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Two-dimensional (2D) semiconductors are promising building blocks for
advanced electronic devices. However, the fabrication of high-quality 2D
semiconductor wafers with engineered layers remains a challenge. Here
we describe a direct wafer bonding and debonding method that canbe
applied to semiconductor monolayers that have been grown epitaxially on
high-adhesion substrates such as sapphire. The process operates in both
vacuum and a glovebox environment and requires no intermediate-layer
assistance. It produces stacked 2D semiconductors with clean interfaces
and wafer-scale uniformity and allows precise control of layer numbers
and the interlayer twist angle. We use the approach to create different
homostructures and heterostructures with 2D monolayers, including
molybdenum disulfide (MoS,) and molybdenum diselenide (MoSe,).

We also show that the approach can directly bond monolayer MoS, onto
high-k dielectric substrates (HfO, and Al,O;) while preserving its intrinsic
electronic properties.

Two-dimensional (2D) semiconductors are promising materials for
making advanced electronic devices, including highly scaled inte-
grated circuits. In the past decade, there have been severalimportant
demonstrations of both prototype devices and small-scaleintegrated
circuits using 2D semiconductors''°. To fully realize their potential, it
is necessary to fabricate high-quality 2D semiconductors with engi-
neered layers at the wafer scale, which can readily be achieved for
molybdenum disulfide (MoS,) through epitaxy" . However, due to
lattice matching and thermodynamic limitations, this is applicable
only to homostructures on certain substrates like sapphire, and the
maximum thickness is limited to trilayers with astrictly aligned inter-
layer lattice orientation.

Previously, atransfer-and-stack route hasbeenreported asapossi-
ble route to producing customized 2D semiconductor homostructures
and heterostructures at wafer scale'®”. This route involves picking
up individual 2D semiconductor layers from their growth substrates,
transferring themto atarget substrate and stacking them layer by layer.
Typically, an adhesive polymer is used in the picking-up process as an
intermediate layer. Unfortunately, the picking-up can be applied only
to polycrystalline 2D semiconductors with low adhesion to their sub-
strates (for example, monolayer MoS, on SiO,) and fails for epitaxial 2D
semiconductors withstrongadhesion to their substrates (for example,
MoS, onsapphire; see Supplementary Note1and Supplementary Fig. 1
for more details). Inaddition, the removal of the intermediate layer by
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Fig. 1| Wafer-scale transfer of 2D materials by bonding-debonding.

a, Schematic illustration of the bonding and debonding process. b, Photographs
of a2-inch monolayer MoSe, wafer (left) and amonolayer MoS, wafer (right).
Insets: Corresponding Raman spectra. c¢,d, Photographs of a wafer pair after

bonding (c) and during debonding (d). The inset in d shows the debonding set-up.
e, Photographs of a 2-inch MoSe,/MoS, heterostructure wafer (left) and a bilayer
MoS, wafer (right) obtained through the bonding-debonding technology. Insets:
Corresponding Raman spectra. TMD, transition-metal dichalcogenide.

wet-etching or dissolving adds further post-processing and cleaning
steps and can cause structural damage or contamination of the surface
and interface, which is an important source of quality degradation.
Inthis Article, we reportadirect bonding-debonding method for
creating layer-engineered 2D semiconductor wafers by manipulating
high-quality monolayer 2D semiconductors epitaxially grown on sap-
phire. Direct bonding is achieved without an intermediate layer. Two
target wafers are placed face to face in a high-vacuum wafer-bonding
system, where a twist offset can be introduced, to create ultraclean
homostacks or heterostacks with an interlayer twist angle varia-
tion under 1°. Then, wafer debonding from the sapphire substrate
is achieved by mechanical peeling using a double cantilever set-up
designed to minimize the critical energy release rate and achieve
crack-free debonding. We show our method can be used to create
bilayer MoS,, MoSe,/MoS, heterostructure and trilayer MoS, using
2-inch wafer monolayers. Direct bonding-debonding can also be used
to transfer monolayer MoS, from sapphire to high-« substrates such

as hafnium oxide (HfO,). The direct bonding-debonding technique is
compatible with mainstream semiconductor fabrication processes.

Direct wafer bonding of monolayer 2D
semiconductors

Wafer bonding is a standard and widely adopted process in silicon
manufacturing lines for heterogeneous integrations?>?. For direct
wafer bonding without the assistance of any intermediate layers, the
surface flatness is crucial when joining two rigid wafers. Full atomic
contact is desired for stable bonding, yet it is extremely difficult to
realize for conventional semiconductors and metals, even after polish-
ing?. In comparison, the atomic flat surfaces of 2D semiconductors
make it easier to form full atomic contact during bonding (refer to
Supplementary Note 2 and Supplementary Figs. 2 and 3 for more
details). Figure laillustrates the bonding and debonding process of
two monolayer semiconductor wafers. The starting samples used in
this work for bonding and debonding are 2-inch wafers of monolayer
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a MoSe,/MoS, Bilayer Mos,

Fig.2|Clean surfaces and interfaces of stacked 2D materials obtained by
bonding-debonding. a, AFM images (first row) and cross-sectional STEM band-
pass-filtered images (second row) of MoSe,/MoS, (left), bilayer MoS, (middle)
and quadrilayer MoS, (right) prepared by bonding-debonding. Height scales:
+5 nm. b, Out-of-plane XRD pattern of quadrilayer MoS, films produced by wet
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transfer (grey) and bonding-debonding (red). ¢, STEM band-pass-filtered image
of tBLMs with a twist angle of 5.3°.d, PFM image of tBLMs with a twist angle

of 0.8°. e, Moiré phonons in tBLMs with different twist angles. f, Twist-angle-
dependent frequencies of FTA and FLA modes extracted frome.

semiconductors (for example, MoS, and MoSe,) epitaxially grown on
c-plane sapphire, asillustrated in Fig. 1b. These epitaxial monolayer
semiconductors on sapphire are fully covered, ultraflat with surface
roughness below 0.14 nm (mainly originating from the surface steps
of sapphire; Supplementary Fig. 2) and highly oriented with their [1010]
directionaligned to the [1120] direction of the sapphire'-**. During the
direct bonding process, two wafers (top and bottom) are first loaded
face to face into a high-vacuum wafer-bonding system with a preset
twist angle (0). The two loaded wafers are then annealed at -70 °C in
vacuum for ~2 h for surface cleaning. Then, the two wafers are heated
up to 120 °C and brought into contact with a press force of -8,000 N.
Complete bonding takes 5 min. An example of a bonded wafer pair is
showninFig. 1c.

Debonding of bonded 2D bilayers

For the debonding of 2D bilayers from one of two sapphire substrates,
we designed a debonding set-up, as shown in the inset of Fig. 1d. The
set-upis equipped with a steel blade (which canmove up and down with
atunableloading rate) and asample stage (whose temperature canbe
controlledinthe range fromroomtemperature to 400 °C). Mechanical
peeling uses a double cantilever beam configuration®**. See Supple-
mentary Note 3 and Supplementary Video 1for more details. Note that,
in previous methods for the mechanical exfoliation of 2D layers from
their substrates by flexible cantilevers, cracks and holes frequently

appear in the exfoliated 2D materials because of uncontrolled defor-
mation and considerable mechanical stress**”. By contrast, both can-
tileversin the present case are rigid sapphire with a Young’s modulus
of -370 GPa. As aresult, the deformation and stress exerted on the 2D
materials can be controlled and restricted to a very low level.

Duringthe debonding process, the critical energy release rate (G,)
of the cracked interface is important. In interface fracture mechan-
ics, asmaller G, is more favourable for stable and crack-free peeling.
As a lower loading rate and higher temperature lead to smaller G,
(refs. 24,25,28-32), we chose a sample stage temperature of 90 °C
and loading rate of 2 pm s™ for our debonding experiments, unless
otherwise noted. See also the control experiments illustrated in
Supplementary Figs. 4 and 5 for more details.

Regarding the bonded wafer pair, three van der Waals interfaces
are formed (Extended Data Fig. 1): S1-L1, L1-L2 and L2-S2, where S
denotes the sapphire substrate and L denotes the 2D semiconductor
layer. Generally, mechanical peeling occurs at the interface with the
lowest adhesionenergy (£). Forbonded MoS,-MoSe, (heterobonding),
as EMoSez—sapphire < EMOSZ—sapphire < EMoSez—Mosz 4 debonding occurs at
the interface between MoSe, and sapphire. See Supplementary
Notes 4 and 5 (Supplementary Figs. 6-8) for more details. Figure le
(left) and Extended Data Fig. 2a show two typical wafers after debond-
ing. The MoSe, monolayer is almost completely peeled off from the
sapphire substrate and still bonded with the MoS, monolayer to form
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Fig. 3| Wafer-scale uniformity of optical properties and twist angles.
a,b,Raman (a) and PL (b) spectra collected from 50 different locations on a 2-inch
30° tBLMs wafer. ¢, In-plane XRD 26 scan of monolayer MoS, (yellow), 11° tBLMs
(orange) and 30° tBLMs (purple) produced by bonding-debonding.d, In-plane
XRD @ scan of the (1120) plane of a-Al,0, in monolayer MoS, (blue), (1010) plane
of MoS, in monolayer MoS, (yellow), in11° tBLMs (orange) and 30° tBLMs (purple)

<11°

0 60 120 180 240 300 360
()
produced by bonding-debonding and in 11° tBLMs produced by the wet-transfer
method (green). e, Polar plots of the SHG intensity of a30° tBLMs filmina
monolayer area (left) and several locations in abilayer area (middle). Solid lines
are the fitting results. The 15° angle between SHG petals (right) indicates that the
twist angle between two MoS, layers is 30°. f, LEED patterns of a30° tBLMs wafer
probed at nine different locations.

aMoSe,/MoS, bilayer on sapphire. The transfer yield calculated from
acontrast-enhanced photographis>92% (inset of Extended DataFig.2a),
andthefailed area mainly lies on the wafer edge due to the incomplete
contact during wafer bonding. The near complete transfer of the MoSe,
layer is also confirmed from Raman spectra characterizations
(Extended DataFig. 2d-i) and direct photoluminescence (PL) imaging
(Supplementary Fig. 9).

For MoS,-MoS, bonding (homo-bonding), as Eyios, —sapphire iS the
same in both wafers, debonding would occur at both the S1-L1 and
L2-S2 interfaces, leading to an unstable peeling process and frag-
mented MoS, bilayers onboth sapphire surfaces (Extended DataFig. 3c,
left panel). To achieve the preferential peeling off from one of the

sapphire substrates, we, thus, use a slightly domed pressing head in
the bonding process to introduce differences in the peeling force
between the two MoS,-substrate interfaces. Consequently, debonding
canbe controlled to occur only at one MoS,-sapphireinterface. Refer
to Supplementary Note 5 (Supplementary Fig. 8) and Extended Data
Fig.3 for more details. A typical as-obtained bilayer MoS, wafer is shown
in Fig. 1e (right), with corresponding Raman characterizations
(Extended DataFig.4) and optical microscopy images (Supplementary
Fig.10) validating the complete and intact transfer.

To demonstrate the universality and scalability of our bonding-
debonding method, we also fabricated various other heterostructures,
such as graphene/MoS,/sapphire, WS,/MoS,/sapphire, MoS,/MoTe,/
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Fig. 4| Transfer of MoS, from sapphire onto HfO,. a, Optical microscopy image
of MoS,/HfO, produced by bonding-debonding. b, AFM image of MoS,/HfO,
produced by bonding-debonding. ¢, Raman spectra of monolayer MoS, film
before (black) and after (red) transfer onto HfO,. d, Schematic of an FET device
made from monolayer MoS,. e, Typical output curves of an FET device fabricated
from MoS, transferred by bonding-debonding (red) and MoS, produced by wet
transfer (grey). Inset: Optical microscopy image of FET device arrays. f, Transfer
curves of 59 FET devices made from MoS, transferred by bonding-debonding

(red) and 59 FET devices made from MoS, produced by wet transfer (grey).

The left y axisis onalogarithmicscale, and the right y axis is on alinear scale.

g-i, Statistical distribution of the threshold voltage V,, (g), mobility u (h) and

the on/offratio (i) of 59 FET devices made from MoS, transferred by bonding—
debonding (red) and 59 FET devices made from MoS, produced by wet transfer
(grey). Scalebars, 50 pm (a), 3 pm (b), 400 um (e, inset). /4, source-drain current
density (//W,where /is the source-drain current and Wis the channel width); V,,,
source-drain voltage; V,, gate voltage; L, channel length.

SiO, (Extended Data Fig. 5) and MoS,/Au (Supplementary Fig.11). Refer
to Extended DataFig. 6 and Fig. 2 for more details on the fabrication of
trilayer and quadrilayer MoS, on sapphire.

Characterization of surface and interface quality

As direct wafer-to-wafer bonding is performed in a vacuum, no extra
chemicals or other contamination sources are introduced. Conse-
quently, the as-produced stacked 2D semiconductor wafers have ultra-
clean surfaces and interfaces. To confirm this, we performed atomic
force microscopy (AFM), cross-sectional scanning transmission elec-
tron microscopy (STEM) and X-ray diffraction (XRD) characterizations.

Figure 2a (upper row) shows AFM topography images of the
as-fabricated MoSe,/MoS, bilayer, MoS, bilayer and MoS, quadrilayer
made using our bonding-debonding method. In contrast to sam-
ples fabricated with the wet technique, which have dense bubbles
and wrinkles across the sample, samples from the bonding-debond-
ing method have atomically flat and clean surfaces and bubbles and
wrinkles are rarely seen. Extended Data Fig. 7 shows corresponding
controlled samples fabricated from a conventional wet-etching and
transfer technique (see Methods for details). The cross-sectional
STEM images of bonding-debonding samples in Fig. 2a (lower row)
confirm the atomically sharp and ultraclean interfaces. Larger scale
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images are shown in Supplementary Fig. 12a-c. Figure 2b shows the
out-of-plane XRD patterns of quadrilayer MoS, fabricated by bond-
ing-debonding (red line) and wet transfer (grey line). The 26 scans
of the bonding-debonding sample and wet-transferred sample peak
at20=13.9° and 260 =12.1°, corresponding to interlayer distances of
0.64 nm and 0.73 nm, respectively. The smaller interlayer spacing
of 0.64 nm in the bonding-debonding samples is close to ~0.62 nm
in natural MoS, crystals, validating that the stacking of bonded 2D
layers is more compact.

Owing to the high interface and surface quality achieved by
the bonding-debonding method, we could visualize the clear
moiré superlattices in twisted bilayer MoS, (tBLMs) by both STEM
(Fig. 2c and Supplementary Fig. 12d) and piezoelectric force micros-
copy (PFM) (Fig. 2d and Supplementary Fig. 13). In typical PL spectra
(Extended DataFig. 8b), intralayer MoS, A-exciton peaks (red arrows)
and MoSe, A-exciton peaks (black arrows) in MoSe,/MoS, and bilayer
MosS, films are greatly suppressed with respect to those in the monolay-
ers, indicating the stronginterlayer coupling®. The intrinsic effects of
twist angle on phonons, excitons and band structure are also identified.
The periodic moiré potentials can be used to engineer the phonon
dispersionandresultinfolded longitudinal acoustic (FLA) and folded
transverse acoustic (FTA) phonons related to moiré phonons® (Fig. 2e).
Therelation between the twist angles and moiré phonon frequencies of
FLA and FTA is summarized in Fig. 2f, showing amirror behaviour either
side of the twist angle of 30°. The corresponding PL characterizations
inExtended DataFig. 8 reveal achange in the opticalindirect bandgap
from1.45eVatf=0°and1.60 eVatd=30°to1.47 eVatf=60°, consist-
ent with previous results®. These characterizations confirm the high
quality of the bonding-debonding samples.

Wafer-scale uniformity of twisted 2D
semiconductors

In stacked van der Waals homostructures and heterostructures,
the twist angle between adjacent layers has a crucial role in tuning
properties such as superconductivity, correlated insulating states,
ferroelectricity, ferromagnetism and moiré excitons***. However, pre-
vious studies were limited to the micrometre-scale, mainly due to the
shortage of large-scale twisted samples. Our wafer-scale 2D semicon-
ductor stacks withengineered twist angles fabricated by direct bond-
ing-debonding provide ideal samples for large-scale investigations.
We, thus, characterize the quality and uniformity of the as-fabricated
wafer-scale twisted 2D semiconductors. Figure 3a (Fig. 3b) shows 50
representative room-temperature Raman (PL) spectraacross a 2-inch
30° tBLMs wafer. The corresponding Raman mappings are shown in
Extended Data Fig.4g-h. Refer to Extended Data Fig.2b,c,j-Ifor charac-
terizations of atwisted MoSe,/MoS, wafer. Both wafers exhibit uniform
Raman and PL peak positions across the entire wafers, revealing the
wafer-scale uniformity.

XRD, low-energy electron diffraction (LEED), second harmonic
generation (SHG) and selected-area electron diffraction revealed the
uniformity of the twist angle. Figure 3c (Fig. 3d) shows in-plane XRD
6-26 () scan of typical 11° and 30° tBLMs wafers produced by bond-
ing-debonding*’. Both MoS, (1010) and the sapphire (1120) peaks
appear inthe 8-26scan, indicating the aligned lattice between the first
layer of MoS, and sapphire. For the 30° tBLMs, another MoS, (1120)
diffraction peak appearsand comes fromthe second layer, as the zigzag
directionin the second layer aligns with the armchair direction in the
first layer. Figure 3d shows the in-plane @-scan of sapphire (1120) and
MoS, (1010) in 11° and 30° twisted wafers. Corresponding data on
control samples of a monolayer MoS, and a 11° tBLMs fabricated by
conventional wet transfer are alsoincluded. We can see that monolayer
MoS, on sapphire exhibits six peaks due to the sixfold symmetry of
MoS, (1010) planes and sapphire (1120) planes, whereas 11° (30°)
twisted samples exhibit 12 peaks with adjacent peak separations of ~11°
(-30°). By contrast, norecognizable second-layer peaks are seenin the

wet-transferred tBLMs samples, most probably due to twist-angle
inhomogeneity. Figure 3e shows polar charts for the measured polari-
zation dependence of the SHG signals in the 30° tBLMs wafers. The
uniformrotation of the petals by 15° confirms the 30° twist angle. Also
see Supplementary Note 6 and Supplementary Fig. 14 for calculated
SHGrresults. Figure 3f shows LEED patterns from nine randomly picked
locations on the wafer, which again confirms the wafer-scale uniformity
of the twist angles. The wafer-scale distribution of the twist angle was
investigated by selected-area electron diffraction (Supplementary
Fig.15), finding a variation range of less than +1°. These data substanti-
ate the capability of our bonding-debonding method for wafer-scale,
uniform and precise twist-angle control.

Direct bonding of monolayer MoS, to dielectric
substrate

It has been suggested that the adhesion of the MoS,/HfO, interface is
higher thanthat of the MoS,/Al,0; interface*. We, thus, directly bonded
epitaxial monolayer MoS, onsapphire onto bare dielectric substrates
of HfO,. Subsequently, we debonded the sapphire. In this way, we trans-
ferred the monolayer MoS, onto the HfO, surface. Figure 4a shows an
optical microscopy image and Fig. 4b an AFM image of the monolayer
MoS, on the HfO, after debonding. It can be seen that only a partial
transfer was achieved, most probably due to the surface of the HfO,
(grown on SiO, by atomic layer deposition) not being atomically flat
(root meansquare = 0.325 nm; Supplementary Fig.16a) and, thus, not
in full contact with the monolayer MoS,. Azoom-in AFM image of the
MoS, onthe HfO, after bonding-debonding reveals an ultraflat (root
mean square = 0.156 nm; Supplementary Fig. 16b) and wrinkle-free
surface with monolayer thickness ¢ = 0.64 nm. See Extended Data
Figs. 9 and 10 for more characterizations. Supplementary Fig. 17
shows the monolayer MoS, directly bonded to the Al,O; surface. The
Raman spectra of monolayer MoS, films on sapphire and on HfO, in
Fig.4c, showno obvious peak shifts. Note that the enhanced phonon
intensity for MoS, on the HfO,/SiO, substrate is due to the effect of
coherence enhancement.

The ultraflatness and cleanliness of the monolayer MoS, directly
bonded onto HfO, are favourable for use in electronic devices.
To confirm this, we fabricated and characterized field-effect transis-
tors (FETs) with monolayer MoS, bonded onto HfO,, as illustrated in
the inset of Fig. 4e (see Methods for details). Similar FETs fabricated
from monolayer MoS, wet-transferred onto HfO, are also included
for comparisons. Transfer (output) curves frombonding-debonding
devices and wet-transferred devices are plotted in Fig. 4f (Fig. 4e).
Compared with FETs fabricated by the wet-transfer method, the FETs
made by bonding-debonding show less device-to-device variations of
thethreshold voltage (V;;,) (-8.7 + 4.19 Vversus -17.8 +13.93 V), higher
mobility (40.4 +£5.48 cm? Vs versus 28.0 + 5.94 cm?*V's™) and higher
on/offratios (-1.5 x 108 versus -2.3 x 107), asshown in Fig. 4g-i. The lower
V., variation, higher electron mobility and higher on-state current
density inthebonding-debonding devices s attributed to the pristine
interfaces obtained by the bonding-debonding process.

Conclusions

We have described a direct wafer bonding and debonding method for
fabricating stacked 2D semiconductor wafers with engineered layer
numbers and interlayer twist angles. The technology can be used to
create 2D homostructures and heterostructures with clean surfaces
andinterfaces while controlling the twist angle of the stacks with high
precision without affecting the wafer-scale uniformity and integrity of
the materials. The technique canalso be used to transfer 2D semicon-
ductor films onto various dielectric substrates. Finally, the process is
compatible with mainstream semiconductor fabrication processes.
Our direct bonding-debonding method could facilitate both funda-
mental studies (for example, in twistronics) and the transition of 2D
semiconductor-based integrated circuits fromlab to fab.
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Methods

2D semiconductor growth

The 2D semiconductors investigated in this work are wafer-scale
monolayer MoS, and MoSe, epitaxially grown on c-face sapphire by
oxygen-assisted chemical vapour deposition, as described in our
previous works'>>%,

Bonding and debonding process

The wafter bonding process was performed in acommercial bonding
system (EVG-510). During bonding, the vacuum pressure was kept at
3 x107° Torr. After bonding, the wafers (as a whole) were transferred
to ahome-made debondingtoolin aglovebox for debonding. During
debonding, the temperature of the sample stage was set to 90 °C. For
the graphene/MoS, heterobonding, the bonding was performed with
apressforce of2,000 N at 180 °C for 10 min. For the bonding of mon-
olayer MoS, onto a dielectric substrate, the bonding was performed
using adomed pressing head at 180 °C for 30 min.

Wet-etching and transfer process

First, a poly(methyl methacrylate) (PMMA) film (5%, 950) was spin-
coated onto MoS,/sapphire for mechanical support. Then, we used a
1mol I potassium hydroxide (KOH) solution to etch away the sapphire
substrate. We then transferred the MoS,/PMMA film onto the target sub-
strate. Finally, the PMMA film was removed using an acetone solution.

Material characterization

Ramanand PL spectrawere collected inambient conditions by aHoriba
LabRam HR Evolution Raman system with a 532-nm laser excitation.
Direct PL images were acquired using a Leica STELLARIS 8 confocal
microscope platform with an excitation wavelength of 532 nm. AFM
and PFMimaging were performed by Asylum Research Cypher Sinstru-
ments. Cross-sectional STEM images were recorded with a spheri-
cal aberration-corrected TEM (JEM-ARM20OF) operating at 200 kV.
Selected-areaelectron diffraction patterns were obtained using afield
emission TEM (JEM-F200) operating at 200 kV. XRD was performed
with an X-ray diffractometer (Rigaku SmartLabXE) with an in-plane
adaptor. The angle between the sample surface and the X-ray incidence
plane was 0.28°. LEED measurements were performed ina customized
system (OCIBDLSOOIR-LMX-ISH) with abase pressure of <8.9 x 108 Pa
and spot size of -150 pum. SHG was performed in a customized system
(MStarter 100-SHG) equipped with an ultrafast laser of wavelength
1,064 nm (Rainbow 1064 OEM). The accumulation time was 1s, and
the laser power was10.4 mW.

Device fabrications and measurements

First, a standard ultraviolet-lithography process was used to pattern
the source/drain contacts. Then, an electronbeamwas used to evapo-
rate 2/30 nm Ti/Au contacts and for lift-off. Last, monolayer MoS, film
was patterned into ribbons by ultraviolet lithography and oxygen
reactive-ion etching. The electrical measurements were carried out in
aprobestation (Janis 4-probe station) with abase pressure of 107 Torr
using a semiconductor parameter analyser (Agilent B1500).

Data availability

The datasets used for Figs. 1-4 and Extended Data Figs. 2,4, 5,8 and 9
are provided as source data. These datasets can be accessed viafigshare
athttps://doi.org/10.6084/m9.figshare.30252058.v1 (ref.42). All other
dataareavailable fromthe corresponding author upon request. Source
dataare available with this paper.
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Extended DataFig. 1| The three van der Waals interfaces formed after wafer-bonding.
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Extended Data Fig. 2| Optical characterizations of as-fabricated MoSe,/MoS, MoSe,-exfoliation at MoS, E,, peak (d), MoS, A, peak (e), and MoSe, A, peak (f).
wafer. a, Photo of sapphire wafer after MoSe,-exfoliation and contrast-enhanced g-i,Raman intensity mapping of MoSe,/MoS, wafer at MoS, E,, peak (g), MoS,
version (inset) showing wafer-scale transfer yield of 92.1%. b-c, Representative Ay, peak (h), and MoSe, A, peak (i). j-1, Raman peak position mapping of MoSe,/
Raman spectra (b) and photoluminescence (PL) spectra (c) at 50 different MoS, wafer at MoS, E,, peak (j), MoS, A, peak (k), and MoSe, A, peak (I).
locations on the wafer. d-f, Raman intensity mapping of sapphire wafer after
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Extended DataFig. 3| Bonding-debonding of 2D materials with identical bonding with a slightly domed pressing head. ¢, Optical micrographs of top and
adhesion energy to their substrates. a, lllustration showing the setup of bottom MoS, samples after bonding-debonding without (left column) and with
bonding-debonding with spherical epoxy gasket. b, Warped wafer pair after (right column) the use of spherical epoxy gasket, scale bar: 300 pm.
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Extended Data Fig. 4| Wafer-scale bonding-debonding fabrication of bilayer wafer after MoS,-exfoliation at MoS, E,, peak (c) and MoS, A, peak (d).
MoS, wafer. a, Photograph of sapphire wafer after MoS,-exfoliation (left) and e-f,Raman intensity mapping of bilayer MoS, wafer at MoS, E,, peak (e) and
bilayer MoS, wafer (right). b, Contrast-enhanced photo of bilayer MoS, showing MosS, A, peak (f). g-h, Raman peak position mapping of MoS, bilayer MoS,
wafer-scale transfer yield of 89.6%. c-d, Raman intensity mapping of sapphire wafer at Ey, peak (g) and A, peak (h).
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Extended DataFig. 5| Bonding-debonding technique applied to other 2D materials. a, Graphene/Cu foil transferred onto MoS,/sapphire and corresponding
Ramanspectra (d). b, WS,/sapphire transferred onto MoS,/sapphire and corresponding Raman spectra (e). ¢, MoS,/sapphire transferred onto MoTe,/SiO, and
corresponding Raman spectra (f).
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Extended DataFig. 6 | Multilayer TMDs fabricated by bonding-debonding method. a, Photo of a 2-inch trilayer MoS, wafer after 2 consecutive bonding and
debonding. b-c, Optical micrograph of trilayer MoSe,(b) and quadrilayer MoS,(c).
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Extended Data Fig. 7| AFM images of MoSe,/MoS,, bilayer MoS,, and quadrilayer MoS, samples prepared by wet transfer. Left, AFM image of MoSe,/MoS, prepared
by wet transfer. Middle, AFM image of bilayer MoS, prepared by wet transfer. Right, AFM image of quadrilayer MoS, samples prepared by wet transfer.
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Extended Data Fig. 8| Additional optical characterizations of as-fabricated A-exciton peak (red arrows) and MoSe, A-exciton peak (black arrows). ¢, Peak
films. a, Raman of spectra of monolayer MoSe,, monolayer MoS,, as-fabricated positions of A exciton, B exciton and indirect bandgap of twisted bilayer MoS,
MoSe,/MoS, and bilayer MoS,. b, PL of spectra of monolayer MoSe,, monolayer with different twist angles.
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Extended Data Fig. 9| Bonding-debonding transfer of MoS, onto HfO,. in(a).d, Direct PLimaging of sample shownin (a). e-f, Representative (e) Raman
a, Photograph of 1*1 cm? MoS,/Hf0, on SiO, (left) and bare sapphire substrate spectra and (f) photoluminescence (PL) spectra at 27 different locations on
after MoS,-exfoliation (right) by bonding-debonding. b, X5 microscopy images samplein (a).

mapping of sample shownin (a). ¢, Single X5 microscopy image of sample shown
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Extended Data Fig. 10 | Transfer MoS, film onto HfO, substrates by wet transfer and bonding-debonding. a-b, Dark-field microscopy images of MoS,/HfO, by (a)
wet transfer and (b) bonding-debonding. c-d, AFM images of MoS,/HfO, samples by (c) wet transfer and (d) bonding-debonding.
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