the fabrication of 2D
devices is the development of effective transfer methods, which are crucial for maintaining clean material
interfaces and intact material properties. However, as some of the most fundamental techniques, transfer
methods are incredibly diverse, making it challenging to navigate the various approaches. This review provides
a comprehensive analysis of the state-of-the-art transfer methods, including a preliminary discussion on high-
quality 2D material preparation, along with evaluation of the strengths and weaknesses of various transfer
techniques. Furthermore, despite being a foundational field, there are still many significant tasks to be
undertaken, with several bottlenecks awaiting breakthroughs. We also highlight emerging trends, such as

Received 30th August 2025 reconfigurable transfer, all-transfer for chip manufacturing, and the application of transfer techniques to low-

DOI: 10.1039/d5¢s00531k dimensional materials across broader research fields, such as chemistry, polariton, tribology, haptics, thermal
transport, thermodynamic control, quantum science, neuromorphic computing, electrocatalysts, and energy,

rsc.li/chem-soc-rev offering insights into future directions for 2D material integration.

1. Introduction garnered immense scientific interest due to their exceptional

electronic, optical, and mechanical properties. These atom-
Since the groundbreaking mechanical exfoliation of single- ically thin materials exhibit a unique combination of weak
layer graphene in 2004," two-dimensional (2D) materials have interlayer van der Waals (vdW) forces and strong intralayer
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covalent bonds, enabling the stacking of diverse atomic
layers into vdW heterostructures without lattice-matching
constraints.>® The discovery of additional 2D materials, such
as transition metal dichalcogenides (TMDCs) and hexagonal
boron nitride (h-BN), has further enriched this material plat-
form, paving the way for multifunctional electronic,*”
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photonic,”” and quantum devices.® Despite their atomic thick-
ness, 2D materials often display pronounced three-dimensional
heterogeneity, arising from variations in chemical bonding,
interfacial interactions, and spatial defect distributions. These
atomic scale nonuniformities can strongly influence material
behavior, introducing anisotropic or emergent functionalities.
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Consequently, fabrication steps such as transfer, encapsula-
tion, and interface engineering are inherently chemically sen-
sitive processes that demand precise control. Treating these
steps as delicate chemical operations is essential for unlocking
the full performance and long-term stability of 2D material-
based technologies.

To achieve high-performance 2D devices, it is essential to
maintain both the intrinsic quality of the 2D materials and the
cleanliness and flatness of their interfaces throughout the
entire fabrication process. This involves two primary chal-
lenges: (1) producing high-quality, wafer-scale 2D films and
flakes and (2) integrating them with various device platforms.

Two main approaches exist for producing 2D materials:
top-down exfoliation and bottom-up growth. Top-down meth-
ods, such as mechanical exfoliation,”'® electrochemical
delamination,'' and liquid-phase exfoliation,'? offer excellent
material quality but are often limited by sample size and
scalability. In contrast, bottom-up methods, including physical
vapor deposition (PVD) and chemical vapor deposition
(CvD),**'* offer better scalability but face challenges like
uncontrolled nucleation, grain boundary formation, and lattice
mismatch, which can degrade film quality.'> Regardless of the
approach, the ultimate goal remains the same: to produce
large-scale 2D films with high crystallinity, low defect densities,
and excellent transferability, enabling their seamless integra-
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tion into wafer-scale devices. Achieving this goal requires not
only precise control over the growth or exfoliation process but
also innovative transfer techniques that preserve the chemical
and structural integrity of the 2D materials.'®

As 2D materials transition from fundamental research to
practical applications,"”™*° the ability to precisely transfer these
atomic-scale layers onto diverse substrates becomes increas-
ingly critical. Effective transfer methods are essential for inte-
grating 2D materials into complex heterostructures,
minimizing contamination and preserving exceptional intrinsic
properties, all of which are crucial for high-performance elec-
tronic, photonic, and quantum devices.

Earlier transfer approaches for building heterojunctions
primarily relied on polymer supports, such as polymethyl
methacrylate (PMMA). However, these methods often trap
contaminants at the interfaces of 2D materials, diminishing
the advantages of their unique properties. To overcome these
limitations, dry methods such as the clean polydimethylsilox-
ane (PDMS) stamp method and capillary force assisted meth-
ods have been developed, offering improved interface
cleanliness and more feasible protocols. After more than ten
years of development, transfer methods have been optimized
for different application scenarios. However, none of the cur-
rent transfer methods are perfect and cannot accommodate all
requirements at once. Our goal is therefore to provide a
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comprehensive review that will serve as a guide for entry-level
researchers to get them started quickly and to recommend
transfer methods that guarantee high in-plane and out-of-plane
quality of 2D materials, while also being easy to use, depending
on the application scenario. Additionally, considering that
many research groups have their routinely used methods, we
aim to introduce some advanced techniques, such as silicon
nitride (SiN,) membrane clean transfer,” ultraviolet (UV) tape
wafer-scale transfer,”® and graphene-mediated single-crystal
oxide transfer,”” to experts who typically rely on established
techniques.

Beyond the fundamental role of transfer in integrating 2D
materials into devices, these processes can also unlock unique
physical phenomena by intentionally or unintentionally intro-
ducing structural deformations. These deformations, such as
bending, twisting, and wrinkling, can serve as powerful tools
for manipulating the electronic, optical, and mechanical prop-
erties of 2D materials, offering new avenues for device design
and fundamental research.

In addition to reviewing established methods, we will
explore emerging techniques such as reconfigurable transfer
methods and the all-transfer approach for wafer-scale chip
fabrication. Most of the currently available transfer methods
focus on building a stack of 2D materials like building “LEGO”
blocks.”® However, a true “LEGO” functionality should also
allow for disassembly and reassembly. Reconfigurable transfer
methods, which enable the assembly, disassembly, and reas-
sembly of 2D structures, offer a promising direction for exciting
applications, such as the ‘“control variable method” at the
nanoscale. Moreover, the role of transfer methods in the
manufacturing of future electrical and optical devices could
expand significantly through all-transfer approaches.

The all-transfer strategy, wherein every device compo-
nent—from active 2D semiconductors to electrodes, dielectrics,
and even complete device stacks—is assembled by transfer
rather than direct fabrication, marking a paradigm shift in
2D electronics. By eliminating lithography and harsh proces-
sing, it preserves intrinsic material quality, ensures pristine
interfaces free from disorder and Fermi-level pinning, and
enables scalable, low-cost, and high-performance device inte-
gration—offering a transformative route toward industrial
adoption of 2D materials.

Finally, we have observed that transfer methods are already
being applied in a variety of broader fields, such as in
chemistry,* polaritonic devices,” phonon polaritons,*®
tribology,>” haptics,*® thermal transport,”>*° thermodynamic
control,* quantum devices,® neuromorphic computing,®* elec-
trocatalysts and energy.*** We believe that transfer techniques
will continue to play a significant role across many scientific
disciplines, offering versatile solutions and broadening their
impact in diverse areas of research and technology.

In summary, this review will provide a comprehensive
summary on emerging transfer methods for 2D device fabrica-
tion. It begins with the preparation of 2D materials, focusing on
wafer-scale approaches as a foundation for transfer techniques.
We then provide a comprehensive assessment of transfer

This journal is © The Royal Society of Chemistry 2026
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methods, including dry, wet, capillary force assisted, and
emerging strategies such as UV tape-assisted and SiN,
membrane techniques. A radar chart is used to visualize and
compare nine representative methods across multiple perfor-
mance metrics. This section also covers the transfer of 2D and
low-dimensional materials on arbitrary substrates, enabling
diverse photonic and electronic integrations. In the third sec-
tion, we explore multifunctionalities made possible by transfer
techniques, such as strain, wrinkle, bubble, fold, and twist
engineering—which unlock novel properties and device con-
cepts. The perspective section highlights reconfigurable and
all-transfer approaches as promising directions for next-
generation device manufacturing. Finally, we reflect on the
broader impact of transfer methods in fields such as chemistry,
wearable electronics, quantum optics, and mechanics, offering
insights into their transformative potential.

2. 2D material preparation

The preparation of 2D materials underpins their integration
into electronic,™” optoelectronic,”” and quantum devices.® A
wide spectrum of approaches broadly classified into top-down
exfoliation methods, which isolate atomically thin layers from
bulk crystals, and bottom-up synthesis techniques, which grow
2D films directly on substrates, have been developed. While the
fundamentals of these preparation routes have been extensively
reviewed elsewhere,*” our aim is to provide a concise over-
view that frames the discussion for the central topic of this
work: transfer strategies for low-dimensional materials in
device fabrication, with a particular emphasis on scalability,
wafer-level compatibility, and interfacial control during growth.

The quality and transfer readiness of 2D materials are
strongly influenced by both interfacial chemistry, which gov-
erns the bonding between layers or between the film and its
growth substrate, and surface chemistry, which determines
terminal functional groups, surface charge, and defect states.
For example, modifying interlayer bonding through ion or
molecule intercalation can reduce exfoliation energy, while
controlling surface terminations can improve compatibility
with downstream processing. Furthermore, the interaction
strength between the 2D layer and its substrate, shaped during
synthesis, critically affects subsequent transfer efficiency, yield,
and cleanliness.

This section therefore outlines the essential principles and
representative examples of each preparation route, while high-
lighting the interplay between growth chemistry, interfacial
engineering, and substrate interactions that ultimately dictate
transfer performance in device fabrication.

2.1. Top-down methods

Micrometre-sized flakes, peeled off from layered natural miner-
als or synthetic bulk crystals, marked the beginning of
a new era in 2D material research.>>*® Top-down exfoliation
methods, such as mechanical exfoliation,”°
liquid-phase intercalation,'® electrochemical

chemical
exfoliation,'*

Chem. Soc. Rev,, 2026, 55, 2574-2634 | 2577
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and metal-assisted exfoliation,*® rely on selectively weakening
interlayer vdW interactions while preserving the in-plane
chemical bond network. This approach maintains the intrinsic
electronic structure, defect distribution, and surface chemical
properties of the parent material, providing an ideal platform
for studying the intrinsic physicochemical properties of 2D
materials.

Effective exfoliation requires precise control over both inter-
facial chemistries, modifying interlayer bonding, often through
ion or molecular intercalation, to reduce exfoliation energy and
enhance layer separation and surface chemistry, which governs
terminal functional groups, surface charge, and defect states,
thereby influencing reactivity and compatibility with down-
stream device processing.

Traditional mechanical exfoliation offers simplicity
and is typically performed by peeling 2D materials from
high-quality layered crystals using an adhesion layer.***' How-
ever, this method lacks precise control over the cleavage
environment.*” Issues such as random fracture and limited
transferable area often arise due to non-conformal contact

a Plasma-assisted exfoliation method |
£

Exfoliation of 2D materials

B —
bk
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by oxygen plasma

b Electrochemical exfoliation method

Electrochemical exfoliation
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between the adhesion layer and the 2D material, uneven
decoupling between the growth substrate and the 2D material,
and uncontrolled bending stress.”® For example, in 2015, Sutte,
Huang et al. adopted plasma pretreatment to improve the
stripping efficiency and size of 2D materials (Fig. 1a)."* Before
exfoliation, they used oxygen plasma to clean the contaminants
adsorbed on the substrate from the environment to increase
the adhesion between the substrate and the 2D material, and
through thermal treatment, they maximized the contact area
between the bulk crystals and the substrate.®®* While this
method provides an effective way to exfoliate the high quality
and relatively large size 2D flakes (several hundred
micrometres),*> it cannot be easily applied to wafer scale
exfoliation.

To achieve larger flakes, emerging exfoliation methods, such
as electrochemical exfoliation’®™*® and supercritical fluid
exfoliation,’*™* provide more precise chemical control by tun-
ing thermodynamic (e.g., electrode potential and solvation
energy) and kinetic (e.g., ion migration rate and solvent diffu-
sion) parameters. These methods enable the introduction of

Fig. 1 Exfoliation of 2D materials. (a) Large size 2D material flake exfoliation method enabled by an oxygen plasma cleaned substrate. Reproduced from
ref. 44 with permission from American Chemical Society, Copyright 2015. (b) Large area 2D material flake exfoliation by electrochemical methods.
Reproduced from ref. 11 with permission from American Chemical Society, Copyright 2011. (c) Metal-assisted exfoliation method. Large flakes of 2D
materials can be achieved (I-1ll). More interestingly, this method also enables the exfoliation with patterning (IV-IX). Adapted from ref. 39 according to
Creative Commons Attribution 4.0 International License (CC BY 4.0). Reproduced from ref. 62 with permission from Wiley-VCH, Copyright 2016.
Reproduced from ref. 56 with permission from Wiley-VCH, Copyright 2024.
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specific surface groups or defect states, facilitating more cus-
tomized material design for electronic, optoelectronic, and
quantum device applications.

Liquid-phase exfoliation disperses bulk crystals in solution
and induces delamination through either physical (e.g,
ultrasonication) or chemical (e.g., electrochemical reactions)
methods. While ultrasound can effectively separate layered
materials, the violent cavitation bubbles it generates often
fracture or degrade the nanosheets, compromising their struc-
tural integrity and electronic quality.>® By contrast, electroche-
mical exfoliation offers tunable control via applied current and
cutoff voltage, enabling a more deterministic process. Yet, the
bubble-driven reactions readily oxidize and consume copper
electrodes, hindering their recyclability and long-term scalabil-
ity. This intrinsic limitation poses a significant barrier to the
broader industrial deployment of electrochemical exfoliation
(Fig. 1b)."*

The metal-assisted exfoliation method is a more efficient
exfoliation technique that can yield large flakes (Fig. 1c,
Scheme and I-III). It does not require polymer materials as
adhesives, thus avoiding the residue of polymers on the surface
of 2D materials. Moreover, the metal film has greater mechan-
ical strength and can better protect 2D materials from wrink-
ling or cracking. Since the development of the Cu-assisted
transfer method by Lin et al. for the successful transfer of
centimeter-sized MoS, films,*® researchers have developed
various metal-assisted exfoliation methods, such as Ni,>®
Au,”® Ag,” etc.

Au-assisted exfoliation, one representative of metal-assisted
approaches, has emerged as a promising strategy for obtaining
large-area monolayer TMDCs, owing to the strong adhesive
force between gold and 2D flakes.”®”° However, the effective-
ness of this method is highly dependent on the surface rough-
ness of the gold film, which in turn is determined by the
underlying deposition substrate.® To better understand the
mechanism behind Au-assisted exfoliation, researchers con-
ducted first-principles studies comparing the binding energies
of Au-MoS, and MoS,-MoS, interfaces.®! It was revealed that
the Au-MoS, interaction is governed by strong vdW forces
rather than true chemical bonding. The role of gold surface
roughness was also systematically investigated, showing its
critical impact on exfoliation efficiency. Up to now, innovations
such as a thermal release tape (TRT) tape have significantly
enhanced the success of Au-assisted exfoliation, enabling the
verified isolation of over 40 types of 2D materials.****

One of the most notable aspects of the Au-assisted exfolia-
tion method is its ability to combine patterning with exfolia-
tion, as demonstrated by Bao et al. through an Au template-
assisted mechanical exfoliation strategy (Fig. 1c(IV)-(IX)).>®
This technique enables the production of atomically thin, large
area 2D crystals while avoiding contamination associated with
wet chemical processes. Additionally, it addresses the limita-
tions of traditional dry transfer, such as the restricted variety
and small size of materials. In addition to gold, silver has also
been explored as an intermediate layer for large-area exfoliation
of 2D semiconductors.”” Both gold and silver are currently the

This journal is © The Royal Society of Chemistry 2026
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most reliable auxiliary materials for assisted exfoliation. How-
ever, their high cost remains a major barrier to widespread
commercial adoption.

2.2. Bottom-up methods

Compared to exfoliated flakes, which inherently maintain
single-crystalline structures with low defect densities and
well-preserved intrinsic properties, bottom-up methods offer a
more practical pathway for wafer-scale production. However,
these methods often struggle to match the exceptional crystal
quality of exfoliated samples. To bridge this gap, physical
chemistry views have emerged to be critical for improving
crystal quality. These include precise control over precursor
composition, optimized gas-phase reaction kinetics, surface
passivation, selective doping, and in situ defect healing. Addi-
tionally, ligand-assisted growth, vapor-phase transport, and
metal-organic surface modification can reduce grain bound-
aries and enhance crystallinity.

Recently, techniques including sputtering, molecular beam
epitaxy (MBE), atomic layer deposition (ALD), pulsed laser
deposition (PLD), and vapor-phase deposition methods, such
as CVD, PVD, and metal-organic CVD (MOCVD), have been
developed and optimized to bridge the gap between laboratory
research and practical applications of 2D materials (Fig. 3a-d).
To provide a more intuitive overview, we also present in Fig. 2, a
roadmap of the development of 2D material growth techniques,
highlighting both their historical evolution and emerging
trends. These advancements also lay a solid foundation for
further studies on 2D material transfer.®® Epitaxial growth, a
key synthesis strategy, enables atomic or molecular assembly of
2D materials on diverse substrates. Combined with the above
preparation techniques, it allows precise control over composi-
tion and crystallinity, offering significant potential for produ-
cing high-quality, single-crystal, and wafer-scale 2D films.***°

2.2.1. Surface nucleation. The growth of 2D materials
begins with the initial nucleation process. When precursors
diffuse into the deposition region, they are absorbed by the
target substrate and accumulate to form nuclei, which act as
“seeds” for the initial growth stage (Fig. 3¢).°>°” These “seeds”
gradually evolve into single crystalline domains, which even-
tually merge and cover the entire substrate, forming large-area
films, where the former serving generally as high-quality single
crystal research samples, and the latter as the basis for com-
mercial applications. As the initial stage of 2D material growth,
surface nucleation behaviour has attracted extensive attention
in both mechanistic exploration and material design, which is
crucial for controlling the crystallinity, grain size, and unifor-
mity of 2D material films.®®

Nucleation commonly occurs at high-energy sites on the
surface, such as steps, twists, defects, scratches, and nano-
particles on the substrate. Seeding promoters are commonly
used to artificially facilitate the nucleation process. For
instance, the substrate modified by reduced graphene oxide
(rGO) or perylene-3,4,9,10-tetracarboxylic acid tetrapotassium
salt (PTAS) can significantly improve crystallinity, uniformity,
and controllability.®® Recently, Moon et al. demonstrated the
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“hypotaxy method” by using graphene templates to precisely
regulate MoS, nucleation and thickness (Fig. 2f).”° This
approach enabled the fabrication of wafer-scale, single-crystal
MoS, layers with high thermal conductivity (~120 Wm™ " K™ ')
and mobility (~87 cm®> V™' s ).

Another approach to controlling nucleation is pre-
patterning the substrate to directly obtain patterned 2D materi-
als, thereby eliminating the need for photolithography and
etching processes.””””>7® For example, Kim and colleagues
achieved the growth of single-domain arrays by geometric
confinement, adjusting the difference in surface binding
energy within the patterned SiO, array and confining nuclea-
tion to the target area (Fig. 3g).”"”> By optimizing the array size,
they fabricated single-domain arrays with excellent electrical
performance, reliably avoiding grain boundaries and the intro-
duction of defects caused by etching post-processing.

Beyond substrate pre-patterning strategies, another widely
adopted approach involves the use of low-melting-point pre-
cursors, such as metal halides and metal-organic compounds,
or molten-salt-assisted processes.”®”®" In pursuit of compatibil-
ity with complementary metal-oxide-semiconductor (CMOS)
back-end-of-line integration, the semiconductor industry has
been striving to confine the growth temperature of 2D materials
below 450 °C, a threshold that would substantially accelerate
their industrial deployment. Compared with metal oxide pre-
cursors, low-melting-point species can generate a higher vapor
flux, promote precursor diffusion and facilitate the nucleation
of 2D layers at low temperature.*

2580 | Chem. Soc. Rev, 2026, 55, 2574-2634

Evaporation source

Notable work includes the use of (NH,4),MoS, or metal
iodides to achieve the low-temperature, large-area growth of 2D
materials.®*®* Moreover, organometallic precursors such as
Bi(CeHs); and (CH3),Se, have enabled the synthesis of Bi,O,Se
thin films at 300-400 °C, dramatically lowering the temperature
from conventional values near 1000 °C.%® Zhu et al. employed
Mo(CO)s as a volatile precursor to realize monolayer MoS,
growth below 300 °C within 60 min, directly on silicon-based
CMOS circuits.?® More recently, Hoang et al. further utilized the
same precursor to achieve the direct synthesis of a high-
crystalline MoS, monolayer at temperatures as low as
~150 °C, setting a new record for low-temperature growth
and even enabling deposition on flexible polymer substrates
(Fig. 3h).”* In addition, ALD has emerged as a versatile low-
temperature technique, offering atomically precise thickness
control through self-limiting surface reactions.’” Recent stu-
dies have demonstrated that ALD enables the conformal growth
of ultrathin, high-x dielectrics, such as sub-3 nm Al,O; and
HfO, films on 2D surfaces, greatly improving interface quality
and gate controllability in MoS, transistors.®®*° This break-
through demonstrates excellent CMOS compatibility and
potential for wearable electronics, although the polycrystalline
MoS, films produced at such low temperatures still require
further optimization to meet the mobility standards specified
by the International Roadmap for Devices and Systems (IRDS)
roadmap.’®*!

2.2.2. Epitaxial growth. Since nucleation occurs randomly
and without orientation in the absence of regulation, the core

This journal is © The Royal Society of Chemistry 2026
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of epitaxial growth lies in enhancing the surface binding energy
between 2D domains and a single-crystal substrate to dictate
their alignhment.”>** Therefore, this is an ideal strategy for
promoting high-quality single-crystal and wafer-sized 2D films.
In 1984, Koma et al. pioneered this approach by demonstrating
the epitaxial growth of Se on Te bulk crystals and NbSe, on
MoS,, naming it “vdW epitaxy” (Fig. 3i).”* Unlike traditional 3D
material epitaxy, 2D material interfaces lack surface dangling
bonds, significantly reducing the lattice constant matching
requirements, with surface symmetry becoming the decisive
factor. This greatly expanded the heteroepitaxy system and laid
the foundation for 2D material growth and transfer.

For example, high-quality graphene and h-BN have been
widely reported to be grown on transition metal substrates like

This journal is © The Royal Society of Chemistry 2026

Cu and Ni using techniques such as CVD and MBE, or through
epitaxial graphitization on the top surface of hexagonal SiC
crystals.”®® In this case, transition metals act as both the
growth substrate and the catalyst for hydrocarbons or borohy-
drides. Notably, graphene and h-BN share the same lattice
structure and have closely matched lattice constants. A large
number of experimental observations and theoretical predic-
tions are consistent, showing that they have the maximum
binding energy along the Cu(110) direction and tend to grow on
Cu(111) and Cu(110). Especially, Cu, due to its very low carbon
solubility, is considered an ideal substrate for the preparation
of large-scale, high-quality, and uniform monolayer graphene
or h-BN. However, graphene has Cg, symmetry, while h-BN has
lower C3, symmetry, which results in the formation of twin
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boundaries when h-BN 2D domains merge, making it more
difficult to generate single-crystal films.,®***°

Unlike graphene, the growth of TMDCs does not require
catalytic substrates, instead, Cu or Ni substrates tend to
undergo sulfidation. The chemically inert graphene layer and
Au film have become the suitable template for epitaxial growth.
Shi et al. and Gao et al. demonstrated the epitaxial growth of
MoS, on CVD-grown graphene and WSe, and Au(111) surfaces,
respectively.'®'°% In recent years, researchers have successfully
synthesized wafer-sized TMDC single crystals on sapphire
substrates. Various methods, such as sulfur-rich conditions,
substrate annealing for atomic smoothness, and Ni foam, have
been used to adjust the orientation of 2D domains. %%
However, the low symmetry of h-BN and TMDCs leads to
inverse parallel domains, forming twin boundaries that signifi-
cantly degrade their electronic properties. To solve this chal-
lenge, Wang et al. achieved the epitaxial growth of a 10 X
10 cm? single-crystal h-BN monolayer on a Cu(110) vicinal
surface. By step-edge coupling between the Cu(211) step and
h-BN zigzag edges, they attained unidirectional orientation
exceeding 99% and proposed the concept of “step-edge guiding
epitaxy””.'% Yang et al, in 2020, achieved wafer-scale epitaxial
growth of single-crystal MoS, monolayers on vicinal Au(111)
thin films by melting and resolidifying commercial Au foils,
attaining unidirectional alignment and seamless stitching.'®”
Subsequently, Li et al. grew 2-inch MoS, single crystals on c-
plane sapphire with a miscut orientation towards the a-axis. By
applying an ~1° shear angle along this direction, they induced
atomic steps that effectively broke the nucleation energy degen-
eracy. The resulting field-effect transistors exhibited excellent
wafer-scale uniformity and a high mobility of 102.6 cm* V"
s', setting a record for monolayer CVD-grown MoS,."*®
Inspired by this, Wang et al. proposed the concept of “Dual-
Coupling Effect” to describe the complex synergy between
epitaxial relationships and atomic steps and eventually enabled
the preparation of large-size single crystal TMDC films, includ-
ing WS,, MoS,, MoSe,, and NbSe, (Fig. 3j).”*> The epitaxial
interaction between WS, and vicinal a-plane sapphire surfaces
gives rise to two preferred antiparallel orientations, while the
sapphire step edges disrupt the symmetry of these orientations.
These two interactions promote the unidirectional alignment of
crystal islands, ultimately resulting in seamless fusion without
grain boundaries.

2.2.3. Beyond epitaxial growth. The first key aspect is the
significant influence of the layer number on the optical and
electrical properties of 2D materials. As the number of layers
increases, these materials exhibit higher current density and
carrier mobility, along with notable changes in the spectral
peak position and intensity. Moreover, twisted Moiré
superlattices demonstrate the fractal quantum Hall effect,
different topological phases, and unconventional superconduc-
tivity.'®""* The epitaxial growth mechanism of multilayer 2D
materials is more complex (Fig. 3k). Growth can occur in a 2D
layer-by-layer mode, where a new layer only forms after the
previous one is fully covered. For example, Wang et al. achieved
precise control of up to six layers of MoS, by controlling the
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nucleation density.'"® Another mode is a 3D island growth
mode, where multilayer islands form preferentially and gradu-
ally merge during subsequent growth. A representative work in
this mode is the use of reverse-flow chemical vapor epitaxy,
achieving defect-free stacking of bilayer MoS,.'"* Additionally,
large-area multilayer TMDCs can be synthesized by using
strategies such as ALD and MOCVD, in which metal oxide
precursors undergo sulfurization. For instance, Kalanyan
et al. presented a pulsed MOCVD method for the controlled
growth of MoS, films with thicknesses ranging from 1 nm to
25 nm at low temperatures and short deposition times."**

Atomically thin 2D materials without interlayer dangling
bonds are also ideal building blocks for constructing 2D/2D
heterojunctions. Heterostructures can also be directly synthe-
sized via bottom-up epitaxy by precisely controlling precursor
supply, nucleation sites, and deposition sequence. Wafer-sized
vertical heterostructures, such as MoS,/graphene, MoS,/WS,,
WSe,/MoS,, and WSe,/MoSe,, have been successfully synthe-
sized using chemical methods."”*™'® Beyond vertical (out-of-
plane) structures, TMDCs can also be used to construct atomic-
scale lateral (in-plane) heterostructures. Unlike vertical struc-
tures, planar epitaxy requires a higher degree of crystal struc-
ture matching, where two different 2D single crystals form 1D
linear bonding only at the interface (Fig. 31). The growth of
heterostructures as vertical (VHs) or lateral (LHs) depends on
the growth kinetics and thermodynamics, with factors such as
nucleation energy, diffusion, vdW interaction energies, and
edge energy influencing the final structure’s stability.”* For
example, Gong et al. demonstrated a growth strategy for WS,/
MoS, heterostructures, achieving both out-of-plane hetero-
structures with strong excitonic transitions and in-plane het-
erostructures with localized photoluminescence enhancement
by controlling the growth temperature.™® Li et al. successfully
achieved precise control of the heteroepitaxy direction and
effective manipulation of the diffusion barrier of active clusters
by rationally controlling the metal/chalcogenide ratio in the
vapor precursors.">!

In summary, with the advancement of synthesis techniques,
the family of 2D materials has been greatly expanded, with sizes
extending from the micron scale in the laboratory to the wafer
scale. Epitaxial growth methods have significantly improved
the crystallinity, wafer-scale uniformity, optical and electrical
properties, and expanded the range of complex 2D materials
and heterostructures. However, due to the immaturity of low-
temperature growth processes, the next major challenge hin-
dering the commercialization of 2D materials is the high-yield,
repeatable, residue-free, wrinkle-free wafer-scale 2D transfer
technology.

3. Current 2D material transfer
methods

With the development of scalable, high-quality 2D material
synthesis techniques, researchers can now routinely obtain
both wafer-scale films and high-purity exfoliated flakes.

This journal is © The Royal Society of Chemistry 2026
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However, realizing the full technological potential of these
materials depends not only on their intrinsic quality, but also
on the ability to precisely transfer them onto diverse substrates
without introducing contamination or structural damage.
Transfer processes thus serve as a crucial bridge between
material preparation and device fabrication, ensuring that
atomic-scale properties are preserved during integration. In
this section, we provide a comprehensive overview of current
state-of-the-art 2D material transfer methods, highlighting
their underlying principles, strengths, and limitations. This
discussion aims to equip both newcomers and experts with
practical guidance for selecting and optimizing transfer strate-
gies tailored to various applications.

3.1. Philosophy of transfer strategies

The successful transfer of 2D materials relies fundamentally on
a careful balance of interfacial forces throughout the process.
As illustrated in Fig. 4, the transfer operation consists of two
primary steps: (1) detaching the 2D material from the growth
substrate using an intermediate medium (the pick-up stage),
and (2) releasing the 2D material from the medium onto a
target substrate (the release stage). Each stage is governed by
the interplay of three key interfacial forces, which can be finely
tuned at the molecular level.

F;: the interaction between the 2D material and the original
growth substrate, determined by chemical bonding or physical
adsorption (e.g., vdW forces).

F,: the adhesion between the 2D material and the transfer
medium (such as PDMS or polymer layers), regulated by poly-
mer chemistry, surface energy, or electrochemical modulation.

F3: the adhesion between the 2D material and the target
substrate, which can be enhanced through surface treatments
(e.g., hydroxylation and amino-silanization) or chemical activity
at defect sites.

For efficient pick-up, F, should be larger than F,, allowing
the intermediate medium to lift the 2D material from its
original substrate. This can be achieved through methods like
capillary force-assisted transfer, where water thin film provides
the additional adhesion force to enhance the F,, or polymer-
assisted transfer, where the interaction between the polymer
and the 2D material is carefully designed to strengthen F, by
adjusting the temperature.'** Alternatively, reduce F, through
other methods until it becomes easy to overcome. For example,
use liquid nitrogen to weaken the vdW force between the
TMDCs and the growth substrate.’* If F, is too strong to
overcome, a common solution is PMMA-assisted wet transfer,

a Pick up b Release

F
T z Transfer F2
| . 99_.@54;&&
% e
Fig. 4 The philosophy of 2D transfer. (a) The successful pick up requires
F> > Fy. (b) The successful release process requires Fz > F,.
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where the growth substrate is chemically etched to effectively
kill the F; to zero.

During the release step, F, should be smaller than Fj,
ensuring that the 2D material adheres preferentially to the
target substrate. A common strategy is to reduce F,. For
example, in the capillary-assisted method, the water vapor that
initially serves as a temporary adhesive disappears after pick-
up. As the vapor vanishes, the adhesive force drops signifi-
cantly, resulting in a much lower F,.

Strategies such as solvation effects (intercalation of
water molecules'**'*®), or thermodynamic disturbances (e.g.,
temperature-induced polymer chain movement**"*° and dif-
ferences in thermal expansion coefficients'*’), are employed to
weaken F,, allowing F; to dominate and successfully complete
the transfer. Furthermore, PDMS has strong adhesion when the
peeling speed is fast and weak adhesion when the peeling
speed is slow. By slowly releasing the 2D material, it is possible
to effectively reduce F,, thus allowing the 2D material to remain
on the target substrate.’

In some extreme cases, when the interaction force between
the transfer medium and the 2D material is excessively strong
and cannot be released without compromising the material
quality, the transfer medium is typically removed or dissolved,
thereby reducing the F, value to zero. For instance, in the case
of PMMA or metal transfer media, their inherently high F,
values necessitate removal by dissolution after the 2D material
is brought into contact with the target substrate, rather than
relying on the competition of interfacial forces.

By systematically controlling these interfacial forces, as
schematically depicted in (Fig. 4), researchers can achieve
high-fidelity, clean, and reproducible transfer of 2D materials
to a wide variety of substrates, thus bridging the gap between
material synthesis and device fabrication. In the following
sections, we will elaborate on how this underlying philosophy
is implemented across various state-of-the-art transfer meth-
ods, illustrating the practical strategies and innovations
developed to address the unique challenges of 2D material
integration (Fig. 5).

3.2. Transfer methods

3.2.1. The current available transfer methods. Transfer
methods for 2D materials can be broadly categorized into three
main classes: wet,"*' dry’ and capillary force assisted
hybrid."**'3>33 The essential principle underlying all these
approaches is to ensure that the adhesion force between the
handling medium and the 2D material is greater than that
between the 2D material and its original substrate. This bal-
ance can be achieved either by enhancing the interaction
between the 2D material and the handling medium, or by
reducing the adhesion between the 2D material and the growth
substrate.

Building on this fundamental philosophy, several advanced
transfer strategies have emerged in recent years, including
the UV tape assisted wafer scale method,>' the Au assisted
method,*® and the SiN, membrane assisted method,*® each
offering unique advantages for specific applications.
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Fig. 5 2D material transfer methods. (a) Wet transfer method: the polymer support layer is spun onto the 2D material, then placed in the etcher, the film
breaks off from the substrate and floats on the surface of the solution, and finally the film is fished out using the target substrate in deionized water, and
the polymer support layer is removed by solvent dissolution or annealing. (b) The dry transfer method: 2D flakes are stripped directly onto the surface of
the PMDS stamp by tape, and then the stamp is pressed to the target position and the PMDS is slowly stripped, and the 2D material is left in the target
position. (c) Capillary-force-assisted hybrid: place the PMDS over boiling deionized water so that a thin layer of water condenses on the surface of the
PMDS. The PMDS is then attached to the surface of the 2D material, after which the PMDS is quickly peeled off, at which point the 2D material is attached
to the PDMS, and then the PMDS is pressed on the target position and the liquid layer is evaporated, at which time the PDMS 2D material is peeled off and

left on the target position.

To facilitate a systematic comparison, we present a compre-
hensive evaluation of each method using radar charts, asses-
sing critical dimensions such as transfer cleanliness, ease of
operation, achievable area, completeness, versatility across
different types of 2D materials (e.g., CVD-grown vs. exfoliated),
and potential for multifunctional integration.

Wet transfer. CVD has become the dominant method for
producing large-area, high-quality graphene and other 2D
materials, primarily on catalytic transition metal substrates
such as copper or nickel. Copper is especially favoured due to
its low carbon solubility,"** which enables uniform, single-layer
graphene growth with well-preserved crystallinity and excellent
electrical properties, closely matching those of mechanically
exfoliated graphene.'*®

However, the strong adhesion between graphene and copper
introduces significant challenges during transfer."*® The most
widely used solution is the wet transfer method, in which a
polymer support layer, most commonly PMMA, is spin-coated
onto the graphene/copper substrate. The copper is then che-
mically etched away, effectively reducing the interfacial force F,

2584 | Chem. Soc. Rev., 2026, 55, 2574-2634

(between the 2D material and the growth substrate) to zero and
allowing easy delamination. Subsequently, the PMMA/gra-
phene stack is floated onto deionized water and transferred
to the target substrate. In the final step, dissolving the PMMA
support layer in acetone eliminates the interfacial force F,
(between the 2D material and the transfer medium), ensuring
that the graphene adheres preferentially to the target substrate,
in accordance with the core transfer philosophy.

The PMMA-assisted wet transfer approach offers notable
simplicity and versatility, making it a standard protocol for a
wide range of 2D materials. It provides critical mechanical
support, protecting fragile monolayers throughout the transfer
process. However, this method is not without drawbacks.
PMMA residues often persist even after extensive solvent
rinsing, leading to contamination, p-type doping, and degraded
electrical performance. Additional strain may also be
introduced during curing and removal. These factors have
spurred research into alternative polymers; examples include
paraffin,'®” polystyrene (PS),"**"*° ploy(i-lactic acid) (PLLA) and
1-lactide-e-caprolactone copolymer (PLC),'** cellulose nitrate
(NC),"° cellulose acetate butyrate (CAB),'*' cellulose acetate

This journal is © The Royal Society of Chemistry 2026
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(CA),*** and polyvinyl alcohol (PVA).'** However, they have
corresponding disadvantages: paraffin wax can produce clean
and large-area graphene, but due to its large expansion coeffi-
cient, temperature perturbations introduce greater stress and
reduce the mechanical strength of graphene, so in order to
improve mechanical strength, the integrity of the transferred
2D material is generally maintained by double-layer PMMA
design."**'*> Polystyrene PS is usually brittle and difficult to
apply in large-area transfer graphene applications, so it is
necessary to increase its mechanical flexibility and add
softener™® to the polymer to reduce cracks caused by the
transfer process to graphene. NC introduces some strain-
related characteristics because it is rigid as a polymer and
cannot be relaxed by annealing. The overall surface wrinkles
of CAB-transferred graphene are much less than those of
PMMA transferred graphene, but the electrical properties are
not much improved.

To further reduce contamination, polymer-free wet transfer
techniques have emerged, using agents like rosin'*® or
cyclohexane.'*” While these can lower surface residues, they
tend to compromise mechanical strength or introduce other
compatibility issues, such as the need for additional protective
layers,"*® or process constraints due to pH sensitivity.

In addition to polymer residues, chemical etching agents
themselves can introduce unwanted contaminants during wet
transfer. To address this, alternative methods have been
explored. One promising approach is electrochemical bubble
delamination, which generates gas bubbles at the interface
between the 2D material and the substrate, physically lifting
the film and thereby reducing the need for aggressive chemical
etchants.” This process can effectively weaken or even “kill”
the interfacial force F;, facilitating delamination. However, it
requires careful control, as the mechanical stresses generated
by bubble formation can damage delicate 2D materials, neces-
sitating continued reliance on a PMMA support layer for
protection.'*® Moreover, this technique is only compatible with
conductive (metal) substrates, such as those used for graphene
and h-BN, and is not suitable for insulating substrates like
SiO,/Si, mica, or sapphire, which is commonly used for TMDCs.
Additionally, any remaining etching steps can still damage the
original metal substrate, limiting the method’s repeatability
and scalability. Improvements such as ultrasonic-assisted dela-
mination have been developed to broaden substrate compat-
ibility and accelerate the process,"® and some studies have
focused on designing sacrificial layers or protective coatings to
further minimize substrate damage.***

In summary, while wet transfer, particularly the widely used
PMMA-assisted method, remains the most practical and scal-
able approach for transferring CVD-grown 2D materials, it
continues to face persistent challenges. These include polymer
contamination, strain induced during processing, and a lack of
spatial precision, as the floating 2D films cannot be aligned
accurately on the target substrate. Such limitations are espe-
cially problematic for applications demanding strict control
over layer positioning, such as vdW heterostructure assembly or
optoelectronic device fabrication. These ongoing challenges
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continue to drive innovation in both transfer protocols and
post-transfer cleaning strategies.

Dry transfer methods. The exfoliation of 2D materials typi-
cally yields flakes with random locations, varying sizes, and
non-uniform thicknesses. As a result, careful identification and
precise isolation are required to enable deterministic place-
ment and assembly, especially in advanced device fabrication
where spatial accuracy is paramount.

Conventional wet-transfer techniques, which rely on retriev-
ing floating 2D films from a liquid surface, suffer from sig-
nificant limitations in spatial control and alignment. To
overcome these challenges, deterministic dry transfer
approaches have been developed. In these methods, 2D flakes
are typically picked up by PDMS stamps and positioned with
high precision, making them well-suited for constructing vdwW
heterostructures and other complex architectures.

The fundamental principle of mechanical exfoliation
involves applying a force that exceeds the interlayer vdw
attraction in the parent crystal, thereby producing atomically
thin flakes while preserving in-plane crystallinity. Castellanos-
Gomez et al.’ pioneered a dry transfer protocol using PDMS:
bulk vdW crystals are mechanically exfoliated using adhesive
tape, transferred onto a PDMS stamp, and then aligned and
pressed onto the target substrate. The viscoelastic nature of
PDMS facilitates both pick-up and release of the 2D material.

Despite its advantages in spatial precision, the PDMS-based
approach faces key limitations. The intrinsic adhesion between
PDMS and many 2D materials is relatively weak, which hinders
its ability to reliably pick up flakes directly from growth
substrates.’>® To improve pick-up efficiency, one might
increase PDMS stickiness, either by lowering the cross-linker
ratio or optimizing the curing process, making it easier to
exfoliate flakes.’®® However, a more adhesive PDMS also tends
to be “dirtier”: long-chain polymer fragments are more likely to
transfer onto the 2D flake surface, leading to chemical con-
tamination that degrades material and device performance."*
On the other hand, using a higher cross-linker content or
higher curing temperature produces a cleaner PDMS surface
but results in lower adhesion, making it more difficult to pick
up 2D materials."®® This trade-off between cleanliness and
adhesion presents a major challenge for PDMS-based transfer.

A practical solution to this dilemma is a two-step approach:
first, exfoliate the 2D material onto a clean wafer using a
“clean” (highly cross-linked, well-cured) PDMS, ensuring mini-
mal contamination; then, transfer the desired flake from the
wafer onto the target substrate using a more controllable and
clean transfer medium. This strategy enables both high inter-
face quality and reliable flake manipulation and has become
increasingly popular for applications requiring both ultra-clean
surfaces and spatial precision.

In this manner, a variety of alternative polymer supports
have been explored. Polypropylene carbonate (PPC)'*® offers
tunable adhesion through temperature control, with adhesion
remaining high at room temperature but dropping significantly
when heated to ~70 °C, which enables effective pick-up and
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easy release. PVA exhibits strong adhesion when melted at
90 °C and can be dissolved in water to yield a clean inter-
face;*'® however, it often requires additional support layers to
ensure flatness and mechanical stability. Polycarbonate (PC)
follows a similar principle but requires higher processing
temperatures (~ 150 °C), which may risk oxidation and degrade
2D material quality compared to the milder conditions used for
PVA.127,157

In addition to polymer-assisted techniques, h-BN has gained
prominence as both a pick-up and encapsulation material.**®
Thanks to its atomically flat, chemically inert surface and
robust van der Waals interaction with other 2D materials,
h-BN is ideal for assembling clean and high-mobility
devices."®>'® For instance, the mobility of graphene field-
effect transistors can reach up to 140000 cm®> V' s'
when h-BN is used as the substrate and encapsulant, an order
of magnitude higher than conventional SiO,-supported
devices."®® The h-BN layer also offers a self-cleaning effect,
mitigates charge traps, and provides protection against oxida-
tion and environmental damage,'®*% The typical procedure
involves first picking up h-BN with a PPC stamp, then using this
h-BN “handle” to pick up the target 2D flake by van der Waals
adhesion.

While h-BN-assisted dry transfer offers clear benefits in
device performance and interface quality, it comes with its
own limitations. The transfer area is constrained by the size of
the h-BN flake, and after assembly, the h-BN is difficult to
remove, making this approach unsuitable for applications
where the 2D surface needs to be exposed, such as in chemical
functionalization or catalysis.'®® Additionally, the mechanical
rigidity of h-BN imposes limitations on flexible device applica-
tions and large-area transfer.

In order to achieve large-scale dry transfer, Zhang et al. used
selenium (Se) as the mediator and PPC as the support layer."®”
They transferred the wafer-level single-layer MoS, onto the
target substrate using a water-soluble tape. Subsequently, they
removed the PPC through reactive ion etching (RIE) and
removed the selenium layer in a nitrogen atmosphere for
annealing. This resulted in a highly clean MoS, surface. Finally,
through standard semiconductor processes, field-effect transis-
tors (FETs) and logic circuits were fabricated on the transferred
MosS, film, achieving a switching current ratio of up to 2.7 x
10'° and an electron mobility of 71.3 cm>V~'-s~*. The compat-
ibility with existing semiconductor manufacturing processes
was verified.

Overall, while dry transfer methods have revolutionized the
deterministic assembly of 2D materials, enabling unprece-
dented control over spatial arrangement and interface quality,
they are still evolving to address persistent challenges. These
include improving the pick-up efficiency for large-area or
substrate-bound films, minimizing polymer or PDMS contam-
ination, and enabling more flexible, scalable, and reversible
integration strategies. Continued innovation in transfer media,
temperature control, and van der Waals engineering is expected
to further expand the capabilities and application scope of dry
transfer technologies for 2D materials.
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Capillary force assisted hybrid method. While dry transfer
methods enable precise alignment and clean interfaces, they
often struggle when depositing 2D materials onto substrates
with complex topographies or limited contact area, resulting in
insufficient adhesion for reliable release from the PDMS stamp.
Conversely, wet transfer methods allow broad substrate com-
patibility by retrieving 2D flakes floating on a liquid surface but
suffer from poor spatial control and potential contamination.

Recognizing the complementary strengths and limitations
of these two paradigms, hybrid capillary-force-assisted transfer
methods have emerged as a powerful solution, leveraging the
best of both approaches. The essence of these techniques is to
temporarily use a thin film of evaporative liquid, such as water,
acetone, or isopropanol vapor, as an ‘“instant glue” between the
PDMS stamp and the 2D material during the pick-up process.
The capillary force dramatically increases the effective adhesion
(F,) during pick-up, easily exceeding the interfacial force with
the growth substrate (F,), thereby enabling efficient exfoliation
even for challenging geometries or hollow substrates. After the
liquid evaporates, the adhesion force drops, greatly reducing
(F,), which allows the 2D material to be cleanly released onto
the target substrate (where F3 > F,), thus providing a dynami-
cally tunable transfer force throughout the process.

A landmark study by Ma et al. introduced this concept by
condensing a thin layer of water vapor onto a clean PDMS
stamp.'** The water layer provides strong, but transient, capil-
lary adhesion for picking up graphene or TMDCs from SiO,/Si
substrates, previously impossible with standard dry PDMS.
Once the water evaporates, the 2D flake can be precisely and
gently placed on the target substrate. Critically, because only
volatile liquids are used, this process eliminates polymer con-
tamination and avoids post-transfer annealing, preserving the
pristine surface and high mobility of the 2D material. Devices
fabricated using this approach have demonstrated record-high
carrier mobility and minimal charge neutrality point shift,
confirming ultra-clean interfaces. Furthermore, by patterning
the PDMS stamp into arrays, selective pick-up and determinis-
tic assembly of device arrays or lithography-free fabrication
becomes possible.

Building upon this foundation, a recent work further
advanced the field by employing a patterned PDMS stamp
(micro-post arrays) and introducing a capillary-force-assisted
mass transfer printing (MTP) technology.** In this approach,
an ethanol-water solution is introduced at the interface, which
penetrates non-contact regions between the PDMS micro-posts
and the 2D film, causing controlled delamination by capillary
action. This enables wafer-scale transfer and patterning of
monolayer MoS, and vdW heterostructures, with transfer yields
approaching 99% and negligible device degradation, even for
over a million device arrays in a single step. By tuning the type
and ratio of the volatile liquids (e.g., water, ethanol, and
isopropanol), the method can be adapted to 2D materials
sensitive to water (such as black phosphorus) and can even
be performed in inert atmospheres inside gloveboxes. The use
of ultraclean, patterned PDMS further reduces contamination
and enables selective, scalable device integration.

This journal is © The Royal Society of Chemistry 2026
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A notable advantage of the capillary-force-assisted hybrid
approach lies in its use of exceptionally clean, highly cross-
linked PDMS stamps, which significantly reduces polymer
contamination compared to conventional sticky PDMS-based
methods. This is particularly important for preserving the
intrinsic electronic properties of high-mobility 2D devices.
Furthermore, the capillary medium is highly adaptable: while
water vapor often serves as the ‘“instant glue” to provide
temporary adhesion, the process can easily be carried out with
other volatile solvents such as isopropanol (IPA) or acetone
vapor, especially in an inert glovebox environment. This versa-
tility enables the transfer of water-sensitive materials, such as
black phosphorus, using compatible vapors that prevent degra-
dation. The combined use of ultra-clean PDMS and tunable
capillary media ensures a gentle, contamination-free, and
highly efficient transfer process across a broad range of 2D
materials and device integration scenarios.

In summary, capillary-force-assisted hybrid methods repre-
sent a near-ideal solution for 2D material transfer: they offer
tunable interfacial forces for efficient pick-up and release,
minimize contamination, and are compatible with both large-
area and patterned integration, as well as sensitive or air-
unstable materials. This new class of techniques address nearly
all key challenges of previous wet and dry transfer methods,
opening the door to high-throughput, contamination-free, and
lithography-free fabrication of advanced 2D material devices.

3.2.2. Emerging advanced transfer methods. A complete
transfer process for 2D materials generally consists of two
stages: pick-up and placement, governed by the relative adhe-
sion energies between the transfer medium, the 2D material,
and the substrate. All emerging strategies discussed in this
section are ultimately variations or refinements of this funda-
mental principle. Recent advances have enabled the emergence
of highly versatile and scalable transfer methods, including
dielectric (e.g., Sb,O;)-assisted transfer,'®® SiN, film-assisted
transfer,® and UV tape-assisted transfer,”! which we highlight
as representative cases of wet, dry, and hybrid approaches,
respectively, as illustrated in (Fig. 6).

Dielectric-assisted transfer method (wet-approach). To address
persistent polymer contamination, Liao et al. developed a
dielectric-assisted transfer method using epitaxially grown,
single-crystal Sb,0O; films on graphene/Cu(111) substrates
(Fig. 6a)."°® The resulting Sb,O; layers are atomically flat,
ultra-thin, and chemically inert, serving as a temporary support
for conformal, crack-free transfer of graphene or MoS, onto
arbitrary substrates. This approach avoids the introduction of
polymer residues and preserves interfacial integrity, enabling
devices with exceptional performance—graphene FETs with
mobilities up to 29000 cm® V™' s™' and MoS, FETs with steep
subthreshold swings and high on/off ratios. Such dielectric-
mediated strategies offer a scalable and contamination-free
platform for next-generation 2D electronics.

SiN,-assisted transfer method (Dry-approach). The SiN,-
assisted transfer method (Fig. 6b) employs a flexible inorganic

This journal is © The Royal Society of Chemistry 2026
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SiN, film, typically coated with a metal layer, to pick up and release
2D materials by controlling adhesion through temperature
modulation.*® This method provides extremely clean surfaces and
allows precise tuning of adhesion by adjusting the thickness and
composition of the metal coating. However, the release stage
requires high temperatures (120-150 °C), posing oxidation risks
to sensitive 2D materials and necessitating glovebox processing.
Additionally, this approach is less effective for graphene grown on
copper foil, a common CVD substrate.

UV tape-assisted transfer method (hybrid-approach). The core
innovation of the UV tape method is the use of UV illumination
to modulate adhesion (Fig. 6¢).>* After attaching the UV tape to
the graphene on a copper substrate, UV exposure hardens the
adhesive, enabling reliable pick-up. Electrochemical delamina-
tion then separates the tape/graphene stack from the growth
substrate, after which the stack is aligned and baked onto a
SiO,/Si wafer, followed by gentle peeling of the tape at 80-90 °C,
to leave a clean monolayer of graphene. This process is con-
sidered a hybrid method because, while it incorporates a liquid
step during electrochemical delamination, it does not fully rely
on solution etching for release. This technique stands out for
its broad applicability, not only to graphene but also to TMDCs
and h-BN, and for its compatibility with diverse target sub-
strates, including ceramics, plastics, and even non-planar
surfaces. Patterning the UV tape also enables flexible device
array assembly, which is highly advantageous for commercial
and industrial applications.

In summary, these advanced transfer methods share several
key advantages: high material versatility, streamlined opera-
tion, large-area and high-quality transfer capability, and mini-
mal interfacial contamination or damage. As shown in Fig. 6,
the latest techniques now enable scalable, precise, and
contamination-free transfer of 2D materials for state-of-the-art
device integration and commercial applications.

Summary. In conclusion, we have systematically evaluated a
wide range of 2D material transfer techniques by considering 6
critical criteria: ease of operation, cleanliness, transfer size,
completeness, versatility, and multi-functionality, as compared
in the radar chart in Fig. 7. A detailed explanation of the scoring
criteria and data sources used to construct the radar chart is
provided in the SI (Table S1). These metrics, visualized through
radar charts, allow for an intuitive comparison of both estab-
lished and emerging transfer methods. Our analysis underscores
that no single technique excels in every aspect; rather, each
approach involves trade-offs tailored to specific application needs.
Some methods prioritize large-area scalability or process simplicity,
while others focus on achieving atomically clean interfaces or
multifunctional device integration. This comprehensive bench-
marking highlights the dynamic and evolving landscape of 2D
material transfer, emphasizing the necessity of method selection
based on targeted performance requirements and practical con-
straints. Continuous innovation and cross-disciplinary optimiza-
tion will be essential to approaching the ideal transfer protocol for
next-generation 2D devices.
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Fig. 6 Recent advanced transfer methods. (a) The dielectric-assisted transfer method. (I and Il) The schematic illustration of the lattice symmetry and
epitaxial growth of Sb,Oz on Cu(111) () and graphene-covered Cu(111) (ll). (Ill) The photo of the 4-inch as-deposited s-Sb,O3z on graphene-covered
Cu(111) wafer. (IV) The z-contrast atomic-level HAADF-STEM image of Sb,O3 showing the atomically resolved lattice. (V) The schematic illustration of the
atomic structure of Sb,Oz grown on graphene-covered Cu(111). (VI) The representative image of the transferred graphene. Reproduced from ref. 168
with permission from Springer Nature, Copyright 2025. (b) The SiN, membrane-assisted transfer method. Scanning electron microscope (SEM) () and
optical (Il) micrographs of the cantilevers after picking up thick (~40 nm) h-BN crystals. (/) The optical micrograph showing the cantilever in contact
with graphene (edges highlighted with a dashed line) on SiO,. The flexible nature of the cantilevers allows accurate control of the lamination process.
(IV) The optical micrograph showing the resulting heterostructure on an oxidized silicon wafer with large uniform areas. Adapted from ref. 20 according
to Creative Commons Attribution 4.0 International License (CC BY 4.0). (c) The UV tape-assisted transfer method. (I) Three graphene/Cu(111) substrates
with UV tapes, used for large-area three-layer stacked graphene. (Il) The photo of the graphene stack made by transferring three sheets of large
monolayer graphene. (lll and IV) The transferred single-crystal monolayer graphene grains. (lll and IV) The optical and atomic force microscopy (AFM)
imaging. Adapted from ref. 21 according to Creative Commons Attribution 4.0 International License (CC BY 4.0).

No single transfer method is universally superior in all For applications prioritizing cleanliness and high electronic
categories. Instead, each method presents a distinct set of performance, h-BN pick-up and dielectric-assisted methods are
trade-offs tailored for specific research or industrial needs. preferred. For large-area and scalable integration, capillary
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Fig. 7 The radar chart shows the advantages and disadvantages of the selective transfer method. Methods include the PMMA wet transfer method,
viscoelastic dry transfer method, capillary force assisted hybrid method, dielectric assisted method, SiN, membrane pick up method, UV tape assisted
method, electrochemical stratification method, h-BN vdW pick up method, and PC assisted transfer method.

force-assisted and UV tape strategies offer major advantages.
When process simplicity and versatility are essential, wet
transfer remains widely used, despite its drawbacks in interface
quality. In addition, we have summarized in the supporting
information (Table S2) representative studies of 2D material
FETs, compiling device-level metrics such as carrier mobility,
contact resistance, threshold voltage shift, noise levels, and
long-term cycling stability, to provide readers with direct corre-
lations between transfer strategies and device performance.

This journal is © The Royal Society of Chemistry 2026

3.3. The extension of 2D material transfer

In recent years, the transfer methods for 2D materials have
evolved from initially addressing the issues of separating and
reconfiguring single-layer or few-layer atomic crystals to becom-
ing a versatile interface engineering technology with wide
applicability. The core idea is to precisely control the inter-
action forces at the material/substrate interface to achieve high-
fidelity picking and releasing. This concept has been success-
fully extended to those non-2D materials, for instance, for the
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controlled release of high-refractive-index photonic crystals to
achieve precise optical structure assembly;'”° for the transfer of
ultra-thin diamond films, thereby expanding their applications
in quantum optics and high-power devices;'’* and for the thin
films of 3D materials (e.g., silicon-film'”?), providing new ideas
for advanced semiconductor manufacturing. More importantly,
these transfer methods are not limited to traditional planar
substrates but can also be compatible with irregular interfaces
with curvatures, steps, or suspended structures, thereby signifi-
cantly expanding their applicability in heterogeneous integra-
tion, flexible electronics, and complex photonic devices.
Therefore, starting from “2D material transfer”, the resulting
interdisciplinary methodology has become a key technical
foundation in various -cutting-edge device manufacturing
processes.

3.3.1. Transfer beyond 2D materials. The versatility of
transfer techniques developed for 2D vdW materials has cata-
lysed their adoption for a much broader class of materials and
devices.”® As shown in Fig. 8, the fundamental principles
underlying 2D material transfer, precise control of interfacial
forces and gentle manipulation, have been adapted to enable
the integration of metal films, dielectric layers, nanowires,
photonic crystal structures, and more onto a variety of target
substrates.’”®*”*'7* This broad applicability makes transfer
technology a powerful tool not only for 2D materials research,
but also for the scalable fabrication of complex micro- and
macro-scale devices, by treating them as low-dimensional
material flakes.

A landmark example is the transfer of photonic crystal
cavities, treated as van der Waals flakes, as demonstrated by
Liu et al.'”° Using classical PDMS dry transfer, vertically stacked
heterostructures were first assembled on an Si/SiO, substrate,
after which prefabricated photonic crystals were picked up and
precisely transferred onto the 2D stack. This enabled localized
enhancement of electroluminescence in the nanocavity, illus-
trating the power of transfer for multifunctional device integra-
tion (Fig. 8a). In addition, transfer techniques have further
expanded to one-dimensional and multilayer photonic devices.
Yang et al. applied an improved transfer printing method for
integrating 1D photonic crystal films onto organic translucent
photovoltaic devices, using PDMS as a support for roll-to-roll
(R2R) compatible, low-temperature transfer.'”® Similar strate-
gies have been extended to membrane reflectors, multi-layer
laser cavities, and even wafer-scale transfer of compound
semiconductor layers."”>"”® For advanced nanomaterials, such
as MXenes, wet transfer protocols have enabled large-area,
flexible, and conductive films. Xu et al prepared Tiz;C,T,
MXenes on glass, then employed PMMA-assisted wet transfer
onto diverse targets."””” In optoelectronics, dry transfer has
been used to fabricate transparent conductive electrodes (TCEs)
based on Ag nanowires, offering excellent electrical and
mechanical properties (Fig. 8b).'”® Even traditional semicon-
ductor wafers have benefited: Wang et al. used a combination
of wet etching and dry PDMS transfer to assemble ultra-thin
silicon wafers onto patterned PtSe,, followed by further device
integration steps to realize high-speed UV photodetectors
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(Fig. 8c)."”> Notably, transfer methods have even enabled the
manipulation of robust materials such as diamond. Jing et al.
devised a single-edge burst stripping technique, using tape to
peel off wafer-scale diamond films, which can then be inte-
grated onto various substrates (Fig. 8d).'”" This process pro-
duces ultra-flexible, large-area diamond films compatible with
strain engineering and flexible sensing.

Overall, these examples underscore the remarkable general-
ity and transformative potential of transfer techniques. By
refining steps originally developed for 2D materials, research-
ers are now able to integrate a diverse array of functional films
and nanostructures, ranging from atomically thin layers to
macroscale membranes, opening new frontiers in electronics,
optoelectronics, and flexible devices by transferring for almost
“everything”.

3.3.2. Transfer on arbitrary devices. Building on the
diverse transfer strategies reviewed above, not only for 2D
materials but also for complex films and nanostructures, the
field has now advanced toward the deterministic integration of
2D materials with functional optical and electronic devices.
Leveraging these versatile transfer techniques, researchers can
now position 2D materials with high precision onto a wide
variety of device architectures, including ring resonators, wave-
guides, suspended photonic crystals, and heterostructure
arrays (Fig. 9). This level of integration is critical for harnessing
the unique properties of 2D materials in practical device
settings, enabling the realization of advanced functionalities
such as dark exciton control,'”® low-threshold nano lasers,**°
electro-optic modulators,"® and single-photon sources for
emerging quantum photonic circuits.'®>

One significant challenge in integrating 2D materials onto
functional devices is the inherent non-planarity and structural
complexity of many target surfaces. Device architectures such
as photonic crystals with pillar or hole arrays, or waveguides
with pronounced topography, often present a low fill factor or
rough, uneven profiles.’® As a result, the average interfacial
adhesion force (F3) between the 2D material and the device
surface is substantially reduced, making reliable and residue-
free transfer particularly difficult. In such cases, conventional
transfer methods may fail to achieve uniform contact or clean
release. To address this, it becomes essential to adopt transfer
strategies that can further minimize the adhesion between the
2D material and the transfer medium (F,)—for example,
through hybrid or capillary force-assisted techniques, substrate
heating, or the use of sacrificial layers—thereby ensuring
successful transfer even onto substrates with minimal or dis-
continuous contact area.'**'®* The versatility of 2D materials,
stemming from their atomic thickness and vdW interactions,
allows them to conform to a variety of substrates, but optimal
integration requires careful engineering of interfacial forces
tailored to the specific device geometry.

Here, we highlight some representative examples for trans-
fer onto arbitrary substrates, including ring resonators, wave-
guides and suspend devices. Electro-optic modulation and
ring resonators: Datta et al. integrated monolayer WS, onto a
silicon nitride microring resonator using polymer-assisted wet

This journal is © The Royal Society of Chemistry 2026
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Fig. 8 Transfer beyond 2D materials. (a) The photonic crystals (PhCs). Suspended PhCs are detached from GaP and transferred onto SiO,/Si substrates,
enabling integration with light-emitting vdW heterostructures and cavities. Reproduced from ref. 170 with permission from American Chemical Society,
Copyright 2017. (b) Nanowire mesh. A large-area nanowire mesh device is fabricated and transferred, as shown in top-view and cross-sectional SEM
images. Reproduced from ref. 178 with permission from American Chemical Society, Copyright 2017. (c) Si flakes. An ultrathin Si flake is transferred onto
PtSe, to form a UV photodetector. Reproduced from ref. 172 with permission from Wiley-VCH, Copyright 2024. (d) Diamond film. An ~1 um-thick,
2-inch-wide diamond membrane is exfoliated from Si using adhesive tape, leaving the substrate clean and reusable. Reproduced from ref. 171 with
permission from Springer Nature, Copyright 2017.

transfer, demonstrating strong light-matter interaction the development of the first integrated graphene electro-

between 2D materials and ring resonators and the electrical
tunable opto-device (Fig. 9a).'®' Graphene-based modulators,
first demonstrated by Liu et al., were realized by transferring
monolayer graphene onto optical fiber waveguides, enabling

This journal is © The Royal Society of Chemistry 2026

absorption modulator.'®® Besides, single-photon emitters on
waveguides: Peyskens et al. used dry transfer to place WSe, onto
silicon nitride photonic integrated circuits, realizing determi-
nistic integration of single-photon emitters (Fig. 9b).'®?
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Fig. 9 Transfer materials on arbitrary devices. (a) Transfer to ring resonators. Schematic and device design showing a WS, monolayer integrated with a
SiN, ring resonator for ionic-liquid-controlled modulation. Reproduced from ref. 181 with permission from Springer Nature, Copyright 2020. (b) Transfer
materials to waveguides. Scheme and experimental demonstration examples of transferred WSe, or graphene flakes on waveguides. Adapted from ref.
182 according to Creative Commons Attribution 4.0 International License (CC BY 4.0). Reproduced from ref. 185 with permission from Springer Nature,
Copyright 2011. (c) Transfer material on suspended devices. Schematic and device design of transferring the 2D twisted device or monolayer on holes or
a hole array (PhC cavity). Reproduced from ref. 180 with permission from Springer Nature, Copyright 2015. Reproduced from ref. 186 with permission

form Springer Nature, Copyright 2022.

Sun et al. employed mechanical exfoliation and dry transfer to
place WS,/WSe, heterojunctions onto circular hole arrays, obser-
ving interlayer exciton enhancement in suspended geometries
(Fig. 9¢)."*® Similarly, dark exciton readout and quantum photo-
nics: Ma et al. transferred exfoliated WSe, and h-BN films onto
silicon nitride PhC using capillary force-assisted clean stamp
transfer.’’® This enabled the realization of a dark exciton qubit
readout system. Nanolaser has also been achieved by Wu et al.
through the traditional polymer wet transfer. They integrated
WSe, onto prefabricated photonic crystal cavities, serving as a
gain medium for nanolasing after polymer removal.'*°

3.4. From lab to industry

Building on the laboratory-scale advances outlined in Sections
3.1-3.3, where diverse transfer techniques have been estab-
lished and several already demonstrated wafer-scale feasibil-
ities, the critical question now is how these methods can evolve
into industry-compatible processes. This transition requires
not only meeting the stringent requirements of large-area
production, high material quality, and yield stability, but also
ensuring seamless compatibility with existing semiconductor
manufacturing. In this section, we first outline the key criteria
for industrial adoption, including scalability, quality, yield,
integration, and environmental compliance, before review-
ing emerging strategies that address these challenges. In
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particular, we highlight the convergence of roll-to-roll (R2R)
processes with robotics- and artificial intelligence (Al)-assisted
automation, which is poised to define the next phase of wafer-
scale, high-throughput 2D material transfer.

3.4.1. The requirements of industrialization. To advance
2D material transfer from laboratory demonstrations to com-
mercial deployment, several key requirements must be
addressed. These include achieving scalable production capa-
city, ensuring material quality, maintaining a high yield rate,
securing compatibility and integrability with existing semicon-
ductor processes, and meeting environmental compliance.
Each of these factors is critical to determining whether transfer
methods can support reliable, cost-effective, and sustainable
industrial applications.

Production scale. For commercialization, production capacity
determines the ability to supply the market, serves as the
foundation for seizing market share, and directly affects costs
and profits. This is because the scale of output directly deter-
mines the allocation of labor and energy costs, thereby influen-
cing the commercial feasibility and being the key factor
determining whether something can be commercialized."®”
Although the small-batch process can produce high-quality
2D materials, its production capacity is far from meeting the
industrial demand. The inability to efficiently produce these
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materials has deprived them of price competitiveness and has
limited their potential for industrial development.'®®

Material quality. If large-scale production is the “entrance
ticket” for commercialization, then high quality is the “long-
term pass’”’ for commercialization. Without high quality, even if
a large-scale production capacity opens up the market, it will
quickly lose users due to malfunctions and low performance.
The quality of the material lattice, grain size, and defect density
directly determine the benchmark performance migration rate,
saturation current, light response intensity, and noise of elec-
tronic/optical devices. For high-end electronic devices, high-
quality materials are necessary. Large-scale production capacity
and high-quality materials are often a difficult choice."®® There-
fore, there is an urgent need to develop a method that takes
into account both the preparation efficiency and the material
quality.*®°

Yield rate. Yield directly determines the production cost and
resource utilization of products is the key to balancing profits
on a large scale and is also the core indicator of material quality
stability and is the key to sustainable commercial development.
For 2D materials, reducing defects (bubbles, wrinkles, cracks,
and residues) has a strong correlation with yield."®” Therefore,
how to avoid material defects and improve yield is another
challenge that needs to be overcome for commercial sustain-
able development. Moreover, different types of defects have
various impacts on the performance of the materials, and a
complete inspection process needs to be established by
combining different testing methods and characterization
means.'”!

Compatibility and integrability. For industrialization, com-
patibility is the foundation for the synergy of the industrial
chain. Seamless integration with the existing manufacturing
ecosystem is necessary to quickly integrate into the existing
industry and reduce implementation costs. The silicon-based
industry is already mature enough, while many high-
performance 2D materials cannot be integrated with the silicon
production lines, facing issues such as mismatched thermal
budgets, low alignment accuracy, and incompatibility with
other processes."®* Although the transfer method usually works
well in dealing with these issues, it does bring about defect
problems, thereby reducing the quality and yield of the
materials."® Once 2D materials are integrated with the tradi-
tional silicon-based industry, they can effectively increase inte-
gration density and provide a more advanced platform for next-
generation electronic products,'®® especially as silicon technol-
ogy itself evolves toward multilayer architectures—from 3D
FinFETs to gate-all-around (GAA) FETs and ultimately to
multi-bridge channel FETs (MBCFETs)—where the incorpora-
tion of 2D materials is particularly well suited to future scaling
trends.™*

Environmental compliance. Even if the production line can be
compatible with the existing ones and can produce high-quality
materials, the environmental protection aspect determines

This journal is © The Royal Society of Chemistry 2026

View Article Online

Chem Soc Rev

whether commercialization can be permitted by regulations
and policies. Besides meeting legal requirements, considering
costs as well, many processes use harmful solvents. Therefore,
the high cost of waste disposal is another challenge for
commercialization."®® The advantages of R2R and CVD depend
on the reusability of the materials.

Addressing these industrial requirements has motivated the
exploration of next-generation transfer strategies that combine
cleanliness, scalability, and broad material compatibility. Very
recently, the team led by Zheng et al. proposed a transfer
method based on the electrostatic double layer (EDL) repulsion
mechanism (EDL transfer), which utilizes the EDL repulsive
force formed in ammonia solution to achieve non-destructive
separation of vdW materials from the growth substrate.'®
Importantly, this method does not rely on etching reactions.
The EDL repulsive force is based on making both the material
and the substrate surface negatively charged to form a long-
range electrostatic repulsion force, overcoming van der Waals
attraction, thereby achieving material exfoliation, avoiding the
problems of etching damage, contamination and residue in
traditional methods. It not only improves the integrity and
interface cleanliness of the material but is also applicable to
various 2D materials (TMDs, graphene, h-BN, CNT, etc.) and
substrates (oxides, metals, nitrides, mica, etc.). By adjusting the
pH and ionic strength of the solution, the EDL repulsive force
can be effectively enhanced to achieve rapid, uniform, wafer-
level material exfoliation. Moreover, the entire process is rapid
and mild and can achieve centimetre-level exfoliation in just a
few seconds.

3.4.2. Large-scale and automated transfer approaches.
Building on the requirements outlined above, this section
reviews recent advances in large-area and automated transfer
methods, focusing on how R2R strategies and Al/robotics-
driven systems can enable wafer-scale integration with indus-
trial compatibility.'?*2°

The advent of automation and Al-enabled process control
further amplifies this transformation.>®’ By enabling precise,
reproducible handling of delicate 2D layers, minimizing
human error, and allowing real-time process optimization,
automated transfer systems not only boost yield and unifor-
mity, but also facilitate the complex multi-step stacking and
assembly required for next-generation electronic and optoelec-
tronic devices. These advances are directly aligned with the
evolving requirements of the global semiconductor industry, as
reflected in the IRDS.”>%"

In this section, we will highlight how large-scale transfer
approaches, especially R2R and Al-driven automated transfer,
are poised to unlock the industrial potential of 2D materials,
ensuring their successful integration into the semiconductor
roadmap and setting the stage for the next wave of electronic
and quantum technologies.

Roll-to-roll (R2R) transfer. R2R transfer has established itself
as a cornerstone for the large-scale manufacturing of 2D
materials, especially in contexts demanding flexible substrates
and continuous, high-throughput production (Fig. 10a). In a

Chem. Soc. Rev,, 2026, 55, 2574-2634 | 2593


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5cs00531k

Open Access Article. Published on 06 January 2026. Downloaded on 6/21/2026 4:08:58 PM.

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

(cc)

Chem Soc Rev

a Roll to roll transfer

Polymer support

Graphene on Cu

b Al-driven automated transfer systems

Graphene on polymer support,

Etching Cu to separate graphe

View Article Online

Review Article

Released polymer support

Graphene on target substrate

Industrially compatible automated transfer of 2D materials

&

P 4 =

Thermal evaporation\

]

2D materials/
growth

substrates Automated spin coater

Automated laminating and delaminating

\ Dancer
TRT . roller

Idler roller ‘ - |
" 2D materials/
target substrates

machine t '»!\\
Heating
stage

Fig. 10 Large-scale preparation (a). The concept of the roll-to-roll (R2R) transfer. (b) The concept and design of Al-driven automated transfer systems.
Reproduced from ref. 201 with permission from Springer Nature, Copyright 2025.

typical R2R process, 2D materials such as graphene or MoS, are
first synthesized on metal foils, most commonly copper or
nickel, and subsequently transferred onto flexible polymer
supports such as polyethylene terephthalate (PET) or polyimide
(PI) via continuous mechanical lamination.

Early breakthroughs in this field were exemplified by Bae
et al. who achieved the transfer of 30-inch graphene films using
a wet-etching process to remove the copper growth substrate,
followed by direct lamination onto polymer films.>*® Subse-
quent advancements by Kobayashi and colleagues introduced
photocured epoxy resin adhesives, which substantially
improved transfer yield and enabled the production of gra-
phene films up to 100 meters in length, marking a significant
step towards true industrial-scale production.?> For TMDs like
MoS,, whose vapor-phase growth chemistry complicates
direct R2R integration, hybrid wet/dry R2R strategies have
been devised, allowing for the continuous transfer of large-
area MoS, layers with high crystallinity and device-grade
performance.

Despite these substantial advances, the R2R paradigm pre-
sents technical challenges, particularly those inherited from
wet-transfer processes, namely, polymer residue contamina-
tion, difficulties in maintaining interface cleanliness, and the
single-use nature of etched metal substrates. These issues can
degrade the electrical and mechanical properties of the trans-
ferred 2D layers, limiting their utility in high-performance
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devices. Recent innovations, such as dry R2R methods that
enable precise control of peel tension and speed, are mitigating
these limitations and yielding higher-quality films. Addition-
ally, techniques like electrochemical delamination and etchant-
free hot water separation have enabled the reuse of metal
growth substrates and reduced the risk of ionic contamination,
further enhancing process sustainability and scalability.

Nevertheless, R2R transfer remains largely confined to 2D
materials and substrate combinations compatible with contin-
uous roll architectures. Translating these advances to rigid
wafers or arbitrary substrates presents ongoing challenges,
particularly in terms of alignment, uniformity, and defect
minimization over meter-scale areas. Achieving pristine inter-
faces free from mechanical defects such as wrinkles, tears, and
bubbles remains a critical area of technical development for the
next phase of industrial integration.

Al-driven automated transfer systems: towards scalable and
reproducible manufacturing. The development of AI- and
robotics-assisted transfer systems represents a major step
toward industrial-scale, high-throughput manufacturing of 2D
materials and their heterostructures. Traditional manual or
semi-automated transfer methods are inherently limited by
human-induced variability, poor control over strain and adhe-
sion, and the risk of contamination, ultimately restricting
scalability, reproducibility, and device yield.

This journal is © The Royal Society of Chemistry 2026
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Liu Zhongfan’s team recently reported a fully automated
transfer platform that addresses these bottlenecks by integrat-
ing advanced robotics, programmable feedback control, and
precision engineering of interfacial forces®®* (Fig. 10b). Their
approach introduces a tunable Al/Al,O; adhesion layer,
enabling programmable internal strain and precise delamina-
tion/lamination control. Combined with robotics for handling,
spin-coating, lamination, and peeling, the system achieves
crack-free, residue-free, and highly uniform wafer-scale transfer
of CVD-grown graphene, h-BN, MoS,, and their vdW
heterostructures.

Notably, the system demonstrates a production capacity of
up to 180 wafers per day, with >99% intactness and carrier
mobilities for transferred graphene exceeding 14 000 cm* V!
s ' across a 4-inch wafer, with performance metrics compar-
able to or even surpassing those of manually exfoliated materi-
als. The automated, solution-free process eliminates harsh
chemical etchants and minimizes environmental impact, as
verified by comprehensive life cycle assessment (LCA).

AI- and robotics-assisted transfer systems set new bench-
marks for precision and repeatability in 2D materials integra-
tion, as these platforms tightly regulate tension, speed, and
pressure during each transfer step, dramatically reducing
defects such as cracks, bubbles, and wrinkles that often plague
manual approaches and ensuring high device reliability at
scale.®®’ The resulting material and substrate flexibility is
notable: automated workflows can seamlessly handle gra-
phene, h-BN, MoS,, and complex heterostructures, with com-
patibility across a broad spectrum of substrates, including Si,
Si0,/Si, HfO,, and Al,O;. Layer-by-layer stacking and hetero-
structure assembly become both programmable and highly
reproducible. From an industrial viability standpoint, these
automated solutions achieve high throughput, robust wafer-
to-wafer consistency, and ultra-low contamination, effectively
bridging the gap between academic demonstrations and prac-
tical manufacturing for photonics, electronics, and quantum
technologies.>®® Importantly, sustainability is enhanced by
minimizing liquid-phase waste and reducing labour costs,
yielding a more environmentally friendly and economically
attractive process than traditional chemical-based transfers.
Nevertheless, challenges remain, including adapting these plat-
forms to rigid, non-rollable substrates, automating multi-
material assembly, and developing closed-loop, Al-driven defect
detection to ensure quality and scalability for future industrial
applications.

In summary, the emergence of automated, Al-assisted trans-
fer and analysis platforms represents a paradigm shift in the
scalable production of 2D materials.>*»?%® These systems will
be foundational to integrating 2D materials into the semicon-
ductor roadmap and unlocking their full commercial potential
in next-generation flexible, transparent, and quantum electro-
nic devices.

3.5. Summary and perspectives

In this section, we summarized the landscape of 2D transfer
methods, covering wet, dry, and hybrid strategies, together with
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scalable innovations such as dielectric-assisted, SiN, film-
assisted, and UV tape-assisted transfer. These approaches
demonstrate that transfer has evolved from an auxiliary step
into a central technology, directly determining interface clean-
liness, scalability, and device fidelity. Despite remarkable pro-
gress, major challenges remain in achieving residue-free
interfaces, wafer-level uniformity, and compatibility with indus-
trial processes. Looking forward, breakthroughs in intrinsically
clean transfer, reconfigurable stacking, and automated wafer-
scale assembly will be crucial for bridging laboratory demon-
strations with semiconductor manufacturing, thereby enabling
2D materials to play a transformative role across electronics,
photonics, and quantum technologies.

4. Strategies for mitigating
environmental sensitivity in 2D
materials

The atomically thin nature of 2D materials renders them
exceptionally sensitive to external environmental perturba-
tions. Ambient factors such as oxygen and humidity readily
induce degradation pathways, while transfer processes inevita-
bly introduce polymer residues, interfacial contamination, and
mechanical stress. These perturbations obscure intrinsic elec-
tronic and optical responses, underscoring the need for rigor-
ous interfacial protection and defect control. In this chapter, we
highlight three critical aspects: (i) environmental influences
and encapsulation strategies, (ii) transfer-induced contamina-
tion and strain, and their diagnostic identification, and (iii)
post-transfer treatment by mechanical and chemical cleaning.
Altogether, these perspectives establish a framework for pre-
serving the intrinsic functionality of 2D materials and guiding
their reliable integration into advanced devices.

4.1. Environmental influences and encapsulation strategies

For 2D materials, the external environment is of crucial impor-
tance because contaminants will inevitably be introduced onto
the material surface. On one hand, the van der Waals surfaces
of 2D flakes are atomically clean; on the other hand, these
pristine surfaces readily attract trace contaminants from the
ambient environment, leading to the formation of an inter-
facial contamination layer.>%°

Specifically, water and hydrocarbons in the air can quickly
contaminate the surface of 2D materials, causing the hydro-
philic surface of 2D materials to become hydrophobic.?*”°¢ By
controlling the relative humidity of the environment at a lower
humidity level, the density of tiny water droplets in the air can
be reduced, and materials with hydrophilicity will not adsorb
the moisture in the air.”*’ In our laboratory experience, envir-
onmental humidity has a profound influence on the stability of
exfoliated 2D flakes. For instance, in Singapore, where the
relative humidity often exceeds 50-60%, freshly exfoliated
flakes exhibit markedly shorter lifetimes compared to those
prepared under the much drier conditions in Canberra, Aus-
tralia (lab humidity is ~30%). The higher ambient moisture
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promotes surface adsorption and interfacial oxidation, accel-
erating degradation and leading to faster loss of optical and
electronic integrity. This observation highlights the critical role
of environmental control in preserving the intrinsic properties
of 2D materials during storage and device fabrication.

In addition to humidity, the oxidation is another obvious
factor that can downgrade the 2D flack qualities.>'® When
oxygen undergoes chemical adsorption with the material, an
irreversible oxidation reaction occurs, forming localized states
at the surface or defects, becoming electron/hole scattering
centers or traps, reducing the mobility and causing threshold
drift, ultimately leading to a decline in the performance of the
device.”"'*'® For example, when graphene is oxidized or PMMA
is left with carbon, non-radiative recombination increases,
photoluminescence (PL) is quenched, the spectral line broad-
ens or an additional background appears.*'*

Moreover, the oxidation of 2D materials is strongly acceler-
ated under certain environmental conditions. Elevated tem-
peratures can enhance oxygen diffusion and reaction kinetics,
leading to rapid degradation of materials such as MoS, and
black phosphorus (BP) through the formation of oxides or
suboxides.”"”">'® High humidity further exacerbates oxidation,
water facilitates oxygen-water redox chemistry and aids defect-
assisted hydrolysis/oxidation pathways, producing hydroxy-
lated species that speed up layer etching and chemical degra-
dation, a particularly severe problem for hydrophilic materials
such as BP.>" Therefore, controlling ambient temperature,
oxygen partial pressure and relative humidity during transfer
and post-processing, together with timely encapsulation, is
essential to limit irreversible oxidation and to preserve intrinsic
electronic and optical properties.

4.1.1 Encapsulation strategies. Because nearly all atoms in
2D materials are directly exposed to the environment, their
surfaces readily interact with oxygen, water vapor, and other
airborne species, leading to rapid degradation of their electrical
and optical performance. Encapsulation with inert materials
such as h-BN has therefore become one of the most effective
strategies for maintaining stability and device lifetime.>*® By
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isolating the active layers from the ambient, h-BN capping
prevents oxidation, adsorbate doping, and moisture infiltra-
tion, while simultaneously offering a clean, atomically flat
interface.

The significance of such encapsulation was first demon-
strated by Dean et al., who found that the direct contact
between graphene and the substrate introduced significant
impurity scattering and reduced carrier mobility.**® By insert-
ing h-BN as both a substrate and a capping layer, they obtained
graphene devices with substantially improved performance,
reflected in narrower charge neutrality peaks and higher
induced charge densities under magnetic fields. This work laid
the foundation for van der Waals heterostructure research and
firmly established h-BN encapsulation as a gold standard in 2D
material device fabrication.

However, while h-BN encapsulation greatly improves stabi-
lity, its effectiveness is often compromised in practical device
configurations (Fig. 11a). When the encapsulation layer is
laminated over topographically uneven regions, particularly
over thick metal electrodes, differences in rigidity, adhesion,
and surface energy create local voids and interfacial gaps.
These nanoscale pockets allow oxygen and water molecules to
infiltrate, weakening the encapsulation and leading to localized
doping, oxidation, or delamination over time. Such microcav-
ities not only degrade contact reliability but also introduce
trapped charge regions that deteriorate long-term device
stability.”*"

To address these challenges, three complementary strategies
have been developed (Fig. 11b-d): thinning the electrodes,
forming 1D edge contacts, and introducing in situ via contacts.

Thinner electrode strategy (Fig. 11b): the most straightfor-
ward approach is to reduce the electrode thickness to minimize
the step height at the metal/h-BN interface.”** Conventional
electrodes, often tens of nanometers thick, can be replaced by
ultrathin gold layers a few nanometers in thickness, or even by
atomically thin conductive films such as few-layer graphene
or emerging 2D metals like Au or Ga.***"**® These atomically
flat electrodes ensure conformal contact between the top

d In situ via contact electrode

000 0 0 0 0 o

Fig. 11 2D material encapsulation engineering. (a) The h-BN encapsulation strategy and its limitation: moisture or oxygen may seep in through the gap.
(b) Thinner electrode. (c) Edge contact electrode. (d) In situ via contact electrode.
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encapsulation and the active 2D channel, suppressing the
formation of voids and interfacial strain. Recently, Zhao et al.
developed a vdW compression technique capable of compres-
sing metals such as Bi, Ga, In, Sn, and Pb to the atomic-thin
limit (~1 A) between MoS, anvil layers,*® offering a new
pathway for creating perfectly matched ultrathin contacts com-
patible with encapsulation processes.

In addition, graphene can also serve as an encapsulation
material. Mirzayev demonstrated a suspended 0D/2D hetero-
structure in which graphene layers were encapsulated and used
to replace metal electrodes.””” This structure integrated Cgo
molecules between the two layers of graphene in a buckyball
sandwich structure. The graphene layers protected the Cg,
molecules from damage caused by microscope vacuum and
radiation, allowing for a direct study using STEM and imaging
at the atomic resolution. Gyeon et al. used PtSe, films as
electrodes/contacts to fabricate FET devices and prepared a
FET array with PtSe, channels.”*® The on/off ratio under p-type
behavior reached approximately 10°. This demonstrates that
the electrode material can not only be used for semiconducting
properties but also as an electrode or contact metal in certain
devices.

Edge contact strategy (Fig. 11c): an alternative route to
preserve interfacial integrity is to contact the 2D channel along
its exposed edge rather than the top surface. Wang et al. first
demonstrated this one-dimensional edge contact configu-
ration, in which graphene encapsulated within h-BN was
etched to expose its edges before metallization.'®® This geome-
try eliminates the need for metal deposition on top surfaces,
achieving both full encapsulation and excellent electrical cou-
pling. The resulting devices exhibited record-high room-
temperature mobilities of up to 140 000 cm® V' s, attributed
to the reduced contact-induced disorder and absence of
trapped interfacial residues.

In situ via contact strategy (Fig. 11d): building upon the edge-
contact concept, Telford et al. proposed integrating pre-
patterned metal vias within the h-BN encapsulation layer itself,
forming direct vertical contacts to the 2D channel beneath.>**
This approach avoids local delamination caused by electrode
topography, enabling intimate coupling with minimal contam-
ination. Li et al. later advanced this technique using in situ
through-hole metallization to embed contacts within h-BN,
achieving excellent reproducibility, mechanical robustness,
and long-term reliability.>*® Such in situ via architectures
are particularly promising for scalable, wafer-level integra-
tion, offering compatibility with industrial semiconductor
processing.

In addition to the h-BN based encapsulation, graphene or
even the functional devices themselves can serve as the protec-
tion layers. Recently, Bai et al. utilized a photonic crystal defect
cavity (1D PhC defect cavity) to enhance and stabilize the
second harmonic generation (SHG) performance of NbOCl,.>*°
By placing a thin NbOCI, sheet between the upper and lower
TiO,/SiO, stacked mirrors to form a vertical resonant cavity, the
incident light strongly resonates within the NbOCI, layer,
resulting in a 12-fold SHG enhancement. Moreover, the outer
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photonic crystal cavity served as a physical encapsulation layer,
ensuring that the SHG signal of NbOCI, did not show signifi-
cant attenuation for 10 months in a room-temperature air
environment.

In summary, although encapsulation remains essential for
preserving the intrinsic properties of 2D materials, achieving
defect-free sealing across realistic device geometries requires
precise engineering of contact topology and interfacial confor-
mity. Strategies such as ultrathin or 2D-metal electrodes, 1D
edge contacts, and in situ via embedding have collectively
pushed encapsulation performance to new limits. Altogether,
these advances form the technological basis for achieving air-
stable, durable, and high-mobility 2D electronic and optoelec-
tronic systems.

4.2. Transfer-induced undesired effects

4.2.1. Effects of contamination and defects on intrinsic
properties. Even after employing advanced transfer techniques,
post-transfer processing remains essential for achieving clean
and high-performance 2D material devices. Due to their atomic
thinness, 2D materials are highly sensitive to both external
contaminants (such as polymer residues) and internal struc-
tural distortions (such as wrinkles, cracks, and bubbles), all of
which can significantly degrade their intrinsic physical and
electronic properties.

Chemical contamination and residues. Among various transfer
strategies, wet transfer, especially PMMA-assisted methods,
remains widely used, yet polymer residues and surface
contaminants continue to pose major challenges. PMMA
residues, for example, act as p-type dopants and scattering
centers on graphene, reducing carrier mobility and overall
performance.””"**> In addition, the transfer process itself
may cause structural defects such as tearing or bubbling.®”*>°
Zheng et al. further showed that PMMA can chemically react
with etching agents (e.g., HF, KOH, NaOH, and FeCl;) during
transfer, leaving insoluble residues that persist even after
acetone rinsing.'®> In contrast, transfers using ammonia-
based etchants resulted in almost residue-free surfaces, high-
lighting that chemical compatibility between the polymer and
etchant is crucial. Residues not only lower mobility but also
modify the optical response, introducing nonradiative recom-
bination centers, redshifts in PL peaks, and spectral broad-
ening due to local strain and disorder. In multilayer TMDCs,
residual PMMA can suppress interlayer coupling, causing their
optical features to resemble those of monolayers until anneal-
ing restores proper interlayer interactions.

Etching-based wet transfer introduces additional concerns.**?
Metal ions (K" and Na") from common etchants can uninten-
tionally dope 2D semiconductors and are incompatible with
CMOS processes. In large-area MoS, transfers, such residues
increase surface roughness and contact resistance while
degrading carrier mobility. Liu et al. recently demonstrated
that incomplete rinsing steps can leave residual PMMA islands
on graphene, creating localized charge traps and potential
fluctuations that alter both Raman and PL signatures.*** These
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findings underline that polymer residues and interfacial impu-
rities remain one of the most persistent obstacles in 2D
material transfer.

Structural and interfacial defects. Beyond chemical contam-
ination, physical stress introduced during transfer can also
compromise material integrity. The surface tension and capil-
lary forces in liquid-based transfers often induce wrinkles,
cracks, and trapped bubbles. Wrinkles cause anisotropic carrier
scattering and mobility reduction, while localized strain bends
the band structure, forming quantum-dot-like emission hot-
spots and modifying PL energy and intensity.>*> Cracks and
twin boundaries disrupt charge transport and Raman
symmetry.>*> Meanwhile, interfacial bubbles not only enlarge
the physical gap between layers but also generate localized
charge puddles, degrade optical absorption, and reduce overall
device mobility.>*®

During the transfer process, particularly in wet transfer,
surface tension and capillary forces inevitably introduce local
stress within the 2D material, leading to the formation of
wrinkles, cracks, and interfacial bubbles. Such structural dis-
tortions significantly influence electrical and optical perfor-
mance. Wrinkles and cracks increase resistance and carrier
scattering, resulting in anisotropic conductivity and reduced
carrier mobility.**”**® The strain accumulated along folds can
also bend the local band structure of TMDCs, generating
“quasi-quantum-dot” emission hotspots that alter the local
PL energy and brightness, and in some cases, cause reconfi-
guration of the energy levels at the deformed regions.>***
Internal crystal defects, including twin boundaries and irregu-
lar grain boundaries, further disturb Raman responses and
disrupt lattice symmetry.”*! Interfacial bubbles, on the other
hand, enlarge the physical separation between adjacent layers,
degrading optical coupling and introducing non-radiative
recombination centers. These trapped voids increase PL and

absorption interface states, diminish overall membrane
response,”*® and deteriorate charge transport by lowering
field-effect mobility.>*?

4.2.2. Identification and characterization of transfer-

induced contaminants. Apart from environmental exposure,
contamination can be introduced at nearly every step of the
transfer process, from polymer supports and etching agents to
residues originating from the growth substrate itself. Identify-
ing the sources of these pollutants and optimizing each process
step are therefore essential to minimizing contamination at its
origin.>**

Optical microscopy, along with a range of non-contact
spectroscopic techniques, provides the most rapid and conve-
nient means of assessing the quality of transferred films.>*®
Raman spectroscopy and photoluminescence (PL) mapping are
particularly effective for detecting contamination and local
strain or doping. For instance, variations in the D, G, and 2D
bands of graphene, or shifts in excitonic peak positions in
TMDCs, can indicate the presence of carbonaceous residues,
strain accumulation, or charge-transfer doping.>*> While these
optical probes can distinguish between physical adsorption

2598 | Chem. Soc. Rev,, 2026, 55, 2574-2634

View Article Online

Review Article

and charge doping, they are less effective at identifying the
chemical composition of contaminants.>****”

X-ray photoelectron spectroscopy (XPS) complements optical
methods by providing information on elemental composition
and bonding states. Characteristic peaks such as C 1s, O 1s,
C-0, and C=0 reveal organic residues (e.g., PMMA fragments)
or oxidation products.>*” However, XPS suffers from limited
spatial resolution and must often be combined with local
probes. Photothermal-induced resonance (PTIR) offers a nano-
scale alternative, capable of mapping the infrared spectra of
surface pollutants with nanometer-scale resolution and high
mass accuracy.”*®

Morphological methods such as atomic force microscopy
(AFM) and scanning electron microscope (SEM) remain indis-
pensable for identifying nanoscale residues, wrinkles, or
bubbles through surface roughness mapping.>*® Advanced
photoelectron and work-function imaging techniques, such as
X-ray photoemission electron microscopy (XPEEM), further
enable correlation between surface chemistry and electronic
structure.>” Cathodoluminescence (CL), when combined with
SEM or scanning transmission electron microscopy (STEM),
allows high-resolution optical characterization of encapsulated
TMDs and h-BN heterostructures.**°

Finally, secondary ion mass spectrometry (SIMS) provides
high spatial and depth resolution, coupled with broad chemical
sensitivity across elements, isotopes, and molecules, serving as
a powerful complement to the above approaches.”*"

In summary, these characterization tools form a compre-
hensive framework for diagnosing contamination in trans-
ferred 2D materials, bridging structural, chemical, and
electronic perspectives to guide cleaner and more reliable
transfer protocols.

4.3. Post-transfer treatment by mechanical and chemical
cleaning

To address these challenges, various post-processing techni-
ques have been developed (Fig. 12), each targeting removal of
organic residues, improving interfacial flatness, and eliminat-
ing interlayer bubbles:

4.3.1. Physical mechanical cleaning. Physical cleaning, as a
straightforward and simple cleaning method, is widely used to
remove contaminants from the surfaces of 2D materials. Exam-
ples include annealing, plasma treatment, electrostatic adsorp-
tion, AFM scanning or nano-mechanical scraping. Thermal
annealing (Fig. 12a) in controlled atmospheres is a widely
adopted strategy, wherein post-acetone heating decomposes
and desorbs PMMA residues, while simultaneously reducing
oxygen-containing species covalently bound to graphene.
Nevertheless, excessive thermal budgets may induce structural
defects or further degrade PMMA into reactive radicals. At the
same time, it may increase the coupling between the 2D
material and the substrate, resulting in excessive doping of
the 2D material and a significant reduction in mobility.>>>

The electrostatic-assisted cleaning approach (Fig. 12b),
achieved by placing a statically charged cloth above the con-
taminated region, enables non-destructive PMMA removal at

This journal is © The Royal Society of Chemistry 2026
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Fig. 12 Post-processing for clean strategies. (a) The thermal annealing method: thermal annealing gradually reduces surface roughness and removes
residues at elevated temperatures. Reproduced from ref. 252 with permission from American Chemical Society, Copyright 2011. (b) The electrostatic
force-assisted method: electrostatic force cleaning enables PMMA removal and yields cleaner graphene compared to solvent treatment. Reproduced
from ref. 255 with permission from Wiley-VCH, Copyright 2013. (c) The plasma treatment method: plasma treatment produces large-area clean
graphene films with preserved monolayer integrity. Reproduced from ref. 256 with permission from Elsevier, Copyright 2012. (d) The electrochemical
treatment method: electrochemical treatment eliminates residues through electrolytic cleaning, lowering surface roughness. Reproduced from ref. 257
with permission from IOP Publishing, Copyright 2017. (e) The AFM-based mechanical treatment: AFM sweep (“nano-broom") mechanically removes

fabrication residues, improving device characteristics. Reproduced from ref. 258 with permission from IOP Publishing, Copyright 2011.

room temperature through electrostatic attraction. Plasma
treatments (Fig. 12c), employing oxygen, hydrogen, or mixed
gas chemistries (e.g., H,-N, and H,-Cl,), offer highly effective
removal of persistent organic and silicon-derived contaminants
that survive conventional solvent cleaning or annealing. How-
ever, prolonged exposure can etch or unintentionally dope the
2D lattice. AFM/nanoprobe-based mechanical cleaning
(Fig. 12e) allows localized and direct debris removal using
atomic force microscope tips, particularly flexible or
nanowire-coated probes, without substantial chemical modifi-
cation. The combined ‘“‘nano-ironing” approach, integrating
thermal annealing with tip-assisted cleaning, further enhances
surface planarity while minimizing oxidation and scratching.
Although these methods of cleaning two-dimensional materials
through mechanical force are more effective, they share a

This journal is © The Royal Society of Chemistry 2026

common drawback: the cleaning area is small, making them
difficult to apply to large-scale cleaning of 2D materials.

4.3.2. Chemical wet cleaning. Chemical wet cleaning
removes surface contaminants and polymer residues from 2D
materials through solvent dissolution or electrochemical reac-
tions. Common techniques such as solvent cleaning and elec-
trochemical bubbling are widely adopted in laboratories and
large-area material cleaning due to their simplicity and scal-
ability. However, the dissolution of polymers like PMMA in
organic solvents is a complex process involving diffusion,
swelling, and partial denaturation of long-chain molecules. As
a result, complete removal is often difficult, and residual
fragments frequently remain on the 2D surface. Therefore,
wet cleaning is typically combined with other post-processing
treatments. For instance, acetone vapor dissolution is often
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followed by thermal annealing to eliminate trace residues.
Jeong et al. further optimized this approach by introducing a
UV-assisted pre-treatment step, in which ultraviolet irradiation
breaks the ester side chains of PMMA, weakening its adhesion
to graphene. Subsequent cleaning with isopropanol, acetone,
and methyl isobutyl ketone efficiently removes the polymer
layer, achieving cleaner surfaces and improved electronic
performance.?*

Electrochemical cleaning (Fig. 12d) employs a voltage-driven
water decomposition process to generate hydrogen bubbles
that physically lift polymer residues off the surface. Although
this technique is effective, precise control of the applied
potential is necessary to prevent local delamination or struc-
tural damage.

Despite their maturity, chemical cleaning methods still face
limitations such as incomplete residue removal, potential
secondary contamination, and possible chemical damage to
sensitive 2D lattices. These challenges have driven the search
for more efficient and non-destructive alternatives. Recently, Fu
et al. demonstrated an ultraviolet-based method to repair
degraded sapphire substrates.”>® Air exposure leads to hydro-
lysis of sapphire, disrupting epitaxial alignment and degrading
its use as a growth template. However, by irradiating the
substrate with 320-400 nm UV light for 30 minutes followed
by heat treatment, its crystalline order can be fully restored.
Using this repaired sapphire, 2-inch wafer-scale WS, films were
grown with exceptional uniformity and crystallinity, achieving
>95% device yield and mobility fluctuations below 20%.

In summary, despite significant progress, no post-treatment
can guarantee complete removal of PMMA or other organic
residues. High-temperature or plasma treatments may only
partially eliminate pollutants and can introduce new structural
defects or chemical doping. Mechanical and electrochemical
approaches offer promising alternatives but still carry risks of
physical or chemical damage to delicate 2D structures.

Therefore, while post-processing greatly improves cleanli-
ness and device performance, it often adds complexity and new
sources of variability. The persistent challenge of achieving
truly residue-free and undamaged interfaces underscores the
urgent need for the development of fundamentally
contamination-free, clean transfer methods as the field moves
forward.

4.4. Summary

In summary, despite significant advances in cleaning and
interface engineering, no post-treatment can guarantee the
complete removal of PMMA or other organic residues. High-
temperature annealing or plasma treatment may reduce con-
tamination but often introduces new structural defects or
unintentional doping. Mechanical and
approaches offer promising alternatives, yet they still
risk damaging delicate 2D lattices. Consequently, post-
processing—while improving cleanliness and performance—
adds operational complexity and new sources of variability.
We must therefore acknowledge that post-transfer treat-
ments can only partially restore interfacial quality and cannot

electrochemical
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fully reverse contamination or stress accumulation. Rather
than relying on repair after transfer, the focus should shift
toward preventing contamination at its source. This calls for
the development of fundamentally clean, residue-free transfer
methodologies using self-depolymerizing or volatile media,
functionalized 2D support membranes, and automated, Al-
driven platforms that minimize human variability. In parallel,
in situ monitoring systems, based on Raman spectroscopy,
optical interferometry, or electron microscopy, should provide
real-time feedback to ensure closed-loop optimization. Collec-
tively, these advances will enable reproducible, contamination-
free integration of 2D materials at the wafer scale, bridging
laboratory precision with industrial manufacturability.

5. Transfer enabled 2D material
multifunctionality engineering

The atomically thin nature of 2D materials endows them with
remarkable mechanical flexibility, making them uniquely sus-
ceptible to a range of deformations, such as bubbles, wrinkles,
bending, folding, and twisting, during transfer and device
integration. In the previous sections, we emphasized the cri-
teria for achieving high-quality transfer, with particular focus
on minimizing defects, bubbles, strain, and contamination.
Yet, the same mechanical compliance that presents challenges
for defect-free integration also offers unprecedented opportu-
nities for engineering new functionalities.

The deliberate manipulation of 2D material morphology and
stacking, whether by inducing controlled wrinkles, bubbles,
strain fields, or twist angles, has emerged as a powerful toolkit
for tailoring electronic, optical, and vibrational properties.
Twist stacking, in particular, introduces a novel degree of
freedom for tuning interlayer interactions and band structure
in 2D materials.”>® By precisely controlling the relative rota-
tional angle between stacked layers, researchers can engineer
moiré superlattices that give rise to emergent phenomena such
as correlated insulating states, unconventional superconductiv-
ity, and tunable optical responses.’**%> Unlike traditional
bulk materials, the atomically thin nature of 2D systems allows
for deterministic fabrication and fine-tuning of these twist
angles, unlocking rich new physics and functionalities for both
fundamental research and device innovation.

In this section, we review the strategies and multifunctional
applications enabled by transfer-induced engineering, focusing
on wrinkles and bubbles, bending and folding, strain, and twist
stacking. We summarize recent advances in the controlled
creation, characterization, and utilization of these structural
features, highlighting their impact on the physical properties
and device performance of 2D materials.

5.1. Wrinkle and bubble engineering

Due to their atomic thickness, 2D materials such as graphene
are exceptionally prone to wrinkling and bubbling during
synthesis and transfer. Graphene, which has attracted signifi-
cant attention since its isolation from graphite, exhibits a high
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density of folds and wrinkles when unsupported, and this
tendency increases with decreasing thickness.*** During trans-
fer, as soon as the 2D material makes contact with a substrate,
often far from atomically flat, strong vdW interactions cause
immediate adhesion, imprinting the underlying surface mor-
phology onto the film and inevitably inducing ripples, folds,
and bubbles.”** Additional deformations may also arise from
handling and from intrinsic factors such as thermal expansion
mismatch: for example, CVD-grown graphene often displays
pronounced wrinkles due to compressive strain arising from
differential contraction with the metal growth substrate."**>
These surface irregularities can significantly alter the electronic
and structural properties of the 2D material.>¢%2%”

The formation and control of wrinkles during transfer have
been systematically studied. Wang et al. investigated wrinkle
evolution in wedge transfer using a CAB polymer support.>®®
By floating the polymer/graphene stack on water and
gradually lowering the water level, pre-existing wrinkles act as
drainage channels, guiding the outflow of water and thus
influencing the final wrinkle orientation and density
(Fig. 13a). Notably, the hydrophilicity or hydrophobicity of the
substrate strongly affects wrinkle formation—hydrophobic sub-
strates suppress wrinkles, whereas hydrophilic substrates
promote them.
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Wrinkle engineering is not limited to graphene. Other 2D
materials, such as transition metal oxides and dichalcogenides,
also form wrinkles under stress.>*® For example, buckling-
induced delamination can introduce strong uniaxial strain in
NbOI,, with the folded region reaching 3.1% strain and show-
ing a 35-fold increase in SHG efficiency (the absolute SHG
efficiency is larger than 0.2%) compared to flat areas
(Fig. 13b).>¢°

Han et al. proposed that strain is not only a by-product in 2D
transfer materials, but also a key means to control the stability
and functionality of 2D materials phases.”’® They transferred
the In,Se; film onto an uneven substrate, generating control-
lable local wrinkles, which transformed it from the  phase
(ferroelectric) to the o phase (antiferroelectric), thereby enhan-
cing the carrier mobility, improving the on-off ratio and
memory performance during the process.

Bubbles, another popular out-of-plane deformation, are
prevalent in wet transfer processes.”’>’> These microstruc-
tures can be deliberately engineered using droplet-assisted
transfer. By introducing a water droplet during pick-up, MoS,
can be separated from a hydrophilic SiO,/Si substrate and
aligned onto an h-BN layer. Controlled annealing at 130 °C
merges small bubbles into larger ones, significantly increasing
their aspect ratio and associated local strain. In these bubble
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Fig. 13 Transfer 2D material for wrinkle and bubble engineering. (a) The liquid phase wrinkle approach. The formation of graphene wrinkles is controlled
by the wedge transfer method. Reproduced from ref. 263 with permission from AIP Publishing, Copyright 2012. (b) The mechanical wrinkle approach: the
schematic and experimental demonstration of the mechanical method to achieve wrinkles on 2D flakes. The enhanced second-harmonic generation
(SHG) signal has been achieved in NbOlI, flakes with wrinkle-induced strain. Reproduced from ref. 269 with permission from Springer Nature, Copyright
2022. (c) The bubble engineering: bubbles improve the mobility of r-MoS,. Reproduced from ref. 276 with permission from Springer Nature, Copyright
2022.
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regions, PL intensity can be enhanced by more than fourfold,
owing to a strain-induced funnel effect that concentrates exci-
tonic energy in the high-strain region.””*7>

Beyond strain from direct handling, transferring 2D materi-
als onto rough or patterned substrates can also induce con-
trollable lattice distortions. For example, Ng et al. transferred
MoS, onto a high-roughness, convex substrate by mechanical
exfoliation, producing lattice distortion that enhances dielec-
tric screening and suppresses electron-phonon scattering,
thereby boosting charge carrier mobility (Fig. 13c).>”®

Overall, while wrinkles and bubbles are often considered
defects, careful engineering of these features, through sub-
strate selection, transfer technique, or post-processing, enables
tunable modulation of the mechanical, electronic, and optical
properties of 2D materials, opening new avenues for functional
device applications—instead of relying on chemical doping,
new functions are achieved through mechanical/interface
design.

5.2. Folding engineering

The remarkable mechanical flexibility of 2D materials allows
for extreme bending and folding under vdW forces.>’”” When
sufficiently bent, adjacent regions of the material can adhere
and form folded structures, first observed in mechanically
exfoliated graphene sheets.>”® Folding not only arises naturally
during transfer and manipulation, but also becomes a power-
ful, rapid method for constructing twisted 2D homojunctions
and complex heterostructures. Given the critical importance of
twist engineering, which has evolved into one of the most
significant branches of 2D materials research, we devote a
dedicated section to this topic later in Section 5.4.

Folding of 2D materials can generally be categorized into
two primary strategies: solution-based folding and mechanical
folding. In solution folding, liquid-mediated processes, such as
selective delamination, capillary action, or surface tension, are
employed to induce controlled bending and folding, often with
precise control over twist angle and geometry.>”®>*® For exam-
ple, solution-based methods can use substrate patterning or
interfacial engineering to direct the formation and orientation
of folds, enabling the fabrication of tailored structures with
unique optoelectronic properties. In contrast, mechanical fold-
ing utilizes direct physical manipulation, such as applying a
local force with a probe, stamp, or engineered substrate, to
bend, fold, or stack 2D layers deterministically. Recent
advances in mechanical manipulation have enabled sophisti-
cated 3D operations, such as those demonstrated by Wakafuji
et al. using temperature-controlled PDMS/PVC stamps, which
permit folding, sliding, rotation, and precise repositioning of
2D flakes (Fig. 14b).>®"

These folding strategies have been exploited for self-aligned
device assembly and multifunctional property modulation. For
example, Liu et al. achieved precise alignment in large-area 2D
transistors through mechanical folding of graphene/h-BN/MoS,
heterostructures,”®® while Zhang et al wused paraffin-
induced compression folding (PCF) to introduce strain and
enhance photoluminescence in MoS,.>** Additionally, surface
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engineering methods, such as patterning substrates into hydro-
philic and hydrophobic zones, enable further control over
folding geometry and twist angle, as demonstrated by Wang
et al.”®

In summary, both solution-based and mechanical folding
approaches provide tunable control over the structure and
properties of 2D materials, offering a robust toolkit for engi-
neering novel architectures and multifunctional devices.

5.3. Strain engineering

Strain engineering is a powerful strategy for modulating the
properties of 2D materials. Owing to their atomic thickness and
exceptional in-plane Young’s modulus,*®” 2D materials such as
graphene exhibit outstanding flexibility—allowing them to
bend and fold easily—yet they remain comparatively resistant
to in-plane stretching.**>>%” Nevertheless, even small to mod-
erate uniaxial strains can substantially alter the electronic band
structure by distorting the lattice, shifting Dirac points in
graphene and enabling new functionalities.?®® Importantly,
strain directly modifies the lattice constants of 2D materials,
leading to changes in phonon dispersion and vibrational
properties.”®**°" As a result, strain not only tunes electronic
and optical transitions, but also governs thermal conductivity,
phonon lifetimes, and energy dissipation pathways. In fact, the
possibility of achieving stretchable strains of up to ~20% in
graphene has given rise to the field of “straintronics,” opening
avenues for electronic and optoelectronic property control
beyond conventional semiconductors.”**>%?

One method for realizing and transferring strained 2D
materials involves engineering strain prior to transfer. For
example, Zhang et al. transferred monolayer strained graphene
onto a rigid substrate by initially stretching the graphene on a
flexible PDMS support and maintaining a 1.5% tensile strain
during transfer.”** To prevent cracking due to stress relaxation,
a formalin resin layer was introduced to enhance adhesion and
protect the graphene. Buffer droplets on the target substrate
provided additional capillary force, facilitating the final trans-
fer of strained graphene. Electrical characterization of back-
gated FETs demonstrated increased resistance in strained
graphene, attributed to lattice symmetry breaking and altered
carrier concentration.””

Strain effects in other 2D materials have also been system-
atically studied. Conley et al. examined uniaxial strain in
monolayer MoS, by bending the substrate, observing a pro-
nounced decrease in PL intensity under ~1% strain---signify-
ing a transition from a direct to an indirect band gap.”*® Guo
et al. further explored strain transfer efficiency by cyclically
stretching and relaxing PDMS substrates bearing uniaxially
strained graphene.>®” Their work highlighted the challenges
of maintaining tensile strain, as interfacial slippage can limit
the effective transfer, while compressive strain often induces
wrinkles, bubbles, or overlaps (Fig. 15a).

Raman spectroscopy provides a sensitive, non-destructive
probe of strain in 2D materials, especially through the analysis
of phonon modes. Mohiuddin et al. used high-resolution
Raman measurements to monitor the photonic response of

This journal is © The Royal Society of Chemistry 2026
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Fig. 14 2D material transfer for folding engineering. (a) The solution-enabled folding: folding of graphene with an arbitrary angle can be achieved using a
solution-based method. Reproduced from ref. 284 with permission American Chemical Society, Copyright 2017. (b) The mechanical method for folding:
mechanical approaches, such as the AFM probe-based method, can achieve the folding of 2D flakes with arbitrary angles. Reproduced from ref. 281 with

permission from American Chemical Society, Copyright 2020.

monolayer graphene under uniaxial strain, observing clear
splitting of the G peak into strain-direction-sensitive G* and
G~ components, consistent with first-principles predictions.**®
These shifts directly reflect changes in lattice constants and
phonon energies. Quantification of the Griineisen parameter
and polarization-dependent intensities further enabled map-
ping of crystallographic orientation and mechanical coupling
in graphene devices (Fig. 15b).

Beyond simple mechanical stretching, stress can be engi-
neered to assist in device transfer. Shin et al. demonstrated a
dry transfer printing process in which platinum (Pt) films
deposited under controlled stress conditions could be selec-
tively detached from the substrate by bending.>®® Contacting
the strained Pt film with PDMS during substrate bending
enabled facile pick-up and flexible device fabrication.

In summary, these approaches illustrate the versatility and
promise of strain engineering in 2D materials, not only for
tuning electronic, photonic, and optical properties, but also for
facilitating new transfer and integration strategies critical for
device applications.

5.4. Twist engineering

Since the first discovery of unconventional superconductivity in
bilayer graphene at a twist angle close to the magic angle
(1.1°),° extensive research based on twist devices has been
carried out in the past few years.>*°° 2D crystals exhibit
strong in-plane covalent bonding, which ensures excellent
mechanical stability within the plane and gives rise to quantum
confinement effects.?** Moreover, the 2D layers are connected
by relatively weak vdW forces rather than chemical bonding,

This journal is © The Royal Society of Chemistry 2026

facilitating precise interlayer distortion. VAW stacked struc-
tures can effectively avoid chemical and structural defects
caused by atomic diffusion and lattice mismatch at the inter-
face that are common in traditional stacked structures.**’
When stacking atomic layers, Moiré patterns are created due
to tiny mismatches, leading to large periodic potential energies
for electrons and excitons. In 2D vdW stacked structures, the
interlayer asymmetry can be customized by modulation of
misalignments or lattice mismatches.’*® For instance, in a
double-layer stacked homostructure, misalignment is the only
determining factor for custom Moiré fringes due to the same
lattice constant of the adjacent atomic layers, while the Moiré
fringes in the heterojunction can be caused by twist angles or
lattice mismatch.

In order to study the quantum physics of twist devices, the
twist angles should be precisely controlled, because even a
slight change in twist angles is adequate to generate a com-
pletely new electronic spectrum.'® A smaller twist angle will
create a larger Moiré lattice,®” and a “mini-Brillouin zone”.
This is the origin of many physical phenomena, such as flat
bands and reconstruction of energy band structures, leading to
some novel quantum behaviors. For example, unconventional
superconductivity,'*?°®3% ferromagnetism,*'° and Mott-like
insulating states®’' were found in twisted bilayer graphene
(tBLG). Among the other twisted structures, the most common
one is stacked and twisted by h-BN and graphene to produce
the Moiré superlattice. Since there is a small lattice mismatch
between the two materials (§ —1.7%),>'> a near-zero twisted
angle can significantly change the band structure of graphene,
resulting in many interesting phenomena, including the
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Fig. 15 Transfer 2D material for strain engineering. (a) The in-plane shear force enabled method.?®” The ~1.5% tensile strain was achieved on a
graphene flake by stretching the PDMS substrate. Adapted from ref. 297 according to Creative Commons Attribution 4.0 International License (CC BY
4.0). (b) The out-of-plane force enabled method.?°8 Tensile strain of a 2D flake can also be achieved by bending the substrate out-of-plane direction.
Reproduced from ref. 298 with permission from American Physical Society, Copyright 2009.

famous Hofstadter Butterfly,"'**'*>'® Mini Dirac Cone®*'” as

well as the Quantum Hall effect.*'® In addition to twisted
double layer graphene®® on h-BN, superconductivity and
Mott-like insulating states have also been found in three layers
of graphene®**?*" on h-BN. These fascinating and exotic elec-
tronic behaviors are controlled by the modulation of twisted
angles.*** In this section, we will focus on the method philo-
sophy for fabricating twist devices. The efficient twist methods
to fabricate 2D stacked structures with high quality and precise
twist angles will be introduced, including the etching-assisted
transfer methods and etching-free dry transfer methods.

5.4.1. Etching-assisted transfer methods. Etching-assisted
methods employ etching techniques to selectively remove the
2D materials or the substrates during the device preparation
process, for example, partial removal of 2D materials on the
substrate by plasma etching. In fabrication of twist devices,
oxide etch solution is commonly used to etch the SiO,/Si
substrate to obtain a floating polymer/2DM, which can mini-
mize the risk of damage to the material. In this part, current
etching-assisted transfer methods for fabrication of twist
devices are presented, including the laser-assisted cutting and
stacking method and liquid separating and stacking method.

The laser assisted cutting-rotation-stacking technique was
first proposed by Chen et al. to achieve a high-precision
controlled twist angle of 0.1°°° The detailed preparation
process of the laser cutting method is shown in Fig. 16a. Firstly,
a PMMA thin film is spin-coated as a supporting layer. Then, a
femtosecond laser is used to cut the 2D flake and produce the
parallel straight edges, which can be considered as the guide-
line to precisely control the rotation angles. After the pre-
cutting process, two separate pieces of the same 2D flake (noted
as layer one and layer two) with a supporting layer are detached
from the substrate after etching by an oxide etching solution.
Then, layer one is transferred to a new substrate followed by
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immersing the substrate in acetone to remove the PMMA film
above it, while layer two is flipped over and aligned with layer
one with an accurate rotation angle. The twisted homojunction
with a clean surface can be achieved after a thermal annealing
process. The twist angles of the homojunctions can be extracted
from the angular difference of the cutting edges. In addition to
the laser cutting technique, the AFM tip can also be used to pre-
cut the 2D single crystal materials and produce the reference
parallel edges.*”® One thing that should be noted is that
contamination may be introduced between the interface of
the stacked structure during the wet etching process. An
etching-free dry transfer method would be preferable to create
the twist stacked structures after the laser cutting process, that
is, one of the separate pieces of the same 2D flake is directly
picked up by a polymer stamp and kept stationary, while the
other flake on the substrate is rotated by a specific angle, and
then a homojunction with a specific twist angle can be fabri-
cated by reassembling the separated 2D flakes.***

A liquid layer separating and stacking method reported by
Puretzky et al. similarly requires etching the substrate and
transferring the floating 2D flakes supported by a PMMA
film,** as depicted in Fig. 16b. In this strategy, the substrate
with the as-synthesized 2D flakes is precut into two parts. Half
of the substrate is coated with PMMA, and a floating PMMA/
2DM film can be obtained after etching the substrate. Then, the
floating PMMA/2DM film is transferred to a funnel filled with
DI water, and meanwhile, the other half of the substrate with
2D flakes is transferred to the bottom of the funnel. As the DI
water gradually drains, the floating PMMA/2DM film would
slowly approach and finally adhere to the bottom substrate
when the DI water is completely drained. The twist angle of the
homojunction stacked by liquid layer separation can be defined
by the intersection angles of the triangles. This method can
create a broad range of twist angles without the aid of a

This journal is © The Royal Society of Chemistry 2026
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floating PMMA/2D film, and aligned onto the other half by water drainage. After acetone removal and annealing, the stacked structure forms a twisted
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Attribution 4.0 International License (CC BY 4.0).
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microscope. However, this liquid stacking method is typically
applicable to the stacking of 2D materials grown by CVD, since
it is difficult to precisely locate a specific 2D material or an
exact cutting line when cleaving the substrate without micro-
scopic monitoring. Besides, due to the uncontrollable align-
ment process, it’s challenging to ensure a precise twist angle of
the stacked structures.

5.4.2. Etching-free transfer methods. Instead of the
etching-assisted transfer methods mentioned above, etching-
free transfer methods are more favourable in fabrication of
twist devices on account of the simpler operation procedure
and cleaner stacking interface. In this section, some main-
stream etching-free transfer methods for preparation of twist
devices are reviewed, including peel-off transfer methods and
CVD direct growth methods.

In the past few years, numerous studies on dry peel-off
transfer techniques have been carried out.">*'*”**® The edge
cutting technique reported by Sun et al. is an efficient dry peel-
off method to fabricate m-2" stacked layers by only N sequential
stacking operations, where m refers to the layer number of the
initial 2D material, and N is the stacking rounds.*”” The
detailed preparation process of the edge cutting method is
presented in Fig. 16c. Firstly, the intact 2D flake is covered and
picked up by a PDMS film. Then, one half of the 2DM is pressed
to the edge of the substrate and separated from the other half
after the PDMS supporter being picked up again. A twist
stacked structure with a precise twist angle can be attained
through aligning the cutting line and restacking the separated
flakes. This dry peel-off method is promising for fabrication of
high-quality twist devices due to the etching-free process and
high-precision angle alignment. Nevertheless, uneven force
applied to the PDMS film may result in the fracture of the 2D
materials, especially in the case of monolayer or few-layer
materials. Besides, different adhesion forces between the
2DM/2DM and 2DM/substrate interfaces may cause wrinkles,
or ruptures, or tensile strain within the 2DM as well.

A tear-and-stack technique is another commonly used peel-
off technique to fabricate twisted devices with accurate crystal
axis alignment. The specific procedures of the tear-and-stack
method are displayed in Fig. 16d. The PDMS handle can be
prepared by drop-casting the prepolymer mixture of PDMS and
a curing agent on a planar PDMS mold. The hardness of the
polymer handle can directly affect the contact force. Take an
epoxy handle as an example, since the PDMS handle is softer
than the epoxy one, so the former handle can achieve weaker
contact force.”*® The hardness of the PDMS handle can be
controlled by regulating the baking time of the prepolymer
mixture. After preparation of the PDMS handle, PVA or PPC can
be coated on the handle to pick up the h-BN flake. Herein, since
the adhesion force between h-BN and other 2D materials is
much larger than that between the SiO,/Si substrate and 2D
materials, the intact 2D flake will be torn apart and detached
from the SiO,/Si substrate due to the strong adhesion force
induced by h-BN. Then, the remaining graphene on the sub-
strate can be rotated with a specific angle assisted by a
reference rotary alignment mask and picked up by the h-BN
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with the other torn half of the graphene. Compared with the
laser cutting or AFM tip cutting techniques, the tear-and-stack
method requires more simplified procedures since the cutting
step is omitted. Additionally, the adhesion of the handle can be
controlled by coating different adhesive polymers on it, such as
poly(bisphenol A carbonate) (PC),*****®* PMMA,**® PVA,**° or
PPC.*® Moreover, with the h-BN as the adhesive layer, the
cleanliness of the stacking structure can be improved com-
pared to other transferring methods, which require the dis-
solution of organic polymer support films. However, h-BN
cannot be removed after the fabrication of stacking structure
with a precise angle, which may not be applicable for the study
of chemical reaction on the 2D heterostructures. The dimen-
sion of the transferred materials is also restricted by the size of
h-BN.

Among all the methods for fabricating twisted devices, the
CVD direct growth method can be used to fabricate large-area,
high-quality twisted structures with a large range of twist
angles. As illustrated in Fig. 16e(I), a one-step reconfiguring
nucleation CVD method for growing twisted bilayer MoS, with a
wide range of rotational angles from 0° to 120° has been
proposed by Xu et al.**° The growth of a high-quality twisted
bilayer MoS, is achieved by controlling the gas flow rate and the
molar ratio of the mixed MoO;/NaCl. The twist angles of the
bilayer homostructures can be easily defined by the angular
difference between the edges of the triangular monolayer, as
depicted in Fig. 16e(1I). The optical microscopy images of the
as-synthesized twisted bilayer MoS, are shown in Fig. 16e(III)
and (IV). This CVD method can prepare twisted bilayer homo-
structures with large sizes and a wide range of twist angles. On
the other hand, the twist angles are randomly formed during
the CVD process, and it’s hard to reproduce the twisted
structures with specific pre-designed angles.

In summary, we have reviewed several techniques for the
fabrication of twisted devices in detail in this section, such as
the laser cutting and stacking method, liquid separating and
stacking method, peel-off dry transfer methods (i.e., the edge
cutting and stacking method and tear-and-stack method), and
CVD direct growth method. Different fabrication methods have
their own advantages and disadvantages. For example, etching-
assisted transfer methods can reduce the damage risk of the 2D
materials due to the existence of the supporting layer, while the
etching process may induce contamination between the inter-
face of the twist structures. Dry peel-off transfer methods can
create stacked structures with a cleaner interface and higher twist
accuracy through a simpler operation procedure, but these meth-
ods are only suitable for preparation of 2D homo/heterojunctions
with small lateral sizes. CVD direct growth methods can prepare
large-scale twisted homostructures; however, the twisted angles are
random and unpredictable, and the possibility of reproducing the
twisted bilayer with specific angles is extremely low. Therefore, an
appropriate method should be chosen based on the specific
experimental requirements.

Recently, several in situ twist fabrication strategies have
emerged. Given their potential significance, we will discuss
these developments in detail in the next section.

This journal is © The Royal Society of Chemistry 2026
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6. Reconfigurable transfer technology

The fabrication of vdW heterostructures by stacking and twist-
ing atomically thin materials has revolutionized the design of
multifunctional devices for various fields. This approach is
often likened to building with “LEGO” blocks, given the
remarkable flexibility and control researchers now have over
the composition, sequence, and geometry of 2D layers---without
the usual constraints of lattice matching or interface chemistry.
However, a key distinction remains, while true LEGO toys can
be freely disassembled and rebuilt into new forms, most
current vdW assembly methods are fundamentally one-way.**
Once stacked, these heterostructures become essentially
“locked in”, the individual layers cannot be easily disas-
sembled, re-twisted, or reconfigured without risking damage
or introducing significant residues.**’

This lack of reconfigurability presents major limitations for
both fundamental research and device prototyping. Each
assembled stack is unique, with its own defects, contamina-
tion, and interface history, making it difficult to perform
variable-controlled studies or reproducibly explore phenomena
such as magic-angle superconductivity, moiré minibands, or
twist-angle-dependent excitonic effects.*** In practical device
development, the inability to “reset” or reuse the same 2D
building blocks hinders rapid iteration, multi-functionality,
and efficient material usage. The capability to reconfigure,
“hot swap,” or adjust layers and contacts would enable tre-
mendous flexibility in next-generation electronics and quan-
tum devices.

Recent advances have begun to address these challenges
with the development of reconfigurable transfer methods,
techniques that enable not only precise assembly, but also
in situ adjustment, disassembly, and realignment of the con-
stituent layers. These approaches make it possible to tune twist
angles or registry continuously, dynamically rearrange layer
order, or even reverse device fabrication steps. However, many
current implementations still rely heavily on polymer support
layers, which are difficult to remove completely and often leave
behind residues. These residual polymers can severely limit the
utility of reconfigured structures, particularly in surface-
sensitive applications such as near-field optical microscopy or
chemical catalysis, where a pristine, exposed top surface is
essential.'8%:333:334

In this chapter, we review the emerging landscape of recon-
figurable transfer technologies. We discuss their fundamental
working principles, highlight strategies for minimizing or
eliminating polymer contamination, and propose potential
routes toward achieving ideal or quasi-ideal reconfigurable
transfer. Finally, we explore in situ approaches that extend
beyond conventional transfer, enabling dynamic manipulation
and on-demand transformation of 2D assemblies for next-
generation quantum and optoelectronic applications.

6.1. Polymer-assisted reconfigurable transfer technology

Recent progress in vdW engineering has led to the development
of reconfigurable transfer methods, approaches that go far
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beyond conventional stacking by enabling in situ adjustment,
selective disassembly, and realignment of individual layers
within a heterostructure.

One influential technique, as demonstrated by Tao et al.,
utilizes atomically flat, high-adhesion polymers such as PVA or
PMMA as handling support layers, as shown in Fig. 17a.>** This
method enables the full disassembly of fabricated vdW stacks
back into their original building blocks, while preserving their
structural integrity and allowing subsequent restacking or re-
twisting in any desired sequence or orientation. Unlike tradi-
tional PDMS- or PPC-based methods, which either lift entire
stacks or lack layer selectivity, this polymer-mediated approach
offers a much greater control: each 2D layer can be separated,
characterized (for example, via AFM or Raman), and then
reassembled with deliberate choice of stacking order, contacts,
or twist angle. Furthermore, they demonstrated this by recon-
figuring a MoS, device from n-type to p-type operation, or from
back-gate to dual-gate architectures, simply by changing the
stacking sequence and contact strategy. Even more complex
assemblies, such as four-layer floating-gate memories, were
split and recombined, enabling a single set of 2D flakes to
serve in multiple, entirely different device roles. However, it
should be emphasized that in this method a polymer mediator,
such as PMMA or PVA, is intentionally retained on the 2D
layers, since its presence is essential for manipulation and
repeated disassembly. While the dry process minimizes
mechanical damage, the exposed surface cannot be accessed
until the polymer is removed, which restricts certain
applications.

Another approach is offered by dynamic twist control, as
demonstrated by Yang et al*** (Fig. 17b). Their approach
employs a precision glass slide, a PDMS hemisphere ‘gel
manipulator,” and a pre-patterned PMMA patch to grip and
rotate specific layers within a pre-assembled heterostructure,
all while observing under an optical microscope. This enables
continuous, in situ tuning of the twist angle or lateral registra-
tion between layers, without removing the stack from the device
substrate. The technique exploits the superlubricity present at
incommensurate 2D interfaces, allowing layers to be slid or
rotated with minimal force until “locking” at a magic angle is
achieved. However, it is important to note that, similar to the
disassembly approach, this method fundamentally depends on
the use of a PMMA polymer handle for manipulation. The
PMMA patch remains attached to the 2D flake throughout the
process and cannot be fully removed without compromising
the ability to reconfigure the stack. While PMMA handles can
be patterned, detached, and reapplied as needed to target
different layers or configurations, a thin polymer residue is
inevitably left on the manipulated flakes. As such, although the
method is highly reproducible and enables dynamic, reversible
control of the twist angle, even for ultra-thin or fragile flakes,
the presence of polymer limits the accessibility of atomically
clean surfaces, which is a critical consideration for certain
advanced optical or chemical measurements. Nonetheless,
this reconfigurable strategy significantly broadens the experi-
mental capabilities for exploring magic-angle physics, moiré
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Fig. 17 Reconfigurable transfer methods for reconfigurable twist devices. (a) The polymer-handling-layer-enabled reconfigurable transfer method.
Disassembling and reassembling to build a twisted vdW structure have been demonstrated. Adapted from ref. 333 according to Creative Commons
Attribution 4.0 International License (CC BY 4.0). (b) The PMMA patch-enabled reconfigurable transfer method. The PMMA patch deposited on the top of
the sheet is brought into direct contact with PDMS as an operating handle to achieve the purpose of accurately controlling the twist angle between
materials. Adapted from ref. 334 according to Creative Commons Attribution 4.0 International License (CC BY 4.0).

superlattices, and other emergent correlated states, all within a
single device platform.

Altogether, these reconfigurable transfer methods represent
a major step forward for the field of 2D materials. They
fundamentally change device assembly from a one-shot, irre-
versible process to a flexible and reversible platform, allowing
researchers to correct misalignments, optimize stacking
sequences and explore a wide range of device architectures
using the very same set of 2D components. This versatility
enables systematic and variable-controlled investigations, such
as studies of twist-angle dependent phenomena or rapid pro-
totyping of multifunctional devices, while minimizing the
waste of high-quality 2D flakes, particularly when sourcing
flakes with identical properties such as thickness, doping type,
and strain. The ability to repeatedly disassemble and reconfi-
gure stacks, combined with the dry, polymer-mediated
approach, helps to preserve interfacial quality and device

2608 | Chem. Soc. Rev,, 2026, 55, 2574-2634

integrity, as demonstrated by AFM, electronic transport, and
Raman measurements.>**3* Moreover, these methods are
broadly applicable, extending to various families of 2D materi-
als (including graphene, TMDCs, h-BN, and black phosphorus),
a range of metals and dielectrics, and even complex multilayer
or hybrid device architectures. In situ strategies are especially
powerful, offering dynamic, high-resolution access to twist
angle control and emergent moiré physics within a single
device.

Nonetheless, a significant limitation persists as current
reconfigurable transfer techniques still rely on carrier polymers
such as PMMA or PVA for manipulation and stacking. These
polymers are difficult to fully remove and inevitably leave
behind thin residues, limiting the ability to obtain atomically
clean, exposed surfaces. This issue is particularly problematic
for applications that demand pristine surfaces, such as near-
field optical characterization,'>24249:335:336 gyrface-sensitive
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chemical reactions, or catalysis.**>**>33773! Addressing these
challenges will require the development of new, “polymer-free”
reconfigurable transfer processes that maintain atomic cleanli-
ness while retaining the flexibility to build, disassemble, and
reassemble arbitrary device architectures.

Despite these outstanding obstacles, the advent of reconfi-
gurable transfer technology is already redefining what is pos-
sible in 2D materials research and device engineering. For the
first time, the device geometry, stacking sequence, and twist
angle are all accessible as continuously tunable and reversible
parameters. This emerging capability enables systematic
experimentation and multifunctional device concepts that were
previously unattainable with traditional, static assembly meth-
ods and will likely serve as a foundation for the next generation
of quantum, photonic, and electronic innovations built from
vdW materials.

6.2. Beyond the transfer: in situ reconfigurable methods

The need for truly reconfigurable of vdW assembly and
dynamic control over stacking geometry has grown increasingly
urgent. While recent reconfigurable transfer methods enable
disassembly and restacking of 2D heterostructures, these pro-
cesses are still fundamentally sequential and constrained by
the uniqueness of each stack’s building blocks.*** Moreover,
most existing approaches cannot deliver continuous, in situ
control of twist angle or stacking configuration after assembly,
leaving a gap between true “LEGO-like” reversibility and the
requirements of modern quantum materials research.

To bridge this gap, in situ reconfigurable methods have
emerged as a transformative next step. These techniques enable
direct, real-time manipulation of the twist angle or layer
registry within a vdW heterostructure, even after fabrication
is complete and the device is wired. Such in situ tuning allows
researchers to systematically explore the evolution of electronic,
optical, and quantum properties as a function of twist, strain,
or lateral displacement. Unlike conventional stacking methods
that “lock in” the structure after assembly, in-situ approaches
make it possible to dynamically “retune” the same device
platform, opening new opportunities for both discovery and
optimization.

A leading implementation of this concept uses AFM to
physically rotate individual layers within a heterostructure with
nanoscale precision. For example, Ribeiro-Palau et al. realized a
dynamically adjustable twist angle in an h-BN/graphene/h-BN
stack by stacking a prefabricated h-BN flake atop graphene and
then rotating the top h-BN layer in situ with an AFM tip
(Fig. 18a(1)-(111)).>**> This setup enables real-time control over
the interlayer twist angle, allowing systematic investigation of
how quantum transport and moiré phenomena depend on
stacking geometry. Similarly, Yao and colleagues used AFM-
based manipulation in h-BN homojunctions (Fig. 18a(IV) and
(V)),>*? achieving highly tunable SHG responses and revealing
“locking” at specific stacking angles due to enhanced interlayer
friction.

Despite the power of these in situ twist methods, the
intricate microscopic phenomena at the twisted interfaces of
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vdW devices often escape conventional characterization. While
scanning tunneling microscopy (STM) is effective for probing
local electronic properties, it remains limited to single-point
measurements and cannot easily capture the spatial evolution
of quantum phases or interference phenomena involving multi-
ple tunnelling paths.?**?*>

To address these limitations, the quantum twist micro-
scope (QTM) was proposed as a conceptual breakthrough
(Fig. 18b).>*® The QTM utilizes an AFM cantilever functiona-
lized with a vdW heterostructure (e.g., platinum, h-BN, and
graphene), which forms an atomically sharp and tunable inter-
face with a second 2D material on a substrate. When the
cantilever tip is contacted and rotated with sub-milliradian
precision, QTM enables local tunnelling experiments that
probe the electronic structure, momentum dispersion, and
the presence of electrons in multiple spatial locations—all in
one measurement. The strong coupling of wavefunctions at the
vdW interface allows direct mapping of both charged and
neutral excitation spectra, with simultaneous control over
magnetic field, carrier density, and displacement fields. While
the capabilities of QTM are extraordinary, its technical com-
plexity and cost currently limit widespread use to only a
handful of advanced laboratories.

Most current in situ twist experiments, however, rely on AFM
tip manipulation, which necessitates that the top device layer
be patterned or engineered to serve as a mechanical handle. To
overcome this, Tang et al. introduced a universal MEMS-based
actuation platform (MEGA2D, Fig. 18c).**” This system uses
microfabricated silicon columns and pyramidal features for
precise, chip-integrated rotational and vertical control of
stacked 2D materials. Not only does MEGA2D allow for in situ
tuning of the twist angle, but it also enables control over
interlayer separation via substrate spacers—facilitating studies
of both proximity and spatially modulated coupling. This plat-
form also opens new possibilities for systematically investigat-
ing additional stacking parameters such as lateral translation,
stretch, tilt, and shear, vastly expanding the configurational
landscape for 2D materials research.

6.3. Summary and perspectives

In summary, these advances highlight the unique power and
promise of in situ reconfigurable platforms. By providing real-
time, dynamic, and often non-destructive control over stacking
geometry, these methods allow researchers to probe emergent
quantum phenomena, optimize device performance, and
access previously unreachable regions of the vdW heterostruc-
ture phase space.

To promote these technologies from preliminary demonstrations
to wider application, the following issues need to be addressed:

High costs: implementing in situ twist requires the use of
high-precision AFM equipment. However, in the laboratory, the
popularity of high-precision AFM is still very low. Moreover, the
new MEMS devices or dedicated QTM systems are very costly,
and their maintenance and calibration also require a lot of
resources. Modular, small-sized, low-cost MEMS platforms
should be developed to promote standardized, reusable sample
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Fig. 18 Method for in situ adjustment of twisted devices. (a) The AFM-based in situ twist protocol. 2D materials are continuously pushed through AFM.
The graphene is first placed on top of the h-BN, and then the preformed h-BN structure is transferred to the top of the graphene. Pushing on the topmost
h-BN using an AFM rotates the layer and changes its crystal orientation relative to graphene. ()-(lll) The twisting heterojunctions. Reproduced from ref.
342 with permission from The American Association for the Advancement of Science, Copyright 2018. (IV) and (V) AFM image and SHG image of h-BN
rotators dialled to different twist angles. Scale bars in (IV) and (V) are 3 pm.>** Adapted from ref. 343 according to Creative Commons Attribution 4.0
International License (CC BY NC 4.0). (b) The quantum twist microscope (QTM). The QTM can allow the in situ twist and measurement of bi-layer
graphene. Reproduced from ref. 346 with permission from Springer Nature, Copyright 2023. (c) The MEMS-based twist protocol. (I)-(V) SHG power map
of an as-fabricated MEGA2D device with different contact status. (VI) Raman spectroscopy of a MEGA2D h-BN sample when the twisted h-BN flakes are
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holders and control firmware, aiming to lower the entry Strict operational requirements: the in situ twist technology
threshold. has strict requirements in terms of alignment and force
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control, so operators need to have proficient skills. Different
operation rates, contact pressures etc. can also cause human-
induced deviations, resulting in poor repeatability and large
fluctuations in device data. Promoting automated control,
standardized processes, etc., addresses the limitations of man-
ual operation.

Bottlenecks in scalability and scale: although the AFM probe
method can be extended to a QTM microscope, it cannot meet
the requirements of large areas and large scales. MEMS pro-
vides a parallel approach, but its compatibility with other fields
has not yet been verified. In the future, arrayable MEMS driving
devices will need to be developed and rapid twisting solutions
to improve efficiency will need to be explored.

As these technologies evolve toward higher precision, auto-
mation, and accessibility, they will play an essential role in
realizing the full potential of programmable quantum materi-
als and multifunctional devices.

7. All-transfer strategies: transfer will
be all you need

As the semiconductor industry moves toward the next genera-
tion of miniaturized, high-performance electronics and optoe-
lectronics, 2D materials are poised to play a pivotal role, owing
to their atomically thin nature, outstanding physical properties,
and exceptional potential for integration with advanced device
platforms. Notably, the IEEE International Roadmap for
Devices and Systems (IRDS) now formally anticipates the inte-
gration of 2D materials into high-volume manufacturing, spe-
cifically as channel materials in ultra-scaled and low-power
devices within the next decade. The IRDS highlights the pro-
mise of 2D TMDCs to complement silicon for transistors and
other beyond-CMOS applications, potentially as early as
2028.3*8735! This formal inclusion marks a global consensus
that 2D materials are a key enabler in the future of semicon-
ductor technology.

A core technological driver in this transition is the emer-
gence of the all-transfer strategy, a paradigm in which every
component of an advanced device, from the active 2D semi-
conductor layer to metal electrodes, dielectric layers, and even
the complete device stack, is assembled by transfer rather than
traditional fabrication. This all-transfer approach offers several
compelling advantages. Firstly, it bypasses the need for
complex lithography, vacuum deposition, and aggressive etch-
ing processes, enabling rapid, low-cost, and lithography-free
device fabrication—even outside a cleanroom environment.
Second, transfer-based assembly minimizes chemical disorder,
contamination, strain, and physical damage that often arise
from standard fabrication steps, ensuring that the intrinsic
quality of each component is preserved throughout the process.
Perhaps most crucially, interface quality, especially at the
metal-semiconductor junction, is dramatically improved.
Transfer-assembled vdW contacts are free from chemical bond-
ing, disorder, and Fermi-level pinning, allowing device perfor-
mance to approach the fundamental limits predicted by ideal
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physics. This stands in stark contrast to traditional top-down
approaches, where interfacial damage and chemical interac-
tions frequently degrade device behaviour. Collectively, the all-
transfer strategy provides new opportunities for scalable, high-
quality device manufacturing, paving the way for next genera-
tion 2D electronics and optoelectronics.

Beyond improving the contact and interface quality, the all-
transfer strategy also unlocks new design freedoms. Metal
contacts, high-x dielectrics, and even pre-patterned 2D layers
can be precisely placed or stacked with minimal restrictions,
facilitating complex device architectures and 3D vertical inte-
gration. This is particularly relevant as the field moves toward
monolithic 3D integration, where reducing the physical con-
nection length and stacking multiple functional layers become
essential for overcoming scaling bottlenecks.

In this chapter, we provide a comprehensive overview of the
all-transfer strategy. We begin by discussing the transfer of
individual device components, such as metals and dielectric
layers, with an emphasis on their role in interface engineering
and their influence on overall device performance. We then
turn to transfer-enabled patterning techniques for 2D materi-
als, which offer a lithography-free pathway to large-area and
high-resolution device fabrication.

7.1. Transfer of critical components: metal electrodes and
high-x dielectric layers

The all-transfer fabrication protocol offers a transformative
approach for constructing high-performance 2D devices by
directly assembling prefabricated metal electrodes and dielec-
tric layers onto semiconductor channels, rather than relying on
conventional lithography, etching, or direct deposition. Stan-
dard fabrication techniques (such as lithography, solvent wash-
ing, wet/dry etching, and high-energy metal deposition) often
introduce contamination, induce strain, cause cracks or wrin-
kles, and result in suboptimal contact quality. In contrast,
transfer-based methods largely circumvent these issues, provid-
ing a cleaner, simpler, and more scalable route to device
integration.

7.1.1. Transfer of prefabricated metals for 2D device con-
tact engineering. A broad suite of metal transfer protocols have
emerged to address the interfacial and scalability challenges of
2D device integration. These strategies aim to address the
intrinsic drawbacks of conventional metal deposition, includ-
ing interfacial disorder, Fermi level pinning, and structural
damage caused by high-energy processing. By laminating pre-
fabricated, atomically clean metal electrodes directly onto the
semiconductor surface, they preserve interfacial integrity,
maintain the intrinsic electronic structure, and enable repro-
ducible device performance.

One landmark method, pioneered by Liu et al involves
fabricating metal electrodes of varying work functions on a
donor silicon substrate, coating them with a PMMA support,
and then physically laminating these metals onto MoS, layers
that have been mechanically exfoliated and prepared with
dielectrics. Alignment is achieved under a microscope, and
final PMMA removal yields metal-semiconductor contacts that
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strictly obey the Schottky-Mott rule: the barrier height is
determined by the metal’s work function, not by interface states
or pinning.** Devices fabricated in this manner achieve elec-
tron and hole mobilities close to theoretical limits, offering a
decisive demonstration of the advantages of transfer-based
vdW contacts.

To scale up and expand the compatibility of this approach,
graphene-assisted metal transfer processes have been
introduced.®®® Here, large-area single-crystal graphene, grown
by CVD on Ge(110), serves as a weakly bound, atomically flat
support for metals deposited by evaporation. A PVA film is then
laminated on top and mechanically peeled off, carrying the
metal film nearly defect-free, thanks to the weak vdW inter-
action at the metal-graphene interface. Once dissolved in
water, the metal-PVA film can be transferred to a variety of
substrates, including fragile 2D crystals. This process is gentle
enough to maintain the integrity of both the metal and the
semiconductor, but does rely on the eventual removal of the
sacrificial PVA, which can present residue challenges.

Further advances have tackled both the residue problem and
process flexibility. For example, vertical metal-assisted vdW
integration leverages Bi,Osz-assisted CVD to vertically grow
single-crystal nanosheets (e.g., Pd, Cu, and Au), which can then
be mechanically transferred and used as templates for ALD
growth of ultra-thin, uniform high-k dielectrics (such as Al,O;
or HfO,) without the need for seeding.®® Similarly, hydroge-
nated diamond substrates offer extremely low adhesion for
metal films, allowing for the clean pick-up and transfer of
prefabricated metal patterns by PC or PPC stamps.*** These
reusable diamond substrates support standard lithography and
enable transfer of a wide range of metals, including those
difficult to manipulate by conventional dry transfer.

Another innovative route is the ice-assisted in situ transfer,
in which a thin layer of amorphous water ice acts as a buffer
during metal deposition.**® After the desired metal thickness is
evaporated onto the cold sample, the ice is sublimed in a
vacuum, causing the metal film to collapse gently onto the
underlying 2D material, leaving behind a pristine, undamaged
metal-semiconductor interface. This approach also removes
adsorbed contaminants, producing a high-quality device
interface.

In parallel, high-pressure extrusion methods are pushing
the boundaries of 2D metal fabrication. For example, metal
powders are melted and pressed between anvils in the presence
of monolayer MoS,, yielding atomically flat, large area
(>100 pm) 2D metals that can be mechanically exfoliated and
encapsulated for further studies.*”® Such contacts are inherently
non-bonding, minimizing gap states and maximizing surface
smoothness, with physical isolation inhibiting metal-induced
gap states (MIGS) and reducing Fermi level pinning.

Each of these methods, including physical lamination,
graphene or diamond-assisted transfer, ice buffering, and
vdW extrusion, highlights the importance of achieving clean,
residue-free, and atomically precise interfaces in 2D device
engineering. The formation of van der Waals metal-
semiconductor contacts enable the Fermi level to align closely
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with the work function of the selected metal, thereby avoiding
the interfacial disorder and electronic traps that often limit the
performance of conventional contacts.

Nevertheless, practical challenges remain. The mechanical
transfer process can introduce non-uniformities at the vdw
interface, leading to local tunnelling barriers and increased
contact resistance. In addition, sacrificial layers (PMMA and
PVA) may leave behind residues that, if not carefully managed,
could degrade device performance. Continuous improvement
in transfer media, alignment strategies, and cleaning protocols
will be crucial for the widespread adoption of these techniques
in high-yield, wafer-scale device manufacturing.

7.1.2. Transfer of a high-x dielectric layer for 2D device
miniaturization. As transistor scaling continues to push the
boundaries of device miniaturization, achieving ultrathin,
high-quality gate dielectrics becomes increasingly crucial for
performance and energy efficiency. Reducing the gate length,
channel thickness, and equivalent oxide thickness (EOT) of the
dielectric is essential for faster switching, lower power consump-
tion, and tighter electrostatic control. However, conventional semi-
conductor channel materials, such as silicon, strained SiGe, and
IV compounds, face significant challenges at atomic scales: their
volume properties degrade with thickness, and interface impurities
introduce Coulomb scattering, which reduces carrier mobility and
undermines device reliability.

2D semiconductors, with their atomically thin profiles and
inherent surface passivation, offer a compelling alternative.
Their strong quantum confinement effectively suppresses
short-channel effects and leakage current, enabling enhanced
gate control. However, the integration of high-quality, ultrathin
dielectric layers onto 2D materials presents its own set of
challenges. Traditional ALD processes rely on surface chemical
activity, which is often absent on inert 2D crystals and therefore
necessitates the use of seeding or nucleation layers. These seed
layers, while enabling dielectric growth, can introduce defects
or “dangling bonds” that degrade interface quality and device
mobility.

To circumvent these issues, the transfer of prefabricated,
high-quality dielectrics using a vdW integration approach has
emerged as a transformative solution. In this process, crystal-
line or amorphous dielectric films (e.g., Al,03, HfO,, Y,0;) are
first grown on sacrificial substrates (often buffered by a poly-
mer or graphene interlayer), then picked up and laminated
directly onto the 2D semiconductor via dry or wet transfer. This
bypasses the need for nucleation on the channel surface,
preserves atomic flatness, and creates a clean vdW gap at the
interface, effectively reducing interface states and suppressing
gate leakage. The presence of a few-angstrom-wide vdW gap
further mitigates edge-induced barrier lowering and minimizes
gate-induced carrier tunnelling, yielding superior gate control
and device performance.

Several advanced protocols have been developed to realize
these goals. For instance, Lu et al. introduced a dry dielectric
transfer strategy, in which Al,O; or HfO, is deposited atop a
thin PVA buffer layer on silicon, then etched and laminated
onto wafer-scale monolayer MoS, via heat-releasable tape and
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mild plasma treatment.®® This ensures atomic flatness and
preserves surface cleanliness, with the thin PVA enabling sub-
sequent ALD growth of uniform dielectrics.

Other innovations exploit graphene as a sacrificial buffer.
Wang et al. deposited Y,O; atop graphene on SiO,, then
annealed and oxygenated the film to form atomically flat
Y,0;.%°® The structure is supported by PMMA, then the gra-
phene is removed by plasma etching, and the dielectric is
transferred to the device. Inheriting the flatness of graphene,
this “one-step lamination” method enables the integration of
complex device stacks onto arbitrary substrates.

While amorphous oxides such as SiO,, Al,O3, and HfO, can
effectively reduce leakage, they often harbour a high density of
interface defects due to their structural disorder. To address
this, researchers are exploring single-crystal dielectric materi-
als, such as h-BN and CaF,, which provide atomically smooth,
lattice-matched interfaces and minimal defect densities. How-
ever, even ultra-thin h-BN may show high leakage at nanoscale
thickness, motivating the search for new high-«, large-band-gap
crystalline dielectrics.

Recent breakthroughs include the use of perovskite oxides
and single-crystal films. For example, ultrathin, transferable
SrTiO; (STO) has been realized by growing STO on a water-
soluble sacrificial Sr;Al,O¢ layer, supporting it with PDMS and
then dissolving the sacrificial layer to release atomically flat
STO for transfer.>*® Such single-crystal films achieve dielectric
breakdown fields and low leakage comparable to or exceeding
amorphous counterparts, though current implementations are
mostly limited to back-gate FET architectures.

In another advance, layered perovskite oxides such as
Sr,Nb;0;, (SNO) have been assembled via Langmuir-Blodgett
techniques or top-down liquid-phase exfoliation and then
transferred using polymer stamps to form heterostructures.**°
These crystalline dielectrics offer high-k, robust band gaps, and
atomically sharp interfaces, resulting in FETs with steep sub-
threshold swings and high on/off ratios.

Furthermore, emerging ferroelectric dielectrics, such as
transferred Hf, 5Zr, 50, (HZO) films, enable integration of
non-volatile memory and logic into 2D architectures, with
recent work demonstrating wafer-scale transfer and high-yield
device performance.®®*

In summary, transfer-based integration of high-«k dielectrics
with 2D materials, via vdW lamination, crystalline oxide exfo-
liation, or sacrificial-buffer techniques, provides a pathway to
ultra-scale, low-leakage, high-mobility devices. The approach
overcomes the limitations of direct ALD or CVD growth, enabling
the construction of pristine interfaces, minimizing defect densities,
and expanding the palette of available dielectrics. As the toolkit for
dielectric transfer expands, the prospects for all-transfer, wafer-
scale, and three-dimensional integration of 2D devices become ever
more promising, accelerating progress toward next-generation
electronics and quantum technologies.

7.1.3. Transfer of whole 2D devices: toward fully modular
and scalable integration. Beyond the transfer of individual
components such as metal electrodes and dielectric layers, a
transformative advance is the ability to transfer entire
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prefabricated 2D devices from one substrate to another. This
“device transfer” approach enables modular assembly, multi-
level device stacking, and integration onto unconventional
substrates, thereby greatly expanding the flexibility, scalability,
and complexity of 2D electronics.

The process begins by fabricating and patterning a large
array of 2D devices (such as transistors, photodetectors, or logic
gates) on a growth or donor substrate using established tech-
niques. Once the devices are completed, a support layer (typi-
cally a polymer film) is laminated onto the surface. The
underlying sacrificial substrate is then selectively etched or
dissolved, releasing the entire device array, which can be picked
up and precisely transferred to a target wafer or even stacked
onto another 2D device layer (see Fig. 19c¢).

Crucially, this approach decouples fabrication from integra-
tion: devices can be batch-produced under ideal growth and
patterning conditions and later reconfigured, relocated, or
stacked as needed. The advantages are multifold: (1) fabrica-
tion efficiency, through modular and scalable assembly; (2)
stacking and heterogeneous integration, enabling monolithic
3D logic, memory, and sensing architectures; (3) damage-free
assembly, since no erosive processing is imposed post-transfer;
and (4) substrate versatility, allowing integration onto flexible,
transparent, or bio-compatible platforms. Liu et al. showcased
the transformative potential of van der Waals (vdW) lamination
as a low-temperature route to monolithic three-dimensional
(M3D) integration (Fig. 19¢(I)-(Iv)).**” By sequentially stacking
entire prefabricated circuit layers, they realized a ten-tier ver-
tical M3D system. Remarkably, the vdW-mediated process
confined the integration temperature to only 120 °C—well below
the thermal budget restrictions that undermine conventional
silicon-based M3D integration and hinder its compatibility with
back-end-of-line (BEOL) processes. Equally critical, vdW transfer
circumvents the need for harsh lithography or etching directly on
2D lattices, thus preserving atomic integrity while maintaining
device performance. In parallel, Tao et al demonstrated that
prefabricated MoS, transistors could be laminated onto vertical
stacks using a T-shaped PDMS stamp, achieving a 60-device array
without degradation.®®® This strategy effectively overcame the
inherent planar constraints of conventional lithographic processes,
bridging lateral device fabrication with vertical stacking and
thereby expanding the dimensionality of integration.

In summary, the transfer of whole 2D devices represents the
next logical step in the all-transfer strategy. By enabling mod-
ular, reconfigurable, and damage-free assembly of complex
electronic and optoelectronic circuits, it holds great promise
for future wafer-scale integration, high-density logic and mem-
ory, and novel multi-functional device concepts. As transfer
protocols mature, fully transfer-based device engineering may
become the foundation for future electronics beyond the limits
of traditional top-down fabrication.

7.2. Transfer-enabled patterning towards lithography-free
direct fabrication

Traditional photolithography, despite its ubiquity and indus-
trial maturity, imposes substantial limitations on the
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Fig. 19 Al transfer strategies. (a) Transfer metal.>>® (I) Printing metal patterns on the target substrate. (Il) The inset shows an optical image of the
transferred Au pattern array. Reproduced from ref. 356 with permission from Springer Nature, Copyright 2022. (b) Transfer dielectrics. (I) Pre-deposition
on a PVA sacrificial layer using the ALD process. (ll) Dielectric dry peeling-off. (Ill) Dielectric lamination on top of a target substrate. Adapted from ref. 88
according to Creative Commons Attribution 4.0 International License (CC BY 4.0). (c) Transfer device. () Optical images of a prefabricated circuit tier on a
2-inch sacrificial substrate. (Il) The zoomed-in image. (Ill) The optical image of the final device fabricated by laminating the circuit tier onto an MoS,
substrate; the top patterned MoS, channel s highlighted by a red dashed box. (IV) The corresponding optical image of the 10-tier M3D systems. The MoS,
substrates are grown using chemical vapour deposition within the 10-tier integration. Reproduced from ref. 357 with permission from Springer Nature,
Copyright 2024.

fabrication of 2D materials and devices. The need for multiple
chemical steps, mask alignment, and aggressive etching not
only raises cost and complexity, but also introduces significant
risks of surface contamination, non-uniform strain, pattern
distortion, and interfacial disorder. These drawbacks are parti-
cularly acute for atomically thin materials, where interface
cleanliness and damage-free processing are paramount for
realizing their intrinsic properties in scalable devices.

2614 | Chem. Soc. Rev,, 2026, 55, 2574-2634

Direct pattern transfer has thus emerged as a transformative
solution, enabling the deterministic patterning and integration
of 2D materials entirely without photolithography, masks, or
solvents (Fig. 20). This paradigm shift is underpinned by
several innovative approaches, each with its own unique tech-
nical merits and challenges.

A pioneering strategy is the MTP technique developed by
Zhou Peng’s group (Fig. 20a)."** Here, a PDMS stamp patterned
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Fig. 20 Photolithography-free pattern transfer. (a) The water-assisted wafer-scale transfer printing technology. Reproduced from ref. 133 with
permission from Springer Nature, Copyright 2025. (b) The adhesive matrix transfer method for wafer-scale patterned 2D material integration.
Reproduced from ref. 363 with permission from Springer Nature, Copyright 2023. (c) The direct metal stamping method for wafer-scale fabrication.
Reproduced from ref. 364 with permission from Springer Nature, Copyright 2025.

with an array of microcolumns is used to selectively contact and
retrieve 2D materials from a growth substrate. During the
process, a capillary-active mixed solution (ethanol/water) infil-
trates the interface between the PDMS stamp and the substrate,
enabling selective pick-up of contacted regions via capillary
peeling. Subsequent alignment and mild heating allow the
patterned 2D material array to be released onto the target
substrate with high spatial precision. This method has been
used to deterministically transfer 2-inch-scale monolayer MoS,
arrays, achieving over one million functional devices per
wafer, all while retaining their pristine electrical performance.
MTP elegantly bypasses resist processing and chemical etching,
making it exceptionally attractive for large-area, contamination-
free 2D device fabrication. However, a critical bottleneck
remains: the lateral resolution is fundamentally limited by
the mechanical deformability of the PDMS microcolumns. As
device dimensions approach the deep submicron regime,
further progress will hinge on the development of stiffer, less
deformable stamps or hybrid mechanical structures. Never-
theless, the high yield, process simplicity, and compatibility
with scalable CVD-grown films render MTP a promising candi-
date for industrial 2D electronics.

To overcome the force limitations intrinsic to van der Waals
pickup, adhesive matrix transfer has been developed by Farnaz

This journal is © The Royal Society of Chemistry 2026

Niroui’s team (Fig. 20b).**® In this approach, the receiving
substrate (such as SiO,) is embedded in an adhesion-tunable
matrix (e.g., patterned gold), enabling selective, high-strength
interaction with the 2D material of interest. Unlike vdW stamp-
ing, the matrix can overcome weak interfacial adhesion, ensur-
ing residue-free pickup and transfer of even the most
challenging materials. This method enables one-step device
integration, supports complex patterning, and preserves ultra-
clean, exposed surfaces essential for subsequent functionaliza-
tion or advanced quantum devices. Adhesive matrix transfer
stands out for its exceptional interface cleanliness and its
ability to break through vdW force limits. Notably, it eliminates
the need for solvents, sacrificial layers, or thermal steps,
thereby preserving the atomic flatness and electronic structure
of transferred films. However, the method currently relies on
precise matrix engineering for each material, and its extension
to highly heterogeneous or flexible substrates is an open
technical question. Nevertheless, the single-step process and
mask-free patterning make it a valuable addition to the 2D
device fabrication toolbox.

Recently, Li, et al. introduced a lithography-free patterning
strategy by direct metal stamping (Fig. 20c).>®* Here, a pre-
designed 3D metal stamp is pressed onto a continuous 2D
material. Owing to the strong local metal-2D material
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interaction, only the contact regions are picked up, while the
non-contact areas remain on the growth substrate, resulting in
cleanly patterned 2D arrays. The resulting devices, fabricated
without any photoresist or chemical reagents, exhibit high
performance and remarkable uniformity across large scales.
This strategy is remarkable for its complete elimination of
chemical patterning steps and post-transfer processing, offer-
ing the highest attainable cleanliness and structural integrity
for 2D arrays. The main limitation lies in the design, cost, and
reusability of the metal molds, especially for complex or fine-
feature arrays. Future improvements in scalable, reconfigurable
mold design could further enhance the practicality of this
approach for industry.

In addition, a diverse suite of transfer-enabled, lithography-
free patterning techniques, such as water-assisted transfer
printing, single-lamination stacking, and one-step vdW integra-
tion, have rapidly expanded the design space for 2D devices and
circuits. These methods enable high-yield, contamination-free
fabrication across both planar and vertical architectures, sup-
port a wide range of substrates (including flexible and uncon-
ventional platforms), and deliver atomic interface quality
unattainable by conventional lithography. While each approach
has unique strengths and current technical limits, together
they redefine scalable manufacturing in 2D electronics and
bring modular, industrial-level device integration within reach.

In summary, transfer-enabled, lithography-free patterning is
fundamentally redefining device manufacturing in 2D electro-
nics. By circumventing the limitations of traditional photolitho-
graphy and wet processing, these methods deliver new levels of
scalability, yield, and interface quality for both planar and
vertical device integration. As each approach continues to
mature, a hybrid toolbox combining pattern transfer, adhesive
engineering, and vertical stacking will likely emerge, paving the
way for modular, high-performance, and industrial scale 2D
electronics with truly clean and tunable interfaces.

8. Transfer for broader fields

While the transfer of 2D materials has been primarily devel-
oped for electronic and optoelectronic devices, its applicability
extends far beyond these domains. Advances in precision
transfer techniques now enable the deterministic positioning,
stacking, and integration of 2D materials and nanostructures
into a wide variety of functional platforms, opening transfor-
mative opportunities in chemistry,** polaritonic devices, pho-
non polaritons,?® tribology,>” haptics,*® thermal transport,>>*°
thermodynamic control,*’ quantum science,'®® neuromorphic
computing,®* electrocatalysts and energy.**** By leveraging the
ability to control interfacial properties, orientation, and sym-
metry at the atomic scale, transfer methods are increasingly
becoming a cross-disciplinary tool for engineering novel func-
tionalities that cannot be achieved through conventional fabri-
cation routes. In this section, we review some of the most
exciting and recent demonstrations where transfer-based
assembly has enabled breakthroughs across these diverse
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fields, highlighting both the unique advantages and the current
technical barriers.

8.1. Chemistry

The convergence of precision transfer techniques with electro-
chemical and synthetic chemistry platforms is redefining how
interfacial charge transfer, catalytic activity, and supramolecu-
lar assembly can be engineered at the atomic and molecular
levels. Beyond serving as a mechanical assembly tool, transfer
now functions as a chemical design parameter by enabling
deterministic control over lattice symmetry, registry, and moiré
potential landscapes, which directly govern reaction thermo-
dynamics and kinetics.

A notable example is provided by Yu et al., who applied a
deterministic dry transfer process to fabricate twisted bilayer
graphene (TBG)/h-BN heterostructures with precisely controlled
twist angles.>* This approach revealed an unambiguous corre-
lation between moiré geometry and interfacial electron-transfer
kinetics: electrochemical measurements showed that reaction
rates are maximized near the “magic angle” (~1.1°), where flat-
band states localise carriers and amplify electronic density of
states (Fig. 21a). This discovery positions the twist angle as a
controllable degree of freedom for electrochemical reactivity,
circumventing the stochasticity of dopant incorporation or
defect engineering. Subsequent work extended this moiré-
reactivity paradigm to transition metal dichalcogenides
(TMDs), underscoring its potential impact on photoelectro-
chemistry and electrocatalysis, where band structure-driven
reactivity tuning could complement or even supplant conven-
tional catalyst modification strategies.

Equally transformative is the application of twist-controlled
stacking to two-dimensional covalent organic frameworks (2D
COFs), whose extended n-conjugation and tunable pore archi-
tectures make them attractive for catalysis, sensing, and energy
storage.’*’ Conventional COF synthesis typically yields rota-
tionally disordered stacks due to the near-isoenergetic nature of
different twist configurations, resulting in heterogeneous inter-
layer coupling. Recent advances, exemplified by Zhan et al.,
have addressed this by directly synthesising bilayer COFs at a
liquid-substrate interface under conditions that promote deter-
ministic stacking control.>®® Through monomer structure
design and mixed-solvent modulation, which can balance pre-
cursor solubility with low volatility, the authors achieved large-
area moiré superlattices with a predominant twist angle
(~9.2°) verified by atomic-resolution HRTEM and reciprocal-
space mapping. This breakthrough not only extends moiré
engineering beyond van der Waals solids into covalent mole-
cular architectures, but also unlocks new opportunities to
modulate electronic coupling, exciton dynamics, and host-
guest chemistry through precise stacking symmetry control.

In summary, these studies exemplify how transfer-enabled
twist engineering is evolving from a structural curiosity into a
chemically actionable variable—capable of bridging solid-state
physics and synthetic chemistry to create functional interfaces
with unprecedented precision. Looking forward, integrating
in situ spectroelectrochemical probes, operando microscopy,
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and theory-guided twist-angle selection could yield predictive 8.2. Tribology and haptics

control over reactivity landscapes, accelerating the design of The interlayer twist degree of freedom offers an effective means
catalytic, photochemical, and sensing platforms based on of tuning friction and lubrication in vdW interfaces, giving rise
moiré-tailored 2D materials. to the emerging concept of superlubricity. Early studies by
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Hirano et al. revealed that the frictional force between mica
sheets varies with the twisting angle, which they initially
attributed to shear forces within the basal planes.*®*® Dienwie-
bel et al. later demonstrated that in graphite, rotating the
top layer relative to the underlying lattice could dramatically
reduce the interfacial shear strength, even approaching the
near-zero friction regime, a phenomenon attributed to lattice
incommensurability.*®”

More recent work has explicitly connected these effects to
moiré superlattice engineering. Liu et al’’ showed that gra-
phene grown on Pt exhibits moiré patterns due to partial lattice
mismatch (Fig. 21b(I)-(III)) and that adjusting the twist angle
allows for reversible switching between dissipative sliding and
ultra-low-friction states. Here, both the moiré periodicity and
the normal load threshold govern the transition: below the
threshold, the interface remains in a constant superlubric state,
while above it, the friction coefficient decreases systematically
with increasing moiré period. These findings are supported by
theoretical models linking twist-induced modulation of in-
plane and out-of-plane deformation fields to energy dissipation
pathways.

In the field of haptics, the exceptional thinness, mechanical
compliance, and electromechanical sensitivity of 2D semicon-
ductors have inspired a new generation of tactile sensors. Park
et al®® fabricated strain-gauge sensors based on monolayer
MoS,, achieving high gauge factors (GF), optical transparency,
and mechanical flexibility (Fig. 21b(IV)-(VIII)). Devices main-
tained high sensitivity, uniformity, and linearity after 10 000
bending cycles, and their ~75 nm total thickness allows direct
integration onto non-planar and even skin-mounted substrates.
These attributes make 2D-based tactile sensors attractive
for wearable electronics, human-machine interfaces,>*%37°
and prosthetic feedback systems.*”"*”>

8.3. Thermal transport and thermodynamic control

At the nanoscale, thermal transport is dictated by phonon-
mediated lattice vibrations, yet their propagation is readily
disrupted by structural boundaries and defects that serve as
dominant scattering centers. These scattering events drastically
curtail the phonon mean free path, leading to a pronounced
suppression of thermal conductivity. Recognizing this intrinsic
sensitivity, the ability to deliberately tailor phonon trans-
port—whether through defect engineering, interface design,
or dimensional confinement—has emerged as a central pursuit
in contemporary materials research.

Twist engineering in vdW heterostructures offers a powerful
route to modulate phonon transport, providing a thermody-
namic handle for heat management in nanoscale devices. By
altering the interlayer registry, the twist angle can directly
influence phonon spectra, scattering pathways, and mode
coupling—parameters that govern both in-plane and cross-
plane thermal conductivity.

Ren et al. demonstrated that in graphene/h-BN bilayers, the
in-plane thermal conductivity decreases monotonically, by up
to 50%, as the twist angle increases from 0° to 30° (Fig. 21c(I)
and (11)).>° This reduction was attributed to enhanced surface
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corrugation, which amplifies low-frequency (<10 THz) phonon
scattering and suppresses interlayer phonon transmittance.
Such a strong angular dependence reveals that even modest
misalignment can be used to deliberately tune heat dissipation
in vdW devices.

Extending this principle to hybrid heterostructures, Meng
et al. employed non-equilibrium molecular dynamics (NEMD)
simulations to study graphene/MoS,/graphene stacks at varying
twist angles (Fig. 21c(Ill) and (IV)).*° They found that the in-
plane thermal conductivity of the MoS, layer drops sharply with
increasing twist angle, reaching a minimum at 10.893°, where it
is only 47.3% of the untwisted value. This degradation stems
from twist-induced lattice mismatch, which produces uneven
stress fields and enhances phonon-phonon scattering. Inter-
estingly, they also observed that increasing the number of
graphene layers reduces the interfacial thermal resistance, as
additional layers mitigate out-of-plane atomic displacement
and improve structural stability.

In parallel, Ouyang et al. examined uniformly twisted gra-
phite and h-BN multilayers, finding that the interfacial thermal
resistance (ITR) increases markedly with the twist angle.’” This
behavior arises from reduced phonon mode coupling at mis-
aligned interfaces, thereby lowering cross-plane thermal con-
ductivity. Such control over interfacial thermal isolation is
particularly relevant for applications requiring thermal shield-
ing between an active layer and its substrate.

In summary, these studies position the twist angle as a
versatile thermodynamic tuning parameter, enabling thermal
conductivity suppression, directional heat management, and
interfacial thermal isolation in 2D-based devices. By leveraging
twist-induced phonon engineering, it is possible to co-optimize
thermal transport with other functionalities such as
friction modulation, mechanical stability, and optoelectronic
performance.

8.4. Polaritonic devices and phonon polaritons

While moiré engineering in twisted vdW bilayers has gained
prominence for enabling emergent electronic states such as
superconductivity and correlated insulators, the same twist-
angle degree of freedom is now recognised as a powerful lever
for controlling light-matter interactions in the mid-infrared
and terahertz regimes. In particular, phonon polaritons (PhPs),
hybrid modes arising from strong coupling between infrared
photons and optical phonons, can be dispersion-engineered by
interlayer rotation, giving rise to the emerging field of twistno-
nics for phononics.’”*7® Analogous to twistronics in electro-
nics, twistnonics allows precise modulation of interlayer atomic
registry and potential energy landscapes, which in turn reshape
polaritonic band structures and wavefront propagation.

One of the most striking phenomena accessible via
twist engineering is the photonic ‘“magic angle”, a rotation
configuration where the PhP isofrequency contours flatten,
entering the canalization regime.?””’® In this state, polaritons
propagate in a highly collimated, unidirectional manner with
negligible geometric spreading, enabling sub-diffractional
information transport over extended distances.’’***° The
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canalization direction and wavelength are uniquely determined
by the magic angle and material thickness, making twist
control central to device functionality.*®"

a-Phase molybdenum trioxide (¢-MoO;), a naturally hyper-
bolic vdW crystal, provides an ideal platform for such studies
due to its strong in-plane anisotropy and the ability to achieve
clean rotational interfaces via all-dry viscoelastic stamping. Hu
et al. demonstrated a topological transition of PhP dispersion
in twisted bilayer «-MoO3, tunable from hyperbolic to elliptical
regimes by adjusting the rotation between layers along crystal-
lographic [001] or [100] axes (Fig. 22a).>® For a given frequency,
only a single photonic magic angle exists, which confines
canalization to a narrow set of directions and restricts all-
angle tunability in bilayer geometries.

To overcome this constraint, Duan and co-workers intro-
duced a reconfigurable twisted trilayer o-MoO; architecture
(Fig. 22b).?® Fabricated via sequential PDMS-assisted stacking
of exfoliated a-MoO; flakes, the device features two indepen-
dently set twist angles—0,_, (bottom-middle) and 6,_; (bottom-
top)—which can be reprogrammed by layer disassembly and
reassembly. Near-field scanning optical microscope (s-SNOM)
and full-wave simulations (Fig. 22b(I)-(IX)) revealed multiple

a Twist enabled polariton manipulation

b Polariton canalization

d

2

a-MoO,

View Article Online
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photonic magic angles within a single device: for 0;_, = 30°,
canalization directions of 140°, 80°, and 50° were achieved at
0,3 = —90°, —60°, and —40°, respectively. This multi-angle
flexibility enables broadband canalization and all-directional
polariton steering within the device plane—capabilities unat-
tainable in bilayers. Importantly, these properties persist across
a wide spectral range and for varying layer thicknesses, under-
scoring their robustness.*”®

By unlocking deterministic control over polaritonic disper-
sion, twist-engineered o-MoO; heterostructures open new
frontiers for mid-IR nanophotonics, including compact wave-
guides, reconfigurable beam steering devices, and ultra-thin
hyperlenses.'®® The ability to combine dry-transfer precision,
multiple rotational degrees of freedom, and broadband robust-
ness marks a significant step toward programmable polaritonic
circuitry.

8.5. Quantum devices

Recent developments in 2D nonlinear materials have opened
unprecedented opportunities for compact, integrable quantum
light sources and nonlinear photonic devices. Guo et al.
demonstrated that NbOCI, crystals exhibit vanishing interlayer
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Fig. 22 Twist for optical devices. (a) Polariton dispersion is controlled by twisted bilayered a-MoOs. Reproduced from ref. 25 with permission from
Springer Nature, Copyright 2020. (b) Photonic magic angles and polariton canalization in reconfigurable trilayers. Reproduced from ref. 26 with

permission from Springer Nature, Copyright 2023.
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electronic coupling and monolayer-like excitonic behavior even
in bulk form, coupled with a large second order nonlinear
coefficient (y?).**> The SHG intensity scales quadratically with
thickness, reaching values up to three orders of magnitude
higher than monolayer WS,. This exceptionally strong and
scalable second-order nonlinearity enabled the first unambig-
uous demonstration of spontaneous parametric down-
conversion (SPDC) in a 2D material, with correlated photon
pairs generated in flakes as thin as 46 nm, currently the
thinnest nonlinear quantum light source reported. The mea-
sured SPDC figure of merit (~ 9800 GHz W' m~ ') underscores
its potential for on-chip quantum light sources compatible with
integrated photonics.

Beyond intrinsic nonlinear properties, symmetry engineer-
ing has emerged as a powerful approach. Zhang et al. reported
emergent SHG in otherwise centrosymmetric bilayer MoS,
when stacked with monolayer graphene.*** Interlayer charge
transfer broke the inversion symmetry of MoS,, producing SHG
of comparable strength to monolayer MoS,. This effect—absent
before interlayer coupling was established—illustrates how
charge transfer in van der Waals heterostructures can be
exploited to tailor nonlinear optical responses and potentially
activate SPDC processes in systems previously deemed inactive.

Control of nonlinear wave mixing can also be achieved via
nonlinear geometric phase engineering. Hong et al. showed
that twisting multilayer films by an optimal angle can induce a
geometric phase that compensates phase mismatch, enabling
high SHG conversion efficiencies (~ 8% in 3.2 pm-thick stacks)
and tunable output polarization®®® (Fig. 23a(I)-(III)). The
“Twist-PM” concept aligns the SHG contribution vectors from
each layer to achieve constructive interference, offering a route
to polarization- and phase-controlled quantum light emission
in ultrathin platforms. In parallel, another twist stacking quasi-
phase-matching strategy has been adapted to 3R-MoS,. Tang
et al. demonstrated that 3R-MoS, stacks with controlled 60°
rotational offsets between successive layers create periodic
modulation of the nonlinear polarization along the growth
axis, surpassing the non- quasi-phase matching (QPM) SHG
limit(Fig. 23a(1V)-(V1)).>®** Such QPM structures are promising
for enhancing SPDC efficiency in atomically thin materials,
enabling brighter entangled photon pair generation in ultra-
compact geometries.

The concept of periodic poling, which is well established in
nonlinear bulk crystals such as periodically poled lithium
niobate (PPLN), has recently been translated into the realm of
2D materials, enabling unprecedented control over light-matter
interactions at the atomic scale. In a landmark demonstration,
Trovatello et al. realized periodically poled transition metal
dichalcogenides (PPTMDCs) by fabricating multi-layer stacks
of 3R-MoS, with alternating crystallographic orientations,
which periodically invert the sign of the y* along the stacking
direction to implement QPM in an atomically thin platform
(Fig. 23b).*®® This architecture supports both up-conversion
SHG and SPDC with efficiencies far exceeding the non-QPM
limit, and the phase mismatch between interacting waves can
be precisely cancelled by tuning the thickness and periodicity
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of the 3R-MoS, domains. The monolithic 2D structure mini-
mizes optical loss and allows seamless integration with photo-
nic and quantum devices, offering a route to compact, chip-
scale sources of entangled photons and wavelength-tunable
light.***?%¢  This atomically engineered periodic poling
approach bridges bulk-crystal nonlinear optics and van der
Waals nanophotonics, marking a decisive step toward scalable
quantum photonic circuitry based on layered materials.

Taken together, these advances, from giant x> 2D ferro-
electrics like NbOX,'7*?292%9382 to symmetry-breaking hetero-
structures and twist- and QPM-engineered stacks, mark a
pivotal step toward ultrathin, chip-integrable quantum photo-
nic devices. The convergence of high nonlinearity, scalable
thickness response, and engineered phase matching points to
a future where deterministic entangled photon sources and
reconfigurable quantum modulators are realized entirely
within the van der Waals materials platform.

8.6. Neuromorphic computing

In the era of rapidly expanding global information volume, Al
and information technology are developing rapidly, and there is
a strong demand for low-power, high-efficiency hardware.
Neuro-inspired computing is regarded by many researchers as
a solution to the problems of big data and power consumption.

Since almost all atoms of 2D materials are exposed on the
surface (or interface), this increases the coupling efficiency with
electric fields, ions, or light, enabling small external fields to
effectively modulate parameters such as device conductance/
capacitance; this is the key to achieving low energy consump-
tion and adjustable synaptic weights. Many 2D materials sup-
port fast electronic transport and reversible ion migration (e.g.,
metal cations or protons) via defects, adsorption sites, or
interlayer channels. This mixed ionic-electronic conduction
provides the physical basis for synaptic behaviors: transient
ionic redistribution gives rise to short-term plasticity (STP),
whereas cumulative/partly irreversible ionic or electrochemical
changes underpin long-term plasticity (LTP).>®” Furthermore,
through factors such as layer thickness, phase transition, defect
doping or strain, the conductive/electronic band structure of
2D materials can be controllably adjusted, thereby achieving
multi-level tunable conductance levels. This is one of the core
functions required by neuromorphic hardware.*%®

For instance, Qin et al. developed a molecular crystal mem-
ristor. The representative channel material Sb,O; has a mole-
cular crystal structure, in which the molecular cages are
interconnected through van der Waals forces.*®® This unique
structure enables ions to migrate through the molecular gaps
with relatively low energy input, maintaining the integrity of the
crystal structure even after numerous switching cycles. The
energy consumption for a single operation is as low as 26 z].
It completed 109 cycles and successfully fabricated a large
cross-array on an 8-inch wafer, while also achieving single-
chip integration with CMOS technology, demonstrating its
significant industrialization potential. Teja Nibhanupudi
et al. reported ultrafast memristors fabricated using 2D h-BN.
They synthesized few-layer h-BN on copper foil using the CVD

This journal is © The Royal Society of Chemistry 2026
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method and transferred it onto a Si/SiO, substrate to fabricate Looking ahead, moving from device demonstrations to
the memristors. The switching speed reached 120 ps, and the system-level neuromorphic computing with 2D materials will
switching energy was extremely low, at 2 pJ.**° require cross-layer co-design rather than merely “better
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heterostructures.” At the materials level, vdW stacks must be
engineered to deterministically gate ionic pathways and bar-
riers, enabling on-demand switching between volatile and non-
volatile responses while enhancing device stability and unifor-
mity. At the architecture level, scalable three-dimensional inte-
gration of 2D devices requires addressing challenges related to
endurance, retention, and transfer interfaces, as well as achiev-
ing ultra-low energy consumption at the system level rather
than for individual devices. These advances will ultimately
enable the realization of biologically realistic neural networks
comprising synapses, dendrites, and somas, fully integrated
within compact on-chip systems.

8.7. Electrocatalysts and energy

Since almost all atoms of 2D materials are exposed on the
surface, they have an extremely high specific surface area,
providing abundant electrochemical active sites, enhancing
the adsorption of specific substances, and improving catalytic
activity, enabling their application in the field of electrochemi-
cal sensing. Secondly, 2D layered materials exhibit excellent
mechanical properties, such as high Young’s modulus and
elasticity, which can maintain stability under large stress and
strain, serving as a mechanical support network for electrode
materials.

Bae et al. developed a R2R transfer process for large-area
graphene films, using them as transparent electrodes, laying a
feasible path for large-area flexible energy storage devices.>*
Zhu et al. placed a single layer of MoS, on a conductive
substrate (graphene/gold film) through a transfer process to
form an electrocatalytic electrode and investigated the role of
the boundary activation effect in the hydrogen evolution
reaction.®® In this study, the transfer engineering ensured that

2622 | Chem. Soc. Rev., 2026, 55, 2574-2634

the large-area single-layer MoS, could serve as an actual elec-
trocatalytic electrode. Park et al. coated the surface of high-
nickel cathode particles with graphene layers, significantly
reducing the reliance on conductive agents and binders. Gra-
phene sheets were uniformly covered on the surface of the
cathode particles through transfer/coating processes. This
enhanced the volumetric energy density and cycle stability of
the battery.*

For 2D materials to truly enter the field of energy applica-
tions, several issues need to be addressed, including large-scale
controllable fabrication and transfer, long-term stability, and
device-level integration. By developing low-cost, scalable synth-
esis and transfer methods, combined with interface and defect
engineering, heterostructure design, and intelligent simulation
and prediction, it is expected to achieve precise control over
performance. At the same time, by further expanding 2D
materials into new energy systems such as solid-state batteries
and photocatalytic hydrogen production, it is possible to drive a
qualitative leap in energy storage and conversion technologies
(Fig. 24).

8.8. Summary and perspectives

In this section, we have discussed how transfer engineering of
2D materials has already enabled advances across a broad
spectrum of fields, ranging from chemistry to polaritonic
devices, phonon polaritons, tribology, haptics, thermal trans-
port, thermodynamic control, quantum science, neuromorphic
computing, electrocatalysts and energy. Looking ahead, the
scope of applications is expected to expand even further, with
particularly promising opportunities in quantum computing
and other emerging domains. Each of these areas imposes
unique demands, such as ultraclean and reconfigurable
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interfaces for quantum devices, conformability and biocompat-
ibility for bioelectronics, or scalable integration and chemical
robustness for energy systems. By offering deterministic control
over stacking order, interfacial cleanliness, and strain, transfer
engineering provides a versatile pathway to address these
requirements. Future progress will therefore depend on advan-
cing transfer methods toward higher cleanliness, reconfigur-
ability, and scalability, ultimately positioning 2D transfer
engineering as a foundational technology for next-generation
cross-disciplinary applications.

9. Conclusions and perspectives

At this stage of 2D material research, preparation, transfer, and
post-transfer engineering are not auxiliary steps but central
determinants of material quality, scalability, and device perfor-
mance. As this review has outlined, advances from controlled
growth and exfoliation to deterministic and reconfigurable
transfer have enabled diverse applications, ranging from moiré
superlattices in twisted structures to wrinkle- and bubble-
mediated strain engineering and wafer-scale assembly for
optoelectronic and quantum devices. These developments have
transformed transfer into a cornerstone technology that con-
nects chemistry, materials science, and device engineering.

Nevertheless, several grand challenges remain. Cleanliness
and interface control continue to be the most critical bottle-
necks. Conventional polymer-assisted protocols inevitably leave
residues or interfacial defects that compromise transport and
optical performance. Emerging concepts such as sacrificial
mediator layers, intrinsically clean dry transfer, and dynami-
cally tunable adhesion present promising solutions, but a
universal, residue-free transfer process remains elusive. Equally
urgent is the need for reconfigurability: current methods largely
enable static stacking, whereas future directions should aim at
reversible and in situ manipulation of twist angle, spacing, and
domain registry. Such capabilities would open programmable
device architectures, where 2D heterostructures can be dyna-
mically tuned post-integration.

Scaling toward wafer-level integration is another frontier.
While proof-of-concept demonstrations of large-area printing,
stamp patterning, and R2R assembly exist, the uniformity,
throughput, and CMOS compatibility remain limited. The
convergence of robotics-assisted transfer, real-time metrology,
and advanced adhesion engineering will be essential to bridge
laboratory methods with industrial fabrication, ultimately
enabling defect-free integration on 200-300 mm wafers. In
parallel, in situ transfer concepts, where growth and relocation
are integrated into continuous workflows, may eliminate sto-
chasticity and reduce contamination, offering a seamless path
to twist-controlled and multilayer heterostructures.

Looking forward, the scope of 2D transfer technology will
extend beyond conventional electronics and photonics. Appli-
cations in tribology, haptics, wearable devices, chemistry, and
thermal management are emerging, where controlled inter-
faces and ultrathin integration provide unique functionalities.

This journal is © The Royal Society of Chemistry 2026
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Notably, twist-phase-matching and periodically poled 2D crys-
tals point to a paradigm shift in nonlinear optics, enabling
frequency conversion and quantum light generation in atom-
ically thin platforms. Extending such concepts to wafer-scale,
reconfigurable devices would open a new class of integrated
nanophotonic and quantum technologies. Beyond these areas,
the integration of ultraclean and reconfigurable 2D hetero-
structures may also provide decisive advantages for quantum
computing, where atomic-scale control of interfaces and twist-
dependent quantum phases can be harnessed to engineer
qubits, quantum interconnects, and scalable architectures.

In conclusion, the future of 2D transfer lies in developing
methods that are intrinsically clean, dynamically reconfigur-
able, and scalable to wafer-level integration. Achieving these
milestones will not only overcome existing bottlenecks but also
elevate transfer technology from a fabrication tool to a disci-
pline in its own right, bridging chemistry, physics, and engi-
neering while unlocking the full potential of low-dimensional
materials in next-generation technologies.
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