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van der Waals (vdW) layered materials have attracted much attention because their physical properties can be

controlled by varying the twist angle and layer composition. However, such twisted vdW assemblies are often

prepared using mechanically exfoliated monolayer flakes with unintended shapes through a time-consuming

search for such materials. Here, we report the rapid and dry fabrication of twisted multilayers using chemical

vapor deposition (CVD) grown transition metal chalcogenide (TMDC) monolayers. By improving the adhesion

of an acrylic resin stamp to the monolayers, the single crystals of various TMDCmonolayers with desired grain

size and density on a SiO2/Si substrate can be efficiently picked up. The present dry transfer process

demonstrates the one-step fabrication of more than 100 twisted bilayers and the sequential stacking of

a twisted 10-layer MoS2 single crystal. Furthermore, we also fabricated hBN-encapsulated TMDC

monolayers and various twisted bilayers including MoSe2/MoS2, MoSe2/WSe2, and MoSe2/WS2. The

interlayer interaction and quality of dry-transferred, CVD-grown TMDCs were characterized by using

photoluminescence (PL), cathodoluminescence (CL) spectroscopy, and cross-sectional electron

microscopy. The prominent PL peaks of interlayer excitons can be observed for MoSe2/MoS2 and MoSe2/

WSe2 with small twist angles at room temperature. We also found that the optical spectra were locally

modulated due to nanosized bubbles, which are formed by the presence of interface carbon impurities.

The present findings indicate the widely applicable potential of the present method and enable an efficient

search of the emergent optical and electrical properties of TMDC-based vdW heterostructures.
Introduction

van der Waals (vdW) heterostructures of two-dimensional (2D)
materials have recently been studied intensively because of
their emergent physical properties and potential
applications.1–7 In particular, stacked 2D materials with mis-
aligned crystal orientation generate a long-range periodic
potential as visualized by a moiré pattern. Because this moiré
pattern depends on the twist angle between two layers as well as
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the constituent materials, many studies have focused on the
twist-angle-dependent properties of various 2D materials, such
as graphene, hexagonal boron nitride (hBN), and transition
metal dichalcogenides (TMDCs). Such twisted vdW systems
show various properties including superconductivity,8 ferro-
electricity,9,10 and moiré-related excitonic states.11–14 It is note-
worthy that this progress has been driven by the development of
sophisticated transfer techniques for 2D materials.

Many studies have reported ways of improving the transfer
technique of 2D materials with controlled twist angles and
various components. The transfer was oen conducted by using
solution assisted or wet etching processes of substrates.15–17 In
contrast, dry transfer techniques were also developed to prepare
vdW heterostructures with a clean 2D–2D interface.18–21 Even
though much progress has been made in the dry transfer
technique, the search for thin and sufficiently large akes of 2D
materials is still very time-consuming. This is because akes of
2D materials are usually exfoliated from a bulk layered crystal
onto a substrate as a mixture of various layer numbers and
shapes. To overcome the limitations posed by this method,
current research employs two major approaches. One approach
Nanoscale Adv., 2023, 5, 5115–5121 | 5115
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Fig. 1 Twisted multilayers fabricated from CVD-grown TMDC
monolayers. (a) Schematic of CVD growth of monolayer TMDC single
crystals and assemblies into vdW twistedmultilayers. Optical images of
CVD-grown (b) WS2 and (c) WSe2 monolayer grains, and (d) stacked
bilayers of WS2 and WSe2. The scale bars are 50 mm. (e) Optical images
of 10-layer twisted MoS2 in each fabrication step. The scale bars are 10
mm. Arrows indicate newly stacked monolayer MoS2 single crystals in
each fabrication step.
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is the use of a robotic search system, which can dramatically
reduce the time needed for a person to explore monolayers with
sufficient ake size.22 The other is the preparation of 2D mate-
rials by direct vapor-phase growth rather than by mechanical
exfoliation.23–27 In particular, recent advances in chemical vapor
deposition (CVD) growth enable the preparation of large-area
polycrystalline lms and single crystals of TMDC monolayers
on a wafer-scale substrate.28–31 In addition, triangular single
crystals of TMDCs enable easy determination of the crystal
orientation, allowing easy control of twist angles. Indeed, the
use of such CVD-grown polycrystalline TMDC lms and single
crystals has recently enabled fast, continuous fabrication of
vdW heterostructures.23–27 For example, Mannix et al. demon-
strated the fabrication of solid materials consisting of 80 layers
of MoS2 and twist-controlled 4-layer WS2, respectively, by using
a robotic assembly with a multi-component polymer stamp.26

Despite these great advances, there have been only a few reports
on dry transfer and its effect on the optical properties of CVD-
grown TMDCs.26,32 This is presumably due to the technical
difficulties encountered in the growth and dry transfer of CVD-
grown TMDC single crystals. One of the major technical diffi-
culties is the efficient peeling of CVD-grown monolayers from
growth substrates. In general, CVD-grown monolayers are
known to adhere strongly to growth substrates compared to
exfoliated akes. In addition, the adhesion of polymers used for
the dry transfer is highly dependent on the process tempera-
tures, which are not optimized for most polymers. Compared
with the solution or chemical assisted transfer of CVD grown
TMDCs,33–36 the dry transfer should keep the intrinsic properties
of as grown TMDCs because the solution processes induce
physical or chemical property modulations of TMDCs.37–39 To
expand the versatility of this growth-assisted approach, it is
highly desirable to demonstrate the dry transfer and investigate
its effects on physical properties.

In this study, we report the rapid and dry fabrication of
twisted multilayers of CVD-grown TMDCs using a simple acrylic
resin stamp. We introduced the melting and solidication
process of an acrylic resin stamp in contact with the sample to
improve the adhesion of the stamp. This improvement allows
us to efficiently pick up the single crystals of various TMDC
monolayers with desired grain size and density from the SiO2

surface, and to perform high-throughput and continuous dry
transfer. The present process demonstrates the one-step fabri-
cation of more than 100 twisted bilayers, and the creation of 10
layers of MoS2 single crystals with different crystal orientations.
Furthermore, the hBN encapsulated monolayers and hetero-
bilayers (MoSe2/MoS2, MoSe2/WSe2, and MoSe2/WS2) were
created and their twist angle dependent properties were char-
acterized by photoluminescence (PL). We have also investigated
the local optical properties of monolayer MoSe2 by cath-
odoluminescence (CL) spectroscopy. The bubbles were
observed by cross sectional analysis.

Results and discussion

First, we demonstrate a high-throughput and continuous dry
transfer method for creating vdW heterostructures based on
5116 | Nanoscale Adv., 2023, 5, 5115–5121
a large number of monolayer TMDC single crystals. A major
advantage of the CVD process is the controllability of the size
and density of single-crystal grains. The small size of the grains
ensures the simultaneous transfer of a large number of
samples, as shown in Fig. 1a. Fig. 1b and c show the optical
images of a large-area WS2 single crystal with a size of 170 mm
(Fig. 1b) and high-density, small-area WSe2 single crystals with
a size of around 10 mm (Fig. 1c). Regarding the edge structure,
our previous studies have revealed that metal-terminated zigzag
edges are formed along the triangular grain edges under the
present growth conditions.40,41 It should be noted that the exact
edge congurations including the edge reconstruction and the
step edge cannot be identied simply from the grain shape
alone.42–44 These individual crystals are oriented in random
directions owing to the non-epitaxial growth on the amorphous
SiO2 surface. First, the large WS2 crystal was lied with a stamp.
This large WS2 crystal was then used to li smaller WSe2 crys-
tals. Finally, WSe2/WS2 bilayers were transferred onto a new
SiO2/Si substrate. This single stacking process yields more than
100 twisted bilayers of WS2 and WSe2 with different crystal
orientations (Fig. 1d). The process was completed in about 1–2
hours. The present dry transfer process enables the continuous
stacking of a twisted 10-layer MoS2 single crystal (Fig. 1e). The
fabrication of such a large number of vdW heterostructures
could be useful for exploring the physical properties depending
on the twist angle and layer composition.

The present dry transfer has been conducted by using an
acrylic resin stamp prepared on glass slides, as reported previ-
ously.22 The stamp was rst contacted with the TMDC samples
on a hotplate with a motorized xyz stage (Fig. 2a). The sample
© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 Dry transfer process with the acrylic resin stamp. (a) Schematic
of the transfer system used in the present study. (b) Optical images of
MoS2 grains in contact with the stamp (top) at room temperature and
(bottom) during heating. (c) Schematic of the transfer process
including (i) the contact of the stamp with the sample, (ii) heating to
melt the stamp, (iii) cooling to solidify the stamp, and (iv) lifting the
stamp to pick up TMDC monolayers. Optical images of CVD-grown
grains of MoS2 (d) before and (e) after stamp lifting. The scale bars are
200 mm. White dotted lines indicate the areas in contact with the
stamp.

Fig. 3 Evaluation of interlayer interaction for twisted bilayer MoS2. (a)
Optical images of four representative twisted bilayers with different
twist angles for CVD-grown MoS2. Scale bars are 5 mm. (b) Room-
temperature PL spectra and (c) PL peak positions for direct and indirect
optical transitions for 16 twisted bilayer MoS2 with different twist
angles. Black line shows the PL peak of the A exciton of MoS2, whereas
the red line indicates the PL peaks derived from an indirect gap.
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and stamp were then heated with a hotplate, which soened
and spread the acrylic resin around 100 °C (Fig. 2b). To li the
CVD monolayers, the stamp and sample were heated at 160 °C,
and then cooled to 50 °C in the present study. Aer cooling, the
stamp was gradually peeled from the substrate (Fig. 2c).
Notably, the introduction of melting and solidication
processes of the stamp improves the adhesion of the stamp to
the monolayer akes. This improvement enables us to pick up
efficiently the single crystals of various TMDC monolayers from
the SiO2 surface. Fig. 2d and e show the typical optical images of
monolayer MoS2 grown on a SiO2/Si substrate before and aer
the contact and peeling of stamps, respectively. This process led
to the liing of almost all grains in contact with the stamp.
Without cooling, the soened stamp tends to remain on the
substrate, and liing the TMDCs from the substrates is difficult.
The liing yield also depends on other factors such as growth
substrates. For example, TMDCs grown on single crystal
sapphire substrates can hardly be lied directly by the stamp
probably due to the strong adhesion between TMDCs and single
crystal sapphire. Further studies are required to understand the
interaction between TMDCs and growth substrates in the
future. In the following, we will focus on the PL properties of
dry-transferred, CVD-grown TMDCs.

The interlayer interactions of such vdW heterostructures
were then investigated by PL spectroscopy for twisted MoS2
© 2023 The Author(s). Published by the Royal Society of Chemistry
bilayers. Fig. 3a shows the representative optical images of four
twisted MoS2 bilayers with different twist angles. The PL spectra
of 16 different twisted MoS2 bilayers are shown in Fig. 3b. These
samples show two prominent PL peaks at 1.8 eV and 1.6 eV,
which are due, respectively, to the direct transition associated
with the free excitons (A exciton) and the indirect transition.45

The A exciton is almost independent of the twist angle, while
indirect transitions show a low energy shi at twist angles of 0°
and 60° (Fig. 3b and c). These trends are consistent with
previous studies and can be explained by the difference in the
interlayer distance.46 We further investigated the surface quality
of these transferred TMDC homobilayers using atomic force
microscopy (AFM) as shown in Fig. S1.† The height of the top
transferred layer (0.8–0.9 nm) is comparable with that of the
bottom layer (0.8–0.9 nm), which indicates a well coupling
between the two layers. These results indicate a sufficient
interlayer interaction in the present vdW heterostructures ob-
tained by dry transfer of CVD-grown TMDC monolayers.

To improve sample quality, TMDC heterobilayers were
encapsulated into hBN by using the present dry transfer
process. PL measurements reveal that the hBN encapsulation
process releases inhomogeneous lattice strain for monolayer
TMDCs grown on the SiO2 surface (Fig. S2†). Fig. 4a and b show
the optical and PL images of the hBN-encapsulated MoS2/MoSe2
heterostructure on an SiO2/Si substrate, respectively. In Fig. 4b,
bright PL can be observed from small triangles of monolayer
MoSe2 around the larger grain of monolayer MoS2. Further-
more, the dark small triangles within the monolayer MoS2
single crystal correspond to MoS2/MoSe2 heterobilayers with
various twist angles. The weak PL signal in the stacked area is
mainly from the charge and energy transfer induced PL
quenching of A excitons of MoS2 and MoSe2. Fig. 4c shows the
PL spectra of these twisted heterobilayers measured at room
Nanoscale Adv., 2023, 5, 5115–5121 | 5117
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Fig. 4 PL properties of MoS2/MoSe2 heterobilayers with various twist
angles. (a) Optical images of hBN encapsulated MoS2/MoSe2 hetero-
bilayers. (b) PL intensity image (smaller white triangles are 1L MoSe2
and larger triangle is 1L MoS2, and the dark triangles within MoS2 are
twisted area). Scale bars are 10 mm. (c) Room-temperature PL spectra
of the twisted area with various twist angles. The dashed line indicates
the trend of the interlayer exciton peak. (d) PL peak positions of the
intralayer exciton from MoS2 and MoSe2, and the interlayer exciton
from the MoSe2/MoS2 heterobilayer with different twist angles. (e)
Fitting results of the PL spectra of the hBN encapsulated MoSe2/MoS2
twisted bilayers at 3°, 28°, and 60° twist angles.

Fig. 5 Cathodoluminescence (CL) analysis of hBN-encapsulated
monolayer MoSe2. (a) STEM image of hBN-encapsulated monolayer
MoSe2 suspended on a TEM grid. (b) CL map at 1.57 eV of the same
area as (a). Scale bars in (a) and (b) are 1 mm. (c) CL spectra recorded at
the positions indicated by P1, P2, P3, and P4 in (a). The inset shows
a schematic of the CL measurement under electron beam excitation.
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temperature. Here, clear peaks derived from interlayer excitons
were observed at 1.35 eV for the heterobilayers with smaller (or
larger) twist angles of 3, 5 and 60°. These peaks can be assigned
to interlayer excitons as reported in a previous study.47 In
contrast, such peaks can be hardly detected for the other
intermediate twist angles. This indicates a crystal orientation
induced variation in interlayer coupling strength.48,49 The PL
peak energies are summarized in Fig. 4d. Furthermore, the peak
shapes of A excitons at lower (or higher) twist angles become
asymmetric and broadened compared with those at interme-
diate twist angles. The spectral decomposition results show that
there is new peak at lower (or higher) twist angles (Fig. 4e),
which probably comes from the atomic reconstruction within
the moiré unit cell.14 Other hBN encapsulated heterobilayers of
MoSe2/WSe2 and MoSe2/WS2 were also investigated (Fig. S3–
S5†). Further investigation including low temperature
measurements will be required to fully understand the twist
angle dependent excitonic properties of TMDC-based
heterobilayers.

Finally, the quality and challenges of dry transfer samples
are discussed. In the present samples, the dot-like reduction of
PL intensities was frequently observed in the PL intensity map
5118 | Nanoscale Adv., 2023, 5, 5115–5121
(Fig. S6†). This corresponds to the positions of bubbles formed
in the hBN encapsulated monolayer MoS2. The peak energies
show slight variations within a few tens of meV at different
positions. This is derived from the bandgap modulation due to
inhomogeneous lattice strain, which was induced by contami-
nation and folding introduced during the present dry transfer
process. To obtain local optical properties at higher spatial
resolution, a cathodoluminescence (CL) experiment was carried
out using a scanning transmission microscope (STEM) equip-
ped with a parabolic mirror and a spectrometer.50 In the present
system, an electron beam can be focused down to 1 nm scales.
Fig. 5a shows the STEM darkeld (DF) image of hBN encapsu-
lated MoSe2 on a SiN TEM grid. In the DF image, bubbles and
cracks can be clearly identied within the MoSe2 grain. The CL
map of the same area at 1.57 eV (Fig. 5b) shows weaker signals
within the bubbles or cracks compared to the at areas. As
shown in Fig. 5c, the CL spectra at different positions (P1–4)
show the variation of the CL intensity and peak energy even for
relatively at regions such as P2, P3, and P4. This indicates the
difficulty of obtaining strain-free TMDC samples even aer the
hBN encapsulation. In future, this issue needs to be addressed
through improvements in the transfer and post-transfer
processes.

It is noted that the bubble area around P1 shows a quench-
ing of CL, suggesting energy and/or charge transfer to impuri-
ties in the bubbles. The CL quenching may also result from the
difference in surrounding hBN layers due to the bubble
formation. To identify the impurities in bubbles formed in the
present process, the cross-sectional structure was observed by
STEM. Fig. 6a shows the STEM image of hBN-encapsulated
monolayer MoS2. This sample was prepared by dry transfer
under vacuum (10−3 Pa) to reduce the contamination of water
and oxygen in air for elemental analysis. It is noted that the
© 2023 The Author(s). Published by the Royal Society of Chemistry

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d3na00371j


Fig. 6 Cross-sectional structural analysis of hBN-encapsulated MoS2
stacked in a vacuum. (a) Cross-sectional STEM image with bubbles. (b)
EDS mapping of the selected area (dotted rectangle) in (a). (c) Line
elemental analysis along the red line in (a). Light red and green regions
are MoS2 and the bubble area, respectively.

Paper Nanoscale Advances

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

4 
Se

pt
em

be
r 

20
23

. D
ow

nl
oa

de
d 

on
 3

/1
/2

02
6 

1:
17

:1
2 

A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n 

3.
0 

U
np

or
te

d 
L

ic
en

ce
.

View Article Online
bubbles still can be seen as shown in Fig. 6a. Energy dispersive
spectroscopy (EDS) mapping shows that carbon is the main
element in the bubble area (Fig. 6b and c). In the image, carbon
impurities exist between monolayer MoS2 and bottom hBN.
Considering the hBN exfoliation by adhesive tape, the origin of
these carbon impurities is probably from organic materials on
the adhesive tape. These impurities may be removed by a post-
exfoliation annealing process. Even though further efforts are
needed to overcome these disadvantages, it is noteworthy that
the present ndings provide a clue to improve the sample
quality of vdW heterostructures prepared by the dry transfer of
CVD-grown TMDCs.
Conclusions

We have investigated the dry transfer process that employs
simple acrylic resin stamps and characterized the optical
properties of transferred CVD-grown monolayer TMDCs. The
present study demonstrated a simple and rapid way of fabri-
cating a variety of TMDC-based twisted multilayers. To improve
the dry transfer process, we introduced the melting and solid-
ication process of the acrylic resin stamp. This improvement
allows us to efficiently pick up the single crystals of CVD-grown
TMDC monolayers from the SiO2 surface. It should be noted
that the present transfer is not a fully automated system,
although motorized stages were used in our setup. A fully
automated system is very powerful to search for monolayer
akes in exfoliated samples, because searching for monolayer
akes with the desired size is themost time-consuming process.
Importantly, we can skip the search process by using CVD-
grown TMDC samples, where the size and density of the
monolayers can be controlled by the growth conditions and the
crystal orientation can be easily identied. This allows us to
perform high throughput and continuous dry transfer. Because
of the simplicity of the process and setup, we believe that this
approach is not only scalable but also easy to use for many
researchers. PL spectroscopy revealed a sufficient interlayer
interaction in the twisted MoS2 bilayers obtained by the present
dry transfer. Furthermore, the good interlayer coupling was also
supported by the observation of room temperature interlayer
© 2023 The Author(s). Published by the Royal Society of Chemistry
excitons and their twist angle sensitive properties for hBN
encapsulated heterobilayers with various twist angles. The local
bandgap modulation and quenching were investigated by CL
imaging and spectroscopy. Importantly, nanoscale bandgap
variation was observed even for at regions in the hBN-
encapsulated MoS2 monolayer. Cross-sectional STEM analysis
suggests that the PL/CL quenching is derived from the carbon
contamination in bubbles. These ndings provide a basis for
fabricating high-quality vdW heterostructures. This is also
important for investigating the emergent electrical and optical
properties of these vdW heterostructures, and for future device
applications in electronics and optoelectronics.
Experimental method
Sample preparation

TMDC monolayers, including MoS2, WS2, WSe2, and MoSe2,
were grown on SiO2/Si (SiO2 thickness: 285 nm) substrates by
CVD, as reported previously.40,51,52 For large-area WS2 growth,
the substrate was placed in a quartz tube with WO3 powder (300
mg) and sulfur akes (2 g). Aer lling the quartz tube with N2

gas at atmospheric pressure (and a constant ow rate of 600
sccm), the temperature of the WO3 powder was gradually raised
to 1050 °C using an electric furnace, to supply W precursors to
the downstream substrate. Once the target temperature was
reached, the sulfur was heated at 180 °C for 10 min with
a second electric furnace. Then, the entire system was imme-
diately cooled using an electric fan. The same growth condi-
tions were employed for MoS2, MoSe2, and WSe2. MoS2 was
grown with MoO2 (100–250 mg) at 850–1000 °C under N2 gas
(200–300 sccm) for 5–10 min. The growth temperatures were
changed to obtain single crystals of different sizes and densi-
ties. WSe2 was grown with Se beads (2 g) instead of sulfur akes,
and the Se was heated at 385 °C for 2 min under H2 (3%)/N2 gas
at a ow rate of 300 sccm. Similarly, MoSe2 was grown with
MoO2 powder (100mg) and Se beads (2 g) at 820 °C with amixed
gas of 400 sccm N2 and 1.2 sccm H2, and the Se was heated at
420 °C for 2 min. Salt-assisted CVD was also employed to
prepare monolayer MoS2 and WSe2 single crystals for hBN
encapsulation.53,54 Thin akes of MoS2 and hBN were prepared
on SiO2/Si substrates by mechanical exfoliation of bulk MoS2
(SPI supplies) and bulk hBN,55 respectively.
Transfer process

The transfer of TMDC samples was performed through the
polymer-assisted liing and peeling process using acrylic resin
stamps of the type reported in a previous study.22 First, 1.8 mg of
acrylic resin (Elvacite 2552C, Mitsubishi Chemical America) was
dissolved in anisole (1.4 mL, Tokyo Chemical Industry Co., Ltd).
A droplet of the solution was deposited on a glass slide and then
dried on a hotplate at 185 °C for 30 min. This generates a dome-
shaped stamp of acrylic resin with a size of 1 mm. The glass
slide and the SiO2/Si substrate were xed in a lab-made transfer
system with xyz stages, a hot plate, and an optical microscope
(Fig. 2a). To li the TMDC samples from the substrates, the
stamp was brought into contact with the samples at room
Nanoscale Adv., 2023, 5, 5115–5121 | 5119
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temperature. Each sample was then heated at 160 °C for 10 min
on a hotplate. Aer the heating step, the hotplate was cooled to
50 °C using an electric fan. The stamp was then gradually lied
from the substrate with a motorized stage. To peel the sample
from the stamp, the stamp was placed on a target substrate at
room temperature and melted at 185 °C. Finally, the acrylic
resin on the substrate was washed away with chloroform. For
hBN encapsulation, the exfoliated akes of hBN were lied by
the same process, and used as a stamp to li the TMDC
monolayers. The liing of the TMDC monolayers is enabled by
the strong interlayer vdW interaction of the atomically at,
clean surface of hBN. Finally, hBN/TMDC was placed on
another hBN ake for encapsulation.
Characterization

Optical images were recorded with an optical microscope
(Nikon, ECLIPSE-LV100D). PL spectra were recorded by using
a micro-spectrometer (Renishaw, inVia) with an excitation laser
operating at 532 nm. Low-temperature PL was obtained by
using a lab-made optical setup with a cryostat under vacuum
conditions (<10−4 Pa). A continuous-wave (cw) semiconductor
laser operating at 635 nm was used as the excitation source for
the PL measurements. The laser was focused using a 50×
objective lens. The PL signals were collected using the same
objective lens and detected with a cooled charge-coupled device
(CCD) through a spectrometer. Cathodoluminescence
measurement was carried using a modied STEM (JEM-2100F,
JEOL, Japan) at an acceleration voltage of 80 kV. An
aluminum parabolic mirror was used to collimate the CL
emission from the sample. The signal was nally recorded
using a spectrometer with a CCD camera.
Author contributions

H. N., Y. Ma., W. Z., M. K., K. H., T. O., and T. E. prepared TMDC
samples and performed the characterization. T. S. conducted
CLmeasurement. K. W. and T. T. prepared bulk crystals of hBN.
H. N. conducted low-temperature PL measurements with K. M.
Y. Mi. developed the concept and supervised the project. H. N.,
Y. Ma, W. Z., H. E. L., Y. N., and Y. Mi. prepared the gures and
wrote the paper. All authors discussed the results and com-
mented on the manuscript.
Conflicts of interest

There are no conicts to declare.
Acknowledgements

This work was nancially supported by the Japan Science and
Technology Agency (JST) FOREST program (JPMJFR213X,
JPMJFR213J), Kakenhi Grants-in-Aid (JP19K22142, JP20H00354,
JP20H05664, JP21H05232, JP21H05233, JP21H05234,
JP21H05235, JP22H00280, JP22H00283, JP22K18986,
JP22H04957, JP22KJ2561, JP23K13635, JP23K04530 and
JP23H02052) from the Japan Society for the Promotion of
5120 | Nanoscale Adv., 2023, 5, 5115–5121
Science (JSPS), ZE Research Program, IAE (ZE2023B-05) from
Kyoto University, and the Murata Science Foundation.
References

1 Y. Liu, N. O. Weiss, X. Duan, H.-C. Cheng, Y. Huang and
X. Duan, Nat. Rev. Mater., 2016, 1, 16042.

2 J. C. W. Song and N. M. Gabor, Nat. Nanotechnol., 2018, 13,
986–993.

3 A. K. Geim and I. V. Grigorieva, Nature, 2013, 499, 419–425.
4 Z. Hu, Q. Liu, S.-L. Chou and S.-X. Dou, Cell Rep. Phys. Sci.,
2021, 2, 100286.

5 H. Ago, S. Okada, Y. Miyata, K. Matsuda, M. Koshino,
K. Ueno and K. Nagashio, Sci. Technol. Adv. Mater., 2022,
23, 275–299.

6 J. Ji and J. H. Choi, Nanoscale, 2022, 14, 10648–10689.
7 A. C. Ferrari, F. Bonaccorso, V. Falko, K. S. Novoselov,
S. Roche, P. Bøggild, S. Borini, F. Koppens, V. Palermo,
N. Pugno, J. a. Garrido, R. Sordan, A. Bianco, L. Ballerini,
M. Prato, E. Lidorikis, J. Kivioja, C. Marinelli, T. Ryhänen,
A. Morpurgo, J. N. Coleman, V. Nicolosi, L. Colombo,
A. Fert, M. Garcia-Hernandez, A. Bachtold, G. F. Schneider,
F. Guinea, C. Dekker, M. Barbone, C. Galiotis,
A. Grigorenko, G. Konstantatos, A. Kis, M. Katsnelson,
C. W. J. Beenakker, L. Vandersypen, A. Loiseau,
V. Morandi, D. Neumaier, E. Treossi, V. Pellegrini,
M. Polini, A. Tredicucci, G. M. Williams, B. H. Hong,
J. H. Ahn, J. M. Kim, H. Zirath, B. J. van Wees, H. van der
Zant, L. Occhipinti, A. Di Matteo, I. a. Kinloch, T. Seyller,
E. Quesnel, X. Feng, K. Teo, N. Rupesinghe, P. Hakonen,
S. R. T. Neil, Q. Tannock, T. Löfwander and J. Kinaret,
Nanoscale, 2014, 7, 4598–4810.

8 Y. Cao, V. Fatemi, S. Fang, K. Watanabe, T. Taniguchi,
E. Kaxiras and P. Jarillo-Herrero, Nature, 2018, 556, 43–50.

9 K. Yasuda, X. Wang, K. Watanabe, T. Taniguchi and
P. Jarillo-Herrero, Science, 2021, 372, 1458–1462.

10 M. Vizner Stern, Y. Waschitz, W. Cao, I. Nevo, K. Watanabe,
T. Taniguchi, E. Sela, M. Urbakh, O. Hod and M. Ben
Shalom, Science, 2021, 372, 1462–1466.

11 C. Jin, E. C. Regan, A. Yan, M. Iqbal Bakti Utama, D. Wang,
S. Zhao, Y. Qin, S. Yang, Z. Zheng, S. Shi, K. Watanabe,
T. Taniguchi, S. Tongay, A. Zettl and F. Wang, Nature,
2019, 567, 76–80.

12 K. Tran, G. Moody, F. Wu, X. Lu, J. Choi, K. Kim, A. Rai,
D. A. Sanchez, J. Quan, A. Singh, J. Embley, A. Zepeda,
M. Campbell, T. Autry, T. Taniguchi, K. Watanabe, N. Lu,
S. K. Banerjee, K. L. Silverman, S. Kim, E. Tutuc, L. Yang,
A. H. MacDonald and X. Li, Nature, 2019, 567, 71–75.

13 B. Wu, H. Zheng, S. Li, J. Ding, Y. Zeng, Z. Liu and Y. Liu,
Nanoscale, 2022, 14, 12447–12454.

14 B.-H. Lin, Y.-C. Chao, I. Hsieh, C.-P. Chuu, C.-J. Lee,
F.-H. Chu, L.-S. Lu, W.-T. Hsu, C.-W. Pao, C.-K. Shih,
J.-J. Su and W.-H. Chang, Nano Lett., 2023, 23, 1306–1312.

15 C. R. Dean, a F. Young, I. Meric, C. Lee, L.Wang, S. Sorgenfrei,
K.Watanabe, T. Taniguchi, P. Kim, K. L. Shepard and J. Hone,
Nat. Nanotechnol., 2010, 5, 722–726.
© 2023 The Author(s). Published by the Royal Society of Chemistry

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d3na00371j


Paper Nanoscale Advances

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

4 
Se

pt
em

be
r 

20
23

. D
ow

nl
oa

de
d 

on
 3

/1
/2

02
6 

1:
17

:1
2 

A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n 

3.
0 

U
np

or
te

d 
L

ic
en

ce
.

View Article Online
16 M. Fujihara, S. Ogawa, S. Yoshimura, R. Inoue, Y. Maniwa,
T. Taniguchi, K. Watanabe, H. Shinohara and Y. Miyata,
Jpn. J. Appl. Phys., 2017, 56, 055102.

17 M. Liao, Z. Wei, L. Du, Q. Wang, J. Tang, H. Yu, F. Wu,
J. Zhao, X. Xu, B. Han, K. Liu, P. Gao, T. Polcar, Z. Sun,
D. Shi, R. Yang and G. Zhang, Nat. Commun., 2020, 11, 2153.

18 L. Wang, I. Meric, P. Y. Huang, Q. Gao, Y. Gao, H. Tran,
T. Taniguchi, K. Watanabe, L. M. Campos, D. A. Muller,
J. Guo, P. Kim, J. Hone, K. L. Shepard and C. R. Dean,
Science, 2013, 342, 614–617.

19 S. Toyoda, T. Uwanno, T. Taniguchi, K. Watanabe and
K. Nagashio, Appl. Phys. Express, 2019, 12, 055008.

20 F. Pizzocchero, L. Gammelgaard, B. S. Jessen, J. M. Caridad,
L. Wang, J. Hone, P. Bøggild and T. J. Booth, Nat. Commun.,
2016, 7, 11894.

21 K. Kim, M. Yankowitz, B. Fallahazad, S. Kang,
H. C. P. Movva, S. Huang, S. Larentis, C. M. Corbet,
T. Taniguchi, K. Watanabe, S. K. Banerjee, B. J. LeRoy and
E. Tutuc, Nano Lett., 2016, 16, 1989–1995.

22 S. Masubuchi, M. Morimoto, S. Morikawa, M. Onodera,
Y. Asakawa, K. Watanabe, T. Taniguchi and T. Machida,
Nat. Commun., 2018, 9, 1413.

23 K. Kang, K.-H. Lee, Y. Han, H. Gao, S. Xie, D. A. Muller and
J. Park, Nature, 2017, 550, 229–233.

24 S.-J. Yang, S. Choi, F. O. Odongo Ngome, K.-J. Kim, S.-Y. Choi
and C.-J. Kim, Nano Lett., 2019, 19, 3590–3596.

25 D. J. Gillard, A. Genco, S. Ahn, T. P. Lyons, K. Y. Ma,
A.-R. Jang, T. S. Millard, A. A. P. Trichet, R. Jayaprakash,
K. Georgiou, D. G. Lidzey, J. M. Smith, H. S. Shin and
A. I. Tartakovskii, 2D Mater., 2020, 8, 011002.

26 A. J. Mannix, A. Ye, S. H. Sung, A. Ray, F. Mujid, C. Park,
M. Lee, J.-H. Kang, R. Shreiner, A. A. High, D. A. Muller,
R. Hovden and J. Park, Nat. Nanotechnol., 2022, 17, 361–366.

27 S.-J. Yang, J.-H. Jung, E. Lee, E. Han, M.-Y. Choi, D. Jung,
S. Choi, J.-H. Park, D. Oh, S. Noh, K.-J. Kim, P. Y. Huang,
C.-C. Hwang and C.-J. Kim, Nano Lett., 2022, 22, 1518–1524.

28 K. Kang, S. Xie, L. Huang, Y. Han, P. Y. Huang, K. F. Mak,
C.-J. Kim, D. Muller and J. Park, Nature, 2015, 520, 656–660.

29 X. Xu, Y. Pan, S. Liu, B. Han, P. Gu, S. Li, W. Xu, Y. Peng,
Z. Han, J. Chen, P. Gao and Y. Ye, Science, 2021, 372, 195–
200.

30 T. Li, W. Guo, L. Ma, W. Li, Z. Yu, Z. Han, S. Gao, L. Liu,
D. Fan, Z. Wang, Y. Yang, W. Lin, Z. Luo, X. Chen, N. Dai,
X. Tu, D. Pan, Y. Yao, P. Wang, Y. Nie, J. Wang, Y. Shi and
X. Wang, Nat. Nanotechnol., 2021, 16, 1201–1207.

31 A. T. Hoang, K. Qu, X. Chen and J.-H. Ahn, Nanoscale, 2021,
13, 615–633.

32 Y. Hoshi, M. Okada, R. Moriya, S. Masubuchi, K. Watanabe,
T. Taniguchi, R. Kitaura and T. Machida, Phys. Rev. Mater.,
2018, 2, 064003.

33 K. Wang, B. Huang, M. Tian, F. Ceballos, M. W. Lin,
M. Mahjouri-Samani, A. Boulesbaa, A. A. Puretzky,
C. M. Rouleau, M. Yoon, H. Zhao, K. Xiao, G. Duscher and
D. B. Geohegan, ACS Nano, 2016, 10, 6612–6622.

34 A. Gurarslan, Y. Yu, L. Su, Y. Yu, F. Suarez, S. Yao, Y. Zhu,
M. Ozturk, Y. Zhang and L. Cao, ACS Nano, 2014, 8, 11522–
11528.
© 2023 The Author(s). Published by the Royal Society of Chemistry
35 I. Paradisanos, S. Shree, A. George, N. Leisgang, C. Robert,
K. Watanabe, T. Taniguchi, R. J. Warburton, A. Turchanin,
X. Marie, I. C. Gerber and B. Urbaszek, Nat. Commun.,
2020, 11, 2391.

36 E. M. Alexeev, D. A. Ruiz-Tijerina, M. Danovich, M. J. Hamer,
D. J. Terry, P. K. Nayak, S. Ahn, S. Pak, J. Lee, J. I. Sohn,
M. R. Molas, M. Koperski, K. Watanabe, T. Taniguchi,
K. S. Novoselov, R. V. Gorbachev, H. S. Shin, V. I. Fal’ko
and A. I. Tartakovskii, Nature, 2019, 567, 81–86.

37 J. Choi, H. Zhang, H. Du and J. H. Choi, ACS Appl. Mater.
Interfaces, 2016, 8, 8864–8869.

38 W. Zhang, K. Matsuda and Y. Miyauchi, J. Phys. Chem. C,
2018, 122, 13175–13181.

39 W. Zhang, K. Matsuda and Y. Miyauchi, ACS Omega, 2019, 4,
10322–10327.

40 N. Wada, J. Pu, Y. Takaguchi, W. Zhang, Z. Liu, T. Endo,
T. Irisawa, K. Matsuda, Y. Miyauchi, T. Takenobu and
Y. Miyata, Adv. Funct. Mater., 2022, 32, 2203602.

41 M. Shimasaki, T. Nishihara, K. Matsuda, T. Endo,
Y. Takaguchi, Z. Liu, Y. Miyata and Y. Miyauchi, ACS Nano,
2022, 16, 8205–8212.

42 S. Chen, B. Srinivasan, J. Gao, G. Zhang and Y.-W. Zhang,
Mater. Today Adv., 2020, 7, 100075.

43 M. Qorbani, A. Sabbah, Y.-R. Lai, S. Kholimatussadiah,
S. Quadir, C.-Y. Huang, I. Shown, Y.-F. Huang, M. Hayashi,
K.-H. Chen and L.-C. Chen, Nat. Commun., 2022, 13, 1256.

44 M.-Y. Choi, C.-W. Choi, D.-Y. Kim, M.-H. Jo, Y.-S. Kim,
S.-Y. Choi and C.-J. Kim, Nano Lett., 2023, 23, 4516–4523.

45 K. Mak, C. Lee, J. Hone, J. Shan and T. Heinz, Phys. Rev. Lett.,
2010, 105, 136805.

46 K. Liu, L. Zhang, T. Cao, C. Jin, D. Qiu, Q. Zhou, A. Zettl,
P. Yang, S. G. Louie and F. Wang, Nat. Commun., 2014, 5,
4966.

47 D. H. Luong, H. S. Lee, G. P. Neupane, S. Roy, G. Ghimire,
J. H. Lee, Q. A. Vu and Y. H. Lee, Adv. Mater., 2017, 29,
1701512.

48 Y. Jiang, S. Chen, W. Zheng, B. Zheng and A. Pan, Light: Sci.
Appl., 2021, 10, 72.

49 M. Tebyetekerwa, J. Zhang, S. E. Saji, A. A. Wibowo,
S. Rahman, T. N. Truong, Y. Lu, Z. Yin, D. Macdonald and
H. T. Nguyen, Cell Rep. Phys. Sci., 2021, 2, 100509.

50 T. Matsukata, S. Ogura, F. J. Garćıa de Abajo and
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