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ABSTRACT: Two-dimensional (2D) materials can be transferred
onto substrates with various surface structures, opening up
multiple functions and applications for 2D materials in the form

[l Metrics & More ’ Q Supporting Information

of suspended membranes. In this paper, we present a method for ‘ dry-release
transferring exfoliated 2D crystal flakes from SiO, substrates onto pick up / e

patterned substrates using a poly(vinyl chloride) (PVC) layer "

mounted on a polydimethylsiloxane (PDMS) stamp structure. 2D

crystal flakes can be transferred onto various patterned structures ) i

such as grooves, round holes, and periodic hole or groove patterns. F P |
Our method can also be used to fabricate suspended van der Waals o "/
(vdW) heterostructures by assembling 2D crystal flakes on the

PVC/PDMS stamp and then transferring them onto patterned

substrates. The adhesiveness and curvature of the PVC/PDMS

stamp were tuned, and a high successful transfer rate was realized due to the use of kamaboko-shaped (semicylindrical) PDMS and
the addition of an appropriate amount of a high-viscosity plasticizer to the PVC layer. Taking advantage of this method, we
demonstrate the facile fabrication, simply by transferring a vdW heterostructure onto an Au-coated groove substrate, of a suspended
vdW field-effect transistor device with the carrier density tuned using ionic gating. This method enables the transfer of 2D crystal
flakes and vdW heterostructures onto various patterned substrates, and hence it should help to advance suspended 2D materials
research.

KEYWORDS: 2D materials, van der Waals heterostructures, poly(vinyl chloride), suspended 2D crystal flakes, kamaboko-shaped PDMS,
liquid-gate graphene FET

1. INTRODUCTION

Two-dimensional (2D) crystal flakes such as graphene and
transition-metal dichalcogenides (TMDs) are thin and flexible,
unlike conventional materials. Because they deform flexibly
under stress, 2D crystal flakes can be mechanically picked up
from one substrate and transferred to another using thermo-
plastic polymers." 2D crystal flakes can be transferred not only
to flat substrates but also to patterned ones,””” and hence
these materials have greater applicability.”~” For example, by
transferring 2D crystal flakes onto holey substrates, we can
fabricate a structure consisting of a 2D crystal flake suspended
over a hole. Such suspended membranes have been used to
study the mechanical strength,'® vibration frequency,'' and
strain-dependent properties of 2D materials.” Suspended 2D
materials are also used to minimize the effects of thermal
conduction and optical absorption by the underlying substrate
during, for example, transmission electron microscopy
(TEM)'"* and thermal measurements.”® The transfer of 2D
crystal flakes onto patterned substrates is also effective for
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combining 2D crystal flakes with functional substrates. By
transferring a 2D crystal flake onto a photonic crystal, a typical
example of a structure with a periodic surface pattern, the light-
emission intensity of the 2D crystal flake can be increased
owing to the cavity effect.'* Periodic surface patterns can also
be used to introduce periodic potential modulation to the 2D
crystal flake.'> Furthermore, 2D crystal flakes can be combined
with microelectromechanical system devices, which can
perform mechanical movements on the microscopic scale,'®
to fabricate 2D material devices such as flow and pressure
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Figure 1. (a) Schematic of the 2D crystal flake transfer apparatus. (b) Schematic of the transfer process. (c) Photographic flowchart showing the
transfer of a h-BN flake from a SiO,/Si substrate to a groove-patterned Si substrate.

Although the combination of 2D crystal flakes and patterned
substrates has produced a wide range of potential applications,
research progress in this field depends on the development of
transfer techniques.'®™>* The transfer of 2D crystal flakes onto
a patterned substrate is challenging because of the risk of
destroying the suspended layer during the transfer process. In
particular, immersion in a solvent after transfer is very
damaging to the suspended layer and reduces the transfer
yield. Such low yields may not be crucial for the transfer of
large-area 2D crystal flakes synthesized by chemical vapor
deposition,”~** which can be transferred onto a large number
of device arrays simultaneously. By contrast, 2D crystal flakes
fabricated by mechanical exfoliation, which are of higher
quality, are smaller in size (~10—100 um in length).
Therefore, to fabricate high-quality devices based on
suspended 2D crystal flakes created by exfoliation, improved
transfer yields and positioning accuracy, using methods that do
not feature solvent immersion, are required.

In this study, we demonstrated a method for transferring
exfoliated 2D crystal flakes onto a patterned substrate with
high positioning accuracy and without postimmersion in
solvents. 2D crystal flakes were picked up from SiO,/Si
substrates and dry-released to a targeted spot on the patterned
substrate using a stamp consisting of plasticized poly(vinyl
chloride) (PVC) on kamaboko-shaped polydimethylsiloxane
(PDMS). We demonstrated that our technique is capable of
fabricating suspended van der Waals (vdW) heterostructures
via the assembly of 2D crystal flakes on the kamaboko-shaped
stamp and their transferal to a patterned substrate. Our
method facilitates the fabrication of suspended 2D crystal flake

and their vdW heterostructure devices, promoting the
advancement of suspended 2D materials research.

2. RESULTS AND DISCUSSION

Figure la shows a schematic of the setup used for the 2D
crystal flake transfer process. The apparatus consisted of a
lower stage, an upper stage, and an optical microscope. A
mechanically exfoliated 2D crystal flake on a SiO,/Si substrate
was placed on the lower stage, and a polymer stamp on a glass
slide was fixed onto the lower surface of the upper stage using
vacuum chucks. The stamp consists of a plasticized PVC layer
mounted on a piece of soft PDMS for mechanical support. The
details of the stamp preparation are shown in Figures S1—S3.
The XYZ position and movement speed of the lower stage can
be accurately controlled using an electric motor, and the stamp
is made to contact or separated from the 2D crystal flake by
moving the lower stage. The 2D crystal flakes were observed
through the (transparent) polymer stamp by optical micros-
copy. The temperature of the PVC stamp and 2D crystal flake
were controlled using a heater attached to the underside of the
lower stage.

Figure 1b shows a schematic of the process of transferring a
2D crystal flake from SiO,/Si to a groove-patterned substrate.
The PVC stamp is in contact with the 2D crystal flake on the
SiO,/Si substrate and then detached at 50 °C, at which
temperature the adhesion of PVC is strong, and the 2D crystal
flake is picked up by the polymer stamp. Next, the SiO,/Si
substrate on the lower stage is removed, and a groove-
patterned substrate is put in its place. The 2D crystal flake on
the PVC stamp is aligned with the desired position on the
groove-patterned substrate and then contacted with the
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Figure 2. Transfer of h-BN flakes onto Si substrates with (a) groove, (b) hole, (c) periodic hole, and (d) hexagonal-hole-patterned structures:
schematics (first row), micrographs (second row), AFM images of the area highlighted by the overlaid black rectangular outline in the micrograph
(third row), and cross-sectional AFM profiles (fourth row) with schematics (fifth row) corresponding to the position marked by the blue lines in

the AFM maps.
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Figure 3. Fabrication of vdW heterostructures on patterned Si substrates: schematics (first row) and micrographs (second row) of (a) h-BN/
graphene on a groove, (b) h-BN/graphene/h-BN on a hole, (c) h-BN/graphene on a hole pattern, and (d) MoS,/graphene on a hole pattern. The

overlaid dashed lines indicate the position of the graphene.

substrate at 100 °C, at which temperature the adhesion of PVC
is weak, and the stamp is slowly peeled off. If the adhesion
force between the 2D crystal flake and the substrate is greater
than that between the 2D crystal flake and the stamp, the 2D
crystal flake is transferred to the substrate. Figure lc shows
photographs of the transfer process in which a hexagonal
boron nitride (h-BN) flake (~40-nm-thick) is transferred onto
a grooved Si substrate such that it spans the groove. The
details of the experimental conditions are presented in Figure
S4. The key advantage of our technique is that there is no need
for solvent immersion after transfer. Thus, this technique is

62483

termed a “dry-release” process. As the risk of sample
destruction is significantly reduced owing to the lack of
solvent immersion, 2D flakes can be transferred to groove-
patterned substrates with a high success rate. In Figure SS, we
illustrate the tips for the optimal transfer of a 2D crystal flake
onto the groove.

This method can be used to transfer 2D crystal flakes onto Si
substrates with various surface structures. Figure 2 shows
schematics, photographs, atomic force microscopy (AFM)
images, cross-sectional profiles, and cross-sectional structure
schematics of h-BN flakes transferred to surfaces with various
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Figure 4. (a) Schematic of PVC/PDMS stamp. (b) Direction of the force applied during the dry-release processes using the kamaboko-shaped
(left) and dome-shaped (right) PDMS. (c) Micrographs showing top views and cross sections of kamaboko-shaped (left) and dome-shaped (right)
PDMS. The red lines are fits of the surface arcs overlaid on the images to highlight the different curvatures. (d) Differences in the peel interfaces
between the PVC film and substrate during dry release depending on the plasticizer type: PVC film with 78 phr DOP (left) and PVC film with SO

phr PN-5090 (right).

structures: grooves, holes, a periodic hole pattern, and a
periodic hexagonal-hole pattern. The transferred h-BN flakes
were 70—80 nm thick and appeared blue on the Si substrate.
The slightly indented shape of the transferred h-BN suggests
the presence of strain in the suspended region. As discussed in
the introduction, suspended 2D crystal flakes are important for
studying mechanical properties, such as fracture strength'® and
vibration frequency,'’ as well as the strain-dependent proper-
ties of 2D materials.” In addition, 2D materials must be
suspended for TEM measurements, and our method is capable
of transferring h-BN onto a TEM grid, as demonstrated in
Figure S6. Furthermore, this method can be widely applied to
the fabrication of experimental devices combining 2D crystal
flakes and periodic surface patterns, such as photonic
crystals."*

Our dry-release method is unique in that the 2D crystal
flakes exfoliated onto SiO,/Si are picked up using PVC and
then transferred to a patterned substrate. This approach means
that multiple 2D crystal flakes can be sequentially stacked on
the PVC stamp before they are transferred to a patterned
substrate, facilitating the fabrication of suspended vdW
heterostructures on patterned substrates. Figure 3 shows
suspended vdW heterostructures fabricated using our method:
h-BN/graphene on a groove, h-BN/graphene/h-BN on an
isolated hole, h-BN/graphene on a periodic hole pattern, and
MoS,/graphene on a periodic hole pattern. To fabricate these
suspended vdW heterostructures, h-BN, graphene, and MoS,
were first mechanically exfoliated onto SiO,/Si substrates using
tape. These 2D crystal flakes were successively picked up using
the PVC stamp to assemble a vdW heterostructure on the

stamp. The stacked structure was then dry-released onto the
patterned substrate. This contrasts with a previously reported
dry-transfer method using PDMS,” which requires repetition of
the transfer process to fabricate a stacked structure because
only one layer can be stacked at a time owing to the weak
adhesion of PDMS. The method outlined in the present paper
is also compatible with the tear-and-stack method,**° which
enables precise control of the twist angles between 2D crystal
flakes. The facile fabrication of suspended vdW hetero-
structures will provide more possibilities for device applica-
tions.

So far, in this paper, we have reported our demonstration of
the transfer of exfoliated 2D crystal flakes onto silicon
substrates with various surface structures. Four aspects of our
method are critical to the realization of a high transfer yield:
(1) the kamaboko shape of the PDMS, (2) the use of PVC, (3)
the high viscosity of the plasticizer, and (4) optimization of the
plasticizer content of the PVC. Each of these aspects is now
expanded upon.

(1) Kamaboko-shaped PDMS: We used a semicylindrical
PDMS structure as a mechanical support for the PVC layer
(Figure 4a), which we refer to as kamaboko-shaped PDMS
(Figure S7). Previously reported polymer-based transfer
methods used polymer films on flat””*® or dome-shaped®
PDMS. Dome-shaped PDMS has the advantage of limiting the
contact area with the substrate. However, the stress at the
peeling front of the stamp is directed toward the center of the
circle (it is not uniaxial), as illustrated in the right half of Figure
4b. As a result, the 2D crystal flake is more likely to be
distorted and detached from the substrate. In the case of the
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Figure 5. (a) Schematic of a suspended h-BN/graphene FET device with split Au/Cr electrodes. The ionic liquid is poured into the groove and
used as a liquid gate to modulate the carrier concentration. (b) Cross-sectional structure of the device. (c) Two-terminal resistance at room
temperature as a function of the gate voltage (lower axis) and carrier concentration (upper axis). Inset: Micrograph of the device. The overlaid

dashed outline indicates the TLG.

kamaboko-shaped PDMS used in this study, the peeling
direction is uniaxial, as illustrated in the left half of Figure 4b,
and hence the distortion of the 2D crystal flake is minimized.
This results in a greater success rate for the dry-release process.
Another important point is that the curvature of the
kamaboko-shaped PDMS can be greater than that of a
PDMS dome, as shown in the micrographs in Figure 4c. We
observed that a larger curvature positively correlated with the
probability of successful dry transfer onto the patterned
substrate (Figure S8).

(2) Use of PVC: PVC is an excellent polymer material that
can be used for the all-dry pickup and release of 2D crystal
flakes.**~*' Immersion in organic solvents should be avoided
during the transfer of crystal flakes onto a patterned substrate
to prevent damage to the crystal flakes. Therefore, we selected
PVC as the material for the stamp in this study.

(3) High-viscosity plasticizer: In general, the flexibility of
PVC can be tuned by incorporating plasticizers. A plasticizer is
a liquid material at room temperature that is added to PVC to
increase its flexibility. In this study, a high-viscosity polyester
plasticizer (PN-5090, Adeka) was used. The viscosity of PN-
5090 is 10,000 mPa-s, which is more than 100 times larger than
that of dioctyl phthalate (DOP; 80 mPa's), the most
commonly used plasticizer for PVC. The viscosity of the
plasticizer is very important in the present method, especially
when transferring 2D materials onto an Au-coated substrate.
The rate of successful transfer to an Au-coated substrate was
extremely low when PVC containing DOP was used. The
DOP-containing PVC adhered very strongly to the Au, and the
peeling interface was significantly distorted (Figure 4d, left). In
contrast, the peeling interface of PN-5090-containing PVC was
not distorted during peel-off (Figure 4d, right), and the rate of
successful dry transfer was very high. One possible reason for
this is that the DOP-containing PVC film is more stretchable
than the PN-5090-containing PVC film. Because PN-5090 has
a high viscosity, the PN-5090-containing film is less likely to be
stretched while it is being peeled off from the Au surface. It is
very important to minimize the distortion of crystal flakes
during dry-release transfer onto structured surfaces. We also
note that the plasticizer migration is suppressed with the high-
viscosity plasticizer PN-5090 than with DOP, preventing the
surface contamination of the transferred 2D materials due to
the plasticizer. The details of the plasticizers are presented in
Table S1. Characterization of the plasticizer residual on 2D
crystal flakes is presented in Figure S9.

(4) Adjustment of the plasticizer content: PVC films with a
plasticizer content of SO phr (per hundred resin) were used. In
general, the glass transition temperature T, of PVC decreased
with the addition of plasticizers.”*~** In addition, based on our
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experience, the adhesion force between PVC and the 2D
crystal flake tended to decrease as the plasticizer content was
increased. Strong adhesion with reduced plasticizer content is
advantageous for the pickup of 2D crystal flakes, whereas
strong adhesion at high temperatures is disadvantageous for
dry release. The pickup probability was more than 90% for
PVC with low plasticizer content (<60 phr), whereas it
dropped to approximately 70—80% when the plasticizer
content was 80 phr. Therefore, we set the plasticizer content
to 50 phr, above which we assumed that the pickup probability
of PVC started to decrease. By reducing the adhesion of PVC
to the bare minimum, the dry-release rate of the 2D crystal
flakes on the patterned substrates significantly increased.

As illustrated in Figure 3, our method enables the facile
fabrication of vdW heterostructures by assembling 2D crystal
flakes on a PVC stamp and then transferring them to a
patterned substrate. Taking advantage of this capability, we
devised the device geometry shown in Figure Sa. The device is
fabricated by transferring a stacked h-BN/graphene hetero-
structure to an Au-coated groove-patterned Si substrate using
the PVC stamp. Because graphene has no band gap (or a small
band gap), ohmic contact between graphene and Au can be
achieved simply by placing the graphene on the Au layer,
allowing electrical conduction measurements to be performed.
Furthermore, by covering the suspended 2D crystal flake with
an jonic liquid, the carrier concentration can be tuned using a
liquid gate to enable field-effect transistor (FET) operation.
Ionic liquids are often used to effectively inject carriers into 2D
materials and can achieve carrier concentrations 2 orders of
magnitude greater than those achieved using a conventional
doped Si or metal back gate.*>*°

As a model suspended vdW heterostructure device, we
fabricated a suspended h-BN/trilayer graphene (TLG) device
with a liquid gate (see Figure S10 for sample preparation
details). Figure Sb shows a cross-sectional schematic of the
device structure. h-BN and TLG were picked up and stacked
on the PVC stamp, and the stacked structure was released at a
position corresponding to the TLG straddling the groove. The
Si substrate surface was coated with Au, which functioned as
metal electrodes (see Figure S11 for the substrate fabrication
details). The TLG was capped by h-BN and was in contact
with Au across the groove, making it possible to measure the
two-terminal conduction in the TLG. The ionic liquid was
poured into the groove such that it covered the h-BN/TLG
and entire gate electrode (Figure S10). The inset of Figure Sc
shows an optical microscopy image of the device, and the
overlaid dashed outline indicates the TLG. Figure Sc shows the
two-terminal resistance as a function of the carrier density n,
and back-gate bias voltage V; at room temperature and under
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vacuum conditions. Carriers were injected to obtain a carrier
concentration exceeding 1.0 X 10" cm™ (assuming a
capacitance of § uF/cm®). The resistance peak observed near
zero bias corresponds to the charge-neutral point of TLG.*
The contact resistivity was approximately 6 X 107> Q-cm?,
indicating that good Ohmic contact was realized between the
TLG and Au simply by placing the h-BN/TLG vdW stack on
the Au-coated substrate using our method.

This model device illustrates the facility with which a h-BN/
TLG device can be fabricated using our method, and it is
expected that the same technique can be used for systems
based on other materials. The fabrication of a FET structure by
placing 2D crystal flakes on an Au-coated groove-patterned
substrate and pouring an ionic liquid into the groove is very
convenient because it means that electrode fabrication
processes such as electron-beam lithography and metal
deposition can be avoided. In addition, the use of a liquid
gate has the advantage that a large number of carriers can be
injected, allowing us to explore the physical phenomena of 2D
materials at high carrier concentrations, such as super-
conductivity in TMDs.

3. CONCLUSIONS

This study demonstrated the fabrication of structures featuring
suspended 2D crystal flakes based on the pickup of exfoliated
flakes from SiO,/Si substrates and their transfer to patterned
substrates using a plasticized PVC/kamaboko-shaped PDMS
stamp. The plasticized PVC stamp was demonstrated to be
capable of realizing the dry release of 2D crystal flakes with a
high success rate, eliminating the requirement for solvent
immersion and hence preventing the possible destruction of
the suspended 2D crystal flake. To achieve the dry release of
2D flakes onto a patterned substrate with a high success rate,
we tuned the adhesiveness and curvature of the PVC/
kamaboko-shaped PDMS stamp by optimizing the amount of
high-viscosity plasticizer added to the PVC layer. This method
is distinct from previously reported dry-transfer methods in
that multiple exfoliated 2D crystal flakes on SiO,/Si can be
sequentially picked up by the PVC/PDMS stamp and then
together transferred to the patterned substrate. In other words,
using our method, it is possible to pick up 2D crystal flakes
multiple times and assemble a stacked structure on the PVC
before transferring them to the patterned substrate. Taking
advantage of this possibility, we demonstrated the fabrication
of a suspended vdW heterostructure device by simply placing a
stacked h-BN/graphene structure on an Au-coated groove-
patterned substrate, and electrical conduction measurements
were performed by tuning the carrier concentration using an
ionic liquid. We expect that this method will facilitate 2D
crystal flake transfer onto substrates with various surface
structures, thereby expanding the application scope of 2D
materials.

4. MATERIALS AND METHODS

Fabrication of the Plasticized PVC Film. PVC powder (1.0 g;
degree of polymerization, 700), the plasticizer (0.5 g; PN-5090,
Adeka), and cyclohexanone (8 mL) were mixed to prepare a PVC
solution. The PVC solution was spin-coated onto a 1.5 cm square
SiO,/Si substrate at 1000 rpm for 30 s, and the coated substrate was
then heated on a hot plate at 160 °C for 1.5 min to evaporate the
solvent.

Fabrication of Kamaboko-Shaped PDMS. The base and curing
agents of a commercial PDMS kit (SYLGARD184, Dow Corning)
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were mixed in a weight ratio of 10:1, and then the liquid mixture was
deaired in a vacuum desiccator. The commercially available PDMS
sheet was cut into 2 mm widths, which were then laid on a glass slide,
and the un-cross-linked PDMS was dropped to form a kamaboko
shape. The mixture was baked at 130 °C for 10 min.

Fabrication of the PVC/PDMS Stamp. The PVC films on SiO,
and the kamaboko-shaped PDMS on a glass slide were treated with air
plasma for 1 min. The four sides of the PVC film were taped to form a
frame and the film was peeled from the substrate, which is then turned
upside down, placed over the PDMS, and fixed with tape to the glass
slide around the PDMS. The PVC film was heated on a hot plate at
160 °C for 1 min to increase adhesion between the film and PDMS.
See the Supporting Information for more details.

B ASSOCIATED CONTENT

© Supporting Information
The Supporting Information is available free of charge at
https://pubs.acs.org/doi/10.1021/acsami.4c05972.

Fabrication of the plasticized PVC film, fabrication of
kamaboko-shaped PDMS, fabrication of the PVC/
PDMS stamp, conditions of h-BN transfer, tips for
transferring 2D crystal flake onto grooves, transfer of h-
BN flake to a TEM grid, kamaboko—traditional
Japanese food, curvature of kamaboko-shaped PDMS,
properties of PN-5090 h-BN/TLG sample preparation,
characterization of plasticizer residues by AFM, h-BN/
TLG sample preparation, and patterned substrate
fabrication (PDF)

B AUTHOR INFORMATION

Corresponding Authors

Momoko Onodera — Institute of Industrial Science, University
of Tokyo, Meguro, Tokyo 153-8505, Japan; © orcid.org/
0000-0001-9457-6796; Email: monodera@iis.u-
tokyo.ac.jp

Tomoki Machida — Institute of Industrial Science, University
of Tokyo, Meguro, Tokyo 153-8505, Japan; © orcid.org/
0000-0002-1938-7415; Email: tmachida@iis.u-tokyo.ac.jp

Authors

Manabu Ataka — Institute of Industrial Science, University of
Tokyo, Meguro, Tokyo 153-850S, Japan

Yijin Zhang — Institute of Industrial Science, University of
Tokyo, Meguro, Tokyo 153-8508, Japan; ® orcid.org/0000-
0003-1127-1124

Rai Moriya — Institute of Industrial Science, University of
Tokyo, Meguro, Tokyo 153-85085, Japan; ©® orcid.org/0000-
0001-7471-7432

Kenji Watanabe — Research Center for Electronic and Optical
Materials, National Institute for Materials Science, Tsukuba
305-0044, Japan; ® orcid.org/0000-0003-3701-8119

Takashi Taniguchi — Research Center for Materials
Nanoarchitectonics, National Institute for Materials Science,
Tsukuba 305-0044, Japan; © orcid.org/0000-0002-1467-
3105

Hiroshi Toshiyoshi — Institute of Industrial Science,
University of Tokyo, Meguro, Tokyo 153-850S, Japan

Complete contact information is available at:
https://pubs.acs.org/10.1021/acsami.4c05972

Author Contributions
M.O. and T.M. conceived and designed the experiments; M.O.
performed the experiments with the help of H.T., M.A,, Y.Z,

https://doi.org/10.1021/acsami.4c05972
ACS Appl. Mater. Interfaces 2024, 16, 62481—62488


https://pubs.acs.org/doi/suppl/10.1021/acsami.4c05972/suppl_file/am4c05972_si_001.pdf
https://pubs.acs.org/doi/10.1021/acsami.4c05972?goto=supporting-info
https://pubs.acs.org/doi/suppl/10.1021/acsami.4c05972/suppl_file/am4c05972_si_001.pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Momoko+Onodera"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0001-9457-6796
https://orcid.org/0000-0001-9457-6796
mailto:monodera@iis.u-tokyo.ac.jp
mailto:monodera@iis.u-tokyo.ac.jp
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Tomoki+Machida"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0002-1938-7415
https://orcid.org/0000-0002-1938-7415
mailto:tmachida@iis.u-tokyo.ac.jp
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Manabu+Ataka"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Yijin+Zhang"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0003-1127-1124
https://orcid.org/0000-0003-1127-1124
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Rai+Moriya"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0001-7471-7432
https://orcid.org/0000-0001-7471-7432
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Kenji+Watanabe"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0003-3701-8119
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Takashi+Taniguchi"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0002-1467-3105
https://orcid.org/0000-0002-1467-3105
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Hiroshi+Toshiyoshi"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.4c05972?ref=pdf
www.acsami.org?ref=pdf
https://doi.org/10.1021/acsami.4c05972?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Applied Materials & Interfaces

Research Article

www.acsami.org

and RM.,; H.T. fabricated the patterned substrates; KW. and
T.T. grew the h-BN crystals; M.O. and T.M. wrote the
manuscript with contributions from all authors.

Notes
The authors declare no competing financial interest.

B ACKNOWLEDGMENTS

We are grateful to the Adeka Corporation for providing us with
the plasticizer samples. This work was supported by JST-
CREST, JST-Mirai, and JST-PRESTO (Grants JPMJCR20B4,
JPMJMI21G9, and JPMJPR20LS), JSPS KAKENHI (Grants
JP21HO0S5232, JP21HO0S233, JP21HO05234, JP22K18317,
JP24K01293, JP22H01898, JP24K16991, and JP24K21195),
and the Support Center for Advanced Telecommunications
Technology Research Foundation. We are grateful to Tokyo
Electron Limited for joint research funding.

B REFERENCES

(1) Onodera, M.; Masubuchi, S.; Moriya, R.; Machida, T. Assembly
of van Der Waals Heterostructures: Exfoliation, Searching, and
Stacking of 2D Materials. Jpn. J. Appl. Phys. 2020, S9 (1), 010101.

(2) Du, X; Skachko, L; Barker, A; Andrei, E. Y. Approaching
Ballistic Transport in Suspended Graphene. Nat. Nanotechnol 2008, 3
(8), 491—495.

(3) Polyzos, L; Bianchi, M.; Rizzi, L.; Koukaras, E. N.; Parthenios, J.;
Papagelis, K,; Sordan, R.; Galiotis, C. Suspended Monolayer
Graphene under True Uniaxial Deformation. Nanoscale 2015, 7
(30), 13033—13042.

(4) Elias, D. C.; Gorbachev, R. V.; Mayorov, A. S.; Morozov, S. V,;
Zhukov, A. A.; Blake, P.; Ponomarenko, L. A, Grigorieva, I. V,;
Novoselov, K. S.; Guinea, F.; Geim, A. K. Dirac Cones Reshaped by
Interaction Effects in Suspended Graphene. Nat. Phys. 2011, 7 (9),
701-704.

(5) Dorgan, V. E.; Behnam, A.; Conley, H. J.; Bolotin, K. I; Pop, E.
High-Field Electrical and Thermal Transport in Suspended Graphene.
Nano Lett. 2013, 13 (10), 4581—4586.

(6) Grushina, A. L; Ki, D. K; Morpurgo, A. F. A Ballistic Pn
Junction in Suspended Graphene with Split Bottom Gates. Appl. Phys.
Lett. 2013, 102 (22), 223102.

(7) Rebollo, I. G.; Rodrigues-Machado, F. C.; Wright, W.; Melin, G.
J.; Champagne, A. R. Thin-Suspended 2D Materials: Facile, Versatile,
and Deterministic Transfer Assembly. 2D Mater. 2021, 8 (3), 035028.

(8) Castellanos-Gomez, A.; Buscema, M.; Molenaar, R.; Singh, V.;
Janssen, L.; van der Zant, H. S. J.; Steele, G. A. Deterministic Transfer
of Two-Dimensional Materials by All-Dry Viscoelastic Stamping. 2D
Mater. 2014, 1 (1), 011002.

9) Huang, Y,; Pan, Y. H,; Yang, R.; Bao, L. H.; Meng, L.; Luo, H.
L; Cai, Y. Q; Liu, G. D.; Zhao, W. J; Zhou, Z.; Wu, L. M.; Zhu, Z.
L.; Huang, M,; Liu, L. W,; Liu, L.; Cheng, P.; Wu, K. H,; Tian, S. B;
Gu, C. Z,; Shi, Y. G;; Guo, Y. F; Cheng, Z. G,; Huy, J. P,; Zhao, L,;
Yang, G. H; Sutter, E.; Sutter, P.; Wang, Y. L;; Ji, W,; Zhou, X. J;
Gao, H. J. Universal Mechanical Exfoliation of Large-Area 2D
Crystals. Nat. Commun. 2020, 11 (1), 2453.

(10) Cui, T.; Mukherjee, S.; Onodera, M.; Wang, G.; Kumral, B;
Islam, A.; Shayegannia, M.; Krishnan, G.; Barri, N.; Serles, P.; Zhang,
X.; Sassi, L. M.; Tam, J.; Bassim, N.; Kherani, N. P.; Ajayan, P. M,;
Machida, T.; Singh, C. V.; Sun, Y.; Filleter, T. Mechanical Reliability
of Monolayer MoS2 and WSe2. Matter 2022, 5 (9), 2975—2989.

(11) Sanchez Arribas, L; Taniguchi, T.; Watanabe, K.; Weig, E. M.
Radiation Pressure Backaction on a Hexagonal Boron Nitride
Nanomechanical Resonator. Nano Lett. 2023, 23 (14), 6301—6307.

(12) Lin, J; Lin, Y. C; Wang, X,; Xie, L; Suenaga, K. Gentle
Transfer Method for Water- and Acid/Alkali-Sensitive 2D Materials
for (S)TEM Study. APL Mater. 2016, 4 (11), 116108.

(13) Mercado, E.; Yuan, C.; Zhou, Y.; Li, J.; Edgar, J. H.; Kuball, M.
Isotopically Enhanced Thermal Conductivity in Few-Layer Hexagonal

Boron Nitride: Implications for Thermal Management. ACS Appl.
Nano Mater. 2020, 3 (12), 12148—12156.

(14) Ota, Y.; Moriya, R.; Yabuki, N.; Arai, M.; Kakuda, M.; Iwamoto,
S.; Machida, T.; Arakawa, Y. Optical Coupling between Atomically
Thin Black Phosphorus and a Two Dimensional Photonic Crystal
Nanocavity. Appl. Phys. Lett. 2017, 110 (22), 22310S.

(15) Li, Y.; Dietrich, S.; Forsythe, C.; Taniguchi, T.; Watanabe, K ;
Moon, P.; Dean, C. R. Anisotropic Band Flattening in Graphene with
One-Dimensional Superlattices. Nat. Nanotechnol 2021, 16 (5), 525—
530.

(16) Onodera, M.; Machida, T. Transfer of van Der Waals
Heterostructures of Two-Dimensional Materials onto Microelectro-
mechanical Systems. Sens. Mater. 2023, 35 (6), 1939.

(17) Smith, A. D.; Niklaus, F.; Paussa, A.; Schréder, S.; Fischer, A.
C.; Sterner, M.; Wagner, S.; Vaziri, S.; Forsberg, F.; Esseni, D.;
Ostling, M.; Lemme, M. C. Piezoresistive Properties of Suspended
Graphene Membranes under Uniaxial and Biaxial Strain in Nano-
electromechanical Pressure Sensors. ACS Nano 2016, 10 (11), 9879—
9886.

(18) Li, B.; He, Y.; Lei, S.; Najmaei, S.; Gong, Y.; Wang, X.; Zhang,
J; Ma, L,; Yang, Y,; Hong, S.; Hao, J; Shi, G.; George, A.; Keyshar,
K.; Zhang, X.; Dong, P.; Ge, L.; Vajtai, R.; Lou, J.; Jung, Y. J; Ajayan,
P. M. Scalable Transfer of Suspended Two-Dimensional Single
Crystals. Nano Lett. 2015, 15 (8), 5089—5097.

(19) Kim, S. M,; Lee, C. K; Yoon, S. U,; Kim, K. S.; Hwangbo, Y.
Residue-Free Suspended Graphene Transferred by Perforated
Template. Nanotechnology 2022, 33 (16), 165301.

(20) Liu, Y.; Abhilash, T. S.; Laitinen, A; Tan, Z.; Liu, G. J;
Hakonen, P. Dry Transfer Method for Suspended Graphene on Lift-
off-Resist: Simple Ballistic Devices with Fabry-Pérot Interference.
Nanotechnology 2019, 30 (25), 25LTO01.

(21) Matruglio, A,; Nappini, S.; Naumenko, D.; Magnano, E,;
Bondino, F.; Lazzarino, M.; Dal Zilio, S. Contamination-Free
Suspended Graphene Structures by a Ti-Based Transfer Method.
Carbon 2016, 103, 305—310.

(22) Pizzocchero, F.; Gammelgaard, L.; Jessen, B. S.; Caridad, J. M;
Wang, L.; Hone, J; Beggild, P.; Booth, T. J. The Hot Pick-up
Technique for Batch Assembly of van Der Waals Heterostructures.
Nat. Commun. 2016, 7 (1), 11894.

(23) Uwanno, T.; Hattori, Y.; Taniguchi, T.; Watanabe, K;
Nagashio, K. Fully Dry PMMA Transfer of Graphene on h-BN
Using a Heating/Cooling System. 2D Mater. 2015, 2 (4), 041002.

(24) Toyoda, S.; Uwanno, T. Taniguchi, T.; Watanabe, K;
Nagashio, K. Pinpoint Pick-up and Bubble-Free Assembly of 2D
Materials Using PDMS/PMMA Polymers with Lens Shapes. Applied
Physics Express 2019, 12 (S), 055008.

(25) Suk, J. W.; Kitt, A.; Magnuson, C. W.; Hao, Y.; Ahmed, S.; An,
J.; Swan, A. K; Goldberg, B. B.; Ruoff, R. S. Transfer of CVD-Grown
Monolayer Graphene onto Arbitrary Substrates. ACS Nano 2011, §
(9), 6916—6924.

(26) Wang, Q; Liu, Y.; Xu, F.; Zheng, X.; Wang, G.; Zhang, Y.; Qiu,
J.; Liu, G. Large-size Suspended Mono-layer Graphene Film Transfer
Based on the Inverted Floating Method. Micromachines 2021, 12 (S),
52S.

(27) Afyouni Akbari, S.; Ghafarinia, V.; Larsen, T.; Parmar, M. M.;
Villanueva, L. G. Large Suspended Monolayer and Bilayer Graphene
Membranes with Diameter up to 750 um. Sci. Rep 2020, 10, 6426.

(28) Schranghamer, T. F.; Sharma, M.; Singh, R.; Das, S. Review and
Comparison of Layer Transfer Methods for Two-Dimensional
Materials for Emerging Applications. Chem. Soc. Rev. 2021, 50 (19),
11032—-11054.

(29) Jayachandran, D.; Oberoi, A.; Sebastian, A.; Choudhury, T. H,;
Shankar, B.; Redwing, J. M,; Das, S. A Low-Power Biomimetic
Collision Detector Based on an in-Memory Molybdenum Disulfide
Photodetector. Nat. Electron 2020, 3 (10), 646—65S.

(30) Schranghamer, T. F.; Oberoi, A.; Das, S. Graphene Memristive
Synapses for High Precision Neuromorphic Computing. Nat.
Commun. 2020, 11, 5474.

https://doi.org/10.1021/acsami.4c05972
ACS Appl. Mater. Interfaces 2024, 16, 62481—62488


https://doi.org/10.7567/1347-4065/ab5ee0
https://doi.org/10.7567/1347-4065/ab5ee0
https://doi.org/10.7567/1347-4065/ab5ee0
https://doi.org/10.1038/nnano.2008.199
https://doi.org/10.1038/nnano.2008.199
https://doi.org/10.1039/C5NR03072B
https://doi.org/10.1039/C5NR03072B
https://doi.org/10.1038/nphys2049
https://doi.org/10.1038/nphys2049
https://doi.org/10.1021/nl400197w?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1063/1.4807888
https://doi.org/10.1063/1.4807888
https://doi.org/10.1088/2053-1583/abf98c
https://doi.org/10.1088/2053-1583/abf98c
https://doi.org/10.1088/2053-1583/1/1/011002
https://doi.org/10.1088/2053-1583/1/1/011002
https://doi.org/10.1038/s41467-020-16266-w
https://doi.org/10.1038/s41467-020-16266-w
https://doi.org/10.1016/j.matt.2022.06.014
https://doi.org/10.1016/j.matt.2022.06.014
https://doi.org/10.1021/acs.nanolett.3c00544?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.nanolett.3c00544?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1063/1.4967938
https://doi.org/10.1063/1.4967938
https://doi.org/10.1063/1.4967938
https://doi.org/10.1021/acsanm.0c02647?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsanm.0c02647?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1063/1.4984597
https://doi.org/10.1063/1.4984597
https://doi.org/10.1063/1.4984597
https://doi.org/10.1038/s41565-021-00849-9
https://doi.org/10.1038/s41565-021-00849-9
https://doi.org/10.18494/SAM4363
https://doi.org/10.18494/SAM4363
https://doi.org/10.18494/SAM4363
https://doi.org/10.1021/acsnano.6b02533?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsnano.6b02533?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsnano.6b02533?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.nanolett.5b01210?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.nanolett.5b01210?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1088/1361-6528/ac4664
https://doi.org/10.1088/1361-6528/ac4664
https://doi.org/10.1088/1361-6528/ab0d30
https://doi.org/10.1088/1361-6528/ab0d30
https://doi.org/10.1016/j.carbon.2016.03.023
https://doi.org/10.1016/j.carbon.2016.03.023
https://doi.org/10.1038/ncomms11894
https://doi.org/10.1038/ncomms11894
https://doi.org/10.1088/2053-1583/2/4/041002
https://doi.org/10.1088/2053-1583/2/4/041002
https://doi.org/10.7567/1882-0786/ab176b
https://doi.org/10.7567/1882-0786/ab176b
https://doi.org/10.1021/nn201207c?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/nn201207c?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.3390/mi12050525
https://doi.org/10.3390/mi12050525
https://doi.org/10.1038/s41598-020-63562-y
https://doi.org/10.1038/s41598-020-63562-y
https://doi.org/10.1039/D1CS00706H
https://doi.org/10.1039/D1CS00706H
https://doi.org/10.1039/D1CS00706H
https://doi.org/10.1038/s41928-020-00466-9
https://doi.org/10.1038/s41928-020-00466-9
https://doi.org/10.1038/s41928-020-00466-9
https://doi.org/10.1038/s41467-020-19203-z
https://doi.org/10.1038/s41467-020-19203-z
www.acsami.org?ref=pdf
https://doi.org/10.1021/acsami.4c05972?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Applied Materials & Interfaces

www.acsami.org

Research Article

(31) Sadaf, M. U. K;; Sakib, N. U.; Pannone, A.; Ravichandran, H.;
Das, S. A Bio-Inspired Visuotactile Neuron for Multisensory
Integration. Nat. Commun. 2023, 14, 5279.

(32) Dodda, A.; Subbulakshmi Radhakrishnan, S.; Schranghamer, T.
F; Buzzell, D.; Sengupta, P.; Das, S. Graphene-Based Physically
Unclonable Functions That Are Reconfigurable and Resilient to
Machine Learning Attacks. Nat. Electron 2021, 4 (), 364—374.

(33) Dodda, A; Jayachandran, D.; Pannone, A; Trainor, N,;
Stepanoff, S. P.; Steves, M. A.; Radhakrishnan, S. S.; Bachu, S,;
Ordonez, C. W.; Shallenberger, J. R,; Redwing, J. M.; Knappenberger,
K. L.; Wolfe, D. E.; Das, S. Active Pixel Sensor Matrix Based on
Monolayer MoS, Phototransistor Array. Nat. Mater. 2022, 21 (12),
1379—-1387.

(34) Jayachandran, D.; Pendurthi, R;; Sadaf, M. U. K.; Sakib, N. U,;
Pannone, A.; Chen, C.; Han, Y.; Trainor, N.; Kumari, S.; Mc Knight,
T. V,; Redwing, J. M, Yang, Y., Das, S. Three-Dimensional
Integration of Two-Dimensional Field-Effect Transistors. Nature
2024, 625 (7994), 276—281.

(35) Kim, K; DaSilva, A;; Huang, S.; Fallahazad, B; Larentis, S.;
Taniguchi, T.; Watanabe, K.; LeRoy, B. J.; MacDonald, A. H,; Tutuc,
E. Tunable Moir\’e Bands and Strong Correlations in Small-Twist-
Angle Bilayer Graphene. Proc. Natl. Acad. Sci. U.S.A. 2017, 114 (13),
3364—3369.

(36) Kim, K.; Yankowitz, M.; Fallahazad, B.; Kang, S.; Movva, H. C.
P.; Huang, S.; Larentis, S.; Corbet, C. M.; Taniguchi, T.; Watanabe,
K; Banerjee, S. K; LeRoy, B. J; Tutuc, E. Van Der Waals
Heterostructures with High Accuracy Rotational Alignment. Nano
Lett. 2016, 16 (3), 1989—1995.

(37) Jain, A; Szabd, A; Parzefall, M.; Bonvin, E,; Taniguchi, T.;
Watanabe, K.; Bharadwaj, P.; Luisier, M.; Novotny, L. One-
Dimensional Edge Contacts to a Monolayer Semiconductor. Nano
Lett. 2019, 19 (10), 6914—6923.

(38) Purdie, D. G.; Pugno, N. M,; Taniguchi, T.; Watanabe, K;
Ferrari, A. C.; Lombardo, A. Cleaning Interfaces in Layered Materials
Heterostructures. Nat. Commun. 2018, 9 (1), 5387.

(39) Wakafuji, Y.; Moriya, R; Masubuchi, S; Watanabe, K;
Taniguchi, T.; Machida, T. 3D Manipulation of 2D Materials Using
Microdome Polymer. Nano Lett. 2020, 20 (4), 2486—2492.

(40) Wakafuji, Y.; Onodera, M.; Masubuchi, S.; Moriya, R.; Zhang,
Y.; Watanabe, K.; Taniguchi, T.; Machida, T. Evaluation of Polyvinyl
Chloride Adhesion to 2D crystal flakes. npj. 2D Mater. Appl. 2022, 6
(1), 44.

(41) Onodera, M.; Wakafuji, Y.; Hashimoto, T.; Masubuchi, S.;
Moriya, R.; Zhang, Y.; Watanabe, K.; Taniguchi, T.; Machida, T. All-
Dry Flip-over Stacking of van Der Waals Junctions of 2D Materials
Using Polyvinyl Chloride. Sci. Rep 2022, 12 (1), 21963.

(42) Chen, J.; Liu, Z.; Nie, X; Jiang, J. Synthesis and Application of
a Novel Environmental C26 Diglycidyl Ester Plasticizer Based on
Castor Oil for Poly(Vinyl Chloride). J. Mater. Sci. 2018, 53 (12),
8909—-8920.

(43) Chen, J,; Liu, Z.; Wang, K; Huang, J.; Li, K; Nie, X; Jiang, J.
Epoxidized Castor Oil-Based Diglycidyl-Phthalate Plasticizer: Syn-
thesis and Thermal Stabilizing Effects on Poly(Vinyl Chloride). J.
Appl. Polym. Sci. 2019, 136 (9), 47142.

(44) Yang, Y.; Huang, J.; Zhang, R; Zhu, J. Designing Bio-Based
Plasticizers: Effect of Alkyl Chain Length on Plasticization Properties
of Isosorbide Diesters in PVC Blends. Mater. Des 2017, 126, 29—36.

(4S) Ye, J. T.; Zhang, Y. J.; Akashi, R; Bahramy, M. S.; Arita, R;
Iwasa, Y. Superconducting Dome in a Gate-Tuned Band Insulator.
Science 2012, 338 (6111), 1193—1196.

(46) Ye, J.; Craciun, M. F.; Koshino, M.; Russo, S.; Inoue, S.; Yuan,
H.; Shimotani, H.; Morpurgo, A. F.; Iwasa, Y. Accessing the Transport
Properties of Graphene and Its Multilayers at High Carrier Density.
Proc. Natl. Acad. Sci. U. S. A. 2011, 108 (32), 13002—13006.

62488

https://doi.org/10.1021/acsami.4c05972
ACS Appl. Mater. Interfaces 2024, 16, 62481—62488


https://doi.org/10.1038/s41467-023-40686-z
https://doi.org/10.1038/s41467-023-40686-z
https://doi.org/10.1038/s41928-021-00569-x
https://doi.org/10.1038/s41928-021-00569-x
https://doi.org/10.1038/s41928-021-00569-x
https://doi.org/10.1038/s41563-022-01398-9
https://doi.org/10.1038/s41563-022-01398-9
https://doi.org/10.1038/s41586-023-06860-5
https://doi.org/10.1038/s41586-023-06860-5
https://doi.org/10.1073/pnas.1620140114
https://doi.org/10.1073/pnas.1620140114
https://doi.org/10.1021/acs.nanolett.5b05263?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.nanolett.5b05263?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.nanolett.9b02166?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.nanolett.9b02166?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1038/s41467-018-07558-3
https://doi.org/10.1038/s41467-018-07558-3
https://doi.org/10.1021/acs.nanolett.9b05228?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.nanolett.9b05228?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1038/s41699-022-00323-7
https://doi.org/10.1038/s41699-022-00323-7
https://doi.org/10.1038/s41598-022-26193-z
https://doi.org/10.1038/s41598-022-26193-z
https://doi.org/10.1038/s41598-022-26193-z
https://doi.org/10.1007/s10853-018-2206-7
https://doi.org/10.1007/s10853-018-2206-7
https://doi.org/10.1007/s10853-018-2206-7
https://doi.org/10.1002/app.47142
https://doi.org/10.1002/app.47142
https://doi.org/10.1016/j.matdes.2017.04.005
https://doi.org/10.1016/j.matdes.2017.04.005
https://doi.org/10.1016/j.matdes.2017.04.005
https://doi.org/10.1126/science.1228006
https://doi.org/10.1073/pnas.1018388108
https://doi.org/10.1073/pnas.1018388108
www.acsami.org?ref=pdf
https://doi.org/10.1021/acsami.4c05972?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

