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Residue-Free Fabrication of 2D Materials Using van der
Waals Interactions

Minyoung Lee, Changho Kim, Soon-Yong Kwon, Kayoung Lee, Giyoon Kwak,
Hyunseob Lim, and Jae Hun Seol*

2D materials have garnered considerable attention due to their distinctive
properties, prompting diverse applications across various domains. Beyond
their inherent qualities, the significance of 2D materials extends into the
fabrication processes that can lead to the degradation of intrinsic performance
through undesirable mechanical defects and surface contaminations.
Herein, a novel fabrication technique to achieve residue-free 2D materials
using van der Waals (vdW) interactions, primarily employing molybdenum
disulfide (MoS2) is proposed. Optical and electrical characterizations confirm
the absence of residues, mechanical defects, oxidation, and strain, along
with a prominent field-effect mobility of up to 60 cm2 V−1 s−1 and an on/off
ratio of ≈108. Furthermore, the utilization of residue-free material as a stamp
enables various manipulations of flakes transferred on substrates in advance,
including pick-up and release, stacking, exfoliation, wiping-out, flipping,
and smoothing-out processes. Additionally, the manipulation techniques also
facilitate the fabrication of vdW heterostructures with precise positioning and
the desired stacking order. In this regard, the feasibility of applying this method
to hexagonal boron nitride and graphite is demonstrated. It is expected
that this method will offer a versatile and effective approach to enhancing
the qualities of 2D material-based electronic and optoelectronic devices.

1. Introduction

Beyond the distinctive intrinsic properties of 2D materials lies a
crucial aspect in fabrication processes that could potentially de-
grade their intrinsic performance through undesirable mechan-
ical damage and surface contamination.[1–5] Polymer materials
like poly(methyl methacrylate) (PMMA) play vital roles in wet and
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dry transfers, as well as in the precise
patterning of 2D materials and device
components. However, removing these
polymers during fabrication poses chal-
lenges, as a significant amount of polymer
and chemical residues often remain on
the surface of 2D materials even after
harsh chemical treatments.[6,7] Hence,
it is essential to develop an effective
technique for preserving the exceptional
properties of 2D materials, including
large-scale fabrication, manipulation, and
their integration into specific devices.

In recent times, a variety of advanced
methodologies have already been demon-
strated to achieve residue-free 2D mate-
rials, considering factors such as qual-
ity, size, yield, and implemental conve-
nience. Given that PMMA serves the es-
sential roles of providing support and pro-
tection for delicate 2D materials, strate-
gies for enhancing high-quality 2D material
production involve exploring alternatives
such as poly(propylene carbonate), metal
films, and even unconventional choices

such as ice.[8–10] Simultaneously, endeavors to eliminate residues
offer sophisticated techniques such as using atomic force
microscopy (AFM), resulting in a remarkable reduction in
impurities.[1] However, exposure to heterogeneous substances,
coupled with factors like temperature and pressure changes,
could still compromise the versatility and quality of 2D materi-
als. Remarkably, van der Waals (vdW) interaction emerges as a
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promising polymer-free approach, especially for assembling vdW
heterostructures.[11] Nonetheless, there is still a lack of research
on various materials, and to the best of our knowledge, no in-
stance has been reported where a handling material with vdW
interactions was identical to the target material. Furthermore, in-
tricate processes and costly equipment underscore the widening
of the usability of the technique involving vdW interaction.

In addition to the transfer of 2D materials, the manipula-
tion of these materials emerges as a critical aspect in fabricat-
ing 2D materials-based devices, requiring precise control over
their shape, thickness, and positioning. Furthermore, achieving
such manipulation without any polymer residue in vdW het-
erostructures has been substantially needed, considering the en-
hancement of electrical and optical performance of 2D material-
based devices.[12,13] Conventionally, poly(dimethylsiloxane) or vis-
coelastic polymers have been applied to build up vdW het-
erostructures. However, the inevitably generated residues on
the surface and interfaces hinder the achievement of flawless
heterojunctions.[14,15] To address this issue, dry pick-and-flip as-
sembly methods have been developed to ensure atomically clean
surfaces and interfaces.[16,17] Additionally, a micro-dome poly-
mer structure facilitates 3D manipulation of hexagonal boron ni-
tride (h-BN), thereby expanding the possibilities for assembling
a complex 3D heterostructure.[18] Nevertheless, further improve-
ments are required in the aspect of using polymers, as sam-
ple contamination can result from direct contact with the poly-
mers and potentially from residues left on the substrate dur-
ing rinsing or wetting processes. In contrast, flexible silicon
nitride coated with thin metal layers can be used as a stamp
to create polymer-free vdW heterostructures with exceptionally
clean interfaces, allowing for processing in high-temperature and
ultra-high vacuum environments.[19] Although this method is
well-suited for stacking 2D materials to construct heterostruc-
tures, it must be accompanied by precise tuning of the adhesion
properties by adjusting the Au thickness (sub-1 nm) is essen-
tial to achieve the desired heterostructure configuration. From
this perspective, our methods effectively address this issue by
transferring and manipulating a 2D target flake with a residue-
free stamp (RFS), which is the same type of material and oper-
ates based on vdW interaction between the target material and
the RFS.

In this work, molybdenum disulfide (MoS2) was mostly used
for demonstrating our techniques, considering its high inter-
facial adhesive energy.[20] Residue-free flakes of MoS2 are ob-
tained through selective transfer processes: stamping (SM) and
tearing methods (TM). Comprehensive investigations employing
high-resolution transmission electron microscopy (HR-TEM),
AFM, X-ray photoelectron spectroscopy (XPS), and Raman spec-
troscopy consistently manifested the absence of contaminations,
damage, and strain on the samples. Exceptional electrical per-
formance of the residue-free MoS2 field-effect transistors (FETs)
was observed through measurements of FET mobility and on/off
ratio in different geometries. Furthermore, the RFS facilitates
various manipulation techniques, including pick-up, release,
stacking, exfoliation, wiping-out, flipping, and smoothing-out.
Using this approach, h-BN/MoS2/multilayer graphene (MLG)
heterostructure was successfully assembled using the same
material-based RFSs, which highlights its remarkable accessibil-
ity and versatility. We envision that this proposed method can

be readily applied to the fabrication of high-quality 2D material-
based devices, thereby broadening the scope of applications in-
volving 2D materials.

2. Results and Discussion

2.1. Residue-Free Fabrication Procedure

Our fabrication processes make a significant advancement in
achieving residue-free 2D materials, thoroughly avoiding expo-
sure to any contaminating substance and temperature change.
Figure 1a provides detailed illustrations of the fabrication proce-
dure for obtaining a residue-free region. We successfully attain
residue-free MoS2 through the following steps: i) pre-exfoliation
of bulk crystal MoS2 with the slide glass/double-sided tape for
3–4 times repeatedly, not only to expose the intrinsic and flat
region but also to achieve thin and large-area flakes, ii) gentle
attachment of the tape stamp to the pre-exfoliated material at
an angle of ≈5° to ensure stable contact, and iii) exfoliation of
the residue-free region along with the tape stamp. A large-area
pristine flake is achievable due to the nature of 2D materials;
weaker interlayer vdW force compared to in-plane covalent bond-
ing. Subsequently, a part of the residue-free region is transferred
onto the substrate (300 nm-thick SiO2/Si), maintaining the angle
of the tape stamp in order to prevent it from contaminating the
substrate.

Because some transferred residue-free parts may not be of suf-
ficient quality in terms of uniformity, flatness, etc., it is neces-
sary to transfer only the intact region selectively via SM or TM.
Figure 1b,c depict illustrations of SM and TM, respectively, along
with corresponding AFM topographies that confirm the high
quality of the transferred flakes. The transfer of a target flake
onto a substrate is made based on the adhesion energy between
the residue-free region and the substrate, which either exceeds
the interlayer vdW energy for SM or holds the material to tear
off the undesirable region for TM. After the target flake is trans-
ferred, the remaining residue-free region, referred to as the RFS,
can be employed diversely to manipulate flakes, as detailed in
Section 2.4. The details about the fabrication procedures are pro-
vided in Figure S1 and Videos S1–S3 (Supporting Information).
The adoption of an RFS prevents possible contaminations from
the tape stamp and also minimizes the risk of mechanical dam-
age to the target flake by relying solely on vdW forces. The pro-
cess is performed under ambient conditions and is completed
within a few minutes due to its simplicity, as it employs the tape
stamp without additional tools. Representative AFM topography
images of flakes obtained via SM and TM show an absence of im-
purities and exhibit remarkable flatness, with root-mean-square
roughness (Rq) of ≈0.061 and ≈0.187 nm, respectively, compared
to that of fresh cleavage MoS2 (Rq ≈0.23 ± 0.03 nm, thickness
8–17 nm).[2]

Additional flakes with diverse geometries were fabricated to
explore the feasibility of SM and TM, and their corresponding
flake qualities. Figure 1d represents the thickness and Rq results
of the flakes transferred by SM and TM, indicating the potential
of our technique for producing high-quality and ultra-thin flakes.
Although precise thickness and shape control with the mechani-
cal exfoliation method is difficult, there exists a certain accessible
thickness range for each of the two transfer methods.[21,22] SM
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Figure 1. The fabrication procedure for residue-free MoS2 flakes. a) Schematic illustrations of the achievement of a residue-free region using the tape
stamp. b) The SM and c) TM approaches for transferring the target flake onto a SiO2 substrate, along with AFM topography images of the transferred
target flake (SM1 and TM1). These approaches enable the simultaneous achievement of both the residue-free stamp (RFS) and target flake. d) The
results of accessible thickness and Rq for SM and TM.

produces thinner flakes, of which the thicknesses range from bi-
layer to a hundred nanometers, via delamination between layers
of the residue-free region, while TM produces relatively thicker
flakes via tearing off part of the residue-free region. The abil-
ity to produce residue-free 2D materials across a wide thickness
range not only supports advancement in nanoelectronic devices
but also provides an excellent substrate for epitaxial growth and
thermal management.[23–27] The thickness, area, and Rq values of
SM1–6 and TM1–4 flakes are presented in Figures S2, S3 and
Tables S1 and S2 (Supporting Information). For thinner flakes,
a few bright spots on the surface are observed, as shown in
Figure S2 (Supporting Information). These spots are attributed
to either MoS2 debris or the presence of blisters, as evidenced
by backscattered electron images (Figure S4, Supporting Infor-
mation). Consequently, we selectively employed SM and TM
depending on the required thickness of the target residue-free
flakes, which can also be performed multiple times within a sin-
gle residue-free region to achieve the desired flakes. Despite an
increase in roughness with thickness, the values still remained
below ≈0.6 nm, which are fairly excellent result considering
that previous work reported an Rq of ≈0.7 nm for a thickness
of 63 nm.[28]

2.2. Characterizations of the residue-free MoS2

The quality of the transferred residue-free 2H-MoS2 was investi-
gated using an HR-TEM equipped with energy dispersive spec-
troscopy (EDS) for direct visualization of atomic structures and
compositions. Figure 2a,b show TEM images of the flake, trans-
ferred onto a nickel grid using SM, demonstrating the success-
ful creation of a suitably thin-layered flake for detailed examina-
tion of its atomic arrangement. Corresponding selected area elec-
tron diffraction (SAED) patterns exhibit a hexagonal symmetri-
cal diffraction pattern of spots, i.e., a characteristic of the defect-
free and high-crystalline 2H phase of MoS2.[29,30] Additionally, the
HR-TEM image obviously confirms a hexagonal structure of the
flake as shown in Figure 2c. The inset presents that the intensity
profile obtained along the red arrow provides the distributions
of Mo and S atoms. The lattice constant is extracted as 3.13 ±
0.1 Å for the nearest Mo─Mo distance. The relatively lower in-
tensity of S atoms, consistent with pristine 2H-MoS2 structures,
is attributed to the different positions of Mo and S atoms along
the c-axis.[30] Furthermore, Mo and S atoms are uniformly dis-
tributed throughout the flake (Figure 2d,e), indicative of mate-
rial homogeneity, and as expected, C and O atoms, involving
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Figure 2. Characterizations of the residue-free MoS2 flakes. TEM images of a) the flake transferred onto a nickel grid and b) a zoomed-in view of the
area indicated by the red box in (a). Inset: corresponding SAED pattern. c) HR-TEM image (the green box in (a)), highlighting Mo atoms (cyan dots)
and S atoms (yellow dots) arranged on a hexagonal lattice for the 2H phase. Inset: intensity profile along the red arrow, indicating Mo and S atoms.
d–g) EDS elemental mappings for Mo, S, C, and O atoms, respectively. Representative XPS spectra (TM3) illustrating the h) Mo 3d and i) S 2p peaks.

polymeric residue or oxidation on the surface, are barely ob-
served, respectively (Figure 2f,g).

For further analysis of the chemical compositions within the
2H-MoS2 flake, XPS was employed. In Figure 2h, the Mo 3d spec-
trum shows distinct peaks corresponding to Mo 3d5/2 (≈229 eV),
Mo 3d3/2 (≈232 eV), and S 2s (≈226.3 eV). Additionally, Figure 2i
shows well-defined peaks for S 2p3/2 and S 2p1/2 at ≈161.9 and
163 eV, respectively. The negligible peak at ≈236 eV, associated
with the oxidation of Mo (MoOx), is consistent with the EDS map-
ping results. Moreover, all the peak binding energies (BE) from
these XPS characterizations closely match those reported in the
previous studies.[31,32] When comparing with the pre-exfoliated
MoS2 (Pre1) and an unprocessed bulk crystal for further valida-
tion, the peak BEs and small intensity of MoOx peaks of TM2–
4 exhibit excellent agreements with each other, as illustrated
in Figure S5 and Table S3 (Supporting Information). This con-
sistency underscores the reliability and reproducibility of our
residue-free fabrication technique, which minimizes the gener-
ation of mechanical defects, residues, and oxidation.

2.3. Electrical Performance and Strain Analysis

The characterization of the carrier mobility, on/off ratio, and
applied strain of residue-free MoS2 was conducted on different

scales with four FETs (SFET 1–4 as shown in Figure S6, Support-
ing Information) and employing Raman spectroscopy. Figure 3a
illustrates a schematic of a back-gated MoS2 FET, accompanied
by a representative optical image of the measured device (SFET
4). The devices comprised transferred MoS2 flakes on metal elec-
trodes (5 nm-thick Cr/40 nm-thick Au) and gate dielectric lay-
ers (300 nm-thick thermally grown SiO2). To prevent exposure
to polymer resists during photo- and electron-beam lithography,
the flakes were transferred after fabricating the metal electrodes
(Video S4, Supporting Information). To achieve stable contact be-
tween the flake and the metal electrodes, two approaches were
employed: the elimination of burrs on the edges of metal elec-
trodes (Figure S7a, Supporting Information), and a vacuum an-
nealing process.[33] After a sufficient annealing duration of over
16 h, the contact behavior shifted from Schottky to ohmic, result-
ing in a significant improvement in the source-drain current (ISD)
and a marked reduction in contact resistance (Figure S7b, Sup-
porting Information). This vacuum annealing process effectively
reduces hysteresis and enhances electrical performance by des-
orbing the gas molecules from the MoS2 channel. Additionally,
it promotes doping, which is attributed to the presence of vacan-
cies or the reduction of polymer contamination.[2,34,35] However,
the minimal variation in threshold voltage between 4 and 16 h
of annealing suggests that the transferred MoS2 remains free
from mechanical damage and polymer residue. Furthermore,
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Figure 3. Electrical and strain characterizations of residue-free MoS2. a) Schematic and representative optical image of the back-gated MoS2 FET (SFET
4). b) Raman spectroscopy map illustrating the peak intensity and position of E1

2 g mode. c) Total resistance versus L/W to extract the contact resistance.
d) Output curve and e) transfer curve for different L/W ratios. Benchmark plots of μFET as a function of f) thickness and g) on/off ratio of MoS2 FET
with a SiO2 gate dielectric and Au contact.

because the field-effect mobility (μFET) of MoS2 FET devices is in-
fluenced by applied strain, it is necessary to investigate whether
our method imposed strain on the MoS2 flakes, considering that
they were fabricated without any support layer such as PMMA
or adhesive tape.[36,37] Figure 3b shows the Raman mapping for
peak intensity and position of E1

2 g mode for SFET 4, which ex-
hibits a greater sensitivity to the shift induced by strain.[38,39] De-
spite including MoS2 on the metal electrodes in the Raman map-
ping, which is indicated by the relatively large intensity, the strain
across the entire region was negligible, as evidenced by the E1

2 g
peak at ≈383 cm−1.[40,41] Therefore, the following results can be
considered as the strain-free properties of MoS2.

The electrical performance of the MoS2 FETs was measured
using a vacuum probe station. Figure 3c shows the total resis-
tance (Rtot) plotted with respect to the ratio of length (L) to width
(W) at a back-gate voltage of 0 V (VBG) to extract the contact
resistance (RC). Based on the 2D transfer length method (2D
TLM), the RC values are determined from the intercept of the
y-axis of a linear fit. The contact resistivity (RSC = W × RC)
ranged from 45.70 to 160.4 kΩ μm. Although a proper vacuum
annealing process and well-structured metal electrodes were em-

ployed, significantly higher RSC values and their wider range
were observed compared to those between Au electrodes and
monolayer (≈42 kΩ μm) and few-layer MoS2 (≈18 kΩ μm).[23,42]

This discrepancy is likely due to the rough surfaces of the sput-
tered Au electrodes and the formation of gas-filled nanoblisters
at the interface during the transfer onto the electrodes.[43–45] Nev-
ertheless, Figure 3d,e demonstrate the linearity of the output
curves and on/off ratios of 106–108. Owing to the absence of
the residue, the extracted μFET and an on/off ratio outperform
those of the previous works, which were obtained from MoS2
FET with SiO2 gate dielectric and Au electrode, as shown in the
benchmark plots (Figure 3f,g).[10,24,46–54] A detailed summary of
the data presented in the benchmark plot is provided in Table S4
(Supporting Information). The values of μFET range from 46.11 to
60.66 cm2 V−1 s−1 with high on/off ratio values.

2.4. Manipulation Techniques and Heterostructure Assembly

Having discussed the fabrication and characterization processes
above, we will now explain the various manipulation methods.

Adv. Mater. 2025, 2418669 2418669 (5 of 10) © 2025 The Author(s). Advanced Materials published by Wiley-VCH GmbH
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Figure 4. Manipulation techniques of MoS2 flake with RFS. Optical images of the procedures for a) pick-up and release, b) stacking, c) exfoliation, d)
wiping-out, e) flipping, and smoothing-out processes.

The versatility of our manipulation techniques with the RFS
is demonstrated in Figure 4 (see Videos S5–S10, Supporting
Information for details). In the pick-up and release processes
(Figure 4a), the RFS starts making a sufficiently large contact
with the target flake, thereby the adhesion between them sur-
passes that between the target flake and the substrate. The pick-
up process was conducted with vertical movement of the RFS
and it is facilitated by the higher interlayer adhesion energy
of MoS2/MoS2 (≈0.384 J m−2) compared to that of MoS2/SiO2
(≈0.189 J m−2) and the flexibility of RFS allowing for a stable ad-
hesion to the target flake until the flake is completely picked up

from the substrate (Figure S8a, Supporting Information).[20] The
RFS, carrying the picked-up flake, then carefully moves and sub-
sequently releases it onto another position on the substrate. Dur-
ing the release process, an almost the entire portion of the flake is
first in touch with the substrate, and then the RFS slides without
an imposed pressure in a way that reduces the overlap area be-
tween the RFS and the target flake, which leaves the target flake
behind (Figure S8b, Supporting Information). For further appli-
cation of the pick-up and release, the RFS facilitates layer staking
with precise positioning (Figure 4b), as demonstrated in the op-
tical images, which show triple-stacked distinct layers and a clear
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overlap area. The techniques also enable tailoring the target flake
through exfoliation and wiping-out processes, thereby improving
the yield of the target flakes. The exfoliation process could occur
when there exists an interface with comparatively weak adhesion
in the target flake, distinguishing itself from the pick-up process
(Figure 4c). Such an interface with weak adhesion serves as an
initial separation point, allowing for exfoliation at a large peeling
angle and decreasing the required peeling force for exfoliation.[55]

Even if the yield is low, it is expected that peeling or leaving a
thin layer will be possible as long as an initial separation point
exists. The wiping-out technique implements precise and repeat-
able removal of unwanted thin regions (Figure 4d). Furthermore,
the RFS can reliably flip and smooth out a target flake. Specifi-
cally, in the smoothing-out process, the RFS gently pulls the tar-
get flake to unfold the wrinkle on the flake (Figure 4e). Addition-
ally, the RFS can be used to intentionally create wrinkles in the
flake, which results in the presence of strain, and after smooth-
ing, the absence of strain is confirmed, as provided in Figure
S10 and Video S11 (Supporting Information). Utilizing the RFS
provides a comprehensive set of manipulations, including pick-
up and release, stacking, exfoliation, wiping-out, as well as flip-
ping and smoothing-out processes, which are substantially use-
ful for fabricating complex and high-quality 2D material-based
devices.

To evaluate the feasibility of complex manipulation techniques
using the same material-based RFS, we explored the mecha-
nisms behind the pick-up and release processes through a combi-
nation of experiments and analytical calculations. Unlike the rel-
atively straightforward behavior of robust adhesive polymers, ma-
nipulation based on 2D materials and vdW interactions involves
more intricate dynamics, such as stick-slip behavior and ultralow
frictional sliding (commonly referred to as superlubricity).[56,57]

The success of the pick-up process relies on the initial peeling
stiffness at the flake/RFS interface (MoS2/MoS2) surpassing that
at the flake/substrate interface (MoS2/SiO2). The stiffness is in-
fluenced by both adhesion energy and the relative thickness of
the target flake and RFS, which impact elastic strain energy and
bending modulus.[58] In our case, the elastic strain energy can be
considered negligible, as the in-plane stiffness of MoS2 is signif-
icantly larger than the adhesion energy by a factor of three.[59,60]

However, the bending modulus (D), which scales with thickness
(D≈t3), becomes critical.[61] Figure S8c (Supporting Information)
presents the optical image of flakes with varying thicknesses
(M1–M5) and the applied RFS during the pick-up and release pro-
cesses, with the corresponding thicknesses summarized in Table
S5 (Supporting Information). Despite the high vdW adhesion en-
ergy of the flake/RFS interface, the experiments demonstrated
that thinner flakes (M1 and M2) were successfully picked up,
whereas thicker flakes (M3–M5) were not, emphasizing the role
of relative thickness in determining manipulation success (see
Video S12, Supporting Information). The pick-up process can be
described as a 90-degree peeling event, considering the vertical
movement and flexibility of RFS. The initial peeling stiffness ra-
tio (Kpick-up), i.e., the ratio of the stiffness of flakes with RFS to
those with the substrate, implies that a thicker RFS is more con-
ducive to a stable pick-up process, as shown in Figure S8d (Sup-
porting Information). Notably, flake M3, with a stiffness ratio of
≈1, was not picked up, likely attributed to repeated use of the RFS
and airborne contaminants reducing the adhesive energy.[20,62] In

contrast, the release process is better explained as frictional slid-
ing between the 2D materials, influenced by the shear direction
movement of the RFS. The shear strength value of the MoS2/SiO2
interface is greater than that of the MoS2/MoS2 interface, result-
ing from the superlubricity that arises from the incommensu-
rate domains at the interfaces between 2D materials.[63–66] Figure
S8e (Supporting Information) shows the initial sliding stiffness
ratio (Krelease), confirming that all flakes can be released. Addi-
tionally, the release process was successful when the entire sur-
face of the target flake was covered with the same material-based
RFS, demonstrating that the release process is independent of
the overlap area between the target flake and RFS, consistent
with previous studies (see Videos S13 and S14, Supporting Infor-
mation for MoS2 and h-BN, respectively).[58] However, applying
force only in the shear direction is essential for an effective re-
lease process, as it maintains a minimal peeling angle between
the target flake and the RFS. When the force was applied to the
RFS without a sufficient distance from the target flake, the re-
lease process failed even though the entire surface of the target
flake was not yet covered, as shown in Figure S9 (the details in
Video S15, Supporting Information). This failure resulted from
an increased peeling angle, which intensified the contribution of
adhesion in the normal direction, potentially leading to the pick-
up process instead of release. These experimental results confirm
that the pick-up and release processes originate from the peeling
and sliding mechanisms, respectively.

Figure 5a shows optical images of the assembly procedure
for an h-BN/MoS2/MLG vdW heterostructure. Using the same
material-based RFS, each layer was precisely stacked in its desig-
nated locations to complete the structure. Moreover, we demon-
strated that the pick-up and release process can be performed
with diverse material combinations of target flakes and RFSs, of
which the materials are allowed to be either identical to or dif-
ferent from each other (see Videos S16–S24, Supporting Infor-
mation for details). These trials aim to show the expandability
of our techniques to other materials. Specifically, MLG and h-
BN were chosen due to their frequent use as electrodes and di-
electric layers, respectively, in 2D material-based devices. While
examining the vdW heterostructure assemblies using AFM, we
found no significant surface contamination or mechanical defect,
such as wrinkles and blisters, in the individual layers, compris-
ing the heterostructure (Figure 5b). However, a notable concen-
tration of blisters was observed specifically at the heterostructure
interface. Therefore, the observed blisters were successfully re-
moved using an AFM-tip squeezing technique, which enables
the effective elimination of blisters.[67–69] To prevent mechanical
damage to the heterostructure, the applied force was gradually
increased from 5 to 2000 nN during the process (Figure S11,
Supporting Information). Following the squeezing process, the
thickness profile accurately reflected the individual layer thick-
nesses, as well as the Rq value exhibited a significant improve-
ment from 0.707–1.477 nm to 0.097–0.208 nm (Figure S12, Sup-
porting Information). Separately, we demonstrated the capabil-
ity to fabricate MoS2/h-BN/MLG with alternative stacking order,
which could be applied to vdW heterostructures (Figure S13,
Supporting Information).[70] Additionally, sufficiently thin h-BN
layers (≈3.54 nm) can be fabricated using our method (Figure
S14, Supporting Information). The high quality of the vdW het-
erostructure was achieved by benefitting from the versatility of
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Figure 5. h-BN/MoS2/MLG vdW heterostructure. a) Fabrication procedure of the heterostructure. b) AFM topography images before and after the AFM-
tip squeezing process. An enlarged image (red box) depicting heterostructure assembly and height profiles along the green arrow. The thicknesses of
h-BN, MoS2, and MLG are 9.99, 6.34, and 3.65 nm, respectively. c) Representative Raman spectra measured at h-BN/MoS2/MLG assembly after the
squeezing process, with Lorentzian fitting shown in red lines. The intensities are magnified to account for relatively low intensity.

our manipulation techniques, including smoothing out wrinkles,
removal of undesired areas, and ensuring precise re-positioning.

Furthermore, Raman analysis was conducted to character-
ize the heterostructure assembly following the AFM-tip squeez-
ing process (Figure 5c). The Raman peak positions of the h-
BN/MoS2/MLG are ≈1580 and ≈2719 cm−1, corresponding to
the G and 2D modes of MLG, respectively.[71] Additionally, the
E2 g mode of h-BN appears at ≈1365 cm−1, and the E1

2 g and A1 g
modes of MoS2 are observed at ≈383 and ≈408 cm−1.[40,41,72,73]

However, no distinct peak shifts were observed in the not-
squeezed region, specifically with the E1

2 g mode shifting by up
to 0.11 cm−1 and the E2 g mode shifting by 0.29 cm−1 (Figure
S12, Supporting Information). This is likely due to insufficient
measurement area in the not-squeezed region. In contrast, the
MoS2/h-BN/MLG heterostructure exhibited redshifts of 0.3, 1.1,
and 0.86 cm−1 in the E2 g, E1

2 g, and A1 g modes, respectively
(Figure S13, Supporting Information). Considering the slight
redshift observed in E2 g mode of h-BN and E1

2 g mode of MoS2,
these changes indicate the presence of strain rather than a dop-
ing effect.[38,39,74] These redshifts were observed only in the trans-
ferred upper layers of the heterostructure (MoS2 and h-BN), and
are attributed to the strain induced by blisters. However, phe-
nomena such as peak splitting due to symmetry breaking were
not observed here, suggesting that no severe strain was imposed
on the heterostructure.[36,75] Consequently, the AFM-tip squeez-

ing process and Raman spectroscopy demonstrate the excellent
flatness of the vdW heterostructure interfaces, without applied
strain, verifying the effectiveness and versatility of our manipu-
lation techniques.

3. Conclusion

In summary, a residue-free fabrication method for 2D materi-
als was developed utilizing vdW interactions, without exposure
to additional substances or temperature changes. Leveraging the
high interfacial adhesion energy of MoS2, we conducted fabri-
cations of MoS2 flakes with diverse thicknesses ranging from
bilayer to several hundreds of nanometers. Notably, it was con-
firmed that SM and TM can be selectively applied based on the re-
quired thickness, as their principles involve interlayer delamina-
tion and tearing of the residue-free region, respectively. Compre-
hensive investigations of morphologies, chemical compositions,
and strain reveal the high quality of the residue-free flakes ob-
tained by our method, exhibiting remarkable flatness, absence
of contaminations, mechanical damage, and pre-strain. Further-
more, an excellent FET mobility of up to 60 cm2 V−1 s−1 and
an on/off ratio of ≈108 were achieved from the MoS2 FET de-
vices fabricated using our fabrication techniques. Additionally,
the RFS enables diverse manipulation techniques such as pick
up and release, exfoliation, stacking, wiping out, flipping, and

Adv. Mater. 2025, 2418669 2418669 (8 of 10) © 2025 The Author(s). Advanced Materials published by Wiley-VCH GmbH
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smoothing out. These techniques were successfully used to as-
semble the vdW heterostructure, demonstrating the adaptability
of this method to diverse materials. We anticipate that the pro-
posed method can be readily applied to the fabrication of high-
quality 2D material-based devices, thereby significantly expand-
ing the application potential of 2D materials in various fields.

Supporting Information
Supporting Information is available from the Wiley Online Library or from
the author.
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