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Two-dimensional (2D) van der Waals (vdW) stacking structures have gathered significant attention owing to
their unique properties. The practical and large-scale applications of 2D materials in advanced technologies
significantly hinge on the efficient transfer of chemical vapor deposition (CVD) synthesized 2D materials.
However, this is hindered by issues such as contamination, limited materials compliance, and restricted
scalability. To address these issues, we developed an effective transfer method using plasma-treated
polyvinyl chloride (P-PVC) films and established a process for assembling vdW stack structures using a
sequential pick-up procedure. Owing to the enhanced surface adhesion achieved using the plasma, P-PVC
can overcome the strong adhesion between CVD-synthesized 2D materials and substrates. Consequently,
P-PVC exhibited exceptional performance during the pick-up process with additional help of water
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delamination. The proposed method also showcases its advantages in the drop-off process, because the
surface of P-PVC can act as a sacrificial layer that detaches from the PVC film along with the vdW structure.
The P-PVC-based sequential pick-up approach not only mitigates interfacial contamination by polymer but
can also play a vital role in facilitating efficient production and ensuring material compatibility. This
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Introduction

Two-dimensional (2D) atomically thin materials™” have garnered
significant attention owing to their unique structure and resultant
novel properties.” They exhibit an absence of chemical bonding in
the out-of-plane direction, enabling their assembly into stacked
structures through van der Waals (vdW) interactions (vdW stack-
ing), thereby circumventing the limitations of lattice matching.’®
They enable remarkable flexibility in material design, which has
catalyzed a surge of research and yielded numerous discoveries on
novel properties, such as superconducting,*® highly efficient light-
emitting,” *® detection,"* ™ and high-electron mobility."*
Considerable effort has been devoted to the fabrication of
vdW stacks. Owing to the relatively limited and consistent
interaction between the substrate and mechanically exfoliated
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technique offers significant potential for the physics and applications of vdW stacking structures.

2D materials, extensive investigations have been conducted on
the transfer of exfoliated 2D materials for vdW stacking and
reliable techniques for such transfers have been established. It
has been demonstrated that various types of polymers are
effective for transferring mechanically exfoliated 2D materials,
including polymethyl methacrylate (PMMA),">""” Elvacite,'®"®
polyvinyl chloride (PVC),>°"** polycarbonate (PC),>* polypropy-
lene carbonate,**** and polydimethylsiloxane (PDMS).>**’
The advancement of chemical vapor deposition (CVD) technol-
ogy has revolutionized the large-scale synthesis of 2D materials.”®°
Large-scale production of vdW structures can be achieved using
CVD-synthesized 2D materials, thereby potentially promoting
additional prospects for the practical applications of 2D materials.
However, compared to exfoliated 2D materials, CVD-grown 2D
materials exhibit a significantly stronger interaction with the
substrates. This interaction significantly depends on the synthesis
temperature. Furthermore, the reported variations in the inter-
action with the synthesis temperature differ among studies. In
addition, the presence of residual ingredients in CVD-synthesized
2D materials weaken the adhesion of the materials to the polymer
used for transfer. Consequently, CVD-grown 2D materials are
significantly more difficult to transfer than their mechanically
exfoliated counterparts.* One common solution to this issue is
to weaken the interaction between the 2D materials and substrate.
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With SiO,/Si substrates, this is achieved by etching the SiO, layer of
the substrate using NaOH>> and KOH.** Additionally, water-soluble
substrates, such as NaCl or NaS,,** can be dissolved. However,
these methods are only applicable with particular substrates.
Additionally, the pick-up method employed may damage the
substrates, rendering them non-reusable. In addition, these meth-
ods typically adopt a wet pick-up process, which involves complex
and time-consuming procedures, including spin coating, baking,
and etching. These disadvantages limit their applications in the
fabrication and mass production of multilayered vdW structures.

An alternative method is to improve the adhesion between 2D
materials and the polymer surface, which can be achieved by
coating an additional thin layer of polymer, such as dimethyl
sulfoxide, polyvinyl alcohol (PVA),*® ethylene vinyl acetate
(EVA),”” and polyvinylpyrrolidone,®® on PDMS, polyethylene ter-
ephthalate (PET), and PVA films. These hybrid polymer films can
be used to transfer 2D materials via a dry pick-up process, which is
easier to use during mass production. Hong et al. demonstrated a
roll-to-roll transfer using a PET/EVA film.*® Nevertheless, as the
adhesion depends on CVD growth conditions, it may result in an
excessive adhesion between the 2D materials and substrates. In
such cases, additional procedures, such as water intercalation®”*°
and heating,* are required to weaken the adhesion.

However, an enhanced adhesion between the polymer and 2D
materials inevitably leads to the presence of residual polymer on
the surface of the 2D materials after drop-off. These residuals may
contaminate the interface between the 2D materials when the vdW
stacks are fabricated via conventional individual transfer. A radical
way to address these issues is to fabricate multilayer vdW structures
using a sequential pick-up method. However, to date, only few
studies have achieved the sequential pick-up of CVD-grown 2D
materials. Table S1 (ESIt) presents a comparison between previous
transfer methods discussed above. Notably, transfer of 2D materials
like graphene that grown on metal substrate is quite different from
those on grown on dielectric substrates, and we do not include
them in the comparison because they are almost impossible to be
picked up via a dry process that we are aiming for.

In this study, we develop a highly efficient and versatile sequen-
tial pick-up method for assembling CVD-synthesized 2D materials
into vdW structures using a plasma-treated PVC film (P-PVC). Plasma
treatment can be used to generate a sacrificial layer composed of
PVC with a low molecular weight and hydrophilic surface. This
method can enhance the adhesion between CVD-grown 2D materials
and the sacrificial layer, enabling the fabrication of stacking structure
using a sequential pick-up method. The sacrificial layer is also
beneficial for dropping off the vdW structure to the target substrate.
It is a highly versatile method well-suited for a diverse range of 2D
materials, substrates, and surface conditions, demonstrating its
significant potential for various vdW-structure applications.

Experimental methods
Transferring CVD-synthesized 2D materials using P-PVC

Fig. 1(a) and (b) show a schematic of the transfer method for
assembling vdW heterostructures. The stamp used for the 2D-
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material transfer comprised a thin PVC film, PDMS dome, and
gel sheet. The PDMS dome is used to achieve precise spatial
manipulation of 2D materials with minimal contact area and
improved pick-up efficiency due to its softness compared to
PVC film. The selection of the type of PDMS dome depends on
the size of the target 2D material and can be customized to be
either micro or normal shaped.*' The stamp was treated with
plasma to modify the surface layer of the PVC film. Herein,
we used a ICP plasma (Harrick Plasma, PDC-32G) generated
using a radio-frequency power supply of 10.5 W after back
pumping the chamber from atmospheric pressure to a vacuum
of approximately 280 Pa without introducing other gas. The
plasma was lasted for 40 s (details regarding the preparation of
the P-PVC stamp and the optimization of the plasma para-
meters are provided in the ESI:} Methods section). The plasma
treatment enhanced the ability of the stamp to pick up CVD-
synthesized 2D materials and assisted in the release of vdW
structures from the PVC film during their drop-off. As will be
discussed later, the top P-PVC layer is critical as it releases the
2D materials from the stamp during the drop-off, acting like a
“sacrificial layer”. The structural characterization of the P-PVC
sacrificial layer and its contribution to the transfer process will
be discussed in the following section. In contrast, we encoun-
tered problems when dropping off CVD synthesized 2D materi-
als using pristine PVC.

Using this P-PVC stamp, we could effectively transfer
CVD-synthesized 2D materials of different types of substrates.
For example, we performed the transfer of both WS,-on-
sapphire and MoS,-on-SiO, sample to either sapphire or SiO,
substrate with almost 100% successful rate under the optimized
parameters (the details of CVD synthesis of WS, and MoS, is
illustrated in ESL:¥ Methods; in this work, the substrate of MoS,
and WS, are fixed to be SiO, and sapphire, respectively). Notably,
this method is useful especially for those 2D materials can
be grown directly on the dielectric substrates like sapphire and
SiO,, while it is not suitable for materials like graphene that
synthesized on metal substrates.

Fig. 1(c)-(e) shows a schematic of the transfer process. Using
P-PVC, we picked up 2D materials at temperature range of 60—
110 °C, where the P-PVC becomes softer and facilitate a better
contact between 2D materials and P-PVC for the pick-up
manipulation. Fig. 1(d) shows a representative optical image
of a monolayer MoS, picked up on a P-PVC stamp from a SiO,
substrate. For the CVD synthesized MoS, on SiO,, and WS, on
sapphire used in present study, approximately 100% pick-up
rate was achieved when using P-PVC and water delamination,
while pristine PVC sometimes can only partially pick up the 2D
materials. It should be noted that a 100% pick-up indicates that
all the 2D materials on the substrate can be picked up during
the stamping process. This high efficiency is due to the
increased adhesion of P-PVC and the reduced adhesion
between the 2D materials and the substrates, caused by water
delamination. The comparison of the PVC and P-PVC in details
will be discussed later. For the multi-layer stacking, we repeated
the pick-up manipulation to sequentially pick the 2D materials
and assemble the vdW stacking on the stamp. The picked-up

This journal is © The Royal Society of Chemistry 2025
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Fig. 1 Transfer of 2D materials by P-PVC. Schematics of (a) the transfer setup and (b) plasma-treated P-PVC. (c) Schematic of pick-up of 2D materials
assisted by water delamination, and (d) a representative optical image of a CVD-grown monolayer MoS, picked up on the P-PVC stamp. (e) Schematic of
drop-off of 2D materials onto the target substrate using a sacrificial layer, and (f) a representative optical image of a monolayer MoS, dropped off onto a
sapphire substrate showing residual PVC on the surface. (g) Schematic of the cleaning procedure for the removal of sacrificial layer, and (h) a
representative optical image of a transferred monolayer MoS, on a sapphire substrate after the cleaning process.

2D materials were then dropped off onto the targeted substrate
at temperatures ranging from 150 to 170 °C (Fig. 1(e)). At such
temperatures, which are higher than the melting point of the
sacrificial layer, the PVC with the attached 2D materials melts
and detaches from the PVC film. The sacrificial layer on the 2D
materials was then removed via a cleaning procedure (Fig. 1(g)),
which involved immersing the samples in a tetrahydrofuran
(THF) solution and subsequently annealing them in an H,/Ar
atmosphere. Fig. 1(f) and (h) exhibit the monolayer MoS, after
release and that after the following cleaning process, respec-
tively. (More details of the transfer process will be discussed in
ESI: Method).

Results and discussion
Quality and versatility of 2D materials transferred by P-PVC

We also investigated the quality of the 2D materials after
transfer manipulation. We compared the photoluminescence
(PL) spectra of as-grown WS, on a sapphire substrate (Fig. 2(a))
with that transferred onto SiO,/Si substrates using P-PVC
(Fig. 2(b)) and the commonly used PMMA (Fig. 2(c)). As shown
in the PL spectrum (Fig. 2(g)) and the corresponding PL
intensity mapping (Fig. 2(b), (d), and (f)), the PL intensity
remains almost unchanged after transfer using P-PVC and is
higher than that transferred using PMMA. We also studied the
PL intensity of MoS,-on-SiO, and that transferred to a new SiO,
substrate using P-PVC (Fig. S1, ESIt). The results revealed that
the PL intensity of the P-PVC-transferred MoS, is comparable to
that of the as-grown MosS,.

The superiority of P-PVC also manifests in its compatibility
with various 2D materials and substrates. Except for transfer-
ring MoS, from SiO, to sapphire substrate (Fig. 1) and WS,
(from sapphire) and MoS, (from SiO,) to SiO, substrate that
demonstrated above, Fig. S2 (ESI{)/Fig. 3(a) shows the transferring

This journal is © The Royal Society of Chemistry 2025

of CVD-grown WS, from sapphire substrate and the assembly of
bilayer vdW structure that released on sapphire and SiO, sub-
strate, respectively. Fig. S3 (ESIt) shows the assembly of a vdW
heterostructure using a mixture of CVD-grown and mechanically
exfoliated 2D materials.

Interlayer interaction in vdW structures assembly by P-PVC

The sequential pick-up process ensures the avoidance of a direct
contact between the polymer and 2D materials interface, thereby
guaranteeing a relatively clean interfaces that free of polymer
residual between individual 2D layers, which are imperative for
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Fig. 2 Characterization of the quality of 2D materials after the transfer
process. Optical image of a CVD synthesized monolayer WS, (a) on a
sapphire substrate and after being transferred using (c) P-PVC and (e)
PMMA onto an SiO, substrate. Corresponding PL mapping of the mono-
layer WS, (b) before and after transfer using (d) P-PVC and (f) PMMA, and
(g) the representative PL spectrum at the marked points in (a), (c), and (e).
(Scale bar is 10 um.)
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investigating the physics of interlayer interaction effects. Notably,
the interfacial cleanliness also strongly depends on other experi-
mental conditions like the transfer environment and the sample
quality of the 2D materials. For example, the adsorption of water
and amorphous carbon, and the residual of the CVD precursor on
the 2D materials, and the wrinkle of the 2D materials can
degraded the interfacial quality. Nevertheless, limited by the other
transfer conditions like the circumstances (exp. transfer in
vacuum chamber are with less bubbles*!), and the quality of the
CVD samples, we found some bubbles and wrinkles in the bilayer
region from the AFM measurement (Fig. S4, ESIT), which required
extra effort to deal with. However, we can see from the AFM
results that the monolayer region is quite clean, reflecting little
polymer residual on the top of the 2D materials after transfer.
To elucidate the interlayer interaction of the vdW structures,
we investigated the PL and Raman spectra of bilayer WS,.
Measurement details are provided in ESI:¥ Methods section.
Fig. 3(a) exhibit a low-magnification optical image of bilayer
WS, by sequentially picking up CVD-grown WS, from sapphire
substrates for twice after dropped onto SiO,/Si substrates. Fig. 3(b)
shows the representative PL spectra of a monolayer WS, and
bilayer WS, with twist angles of 2° and 31°. The PL spectrum of
bilayer WS, with other twist angles is shown in Fig. S5 (ESIt).
Compared to monolayer WS,, the bilayer WS, exhibits broader PL
peaks. In particular, when the twist angle is close to 0° and 60°,
the indirect band transfer peak due to the interlayer exciton
transfer appears at a relatively low energy of approximately
1.6 eV,*> accompany with the pronounced suppression of the PL
peaks to 1/20 of those of monolayer WS,. Fig. 3(c) shows the
integrated peak intensities of bilayer WS, with different twist
angles. Evidently, the intensity varies with variations in the twist
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angle, which is well-consistent with the results of a previous study
conducted on twisted bilayer MoS, directly synthesized using the
CVD method.”> We also performed PL mapping analysis on
bilayer WS, with twist angles of 57°. The bilayer region exhibits
significantly suppressed PL. By contrast, monolayer region exhi-
bits a vigorous PL intensity (Fig. 3(d)). Fig. S6 (ESIt) shows the PL
mapping of WS, with a twist angle of 2°, where same conclusion
can be drawn. Fig. 3(f) shows the Raman spectra of bilayer WS,
with different twist angles. The Raman spectra of bilayer WS, with
other twist angles are shown in Fig. S7 (ESIt). The peaks at
approximately 352 cm ' and 418 cm ' represent the E;, and
A, optical phonons, respectively, and are highly sensitive to the
twist angle. For twist angles near 0° and 60°, a significant upshift
and downshift of the E; and Ay, peaks are observed, respectively.
The influence of the twist angle on E;; and A, peaks indicates
an evident variation in interlayer interactions, which is well-
consistent with previous studies on twisted bilayer WS, fabricated
using the PMMA stamping method.** Overall, the clear twist-angle
dependence in the PL and Raman spectra indicates favorable
interlayer interactions with respect to the electron and phonon
properties, suggesting the advantages of the proposed sequential
pick-up method using P-PVC.

The characterization of the P-PVC and its critical role in
transferring CVD synthesized 2D materials

To understand the critical role of the plasma treatment of PVC
in assisting the transfer process, we systematically investigated
the structural variations in PVC due to plasma treatment and
their influence on the transfer process, with a particular focus
on the top P-PVC layer, also known as the sacrificial layer in the
drop-off process. Initially, we measured the contact angle of
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Fig. 3 Assembly 2D vdW stacking using plasma-treated PVC (P-PVC) stamp. (a) Optical image of transferred twist bilayer WS,. (b) PL spectrum of
monolayer and bilayer WS, with twist angle of 2° and 31°. The spectrum intensities of the monolayer WS, and bilayer WS, were multiplied by 1/10 and 1/3,
respectively; red, pink, and brown curve is the Gaussian fitting of the experimental data. (c) Representative optical image of a bilayer WS, with a twist
angle of 57° and (d) the corresponding PL intensity mapping (the region marked in (a), scale bar is 20 um in (c) and (d)). (e) Integrated PL intensity of WS,
with different twist angles. (f) Raman spectrum of monolayer WS, and bilayer WS, with twist angles of 2° and 31°; green, red, blue, and purple curves are
the Gaussian fitting of the experimental data, intensity of the spectrum of monolayer WS, was multiplied by 2. (g) Peak position of Ay4 and E;q modes of

bilayer WS, with different twist angles.
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deionized (DI) water on PVC and P-PVC films to evaluate the
change in the surface energy of PVC, a crucial factor associated
with surface adhesion and closely correlated with pick-up
manipulation (Fig. 4(a)). The contact angle decreases from
80° for the pristine PVC film to approximately 54° for the
P-PVC film, indicating an enhanced adhesion for the P-PVC
film. This enhancement in hydrophilicity well-aligns with pre-
vious studies. It is typically attributed to the generation of
hydroxyl (-OH), carbonyl (-C—=0), and vinyl (-CH=—CH,) bonds
on the surface.** As CVD-grown 2D materials exhibit signifi-
cantly stronger interaction with the substrates (E,q.sup), the
improved surface adhesion of P-PVC can promote the inter-
action between the 2D materials and stamp (E,qpv). For
example, this enables the pick-up of CVD-synthesized WS,/
MoS, at temperatures as low as 50 °C, which cannot be achieved
using pristine PVC unless the temperature exceeds 70 °C. The
enhanced E,qpy. significantly facilitates the pick-up process,
demonstrating the remarkable adaptability to various CVD-
synthesized 2D materials on different substrates. This is parti-
cularly advantageous given the strong and variable adhesion
characteristics typically observed between CVD-synthesized 2D
materials and their substrates.

Moreover, when the P-PVC film was annealed under 170 °C,
which is the drop-off temperature, the contact angle reverted
to 72°. This suggests a decrease in the surface adhesion. As
indicated in previous studies, the contact angle slowly increases
after plasma treatment owing to the unstable surface conditions
created by the plasma.*> High temperatures significantly accel-
erate this increase. The weakened surface adhesion following
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Fig. 4 Structure characterization of plasma-treated PVC (P-PVC) stamp.
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high-temperature exposure can weaken the interactions between
the P-PVC and the surface of 2D materials, reducing the amount
of polymer residues after the drop-off and cleaning processes.
Notably, the contact angle reflects only the properties of the top
surface layer, extending to a depth of a few nanometers, which is
preferentially modified by the plasma.

Using Fourier transform infrared (FTIR) measurements, we
investigated the variations in the primary chemical compo-
nents due to the plasma treatment. Using the ATR mode, where
the penetration depth is approximately 810 nm for PVC, the
characteristic vibration of the sacrificial layer on top of the PVC
(Fig. 4(b)) can be identified. The representative modes at 2800-
2900 cm ' and 1425 cm™ ' represent the stretching and sym-
metric in-plane bending vibrations of C-H, whereas those at
600-700 cm ! represent the stretching mode of C-Cl. Despite
changes in the overall intensity, the intensity of the individual
modes varies to the same extent, indicating that the basic
chemical component of the sacrificial layer, -[CH,-CHCI]-,
remains unchanged from that of pristine PVC. Notably, FTIR
does not reflect surface chemical variations because the ATR
unit used in the measurement has a large penetration depth of
up to 2 um, which is much thicker than the plasma-modified
layer. This suggests that most of the P-PVC remains intact, with
only the surface layer being modified through the formation of
new chemical bonds. Besides, The FTIR intensity is primarily
contingent on the concentration of the sample. As plasma may
cause the surface roughening of PVC,*° it may generate air gaps
between the PVC film and diamond prism, thereby reducing
the overall intensity of the individual peaks.
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(a) DI water contact angle measurement, (b) FT-IR measurement, (c) gel

filtration chromatography measurement, and (d) DSC measurement results of the pristine PVC, P-PVC, and annealed P-PVC film.
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We identified the molecular weight of the PVC film, which
can be used to determine the melting point. This may explain why
the sacrificial layer melted at lower temperatures than the pristine
PVC. We employed chromatography (see ESL:t Methods for
details) to examine the molecular weight of PVC before and after
the plasma treatment. Fig. 4(c) shows four characteristic peaks at
different time points, which represent components with increased
molecular weights from left to right: 1 813 859, 110 508, 1469, and
550 mol. The peak positions were similar for PVC before and after
the plasma treatment. The difference occurs in the normalized
proportion of peaks 2, 3, and 4: the normalized proportion of low-
molecular-weight components (peaks 3 and 4) is approximately
2% higher in P-PVC (inset in Fig. 4(c)). As the plasma modified
only the surface layer of the PVC film, the P-PVC sample included
both plasma-treated and pristine-PVC. This implies that the
change in the low-molecular-weight component of the plasma-
treated PVC may be much more significant. The decrease in
molecular weight may be caused by the scission of the polymer
chains in PVC because high-energy radial and highly reactive
plasma species can break the polymer chains of PVC.*”

The variation in the structure of the PVC chain, as reflected
by its molecular weight, also influences the glass transition
temperature (Tg). The DSC results revealed that the T, of PVC,
P-PVC and annealed P-PVC films are 73.4 °C, 63.2 °C, and
47.5 °C, respectively. As the polymer softens when the tempera-
ture reaches its glass transition temperature,'® the adhesion
between the polymer and 2D materials is enhanced. Therefore,
a reduction in T, is advantageous to facilitate the pick-up of 2D
materials at lower temperatures.

A decrease in molecular weight and the resultant low T,
are imperative to facilitate an efficient drop-off. Exfoliated 2D
materials can be directly released onto the targeted substrates at
the temperatures of 130-140 °C via a dry process. By contrast, we
encountered difficulties in dropping off the CVD-grown 2D materi-
als from the PVC film, even when the temperature was increased up
to 200 °C, at which PVC films start to decompose. This difficulty is
ascribed to the absorption of water during the delamination of the
2D materials and the introduction of impurities during CVD
synthesis. These impurities adhere to the surface of the 2D
materials, impeding their direct interaction with the intended
substrate, thereby causing E,q.pve to exceed Eaq.qup. This issue can
be addressed by releasing the 2D materials with the sacrificial layer
as the melting point was reduced to 150 °C, lower than the
decomposition temperature. In this context, the magnitudes of
Esdpve and Epqqu are irrelevant. Fig. S8 (ESIf) shows temperature
conditions and variations in E»g.pve and E,q.gu, during the transfer
of the CVD-synthesized 2D and mechanically exfoliated materials
using PVC and P-PVC stamps.

Conclusions

This paper presents an efficient and adaptable method for
assembling van der Waals (vdW) heterostructures from CVD-
grown 2D materials. The plasma-modified PVC (P-PVC) film
enabled an efficient sequential pick-up, which guarantees clean
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interfaces and enables fast processing. Plasma treatment mod-
ified the surface of the PVC film, creating a sacrificial layer with
improved surface adhesion. Aided by water-assisted delamina-
tion, the plasma treatment facilitated the sequential pick-up of
various CVD-grown 2D materials from diverse substrates. The
presence of the sacrificial layer enhanced the versatility of
the drop-off process, enabling the release of 2D materials,
regardless of their types, substrates, or surface conditions.
Additionally, the adhesion of the P-PVC surface decreased upon
heating, which enabled a facile removal of polymer residues
from the 2D materials dropped onto the target substrate.
We also verified the quality of the transferred 2D materials
and vdW heterostructures through systematic characterization.
The methodology developed in this study has potential applica-
tions in the fabrication of large-scale 2D-material systems.
Furthermore, it can facilitate the development of advanced
2D vdW structure more efficiently and cost-effectively, thereby
enabling promising mass production. However, we have
pointed out that this method is not applicable for materials
like CVD-synthesized graphene and BN that are grown on metal
substrates, due to the very strong adhesion between the 2D
materials and metal substrates and the failure of water
delamination. Regarding the CVD growth technique for materi-
als like graphene and BN, which is becoming increasingly
mature and has significant potential for application, methods
for their efficient transfer are critical, which requires extra
innovation.
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