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Water-based, large-scale transfer of 2D
materials grown on sapphire substrates
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Two-dimensional materials (2DMs) hold significant potential for future electronics, as demonstrated
byhigh-performingdevices for sensing, optics, andelectronics.However, scalable growth techniques
such asmetal-organic chemical vapor deposition (MOCVD) typically require high temperatures,which
limit their integration with conventional semiconductor processes. Therefore, reliable transfer
processes from crystalline, low-contamination growth substrates such as sapphire are essential.
Existing methods using chemicals such as potassium hydroxide (KOH) have potential quality issues
and requiremanual handling and enhanced safety precautions. Here, we introduce a deionizedwater-
based, frame-assisted, large-scale transfer method for two widely used two-dimensional materials,
molybdenum disulfide (MoS2) and hexagonal boron nitride (h-BN). We demonstrate the scalability of
our processwith the transfer ofMoS2 froma100mmdiameter sapphirewafer. Thematerial qualitywas
verified as-grown and after transfer via atomic force microscopy, scanning electron microscopy, and
Raman spectroscopy. The data show less compressive strain levels and insignificant changes in the
doping or contamination of 2DMs after transfer.

High-performance proof-of-concept devices based on two-dimensional
materials (2DMs) show great potential for future semiconductor applica-
tions in sensing, optoelectronics, and electronics1–7. However, this potential
may remain elusive unless 2DMs can be integrated into current semi-
conductor manufacturing process flows. State-of-the-art 2DM growth with
scalable techniques such as metal‒organic chemical vapor deposition
(MOCVD) is typically not compatible with conventional complementary
metal‒oxide‒semiconductor (CMOS) processes because of high growth
temperatures ( > 400°C)8. Although several groups have recently reported
promising approaches to lower the temperature to thedesired range9,10, layer
transfer remains a promising alternative option, i.e., delaminating the
material from the high-temperature growth substrate before bonding it to a
target substrate. Sapphire is often used as a growth substrate because of its
crystalline nature, chemical inertness, high melting point (2040°C), good
thermal conductivity ( > 10W/mK), and controllability of the crystal
orientation by amiscut angle (often 0.2°)11–13. Sapphire is alsowidely used as
an epitaxial substrate in the III-V semiconductor industry and, hence, is
readily available in standardized wafer formats with sizes of up to 12
inches11,14. 2DMtransfer processes from sapphire typically involve the use of
chemicals such as potassium hydroxide (KOH). They rely on the skilled

handling of the 2DM during transfer (“fishing transfer”)15–18, with three
main steps. First, a protective polymer is spin-coated on top of the 2DM.
Second, the 2DM is detached from the growth substrate by holding it
manually into a KOH or similar solution at an angle. This step is prone to
failure because the researchermustmanuallymaintain the right angle for an
extended period. Being close to chemicals also poses a hazard. Third, after
the 2DM is detached, the target substrate is submerged in the solution to
“fish” out the 2DM film. This is again hazardous and can lead to folding of
the 2DM film. Additionally, 2DMs are sensitive to gas-phase and liquid-
phase chemicals19–21. For example, KOHcan increase the polycrystallinity of
the 2DM molybdenum disulfide (MoS2)

16. This indicates that certain
combinations of chemicals and 2DMs should be avoided.Moreover, Zhang
et al.22 theoretically investigated the peeling of 2DMs from rigid substrates in
a liquid water environment. Their model predicts that interface peeling is
promoted in the presence of water molecules when both the 2DM and the
substrate are hydrophilic. Surfaces are commonly classified as hydrophilic
when thewater contact angle (WCA)of awater droplet is below90°23, with a
lower WCA corresponding to stronger hydrophilicity. Contact angles of
~37°, ~86° and between 52° and 67° have been reported for flat sapphire24,
MoS2

25, and hexagonal boron nitride (h-BN)26, respectively. Based on these
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values, the formation of water/2DM and water/sapphire interfaces is
energetically favorable once the 2DM comes into contact with water,
thereby promoting interfacial peeling from the sapphire substrate.

Here, we present a large-scale transfermethod for the 2DMsMoS2 and
h-BN grown on sapphire. The transfer process utilizes DI water, following
the theoretical framework proposed by Zhang et al.22, in combinationwith a
supporting frame that potentially enables enhanced peeling forces and
facilitates easier handling of the 2DM films. The absence of acids or bases
eliminates their impact on the 2DMs and the hazards of handling them,
while the frame stabilizes the fragile 2D films during transfer. Additionally,
DI water is environmentally friendly and abundant. We verified the quality
of our transfer by atomic force microscopy (AFM), scanning electron
microscopy (SEM), and statistical Raman spectroscopy of the as-grown and
transferred materials.

Methods
Preparation
The 2D materials were grown via MOCVD on sapphire substrates in an
AIXTRONcold-wall 2DR&DCloseCoupledShowerhead (CSS®) reactor in
19 × 2” and 5 × 4” wafer configurations. We first developed a transfer
process for cm-sized samples before scaling it to 100mm wafers. First,
polymethylmethacrylate (PMMA)950kA6was spin-coated onto the 2DMs
to form an approximately 500 nm thick protection and support layer (see
Fig. 1a, top). Second, the 2” wafers were cut with a diamond scriber to the
desired size. The support frame was prepared from blue dicing tape 1008 R
(70 µm polyvinyl chloride with a 10 µm acrylic adhesive layer) and sur-
rounding plastic foil (commercially available printer foil, AVERY Zweck-
form GmbH) (see Fig. 1a, middle). The hole in the blue tape was smaller
than the sapphire samples to attach the frame to the sapphire/2DM/PMMA
stack (see Fig. 1a, bottom).

Transfer
The framed samplewas thenfixedwith double-sided tape on a polyethylene
terephthalate glycol (PETG) plastic cube with a defined surface angle of 10°
inside a glass beaker (Fig. 1b, c, at the top). This angle was empirically
determined to be optimal for 1.5 cm × 1.5 cm samples. We then filled the
glass beaker with DI water until the water surface reached the sample. The
surface tension of the DI water, supported by the hydrophobic behavior of

the dicing tape, caused the frame to float, transferring the surface tension
force through the frame to the 2DM/PMMA stack (Fig. 1b, c, middle). The
water eventually intercalated into the sapphire-2DM van der Waals gap,
supportedby theupward forceof the frame, delaminating the2DMfromthe
sapphire. During delamination, we gradually filled the beaker with more
water until the frame with the PMMA/2DM stack floated completely (Fig.
1b, c, bottom). The process time ranged from a few minutes to approxi-
mately half an hour, depending on the adhesion force between the 2DMs
and the sapphire. The absence of bases or acids allows transfer without
further decontamination steps.

Our target substrates were 2 × 2 cm silicon chips with 300 nm thermal
silicon dioxide (SiO2). A drop of DI water was placed onto the silicon chips.
The frame with the 2DM was lifted from the DI water using tweezers,
holdingonly the frame.Then, the 2DMwas loweredonto theDIwater drop,
to which it adhered. This also flattened it upon contact, preventing the
formation of cracks and wrinkles. The samples were dried at room tem-
perature under laminar flow for one day. The frames were subsequently cut
with a scalpel and removed. The PMMA/2DM stack remained on the target
substrates, whichwere heated to 150 °C for 10min to remove residual water
and increase the adhesion of the 2DMs27–29. Finally, the samples were placed
in acetone for 3 h, rinsed in IPA, and heated under vacuum to 300 °C for 2 h
to remove the PMMA. Optical microscope images of cm-scale h-BN and
MoS2 transferred onto 2 cm × 2 cm Si/SiO2 chips are shown in Fig. 1e, f,
respectively. Each image consists of 24 single microscope images stitched
together,which leads to regular horizontal and vertical features, i.e., artifacts.

Results and discussion
We assessed the qualities of the h-BN and MoS2 materials as-grown and
after transfer via atomic forcemicroscopy (AFM),Raman spectroscopy, and
scanning electron microscopy (SEM). AFM was used in tapping mode to
measure the surface topography of the materials. Raman spectroscopy can
provide information on the layer number, defects, strain, and doping of
2DMs30. Since the Raman signal of h-BN is weaker than that of MoS2, we
used a higher laser power and conducted fewer measurements for the for-
mer. We recorded 100 and 900 individual Raman spectra for h-BN and
MoS2, respectively, over a 10 µm× 10 µm area on both the as-grown and
transferred materials. We used a laser with a wavelength of λ = 532 nm at
powers of 20mW (h-BN) and 1mW (MoS2) and an 1800 g/mm grating,

Fig. 1 | Schematic representation of the transfer process. a Cross section of the
material stack and preparation steps of the supporting plastic foil. b Schematic
representation of the transfer process from a cross-sectional view. c Photographs
from the transfer of a MoS2 piece. Top: Empty beaker with a 3D-printed stamp and
MoS2 with a frame. 2DM for 2DMs. Middle: Beaker half-filled with DI water. The

bending of the frame due to the water tension force is visible. The dashed line serves
as a guide to the eye. Bottom: The PMMA/MoS2 stackwith the frame floats on theDI
water surface after successful lift-off from the sapphire. Optical microscope images
of (d) MoS2 and (e) h-BN on a 2 cm × 2 cm Si/SiO2 chip created via image stitching.
The fence-like structure is a stitching artifact.
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resulting in a resolution of 0.3 cm−1. The characteristic Raman peaks in
every spectrum were fitted with Lorentz functions31. Additionally, we per-
formed photoluminescence (PL) spectroscopy on both the as-grown and
transferred MoS2.

h-BN
An AFM topography scan of the as-grown h-BN revealed steps in the
sapphire growth substrate formedat high temperatures (Fig. 2a), in linewith
a report in the literature32. In addition, wrinkles and particles are visible.
After transfer, the h-BN appears smoother, which we attribute to the low
RMS roughness of 360 pm of the thermally grown SiO2 substrate (Fig. 2b).
Wrinkles with the same periodicity as in the as-grown material vanish
partially, while more pronounced wrinkles with larger periodicity appear.
The rearrangement of wrinkles is possibly due to the release of growth-
induced strain upon substrate change33, while additional wrinkle formation
during transfer cannot be fully excluded. The intrinsic strain in CVD h-BN
is typically induced when the growth wafer is cooled to room temperature
due to different thermal expansion coefficients of h-BN and sapphire. In
contrast, wrinkles with a greater periodicity appear, which were likely
formed during material transfer. The particle density remains unchanged.

The Raman spectra of the as-grown and transferred h-BN (Fig. 2c)
both reveal the characteristic E2g peak at ~ 1368 cm

−1 34. An additional small
peak appears at ~1450 cm−1 after transfer, identified as the 3TO peak from
the silicon substrate35. The statistical Raman analysis in Fig. 2d, e reveals a
redshift of the peak position from 1368 cm−1 to 1367 cm−1 after transfer.
Moreover, the FWHM decreased from 26.7 cm−1 to 23 cm−1. The peak
position of the as-grown material corresponds to mono- or bilayer h-BN,
which contradicts the 14 ± 7 layers measured via AFM after transfer
(compare Figures S1 and S2 in the supporting information) and the
thickness of 4.6 nm extracted from TEM images (Fig. 2g, h). We attribute
this peak position to the intrinsic strain in the material already observed as
wrinkles in theAFM scan in Fig. 2a, which can easily lead to a slight redshift
of the peak position36. After transfer, the peak position of 1367 cm−1 is closer
to the bulk value of 1366 cm−1. The release of intrinsic stress can also explain
the decrease in the FWHM after transfer37. Doping or defects typically lead
to an increase in the FWHM38. Thus, we conclude that our transfer process
increases the quality in terms of the FWHM of the Raman signal.

Wrinkles on the h-BN surface are also visible in the SEM image after
transfer (Fig. 2f, reproduced, larger version in supporting information
Figure. S3) with the same periodicity as those observed in the AFM mea-
surement (Fig. 2b). They appear as bright lines against a gray background.
Dirt orPMMAresidues appear as small bright spotswithin the image.These
bright spots are only faintly visible in the SEM image because of their low
particle density and small size, typically a few tens of nanometers, which
supports the results of the AFM measurement in Fig. 2b.

We performed high-resolution transmission electron microscopy
(HRTEM) on cross sections of both the as-grown (Fig. 2g) and the
transferred h-BN (Fig. 2h) samples to measure the thickness with atomic
resolution and clarify the contradictory AFM thickness and Raman
measurements discussed earlier. Both samples were encapsulated in
evaporated SiO2 prior to lamella preparation to protect the h-BN. In Fig.
2g, the layered structure of the h-BN (green) is clearly visible, positioned
between the crystalline Al2O3 (orange) and the protective SiO2 (blue). An
amorphous layer between the h-BN and the crystalline Al2O3 is visible,
which is likely amorphized Al2O3

39 or an aluminum-nitride compound
formed during the growth process40. We measure a thickness of the as-
grown h-BN of 4.59 nm, consistent with our AFM thickness measure-
ment after transfer (see supporting information Figures S1 and S2). Thus,
we conclude that the Raman peak shift of the as-grown h-BN at ~
1368 cm−1 is indeed due to intrinsic strain. In Fig. 2h, the transferred
h-BN (green) is sandwiched between the SiO2 of the target substrate and
the protective SiO2 (blue). The layered structure of the h-BN is preserved,
and no significant defects are visible. HRTEM revealed no PMMA or
other contaminants at the interfaces of the h-BN. Notably, we measured
the same h-BN thickness of 4.6 nm as that of the as-grown material.
Overall, the HRTEM analysis revealed no significant degradation or
material loss during the transfer process.

MoS2

AFMscans in Fig. 3a, b show the nanocrystallinity ofMoS2. They also reveal
the presence of contamination particles (bright spots) and vertical
nanosheets (bright lines), a typical byproduct of thick MoS2 growth

41. The
nanocrystalline structure of MoS₂ remained after transfer, and the number
of particles increased slightly.

Fig. 2 | h-BN metrology as-grown and after transfer. a AFM measurement of the
as-grown material with steps in the sapphire visible. b AFM measurement of the
transferred material. c Raman spectra of h-BN as-grown and after transfer, with the
characteristic E2g peak in both spectra. The 3TO peak of the silicon substrate is also
visible in the spectrum after transfer. dHistograms of the E2g peak position of h-BN
as-grown (ag, blue) and after transfer (at, green). e Respective histograms of the

FWHM of the characteristic peaks as-grown and after transfer. f Large-scale SEM
image of the transferred h-BN on the Si/SiO2 substrate. gColored HRTEM image of
the as-grown h-BN on sapphire encapsulated with SiO2. An amorphous layer is
visible between the crystalline Al2O3 and h-BN. The extracted h-BN thickness was
4.59 nm. h Colored HRTEM image of the transferred h-BN on SiO2 encapsulated
with SiO2. The measured thickness was 4.60 nm.
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The Raman analysis results as-grown and after transfer are shown in
Fig. 3c–f. Two exemplary spectra as-grown and after transfer (Fig. 3c) reveal
the characteristic E1

2g and A1g peaks of MoS2 at 383 cm
−1 and 408 cm−1,

respectively42. The spectrum after transfer also shows the characteristic peak
of the silicon substrate at 520 cm−1.Histogramsof theRamanpeakpositions
and full width at half maximum (FWHM) values fromMoS2 as-grown (ag)
and after transfer (at) are shown in Fig. 3d, e. A Gaussian distribution
function fitted to the histograms revealed a slight redshift of both the E1

2g

andA1g peaks (Fig. 3d) by approximately 2 cm−1 and 1.5 cm−1, respectively.
The FWHM of the E1

2g peak increased from 3.5 cm−1 to 3.7 cm−1 after
transfer. In contrast, the FWHMof theA1g peak decreased from3.6 cm−1 to
3.5 cm−1 (compare Fig. 3e). These changes lie within the error margins of
our measurement setup (0.41 cm−1 for the FWHM calculation; see sup-
porting information section S1), andwe conclude that there is no detectable
change due to transfer. The intensity ratio of the A1g peak to the E

1
2g peak

increases from 1.57 to 2.03 after transfer, or 28.4%. The photoluminescence
(PL) data as-grown and after transfer in Fig. 3g show a slight blueshift of the
excitonic A and B peaks. The B peak ismore pronounced after transfer than
during the measurement of the as-grown material.

The shift in the characteristic peak positions in the Raman and PL
spectra and the increase in the I(A1g)/I(E12g) intensity ratio indicate a change
in the material properties due to transfer. In MoS2, the number of layers,
material strain, doping, and defects influence the characteristic peak
positions30,42,43. We measured a thickness of 7.1 ± 1.4 nm of the MoS2 after
transfer via AFM at the edge of a transferred film (Figures S4 and S5 in the
supporting information), which corresponds to 11 ± 2 layers44. The
extracted characteristic peak positions and the I(E1

2g)/I(A1g) ratio of 0.5
support the finding of the AFM edge scan, as it indicates bulk material
behavior43. TheRamanpeaks are influenced by thenumberof layers only up
to ~ seven layers, whereas they converge to bulk material behavior for
thicker materials43. Therefore, we do not expect any influence of a possible
change in the number of MoS2 layers on the Raman signals. The redshift of
the two peaks after transfer indicates an increase in the tensile biaxial strain
inside the material30,45–47. An increase in the I(A1g)/I(E

1
2g) ratio indicates

either a decrease in the biaxial compression strain or tensile strain48. One
potential explanation for ourfindings is that the initial compression strain of
the as-grown material is partially released in the transferred material. The
shift of the A peak in the PL spectrum supports a change in the intrinsic
strain of the material46. The doping of a material with excess charge

influences the A1g peak position and FWHM42, which we do not observe
here.OurPL signal reveals less quenchingof theBpeak andablueshift of the
A peak, indicating less n-doping after transfer. We attribute this to the
substrate change from Al2O3 (growth substrate) to SiO2 (target substrate).
Al2O3 in the vicinity of MoS2 often leads to n-type doping because of
positive fixed charges at the Al2O3 interface

49. These changes manifest as a
redshift of the A peak and quenching of the B peak in the PL signal50,51. The
absence of Al2O3 after transfer leads to the opposite behavior of the PL
signal.

The characteristic Raman peak positions are also influenced by lattice
defects, i.e., an increase in the defect density leads to a redshift of the E1

2g

peak and a (comparably smaller) blueshift of the A1g peak
30. At the same

time, the FWHMof the peaks increases30. We exclude a significant increase
in the defect density because there is no blueshift of the A1g peak and no
significant increase in the FWHM of the peaks.

The SEM image of the transferred MoS2 in Fig. 3h confirms the pre-
sence of contamination particles (bright spots) and vertical growth walls
(lines), which are also visible in the AFM data. We did not observe mac-
roscopic polymer residues or cracks. A reproduced, larger version of the
SEM image can be found in the supporting information in Figure. S6.

In summary, the analysis of the Raman and PL spectra revealed no
significant degradation in material quality but a decrease in compressive
strain after transfer.Notably, the reduction in compressive strain alignswith
the results of the h-BN transfer.Weobserved a slight increase in the number
of particles on the transferred film in the AFM scans, likely due to PMMA
contamination.

We compared our DI water-based method with KOH-based delami-
nation processes typically used forMoS2

17,50,52.MoS2 sampleswith an area of
1.5 × 1.5 cm2 were transferred from a single sapphire wafer following the
procedure of our method (see microscope images in Figure. S7 in the
supporting information) using either an aqueous KOH solution with a
concentration of 4M or DI water for delamination. Due to the corrosive
nature ofKOH, theKOH-transferred sampleswere subsequently cleanedby
floating on a DI water surface for three days, whereas the DI water-
transferred samples were directly attached to the target Si/SiO2 substrates.
All subsequent sample preparation steps were identical and followed the
prescribed procedure. The MoS₂ transferred using DI water exhibited
similar Raman peak shifts as discussed previously, with an indication of
partial intrinsic stress release during the transfer. In contrast, we observed a

Fig. 3 | MoS2 metrology as-grown and after transfer. a AFM measurement of the
as-grownmaterial. bAFMmeasurement after transfer. c Raman spectra ofMoS2 as-
grown and after transfer, with characteristic E1

2g and A1g peaks visible in both
spectra. dHistograms of the E1

2g and A1g peak positions of MoS2 as-grown (ag, red)

and after transfer (at, blue). e Respective histograms of the FWHM of the char-
acteristic peaks as-grown (ag) and after transfer (at). f Histogram of the I(A1g)/
I(E1

2g) intensity ratios. g PL spectra of MoS2 as-grown and after transfer. h SEM
image of the transferred MoS2 on the Si/SiO2 substrate.
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slight blueshift of the E1
2g peak and no significant A1g peak shift after the

KOH-based transfer (supporting information Figure. S8a). This behavior
was already reported byA.P. Singh et al.16 and attributed to partial oxidation
and dissolution of MoS2 in a base solution. AFM scans revealed no sig-
nificant difference between theMoS2 transferred usingDIwater and using a
KOH solution (SI Figure. S9). However, in both cases, a slight increase in
particle contamination was observed after the transfer.

Scalability
We demonstrated the scalability of the method through the wafer-scale
transfer of MoS2 grown on a 100mm sapphire wafer. The wafer was pre-
pared like the samples: first, an approximately 500 nm thick PMMA film
was spin-coated as a supporting film. Second, a round-shaped frame was
prepared (see Fig. 4a). The framed wafer was fixed with double-sided tape
onto aPETGsocket placedon thegroundof a 20 cm × 30 cmplastic tub.We
used a round socket with a diameter of 60mm and an angle of 5° instead of
10° because of the larger size of the MoS2 wafer.

The delamination of MoS2 was carried out in the same manner as for
the smaller samples. Photographs of different stages of transfer are pre-
sented in Fig. 4a–c. In Fig. 4a, approximately half of the MoS2 is detached
from the growth substrate, as visible by a different reflection of the light on
the wafer in the lower half compared with that in the upper half. The white
dashed line indicates the propagation line of delamination from the growth
substrate.OnceMoS2was completely detached from the growth substrate, it
floated on the water surface (Fig. 4b).

The wet transfer of MoS2 differs at this point from that of the small
samples, as it is toounstable to be safely removed from thewater. Instead,we
used a “fishing method”: the target substrate, a Si wafer with 300 nm ther-
mally oxidized SiO2, was submerged in the water, moved below the MoS2/
PMMA stack, and carefully extracted from the DI water at an angle,
“fishing” the stack onto the SiO2 surface. The frame helped to handle and
stabilize the 2DM/PMMA stack on the water surface. The transferred
material subsequently underwent the same process of drying, PMMA
removal, and annealing as the smaller samples did.

Raman and AFM measurements were taken as-grown and after
transfer. The results are shown in Fig. 4d–i. An AFM scan of a
2 µm × 2 µm area of the as-grown material (Fig. 4d) reveals many vertical
nanosheets that likely formed during material growth41. These are visible

as bright lines in the AFM image. The vertical nanosheets are thicker
( ~ 90 nm vs. ~20 nm) and higher ( ~ 8 nm vs. ~30 nm) compared to the
MoS2 used for the cm-scale transfer (Fig. 3a) due to different growth
processes. A comparison of the AFM measurements as-grown (Fig. 4d)
and after the transfer (Fig. 4e) indicates a lower density of vertical
nanosheets after the transfer, likely because of the different measurement
positions before and after the transfer. More importantly, no con-
tamination or cracks are visible after transfer.

Figure 4f shows a color map of the A1g peak positions after MoS2
transfer of 60 × 60 Raman spectra over an area of 45mm× 45mm, exhi-
biting a largely homogeneous regionwith a fewmissing spots (dark blue and
yellow pixels in the center) where no Raman signal of the MoS2 could be
observed. A color map of the E1

2g peak position can be found in the sup-
porting information Figure. S10c. Notably, this color map also contains
missing spots that are not at the same positions as those in Fig. 4f. Thus,
some of themissing spotsmay arise fromfitting failures and somemay arise
fromdefects in thematerial introduced during transfer. However, with only
~10 missing pixels out of 3600, the proven MoS₂ coverage remains high at
approximately 99.7%. The corresponding large-area Raman scans of the as-
grown material can be found in the supporting information Figure.
S10a and S10b.

Figure 4g–i showhistogramsof thepeakpositions, theFWHM,and the
intensity ratio of the characteristic E1

2g and A1g peaks as-grown and after
transfer. The results are similar to the results of the MoS2 transfer of the
smaller samples (Fig. 3d–f). A redshift of the E1

2g andA1g peaks by 0.5 cm
−1

and 0.7 cm−1, respectively, is observed due to the transfer (Fig. 4g). The
FWHMs of the E1

2g and A1g peaks decrease by 1.5 cm−1 and 1.3 cm−1,
respectively, after transfer (Fig. 4h).The I(A1g)/I(E

1
2g) ratio slightly increases

from 1.5 to 1.6 after transfer. Both findings indicate a reduction of com-
pressive strain in the material42,45,48, similar to the small sample transfer,
showcasing the reproducibility of the method. However, further compar-
isons of the quality of both materials are not meaningful, as they were
synthesized via different growth processes.

We used the transfer method in independent studies to fabricate
electronic devices, including back- and top-gated MoS2 field effect transis-
tors (FETs)53, lateral and vertical MoS2 memristors54–56, and vertical h-BN
memristors57. The electrical device data can be found in the
corresponding works.

Fig. 4 | 100 mmMoS2 wafer transfer and corresponding material analysis as and
after transfer. aPhotograph taken during the delamination process. The dashed line
indicates the propagation line of delamination from the sapphire substrate.
b Photograph of delaminatedMoS2 floating onDI water. The sapphire substrate can
be seen remaining on the socket. c Photograph of transferred MoS2 on an oxidized
150 mm Si wafer. d AFM measurement of the as-grown material. e AFM

measurement after transfer. f Color map of the characteristic A1g Raman peak
position after transfer of a 45 mm × 45 mm area. g Histograms of the E1

2g and A1g

peak positions ofMoS2 as-grown (ag, blue) and after transfer (at, red). hHistograms
of the FWHMs of the Raman peaks as-grown and after transfer. iHistograms of the
respective I(A1g)/I(E

1
2g) intensity ratios.
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Table S3 in the supporting information summarizes commonly used
transfer techniques for 2D transition metal dichalcogenides (TMDCs) and
h-BN to place the proposed transfer method in the context of established
approaches.Themethods are comparedbasedonaqualitative assessmentof
their key characteristics, including required chemicals, typical transfer size,
contamination level after transfer, scalability, and reported advantages and
limitations. Notably, many works present centimeter-scale or sample-size
transfers, and scalability is often not addressed. Additionally, polymer-
related contamination after transfer remains an open issue in the field.
Possible solutions include the use of sacrificial water-soluble support layers,
as presented for MoS2 in ref. 58, and for graphene grown on Cu foil in
refs. 59,60. Such approaches applied to our method could reduce polymer
residues after transfer and, in principle, eliminate the need for chemicals
other than DI water and the carrier polymer.

Applicability to other 2DM/ substrate systems
Based on the theoretical concept proposed by Zhang et al.22, the peeling of a
2DM from a substrate using DI water should, in principle, be possible
whenever both surfaces are hydrophilic. However, the hydrophilicity of
2DMs depends on several factors, including the number of layers, surface
defects, atomic edges, and the growth substrate26,61. For instance, ideal,
defect-free h-BN is expected to be hydrophobic, whereas h-BNwith atomic
edges is hydrophilic26. Si/SiO2 substrates, which are also commonly used for
2DM growth, showedWCAs ranging from 21° to 40°62,63, indicating strong
hydrophilicity. Copper (Cu) foils, another widely used growth substrate for
2DMs, exhibit a broad range of WCAs, from about 32° to values exceeding
100°, depending on crystallographic orientation and surface contamination,
such as hydrocarbons introduced by air exposure64,65.

Beyond wettability, the substrate’s mechanical stability is a critical
factor in the transfer process. Rigid substrates such as sapphire and Si/SiO2

can be readily fixed to the transfer socket, enabling controlled peeling and
handling. In contrast, flexible substrates like Cu foils may wrinkle during
fixation, potentially damaging both the 2DM and the PMMA protective
layer. 2DMs grown on Cu foil are commonly transferred by etching the Cu
substrate in corrosive solution66,67.

In conclusion, we demonstrate a DI water-based, large-scale transfer
method for the 2DMs h-BN and MoS2 grown with scalable MOCVD
processes on sapphire substrates. The surface tension of DI water is used to
delaminate the 2DMs from the sapphire via a supporting frame. No che-
micals, such as KOH or other etchants, were used for the transfer. The
material qualities as-grown and after transfer were compared via AFM and
SEM measurements as well as statistical Raman analysis. The Raman
measurements revealed a reduction of intrinsic compressive strain due to
the transferof thematerials fromthegrowth substrate to the target substrate.
In addition, no significant material degradation was observable. AFM
images of h-BN revealed no increase in the particle density after transfer.
HRTEM images confirmed that the h-BN thickness was preserved during
transfer and showedno residues after transfer. AFMmeasurements ofMoS2
revealed a slight increase of nanometer-sized particles on the material after
transfer.Wedemonstrated the scalability of ourwater-based, frame-assisted
process toward industry-relevant wafer sizes with the transfer ofMoS2 from
a 100mm diameter sapphire wafer to a 150mm Si/SiO2 wafer. Like for the
smaller samples, large-scale Raman mapping reveals no significant quality
degradation but an intrinsic stress release after transfer.

Data availability
The authors declare that all data supporting the findings and conclusions of
this work can be found in the article and supplementary information.
Additional data relating to this study is available upon reasonable request by
the corresponding author.
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