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Abstract: Large-area two-dimensional (2D) materials, such as graphene,
MoS,, WS,, h-BN, black phosphorus, and MXenes, are a class of advanced
materials with many possible applications. Different applications need dif-
ferent substrates, and each substrate may need a different way of transfer-
ring the 2D material onto it. Problems such as local stress concentrations,
an uneven surface tension, inconsistent adhesion, mechanical damage and
contamination during the transfer can adversely affect the quality and prop-
erties of the transferred material. Therefore, how to improve the integrity,
flatness and cleanness of large area 2D materials is a challenge. In order to
achieve high-quality transfer, the main concern is to control the interface
adhesion between the substrate, the 2D material and the transfer medium.
This review focuses on this topic, and finally, in order to promote the indus-
trial use of large area 2D materials, provides a recipe for this transfer pro-
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cess based on the requirements of the application, and points out the cur-

rent problems and directions for future development.
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Large-area, high-quality two-dimensional (2D)

materials' ™ possess unique physical and chemical

properties, such as atomic-scale thickness, excellent
mechanical flexibility, and outstanding electrical” ",
magnetic[s"('], opticalm, mechanical™”, and chemical

properties'”. They are widely used in fields such as

electronic devices!' ™", optical devices! '), optoelec-
tronic devices!'™'", catalysis devices™ "1, flexible
devices'” "7 and energy storage devices' . Com-

pared to other synthesis methods"” ~*, Chemical va-
por deposition (CVD)™'"! can produce high-purity,
uniform, and low-defect films, with precise control
over composition, thickness, and structure, making it
the dominant method for 2D material growth.
However, high-quality 2D material growth normally
requires high temperatures above 700 °C"" and cor-
rosive gases’’. Such high temperatures can negat-

ively impact the target substrate in flexible devices
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and optoelectronic devices, affecting the reliability
and performance of the final devices. For example, for
flexible electronic devices, the required substrates are
flexible polymers or glass, which are not heat-resist-
ant, making it difficult to directly grow 2D films on
the substrates without any damage! . It is reported
that direct growth on oxide substrates is possible, but
the choice of material substrates is rather limited"").
The use of precursors such as salts can lower the
growth temperatures and improve quality” ", but
their introduction can lead to doping and contamina-
tion of the resulting 2D materials’' !, Although CVD
technology can currently grow 2D heterostructures

directly without a transfer process'" "), the choice of
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materials and assembly sequence are limited by the
growth temperature gradient'"”. Mechanical transfer
techniques offer unique flexibility, enabling transfer
onto any substrate, allowing the integration of various
nanomaterials, overcoming the limitations of lattice
matching and size mismatch!"” "), Therefore, transfer
from specialized growth substrates is required.

The transfer process involves exfoliating the 2D
material from the growth substrate (e.g., copper foil,
silicon wafer) while the transfer medium supports and
protects the material during the process, and then it is
placed onto the target substrates'” . Several chal-

[

lenges remain in this process”" . (1) Maintaining in-

tegrity: high-temperature growth conditions can
strengthen the interfacial adhesion between the 2D
material and the growth substrate, leading to defects
or damage during transfer. Therefore, weakening the
interfacial adhesion between these two interfaces is
crucial for ensuring damage-free exfoliation. (2) Im-
proving flatness: uneven force distribution during
transfer can result in wrinkles or bonding issues that
affect flatness. Thus, enhancing the interfacial adhe-
sion between the 2D material and the target substrate
is key to achieving smooth and uniform bonding. (3)
Ensuring cleanliness: maintaining surface cleanliness
after transfer is challenging, especially when remov-
ing transfer medium residues and surface contamin-
ants that can negatively impact the material’s elec-
tronic properties and interface characteristics. There-
fore, controlling the interfacial adhesion between the
2D material and the transfer medium is essential for
enabling a clean release. Although in small-scale
transfer, process optimization allows effective control
over localized stress, mechanical damage, and con-

. . 53-54
tamination'

I as the transfer area increases to the
centimeter scale or larger scale, the likelihood of loc-
alized damage, cracks, wrinkles, or structural failure
significantly increases'’”. Therefore, optimizing the
transfer process to reduce damage, contamination and
structural defects remains one of the key challenges in
the practical applications of 2D materials.

The key challenges in the CVD transfer process

of 2D materials lies in how to properly modulate the
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interfacial adhesion forces among the 2D materials,
growth substrate, target substrate, and transfer medi-
um. These interfacial forces, including van der Waals

58-59]

(vdW) forces"™ ", electrostatic forces! and cova-

lent bonds!”

, play a crucial role in the material trans-
fer process. Existing studies have made significant
progress in these research areas and have proposed
various methods (such as using bubbling techniques to
achieve as complete a transfer as possible from the
growth substrate; annealing and plasma treatments to
increase the adhesion between the target substrate and
2D materials; and employing low molecular weight
transfer media, sublimable, and water-soluble transfer
media to improve surface cleanliness)’’' ). Combin-
ing these mature methods from the perspective of
modulating interlayer interactions would be highly be-
neficial for optimizing the transfer process.

This review systematically examines the interfa-
cial adhesion forces in the context of large-area 2D
material transfer, with a focus on their types, quanti-
ap-
proaches. Special emphasis is focused on how to pre-

fication methodologies, and characterization
cisely control the interfacial adhesion forces between
the 2D material, the growth substrate, the target sub-
strate, and the transfer medium in the transfer process,
to achieve high-quality large-area 2D material trans-
fer. Firstly, we analyze the interfacial adhesion forces
governing the transfer process through theoretical and
experimental perspectives, emphasizing the 3 predom-
inant adhesion mechanisms: vdW forces, covalent
bonds, and electrostatic forces. We also introduced
specific methods for measuring and calculating adhe-
sion forces from the perspectives of experimental
characterization and theoretical analysis. Building
upon this foundation, the regulation of interfacial
forces is systematically examined through three critic-
al parameters: integrity, flatness and cleanliness,
which collectively determine the quality of material
transfer. Furthermore, this review provides practical
guidelines for selecting transfer methodologies ac-
cording to specific application demands. Finally, this
review summarizes several innovative transfer and

characterization concepts, which inspires future ex-
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ploration in this field. This review aims to provide
systematic insights for researchers working on the
large-area transfer of 2D materials, helping them un-
derstand and regulate interfacial adhesion forces to
achieve efficient, high-quality transfers, and to pro-
mote the large-scale application of 2D materials in
fields such as electronics, optoelectronics and flexible

electronics.

In the transfer process of 2D materials, interfa-
cial adhesion forces not only affect the stability of 2D
materials but also determine the transfer quality and
efficiency. In addition to vdW forces, covalent bonds,
and electrostatic forces, weak interactions induced by
specific elements also play a crucial role in interfacial
adhesion. These forces act differently at various inter-
faces, and their strength significantly influences the
transfer quality and efficiency. This section will ex-
plore the applications and limitations of these interfa-
cial adhesion forces in large-area transfers, laying the
foundation for the discussion of interfacial force mod-
ulation strategies.

By integrating experimental methods and theor-
etical analysis, this section will further investigate the
impact of interfacial adhesion forces on the transfer
process and elaborate on their quantification and char-
acterization methods, providing theoretical support
and practical guidance for high-quality 2D hetero-
structure transfer. A deep understanding and modula-
tion of these mechanisms will help address the afore-
mentioned challenges and promote their applications
in quantum devices, optoelectronic chips, and flexible

electronics.

During the transfer process of 2D materials, in-
terfacial adhesion forces play a critical role in determ-

ining the success or failure of the transfer. Some stud-
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ies have shown that the transfer process can signific-
antly degrade the electronic properties and structural
quality of 2D materials, thereby affecting device per-
formance metrics and increasing process time and

®l " These detrimental effects are

production costs!
mainly attributed to surface wrinkles, material frac-
tures, surface contamination, and unintentional dop-

(%1 "all of which are

ing during the transfer process
closely related to interfacial forces. Therefore, under-
standing the types and mechanisms of forces involved
in the transfer process is essential for ensuring a
smooth transfer and enhancing device performance.
Interfacial adhesion forces mainly include vdW
forces, covalent bonds and electrostatic forces, each of
which directly influences the transfer quality. Addi-
tionally, specific metal-2D material interactions and
hydrogen bonds play specific roles in certain transfer
processes. A comprehensive understanding of these
factors is key to optimizing the 2D material transfer

process.

(1) vdW forces: As a non-bonding interaction,
vdW forces play a crucial role in the disassembly and

1 such as

reassembly of layered crystalline materials'
vdW materials. The strength of vdW interactions typ-
ically ranges from 0.1 to 10 kJ mol ™', which is 2 to 3
orders of magnitude weaker than ionic or covalent
bonds (approximately 100-1000 kJ mol™") (Fig. 1a).
Although vdW forces are relatively weak, they are
sufficient to ensure strong adhesion between materi-
als. However, conventional 3D rigid materials, due to
their surface roughness, struggle to achieve the neces-
sary vdW distance for full activation of vdW interac-
tions (Fig. 1b-d). In contrast, 2D materials, which pos-
sess atomic-scale smoothness and flexibility, serve as
an excellent example of materials that exhibit strong
vdW interactions (Fig. le). This weak interaction en-
ables layered crystals to be separated into individual
atomic planes and reassembled into heterostructures.
As a short-range force, it is present throughout the en-
tire 2D material transfer process, particularly in the

physical adsorption between 2D materials and their
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Different types of forces in 2D materials. ( I ) Definition of vdW interaction, vdW distance, and vdW gap. (a) Energies of various molecular interac-

tions. (b) Potential energy versus distance for an Ar dimer system. (c) Schematic illustration of the vdW gap and vdW distance in a covalent-bonded system and

a vdW system. (d, ¢) Comparison between layer spacing and calculated vdW gap in various layered 2D materials'”. (1) Typical example of covalent bonds.

() Schematic of the characterization of MoS, with and without an h-BN buffer on Si-based substrates'”". (1) Typical example of electrostatic forces.

(2) Schematic of electrostatic force-assisted transfer’”*), Measured interfacial adhesion energy of the MoS,/metal (h), MoS,/insulator

(i) and MoS,/2D interfaces (j)!""). Reprinted with permission

substrates'' . Specifically, during the transfer process,
when a 2D material is transferred from one substrate
to the target substrate, the strength of the interfacial
vdW forces determines the final device quality and
performance.

One of the most typical applications of vdW
forces in the transfer process is using one 2D material
(eg. h-BN) to pick up other 2D materials (eg.

)[7()]

graphene)' . This method has been widely used for

transferring small-scale 2D materials (typically with
lateral sizes less than 200 micrometers). However, as

[71]

the film size increases, this weak interaction'’ ' makes
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the material highly susceptible to cracks and fractures
during the transfer process, posing limitations for
large-area and industrial applications. While interfa-
cial defects, bubbles, and other imperfections provide
the of 2D

materials'’~""), they significantly reduce the long-term

valuable insights into properties
stability and lifespan of devices in practical applica-
tions.

(2) Covalent bonds: As a strong type of interac-
tion, covalent bonds play an indispensable role in the
transfer process, especially in the large-area transfer

of 2D materials. During the thin-film growth process,
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gaseous precursors decompose at high temperatures
and undergo chemical reactions on the growth sub-
strate surface, forming a 2D thin film. Choi et al'"*.
found that after high-temperature annealing, covalent
C—0 bonds can form at the Gr/SiO, interface. There-
fore, covalent bonds are essential in both the film
growth process and the stabilization of devices, con-
tributing to improved device quality. However, in the
transfer process of 2D materials, these strong cova-
lent bonds make it more difficult to separate the ma-
terial from the substrate, potentially leading to film
damage during transfer (Fig. 11!, As a result, addi-
tional strategies are often required to weaken this ad-
hesion force during the transfer process.

One common strategy is to remove the substrate

I to eliminate its strong bonding

by chemical etching
with the material. Although this method has been
widely used over the past decade, its high cost and the
non-reusability of the substrate limit its industrial-
scale application. Additionally, the use of etchants
may introduce contamination, and even though con-
tamination-free etchants'’”! have been proposed, chal-
lenges related to implementation and cost remain.
Therefore, developing more efficient and environ-
mentally friendly transfer strategies is essential for
improving transfer efficiency and reducing costs. Spe-
cific interfacial force modulation methods will be dis-
cussed in detail in later sections.

(3) Electrostatic forces: electrostatic forces arise
from differences in interfacial charge distribution and
can be dynamically modulated through external fields.
They play a crucial role, particularly in the adhesion
and separation of materials from substrates
(Fig. 1), For example, Sumanasekera et al."" util-
ized electrostatic attraction to transfer freshly exfoli-
ated graphite crystals onto target substrates. However,
this method is only applicable for transferring small
graphene flakes (typically on the micrometer scale)
under high voltage. On the other hand, Han et al.l""
facilitated the direct transfer of graphene onto various
target substrates (such as glass, PET and PDMS) us-
ing electric field forces. This process combines mech-

anical pressing, heating and electrostatic forces to
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achieve ultraconformal contact under high temperat-
ures and high voltage. Specifically, Na,O and K,O in
glass decompose under an electric field to form Na”,
K" and O*", promoting the formation of C—O cova-
lent bonds between graphene and oxygen, while the
negative charge on the PET surface enhances its adhe-
sion to graphene. Despite these advancements, prac-
tical challenges remain, particularly in the precise
modulate of environmental temperature and electric
field strength, as excessive voltage may cause sub-
strate deformation or damage.

Furthermore, electrostatic forces can also assist
in the exfoliation process of 2D materials (Fig. 1h-j).
In metal-assisted 2D material transfer, electrostatic
forces also play a vital role. Shin et al. found that due
to the higher work function of metals (such as Au, Cu
and Ni) compared to the electron affinity of MoS,,
electron would transfer from MoS, to the metal "),
This results in a positively charged MoS, surface and
a negatively charged metal substrate, thereby enhan-
cing the electrostatic attraction between them and im-
proving the stability and transfer efficiency of the het-
erostructure. Such interfacial charge modulation can
effectively optimize material adhesion and increase
transfer success rates. Overall, the critical role of elec-
trostatic forces in 2D material transfer has been
widely recognized. However, their applicability, en-
vironmental dependence, and controllability in differ-
ent systems still require further optimization, and rel-
evant modulation strategies will be discussed in later

sections.

In addition to the above forces universally ap-
plicable to 2D materials, there also exist specific
forces that are unique to certain 2D materials. For in-
stance, the metal-2D material interactions, and non-
covalent forces like hydrogen bonding. These specific
interactions can significantly influence the stability of
the materials and the interfacial adhesion, therefore,
offer potential innovative pathways for advancing 2D
material transfer technologies with optimized transfer

efficiency. In the following, we provide a few relev-
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ant examples.

(1) Au-S bonds: the bonding interaction between
gold (Au) and sulfur (S) has demonstrated unique ad-
vantages in the adhesion of metals to transition metal
dichalcogenide (TMD) materials'””. The metal-sulfur
interaction between Au and TMD materials not only
enhances interfacial adhesion but also facilitates inter-
facial contact under appropriate pressure due to gold’s
exceptional mechanical flexibility. Similarly, interac-
tions between gold and other elements, such as phos-
phorus (P) and chlorine (Cl), exhibit significant ef-
fects at P/Au and Cl/Au interfaces, forming covalent-
like quasi-bonding!”’, which further strengthens the
interfacial adhesion. Leveraging these principles, Gao
et al."! developed an Au-assisted mechanical exfoli-
ation technique, successfully achieving the exfoli-
ation of millimeter-scale 2D materials. However, fully
harnessing these complex interactions between metals
and 2D materials, particularly for damage-free trans-
fer of wafer-scale single crystals, remains a signific-
ant challenge. Additionally, the strong interactions
between metals and 2D materials complicate post-
transfer processing. Solvents are typically required to

remove the metal layer!’”

, which may increase costs
and introduce contaminations, thereby limiting the in-
dustrial applicability of this method. Consequently,
optimizing the interactions between metals and 2D
materials, minimizing post-processing requirements,
and improving transfer efficiency remain critical re-
search objectives for future studies.

(2) Hydrogen bonds: as a specific type of electro-
static interaction, hydrogen bonds exhibit relatively
high binding energies (25-40 kJ mol "), significantly
surpassing those of vdW forces (~ 5 kJ mol ). These
interactions are limited to elements with high elec-
tronegativity, such as nitrogen (N) and oxygen (O).
Additionally, the unique directionality, specificity,
and reversibility of hydrogen bonds make them cru-
cial in interfacial adhesion. For example, Yang et
al." significantly enhanced the structural stability of
heterostructures and promoted interfacial charge
transfer by introducing —OOH groups on the surface
of titanium dioxide nanotubes (TNTs), enabling hy-
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drogen bond formation (N---H—O—0—Ti) between
the —OOH groups on TNTs and the —NH, groups in
Fe-MOF. As a relatively weak non-covalent force, hy-
drogen bonding holds potential in the assembly, trans-
fer, and functionalization of 2D materials. By provid-
ing temporary yet stable interfacial adhesion, hydro-
gen bonds can mitigate mechanical stress-induced
damages during transfer, thus improving the stability
of materials and the quality of subsequent devices'™".
Although the research on the direct formation of hy-
drogen bonds between substrates or transfer media
and 2D materials remains limited, their higher bind-
ing energy compared to vdW forces enables them to
provide more stable interfacial adhesion during trans-
fer. This not only strengthens the bonding between
materials and transfer media but also establishes tem-
porary yet stable connections between materials and
substrates, thereby reducing cracking, contamination,
or wrinkling and enhancing transfer quality and ma-
terial performance. These specific interfacial interac-
tions may play a critical role in the transfer of certain
2D materials. Rational modulation of these forces not
only helps optimize transfer quality and interfacial
stability but also offers new strategies for achieving
large-area, high-precision transfer of 2D materials,
further advancing the fabrication and application of
high-performance devices.

Thus, a deep understanding of interfacial bond-
ing forces is crucial for optimizing the transfer pro-
cesses of 2D materials, enhancing device perform-
ance, and advancing large-scale fabrication. Modula-
tion of these bonding forces further improves material
adhesion and reduces interfacial defects, thereby lead-
ing to enhanced material stability and electronic trans-
port properties for the optimized overall performance
of devices. Furthermore, the distinct mechanisms,
ranges, and strengths of different types of bonding
forces determine their suitability depending on
application scenarios. It is necessary to further sys-
tematically explore the interfacial bonding forces for
the processing capabilities of 2D materials and estab-
lishing a solid foundation for their widespread

applications.
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The interaction between 2D materials and sub-
strates is often manifested as adhesion force. To bet-
ter understand the different types of interaction forces,
especially the role of adhesion forces in the transfer
process of 2D materials, it is essential to quantify and
characterize these forces. To accurately capture the
details of these interactions, it is necessary to use ap-
propriate theoretical and experimental methods for
their quantitative analysis. As our understanding of
the interfacial forces deepens, we can better grasp the
magnitude and distribution of these forces, providing
a theoretical foundation for optimizing the transfer
process. Additionally, this lays the groundwork for
subsequent strategies to modulate interfacial forces,
further improving the efficiency and quality of 2D
material transfer. Next, we introduce several com-
monly used experimental and theoretical methods for
quantifying and characterizing the adhesion forces

between 2D materials and substrates.

In terms of experimentation, atomic force micro-
scopy (AFM) force spectroscopy is a commonly used
method for characterizing interfacial adhesion forces.
Through AFM measurements, the adhesion force
between 2D materials and substrates can be directly
quantified, revealing the magnitude and nature of the
adhesion force. For example, Lu et al.l””! fabricated
nanoscale 2D crystals (such as graphene, h-BN and
MoS,) on nanoscale platforms, then used an AFM
probe to measure interfacial adhesion forces
(Fig. 2a-b). During the measurement, the AFM probe
was attached to the top of the nanoscale platform, and
stretching or shear was applied in either the vertical or
parallel direction relative to the substrate. By analyz-
ing the force-displacement (F-d) curve, the interfacial
adhesion energy (IAE), interlayer shear strength, and
peeling strength can be quantified, providing detailed
data support for the mechanical properties during the
2D material transfer process. Guo et al.l"”! used graph-

ite-coated AFM tips and measured the critical adhe-
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sion forces between graphite-graphite (P;), graphite-
BN (Pgy), and graphite-MoS, (Pyes,/c), then calcu-
lated the adhesion forces at the interface between
graphite and other materials using the known adhe-
sion pressure between graphite-graphite.

The above measurements are designed for rigid
substrates. For elastic substrates, due to the large de-
formation of polymeric materials, the adhesion forces
between 2D materials and soft polymer substrates are
still difficult to characterize. Traditional testing meth-
ods may not provide sufficient resolution, resulting in
reduced data accuracy. For example, Zhu et al.”” in-
directly inferred the interfacial adhesion force by
measuring the sliding and buckling behavior of
graphene on a polyethylene terephthalate (PET) sub-
strate. However, AFM images might overestimate the
width of the buckling ridge, leading to inaccurate
measurements of adhesion energy. To address this is-
sue, Lu et al.”’ used the spontaneous formation of
buckles and wrinkles during the delamination of MoS,
on PDMS. By combining AFM measurements of the
height and width of the buckles and wrinkles in the
delaminated area (Fig. 2c-d), the adhesion force was
calculated using a formula fitting method, thus avoid-
ing the issue of measuring step heights on substrates
with high elasticity. This method improved accuracy
by an order of magnitude compared to traditional
methods, providing a more reliable measurement tool
for characterizing the adhesion force in the transfer of
2D materials on soft substrates.

Here, we have compiled the adhesion energies
between different films as well as the film-substrate
interfaces (Table 1), to provide a clear understanding
of the interfacial adhesion forces, thereby offering
guidance for optimizing the subsequent interfacial

transfer processes.

Density functional theory (DFT) -calculations
have been widely used to study the interfacial energy
between 2D materials and substrates. Through DFT
calculations, the interaction forces between different

materials can be accurately simulated and predicted,
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(d) AFM image of MoS, flakes on PDMS!"). Reprinted with permission

helping us to better understand the interfacial energy
and its impact on the transfer process. For example,

1.7 used DFT calculations to determine

Chiesa et a
the vdW energy between graphene and substrates for
different graphene layer numbers (Fig. 3a-c). The cal-
culations showed that as the number of graphene lay-
ers increased, both the adhesion force and Hamaker
coefficient increased significantly, which was consist-
ent with experimental results. This indicates that the
number of layers in 2D materials has a significant im-
pact on interfacial adhesion forces, with more layers
leading to stronger adhesion, which could affect the
transfer efficiency and stability of the 2D material.

Additionally, charge density difference analysis
Vol. 40 | Issue 3 | Jun. 2025 |
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can be used to study the transfer of electrons during
the transfer process, revealing the types of interac-
tions at the interface. For instance, Righi et al.l’’
found that the charge density at the interface is dir-
the
(Fig. 3d-i). They pointed out that, typically, in non-

ectly related to interfacial adhesion force
ideal stacking configurations, the charge density at the
interface is lower than that in the minimum configura-
tion. This finding suggests that the distribution of in-
terface charges has an important impact on the
strength of the interfacial adhesion force, and changes
in charge density may directly lead to variations in ad-
hesion force. This means that by analyzing interfacial

energy and electronic structure, we can provide a the-
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Table 1 The adhesion energy between films and the
film-substrate interface

Interface Adhesion energy/(mJ m?) Ref.
MosS,-SiO, 200+30 [75]
Graphene-SiO, 45346 [93]
h-BN-SiO, 208+47 [94]
MoSe,-SiO, 270+30 [95]
MoS,-TiO, 780+30 [75]
MoS,-ALO;, 260+20 [75]
MoS,-HfO, 330+20 [75]
MoS,-SiN 429 [96]
Graphene-SiN 3282 [96]
Graphene-PMMA 84 [971
Graphene-PDMS 7 [98]
Graphene-PET 0.5 [92]
MoS,-PDMS 1842 [88]
Graphene-Cu 740+130 [99]
Graphene-Au 450+100 [100]
Graphene-Ni 67754556 [101]
Graphene-Pt 4021 [96]
MoS,-Cu 64030 [75]
MoS,-Au 1250+50 [75]
MoS,-Pt 2240+60 [75]
MosS,-Ni 840+40 [75]
MoS,-Ti 140+30 [102]
MoS,-Cr 110£50 [102]
Graphene-Graphene 86+16 [103]
Graphene-MoS, 140+26 [103]
Graphene-h-BN 12620 [103]
MoS,-MoS, 174+18 [103]
MoS,-h-BN 136+11 [103]
H-BN-h-BN 129+4 [103]
MoSe,-MoSe, 355 [104]
WS,-WS, 269 [104]
WSe,-WS, 59 [104]
WSe,-WSe, 104 [104]
WTe,-WTe, 27 [104]

oretical basis for optimizing the interfacial adhesion
force in practical transfer processes.

Interfacial roughness is a critical factor influen-
cing the interaction forces between two interfaces. As
mentioned above, surface interactions such as vdW
forces are significantly altered due to the presence of
roughness. A rough surface reduces the actual contact
area and introduces localized non-uniform contact
states, thereby weakening the effective interfacial
forces. Moreover, roughness changes the distribution
of separation distances between surfaces, further af-
fecting the strength of short-range forces such as vdW
Therefore, interfacial

interactions. roughness is

closely related to surface adhesion and cannot be ig-
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nored when analyzing adhesion behavior. The Mau-
gis-Dugdale model uses a simplified Dugdale model,
which has adjustable parameters that can be modified
for different scenarios. The adhesion energy between
the tip and the sample is calculated using the Maugis-

Dugdale theory!' """
Fadh

Woan =
a AR,

M

where W,, represents the adhesion energy per unit
area, F,, is the measured adhesion force, Ry, is the tip
radius, and 4 is an effective coefficient with a range of
1.5 < A < 2.0, determined by the characteristics of the

{191 This model is based on the following

contact pair
assumptions: the substrate strain is small, the material
is a homogeneous, isotropic linear elastic body, and
the tip has a perfectly smooth parabolic geometry (i.e.,
a three-dimensional rotational paraboloid).

2 2nr
R —ACOS(T) 2)

Ztip (V) = Zparaboloid (r)+zroughne>s (V) =
tip

Here,  and z are polar coordinates, where R, defines
the radius of the overall parabolic shape, and 4 and 4
represent the amplitude and wavelength of the sine
wave, respectively. The resulting tip is considered ri-
gid and comes into contact with a rigid plane.
Considering the influence of surface roughness
on the measured adhesion energy, the true adhesion
energy is calculated using a modified Rumpf model,
which reproduces the fundamental trend as a function
of roughness. The definition of an axisymmetric tips
the superposition of a paraboloid (for the overall tip
shape) and a sine wave (to represent roughness).
Therefore, the transfer process of high-quality
2D materials depends on the modulation of interfacial
adhesion forces. By understanding and modulating
vdW forces, covalent bonds, electrostatic forces, and
other interfacial interactions, we can lay the theoretic-
al foundation and practical guidance for realizing a
“modulated adhesion-damage-free release” transfer
process. With the continuous development of theoret-
ical calculation methods and experimental techniques,
it is hopeful that we can resolve the challenges related
to adhesion force modulation in the large-scale pre-
paration and application of 2D heterostructures,
thereby advancing the widespread application of 2D
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Gr, Fe, C, Fe-S, Fe-Gr and C-H, respectively and their connection to adhesion values

materials in fields such as electronics, optoelectronics,

and flexible electronics.

3  Interfacial adhesion modulation
for high quality transfer of large-area
2D materials

The key goal of high quality 2D materials in

Vol. 40 | Issue 3 | Jun. 2025 |

"1, Reprinted with permission

transfer process, involve maintaining structural integ-

rity, surface flatness, and interface
cleanliness'”'"""'"). Therefore, this section summar-
izes quality improvement strategies for large-area 2D
material transfer from three dimensions: integrity,
flatness, and cleanliness (Fig. 4). These strategies in-
clude enhancing integrity by modulating interfacial

adhesion, as well as improving flatness and cleanli-
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ness through interfacial adhesion modulate.

The atomic-scale thickness of 2D materials dur-
ing mechanical exfoliation makes them prone to
cracks and damage during transfer processes due to
excessively strong interfacial adhesion between the
growth substrate and 2D materials, leading to com-
promised structural integrity! . To mitigate material
cracking during transfer, it is essential to weaken the
interfacial adhesion at the growth substrate/2D materi-
al interface. This section systematically reviews the
strategies for reducing interfacial adhesion between
growth substrates and 2D materials, thereby minimiz-

ing crack formation and enhancing material integrity.

(1) Chemical bubbling method

The bubble method is an innovative approach for
modulating the interfacial adhesion between materials
and growth substrates. It is a non-contact modulation
technique that leverages the gradual formation of a
gas layer at the interface through bubbles, thereby cre-
ating a thin gas gap between the material and the sub-
strate. The resulting local stress field weakens the in-
terfacial adhesion between the growth substrate and
the 2D material, enabling uniform and damage-free
separation. This method prevents tearing caused by
mechanical stretching, achieving rapid, complete and
high-quality exfoliation of 2D materials''*''". Based
on the bubble generation mechanism, the bubble
method can be categorized into chemical and electro-
chemical approaches.

The chemical bubbling method is a technique
that generates bubbles through chemical reactions.
Riimmeli and his colleagues successfully achieved the
crack-free, large-area transfer of graphene using this
method. As shown in Fig. 5a, the researchers em-
ployed a mixed solution of NH,OH, H,0, and H,0O in
a volume ratio of 1 : 1 : 3, heating it to 80 °C. Under
the action of NH,OH, H,O, rapidly decomposed to
produce O, gas. Subsequently, a polymethyl methac-
rylate (PMMA)/graphene/growth substrate stack was
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then immersed in the mixed solution. During this pro-
bubbles penetrated the
graphene and the growth substrate and gradually dif-

cess, interface between
fused across the entire interface. The localized com-
pressive stress generated by the bubbles weakened the
interfacial adhesion between the growth substrate and
the 2D material, ultimately facilitating the complete
delamination of the PMMA/graphene from the sub-
strate!''".

(2) Electrochemical bubbling method

The electrochemical bubbling method utilizes a
2D material/growth substrate as the cathode, forming
a dual-electrode system with the anode. By applying a
constant voltage or constant current between the cath-
ode and anode, an electrochemical reaction occurs at
the cathode interface, generating gas bubbles. In a typ-
ical electrochemical bubble-induced stress modula-
tion process, a PMMA layer is first spin-coated onto
the graphene/copper sample as a protective layer.
Then, an aqueous solution of 0.05 mmol L™ K,S,0y is
used as the electrolyte, and a DC voltage is applied
between the PMMA/graphene/Cu cathode and a
glassy carbon anode in the electrolytic cell (Fig. 5b).
During voltage application, a hydrogen evolution re-
action occurs at the graphene/Cu cathode electrode.
H, bubbles form at the graphene/Cu interface, provid-
ing a mild yet persistent compressive stress that weak-
ens the interfacial adhesion between graphene and the
Cu substrate. Ultimately, the 2D graphene material
was completely and crack-free delaminated from the
copper substrate'' !, Ren et al. discovered that when
bubbles are used to modulate the adhesion between
the growth substrate and the 2D material, they primar-
ily modulate the stress state of the 2D material at the
interface, inducing compressive stress and corres-
ponding deformation (Fig. 5c). This approach effect-
ively weakens the adhesion between the growth sub-
strate and the 2D material. Notably, this method has
been successfully extended to enable continuous syn-
resin/PET
(Fig. 5d)'""] Cheng and his colleagues successfully

thesis of 2m-long graphene/epoxy

exfoliated graphene with high crystallinity, no cracks,

and high carrier mobility using the electrochemical
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Fig. 4 Strategies for improving the quality of large-area 2D material transfer in terms of integrity, flatness and cleanliness

gas bubbling method. After growing graphene by
CVD, they used a PMMA/graphene/Pt structure as the
cathode in a constant-current electrolysis cell im-
mersed in a NaOH electrolyte. Subsequently, a water
reduction reaction occurred at the cathode, generating
H, bubbles. The compressive stress introduced by
these bubbles effectively weakened the interfacial ad-
hesion between the Pt substrate and the graphene, al-
lowing the PMMA/graphene layer to be successfully
exfoliated within tens of seconds. This process
avoided the stress-induced tearing issue caused by ex-
cessive interfacial adhesion in traditional mechanical
exfoliation'"”,

(3) Interfacial capillary effect

The interfacial capillary effect is the core physic-
al mechanism in liquid-assisted transfer processes.
When a hydrophilic growth substrate and a hydro-
phobic 2D material come into contact with an aqueous
solution, differences in surface energy drive water
molecules to infiltrate the interface' ). Under the ac-
tion of capillary forces, the pressure gradient gener-
ated by liquid infiltration can partially weaken the
vdW forces and electrostatic interactions at the inter-
face, thereby reducing the difficulty of mechanical ex-

foliation. This helps to avoid stress-induced tearing
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caused by excessive interfacial adhesion in traditional
mechanical exfoliation, thereby improving the integ-

[119-12

rity of 2D materials "I At present, capillary-driv-

en exfoliation techniques using water, organic
solvents, and their mixtures have become an ad-
vanced, non-destructive, and efficient approach for
exfoliating 2D materials.

The research conducted by Cao et al. reveals the
hydrophobic properties of MoS,, in contrast to the hy-
drophilicity of the growth substrate. As shown in
Fig. 5Se, this difference in surface energy facilitates the
penetration of water molecules beneath the 2D MoS,
material. Once water molecules infiltrate the interface
between the material and the substrate, their lubricat-
ing effect weakens the vdW forces and electrostatic
interactions at the interface. Additionally, the polarity
of water can alter the interfacial energy, reducing the
adhesion between the material and the substrate. Fur-
thermore, water molecules disrupt the pre-existing hy-
drogen bond network or chemisorption on the MoS,
surface and form a dynamic hydration layer at the in-
terface, further isolating the direct contact between the
material and the substrate. This reduction in binding
force allows the 2D MoS, material to be more easily
detached from the growth substrate, thereby minimiz-

ing material damage and tearing while enhancing its
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(a) Schematic diagram of the stripping process in which the chemical bubble method weakens the growth substrate and the bond between materials to improve

the integrity of 2D materials''"". (b) Schematic diagram of the principle of the electrochemical bubble method to weaken the growth substrate and the bond

between materials to improve the integrity of 2D materials and (c) optical picture of the stripping process' "', (d) Schematic diagram of the principle of redu-

cing the binding force between growing substrates and materials by electrochemical bubble method"'’. (e) Flow chart of the transfer of the capillary effect of

water to weaken the growth substrate and the bond between materials to improve the integrity of molybdenum disulfide!*”’. (f) Process flow chart of the growth

substrate surface functionalization to weaken the bonding force between the growth substrate and materials and

improve the integrity of molybdenum disulfide!*"'. Reprinted with permission

structural integrity!”"”

. Although deionized water is
commonly used as the primary medium for polymer-
supported wet transfer, its high surface tension and the
low wettability of the substrate make it difficult for
water molecules to penetrate the interface between the
2D material and the growth substrate. As a result, us-
ing deionized water as the transfer medium typically
requires a prolonged period to achieve complete sep-
aration. To address this challenge, Zhou et al. pro-
posed an innovative solution: mixing water with a
low-polarity ethanol solution to reduce the surface
tension of the transfer medium and enhance the wet-

tability of the substrate. By introducing an ethanol-
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water solution, the mixed solution successfully infilt-
rates the non-contact interface between the 2D materi-
al and the growth substrate, naturally generating a mi-
cro-scale capillary effect. This method not only en-
ables rapid, damage-free delamination of the 2D ma-
terial within 1 min, but also achieves the large-area
transfer of a monolayer molybdenum disulfide (MoS,)
film with a diameter of ~ 5 cm ensuring a transfer in-
tegrity of up to 99%!""".

(4) Oxide layer

Currently, introducing a uniform oxide layer
between the growth substrate and the 2D material has

proven to be an effective strategy to address the tear-

New Carbon Materials



BORARL (PR )

Review

ing and defects caused by mechanical exfoliation. The
formation of an oxide layer on the surface of the
growth substrate effectively weakens the interfacial
adhesion, shifting the binding force from electrostatic
interactions to weaker vdW forces. Additionally, the
smooth metal interface transforms into a rough metal
oxide interface, ultimately reducing the adhesion
between the 2D material and the growth substrate.
This facilitates the complete exfoliation of the 2D ma-
terial from the substrate surface, yielding high-quality,
crack-free 2D materials. Liu et al. successfully con-
structed a uniform copper oxide layer covering the
surface of a copper growth substrate using an
ethanol/water mixed solution as a surface oxidant.
This copper oxide layer significantly weakened the d-
7 interactions between graphene and the copper inter-
face, enabling the crack-free and intact transfer of a
10 cm graphene 2D material onto a silicon wafer'' "),
(5) Growth substrate surface functionalization
The surface functionalization strategy of the
growth substrate is an interface adhesion modulation
method for obtaining intact and crack-free 2D materi-
als. By chemically modifying or physically treating
the surface of the growth substrate, its surface energy,
roughness, or hydrophilicity/hydrophobicity can be
uniformly altered. This effectively weakens the adhe-
sion between the 2D material and the substrate, en-
abling the acquisition of complete and crack-free 2D
materials. Ahn et al. reported a hydroxyl-functional-
ized SiO,/Si growth substrate, whose modified sur-
face exhibited superhydrophilicity. This characteristic
allowed the solvent to effectively penetrate the inter-
face between the polymer-covered MoS, and the
growth substrate with minimal mechanical force,
thereby weakening the interfacial adhesion between
the Si0,/Si growth substrate and MoS,. As a result, an
intact, crack-free MoS, thin film was obtained
(Fig. 51). Moreover, this method facilitates the trans-
fer of continuous, large-area MoS, thin films onto
conventional polymer films, which act as convenient
substrates. This significantly simplifies the fabrica-

tion process of large-area ultrathin flexible devices
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based on MoS,'" "),

The adhesion and removal processes have oppos-
ite adhesion requirements for the transfer medium.
When the medium adheres to the 2D material, a high
adhesion force between the polymer and the 2D ma-
terial is needed to prevent damage caused by wrink-
ling, misalignment or detachment. However, if the ad-
hesion is too strong, the removal of the transfer medi-
um becomes challenging, often leading to damage and
tearing of the 2D material'''"!. Therefore, employing a
strategy that segmentally modulates the interfacial
bonding force between the transfer medium and the
2D material can effectively enhance the integrity of
the 2D material, preventing cracks caused by either
excessively weak or strong adhesion forces.

Ago et al. have recently developed a novel UV-
light-responsive functional adhesive tape whose adhe-
sion can be dynamically and intelligently controlled.
This UV-controllable adhesive tape enables the trans-
fer of high-quality, large-area monolayer graphene
films (with carrier mobility exceeding 5000 cm® V™' s
at room temperature and sizes up to 50 mm x 50 mm)
with 99% integrity, as well as other 2D materials such
as MoS,, WS, and h-BN. During the removal of the
transfer medium from the 2D materials, UV irradi-
ation induces further crosslinking of polymer chains
within the functional adhesive tape, significantly
weakening the adhesion between the tape and the 2D
material. This process allows the tape to be easily de-
tached from the material surface, ensuring the integ-
rity of the transferred materials'*”.

In summary, reducing the interfacial adhesion
between the growth substrate and the material is an ef-
fective way to decrease the risk of cracks in 2D mater-
ials and improve their integrity. Currently, strategies
to achieve this goal include: (1) Chemical/electro-
chemical bubble method: generating bubbles at the in-
terface through chemical reactions or electrolysis, and
using the local compressive stress produced by the gas
layer to weaken the adhesion between the growth sub-

strate and the material, thereby achieving rapid and
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non-destructive exfoliation. (2) Interfacial capillary
effect: Using the surface tension difference of water or
ethanol mixtures, and through capillary penetration to
weaken vdW forces and electrostatic interactions,
thereby achieving efficient and non-destructive trans-
fer of 2D materials; (3) Oxide layer modulation: Con-
structing a uniform oxide layer on the surface of the
growth substrate to convert strong electrostatic inter-
actions into weak vdW forces, promoting the com-
plete exfoliation of 2D materials; (4) Surface func-
tionalization of the substrate: changing the surface en-
ergy or wettability through chemical modification
(such as hydroxylation) to reduce the interfacial adhe-
sion; (5) Controllable transfer medium: Using UV-re-
sponsive adhesives to dynamically adjust the adhe-
sion strength, maintaining high adhesion during trans-
fer to prevent misalignment, and weakening the adhe-
sion through UV crosslinking during removal to en-
sure material integrity. These strategies, by precisely
controlling the interfacial adhesion between the
growth substrate and the material, effectively reduce
the cracks in 2D materials and significantly improve
the transfer quality of 2D materials, laying a solid
foundation for the preparation of high-performance

devices.

The transfer of 2D materials from the transfer
medium to the target substrate is often accompanied
by interfacial bubbles, wrinkles and defects, which
cause non-uniform adhesion at the 2D material/target
substrate interface. This results in poor conformal
of the 2D

material™®'*"'*), To address the issue of non-uniform

contact and reduced flatness
interfacial bonding, enhancing the interfacial adhe-
sion between the 2D material and target substrate is
critical, it can effectively improve the flatness of 2D

materials.

(1) Plasma treatment
In the transfer process of 2D materials, surface

modification of the target substrate plays a crucial
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role. Its primary purpose is to enhance the bonding
strength between the 2D material and the substrate,
thereby improving the flatness of the transferred ma-
terial. Given that 2D materials typically have atomic-
scale thickness, their interactions with the substrate
(such as vdW forces and electrostatic forces) are relat-
ively weak, making them susceptible to various
factors such as surface roughness, chemical contamin-
ation, and surface energy. Therefore, appropriate sur-
face modification of the target substrate before trans-
fer is essential. This process optimizes interfacial
properties, enhances the adhesion of 2D materials, re-
duces the formation of bubbles and wrinkles, and im-
proves the interfacial flatness of the 2D material.
Lukosius and his colleagues investigated the ef-
fects of oxygen plasma treatment on the surfaces of
different target substrates, including SiO, and Si;N,.
They found that oxygen plasma treatment signific-
antly enhanced the adhesion of graphene to these tar-
get substrates by removing carbon contamination and
increasing surface activity. The possible interactions
and modification models of SiO, and Si;N, surfaces
after oxygen plasma treatment are illustrated in
Fig. 6a. Specifically, the oxygen plasma-generated re-
active radicals and particles first bombard the grown
target substrates, removing partial carbon contamina-
tion from the surface. As plasma treatment progresses,
the process transitions from surface cleaning to sur-
face activation, leading to an increase in surface en-
ergy. With the removal of carbon atoms from the sur-
face, the bonding force between graphene carbon
atoms and the target wafer atoms is enhanced, thereby
improving the adhesion quality and smoothness of
graphene. Experimental results indicate that the
treated target substrates enable the transfer of continu-
ous and wrinkle-free graphene, which is of great sig-
the

graphene-based electronic devices in the future

nificance for large-scale manufacturing of

[124]

(2) Annealing

In the interface between 2D materials and the tar-
get substrate, 2D materials primarily adhere to the
substrate through relatively weak vdW forces. This

weak bonding force is insufficient to ensure the stable
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and uniform fixation of large-scale few-layer 2D ma-
terials on the target substrate surface, which is essen-
tial for extensive micro/nano fabrication processes.
Therefore, certain physical or chemical methods must
be employed to enhance the interfacial adhesion en-
ergy and improve the material’s flatness. High-tem-
perature annealing is a widely used technique to en-
hance interfacial adhesion energy. Choi et al. signific-
antly increased the adhesion energy between graphene
and the SiO, substrate through rapid thermal anneal-
ing at 450 °C. At high temperatures, new bonds form
at the interface, thereby increasing the bonding en-
ergy between graphene and the substrate, resulting in
a smoother graphene surface!' . Similarly, research.
demonstrated that annealing h-BN/SiO, in the temper-
ature range of 300 to 400 °C can significantly en-
hance the adhesion between the 2D material and the
target substrate, achieving highly flatness h-BN. This
is because, after annealing, h-BN undergoes slight de-
formation in response to the roughness of the sub-
strate, leading to a tighter connection and improved
conformity between h-BN and SiO,' ).

(3) Gradient surface energy (GSE)

In the transfer process of 2D materials, the sur-
face energy of the target substrate significantly af-
fects material adhesion, interface quality, and device
performance. By modulating the surface energy of the
target substrate, adhesion can be enhanced, interface
conformity improved, and the formation of bubbles
and wrinkles reduced, thereby increasing interface
smoothness. According to thin-film adhesion theory,
the interlayer transfer of thin films is primarily gov-
erned by the differences in surface energy among lay-
ers' ), When the target substrate exhibits higher sur-
face energy, it demonstrates better wettability and
stronger adhesion at the interface, making it a more
effective “receptor” for the thin film. Therefore, to en-
sure the key functionality of wafer-scale 2D material
integration and achieve reliable adhesion and non-de-
structive release, it is essential to carefully design the
surface energy of the transfer medium and the target
substrate. Peng et al. designed a multifunctional 3-lay-

er transfer medium with a progressively decreasing

Vol. 40 | Issue 3 | Jun. 2025 |

39

surface energy from the target SiO,/Si wafer to the top
polydimethylsiloxane (PDMS) layer (Fig. 6b). The in-
trinsic relationship between GSE design and interface
adhesion modulate lies in precisely tuning the surface
energy difference between the transfer medium and
the target substrate. This enables reliable adhesion and
non-destructive release of graphene from the growth
substrate to the target substrate. Specifically, the sur-
face energy of the 3-layer transfer medium gradually
decreases from the target SiO,/Si wafer to the top
PDMS layer. This design allows the high-surface-en-
ergy target substrate to better wet and firmly adhere to
the graphene, while the low-surface-energy PDMS
layer ensures that the final release does not damage
the graphene. According to thin-film adhesion theory,
this gradient distribution of surface energy directly in-
fluences the spreading coefficient and fracture
strength of the interface, thereby enhancing interface
adhesion. This approach avoids the wrinkling issues
commonly observed in conventional wet-transfer pro-
cesses and enables the transfer of high-quality, high-
flatness 2D materials'*.

(4) Conformal contact

In the 2D material transfer process, achieving
conformal contact between the material and the target
substrate is an effective strategy to enhance the adhe-
sion of the target substrate. Conformal contact en-
sures that the 2D material closely adheres to the tar-
get substrate, preventing the formation of bubbles,
wrinkles, or inclusions. This improves the interfacial
adhesion, enhances the flatness of the 2D material,
and helps maintain its excellent properties. Liu et al.
demonstrated that introducing oxygen-containing hy-
droxyl volatile molecules or polymers with a low
glass transition temperature (7,), such as polypropyl-
ene carbonate (PPC), into PMMA can induce deform-
ation of the supporting film during the heating pro-
This

graphene and target substrates with different surface

cess. enables conformal contact between
morphologies (Fig. 6¢-d). This controllable conform-
al contact enhances the interfacial adhesion between
graphene and the target substrate, allowing the direct

transfer of 2D materials without wrinkles and achiev-
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Fig. 6 Enhancing substrate-material interfacial adhesion via multimodal strategies for surface flatness optimization. (a) Schematic diagram of 2D material

transfer process in which plasma treatment enhances the binding force of target substrate and material to improve flatness'

[124

!, (b) Schematic diagram of

[126]

graphene material laminations where gradient surface energy is modulated to enhance the target substrate and material bonding to improve flatness' ~".

(c) Schematic diagram of a process in which the conformal contact strategy enhances the binding force of the target substrate and material to improve flatness,

and (d) schematic diagram of the effect and (e) the optical image of a 4-inch 2D material with 99.6% integrity

obtained by the preparation

ing a 99.6% integrity transfer of a 4-inch 2D material
(Fig. 6e). The optimization of interfacial adhesion be-
nefits from the steric hindrance effect of OVMs,
which increases the chain spacing of PMMA. During
the heating process, the embedded volatile molecules
evaporate, leading to the rearrangement of PMMA

chains. This, in turn, drives polymer deformation, en-
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abling conformal contact between graphene and the
Si0,/Si target substrate, ultimately achieving a high
level of flatness'"".
322
lief

The release of material stress is crucial for optim-

Interfacial contact improvement via stress re-

izing interfacial contact. Stress typically arises from
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mechanical stretching, thermal expansion, or interfa-
cial mismatch during the transfer process. If not re-
leased in a timely manner, it may lead to wrinkles,
cracks, or poor interfacial contact, all of which can af-
fect the flatness and intrinsic properties of the 2D ma-
terial' """, Effectively releasing stress can enhance
the interfacial contact between the 2D material and the
substrate, ensuring high flatness after transfer.

Stress may be introduced in the material surface
during the transfer process, which can affect the flat-
ness and intrinsic properties of the 2D materials. An-
nealing treatment is a commonly used optimization
method aimed at releasing stress, improving interfa-
cial contact, and enhancing material flatness, thereby
restoring or enhancing the physical and chemical
properties of 2D materials. Choi et al. conducted an
in-depth study on the effects of different annealing
methods on the adhesion energy between graphene
and the target SiO /Si substrate. They compared rapid
thermal annealing (RTA) and vacuum annealing (VA)
techniques and found that the adhesion energy of un-
treated graphene on the SiO,/Si substrate was approx-
imately 2.978 J m . After RTA treatment, the adhe-
sion energy significantly increased to 10.09 J m
while VA treatment further enhanced the adhesion en-
ergy to 20.64 J m°. These findings reveal that the ad-
hesion strength between graphene and the target sub-
strate can be significantly improved through appropri-
ate annealing processes, effectively enhancing interfa-
cial contact and improving the flatness of 2D materi-
als'"’. Peng et al. utilized thermal annealing tech-
niques to release residual stress in MoS, 2D materials,
successfully close contact between
graphene and the TEM hole substrate. This substan-

tially improved interfacial adhesion while maintain-

achieving

ing the high quality and intrinsic properties of the ma-
terial """,

In summary, when 2D materials are transferred
to the target substrate, the problems of non-uniform
adhesion and surface flatness degradation caused by
interface bubbles, wrinkles and contaminants can be
significantly improved by enhancing the adhesion

strength between the target substrate and the 2D ma-
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terials and adopting cleaning strategies. Currently, the
adopted strategies include: (1) Plasma treatment: util-
izing oxygen plasma to remove contaminants on the
substrate surface and enhance surface activity, thereby
strengthening the adhesion between the target sub-
strate and the 2D materials and achieving wrinkle-free
transfer. (2) High-temperature annealing: enhancing
the adhesion between the target substrate and the 2D
materials through the annealing process, thereby im-
proving the material’s flatness. (3) GSE design: con-
structing a three-layer transfer medium with gradu-
ally decreasing surface energy, using a high surface
energy substrate to enhance wettability, while a low
surface energy layer ensures damage-free release,
achieving high-quality transfer. (4) Conformal con-
tact optimization: Introducing a low glass transition
temperature polymer (eg. PPC) into the transfer medi-
um, inducing deformation of the transfer medium
through heating to make the 2D materials closely ad-
here to the target substrate, thereby improving its flat-
ness. (5) Stress release optimization: using rapid
thermal annealing or vacuum annealing to release re-
sidual stress during the transfer process, further en-
hancing the bonding strength between the target sub-
strate and the 2D materials. These strategies systemat-
ically improve the flatness of large-area 2D materials
on the target substrate surface, laying a solid founda-

tion for their large-scale application.

The detachment of 2D materials from the trans-
fer medium surface often leaves polymer residues on
the material. Simultaneously, incomplete removal of
the transfer medium during cleaning or dissolution
can also lead to residual contamination'”"'"”), Further-
more, metal/metal oxide particles are introduced dur-
ing the etching of metal substrates, and metal ion con-
taminants are incorporated from the etching agents''''1.
These pollutants significantly degrade the cleanliness
of 2D materials. To address residue contamination and
enhance material cleanliness, this section first re-
views the direct removal of residual polymers through
annealing or plasma treatment, and then discusses

strategies to prevent polymer residues by optimizing
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transfer media. These approaches effectively mitigate
surface residue contamination and improve the clean-

liness of 2D materials.

For 2D materials with polymer residues on the
surface after removing the photoresist, physical clean-
ing can be an effective supplementary cleaning pro-
cess that efficiently removes residual polymers and
improves the cleanliness of the material. Physical
cleaning after transfer typically requires extreme con-
ditions to decompose and evaporate polymer residues,
such as annealing, plasma treatment, electron beam

[64,125,129-130] Tha most com-

treatment and Joule heating
monly used physical cleaning method is high-temper-
ature annealing. Fang et al. removed the photoresist
residues on the graphene surface after annealing in a
vacuum at temperatures above 300 °C. After anneal-
ing at 300 °C, the surface roughness of the graphene
material shows only 0.4 nm, even lower than that of
any freshly transferred monolayer graphene before
fabrication. After increasing the annealing temperat-
ure to 400 °C, the roughness further decreased to
0.15 nm, and the photoresist contamination on the
graphene surface was completely removed””. Geim et
al. successfully removed surface contaminants by an-
nealing in a H, atmosphere at 250 °C'""". Chiu et al.
reported a systematic study on the effect of annealing
on PMMA residues. The study found that PMMA
residues on graphene undergo 2-step decomposition:
PMMA residues exposed to air (PMMA-A) require a
lower decomposition temperature, while PMMA in
contact with the graphene (PMMA-G) requires a high-
er decomposition temperature. This suggests that the
interaction with graphene may affect the decomposi-
tion of PMMA chain segments. Stronger interfacial
interactions typically require higher decomposition
temperatures[ A,

In addition to annealing, plasma treatment is also
widely used to remove polymer residues after transfer.
Duesberg et al. reported a cleaning method for remov-
ing PMMA residues from graphene surfaces using O,
and H, plasma treatment. Plasma effectively removes

PMMA residues and significantly enhances the elec-
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trical conductivity of graphene, as well as the electron
and hole field-effect mobility! . Besides the tradi-
tional O, and H, plasma treatments, O. Renault and
others developed a mild plasma treatment method us-
ing high-density H, and H,-N, plasma. By precisely
modulating the ion energy within the range of 11—
14 eV, high-density H, and H,-N, plasma selectively
removes polymer residues from monolayer graphene
without causing significant damage to the graphene

surface! .

High molecular weight polymer transfer media
have long polymer chains with strong intermolecular
vdW adsorption, which reduces the chain mobility and
increases entanglement between overlapping chains,
making complete depolymerization of high molecular
weight polymers difficult’””). Therefore, transfer me-
dia with shorter chains and lower molecular weight
have been studied in recent years. The lower molecu-
lar weight weakens the vdW forces within the poly-
mer, facilitating depolymerization. Sunae Seo et al. re-
ported PMMA transfer media with different average
molecular weights. Graphene surfaces transferred by
PMMA with a lower average molecular weight
showed no polymer residue, with clean surfaces of the
2D material, resulting in enhanced field-effect mobil-
ity and reduced hole doping, without the need for
post-annealing of the lower average molecular weight
PMMA™".

Compared to polymers, organic small molecules
have significantly lower sublimation temperatures and
higher solubility in organic solvents, making them
easier to remove. They can be used as a clean transfer
medium in the transfer of high-purity large-area 2D
materials' “'". For example, pentylbenzene (C,,H,,),
a polycyclic aromatic hydrocarbon, can be used as a
clean transfer medium for graphene. After transfer-
ring graphene to the target substrate surface, pentyl-
benzene can be removed through thermal annealing at
250 °C or by washing with an organic solvent such as
tetrahydrofuran (THF). Due to its low sublimation

temperature, pentylbenzene is completely removed,
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resulting in high-purity graphene!’”.

Cyclododecane (CD) is a cyclic hydrocarbon that
is also used as an organic support material for
graphene transfer. This non-toxic and environment-
ally friendly organic compound is solid at room tem-
perature, and its vapor pressure reaches 1.33 kPa at
100 °C. Therefore, it can sublimate completely when
exposed to air, leaving no polymer residue on the sur-
face of 2D materials (Fig. 7a-d), making it suitable for
the clean transfer of 2D materials. Furthermore, after
recrystallization, cyclododecane exhibits stronger in-
terconnectivity, forming a more robust protective lay-
er that effectively prevents cracking of the 2D materi-
als during the transfer process'”’. Similarly, Chen et
al. developed a clean transfer method based on the
small polycyclic hydrocarbon naphthalene as a trans-
fer medium, which can be easily removed by sublima-
tion under atmospheric pressure, resulting in high
cleanliness of the obtained graphene surface'"".

Due to the exclusion of organic solvents, water-
soluble polymer media show great potential in the
clean transfer of 2D materials. Booth et al. used wa-
ter-soluble polyvinyl alcohol (PVA) as a transfer me-
dium to achieve the clean transfer of 2D materials.
They first oxidized copper foil with graphene in de-
ionized water to decouple the graphene from the cop-
per substrate. Then, a thermal roll laminator was used
to laminate the PVA thin film on top of the
graphene/copper foil, and the graphene was mechanic-
ally exfoliated from the copper onto the PVA film.
After laminating the PVA/graphene film onto the tar-
get substrate surface, deionized water was used to
wash away the PVA, resulting in clean graphene 2D
material. As no chemical etchants or organic solvents
are required, these water-soluble transfer media are
highly environmentally friendly and cost-effective for
the clean transfer of 2D materials' .

Due to their smaller molecular weight, organic
molecules have weaker adhesion to materials com-
pared to polymers, which makes them more easily re-
moved by organic solvents, resulting in a cleaner
because the transfer medium

transfer. However,

causes disturbances and provides insufficient tensile
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protection to the 2D materials during the transfer pro-
cess, the weak adhesion often leads to the formation
of more cracks. Therefore, Ren et al. used rosin organ-
ic molecules as a buffer layer, inserting them between
the PMMA polymer film and the 2D material, creat-
ing a bilayer transfer medium. The rosin layer at the
bottom isolates the polymer from the WS,, achieving
a clean transfer without polymer residue, while the
PMMA layer at the top enhances the strength of the
transfer layer. Unlike the use of PMMA alone as a
transfer medium, which results in polymer residues,
the PMMA/rosin bilayer transfer medium leaves no
polymer residue (Fig. 7e-f). Based on this bilayer
transfer medium strategy, they successfully achieved
high-purity and high-integrity transfer of 2D materi-
als!". Zheng et al. successfully achieved the clean
transfer of 2D materials using polyphthalaldehyde
(PPA) and hydrophobic polystyrene (PS) as polymer
support layers. As shown in Fig. 7g, the PS layer can
directly peel the 2D materials from a hydrophilic sub-
strate through a water intercalation technique, while
the PPA layer serves to protect the 2D materials from
solution interference and ensures the structural integ-
rity of the materials during the removal of the PS lay-
er. Subsequently, the PPA layer can be completely re-
moved by thermal annealing at 180 °C!""",

Kong et al. proposed a clean transfer technique
using paraffin as the transfer medium. Compared to
PMMA transfer medium, the residue left by paraffin
on the graphene surface is significantly reduced be-
cause it does not contain carbonyl functional groups
that can react with electrophilic or nucleophilic re-
agents. In addition, under low-pressure conditions, the
wax layer can evaporate during annealing treatment at
140-200 °C, enabling clean transfer of the 2D materi-
al without the need for organic solvents. Furthermore,
during the heating process, paraffin, due to its high
coefficient of thermal expansion, undergoes thermal
expansion. This expansion can stretch the underlying
graphene film, effectively reducing wrinkles in the
graphene during the transfer process' .

Ly et al. developed an auxiliary transfer tech-
nique that uses ice as the sole medium. In this process,
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ice demonstrates significant adhesion to the surface of
2D materials through vdW forces and hydrogen
bonds. The study reveals that through adjusting the
environmental temperature, the bonding strength
between ice and the 2D materials can be effectively
modulated, making it possible to separate the materi-
als from the growth substrate. Subsequently, the ice
layer carrying the 2D materials can form a stable con-
nection with the target substrate, enabling the success-
ful transfer of the material. After the transfer is com-
pleted, the ice layer can be easily removed by heating,
leaving no residue. Since the entire transfer process
completely avoids the use of polymers, chemical
etchants, and organic solvents, the 2D materials ob-
tained through the ice transfer technique maintain
high quality and excellent cleanliness. Furthermore,
ice can serve as a non-damaging residue removal
method. As shown in Fig. 7h, the modulated adhesion
force of ice successfully removed residuals from the
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MoS, surface'' ).

3.33

2D materials-2D materials interlayer cleanli-

ness enhancement

The clean interface between 2D materials is cru-
cial for device performance. A clean interface ensures
good contact between materials, reduces interface de-
fects and impurities, and optimizes carrier separation
and migration. However, the strong adhesive forces
between 2D materials can lead to the accumulation of
interlayer contaminants, forming composite bubbles
composed of air, water and hydrocarbons, which may
cause phenomena such as impurity scattering! "1,
For example, the interaction between bilayer graphene
and residual interlayer polymers can suppress phonon
transport in graphene, significantly reducing the
thermal conductivity of graphene films''*’. Addition-
ally, during the fabrication of multilayer 2D materials
using the stacking transfer method, the number of re-

sidual polymers rapidly increases due to the stacking
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effect, which has a more severe impact on the trans-
port properties of the multilayer materials' "1,
Programmed thermal annealing is a commonly
used method to eliminate interlayer bubbles in 2D ma-
terials. Deng et al. developed a thermal annealing pro-
cess that effectively reduces the formation of compos-
ite bubbles. Using AFM and high-resolution surface
current imaging techniques, they systematically stud-
ied the formation and evolution of bubbles at the in-
terfaces of transferred 2D materials and their vdW
heterostructures. After annealing, the number of
bubbles between the heterojunction layers was signi-
ficantly reduced. During the annealing process,
bubbles tend to migrate across the interface in flat and
clean areas or move from the center to the edges, thus
eliminating the interface bubbles and significantly im-
of the

. Park et al. used programmed vacuum

proving the cleanliness heterojunction

interface! ")
stack (PVS) technology to achieve a significant im-
provement in interlayer cleanliness of 4-layer MoS,
films. When transferring MoS, films in a vacuum en-
vironment, the cleanliness of the material surface is
higher, which helps improve the interface cleanliness
when stacking multilayer materials' .

In summary, by eliminating polymer residues,
metal particle contamination, and interlayer impurit-
ies during the transfer process of 2D materials, the
surface and interlayer cleanliness of the materials can
be significantly improved. The key strategies for en-
hancing cleanliness include: (1) Removing residual
polymers: Decomposing the residual transfer medium
through high-temperature annealing or plasma treat-
ment to improve the surface cleanliness of 2D materi-
als. (2) Optimizing the transfer medium: Selecting
low-molecular-weight materials (easily depolymeriz-
able), easily sublimable organic small molecules, or
water-soluble polymers, and achieving residue-free
transfer through thermal annealing or solvent clean-
ing; innovatively designing double-layer transfer me-
dia that combine mechanical strength with easy re-
movability to avoid the polymer residue problem of
single-layer media. (3) Ice-assisted transfer techno-

logy: Utilizing the reversible adhesion properties of
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hydrogen bonds and vdW forces of ice, without using
chemical reagents throughout the process, to achieve
large-area, non-destructive clean transfer of 2D mater-
ials. (4) Strengthening interlayer cleaning: Using pro-
grammed thermal annealing to promote the migration
and ablation of bubbles at the heterojunction interface,
or employing PVS to reduce interlayer contaminants,
significantly enhancing the interlayer cleanliness of
2D materials. These strategies, through the synergist-
ic effects of physics and chemistry, effectively reduce
surface and interlayer contaminants of 2D materials,
thereby improving their surface and interlayer cleanli-
ness.

Furthermore, to assist researchers in better select-
ing appropriate transfer techniques, we have summar-
ized the advantages and limitations of adhesion con-
trol technologies in large-area 2D material transfer
(Table 2), with the aim of facilitating the construction
of large-area 2D materials characterized by high in-
tegrity, flatness, and cleanliness.

In previous discussions, we delved into the roles
of various interfacial binding forces during the trans-
fer process of large-area 2D materials and elucidated
the critical impact of these forces on the quality and
stability of material interfaces, as well as the ultimate
performance of devices' *”\. Additionally, we summar-
ized strategies for modulating specific interfacial
binding forces to achieve high-quality, damage-free
material transfer. However, the core of optimizing the
transfer process lies in adjusting and modulating pro-
cess parameters according to different application re-
quirements. Without meticulous design of these para-
meters, it would be challenging to meet the applica-
tion demands in terms of efficiency, quality, uniform-
ity, and controllability.

This section focuses on the design of transfer
process parameters based on application requirements,
aiming to optimize the transfer methods, growth sub-
strates, target substrates, transfer media and paramet-

er configurations of process conditions to achieve effi-
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Table 2 Advantages and limitations of various adhesion regulation strategies

Strategy

Advantage

Limitation

e Simple operation
o High universality

Chemical bubbling method

o Chemical damage risk
o Solvent residue

o Large-area scalability

Electrochemical bubbling method
Integrity enhancement Interfacial capillary effect
Oxide layer

Tunable transfer medium

e High controllability

o Low damage

® Mechanical stress-free transfer
o Clean interface

o Suitable for large-area transfer

o High integrity

® Restricted to electrically conductive substrates
e Complex equipment

o Non-uniform capillary force distribution

® Requires precise control of wettability

o Residual oxide layer

e Complex process

o Challenge in large-area uniformity

o Difficulty in controlling adhesion force

o Suitable for large-area transfer

Plasma treatment

® Rapid and efficient

o Substrate damage risk

o High uniformity

Annealing

Flatness enhancement .
Gradient surface energy

o High flatness
o Suitable for non-destructive transfer of

Conformal contact

o High universality

® No mechanical stress

e High temperature damage risk
o Difficulty in gradient control
e Environmental sensitivity

e Media cannot be reused

e Large-area limitations
e Media cannot be reused

complex micro nano structures

Residual polymer ablation

Cleanliness enhancement e Efficient

Transfer medium optimization

e High universality

® Reduces residual risks

e Strict atmosphere
o High temperature damage risk
o Thermal stress causes structural defects

o Scalability and efficiency limitations

cient transfer and interface quality modulate of large-
area 2D materials for different performance require-
ments of devices in various application scenarios
(such as high conductivity, high optical quality, high
specific surface area, etc.)!’l. For instance, in the
field of electronic devices, high cleanliness and pre-
cise alignment are core requirements, making dry
transfer methods (eg. PDMS/graphene stamps) the
preferred choice due to their solvent-free contact and
high-precision alignment capabilities. In contrast, for
energy storage devices, low cost and large-area fabric-
ation are key, giving direct coating techniques an ad-
vantage. Moreover, for the special requirements of
heterostructure material stacking and flexible devices,
techniques such as programmed vacuum stacking and
roll-to-roll transfer have shown unique application po-
tential' *"!. This section systematically summarizes the
selection of process parameters for different applica-
tion scenarios (Table 3), aiming to provide theoretical
guidance and practical references for the scalable pre-
paration of 2D materials in various application con-

texts.

This paper provides a comprehensive review of

the types, quantification methods, and characteriza-
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tion techniques of interfacial adhesion forces in the
large-area transfer of 2D materials. It delves into how
to precisely modulate the interfacial adhesion forces
between 2D materials, the growth substrate, the target
substrate, and the transfer medium during the transfer
process. The types of interfacial forces involved in the
transfer of 2D materials include vdW forces, covalent
bonds, electrostatic forces and hydrogen bonds.
Achieving efficient, damage-free and high-quality
transfer of large-area 2D materials is a key objective.
By precisely modulating the interfacial adhesion
forces between the 2D material and the growth sub-
strate, target substrate, and transfer medium, while
also modulating the stress between the interfaces, it is
possible to effectively improve the integrity, flatness,
and cleanliness of the material during the transfer pro-
cess. This helps to prevent wrinkles, tears, and de-
fects in the material, thereby promoting the wide-
spread application of 2D materials in electronics, op-
toelectronics, flexible electronics, and quantum
devices.

The continuous exploration of the unique proper-
ties of 2D heterostructures has highlighted the need
for their large-scale application in fields such as elec-
tronics and optoelectronics. This requires the develop-

ment of transfer techniques that achieve high cleanli-
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Table 3 Transfer recipe of large-area 2D materials based on application requirements

Application Technical requirements

Technology Growth substrate

Target substrate  Medium Modulation strategies

e [ow-temperature transfer
o Flexible substrate
o Without impurities or residues

Flexible electronic
devices

Roll-to-roll  Flexible polymer

Flexible polymer EVA Substrate surface functionalization

Optoelectronic devices . Hggh purity Wet h-BN Glass PMMA Electrochemical bu'bble/'Substrate surface
o High flatness transfer modification
e High cleanliness D PDMS/
Electronic devices e Multilayer stacking Y SiO,/Si h-BN/SiO,/Si Substrate surface functionalization
. transfer Graphene
o Ultra-smooth interface
o High optical quality
Optical devices e High interface cleanliness transfer apphire( AL Oy Si PDMS Substrate surface functionalization
o Large-area uniformity
o High integrity . . .
Catalysis e High cleanliness Wet Si0,/Si Conductive PMMA Interfacial capillary 'effec't/Substrate
transfer substrate surface modification

® Scalability and simplicity

ness, precision, structural integrity, repeatability, and
fully automated large-area processing, which are es-
sential for advancing their practical use and perform-
ance in devices.

(1) Integration of theoretical modeling and large-
scale transfer: One promising method for large-scale
the (R2R)

46 . . . .
process! . However, this technique is often associ-

2D material transfer is roll-to-roll
ated with mechanical contact between graphene and
the carrier film, or between graphene and the flexible
substrate. During the rolling transfer process, mechan-
ical compression can lead to localized contact pres-
sure, which may cause material damage, impairing the
material’s integrity and consequently reducing its per-
formance in application. By refining interfacial adhe-
sion force modulate, optimizing peeling strategies,
and implementing intelligent detection and feedback
modulate, the uniformity and yield of large-area trans-
fer can be further improved. In terms of large-scale
production, intelligence and automation will be key
directions.

Machine learning (ML) holds great potential in
bridging the knowledge gap in CVD growth and trans-
fer of 2D materials. For instance, it can be used to pre-
dict the impact of substrates on 2D material nucle-
ation and growth, control the growth of monolayer
and multilayer structures, and understand grain
boundary formation and defect introduction. By integ-
rating machine learning with experimental and simu-
lation data, researchers can gain deeper insights into

these complex processes, facilitating the optimization

Vol. 40 | Issue 3 | Jun. 2025 |

47

of growth and transfer strategies. Liu et al. employed
reactive molecular dynamics (MD) simulations to in-
vestigate the CVD growth of MoS, from MoO; and S
precursors, followed by the use of a machine-learning
approach based on feedforward neural networks to

identify key reaction mechanisms' ",

Compared to
traditional ab initio calculations, ML-driven predic-
tions not only offer lower computational costs and
faster processing speeds but also enable the rapid ex-
traction of valuable insights from large datasets,
providing an efficient tool for advancing CVD growth
and transfer technologies. To address defects arising
during the growth and transfer processes, Sergei V.
Kalinin et al'"'l. developed a deep neural network-
based workflow that achieved excellent results. They
obtained high-quality atomically resolved STEM im-
ages of graphene and constructed three types of train-
ing datasets: defect-free lattices, vacancies and dopant
atoms. Using a deep learning model, they effectively
classified and localized defects in graphene and fur-
ther analyzed their chemical structures and evolution
processes, providing value for improving both the
quality of the material and the model construction.
Although research in this field has been steadily
increasing in recent years, machine learning-driven
studies still offer vast opportunities for exploration,
particularly in CVD growth and subsequent 2D mater-
ial transfer processes. The integration of machine
learning algorithms for parameter optimization and
the development of intelligent modulation systems

will enable efficient and stable continuous transfer. In
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the future, with continuous improvements in interfa-
cial adhesion regulation strategies and advancements
in intelligent transfer technologies, the R2R transfer
process is expected to overcome material damage
caused by mechanical contact, achieving high-quality,
large-area 2D material transfer. This technology holds
tremendous potential to further drive the applications
of 2D materials in flexible electronics, optoelectronic
devices, and renewable energy. Additionally, it will
contribute to the large-scale manufacturing of next-
generation high-performance devices and lay a solid
foundation for future technological innovations.

(2) Automated transfer system and interfacial ad-
hesion optimization: automated transfer equipment
can significantly improve transfer efficiency and qual-
ity. Through high-precision optical imaging and auto-
mated operations, human error and material damage
are minimized. Automated transfer systems, using
high-precision robotic arms and optical imaging sys-
tems, enable precise transfer of 2D materials. For ex-
ample, the massive transfer technology developed by
Fudan University utilizes PDMS molds with micropil-
lar patterns, enabling high-density, high-yield transfer
of 2D materials at the wafer level''”. Additionally,
some systems are equipped with high-magnification
microscopes and high-definition CCD cameras, which
use computer-assisted positioning to ensure precise
alignment of the materials. Automated transfer equip-
ment can operate in modulated environments, such as
performing dry transfer in high-humidity conditions,
minimizing material damage and wrinkle formation.
This environmental modulate not only improves trans-
fer success rates but also enhances the electrical per-
formance of the materials.

Accurate force field descriptions are crucial for
revealing the mechanisms of material growth in the
CVD synthesis and transfer of 2D materials. The in-
troduction of machine learning provides new solu-
tions to these challenges. For example, Vashishta et
al. developed a deep neural network model to gener-
ate the force fields required for MD simulations. The
model significantly improved prediction speed and

was validated against true values (test set) generated
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from DFT simulations, demonstrating its accuracy.
This neural network-based force field enables the
study of CVD growth involving multiple competing
chemical reactions and mechanisms! """, This ap-
proach can not only be used to study existing material
systems but can also be extended to other heterostruc-
studies that

[153,157]

ture are computationally

challenging . For different materials and target
substrates, machine learning can analyze data from
previous transfers to assess interfacial adhesion
forces, peeling effects, and defect distribution under
different transfer conditions. By doing so, it can help
identify the optimal process parameters and enable ad-
aptive modulate, improving transfer quality and con-
sistency. This data-driven optimization strategy re-
duces trial-and-error costs and clarifies the inter-
twined process conditions and device design paramet-
ers during the transfer and device fabrication pro-
cesses. By integrating different interfacial adhesion
force mechanisms and parameters, the modules
through machine learning method can distinguish the
impact of each step on the subsequent one, enabling
the selection and optimization of frameworks to eval-
uate the effects of each process step or design
feature! . This accelerates the application of differ-
ent materials on various substrates.

(3) Fast and efficient characterization: for the
characterization of transferred samples, although
AFM morphological measurement is a non-destruct-
ive, versatile, and relatively simple method that can
effectively evaluate the surface cleanliness and mor-
phological features of the sample, this technique still
has some limitations. First, the scanning range of
AFM is small, meaning it can only analyze localized
areas, making it difficult to reflect the overall uni-
formity of large-area samples. Additionally, AFM
primarily provides surface morphology information,
which makes it challenging to directly detect internal
structural defects, atomic-level point defects, or ad-
sorbed impurities. Furthermore, AFM measurements
can be influenced by factors such as probe contamina-
tion, scanning modes, and operational conditions,

which may introduce errors.
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Therefore, to comprehensively assess the quality
and cleanliness of post-transfer samples, it is neces-

sary
techniques' . For instance, Raman spectroscopy can

to combine multiple characterization
be used to analyze the doping state, crystal quality,
and potential structural defects of 2D materials; trans-
mission electron microscopy (TEM) offers higher-res-
olution structural information and can detect internal
crystal quality and defect distribution. Additionally,
scanning electron microscopy (SEM) is useful for ob-
serving larger surface areas, while contact angle meas-
urement can indirectly assess the surface cleanliness
and hydrophilicity/hydrophobicity changes of the
sample. Moreover, there is a need to design large-
area, high-speed characterization techniques for 2D
materials to accommodate the large-scale production
and device fabrication of these materials.
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