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Graphene and other two-dimensional (2D) materials can be used to create
electronic and optoelectronic devices. However, their development has
been limited by the lack of effective large-area transfer processes. Here we
report a transfer method that uses functional tapes with adhesive forces
controlled by ultraviolet light. The adhesion of the tape is optimized for

the transfer of monolayer graphene, providing a yield of over 99%. Once
detached from the growth substrate, the graphene/tape stack enables easy
transfer of graphene to the desired target substrate. The method can be used
to transfer other 2D materials, including bilayer graphene, transition metal
dichalcogenides, hexagonal boronnitride and stacked heterostructures.
The solvent-free nature of the final release step facilitates transfer to
various target substrates including flexible polymers, paper and
three-dimensional surfaces. The tape/2D material stacks can also be cut
into desired sizes and shapes, allowing site-selective device fabrication with
reduced loss of 2D materials.

Two-dimensional (2D) materials have unique properties that can be
used to create a range of novel devices'. Stacking 2D materials via
artificial control of their van der Waals interaction allows new types
of materials to be synthesized with a high degree of freedom in their
compositions and twist angles®. Practical applications based on 2D
materials and their heterostructures require transferring 2D materi-
als at large scales and onto various target substrates, such as SiO,/
Si, patterned substrates and plastics®™. Transfer is widely used for
graphene®* and hexagonal boron nitride (hBN)®, whether they have
been synthesized via chemical vapour deposition (CVD) on transi-
tion metal catalysts or exfoliated from their bulk forms. Transfer is

alsoimportant for semiconducting transition metal dichalcogenides
(TMDs), usually obtained on c-plane sapphire’, and for 2D materials
in general. However, the transfer process can degrade the electronic
properties and quality of 2D materials, which affects the final device
performance and increases process time and production cost®™. This
is typically through the introduction of atomic defects, macroscopic
breaks, surface contamination and unintentional doping.

Various transfer processes have been explored to avoid such
problems. The most widely used method to transfer CVD-grown 2D
materials is to utilize thin support layers, such as polymethyl meth-
acrylate (PMMA)®?, polystyrene', paraffin, rosin'>"* and volatile
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molecule-PMMA composite™. Once the 2D layers are transferred with
apolymer support, the supporting layer must be removed, usually by
dissolving it with organic solvents. However, the polymer-mediated
transfer usually leaves organic residues on the surface of the 2D mate-
rial and also limits the choice of a target substrate**. Furthermore,
transfer processes based on thinsupport layers can formwrinkles and
cracks and are difficult to scale to large areas required for industrial
processing. Thermal release tape (TRT) has been used as an alterna-
tive to thinsupport films, particularly for large-scale transfer', Thin
amorphous carbon and boron nitride layers have also been used as a
sacrificial layer for transfer of aremote epitaxy film".

Stacks of 2D materials can be produced using polymer stamps (for
example, polydimethylsiloxane), which allow for the deterministic
stacking of layers with controlled sequencing order of the material
and twist angles'® . However, they are mainly limited to the transfer
of small 2D flakes prepared by mechanical exfoliation. It isimportant
for2D materialsresearch and their electronic applicationsto develop a
more versatile and large-areatransfer technique. For end users working
withthe applications of 2D materials, such as electronics, the technique
should also be user-friendly, with simple processes that minimize the
need for specialized equipment and can scale up to meet industrial
demands.

In this Article, we show that functional tapes with an adhesive
force tunable by ultraviolet (UV) light illumination can be used to
transfer graphene and other 2D materials. Our straightforward
method can produce large areas of high-quality, transferred mon-
olayer graphene films with >99% yield and a room temperature car-
rier mobility of over 5,000 cm?V's™. The method is also applicable
to other 2D materials, including bilayer graphene (BLG), TMDs such
as molybdenum disulfide (MoS,) and tungsten disulfide (WS,), and
hBN by tuning the compositions of the adhesive layers and transfer
procedures. We create alibrary of 2D materials tapes that are transfer-
rable to various target surfaces including ceramics, paper and plas-
tics. The tapes are flexible and can conform to different geometries,
allowing the transfer to target substrates with non-planar surfaces.
They also enable control of the twist angle of stacked 2D materials,
similar to the pick-up stamp-based techniques used for exfoliated
2D materials.

Tape transfer of monolayer graphene

Figure 1a illustrates the transfer process using our functional tape,
whose adhesive forceis controlled by UV light (see Methods for details).
First, westudied the transfer of high-quality monolayer graphene grown
ona Cu(111) thin film*?2, The tape is attached on as-grown graphene,
followed by UV light illumination. The UV light hardens the adhesive
layer and at the same time greatly weakens the graphene-adhesive
interaction, allowing the release of the graphene afterwards. The tape/
graphene stack is then detached from the Cu(111) surface by electro-
chemical delamination, followed by washing with deionized water.
To proceed with the transfer, the stack was gently placed on a SiO,/Si
substrate and baked at 90 °C. Finally, the tape is slowly peeled off the
Si0, surface at 80 °C while leaving monolayer graphene on the SiO,/
Si (Supplementary Video1).

As can be seen in the upper half of the optical image shown in
Fig.1b, monolayer graphene was transferred onto a SiO, surface with-
outdamages and contamination when the tape is exposed to UV light.
In contrast, many breaks were observed in the unilluminated area,
demonstrating the efficient control of adhesive force by UV light.
This is explained by the large reduction of the adhesive force of the
UVtape; UV light illumination reduced the adhesive force against a Si
wafer from 0.5 Nto 0.05 N for the tape with10 mm width. As displayed
in Supplementary Fig. 1, even millimetre-sized areas of graphene are
almost free from structural defects, indicating high reliability of the
transfer method. The UV-tape-assisted transfer is not restricted to
graphene grown on Cu(111) and can also be applied to the transfer of

monolayer graphene grown on polycrystal Cu foil and BLG grown on
a Cu-Ni(111) film (Supplementary Figs. 2 and 3).

Isolated grains of graphene can be used to follow the transfer pro-
cedure. Figure 1c,d show the Cu and SiO, surfaces imaged before and
after the electrochemical transfer of the hexagonal grains, respectively.
Onthe Cusurface, the original location of graphene grains canbe rec-
ognized, because the graphene prevents the oxidation of the covered
Cuareas (Fig.1c). Asthe graphene grains are also visible on the UV tape
afterthe electrochemical delamination (Supplementary Fig. 4), we can
monitor the quality of graphene throughout the whole transfer process
by optical microscopy. As shown in Fig. 1d and Supplementary Fig. 5,
thegraphene grains were successfully transferred onto aSiO, surface
without breaks, pinholes or wrinkling of their edges. In addition, no
adhesiveresidue or particles were observed on the graphene surface,
indicating very clean transfer.

To demonstrate the high reliability of our method, we conducted
ten repetitions of the graphene transfer process using 10 x 20 mm
substrates. AsshowninFig. 1e, our analysis reveals that all the transfer
batches give an average yield of 98.2 +1.09%, with the highest value
recorded at 99.3% (see Supplementary Figs. 6 and 7 for the details).
Ramanspectraofthe transferred graphene (Fig. 1f) showed clear Gand
2Dbandsat~1,588 and ~2,680 cm™, respectively, with the intensity ratio
ofthe 2D band to the Gband (/,5//;) being ~2. As canbe seenin Fig.1fand
Supplementary Fig. 8, the defect-related D band observed at ~1,350 cm™
is negligibly small, with the intensity ratio of the D band to Gband (///)
beingless than 0.05 for the mapped area (Fig. 1g). This proves that the
UV tape-transfer procedure did not induce damage to the graphene,
because the UV illumination power required for the adhesive layer is
sufficiently low and about half of the UV light is absorbed by the tape
before reaching the graphene (Supplementary Fig. 9).

The electrical characteristics of UV tape-transferred graphene
were investigated by fabricating field-effect transistors (FETs). Sup-
plementary Fig. 10 shows representative transfer curves of the FETs
measured at room temperature. The symmetric transfer curves suggest
the hole and electron mobilities are similar. The field-effect carrier
mobility was calculated for 95 devices, as shown in the histogram of
Fig. 1h (top). The maximum mobility reached 5,696 cm?V's™ and
4,793 cm? Vs for electrons and holes, respectively, with average
valuesof4,043 cm?V™'s™"and 3,359 cm? V's™. These average values are
substantially higher than those of PMMA-transferred graphene (Fig. 1h
(bottom)), being 3,031cm?V's?and 3,106 cm?>V'sforelectrons and
holes, respectively®. Therefore, the electrical measurement confirmed
the high quality of the graphene transferred by our UV tape. Recently,
UVtapehasbeen used for the transfer of graphene, but withrosin used
as a protecting layer for the graphene, which needs to be removed
afterwards®. Although the UV light facilitates the rosin removal, FETs
fabricated withthe transferred graphene showed high p doping, which
suggests the presence of residues on the graphene surface”.

The UV tape allows the fabrication of stacks of monolayer gra-
phene, as displayed in Fig. 1i. Three large graphene sheets of up to
50 x 50 mm were sequentially transferred onto SiO, using three UV
tapes (Supplementary Fig. 11), demonstrating the potential of our
method to produce vertically stacked 2D structures at large scales.
In addition, the mechanically robust UV tapes makes the large-area
transfer easier and more reproducible. Supplementary Fig. 12 and
Supplementary Video 2 show the successful transfer of 4 inch mon-
olayer graphene.

Comparison with other transfer methods

InFig.2a-fand Supplementary Fig.13, the monolayer graphene trans-
ferred with UV tape is compared with those transferred with PMMA,
whichis the most widely used protective layer®*?*, and with the TRT
used to transfer large-area monolayer graphene sheets duetoits con-
venience™, Thegraphene transferred with the UV tape (Fig. 2a) showsa
much cleaner surface with lower density of breaks than that transferred
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Fig.1|UV tape-assisted transfer of monolayer graphene and its
characterizations. a, Transfer process of monolayer graphene from Cu(111)/
sapphire to a SiO,/Si substrate using the UV tape. b, Optical micrograph of a
transferred graphene sheet. The upper half was exposed to the UV light, while the
lower half was kept dark. These images indicate that the UV light is essential for
the uniform transfer of graphene. ¢,d, Optical images of the as-grown Cu surface
with aligned graphene grains (c) and the graphene grains after transfer onto SiO,
(d). e, Transfer yield of a monolayer graphene sheet calculated for 10 transfer
batches. Inset is a photograph showing the removal of the UV tape, leaving
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graphene on the surface of a SiO,/Si substrate (10 x 20 mm?). f,g, Raman spectra
(f) and mapping of the /p/I; intensity ratio (g) of a transferred graphene sheet. The
numbersin findicate the measured positionsing. h, Histograms of the electron
mobilities of the graphene FETs. The monolayer graphene was transferred with
the UV tape (upper) and PMMA (lower). The measurement was conducted at
room temperature. i, Photograph of graphene stack made by transferring three
sheets of large monolayer graphene, where L1, L2 and L3 correspond to the first,
second and third transferred graphene layers, respectively. a.u., arbitrary units.

with PMMA (Fig. 2b). The TRT transferinduced damage in the graphene
and left many residues from the adhesive (Fig. 2c). The TRT contains a
heat-sensitive foaming agent in the adhesive layer to release the gra-
phene, and the resulting foam severely damaged the graphene (see
Supplementary Fig. 14 for the optical image of the tape surface).
Atomicforce microscopy (AFM) images of the UV-tape-transferred
graphene (Fig. 2d and Supplementary Fig. 13a) also prove that the
graphene surface is almost free from impurities, with a roughness
average (R,) of 0.24 nm, confirming the clean transfer of monolayer
graphene. In contrast, the PMMA-transfer induced some breaks in
the graphene (Fig. 2e and Supplementary Fig. 13b), while the TRT left
a high density of adhesive residues on the graphene surface (Fig. 2f
and Supplementary Fig.13c). The UV tape also showed amuch sharper
height distribution of the AFM images (Fig. 2g) than those of PMMA
and TRT. As seen in Supplementary Fig. 13d, the surface roughness
(R,) of the UV-tape-transferred graphene is much smaller than that of
PMMA-transferred graphene. We therefore conclude that the UV tape
transfer gives higher-quality graphene than that using PMMA and TRT.

The presence of contamination and residues due to the UV tape
was studied by X-ray photoelectron spectroscopy (XPS) analysis of both
the graphene and tape surfaces (Fig. 2h and Supplementary Table 1).
While the adhesive layer of the UV tape contains N atoms, the N peak
intensity was below the detection limit for the graphene after being
transferred onto a SiO, surface (Fig. 2h). This result also reflects the
clean transfer without tape residue on the graphene surface. From
the Raman 2D-G plot shown in Extended Data Fig. 1, the p-type dop-
ing induced by the PMMA and TRT was found to be suppressed in
the graphene transferred by the UV tape, while there was no notable
changein the strain.

Mechanism of UV-assisted transfer

In this work, we used specifically designed UV-sensitive adhesives
coated on polyolefin sheets. The adhesive is arandom copolymer
prepared by polymerization of three types of monomers, as shownin
Supplementary Table 2. The composition and thickness were optimized
with the aid of machine learning (least absolute shrinkage and selection
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Fig. 2| Comparison with other transfer methods. a-g, Optical (a-c) and AFM (d-f) images of graphene transferred with UV tape (a,d), PMMA film (b,e) and TRT
(cf).g, Height distributions calculated from the AFM images in d-f. h, XPS N, spectra measured for the tape surface, as-grown graphene on Cu(111)/sapphire and

transferred graphene onto a SiO,/Si substrate.

operator) to obtainsuitable ratios of the monomers, concentrations of
photopolymerization initiator and crosslinking agents for graphene
transfer. Details of the machine learning-based optimization are pre-
sented in Supplementary Fig. 15.

Before the UV illumination, the adhesive of the UV tape is suffi-
ciently soft to spread uniformly over the graphene surface. This pro-
motes effective contact between the adhesive layer and thegraphene,
enabling full transfer of the graphene. The UVilluminationin the pres-
ence of theinitiator induces a crosslinking reaction of the methacrylic
groups existing in one of the monomers, generating a network of the
random copolymers, asillustrated in Fig. 3a. This hardens the adhesive
layer, contributing to the detachment of graphene in the following
releasing step. If the adhesive remains viscous or rubbery, mechanical
deformations of the adhesive would induce unwanted breakages of
graphene with residual adhesive.

Inthe case of conventional polymer support layers, suchas PMMA,
a thin film consisting of isolated polymer chains is used. This poly-
mer layer is finally dissolved with organic solvent, but some polymer
chains (either isolated chains or entangled multiple polymers) tend
to remain on the graphene surface. However, in our UV tape, we used
across-linked copolymer as the adhesive layer so that polymer chains
are tightly bound with each other. Therefore, polymer residue can be
strongly suppressed. In addition, the UV light illumination further pro-
motes the crosslinking (Fig. 3a), thus facilitating residue-free transfer.

As a result, PMMA film needs to be very thin, because it needs
to be removed in the final transfer step. Such thin PMMA film cannot
completely prevent breakage and pinhole formationin the graphene
duringanelectrochemicalbubbling process. Incontrast,inour UVtape,
the adhesive layer is supported by -100-um-thick polyolefinsubstrate,
so the formation of breakages and pinholes is strongly suppressed.

To gain insights into the change of the adhesion force induced
by UV illumination, we performed density functional theory (DFT)
calculations. We compared the physisorption of the monomer model
consisting of two monomer structures with methacrylic groups
(Fig.3band Supplementary Fig.16a) and their dimer forms (Fig. 3cand
Supplementary Fig.16b) to study the change in van der Waals interac-
tion caused by polymerization. First, the geometric configurations of
these molecules as well as their distances to the basal graphene surface
were optimized. The adhesion force can be estimated by fitting the
change in energy (E) with respect to the adsorbate moving away from
the surface with the Morse potential function®*

E=Epy(1— e 6))

where E,q is the depth of the potential well that corresponds to the
adsorption energy, a is a constant that determines the width of the
potential well and Aris the vertical distance from the equilibrium posi-
tion. The maximum adhesion force F,,,, can be expressed as follows:

1
Frax = EaEad )

As shown in Fig. 3d, the F,,, value for the dimer model is smaller
than that of the monomer model. The adsorption energy of the dimer
(0.688 eV) is also smaller than that of the two monomers (0.925 eV). A
more detailed analysis of the DFT results is listed in Supplementary
Table 3. We also performed the DFT calculation for the polymerization
of ethylene molecules on the graphene surface (Supplementary Fig.17)
and obtained a tendency similar to the dimerization shownin Fig.3b-d.
The attractive m-m interaction between the monomer and graphene
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Fig.3|Mechanism of UV tape-assisted graphene transfer. a, Schematic

ofthe polymerization reaction induced by UV light in the presence of a
photopolymerizationinitiator. b,c, Models of molecules used to calculate the
adhesion force of the UV tape to graphene. Monomer (b) and dimer (c) represent
the chemical structures of the side chain of the adhesive copolymer before and
after the photopolymerization, respectively. Upper and lower panels show the

00—=00—00=00=00=00= -00—00—00—=00—00—00-

Monomer

Dimer

top and side views, respectively. Red, brown and pink are O, C and H atoms,
respectively, and grey are C atoms of graphene. d, Comparison of maximum
adhesion force (grey) and vertical distance between graphene and the molecules
(blue). The vertical distance was measured using the coordinates of the centre of
gravity of the molecules. Max, maximum.

is lost upon the polymerization, increasing the equilibrium distance
and weakening the adsorption. In addition, UV-induced polymeriza-
tionoccurs accompanied by the morphological change of the polymer
network, which leads to hardening of the adhesive layer. Therefore,
we think that mechanical hardening of the adhesive layer as well as
reduction of graphene-adhesive interaction allows us to transfer the
graphene sheet from the UV tape to SiO, without apparent damage to
thegraphene.

The adhesive force between the graphene and the substrate was
experimentally studied by scratching the graphene with the tip of a
cantilever of afriction force microscope (Supplementary Fig.18). The
measurementsindicated that the adhesion of graphene to the UV tape
afterilluminationis much weaker than that of graphene on Cu(111) and
SiO, substrates. This explains why monolayer graphene canbe released
onto aSiO, substrate from the UV tape in the final step.

Transfer of TMDs and fabrication of 2D
heterostructures

By optimizing the composition of the adhesive layer, CVD-grown
TMDs were also successfully transferred from their growth substrates
(sapphire) to SiO,/Si substrates without contamination. Figure 4a
shows opticalimages of triangular MoS, grains (left) and a continuous
MoS, sheet (right) taken after the tape transfer (see Supplementary
Fig. 19 for more optical images). The composition of the adhesive
differs from that used for graphene, as it was specifically tuned to
transfer TMDs (see Supplementary Table 2 for details). The adhesive
force of this tape changes from1.25 Nper10 mmto 0.1 N per 10 mm by
the UV light. As-grown MoS, was mechanically peeled off the growth
substrate (in our case, sapphire) with the aid of water'’, as electro-
chemical delamination is not possible on sapphire. Similar to the
graphene transfer, the MoS, transferred with the UV tape possessed
acleansurface, while the surface of the PMMA-transferred MoS, was
covered with polymer residue (Supplementary Fig. 20). As shownin
Fig.4b, the tape-transferred MoS, exhibited n-type semiconducting
behaviour, with a high electron mobility of 23 cm?V's™ (average
mobilityis 8.5 cm?V's™) and an on/offratio of >10°. The high carrier
mobility indicates that the quality of the monolayer MoS, is main-
tained even after the transfer with UV tape. Data for other devices
and comparison with previous literature of the CVD MoS, devices
are presented in Supplementary Fig. 21 and Supplementary Table 4,
respectively.

As mentioned later, unlike PMMA-mediated transfer, the final
releasing step does not require solvent so that we can fabricate TMD
devices on flexible plastic substrates. In addition, as the UV tape is
more mechanically robust than PMMA, we can apply this tape transfer
tolarge-area TMD wafers and cutitinto small pieces fromalarge TMD
wafer. In addition, the MoS, surface was found to be cleaner than that
transferred by PMMA (Supplementary Fig. 20). Moreimportantly, the
releasingstepis very simple: the UV tape/2D material stack is placed on
atargetsubstrate, and thetapeis slowly removed. This simple releasing
step greatly helps end users to develop their own electronic devices.

The UV tape method also allows us to fabricate heterostacks of
TMDs. Figure 4c and Supplementary Fig. 22 show optical images of a
heterostack of MoS, on WS,, produced by the sequential transferto a
SiO, substrate. Figure 4d and Extended Data Fig. 2 display scanning
transmission electron microscope (STEM) images of the cross-section
of the MoS,/WS, heterostack. Clear atomic structures of both MoS,
and WS, arerecognized in Fig. 4d, witha clean van der Waals interface
that is free from contaminants. The corresponding electron energy
loss spectroscopy (EELS) elemental mappings (lower panels of Fig. 4d)
confirm the presence of both MoS, and WS,.

Figure 4e shows the Raman spectra of MoS,, WS, and their over-
lapped region. The photoluminescence (PL) spectra measured at the
same regions (Fig. 4f) exhibit a strong quenching of the WS, PL in the
overlappedarea, indicating stronginterlayer coupling between MoS,
and WS,*, reflecting the clean interface of the 2D heterostack.

Transfer of multilayer hBN for graphene
heterostacks

Our transfer method is also applicable to large-area multilayer hBN
grown by CVD*. As shown in Fig. 4g,h, two sheets of multilayer hBN
and one of monolayer graphene of different sizes were successively
transferred onto aSiO, substrate using UV tapes. This allows us to study
four different configurations by Raman spectroscopy on asingle SiO,
substrate: hBN/Gr/hBN, hBN/Gr, Gr/hBN and Gr (note thatin the nota-
tion for the stacks, the material on the left is located on the top of the
stacks). Typical Raman spectra of the graphene in each configuration
are shown in Fig. 4i, in which graphene G and 2D bands as well as hBN
E, band are observed. Figure 4jand Supplementary Fig. 23 display the
Raman intensity mappings of the hBN E,, band. The data from Raman
measurements confirmed successful preparation of the graphene-hBN
heterostacks. The graphene 2D band becomes stronger when graphene
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Fig. 4| Transfer of other 2D materials and fabrication of stacked
heterostructures. a, Optical image of monolayer MoS, transferred onto a SiO,
substrate using UV tape (left, isolated MoS, grains; right, continuous MoS, film).
Inset: low-magnification image of the continuous MoS, film (scale bar, 1 mm).

b, Transfer curves of MoS, transistors. Inset: optical image of one of the device
channels (scale bar, 10 um). ¢, Optical image of a MoS,/WS, heterostructure
made by sequential transfer of MoS, and WS, onto SiO,.d, STEM image of the
cross-section of the MoS,/WS, heterostack (top) and EELS elemental mapping
images for Mo, W and S (bottom). e,f, Raman (e) and PL (f) spectra of MoS,,

WS, and their heterostructure collected from the areasindicatedin c. Insetin
fis the PLintensity map of WS,, indicating strong PL quenching of the WS, at
the overlapped area. g, Schematic of the successive transfer of multilayer hBN,
graphene and hBN onto a SiO,/Si substrate. h, Optical image of the graphene-
hBN heterostacks fabricated on a single SiO,/Sisubstrate. i, Representative
Raman spectra measured at the four different regions of h. j, Raman mapping
images of the intensity of the hBN E,, band. k, Histogram of the FWHM(2D)
distribution of graphene. The colours are the same as used for i.

is stacked with multilayer hBN, especially when the hBN is situated
underneath the graphene (Fig. 4i). As the full-width at half-maximum
of the 2D band (FWHM(2D)) is sensitive to strain and doping of the
graphene”?, it can be used to monitor the screening effect by hBN
multilayers. The FWHM(2D) of graphene is the narrowest in the hBN/
Gr/hBN structure (red in Fig. 4k), indicating that the sandwich struc-
ture is the most effective to screen out the influences of both the SiO,
substrate and gas adsorption. The graphene-on-hBN (Gr/hBN, green)
has anarrower 2D band than that with hBN on top (hBN/Gr, orange).
Thisindicates that the influence of the SiO, substrate is stronger than
that of surface gas adsorption.

The transfer of 2D materials onto SiO, using various methods is
awell-established practice. For example, the transfer process can be
facilitated by modifying the hydrophilicity of the SiO, surface. How-
ever, there are surfaces onto which the transfer of 2D materials can be
challenging, such as a Si substrate without a top SiO, layer. As shown
inSupplementary Fig. 24, itis difficult to fully transfer multilayer hRBN

onto a Si substrate using a PMMA support layer, as the hBN is partly
removed or broken when the PMMA is dissolved in acetone due to the
weak adhesion between the hBN and the Si surface. However, as the
tape method does not require any solvent, we could transfer hBN on
suchaninertSisurface (Supplementary Fig.24).

Cut-and-transfer method for patterned transfer
of 2D materials

In practical devices utilizing 2D materials, such as photosensors, the
total active area of the 2D materials required in one wafer is usually
very small. Hence, when transferring a large sheet of 2D material,
most of the area needs to be removed by lithography and etching
processes to leave small channels at predesigned positions. UV tape
transfer allows for an easy way to economize 2D materials by cutting
the tape with the 2D material already on it into small pieces with suit-
able sizes and shapes. These pieces can then be transferred at the
desired positions.
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Fig. 5| Cut-and-transfer process of MoS, and graphene. a, Photograph of the
delaminated MoS,/tape from a sapphire substrate with the UV tape. b, Cutting
the MoS,/tape with scissors. ¢, Resulting small pieces of the MoS,/tape ready for
transfer. d, Transferred MoS, pattern on a4 inch SiO, substrate. e, Optical image
of transferred 2.5 x 2.5 mm?MoS,. f, Final device array. g, Photoresponse of the
patterned MoS, FET under the specified illumination power densities. Inset: one
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of the MoS, FETs. h, Concept of artificially stacked BLG made by the cut-and-
transfer method. Using large, oriented monolayer graphene grown on Cu(111)/
sapphire, the BLG stack was made by transferring the cut tapes. i, Photograph
oftheartificially stacked BLG. j, Representative Raman spectra of monolayer
graphene (1L) and bilayer graphene with the four stacking angles.

To prove this concept, a UV tape holding monolayer MoS, was cut
into small pieces (2.5 x 2.5 mm?) (Fig. 5a—c). After placing the tape/
MoS, pieces on aSiO, substrate using a guide, each tape was removed
while heating the SiO, substrate at 80 °C. Owing to their mechani-
cal robustness, small-sized UV tape pieces are easier to handle than
the PMMA used in a previous work®. This ease of processing of the
UV tape-transfer process makes it a prime candidate for automated
processing®’, enabling improved transfer precision, quality and yield.
Figure 5d,e and Supplementary Fig. 25 show the pattern of mon-
olayer MoS, fabricated on a 4 inch SiO, wafer. Metal electrodes were
evaporated through a shadow mask for the fabrication of MoS, FETs
(Fig. 5f). The patterned MoS, device showed n-type carrier transfer and
clear photoresponseto visible light (532 nm wavelength), asshownin
Fig.5g. The cut-and-transfer process described here can greatly reduce
the required area of 2D materials, thus decreasing production costs
associated with synthesizing 2D materials at wafer scales.

The proposed cut-and-transfer method also allows precise control
over the twist angle of stacked 2D layers, analogous to the polymer
stamp methods currently used to produce stacks of exfoliated materi-
als**. With this method, we fabricated large areas of twisted BLG with
controlled twist angles. Employing a large sheet of oriented mon-
olayer graphene grown on Cu(111)/sapphire allows us to cut and stack

graphene sheets while controlling the twist angles, as illustrated in
Fig. 5h. Figure 5i shows a photograph of the artificially stacked BLG
made with the orientation-controlled monolayer graphene, in which
four small pieces and one large sheet of monolayer graphene were
stacked by using the UV tapes. The robustness of the tape allows us to
cutand handle small pieces of graphene while preserving their initial
angle, allowing the twist angle to be defined. The resulting Raman
spectra taken at different stacks (Fig. 5j) evidence characteristic sig-
natures of the given twist angles® supporting that the twist angle is
well controlled by our method.

Tape transfer on various targets and application
toinfrared and THz sensors

Our findings are developed to make a library of 2D tapes, which can
be available for end users, as displayed in Fig. 6a and Extended Data
Fig.3.To demonstrate the wide applicability and effectiveness of the UV
tape-transfer method, we transferred graphene and TMDs on a variety
of substrates. Monolayer graphene was transferred onto the surface of
aceramic mug (Fig. 6b and Supplementary Fig. 26), evidencing that the
UVtapeallows us to transfer onto curved surfaces of non-ideal materi-
als. TheUVtape transfer is also gentle enough to allow the transfer of 2D
materials over free-standing areas. This is demonstrated by the transfer
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sensor fabricated on a PEN substrate. The position of the monolayer graphene
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of graphene to a delicate grid for transmission electron microscopy
(TEM) (Fig. 6¢,d) and to aSiO, substrate with micrometre-wide trenches
(Fig. 6e and Supplementary Fig. 27).

Itis noteworthy that after contacting the tape with a 2D material
on a target substrate, the tape can be peeled off the substrate while
heating at moderately low temperatures (-80 °C). In addition, the
process does not require organic solvents to remove the support layer.
Such alow-temperature and solvent-free release process allows us to
transfer graphene and MoS, onto paper and plastic glasses (Fig. 6f,g
and Supplementary Fig. 26b,d). In addition, it is possible to make the
heterostacks of graphene and MoS, on a flexible polyethylene naph-
thalate (PEN) substrate, as shown in Fig. 6h. Overall, the UV tape has
proved to have a large versatility for the transfer of 2D materials to a
widerange of surfaces, even under non-ideal conditions. This flexibility
makes it areliable choice for various applications.

Monolayer graphene transferred onto a PEN substrate was used
for terahertz (THz) and infrared (IR) optical sensors*. The voltage
induced by THzwaves (A =577 um), passing through a paper envelope
enclosing a metallic knife and a piece of paper, was monitored by the
transferred graphene (Fig. 6i,j and Supplementary Fig. 28). The THz
mapping clearly reveals the presence of the blade, as evidenced by
alower transmissive THz response due to the reflection of the THz
waves (Fig. 6k). In addition, the edges of the paper were also detected
due to the scattering of THz waves. Graphene on a PEN substrate was
also employed to perform IR imaging of a matchstick and two pieces
of paper stored inside a black polyethylene bag (Fig. 6l). As shown in
Fig. 6m, the materials inside the bag were clearly recognized by the
graphene sensor due to their higher absorbance against the IR light.

Finally, we demonstrate athermalimaging device usingagraphene
pattern made on a 4 inch PEN substrate. UV tape supporting mon-
olayer graphene was cutinto 25 pieces, each 2.5 x 2.5 mmsquare. Each
graphene piece was transferred onto the transparent PEN substrate
at a predefined position to make a 5 x 5 device array connected to Ti
and Au electrodes (Fig. 6n,0 and Supplementary Fig. 29). The photo-
graphs showninFig. 6n,0 display the device structure. We successfully
detected far IR light emitted from a soldering iron rod with the gra-
phenedevice array (Fig. 6p, Supplementary Fig. 30 and Supplementary
Video3).Eveninthe presence ofan opaque sheet between the soldering
ironrod and graphene, we could detect the IR light with the graphene
sensors (Supplementary Video 4). In summary, graphene-based sen-
sors made with the present UV tape-transfer method offer a tool for
many purposes, such as security, impurity inspection, environment
protection and thermal management.

Conclusions

We have reported a transfer process of 2D materials using functional
tapes with adhesion force that is tuned by UV light illumination. Our
method can be applied to various wafer-scale 2D materials, includ-
ing monolayer graphene, BLG, TMDs and multilayer hBN, which are
grown on different substrates. The surface of the transferred 2D
materials is cleaner and has fewer defects and breaks compared to
conventional transfer methods. The technique can also be used to
make vertical stacks of multiple 2D materials and allows us to control
the stacking angle, which could be further developed by automated
processing. The robustness of the tape allows the 2D materials to
be patterned for electronic applications while reducing the size of
required materials, thus reducing material waste and lowering pro-
duction cost. Furthermore, as the releasing step can be done at low
temperatures without a solvent and the UV tape is mechanically flex-
ible, 2D materials can be transferred onto various target substrates
(including ceramics, paper and plastic) with different surface structures
(curved surfaces and surfaces with trenches or holes). Our transfer
method, which is based on ready-to-transfer 2D tape, is simple to use
and could stimulate the development of electronic applications based
on 2D materials.

Methods

Syntheses of 2D materials

Monolayer graphene was grown on 1-pum-thick Cu(111) film sputter
deposited on c-plane sapphire (Kyoceraand ADAMANT Namiki) by
ambient-pressure CVD at ~1,075 °C with a mixed flow of CH,, H, and
Ar (refs. 21,22). Electropolished Cu foil was also used to grow a sheet
of monolayer graphene. CVD BLG was grown on Cu-Ni(111) alloy film
deposited on c-plane sapphire®. Monolayer MoS, (WS,) were synthe-
sized by reacting MoO, (WO;) and sulfur on c-plane sapphire substrates
inan Ar flow***, Multilayer hBN was synthesized on Fe-Ni foil (Nilaco
20 pum thickness) in a diluted flow of borazine (B;N;H,) vapour in Ar
and H,gases at 1,200 °C (ref. 23).

Preparation of UV tapes

Compositions of the two UV tapes and the detailed preparation meth-
odsaredescribedinSupplementary Table 2. The adhesive force of the
UV tape was measured with a peel tester (VPA-H200, Kyowa Interface
Science Co.) against a Si wafer with a peeling-offspeed 0f 300 mm min™*
both before and after UV illumination.

Transfer of 2D materials
For transfer of 10 x 10 mm monolayer graphene grown on a Cu(111)/
sapphire substrate, we typically used aUV tape with alength of 60 mm
and a width of 10 mm. After attaching the tape onto graphene using
ahand roller, it was heated in an autoclave (5 atm, 50 °C) for 60 min.
Thenitwas illuminated with UV light with an intensity of -7 mW cmfor
75-90 sec, followed by the electrochemical delamination of the tape/
graphene stack fromthe Cu(111) surface. After washing with deionized
water, the tape/graphene was placed on a SiO,(300 nm)/Si substrate
and heated at 50-90 °C for 3 hours. Finally, the tape was peeled off
the graphene while heating at 80 °C. The tape/graphene stack can be
stored inanitrogen atmosphere in the dark (Supplementary Fig. 31).
The UV tape transfer of hBN was also conducted using a method
similar to that used for graphene. In the case of transfer of TMDs, UV
tape/MosS, (or UVtape/WS,) was peeled off the sapphire surface while
soaking in water, because the intercalation of water molecules between
MoS, and sapphire assists the delamination'. The details of the diffe-
rentUVtapesusedin thisstudy are describedin Supplementary Table 2.
For PMMA-based transfer, as-grown graphene was covered with
aPMMA layer by spin-coating, and the electrochemical delamination
of the PMMA/graphene stack was performed. After placing the stack
on a SiO,/Si substrate, the PMMA film was removed by immersing in
hot acetone (typically 80 °C, 10 hours). TRT (Nitto Denko, Revalpha
No0.319Y-4MS) was also used to transfer monolayer graphene. The
TRT was directly attached onto the as-grown graphene on Cu(111),
followed by electrochemical delamination. The TRT/graphene stack
was placed on a SiO,/Si substrate and heated at 120 °C to detach the
TRT from the graphene.

Characterizations

Optical images and laser microscope images were measured with
Keyence VHX-7000 and Lasertech OPTELIX, respectively. The laser
microscope was effective to observe 2D materials on the tape surface.
The surfaces of 2D materials were characterized by AFM and a fric-
tion force microscope (Bruker Nanoscope V and Hitachi High-Tech
AFM5300). Raman and PL spectra were collected with a Tokyo Instru-
ments Nanofinder 30 using 532 nm laser excitation. The large-area
Raman mapping shown in Supplementary Fig. 23 was measured with
a Renishaw inVia Qontor confocal Raman microscope using 532 nm
excitation. XPS was measured with an ULVAC-PHI Quantum 2000.
The cross-section of the MoS,/WS, heterostacked specimen was fab-
ricated using a focused ion beam with a Hitachi High-Tech NX-2000.
Both the cross-sectional STEM images of the MoS,/WS, heterostack
and the top-view images of the tape-transferred monolayer gra-
phene were measured using a JEOL Triple-C#3, an ultrahigh vacuum
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ARM200F-based microscope equipped with a DELTA corrector and
a cold field-emission gun operating at 60 kV. The probe current was
approximately 15 pA, and the convergence semi-angle and inner acqui-
sition semi-angle were 37 and 76 mrad, respectively. EELS core-loss
spectrawere obtained using a Gatan Rio CMOS camera optimized for
low-voltage operation.

DFT calculations
The Vienna ab initio Simulation Package v.5.4.4 (ref. 36) was used
for periodic DFT calculations for the model monomers and dimer
on the graphene surface. The generalized gradient approximation
described by Perdew-Burke-Ernzerhof*’ was adopted. For dispersion
correction, the D3 method with the Becke-Johnson damping func-
tion*® was employed. The Kohn-Sham equation was solved using the
projector-augmented wave method®. The energy cutofffor the plane-
wave basis set and the electronic self-consistent field threshold were
setto 500 eVand1.0 x 1075 eV, respectively. Brillouinzone sampling on
agrid withaspacing of 21t x 0.05 A was used. The atoms in the system
were relaxed until the forces on all atoms were less than 0.05 eV A™.
The graphene surface contains 72 carbon atoms. After adding a
vacuum space of about 20 A on the surface, geometry optimization
resulted inlattice parameters of 14.80 x 12.82 x 20.0 A (a = =y = 90°).
The vacuum space was added to avoid interactions between periodic
slabs. The obtained graphene surface was set to adsorb two monomers
or one dimer. The initial structures for the DFT calculations of the
adsorption structures were generated using the quench dynamics
method, a means of searching for low-energy structures in confor-
mational space. The quench dynamics simulations were performed
using the Forcite module implemented in Materials Studio software,
where the COMPASSIII force field*° was used, with other computational
settings described elsewhere®. The five most stable conformations
obtained from the quench dynamics simulation were selected, and
they were optimized with DFT. The structure thus obtained for each
modelisshowninFig.3b,c. Visualization of these structures was done
using the VESTA software package*.

Fabrication and measurement of 2D devices

After transferring graphene with UV tape onto a SiO, (300 nm)/Si
substrate, photolithography and O, plasma treatment and electrode
metal deposition were used to make channels and electrode patterns,
asreported elsewhere?. The channel width of the graphene FETs was
~4 um, while channellengths of 9,20 and 50 um were used, with mobil-
ity showing no strong dependence on the length. Metal electrodes
(Au(20 nm)/Ni(3 nm)) were deposited by electron beam evaporation,
followed by lift-off. The FETs were measured at room temperature in
vacuum (<5 x 107 Pa) using a Keysight Technologies BISOOA semicon-
ductor device parameter analyser.

For MoS, transistors (Fig. 4b), large grains of monolayer MoS,
were used as channels. Monolayer MoS, samples transferred by the
three different support materials—UV tape, PMMA and TRT—were
used as channels for the comparison (Supplementary Fig. 21). After
photolithography, Au/Ni metal electrodes were deposited, followed
by lift-off. The channel length of the MoS, FETs was 5 um and the chan-
nel widths were 5-20 pm as the MoS, grains were not patterned. The
arrays of MoS, devices shownin Fig. 5f were fabricated by transferring
cut MoS,/tape (2.5 x 2.5 mm) onto SiO,/Si, followed by Au electrode
evaporation through ashadow mask with achannellength of 1.0 mm.

Fabrication and measurement of THz and IR sensors

Monolayer graphene was transferred onto a PEN substrate, followed
by cutting into small pieces (about 3 mm x 6 mm) for attaching elec-
trodes to use as a sensor (Fig. 6i). The fabrication process of the gra-
phene sensor consists of wiring with conductive paste for readout
electrodes, curing the electrodes at 120 °C for 10 minutes and connect-
ing the device with a multiplexer datalogger (Keysight Technologies,

34980A-34923A/T). The readout condition of the datalogger was set to
100 nVresolution and 1 Hz scanning speed. We used a frequency mul-
tiplier (A =577 um, Virginia Diodes, Custom Modular Tx-Transmitter)
and aquantum cascade laser (1= 6.13 pm, Hamamatsu Photonics, QCL
L12007-1294 H-C) asthe THz and IR sources, respectively. The graphene
channel-ground electrode interface serves as the photo-detection
interface. The device exhibits direct current voltage signals against
externalirradiationunder photo-thermoelectric effect. The THzand IR
imaging measurements are transmissive mode, and this work utilized
motorized digital stepping stages and astage controller to manage the
spatial positions of the imaging targets. The stepping unit was set to
1mm. Detailed experimental conditions can be found elsewhere***,

Fabrication and measurement of passive photo-thermal
imaging devices

The UV tape supporting monolayer graphene was cut into small pieces
(2.5 x2.5mm). The 25 pieces were attached to a4 inch PEN substrate at
fixed positions tomake a5 x 5array, followed by removing all the tapes.
Then, Tiand Au electrodes were separately deposited by electron beam
deposition using two different metal masks (Fig. 6nand Supplementary
Fig.29).Inthe passive imaging measurements, we used acommercial
solderingironrod (Quick Heat solderingiron, TQ-95, Taiyo Electric Ind.
Co.Ltd.) asathermalradiation source. The device array was controlled
with LabVIEW software, and the passive photo-thermoelectricimages
were processed using Origin software.

Data availability
The data that support the findings of this study are available from the
corresponding author upon reasonable request.
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Extended Data Fig.1| Comparison of doping and strain induced by the graphene transfer processes. Raman 2D and G band positions are plotted to clarify the
dopingand strainin the transferred graphene. The p-type doping induced by PMMA and TRT is strongly suppressed in the UV tape-transferred graphene, while there is

no essential difference in strain.
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Extended Data Fig. 2| STEM images of the MoS,/WS, heterostack. Cross-sectional STEM images of the MoS,/WS, heterostack with different magnifications. The
images show a clean interface between the MoS, and WS, monolayers, supporting the effectiveness of the tape transfer for making vertical heterostacks of various 2D
materials.
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Extended Data Fig. 3 | Library of 2D materials tapes. Photograph of tapes the color of the graphene tape looks slightly different. These tapes are ready
already having monolayer graphene, multilayer hBN, monolayer MoS, and to transfer the 2D materials onto various substrates after heating at 50-90 °C,
monolayer WS, on them. As the tape used for graphene and others are different, followed by removing the tape.
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