Reviewers' comments:
Reviewer #1 (Remarks to the Author):

Authors report a transfer method for graphene and 2D materials based on wafer bonding, where
an adhesive layer (BCB) is deposited on the target substrate. By applying both pressure and heat,
the 2D material, together with the substrate (e.g. Cu foil) where it has been grown are bonded to
the target sample. The growth substrate is chemically removed, leaving the 2D material onto the
CBC layer deposited on the target substrate. The process can be repeated to form stacks
consisting of two or more 2D materials.

Whereas the electronic and structural properties of CVD-grown graphene are virtually
indistinguishable from their mechanically exfoliated counterpart, a wafer-scale transfer process is
still missing and is the major bottleneck for the integration of graphene and 2D materials onto
semiconductor (back end of line) production. Therefore, the topic of the paper is highly relevant
and timely.

The manuscript is well organized and properly communicated, however -in the view of this
reviewer- not suitable for publication in Nature Communication in the present form due to the
following reasons:

1. Graphene transfer: it is stated (lines 105-106) that “the adhesive layer molds into the surface
topography of the growth substrate”. If on one hand this is beneficial due to minimization of strain
and wrinkling, on the other foils have a topography which is rarely flat. If the macroscopic surface
roughness is “locked” into the adhesive tape it could affect not only the performance of the
graphene but also and more significantly planar processing such a lithography. Authors should
comment.

2. Graphene mobility: mobility and sheet resistance are very similar to conventional wet-transfer
methods, which have same or even better scalability without requiring a bonding process and the
associated equipment. Therefore, it is difficult to see the advantage of the method. Also, figure
2(a) shows a much larger number of devices compared to the 18 (graphene) + 9 (graphene/hBN)
devices measured. It would have been useful to have a larger statistic as well as an idea of the
scattering of mobility across the wafer surface.

3. Heterostructures: interface is the most critical part of any heterostructure. The manuscript
neglects this aspect entirely, thus not providing any solid proof that the method is suitable for
fabrication of heterostructures. Also, the poor mobility of graphene on hBN (worse that on the CBC
film) raises additional concerns about the applicability of the method to form heterostructures. The
only conclusion that one can take from this results are that either the hBN used is extremely poor
or that the method -when applied to stack 2D materials- degrades their quality significantly.

Also, some of the statements in the manuscript are not correct, as follows:

- Lines 26- 27: “current transfer methods cause degradation of the 2D materials”

multiple studies have shown that the quality of 2D materials is fully “restored” if a suitable
cleaning process is applied. For example, Purdie et al. showed (Nature Comm. 9, 5387) that
graphene intentionally contaminated with solvent and polymers are indistinguishable from pristine
sample if a suitable cleaning process is applied.

- Lines 28-29: “here, we report a generic methodology for dry-transfer and large-area integration
of 2D materials and their heterostructures by adhesive wafer bonding”

The transfer method described cannot be considered dry and such statement is misleading. Indeed,
similar to other transfer methods, the growth substrate is removed by wet etching (FeCl3 in the



case graphene and hBN, KOH for M0S2). For a review of wet and dry transfer, see for example De
Fazio et al. 13, 8926

- Lines 298-299 “We also fabricated high mobility field-effect graphene devices”
The mobility achieved is very modest and the statement above is entirely misleading.

- Lines 314-315: “Consequently, the barrier is low for industry to incorporate this methodology
into their manufacturing lines as a standard for back end of the line integration”

Incorporating graphene and 2D materials into semiconductor production lines is certainly not easy
and the statement above is misleading. It would be correct to say that -if the method was
providing good results, which unfortunately is not the case- it should be considered by industry as
it is based on processed already available in the industry.

In summary, despite the approach is very interesting and provides a possible route towards wafer-
scale integration of graphene and other 2D materials into semiconductor production lines, the
results are very modest and similar to conventional wet-transfer methods. The industry
requirements are significantly higher, e.g. carrier mobility >10,000 cm2/Vs at carrier density ~
10712 are essential for (opto)electronic devices (see for example Romagnoli et al, Nature Review
Materials 3, 392).

I would strongly encourage working on the optimization of the method which -if results are
significantly improved- can have a very strong impact on graphene and 2D materials technology.
Unfortunately, in the view of this reviewer, the current results are very far from creating any
significant improvement over conventional methods used for graphene transfer.

Reviewer #2 (Remarks to the Author):

The submitted work describes a method able to realize wafer level transfer and wafer level
fabrication of two dimensional materials and heterostructures as well as devices thereon. The
potential of the method is demonstrated using a 100 mm carrier wafer. Large area transfer of
graphene/BCB, graphene/hBN, graphene/graphene and MoS2/BCB was realised. Reasonable good
material and devices properties are demonstrated. The drawback of the method is the large
waviness of the surface after transfer. Nevertheless, due to the large potential of the method
demonstrated, the paper is worth to be published in Nature Communications, if the authors will
take into account the below listed remarks and improve the compelling of the results presented:

(1) Abstract line 31: Misleading statement. “"We transferred monolayers of graphene and
molybdenum disulphide (M0S2) from their growth substrates to 100 mm diameter silicon wafers
and fabricated field-effect graphene devices with high carrier mobility up to 2630 cm2/(Vs).”
Firstly, it is unclear what dimensions the transferred graphene and MoS2 had was it 4 inch or 100
x 100 nm2. Secondly, please describe the type of graphene filed effect transistor in a separate
sentence to avoid misleading conclusions.

(2) Introduction: The introduction (first part) do not highlight the real advantages of 2D materials,
give a comparison of Si properties and 2D properties when it is scaled to 10 nm.

(3) The understanding of the “Methodology ...” chapter is not easy.



(4) Figure 1: The Figure is designed in 3D style. It would be better to use the common 2D used in
flow charts for semiconductor processing. When this is done in a proper way the process flow
would be easier to understand.

(5) Line 81 to line 82: “All transferred layers and heterostructures were of high quality” The
property of the quality is not specified!

(6) Line 110: ..., the chemical stability of the ... wafer processing.” Is doubled in line 119. Please
reformulate.

(7) The authors carry out a non-proper discussion of their sheet carrier resistance. The
demonstrated values are not so exciting.

(8) One of the main statements of the paper is that the two dimensional materials are not
contaminated by polymers used in the process sequence. The authors use BCB and transfer of the
two dimensional materials onto BCB. So, at least the backside is contaminated with a polymer
material leading to p-type doping of graphene. What is the advantage of BCB, a material
developed for low-k applications? Later one, in the graphene FET section, the authors’ uses
standard photolithography technology to fabricate the devices. This thwarts the idea to avoid
polymer contaminations or polymer free processing. To ensure that the authors have to developed
a polymer contamination free process. Please give details for photoresist removal techniques and
prove the contamination free processing.

(9) Abstract: The authors state that they developed an industrial compatible process. For our
understanding this is a questionable statement, because shadow masks and femtosecond laser
ablation for structuring (line 151-152) are not very common

(10) Page 6, line 146: The authors removed the copper foil with FeCl3 and rinsed the in deionized
water. What else was done to remove iron contaminations? Please list in methods section all used
cleaning procedures used before and after the processing steps. Alternatively, they can be
described in the body text of the publication.

(11) Please indicate the thickness of the multilayer hBN.

(12) Line 177-180: Tens of micrometres are not a microscopic resolution. Please delete the
sentences related to this statement. And give the real spot size and resolution used for the

mapping.

(13) Please do not use “wafer level transfer” especially for multilayer transfers, because it was not
demonstrated. Transfer of “large areas” would be an example of a term closer to reality.

(14) Please comment on the differences in sheet carrier resistivity on Fig.2 and 3 for single layer
graphene. The values differ by a factor of 4. The distribution of the resistance value is also much
broader in Fig. 3.

(15) Line 248: The authors extract a maximum field-effect mobility of 2630 cm2 V-1 s-1 and state
that the quality of the graphene is preserved after transfer. To prove this statement properties of
the as grown graphene have to be given. Furthermore, it would be interesting to know how the
values were extracted.

(16) Line 279: The authors mention “intercalation at the MoS2/SiO2". The term intercalation is not
used properly. Intercalation means introduction of additional material (atoms, molecules) without
lifting layers (see for example the overwhelming literature of graphite intercalation). Therefore,
the question arises have the authors noticed intercalation effects as a consequence of their
transfer process or processing sequences. This question is important, because intercalation (see



for example Ge intercalation of graphene published by Seyller) may change the electronic
properties of the two dimensional materials.

(17) Can the authors add a comment on the shift of the A1g mode being approximately 1 cm-1.
Please comment also on the change in the peak heights. Furthermore, as in the case of the
transferred graphene not only two spectra have to be shown, but an analysis over a mapping area
(see for example Fig. 2d). This is required, because it was stated that large area single layer MoS2
was grown and transferred. This has to be demonstrated and cannot be done with two single
spectra.

(18) Yield data of the fabricated devices have to be added to the paper.

(19) Line 292: “... performed a statistical analysis of the resulting device and materials
characteristics”. Statistical analysis of transistor performance are not given in the paper. A
comparison of charge carrier mobilities obtained in graphene FETs and vdP structures is not given.

(20) Please add the temperature of the electrical measurements.

(21) Fig. 3d: Why the mobility of the charge carriers shows a minimum, if it is assumed that the
mobility scales with concentration lower charge carrier concentration lead to higher charge carrier
mobility. Please comment

Reviewer #3 (Remarks to the Author):

Review of Large-Area Integration of Two-Dimensional Materials and Their Heterostructures by
Wafer Bonding

Quellmalz et al. investigated a new 2D material transfer method which is large-area, allows
stacking into heterostructures, does not require ultra-specialised equipment, and doesn’t
completely degrade the transport properties. Generally the work is well presented, appropriate
methods were used for characterisation, and data is of high quality, and sufficient detail is given
for others to reproduce the work. I believe the method is likely to be useful for the 2D materials
community as well as industry, and that Nature Communications is an appropriate journal for the
work. However, in my opinion the authors probably overstate how gentle their process is, at least
based on the presented evidence. I also have a few other points which require clarification.

1. THz-TDS map from Figure 2c. Around the edges of the hBN square there are noticeably
damaged areas on the graphene sheet- or at least areas which have sheet resistances about twice
the rest of the sheet. What has caused this? When making heterostructures with your method is
this interface degradation unavoidable?

2. For the hBN/graphene vs. graphene results, how can you tell that you are not just damaging
the hBN during transfer and that is the reason why there is no increased device performance for
the

3. Why no MoS2 transistor measurements? Seeing as you are growing on Si, a comparison of
devices made on the as-grown substrate vs transferred (using same fab methods, same substrate
etc. just with BCB on transferred substrate) would be nice evidence that you aren’t damaging the
MoS2 by transferring. Otherwise, for MoS2 the evidence for large- scale transfer preserving the
properties you present is a lot weaker in comparison to graphene, with single Raman/PL spectra-
and no mapping. It is valuable to show the MoS2 data, but statements such as: “Hence, our
methodology is suitable for large area transfer of MoS2 films.” With no electrical measurements I
think “potentially” is required, at least.

4. Several times throughout the paper is strong claims are made such as (line 106) ...substrate



without exerting excessive pressure on the 2D material, and hence without damaging, wrinkling or
straining the 2D material. This is written as if no damage or wrinkling or strain occurs at all. I think
these claims should at least include the word ‘minimised’, for instance. If you have Raman data of
the graphene pre-transfer to suggest the strain is similar before your process? Then a similar claim
with the word ‘minimised’ included would be appropriate.

Alternatively, you could transfer graphene, measure strain and d-peak via Raman (+THz-TDS), re-
transfer the same graphene sheet and remeasure (Raman + THz), this would also provide very
strong evidence of a lack of degradation due to processing. As presented, the data only suggest
that the method is quite good at transferring graphene compared to other methods, but it is not
possible to tell if it is being damaged or not- especially based on transport properties.

5. Re: data in Figure 2b. You measured 18 graphene and 9 graphene/hBN devices, which seems
like a reasonable sample size. Can you mention the device yield? And if any devices failed, what do
you attribute this to?

6. It is true that “neither the interface between the first and second 2D material nor the second 2D
material are exposed to any polymer carrier nor adhesive that may potentially degrade the 2D
material properties by contamination” and is a strength of your method. However, surface water
will be trapped permanently. Could this have an effect on heterostructures? Can all surfaces be
heated during the process?

7. Line 161 For the transferred graphene monolayer on BCB, the extracted mobilities are in the
higher range of previously reported values for CVD graphene transferred on large areas by various
methods, including wet transfer with polymeric carrier layers38,55, face-to-face transfer by bubble
formation56lamination46. In ref 46 by Shivayogimath et al (Fig 5b), the THz-TDS results for
mobility of large-area transfer are similar to your results (slightly less) for etching transfer, but
closer to 4000 cm2/Vs for PVA. The text can be updated so not to suggest your values are the
highest reported for large-area transfer of graphene.

8. Line 152: materials by femtosecond-laser ablation to define van-der-Pauw (vdP) devices for
characterization of the electrical properties of the 2D materials. Were you able to pattern the
graphene without damaging the underlying BCB or substrate? if so, how did you determine this? If
not, could this effect device properties?

9. Regarding THz-TDS maps, you use a near-field set up with spatial resolution down to 10 um.
However, at least for far-field set ups (with perhaps 100 pm spatial resolution) the actual transport
length scale is ®10-100 nm (see 2D Mater. 4 (2017) 042003 Table 1 and discussion on p18) and
depend on graphene mobility for instance. I think the authors should state the transport length
scale for their set up/graphene and make it clear for the reader that for THz: spatial resolution #
transport length. This will also lead to analysis of your data which supports the quality of your
method, as it seems your sheet R values match well between vdP and THz, suggesting you do not
have significant defects/inhomogeneity on the larger scale that can often effect sheet R in larger
devices.

10. Line 185: Note, the THz near-field measurement in Figure 2c was performed on a different
sample than the vdP measurements in Figure 2a and 2b. I presume this is because the metal
contacts would saturate the THz-TDS signal? If so, that could be mentioned. Otherwise, with 10
um resolution you should be able to get many pixels inside each vdP device for direct comparison.
11. Fig 3 a inset: I feel the 2-layer graphene inset gives the impression of Bernel stacking.
Suggest changing or adding text for the readers who mainly look at figures.

12. Figure 3 results: Why is the sheet resistance for 1-layer graphene of this wafer so much higher
than the Figure 2 results?

13. Fig 4: Good to see before and after transfer Raman of MoS2, but why not the before and after
transfer for photoluminescence measurements?

14. Hall measurements were performed at 1 mA. Which voltage was required to generate 1 mA?
15. Supp Info: For the THz resultsfor graphene/hBN, is it necessary to have a second reference
area with no graphene but substrate+BCB+hBN?



Point-by-Point Response to the Reviewer Comments

We sincerely thank the reviewers for carefully reviewing our work and the constructive and insightful
comments, which have helped us to improve the paper further. Our detailed responses to the reviewer's
comments are provided in the following.

Reviewer #1 (Remarks to the Author):

Reviewer comment:

Authors report a transfer method for graphene and 2D materials based on wafer bonding, where an
adhesive layer (BCB) is deposited on the target substrate. By applying both pressure and heat, the 2D
material, together with the substrate (e.g. Cu foil) where it has been grown are bonded to the target
sample. The growth substrate is chemically removed, leaving the 2D material onto the CBC layer
deposited on the target substrate. The process can be repeated to form stacks consisting of two or
more 2D materials.

Whereas the electronic and structural properties of CVD-grown graphene are virtually
indistinguishable from their mechanically exfoliated counterpart, a wafer-scale transfer process is still
missing and is the major bottleneck for the integration of graphene and 2D materials onto
semiconductor (back end of line) production. Therefore, the topic of the paper is highly relevant and
timely.

The manuscript is well organized and properly communicated, however -in the view of this reviewer-
not suitable for publication in Nature Communication in the present form due to the following
reasons:

Our response:

We thank the reviewer for this accurate summary, in particular the positive assessment of the timeliness
and relevance of our work, its organization and the communication of the manuscript. We also thank
the reviewer for the constructive criticism, which we have addressed thoroughly by the following
responses to the individual comments.
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Reviewer comment #1
1. Graphene transfer: it is stated (lines 105-106) that “the adhesive layer molds into the surface
topography of the growth substrate”. If on one hand this is beneficial due to minimization of strain
and wrinkling, on the other foils have a topography which is rarely flat. If the macroscopic surface
roughness is “locked” into the adhesive tape it could affect not only the performance of the graphene
but also and more significantly planar processing such a lithography. Authors should comment.

Our response:

We thank the reviewer for this valuable comment. We fully agree that the substrate topography is an
essential property for device fabrication. In our method, the topography of the transferred 2D material
on the target wafer is determined by the topography of the growth substrate.

The roughness of conventional Cu foils is about 100 — 250 nm root mean square (RMS). On graphene
and hBN samples, we measured 176 nm and 264 nm RMS, respectively (Figure S3). However, additional
smoothening before growth can reduce the surface roughness of Cu foils drastically’. Alternative growth
substrates such as Cu thin films on sapphire wafers or other epitaxial, single crystal metal films have
dramatically reduced surface roughness down to the nanometer range. For other 2D materials that are
grown on oxidized silicon wafers, the surface roughness is below ~5 nm. For example, for our MoS,
samples, we measured 0.8 nm and 1.9 nm RMS before and after the transfer, respectively, thus
demonstrating that our approach is generally applicable independent of the surface roughness of the
donor substrate. However, if the topography of the 2D material surface on the target substrate is similar
to the depth of focus (DoF) in a projection optical lithography process, this may limit the minimum
feature size of patterns that can be reproduced on the target wafer. For typical i-line projection
lithography (365 nm wavelength), the depth of focus is approximately 1 um. For any of the growth
substrates discussed in our manuscript, the roughness is well below this value; hence we do not expect
any adverse effect in resolution for this type of lithography. For more modern excimer laser systems, the
DoF decreases to 220 nm at 157 nm wavelength®. Consequently, growth substrates with low surface
roughness (e.g., epitaxial metal or epitaxial crystalline films on SiO, on Si) will be preferred for these
types of very high-resolution lithography.

In the revised manuscript, we included a discussion of the surface roughness of transferred MoS,. The
related paragraphs read as follows:

(Wafer-level transfer of graphene and graphene/hBN heterostructures)

[...] Additionally, large topography of the transferred materials may potentially cause problems for
very high-resolution lithography. Using growth substrates with lower surface topography may
mitigate this issue®. [...]

(Transfer of MoS;)

[...] The surface roughness of the transferred MoS, (Rms: 1.9 nm) remained low compared to the
original surface roughness of the MoS, on the growth substrate (Rms: 0.8 nm). [...]
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Reviewer comment #2
2. Graphene mobility: mobility and sheet resistance are very similar to conventional wet-transfer
methods, which have same or even better scalability without requiring a bonding process and the
associated equipment. Therefore, it is difficult to see the advantage of the method. Also, figure 2(a)
shows a much larger number of devices compared to the 18 (graphene) + 9 (graphene/hBN) devices
measured. It would have been useful to have a larger statistic as well as an idea of the scattering of
mobility across the wafer surface.

Our response:

We thank the reviewer for this comment. We agree that the material properties of our transferred
graphene are similar to the material properties reported by other groups using various methods. This
similarity is a strong indication that our transfer method can compete on achievable mobility and sheet
resistances with those techniques. For this it is important to note that besides the transfer methods, the
type and initial quality of the graphene before the transfer is also an important factor for the material
properties obtained after transfer.

We would like to elaborate on the advantage of the proposed method in response to the statement “[...]
Therefore, it is difficult to see the advantage of the method.”, with which we respectfully disagree. With
our approach, we are targeting scalable 2D material integration in semiconductor and MEMS/NEMS
manufacturing environments. The wafer bonding tool we use in our approach is a mature technology
that is widely available and used in semiconductor foundries for substrate bonding in the manufacturing
of extremely high volume products such as backside-illuminated (BSI) CMOS imaging sensors and MEMS
accelerometers, with manufacturing volumes over several 100 million devices per year’. We believe that
the availability of existing toolsets in the semiconductor manufacturing and supply chain is crucial for
the price- and risk-sensitive semiconductor industry to incorporate an integration approach for 2D
materials. While the reported methods for wet transfer of 2D materials may potentially be scalable to
larger substrates, they certainly require unconventional or novel tools and methods which are not
established in today’s semiconductor manufacturing facilities. In contrast, our transfer method relies
solely on technologies and tools that are already available and used in the existing semiconductor
infrastructure. We see this as an extremely strong or even decisive advantage of our approach over
other methods.

Regarding Figure 2, it is correct that we measured a different amount of vdP devices with graphene and
graphene/hBN. The growth substrates of hBN were smaller than the growth substrates of graphene (2.5
by 2.5 cm® and 100 mm diameter, respectively), as hBN growth lags behind graphene growth in maturity
and scale. Therefore, the graphene/hBN heterostructure was only formed in the center of the wafer.
Hence, there were less graphene/hBN vdP devices on the wafer. Nevertheless, to compare the extracted
material properties of graphene devices with graphene/hBN devices, we measured a similar number of
both types of devices and state the relative frequency. We emphasize that we report the results of all
measured devices, without excluding any defect or low-performance devices. The uniformity of the
graphene on a similar sample is quantified in the map of the sheet resistance derived from THz
spectroscopy (Figure 2c). This measurement has a resolution of ~500 um and indicates a uniform
coverage on the entire wafer, which is supported by a large statistic.
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In the revised manuscript, we extended the discussion of the extracted material parameters, further
clarified the unique advantages of our proposed transfer method, and state the resolution of the THz
spectroscopy. The related paragraphs read as follows:

(Introduction)

[...] Here, we present a novel and versatile approach for the transfer and stacking of 2D materials to
heterostructures by adhesive bonding with bisbenzocyclobutene (BCB) and commercial wafer
bonding equipment. BCB is a hydroxyl-free dielectric material that was developed for the
semiconductor industry and is being used as an interlayer dielectric, for heterogeneous system
integration, and as an organic gate dielectric layer since it has low fixed-charge and trap densities® ™.
Our approach avoids manual handling of the 2D material and does not require sacrificial carrier
layers that may contaminate the surface of the 2D material. The proposed method only utilizes
equipment, processes, and materials that are readily available in large-scale semiconductor
production lines, which are crucial advantages for the integration into the semiconductor

ecosystem'™*?. [...]

(Wafer-level transfer of graphene and graphene/hBN heterostructures)

[...] Four-point probe measurements of a total of 27 vdP devices yielded the graphene sheet
resistance (Rgy), carrier density (n) and mobility of majority charge carrier (i) of the transferred
graphene layer, both for graphene resting on BCB and for graphene resting on hBN (Figure 2b) (see
Methods). In both cases, all measured devices were functioning and we found a similar Rg,
(630 £ 90 Q/sq. and 600 £ 90 Q/sq., respectively) whereas the n and u showed differences for
graphene resting on BCB and on hBN, respectively. The carrier density in the graphene on BCB was
lower than for graphene on hBN ((3.7 £ 0.7) - 102 cm™2 and (4.9 + 0.2) - 10'? cm™2), while the
mobility was higher for graphene on BCB than for the graphene on hBN (2800 + 100 cm?V~1s~!
and 2000 + 200 cm?V~1s™1). For the transferred graphene monolayer resting on BCB, the
extracted mobilities are in the higher range of previously reported values for polycrystalline CVD
graphene transferred on large areas from polycrystalline copper substrates by various methods,
including wet transfer with polymeric carrier layers'>'*, face-to-face transfer by bubble formation®
and lamination®. The mobility in our graphene/hBN heterostructure is similar to values reported by
Pandey et al. and Shautsova et al., who encapsulated graphene in CVD hBN using wet and dry
transfers'”*®. In accordance with these works, our results indicate that current large-area CVD hBN
substrates typically do not increase the mobility in polycrystalline graphene, thus contrasting several
studies on single crystals of graphene and hBN'**2. We emphasize that for a meaningful comparison,
the initial graphene quality before the transfer is of crucial importance. [...]

[...] For our measurements, we set the spatial resolution to 500 um by adjusting the distance of the
near-field detector to the sample and the pitch between acquisition sites. [...] The map of the
graphene sheet resistance on a 100 mm diameter wafer after transfer and formation of the
graphene/hBN heterostructure indicates a uniform coverage and successful transfer on the entire
wafer (Figure 2c). The sheet resistance in the marked region averages to 450 + 50 Q/sq., and is
similar for both underlying materials (450 + 20 Q/sq. and 440 + 20 Q/sq. for BCB and hBN,
respectively), which is in line with the measurements of the vdP devices shown in Figure 2b. These
values are similar to the values reported for polycrystalline graphene that was transferred from
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polycrystalline copper substrates using various methods™>*®'”. Rahimi et al. reported a higher mean

value of 2600 Q/sq. which originated from lower residual doping™. [...]

Reviewer comment #3
3. Heterostructures: interface is the most critical part of any heterostructure. The manuscript neglects
this aspect entirely, thus not providing any solid proof that the method is suitable for fabrication of
heterostructures. Also, the poor mobility of graphene on hBN (worse that on the CBC film) raises
additional concerns about the applicability of the method to form heterostructures. The only
conclusion that one can take from this results are that either the hBN used is extremely poor or that
the method -when applied to stack 2D materials- degrades their quality significantly.

Our response:

We thank the reviewer for pointing out this important aspect. We agree that the interface between
stacked layers is crucial for the properties of heterostructures.

It is correct that we measured a lower mobility in graphene on hBN than on BCB. We discuss this
discrepancy in the revised manuscript and hypothesize that the differences in surface topography of the
two growth substrates induces strain variations in the graphene transferred on top of the hBN which, in
turn, may contribute to the lower charge carrier mobility.

Since the THz spectroscopy map of the sheet resistance of graphene on hBN and graphene on BCB
(Figure 2c) shows a uniform coverage and similar sheet resistance in both regions, we believe that the
poor quality of the hBN inhibits higher charge carrier mobility. We agree that this behavior is in clear
contrast to observations on single crystals of graphene and hBN*>*>, However, our results are in line
with literature which shows that typical substrates of polycrystalline large-area CVD hBN that are

1718 This situation can be

available today do not increase the mobility in polycrystalline graphene
expected to change if (or when) high quality hBN films become available but is not a general sign of
shortcomings of the proposed wafer bonding technology. Generally, the issue of high topography may
be mitigated when transferring and stacking layers from growth substrates with lower surface
roughness (e.g. MoS, from Si/SiO2 chips, graphene from Cu thin-films on sapphire, or graphene grown

on single-crystalline metals).

We have identified residuals of copper and the copper etchant as potential contamination at the
interface between layers. This is a general issue of graphene technology, although both may be reduced
by improving the etching and cleaning procedures, as the reviewer correctly points out in comment #5.
Both are studied intensely in the literature and may be combined with our transfer method. In addition,
it should be noted that since we transfer the second layer in vacuum and at elevated temperature, the
amount of water and gas molecules trapped between the layers may be lower than e.g. by two
consecutive wet transfers.

In the revised manuscript, we further emphasize the discussion of the importance of the interface
between layers and potential sources of contamination with our method. The related paragraphs read
as follows:

(Introduction)
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[...] Vertical stacking of 2D materials forms van der Waals heterostructures, a novel class of materials
with new material properties that result from synergetic effects between the stacked layers at their
interfaces” . [...]

(Wafer-level transfer of graphene and graphene/hBN heterostructures)

[...] Note that in the heterostructure, neither the graphene nor the top surface of the hBN was in
contact with polymers or adhesives at any time. Moreover, the second transfer was performed in a
vacuum and at elevated temperature, which reduces the amount of water and gas molecules that
may get trapped between the layers. Residuals of copper and the copper etchant are still potential
contaminants at the interlayer interface, which potentially can affect the properties of the
heterostructure®. [...]

Reviewer comment #4
Also, some of the statements in the manuscript are not correct, as follows:

- Lines 26- 27: “current transfer methods cause degradation of the 2D materials” multiple studies
have shown that the quality of 2D materials is fully “restored” if a suitable cleaning process is applied.
For example, Purdie et al. showed (Nature Comm. 9, 5387) that graphene intentionally contaminated
with solvent and polymers are indistinguishable from pristine sample if a suitable cleaning process is
applied.

Our response:

We thank the reviewer for this comment. We agree that there are cleaning procedures which restore
the material properties of contaminated 2D materials. For example, Purdie et al. present a procedure to
remove contaminants (blisters) from the interface of exfoliated materials in heterostructures assembled
by a PDMS/PC stamp™. The appropriate choice of the stamp material, the angle of the stamp relative to
the target surface, stamping speed (>10ums™) and temperature, mechanically manipulates the
location of blisters in areas with edge lengths of about tens to 100 um. The removal of PMMA residuals
from single layer graphene encapsulated in hBN by this technique yields material properties which are
similar to heterostructures which were not exposed to PMMA. Despite this progress, which we have
now referenced in our manuscript, we would argue that the degradation of 2D materials due to transfer
is not generally solved in all aspects.

In the revised manuscript, we corrected our statement in the abstract and included a statement on
cleaning procedure in the introduction. The related paragraphs read as follows:

(Abstract)

[...] Current transfer methods often degrade material properties and are not compatible with
industrial processing for large-scale manufacturing on wafer-level. [...]

(Introduction)
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[...] On the micrometer scale, cleaning techniques can mechanically manipulate the location of
encapsulated contaminants and restore intrinsic material properties. [...]

Reviewer comment #5
- Lines 28-29: “here, we report a generic methodology for dry-transfer and large-area integration of
2D materials and their heterostructures by adhesive wafer bonding”

The transfer method described cannot be considered dry and such statement is misleading. Indeed,
similar to other transfer methods, the growth substrate is removed by wet etching (FeCl3 in the case
graphene and hBN, KOH for MoS2). For a review of wet and dry transfer, see for example De Fazio et
al. 13, 8926

Our response:

We thank the reviewer for this comment and for directing us to the review paper. De Fazio et al. indeed
classify a transfer as “wet” if any surface of the 2D material is in contact with any liquids, etchants, or
supporting layers during the process®'. “Dry” transfers rely on peeling without any chemical etching.
Following this definition, we agree that our transfer method is not a dry transfer process as our
transferred 2D materials was in contact with liquids during the removal of the growth substrates. Our
aim with the initially chosen terminology was to distinguish our method from conventional wet transfers
with sacrificial layers and scooping of floating stacks of polymer-coated 2D materials from liquid
surfaces. In response to this comment we have changed the terminology in the manuscript.

In the revised manuscript, we abstain from the term “dry transfer” to describe our integration approach
and reference the suggested review. The revised paragraphs read as follows:

(Abstract)

[...] Here, we report a generic methodology for transfer and large-area integration of 2D materials
and their heterostructures by adhesive wafer bonding. [...]

(Introduction)

[...] Commonly used wet transfer approaches rely on an intermediate polymeric carrier, typically
poly(methyl methacrylate) (PMMA)*** or polycarbonate (PC)***>, which mechanically supports the
2D material during its removal from the growth substrate and transfer to the target substrate by
scooping from the surface of a liquid. [...]

[...] Here, we present a novel and versatile approach for the transfer and stacking of 2D materials to
heterostructures by adhesive bonding with bisbenzocyclobutene (BCB) and commercial wafer
bonding equipment. BCB is a hydroxyl-free dielectric material that was developed for the
semiconductor industry and is being used as an interlayer dielectric, for heterogeneous system
integration, and as an organic gate dielectric layer since it has low fixed-charge and trap densities® ™.
Our approach avoids manual handling of the 2D material and does not require sacrificial carrier
layers that may contaminate the surface of the 2D material. The proposed method only utilizes
equipment, processes, and materials that are readily available in large-scale semiconductor

7 (53)



production lines, which are crucial advantages for the integration into the semiconductor
ecosystem™™*2. [...]

(Conclusion)

[...] We have demonstrated a generic methodology for transfer and large-area integration of 2D
materials and their heterostructures on wafer-level, which is compatible with conventional
semiconductor fabrication lines. [...]

Reviewer comment #6
- Lines 298-299 “We also fabricated high mobility field-effect graphene devices” The mobility achieved
is very modest and the statement above is entirely misleading.

Our response:

We agree with the reviewer that this comparative statement might have been misleading without
putting our results into perspective. In the revised manuscript, we have reformulated our statement.
The revised paragraph reads as follows:

(Conclusion)

[...] We fabricated top-gated field-effect graphene devices (u = 2630 cm?V~1s™1), which required
multiple lithography steps in combination with conventional deposition and etching processes after
the transfer. [...]

Reviewer comment #7
- Lines 314-315: “Consequently, the barrier is low for industry to incorporate this methodology into
their manufacturing lines as a standard for back end of the line integration”

Incorporating graphene and 2D materials into semiconductor production lines is certainly not easy
and the statement above is misleading. It would be correct to say that -if the method was providing
good results, which unfortunately is not the case- it should be considered by industry as it is based on
processed already available in the industry.

Our response:

We thank the reviewer for pointing this out. We agree that the integration of 2D materials into
semiconductor production lines is a challenging task. One of the benefits of our methodology is that it
uses conventional processes, equipment, and materials. Besides the necessity of high material quality,
we see these factors as decisive when investigating integration approaches for industrial manufacturing
(see also our response to Reviewer comment #2 above). We would also like to point out that achieving
very high mobility in graphene may not be required by all potential applications, although it would
obviously be a good indicator for high quality process technology.
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In the revised manuscript, we have reformulated our statement in line with the suggestion. The related
paragraph reads as follows:

(Conclusion)

[...] Consequently, the barrier is comparatively low for the industry to consider this methodology for
the integration of 2D materials on top of conventional integrated circuit and microsystem device
substrates in the back end of the line (BEOL). [...]

Reviewer comment #8
In summary, despite the approach is very interesting and provides a possible route towards wafer-
scale integration of graphene and other 2D materials into semiconductor production lines, the results
are very modest and similar to conventional wet-transfer methods. The industry requirements are
significantly higher, e.qg. carrier mobility >10,000 cm2/Vs at carrier density ~ 10412 are essential for
(opto)electronic devices (see for example Romagnoli et al, Nature Review Materials 3, 392).

| would strongly encourage working on the optimization of the method which -if results are
significantly improved- can have a very strong impact on graphene and 2D materials technology.
Unfortunately, in the view of this reviewer, the current results are very far from creating any
significant improvement over conventional methods used for graphene transfer.

Our response:

We thank the reviewer for the positive assessment of the general interest in and timeliness of our
approach and for the comments on our results. We do, however, not agree with some of the criticism.

It is correct that higher material quality is desired to leverage the full potential of 2D materials for
industrial applications. The required specifications cited by the reviewer in the respective reference are
indeed one such scenario, but by far not the only one. While it would be desirable to meet these targets
today with a manufacturable method, such method is not available and instead, our paper discusses a
promising route to follow in order to achieve this (or other) specification(s). In addition, the material
quality as measured in a device is a combination of potential material degradation during transfer and
the initial material quality. As we did not have ultra-high-quality material available for our experiments,
we used widely available large-area standard-grade 2D materials grown by CVD. Considering the initial
quality of 2D materials in our experiments, we believe that our results compare well to results achieved
by other large-area transfer methods in published work. It is correct that the demonstrated material
quality in our study does not outperform the material quality in studies using small flakes of single-
crystalline graphene encapsulated in exfoliated, high-quality hBN. This is expected and does not
diminish the relevance of our findings in any way. In our view, the clear benefit of our method over
other published large-area transfer approaches is that it utilizes well-established commercial wafer
bonding technology that is widely available in semiconductor foundries for the manufacturing of
extremely high-volume products. Our method is versatile and can be extended to many different types
of donor substrates and high-quality 2D materials.

To clarify these points in the revised manuscript, we have extended the discussion of the extracted
material parameters, further clarified the unique advantages of our transfer method. The related
paragraphs read as follows:

(Introduction)
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[...] Most importantly, neither of the reported transfer methods is compatible with industry routines
for large-scale manufacturing while still preserving the high quality of the 2D material as on the
growth substrate, which is required for many applications®. [...]

[...] Here, we present a novel and versatile approach for the transfer and stacking of 2D materials to
heterostructures by adhesive bonding with bisbenzocyclobutene (BCB) and commercial wafer
bonding equipment. BCB is a hydroxyl-free dielectric material that was developed for the
semiconductor industry and is being used as an interlayer dielectric, for heterogeneous system
integration, and as an organic gate dielectric layer since it has low fixed-charge and trap densities® ™.
Our approach avoids manual handling of the 2D material and does not require sacrificial carrier
layers that may contaminate the surface of the 2D material. The proposed method only utilizes
equipment, processes, and materials that are readily available in large-scale semiconductor
production lines, which are crucial advantages for the integration into the semiconductor
ecosystem'™*?. [...]

(Wafer-level transfer of graphene and graphene/hBN heterostructures)

[...] Four-point probe measurements of a total of 27 vdP devices yielded the graphene sheet
resistance (Rgy), carrier density (n) and mobility of majority charge carrier (¢) of the transferred
graphene layer, both for graphene resting on BCB and for graphene resting on hBN (Figure 2b) (see
Methods). In both cases, all measured devices were functioning and we found a similar Rgy
(630 + 90 Q/sqg. and 600 + 90 Q/sq., respectively) whereas the n and u showed differences for
graphene resting on BCB and on hBN, respectively. The carrier density in the graphene on BCB was
lower than for graphene on hBN ((3.7 £ 0.7) - 102 cm™2 and (4.9 + 0.2) - 1012 cm™2), while the
mobility was higher for graphene on BCB than for the graphene on hBN (2800 + 100 cm?V~1s~!
and 2000 + 200 cm?V~1s™1). For the transferred graphene monolayer resting on BCB, the
extracted mobilities are in the higher range of previously reported values for polycrystalline CVD
graphene transferred on large areas from polycrystalline copper substrates by various methods,
including wet transfer with polymeric carrier layers'**, face-to-face transfer by bubble formation™
and lamination'®. The mobility in our graphene/hBN heterostructure is similar to values reported by
Pandey et al. and Shautsova et al., who encapsulated graphene in CVD hBN using wet and dry
transfers'”*®, In accordance with these works, our results indicate that current large-area CVD hBN
substrates typically do not increase the mobility in polycrystalline graphene, thus contrasting several
studies on single crystals of graphene and hBN'*"*2. We emphasize that for a meaningful comparison,
the initial graphene quality before the transfer is of crucial importance. [...]

(Conclusion)

[...] Consequently, the barrier is comparatively low for the industry to consider this methodology for
the integration of 2D materials on top of conventional integrated circuit and microsystem device
substrates in the back end of the line (BEOL). [...]
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Reviewer #2 (Remarks to the Author):

The submitted work describes a method able to realize wafer level transfer and wafer level
fabrication of two dimensional materials and heterostructures as well as devices thereon. The
potential of the method is demonstrated using a 100 mm carrier wafer. Large area transfer of
graphene/BCB, graphene/hBN, graphene/graphene and MoS2/BCB was realised. Reasonable good
material and devices properties are demonstrated. The drawback of the method is the large waviness
of the surface after transfer. Nevertheless, due to the large potential of the method demonstrated,
the paper is worth to be published in Nature Communications, if the authors will take into account the
below listed remarks and improve the compelling of the results presented:

Our response:

We would like to thank the referee for the positive assessment of our work.

Reviewer comment #1
(1) Abstract line 31: Misleading statement. “We transferred monolayers of graphene and
molybdenum disulphide (MoS2) from their growth substrates to 100 mm diameter silicon wafers and
fabricated field-effect graphene devices with high carrier mobility up to 2630 cm2/(Vs).” Firstly, it is
unclear what dimensions the transferred graphene and MoS2 had was it 4 inch or 100 x 100 nm2.
Secondly, please describe the type of graphene filed effect transistor in a separate sentence to avoid
misleading conclusions.

Our response:

We thank the reviewer for this comment, which helped us to further improve the abstract and clarify
the related text. We agree that the description of our experimental work in the abstract should have
been stated more precisely.

In the revised manuscript, we stated the sample sizes and added information on the field-effect devices.
The related paragraph reads as follows:

(Abstract)

[...] To demonstrate the utility of our approach, we transferred polycrystalline graphene monolayers
with diameters of 100 mm from copper foils to 100 mm diameter silicon wafers, and centimeter-
sized molybdenum disulfide (MoS,) layers from SiO,/Si growth substrates to 100 mm diameter silicon
wafers. Additionally, we fabricated encapsulated field-effect graphene devices with an Al,0; top-gate
dielectric, featuring high carrier mobilities of up to 2630 cm?V~1s™1.[..]

Reviewer comment #2
(2) Introduction: The introduction (first part) do not highlight the real advantages of 2D materials,
give a comparison of Si properties and 2D properties when it is scaled to 10 nm.

Our response:
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We thank the reviewer for this comment. We agree that we did not mention the specific benefits of 2D
materials for transistors in the introduction. Since this this is an important application, we included a
comparison between silicon and TMD transistors.

In the revised manuscript, we added a description of the scaling limits for silicon transistors below
10 nm gate length and compare it with the expected performance of MoS, transistors. The related
paragraph reads as follows:

(Introduction)

[...] Transition metal dichalcogenides are often semiconducting and promise advancements for high-
and low-power transistors”’, infrared photodetectors®® and emerging device concepts such as
memristors®> ™" and single-photon emitters for optical quantum communication*™**. The scaling limit
of transistors is set by short channel effects that arise from intrinsic semiconductor properties. These
effects degrade the off-state leakage current and are the limiting factor for silicon transistors with
sub-10 nm gate length. On this scale, MoS, transistors are expected to achieve more than two orders
of magnitude lower leakage current than silicon transistors*. Furthermore, the carrier mobility in
MoS, transistors degrades less with decreasing channel thickness than in silicon transistors*®*’.
Hence, 2D semiconductors may be the ultimate channel material for ultra-scaled MOSFETs™®. [...]

Reviewer comment #3
(3) The understanding of the “Methodology ...” chapter is not easy.

Our response:

We thank the reviewer for this comment. We agree that parts of the method section were difficult to
comprehend.

In the revised manuscript, we clarified the description of our method to improve the readability. The
revised text passages read as follows:

(Methodology for wafer-level transfer of 2D materials and their heterostructures)

Our method for transferring 2D materials from their growth substrate to a target wafer comprises
four consecutive steps (Figure 1): First, the target wafer is spin-coated with an adhesive layer of
thermosetting bisbenzocyclobutene (BCB). A soft-bake removes solvents and solidifies the adhesive
layer (Figure 1a, (1)). Next, the 2D material on its growth substrate is placed on top of the target
wafer such that the 2D material is facing the adhesive layer (Figure 1a, (2)). The stack is then loaded
in a commercial wafer bonder (Figure 1a, (3)). Inside the tool, heating temporarily decreases the
viscosity of the adhesive layer while the bond chuck applies a uniform force to the wafer stack. Thus,
the adhesive layer molds against the 2D material and forms a stable bond to the target wafer while
replicating the surface topography of the growth substrate without exerting excessive pressure on
the 2D material. This characteristic is beneficial, since it minimizes potential damage, wrinkles, or
strain in the transferred 2D material. After wafer bonding, the growth substrate is removed (Figure
1a, (4)) by either etching, delamination, or permeation of liquids into the interface between the 2D
material and the growth substrate, which leaves the 2D material transferred on the target wafer
(Figure 1a, (). Since BCB is a thermosetting polymer, heating partially cross-links the polymer chains
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in the adhesive layer, which form a network with high chemical stability. If the degree of cross-linking
is kept low, by appropriate choice of bonding temperature and time, the BCB adhesive layer allows
repeated molding. Hence, reusing the same target wafer for another transfer assembles
heterostructures by vertical stacking of 2D materials — without coating any additional adhesive,
simply by reusing the existing adhesive layer below the previously transferred 2D material (Figure 1b,
(2-4) and (). Thus, van der Waals heterostructures form by repeating the three steps of material
placement (Figure 1b, (2)), wafer bonding (Figure 1b, (3)), and removal of the growth substrate
(Figure 1b, (4)). We note that in this process neither the interface between the first and second 2D
material nor the surface of the second 2D material are exposed to any polymer carrier or adhesive
that may potentially degrade the 2D material properties by contamination. Partially cross-linked BCB
is chemically stable and sustains conventional wafer processing. This feature enables not only
structuring of the 2D material to devices after the transfer (using the wafers (I) and (Il) in Figure 1a
and 1b, respectively), but also the integration of metal contacts on top of the BCB layer before
transfer (Figure S1). These contacts could be used to interface integrated circuits (ICs) that may be
embedded on the target wafer. Moreover, membranes of 2D materials can be suspended over
cavities, which were etched into the adhesive layer before transfer (Figure S2). In both cases, the 2D
material in the contact and membrane area is not in contact with the adhesive at any time (see
Supplementary Information for demonstration).

Reviewer comment #4
(4) Figure 1: The Figure is designed in 3D style. It would be better to use the common 2D used in flow
charts for semiconductor processing. When this is done in a proper way the process flow would be
easier to understand.

Our response:

We thank the reviewer for this suggestion. We agree with the reviewer that 2D flow-charts generally are
a suitable way to depict process flows. However, in the present case we believe that our 3D graphical
approach communicates better, at a glance, the capability of our method for full wafer processing,
which is a key feature of our work. We deem that this important aspect might be lost in a cross-sectional
2D flow chart. To further improve the presentation of the present Figure, we have further refined the
illustration of the process for better clarity. However, if the journal editor feels that a 2D process
illustration would be more appropriate for Figure 1, we are of course happy to change Figure 1 to a 2D
illustration.

In the revised manuscript, the new figure and figure caption appears as follows:

(Methodology for wafer-level transfer of 2D materials and their heterostructures)
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Figure 1: Schematics illustration of the methodology for wafer-level transfer of 2D materials (a) and
formation of 2D material heterostructures (a and b).

a) (1) Spin-coating and soft-baking of thermosetting bisbenzocyclobutene (BCB) as an adhesive layer
on the target wafer. (2) Placement of the 2D material on its growth substrate on top of the target
wafer, with the 2D material facing the target wafer. (3) Adhesive wafer bonding by applying heat and
force to the wafer stack using a commercial semiconductor wafer bonding tool, thereby forming a
stable bond between the 2D material on its growth substrate and the target wafer. (4) Removal of
the growth substrate. (I) Transferred 2D material on the target wafer. b) (1) Reusing the target wafer
from step (l) without additional treatment. (2) Placement of a second 2D material on its growth
substrate on top of the target wafer, with the 2D material facing the previously transferred 2D
material. (3) Wafer bonding as in a) step (3). (4) Removing the growth substrate of the second 2D
material. (Il) Transferred 2D material heterostructure on the target wafer.

Reviewer comment #5

(5) Line 81 to line 82: “All transferred layers and heterostructures were of high quality” The property
of the quality is not specified!

Our response:

We thank the reviewer for this comment which helped us to express this statement more precisely.

In the revised manuscript, we added the measured material properties and the related section reads as
follows:
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(Introduction)

[..] All transferred layers and heterostructures were of high quality, i.e. they featured uniform
coverage and little strain in the transferred 2D materials. These findings indicate that our proposed
integration approach preserves similar mechanical properties of the 2D materials as present on the
growth substrate while minimizing degradation of the transferred layers through introduction of
wrinkles or excessive strain. [...]

Reviewer comment #6
(6) Line 110: “..., the chemical stability of the ... wafer processing.” Is doubled in line 119. Please
reformulate.

Our response:
We thank the reviewer for this comment and agree that the wording in this section was repetitive.

In the revised manuscript, we removed redundancy in the description of our method. The related
section reads as follows:

(Methodology for wafer-level transfer of 2D materials and their heterostructures)

[...] Since BCB is a thermosetting polymer, heating partially cross-links the polymer chains in the
adhesive layer, which form a network with high chemical stability. If the degree of cross-linking is
kept low, by appropriate choice of bonding temperature and time, the BCB adhesive layer allows
repeated molding. Hence, reusing the same target wafer for another transfer assembles
heterostructures by vertical stacking of 2D materials — without coating any additional adhesive,
simply by reusing the existing adhesive layer below the previously transferred 2D material (Figure 1b,
(1-4) and (). Thus, van der Waals heterostructures form by repeating the three steps of material
placement (Figure 1b, (2)), wafer bonding (Figure 1b, (3)), and removal of the growth substrate
(Figure 1b, (4)). We note that in this process neither the interface between the first and second 2D
material nor the surface of the second 2D material are exposed to any polymer carrier or adhesive
that may potentially degrade the 2D material properties by contamination. Partially cross-linked BCB
is chemically stable and sustains conventional wafer processing. This feature enables not only
structuring of the 2D material to devices after the transfer (using the wafers (I) and (Il) in Figure 1a
and 1b, respectively), but also the integration of metal contacts on top of the BCB layer before
transfer (Figure S1). These contacts could be used to interface integrated circuits (ICs) that may be
embedded on the target wafer. Moreover, membranes of 2D materials can be suspended over
cavities, which were etched into the adhesive layer before transfer (Figure S2). In both cases, the 2D
material in the contact and membrane area is not in contact with the adhesive at any time (see
Supplementary Information for demonstration). [...]

Reviewer comment #7
(7) The authors carry out a non-proper discussion of their sheet carrier resistance. The demonstrated
values are not so exciting.
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Our response:

We thank the reviewer for pointing us to the insufficient discussion of the sheet resistance. We agree
that our results from the van-der-Pauw and THz measurements should be contextualized. We would like
to stress that we cannot expect to achieve record values with our proposed method, as we have
explained in more detail in our reply to reviewer #1 (comment #2) and reviewer #3 (comment #2).

In the revised manuscript, we added a comparison of the sheet resistance with values reported in
literature. The related paragraph reads as follows:

(Wafer-level transfer of graphene and graphene/hBN heterostructures)

[...] The map of the graphene sheet resistance on a 100 mm diameter wafer after transfer and
formation of the graphene/hBN heterostructure indicates a uniform coverage and successful transfer
on the entire wafer (Figure 2c). The sheet resistance in the marked region averages to 450 +
50 Q/sq., and is similar for both underlying materials (450 + 20 (1/sq. and 440 + 20 (1/sq. for BCB
and hBN, respectively), which is in line with the measurements of the vdP devices shown in Figure 2b.
These values are similar to the values reported for polycrystalline graphene that was transferred
from polycrystalline copper substrates using various methods™>*®’. Rahimi et al. reported a higher
mean value of 2600 Q/sq. which originated from lower residual doping™. [...]

Reviewer comment #8

(8) One of the main statements of the paper is that the two dimensional materials are not
contaminated by polymers used in the process sequence. The authors use BCB and transfer of the two
dimensional materials onto BCB. So, at least the backside is contaminated with a polymer material
leading to p-type doping of graphene. What is the advantage of BCB, a material developed for low-k
applications? Later one, in the graphene FET section, the authors’ uses standard photolithography
technology to fabricate the devices. This thwarts the idea to avoid polymer contaminations or
polymer free processing. To ensure that the authors have to developed a polymer contamination free
process. Please give details for photoresist removal techniques and prove the contamination free
processing.

Our response:

We thank the reviewer for this comment and for the opportunity to further elaborate on these points.
We agree, that for the simple case of graphene transfer onto BCB, the backside of the graphene is in
direct contact with the BCB, which leads to p-type doping. This phenomenon is clearly observed in our
Raman and Hall measurements.

However, when stacking layers to heterostructures, only the backside of the first material layer is in
contact with the BCB. For subsequent transfers, no additional adhesive is applied between layers.
Therefore, the second layer as well as the interface between the layers does not get in contact with a
polymer at any time. The same holds true for two other scenarios which we demonstrate in the
manuscript (see Supplementary Information): (1) Suspended membranes over cavities that were etched
into the BCB before transfer. (2) Bottom contacts to metal electrodes that were structured on top of the
BCB prior to transfer. In both cases, 2D material of the membrane and the contact area, respectively, is
not in contact with the BCB.
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The benefits of BCB as an adhesive layer are: (1) BCB has a low fixed-charge and trap density. (2)
Partially cross-linked BCB bonds and reshapes in repeated transfers. This property enables the stacking
of layers to heterostructures. (3) BCB is an established material in the semiconductor industry. (4) The
high chemical stability of partially cured BCB allows conventional wafer processes before and after
transfer to structure the adhesive, integrate contacts, pattern the transferred 2D material and fabricate
devices.

We agree, that for the fabrication of the graphene field-effect devices, we use two lithographic layers
which were in direct contact with the transferred graphene. These resist layers most likely contaminated
the graphene by polymer residuals to some degree. However, it should be noted that our objective in
realizing these devices was to demonstrate that the transferred 2D materials are compatible with
continued semiconductor fabrication technologies such as lithography, etching and material deposition.
In these experiments we did not aim at evaluating or demonstrating contamination-free graphene. The
order of the evaluated semiconductor fabrication processes may be altered to prevent the 2D material
from being exposed to the photoresist in the lithography process. For example, in an improved
fabrication scheme, the passivating Al,0; layer could be deposited in a first process step which could
then serve as a hard mask during patterning of the graphene. In combination with bottom contacts
(deposited before the graphene transfer) the graphene would not be in contact with either of the
lithographic layers. Alternatively, fabrication schemes involving laser patterning could be used to avoid
lithography with a photoresist during device fabrication [refs for litho-free graphene device
fabrication?].

Inspired by this comment, in the revised manuscript we have clarified the related text passages to
remove ambiguity about the polymer contamination, highlighted the benefits of BCB and added the
process details of the resist removal. The related paragraphs read as follows:

(Introduction)

[...] Here, we present a novel and versatile approach for the transfer and stacking of 2D materials to
heterostructures by adhesive bonding with bisbenzocyclobutene (BCB) and commercial wafer
bonding equipment. BCB is a hydroxyl-free dielectric material that was developed for the
semiconductor industry and is being used as an interlayer dielectric, for heterogeneous system
integration, and as an organic gate dielectric layer since it has low fixed-charge and trap densities®™.
Our approach avoids manual handling of the 2D material and does not require sacrificial carrier
layers that may contaminate the surface of the 2D material. The proposed method only utilizes
equipment, processes, and materials that are readily available in large-scale semiconductor
production lines, which are crucial advantages for the integration into the semiconductor

ecosystem'™*

. We demonstrated the transfer of monolayer graphene from copper foils to 100 mm
diameter silicon wafers, the transfer and stacking of multilayer hBN, and monolayer graphene to
form graphene/hBN heterostructures, and the stacking of two graphene layers to form double-layer
graphene. We also fabricated field-effect graphene devices to demonstrate the utility of our

methodology for wafer-level device manufacturing with conventional semiconductor processes. [...]

(Methodology for wafer-level transfer of 2D materials and their heterostructures)

17 (53)



Our method for transferring 2D materials from their growth substrate to a target wafer comprises
four consecutive steps (Figure 1): First, the target wafer is spin-coated with an adhesive layer of
thermosetting bisbenzocyclobutene (BCB). A soft-bake removes solvents and solidifies the adhesive
layer (Figure 1a, (1)). Next, the 2D material on its growth substrate is placed on top of the target
wafer such that the 2D material is facing the adhesive layer (Figure 1a, (2)). The stack is then loaded
in a commercial wafer bonder (Figure 1a, (3)). Inside the tool, heating temporarily decreases the
viscosity of the adhesive layer while the bond chuck applies a uniform force to the wafer stack. Thus,
the adhesive layer molds against the 2D material and forms a stable bond to the target wafer while
replicating the surface topography of the growth substrate without exerting excessive pressure on
the 2D material. This characteristic is beneficial, since it minimizes potential damage, wrinkles, or
strain in the transferred 2D material. After wafer bonding, the growth substrate is removed (Figure
1a, (4)) by either etching, delamination, or permeation of liquids into the interface between the 2D
material and the growth substrate, which leaves the 2D material transferred on the target wafer
(Figure 1a, (). Since BCB is a thermosetting polymer, heating partially cross-links the polymer chains
in the adhesive layer, which form a network with high chemical stability. If the degree of cross-linking
is kept low, by appropriate choice of bonding temperature and time, the BCB adhesive layer allows
repeated molding. Hence, reusing the same target wafer for another transfer assembles
heterostructures by vertical stacking of 2D materials — without coating any additional adhesive,
simply by reusing the existing adhesive layer below the previously transferred 2D material (Figure 1b,
(1-4) and (). Thus, van der Waals heterostructures form by repeating the three steps of material
placement (Figure 1b, (2)), wafer bonding (Figure 1b, (3)), and removal of the growth substrate
(Figure 1b, (4)). We note that in this process neither the interface between the first and second 2D
material nor the surface of the second 2D material are exposed to any polymer carrier or adhesive
that may potentially degrade the 2D material properties by contamination. Partially cross-linked BCB
is chemically stable and sustains conventional wafer processing. This feature enables not only
structuring of the 2D material to devices after the transfer (using the wafers (I) and (Il) in Figure 1a
and 1b, respectively), but also the integration of metal contacts on top of the BCB layer before
transfer (Figure S1). These contacts could be used to interface integrated circuits (ICs) that may be
embedded on the target wafer. Moreover, membranes of 2D materials can be suspended over
cavities, which were etched into the adhesive layer before transfer (Figure S2). In both cases, the 2D
material in the contact and membrane area is not in contact with the adhesive at any time (see
Supplementary Information for demonstration).

(Conclusion)

[...] The ability of the adhesive layer to mold repeatedly allows the stacking of 2D materials to
heterostructures. In this case, merely the bottommost 2D material is in contact with the adhesive
layer. This ensures that the other 2D materials and the interfaces between layers are not
contaminated by polymer residuals. To demonstrate this capability, we fabricated graphene/hBN
heterostructures and double-layer graphene on large-areas by consecutive transfers. [...]

(Methods)
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Fabrication and evaluation of top-gated field-effect devices

Graphene based top-gated field-effect devices were fabricated on a 100 mm silicon wafer. First,
large-area graphene (10 cm by 10 cm) was transferred by adhesive wafer bonding (see above).
Contacts to graphene were fabricated by sputter deposition of 25 nm Ni and e-beam evaporation of
135 nm Al, followed by a lift-off process in acetone (60 °C, 30 min) (1* photolithography layer). The
graphene sheet was then patterned by etching in oxygen plasma (2nd photolithography layer)). As a
top-gate dielectric, 40 nm Al,O; was deposited by atomic layer deposition and top-gate electrodes
were fabricated by e-beam evaporation of 10/150 nm Ti/Al (3 photolithography layer). To access
the graphene metal contacts under Al,O;, reactive ion etching with SFs and O, was used to open vias
through the Al,O; (4th photolithography layer). All resist layers were removed by immersion in
acetone (60 °C, 30 min). In this process sequence, the first and second lithographic layers were in
direct contact with the graphene, which may have degraded the graphene quality. However,
encapsulation of the graphene before fabricating the contacts eliminates this potential source of
degradation®. [...]

Reviewer comment #9
(9) Abstract: The authors state that they developed an industrial compatible process. For our
understanding this is a questionable statement, because shadow masks and femtosecond laser
ablation for structuring (line 151-152) are not very common

Our response

We thank the reviewer for this comment. Our statement in the abstract was meant to refer to the
methodology of transferring 2D materials and stacking of layers to heterostructures, which was not
clearly stated. We agree that shadow mask deposition and femtosecond laser ablation are not common
processes in industrial manufacturing facilities. We used those processes only to fabricate evaluation
devices for this paper to characterize the effect of the transfer process on the transferred layers
(without potentially affecting the material properties by a lithographic layer in direct contact with the
2D material). Our methodology of transferring 2D materials and stacking of layers to heterostructures
requires only conventional semiconductor manufacturing equipment (wafer bonder) and a well-
established adhesive material (BCB). This should make our approach suitable for industrial
manufacturing, which we also demonstrated by fabricating top-gated field effect devices using standard
semiconductor processes.

In the revised manuscript, we clarified our wording to avoid ambiguity. To further improve the
readability of our manuscript, we moved the details of the fabrication to the Methods section. The
related paragraphs read as follows:

(Wafer-level transfer of graphene and graphene/hBN heterostructures)

[...] Next, we integrated Ti/Au electrodes and patterned the 2D material heterostructure to van-der-
Pauw (vdP) devices, which allow electrical material characterization on the target wafer (Figure 2a).

[...]
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(Methods)

[...] Thermal evaporation of 20 nm Ti and 200 nm Au through a shadow mask formed electrodes
(300 um by 300 um) on top of the transferred graphene layer. Ablation by a pulsed femtosecond-
laser electrically insulated individual van-der-Pauw devices with an edge length of about 3 mm. These
non-contact processes prevent potential material degradation by lithographic layers in contact with
the graphene. [...]

Reviewer comment #10
(10) Page 6, line 146: The authors removed the copper foil with FeCl3 and rinsed the in deionized
water. What else was done to remove iron contaminations? Please list in methods section all used
cleaning procedures used before and after the processing steps. Alternatively, they can be described
in the body text of the publication.

Our response:

We thank the reviewer for this question. In our experiments, we did not use any cleaning step other
than intense rinsing in deionized water. We acknowledge that the proper cleaning of graphene and 2D
materials to obtain front end of the line manufacturing specifications regarding contamination levels
remains a general challenge, independent of the transfer process.

In the revised manuscript, we added the rinsing time in the process description. The related paragraphs
read as follows:

(Methods)
Transfer of graphene

[...] Etching the copper foil in FeCl; solution and rinsing in deionized water for 30 min uncovered the
graphene, transferred to the target wafer. [..]

Formation of graphene/hBN heterostructures

[...] Etching of the copper foil in FeCl; and subsequent rinsing in deionized water for 30 min
uncovered the hBN, transferred to the target wafer. [...] Etching of the copper foil in FeCl; and rinsing
in deionized water for 30min uncovered the graphene, which formed a graphene/hBN
heterostructure with the previously transferred hBN.

Formation of 2-layer graphene

Etching of the copper foil in FeCl; solution and rinsing in deionized water for 30 min uncovered the
graphene, transferred to the target wafer. [...] To form 2-layer graphene, a 100-millimeter sheet of
CVD graphene on copper foil was placed on top of the target wafer and bonded at 190 °C for 20 min
(bond force: 3 kN, bond pressure: 0.95 bar, vacuum atmosphere). Etching of the copper foil in FeCls
and rinsing in deionized water for 30 min uncovered the graphene, which formed 2-layer graphene
with the previously transferred layer. [...]
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Reviewer comment #11
(11) Please indicate the thickness of the multilayer hBN.

Our response:

We thank the reviewer for the suggestion to add this important detail.

In the revised manuscript, we noted the thickness of the hBN. The related paragraph read as follows:
(Methods)
Formation of graphene/hBN heterostructures

[...] A 2.5 cm x 2.5 cm sheet of multilayer hBN (thickness: 2-5 nm) synthesized by CVD on copper foil
(2D Semiconductors Inc.) was placed on top of the target wafer (hBN facing the BCB layer) and
bonded at 190 °C for 20 min at a bond force of 250 N (bond pressure: 4 bar) in nitrogen atmosphere.

[...]

Reviewer comment #12
(12) Line 177-180: Tens of micrometres are not a microscopic resolution. Please delete the sentences
related to this statement. And give the real spot size and resolution used for the mapping.

Our response:
We thank the reviewer for this comment. We agree that this formulation was misleading.

In the revised manuscript, we corrected this statement and clearly specified the measurement
resolution. The related paragraph read as follows:

(Wafer-level transfer of graphene and graphene/hBN heterostructures)

[...] Scanning across the sample surface yields spatially resolved images of the graphene sheet
resistance on wafer-scale. For our measurements, we set the spatial resolution to 500 um by
adjusting the distance of the near-field detector to the sample and the pitch between acquisition
sites. [...]

Reviewer comment #13
(13) Please do not use “wafer level transfer” especially for multilayer transfers, because it was not
demonstrated. Transfer of “large areas” would be an example of a term closer to reality.

Our response:
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We thank the reviewer for this comment. We agree that we demonstrated the stacking of layers only in
centimeter sized areas on 100 mm diameter target wafers.

For the experiments to realize 2-layer graphene, we deliberately chose these dimensions to clearly
visualize the difference between 1-layer and 2-layer regions by THz spectroscopy. For the graphene/hBN
heterostructures, the size was imposed by the availability of the hBN on Cu foil. Based on the
observation of the uniform coverage of transferred 1-layer graphene on full wafer scale and the large
area (~15 cm?®) of the formed 2-layer graphene, we are confident that both processes also work on full
wafer size.

In the revised manuscript, we changed our terminology related to the stacked layers as suggested. The
related paragraph read as follows:

(Abstract)

[...] Furthermore, we form 2D material heterostructures by stacking of CVD grown hexagonal boron
nitride and graphene layers on centimeter-sized areas. [...]

(Wafer-level transfer of graphene and graphene/hBN heterostructures)

[...] To demonstrate the viability of our methodology for wafer-level transfer of 2D materials and
formation of large-area van der Waals heterostructures, we integrated graphene/hBN
heterostructures (see Methods for details of the process and materials). [...]

[...] We used Terahertz time-domain-spectroscopy (THz-TDS) to further characterize the electrical
properties and homogeneity of the wafer-level transferred graphene and large-area graphene/hBN
heterostructure. [...]

(Repeated transfer of graphene)

[...] We performed two consecutive transfers of monolayer (1-layer) graphene from their copper
growth substrates to a 100 mm diameter silicon wafer to demonstrate that our transfer methodology
is suitable for high-yield formation of double-layer (2-layer) graphene on large areas (we avoid the
term “bilayer graphene” to distinguish these films from Bernal stacked materials, see Methods for
process details). [...]

Reviewer comment #14
(14) Please comment on the differences in sheet carrier resistivity on Fig.2 and 3 for single layer
graphene. The values differ by a factor of 4. The distribution of the resistance value is also much
broader in Fig. 3.

Our response:

We thank the reviewer for pointing us at this observation. We attribute the discrepancy in sheet
resistance to a difference in graphene quality before transfer. The process parameters to form 2-layer
graphene and to form the graphene/hBN heterostructure were essentially the same.
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For the 2-layer graphene sample, the second graphene sheet that forms the 1-layer region on the target
wafer, was from another batch and considerably older (by mistake) than the other sheets used in this
work. We assume that the quality of the graphene on that growth substrate was substantially lower.
Unfortunately, we discovered this disparity at a late stage of drafting this manuscript. However, we
decided to present the full dataset of Raman and THz spectroscopy measured on this sample, since its
purpose is to demonstrate the formation of 2-layer graphene by repeated transfer and not benchmark
the graphene quality itself.

In the revised manuscript, we have added a sentence to clarify this disparity. The related paragraph
reads as follows:

(Repeated transfer of graphene)

[...] We attribute the difference in the 1-layer graphene Ry, between these experiments and the
dataset presented in Figure 2 to a dissimilarity in graphene quality before transfer. The graphene
sheet in Figure 3a that forms the 1-layer region on the target wafer was from a different batch than
the graphene sheet used in Figure 2. [...]

Reviewer comment #15
(15) Line 248: The authors extract a maximum field-effect mobility of 2630 cm2 V-1 s-1 and state that
the quality of the graphene is preserved after transfer. To prove this statement properties of the as
grown graphene have to be given. Furthermore, it would be interesting to know how the values were
extracted.

Our response:

We thank the reviewer for this comment. We agree that we have not been sufficiently clear in the
formulation of this statement. It is correct that we did not quantitatively characterize the quality of the
graphene before transfer (e.g. by Raman spectroscopy) sine it is beyond the capability of our
measurement setup. However, we extracted the mobility from two different types of devices: (1) The
van-der-Pauw devices in Figure 2b (2800 £ 100 cm?V~1s™1), which were intentionally fabricated by
non-contact methods (shadow-mask evaporation and laser ablation) to avoid potential graphene
degradation during the device fabrication. (2) The top-gated field-effect device (2630 cm?V~1s71),
which were fabricated by standard processing techniques (high temperature Al,0; deposition, multiple
lithographic layers, metal depositions and etching processes). Since the mobility is similar in both cases,
we conclude that the fabrication of the field-effect devices did not affect the graphene quality. This is
important since it demonstrates that our method is compatible with conventional processing
technology.

To further clarify this point in the revised manuscript, we have revised our statement regarding the
preserved graphene quality and extended the description and discussion of the electrical measurements
and mobility extraction. The related paragraphs read as follows:

(Field-effect devices)

We fabricated and evaluated top-gated field-effect devices on 100 mm diameter silicon wafers using
four photolithography layers and conventional processing technology (inset in Figure 3d, details see
Methods). The extracted sheet resistance and charge carrier mobility as a function of the gate
voltage of a typical device in Figure 3d resemble the characteristic behavior of gated graphene

23 (53)



devices™ (see Methods for measurement details), where the mobility is zero at the Dirac point due to
a zero of the transconductance. At this point, the charge carriers convert from electrons to holes or
vice versa. In our measurements, the mobility is not exactly zero because of the limited number of
data points. For this device, the maximum field-effect mobility of holes is 2630 cm?V~1s™1, which is
similar to the values extracted from Hall-measurements of the vdP devices in Figure 2b. This
agreement demonstrates that the high quality of the transferred graphene is preserved during device
manufacturing with multiple processing steps such as high temperature Al,O; deposition, multiple
lithographic layers, metal depositions and etching processes. Consequently, these results support the
claim that our transfer methodology is compatible with for large-scale manufacturing of graphene
devices using conventional semiconductor process technology. The two-point transfer characteristics
of additional devices are shown in Figure S5.

(Methods)

[...] Electrical measurements were performed under ambient conditions at room temperature. The
sheet resistance (Rg,) was measured by 4-probe van-der-Pauw method with top-gating. A current
(I12) was forced between electrode 1 and 2 (Figure 3d), while the voltage drop between electrode 3
and 4 (V3,4) was measured. The sheet resistance (Rg},) was calculated by

Vay @
Ry, = %E
and the mobility (1) was then derived by
_ 1dGgy
HT e dve
where
A
Rsn

and Vg and Cg are the gate voltage and the capacitance of the dielectric per unit area (k = 7 for
Al,O3), respectively.

Reviewer comment #16
(16) Line 279: The authors mention “intercalation at the MoS2/Si02“. The term intercalation is not
used properly. Intercalation means introduction of additional material (atoms, molecules) without
lifting layers (see for example the overwhelming literature of graphite intercalation). Therefore, the
question arises have the authors noticed intercalation effects as a consequence of their transfer
process or processing sequences. This question is important, because intercalation (see for example
Ge intercalation of graphene published by Seyller) may change the electronic properties of the two
dimensional materials.

Our response
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We thank the reviewer for this comment and clarification. We agree that our terminology was not
adequate to describe the detachment of the MoS, layer from the growth substrate. Since the distance
between the MoS, layer and the substrate may change, we believe that the term “permeation into the
interface” is a more suitable expression. In our experiments, we could not attribute any change in
electronic properties to intercalation effects of molecules into the MoS,.

In the revised manuscript, we corrected our description of the transfer of MoS,. The related paragraphs
read as follows:

(Methodology for wafer-level transfer of 2D materials and their heterostructures)

[...] After wafer bonding, the growth substrate is removed (Figure 1a, (4)) by either etching,
delamination, or permeation of liquids into the interface between the 2D material and the growth
substrate, which leaves the 2D material transferred on the target wafer (Figure 13, (1)). [...]

(Transfer of MoS,)

[..] Next, we submerged the bonded stack in a potassium hydroxide (KOH) solution, which
permeated into the MoS,/SiO, interface and detached the MoS, from its growth substrate. This
process took tens of seconds, after which the MoS, remained transferred on top of the BCB layer of
the target wafer. [...]

(Methods)

[...] Submersion of the bonded stack in KOH solution detached the growth substrate from the MoS,
layer by permeation of KOH into the MoS,/substrate interface within tens of seconds. [...]

Reviewer comment #17
(17) Can the authors add a comment on the shift of the A1g mode being approximately 1 cm-1. Please
comment also on the change in the peak heights. Furthermore, as in the case of the transferred
graphene not only two spectra have to be shown, but an analysis over a mapping area (see for
example Fig. 2d). This is required, because it was stated that large area single layer MoS2 was grown
and transferred. This has to be demonstrated and cannot be done with two single spectra.

Our response:

We thank the reviewer for this excellent suggestion that triggered us to perform additional
measurements and analysis. We agree that the analysis and the extent of the Raman measurements on
MoS, were less comprehensive than of graphene.

In the revised manuscript, we extended the Raman spectroscopy of MoS, by additional area mappings
and detailed statistical analysis. We normalized the spectra to the intensity of the Elzg mode to clarify
the comparison of the peak positions before and after transfer. Our new measurements support our
claim of a successful large-area transfer. Besides, from the statistical analysis we concluded that the
MoS, is a multilayer instead of a single layer, which we corrected throughout the manuscript. The
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related paragraph and figures in the main text as well as the Supplementary information are presented
as follows:

(Transfer of MoS,)

Figure 4: Transfer and characterization of MoS,. a) Averaged Raman spectra of multilayer MoS, on
the SiO,/Si growth substrate before transfer (blue) and after transfer to the target wafer (red). The
Raman spectra are averages of area scans with 8 x 10 measurements in 1 mm? areas (black rectangle
in the photograph of transferred MoS,) and were normalized to the intensity of the Elzg mode. The
shaded regions represent the standard deviation of the intensity. The vertical dashed lines indicate
the peak positions of the Elzg and A;; modes of the as-grown film before transfer. b) Averages of 25
photoluminescence (PL) intensity spectra of pristine (blue) and transferred (red) multilayer MoS,
with A and B excitonic transitions (shaded areas: standard deviation). The inset magnifies the region
from 1.945 eV to 1.98 eV and shows the Raman modes of BCB, which are superimposed with the
optical response of the MoS, layer.

(Transfer of MoS,)

[...] Typical Raman spectra prior transfer (Figure 4a) exhibited the characteristic Elzg and A;; modes of
pristine MoS, at 384.6 cm™ and 409.1 cm™, respectively, which are in good agreement with reported
values for MoS,*”***. After transfer, we found the peaks at 384.7 cm™ (Elzg) and 407.2 cm™ (Agg), i.e.
without detectable shifts in the position of the Elzg mode within the accuracy of our Raman setup.
Since the Elzg mode is highly sensitive to uniaxial strain®, we conclude that the strain in the
transferred MoS, film was the same as present on the growth substrate and was not significantly
affected by our transfer methodology. In contrast, the A;; mode is sensitive to changes in the

substrate material, which could cause the observed shift of 1.8 cm™°%*". [...]

(Supplementary Information)

6. Analysis of Raman spectroscopy of MoS, and BCB
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Figure S6: a) Histograms of the Elzg mode position of pristine (blue) and transferred (red) MoS, films,
extracted from area scans with 8 x 10 measurements in 1 mm?® areas. Gaussian fits yield mode
positions of 384.6cm™ and 384.7cm™ for pristine and transferred MoS,, respectively. The
broadening of the Elzg position distribution is due to lower signal intensity which results in higher
uncertainty of the fitting quality of the pseudo-Voigt function to the data. b) Histograms of the A4,
mode position of pristine (blue) and transferred (red) MoS; films, extracted from the same area scans
as in a). Gaussian fits yield mode positions of 409.1 cm™ and 407.2 cm™ for pristine and transferred
MoS,, respectively. The A;; mode is sensitive to changes in the substrate material which could cause
the overserved shift of 1.9 cm™ ***’,

Reviewer comment #18
(18) Yield data of the fabricated devices have to be added to the paper.

Our response:

We thank the reviewer for this comment. We agree that a yield data of the fabricated devices would be
very insightful. Due to access restrictions to our laboratories during the COVID-19 outbreak, it is difficult
for us to perform supplementary characterization or fabrication experiments. Nevertheless, we were
able to extract additional data, which shows characterization of several devices. As shown below, 7
devices were measured with 2-point top gate transfer characterization, which we have included in the
Supplementary information of the revised manuscript. These devices all show similar behavior in terms
of current and doping level. As a general note, the main focus of our paper is on presenting the novel
transfer method. A proper yield investigation requires characterization of a large number of devices on
the wafer, which was not planned for when we prepared the manuscript. Instead, the purpose of the
FET fabrication was to show that our proposed transfer method is in principle compatible with
conventional semiconductor process technology.

In the revised manuscript, we included a figure with the two-point |-V characteristic in the
Supplementary Information and a related reference in the main text. The paragraph and figure are
presented as follows:
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(Field-effect devices)

[...] The two-point transfer characteristics of additional devices are shown in Figure S5. [...]

(Supplementary Information)

5. Two-point transfer characteristic of top-gated field effect devices

Figure S5: Two-point transfer characteristic of seven top-gated field-effect devices at room temperature.

Reviewer comment #19
(19) Line 292: “.. performed a statistical analysis of the resulting device and materials
characteristics”. Statistical analysis of transistor performance are not given in the paper. A
comparison of charge carrier mobilities obtained in graphene FETs and vdP structures is not given.

Our response:

We thank the reviewer for pointing this out and we apologize for the oversight. It is correct that the
statistical analysis of resulting field-effect devices is not given in the manuscript. While we provide
statistical data for the van-der-Pauw structures in Figure 2b, we do not have statistical data for the FET
devices as discussed in our response to comment #18 of reviewer #2. The measurements shown in
Figure 2b and Figure 3d are measured using the 4-point van der Pauw method, since it provides
measurement results which are not affected by contact resistance. Therefore, both measurements are
contact resistance free and thus, comparable. This comparison has been already shown in our response
to comment #15 of reviewer #2.

In the revised manuscript, we clarified our statement and added a comparison between the mobility in
FETs and vdP devices. The related paragraphs state as follows:

(Conclusion)

[...] To illustrate its applicability, we manufactured graphene devices on 100 mm diameter silicon,
performed a statistical analysis of the material characteristics, and demonstrated that our transfer
method is, in principle, compatible with the conventional process technology. [...]
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(Field-effect devices)

[...] For this device, the maximum field-effect mobility of holes is 2630 cm?V~1s~1, which is similar
to the values extracted from Hall-measurements of the vdP devices in Figure 2b. This agreement
demonstrates that the high quality of the transferred graphene is preserved during device
manufacturing with multiple processing steps such as high temperature Al,O; deposition, multiple
lithographic layers, metal depositions and etching processes. [...]

Reviewer comment #20
(20) Please add the temperature of the electrical measurements.

Our response:

We thank the reviewer for pointing at this important detail. All electrical measurements were
performed at room temperature.

In the revised manuscript, we added the temperature of the electrical measurements. The related
paragraphs read as follows:

(Methods)
Fabrication and evaluation of van-der-Pauw devices

[...] Electrical measurements were performed under ambient conditions at room temperature, using
a parameter analyzer (Keithley SCS4200). [...]

(Caption Figure 2)

[...] b) Extracted sheet resistance (Rgy), carrier density (n), and charge carrier mobility (¢) from Hall-
measurements of vdP devices at room temperature (Number of devices: 18 graphene; 9
graphene/hBN). [...]

(Caption Figure 3)

[...] d) Top-gate voltage dependency of the graphene sheet resistance and the field-effect mobility in
an integrated graphene device at room temperature. [...]

(Supplementary Information)

[...] To characterize the fabricated devices, we measured the electrical 2-terminal resistances
between the outer electrodes of 202 devices at room temperature using a parameter analyzer
(Keithley SCS4200, Tektronix, Inc.) (Figure S1c)).
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Reviewer comment #21
(21) Fig. 3d: Why the mobility of the charge carriers shows a minimum, if it is assumed that the
mobility scales with concentration lower charge carrier concentration lead to higher charge carrier
mobility. Please comment

Our response:

We thank the reviewer for this question and the opportunity to further clarify this point. Indeed, the
minimum of the mobility should not be a limited value as shown in the figure, but rather be zero. This
point corresponds to the zero transconductance (derivative in transfer curve) at the Dirac point. At this
point the carrier type converts from electrons to holes or vice versa. However, since the sweep of the
gate voltage has a limited number of data points, unfortunately, our calculations do not show a zero-
mobility at this transition.

The statement “lower charge carrier concentration lead to higher charge carrier mobility”, is only correct
when we assume that the conductivity is a constant, according to the Drude formula for the conductivity
o = eny (e: elementary charge, n: charge carrier concentration and W: charge carrier mobility). This
scaling behavior of the mobility shown in Figure 3d is typical for graphene-based devices (see for
example Figure S2a and S2b in Uzlu et al.>°).

In the revised manuscript, we clarified the interpretation of the mobility and included a reference to the
characteristic behavior of the mobility for gated graphene devices. The related paragraph reads as
follows:

(Field-effect devices)

[...] The extracted sheet resistance and charge carrier mobility as a function of the gate voltage of a
typical device in Figure 3d resemble the characteristic behavior of gated graphene devices™ (see
Methods for measurement details), where the mobility is zero at the Dirac point due to a zero of the
transconductance. At this point, the charge carriers convert from electrons to holes or vice versa. In
our measurements, the mobility is not exactly zero because of the limited number of data points. [...]
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Reviewer #3 (Remarks to the Author)

Our reviewer comment:

Review of Large-Area Integration of Two-Dimensional Materials and Their Heterostructures by Wafer
Bonding

Quellmalz et al. investigated a new 2D material transfer method which is large-area, allows stacking
into heterostructures, does not require ultra-specialised equipment, and doesn’t completely degrade
the transport properties. Generally the work is well presented, appropriate methods were used for
characterisation, and data is of high quality, and sufficient detail is given for others to reproduce the
work. | believe the method is likely to be useful for the 2D materials community as well as industry,
and that Nature Communications is an appropriate journal for the work. However, in my opinion the
authors probably overstate how gentle their process is, at least based on the presented evidence. |
also have a few other points which require clarification.

Our response:

We thank the reviewer for the positive assessment of our work and for pointing out aspects that can be
improved.

Reviewer comment #1
1. THz-TDS map from Figure 2c. Around the edges of the hBN square there are noticeably damaged
areas on the graphene sheet- or at least areas which have sheet resistances about twice the rest of
the sheet. What has caused this? When making heterostructures with your method is this interface
degradation unavoidable?

Our response:
We thank the reviewer for this observation which indeed deserves an explanation in the manuscript.

In this specific transfer of hBN, the contact area of the bond chuck with the substrate stack is slightly
smaller than the donor substrate (2.5 cm x 2.5 cm copper foil). During bonding, the center region of the
donor substrate was pressed uniformly against the target wafer while the rim of the foil did not
experience any force. This mismatch of force in the center and the rim caused the edge of the foil to
bend upwards, which, consequently, did not completely attach to the target wafer and caused
inhomogeneities in the hBN layer and the BCB layer. In the following transfer of graphene, those
inhomogeneities locally affected the bond quality, which, in turn, affected the graphene sheet
resistance. This effect may be prevented by carefully adjusting the contact area of the bond chuck with
the substrate stack to the size of the copper foil. Thus, the lateral interface between regions with
different layer stacks may be improved.

In the revised manuscript, we included a discussion of the cause of the interface degradation and a
plausible measure of how to improve the interface. The related paragraph reads as follows:

(Wafer-level transfer of graphene and graphene/hBN heterostructures)
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[..] At the lateral transition between the graphene/hBN heterostructure and the monolayer
graphene (i.e. the outer edges of the heterostructure) the graphene sheet resistance is increased and
less uniform. This variation was most likely caused by surface inhomogeneities in the BCB layer that
resulted from a partly detached edge region of the hBN on copper foil in the first transfer. This effect
is known to occur in wafer bonding of compliant substrates where the contact area of the wafer
chuck is smaller than the substrate. Precise adjustment of the contact area between the wafer
bonder and the donor substrate to the size of the copper foil should improve the lateral interface
between regions with different layer stacks.

Reviewer comment #2
2. For the hBN/graphene vs. graphene results, how can you tell that you are not just damaging the
hBN during transfer and that is the reason why there is no increased device performance for the

Our response:

We thank the reviewer for posing this very relevant question. We agree that damages in the hBN
encapsulation are likely to diminish the beneficial effect of hBN on the transport properties of the
graphene. In our case, we use CVD grown hBN, which is known to have inherent defects between
individual crystalline grains®®. Since the grain size of both graphene and hBN are much smaller
(micrometer range) than the size of our van-der-Pauw devices (millimeter range), our results are
average values of the material properties over the entire device area, comprising a multitude of grains,
grain boundaries and grain defects. Our observation that CVD hBN does not improve the charge carrier
mobility in polycrystalline graphene agrees with work by Pandey et al."” and Shautsova et al.’®. Taken
together, these are four reports of different types of transfer processes (2 wet transfers, 1 dry transfer
and our bond transfer) that present similar results. Based on these published results and our data, we
believe that our observations are mainly caused by the quality of currently available large-area CVD hBN
substrates, rather than the transfer processes.

In the revised manuscript, we clarified our comparison with the above-mentioned studies and included
a note of the used transfer methods. The related paragraph reads as follows:

(Wafer-level transfer of graphene and graphene/hBN heterostructures)

[...] The mobility in our graphene/hBN heterostructure is similar to values reported by Pandey et al.
and Shautsova et al., who encapsulated graphene in CVD hBN using wet and dry transfers’’*%, In
accordance with these works, our results indicate that current large-area CVD hBN substrates
typically do not increase the mobility in polycrystalline graphene, thus contrasting several studies on
single crystals of graphene and hBN'**%. We emphasize that for a meaningful comparison, the initial

graphene quality before the transfer is of crucial importance. [...]
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Reviewer comment #3

3. Why no MoS2 transistor measurements? Seeing as you are growing on Si, a comparison of devices
made on the as-grown substrate vs transferred (using same fab methods, same substrate etc. just
with BCB on transferred substrate) would be nice evidence that you aren’t damaging the MoS2 by
transferring. Otherwise, for MoS2 the evidence for large- scale transfer preserving the properties you
present is a lot weaker in comparison to graphene, with single Raman/PL spectra- and no mapping. It
is valuable to show the MoS2 data, but statements such as: “Hence, our methodology is suitable for
large area transfer of MoS2 films.” With no electrical measurements | think “potentially” is required,
at least.

Our response:

We thank the reviewer for this excellent comment and suggestion. We agree that we presented less
evidence for the large-area transfer of MoS, than for graphene.

In the revised manuscript, we added a new set of PL and Raman measurements from area scans of
MoS, on BCB, which provide further evidence of a successful transfer MoS, over large areas.
Unfortunately, we were not able to perform the suggested experiments to demonstrate MoS, devices
due to access restrictions to our laboratories during the COVID-19 outbreak, and instead follow the
reviewer’s suggestion to reformulate our concluding sentence. The revised paragraph and figure in the
main text and the additional figures in the Supplementary Information are presented as follows:

(Transfer of MoS,)

Figure 4: Transfer and characterization of MoS,. a) Averaged Raman spectra of multilayer MoS; on
the Si0O,/Si growth substrate before transfer (blue) and after transfer to the target wafer (red). The
Raman spectra are averages of area scans with 8 x 10 measurements in 1 mm? areas (black rectangle
in the photograph of transferred MoS,) and were normalized to the intensity of the Elzg mode. The
shaded regions represent the standard deviation of the intensity. The vertical dashed lines indicate
the peak positions of the Elzg and A;; modes of the as-grown film before transfer. b) Averages of 25
photoluminescence (PL) intensity spectra of pristine (blue) and transferred (red) multilayer MoS,
with A and B excitonic transitions (shaded areas: standard deviation). The inset magnifies the region
from 1.945 eV to 1.98 eV and shows the Raman modes of BCB, which are superimposed with the
optical response of the MoS, layer.
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(Transfer of MoS,)

[...] Typical Raman spectra prior transfer (Figure 4a) exhibited the characteristic Elzg and A;; modes of
pristine MoS; at 384.6 cm™ and 409.1 cm™, respectively, which are in good agreement with reported
values for MoS,**>*, After transfer, we found the peaks at 384.7 cm™ (Elzg) and 407.2 cm™ (Agg), i.e.
without detectable shifts in the position of the Elzg mode within the accuracy of our Raman setup.
Since the Elzg mode is highly sensitive to uniaxial strain®, we conclude that the strain in the
transferred MoS, film was the same as present on the growth substrate and was not significantly
affected by our transfer methodology. In contrast, the A;; mode is sensitive to changes in the
substrate material, which could cause the observed shift of 1.8 cm™ ***’. To further investigate the
quality of the transferred MoS, film, we compare the average of 25 normalized photoluminescence
(PL) intensity spectra of pristine and transferred MoS, (Figure 4b). Before transfer, we found two
prominent peaks at 1.821 eV and 1.968 eV, which correspond to A and B excitonic transitions,
respectively®®. After transfer, we observed a drastic increase in the A/B intensity ratio since the B-
excitation vanishes. A high A/B intensity ratio indicates a high quality of the MoS, film*®. The A-
exciton transition energy is blue-shifted by 13 meV to 1.834 eV (see Figure S9 for statistics), which we
attribute to the change of the substrate material from SiO, (before transfer) to BCB (after transfer)®’.
The additional features of the PL intensity between 1.96 eV and 1.97 eV are Raman modes of the
underlying BCB, hence, do not belong to the excitonic transitions in the MoS, (see Supplementary
Information for the Raman spectrum of BCB). Taken together, the Raman and PL measurements
confirm that the layer quality is preserved during the transfer process. Hence, our methodology is
potentially suitable for large-area transfer of MoS; films.

(Supplementary Information)

6. Analysis of Raman spectroscopy of MoS, and BCB

Figure S6: a) Histograms of the Elzg mode position of pristine (blue) and transferred (red) MoS, films,
extracted from area scans with 8 x 10 measurements in 1 mm?’ areas. Gaussian fits yield mode
positions of 384.6cm™ and 384.7cm™ for pristine and transferred MoS,, respectively. The
broadening of the Elzg position distribution is due to lower signal intensity which results in higher
uncertainty of the fitting quality of the pseudo-Voigt function to the data. b) Histograms of the A,
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mode position of pristine (blue) and transferred (red) MoS, films, extracted from the same area scans
as in a). Gaussian fits yield mode positions of 409.1 cm™ and 407.2 cm™ for pristine and transferred
MoS,, respectively. The A;; mode is sensitive to changes in the substrate material which could cause
the overserved shift of 1.9 cm™ >**’,

(Supplementary Information)

7. Analysis of photoluminescence spectroscopy of MoS,

Figure S9: Histogram of the peak positions of the A-excitonic transition in MoS, before and after
transfer. After transfer, the mean position is blue shifted by 13 meV.

Reviewer comment #4
4. Several times throughout the paper is strong claims are made such as (line 106) ...substrate without
exerting excessive pressure on the 2D material, and hence without damaging, wrinkling or straining
the 2D material. This is written as if no damage or wrinkling or strain occurs at all. | think these claims
should at least include the word ‘minimised’, for instance. If you have Raman data of the graphene
pre-transfer to suggest the strain is similar before your process? Then a similar claim with the word
‘minimised’ included would be appropriate.

Alternatively, you could transfer graphene, measure strain and d-peak via Raman (+THz-TDS), re-
transfer the same graphene sheet and remeasure (Raman + THz), this would also provide very strong
evidence of a lack of degradation due to processing. As presented, the data only suggest that the
method is quite good at transferring graphene compared to other methods, but it is not possible to
tell if it is being damaged or not- especially based on transport properties.

Our response:
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We thank the reviewer for pointing at the imprecise expressions and the suggestion. We agree that we
have left room for misinterpretation and may have overstated our results.

Unfortunately, we do not have Raman measurements of graphene on copper foil before transfer. Our
Raman system is equipped with a green laser (532 nm wavelength) which creates a strong luminescence
background signal in the copper substrate and makes the characterization of graphene on copper foil
challenging. The interested reader might refer to work by Costa et al.*'. However, we performed Raman
spectroscopy of the MoS; layer before and after transfer and found the peaks of the Elzg and A;; mode
at the same position within the accuracy of our Raman setup (spectral resolution: 1.2 cm™). Since the
Elzg position is highly sensitive to strain, we see this result as indication that the strain in the transferred
MoS, layer is similar as on the growth substrate and that our transfer process minimizes degradation by
additional strain.

We also agree that the suggested sequence of repeated transfer, characterization and transfer of the
same graphene sheet would provide convincing evidence of possible degradation during processing.
However, due to the chemical stability of the partially cured BCB, we believe that it is not possible to
remove the adhesive BCB layer with conventional wet-etching (e.g. in acetone or mesitylene) or dry
plasma etching without affecting the properties of the graphene. For this reason, we did not attempt to
evaluate the proposed transfer and characterization procedure.

As the reviewer pointed out correctly, our data suggests that our transfer yields good material
properties compared to other transfer methods. As suggested by the reviewer we have clarified our
claims and statements regarding possible damage and wrinkling introduced in the transferred layers by
our method.

In the revised manuscript, the related paragraphs read as follows:
(Introduction)

[...] All transferred layers and heterostructures were of high quality, i.e. they featured uniform
coverage and little strain in the transferred 2D materials. These findings indicate that our proposed
integration approach preserves similar mechanical properties of the 2D materials as present on the
growth substrate while minimizing degradation of the transferred layers through introduction of
wrinkles or excessive strain. [...]

(Methodology for wafer-level transfer of 2D materials and their heterostructures)

[...] Thus, the adhesive layer molds against the 2D material and forms a stable bond to the target
wafer while replicating the surface topography of the growth substrate without exerting excessive
pressure on the 2D material. [...]

(Conclusion)

[..] After removal of the growth substrate, the 2D material remains on the target wafer in the same
shape as it was synthesized on the growth substrate. This feature minimizes defects or additional
strain in the 2D material by avoiding deformation. Additionally, it reduces wrinkles, which may result
from excess material due to different surface topography of the growth substrate and the target
wafer. We hypothesize that this feature contributes to preserving similar mechanical properties of
the transferred 2D materials. [...]
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Reviewer comment #5
5. Re: data in Figure 2b. You measured 18 graphene and 9 graphene/hBN devices, which seems like a
reasonable sample size. Can you mention the device yield? And if any devices failed, what do you
attribute this to?

Our response:

Thank you for the positive comment on the sample size. In total, we measured 27 devices of which 18
comprised graphene on BCB and 9 graphene/hBN on BCB. The entire dataset is presented in the paper,
without excluding any device.

In the revised manuscript, we included a note on the total number of devices and the yield of the vdP
measurements. The related paragraphs read as follows:

(Wafer-level transfer of graphene and graphene/hBN heterostructures)

[...] Four-point probe measurements of a total of 27 vdP devices yielded the graphene sheet
resistance (Rgp), carrier density (n) and mobility of majority charge carrier (1) of the transferred
graphene layer, both for graphene resting on BCB and for graphene resting on hBN (Figure 2b) (see
Methods). In both cases, all measured devices were functioning and we found a similar R,
(630 +90 Q/sqg. and 600 + 90 Q/sq., respectively) whereas the n and u showed differences for
graphene resting on BCB and on hBN, respectively. [...]

Reviewer comment #6
6. It is true that “neither the interface between the first and second 2D material nor the second 2D
material are exposed to any polymer carrier nor adhesive that may potentially degrade the 2D
material properties by contamination” and is a strength of your method. However, surface water will
be trapped permanently. Could this have an effect on heterostructures? Can all surfaces be heated
during the process?

Our response:

We thank the reviewer for pointing out the importance of residuals and trapped molecules between
layers in heterostructures. We agree, since the interface in van der Waals heterostructures is of
outmost importance, impurities between layers will strongly affect their properties. Our method
reduces the risk of trapped water since it is carried out in vacuum and at elevated temperature.

In our method, the second transfer (graphene onto hBN) was performed in vacuum atmosphere

(2 - 10* mBar) which is considerably below the vapor pressure of water at room temperature
(31 mBar). Hence, we expect residual water to desorb from the surfaces and not to be trapped
between layers. Additionally, the entire bond stack was heated up to 190 °C which further increases
the desorption of molecules from all surfaces.

In the revised manuscript, we included this aspect. The related paragraphs read as follows:
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(Wafer-level transfer of graphene and graphene/hBN heterostructures)

[...] First, we attached the hBN on copper foil (2.5 cm by 2.5 cm) to the adhesive on the spin-coated
target wafer by wafer bonding. After etching away the copper in FeCl; solution and rinsing in
deionized water, we placed the monolayer graphene on copper foil (100-millimeter diameter) on top
of the target wafer and performed a second bonding process in a vacuum atmosphere. [...] Note that
in the heterostructure, neither the graphene nor the top surface of the hBN was in contact with
polymers or adhesives at any time. Moreover, the second transfer was performed in a vacuum and at
elevated temperature, which reduces the amount of water and gas molecules that may get trapped
between the layers. [...]

Reviewer comment #7

7. Line 161 For the transferred graphene monolayer on BCB, the extracted mobilities are in the higher
range of previously reported values for CVD graphene transferred on large areas by various methods,
including wet transfer with polymeric carrier layers38,55, face-to-face transfer by bubble
formation56lamination46. In ref 46 by Shivayogimath et al (Fig 5b), the THz-TDS results for mobility
of large-area transfer are similar to your results (slightly less) for etching transfer, but closer to 4000
cm2/Vs for PVA. The text can be updated so not to suggest your values are the highest reported for
large-area transfer of graphene.

Our response:

We thank the reviewer for pointing out this ambiguous comparison of our results. We agree that higher
mobility values have been reported by other groups. However, the type and initial quality of graphene is
also an important factor for its transport properties after transfer. Therefore, it is crucial to consider
those parameters when comparing between different transfer methods. Shivayogimath et al.®’
extracted the mobility of graphene in two sets of experiments with different types of graphene and
methods:

Set (1): Polycrystalline graphene grown by CVD on commercial Cu foil (8 cm x 8 cm). The field-effect
mobility was extracted by back-gating vdP devices (5 mm x5 mm) and was found to be in the range of
350-800 cm?V~1s™ L,

Set (2): Single-crystal monolayer graphene grown by CVD on single-crystal Cu(111) foil (2 cm x 3 cm).
The mobility was extracted by THz-TDS (Average of Gaussian fit: 3707 cm?V~1s71).

In our experiments, we use polycrystalline graphene grown on polycrystalline Cu foil, and we extracted
the mobility by Hall-measurements of vdP devices (3 mm x 3 mm). These conditions are similar to the
first set of experiments by Shivayogimath et al.. Therefore, we believe a comparison to those results is
more justified and meaningful.

In the revised manuscript, we clarified the comparison of our results and included a sentence on the
importance of the initial graphene quality. The related paragraphs read as follows:

(Wafer-level transfer of graphene and graphene/hBN heterostructures)
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[...] For the transferred graphene monolayer resting on BCB, the extracted mobilities are in the
higher range of previously reported values for polycrystalline CVD graphene transferred on large
areas from polycrystalline copper substrates by various methods, including wet transfer with
polymeric carrier layers™, face-to-face transfer by bubble formation™ and lamination'®. The
mobility in our graphene/hBN heterostructure is similar to values reported by Pandey et al. and
Shautsova et al., who encapsulated graphene in CVD hBN using wet and dry transfers'’*%, |
accordance with these works, our results indicate that current large-area CVD hBN substrates
typically do not increase the mobility in polycrystalline graphene, thus contrasting several studies on
single crystals of graphene and hBN***%. We emphasize that for a meaningful comparison, the initial
graphene quality before the transfer is of crucial importance. [...]

n

Reviewer comment #8
8. Line 152: materials by femtosecond-laser ablation to define van-der-Pauw (vdP) devices for
characterization of the electrical properties of the 2D materials. Were you able to pattern the
graphene without damaging the underlying BCB or substrate? if so, how did you determine this? If
not, could this effect device properties?

Our response:

We thank the reviewer for this question. Since the ablation by ultrashort laser pulses relies on multi-
photon absorption, hBN may be ablated during the process, albeit the photon energy in our system
(2.38 eV) is lower than the band gap in hBN (~6 eV®®). To ensure a proper insulation of the vdP devices,
we chose a laser power which exceeded the minimum power setting to ablate graphene. Therefore, we
believe that the hBN as well as the surface of the BCB are likely to be damaged during the process.
However, we do not expect any influence on the device properties by the patterned hBN nor potential
damages on the surface of the BCB layer. Both hBN and BCB are electrically insulating, hence, neither
should contribute to the electrical measurement signal by a relevant current flow through the layer.

However, the strong light absorption in graphene contrasts the absorption in hBN. Therefore, we
hypothesize that it may be feasible to find a set of parameters which allows selective patterning of
graphene without damaging hBN. This possibility might be of interest for fully encapsulated
hBN/graphene/hBN heterostructures for instance. We will leave the investigation of this hypothesis to
the interested reader and future work.

In the revised manuscript, we stated more precisely that the entire heterostructure is patterned. The
related paragraph read as follows:

(Wafer-level transfer of graphene and graphene/hBN heterostructures)

[...] Next, we integrated Ti/Au electrodes and patterned the 2D material heterostructure to van-der-
Pauw (vdP) devices, which allow electrical material characterization on the target wafer (Figure 2a).

[...]
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Reviewer comment #9

9. Regarding THz-TDS maps, you use a near-field set up with spatial resolution down to 10 um.
However, at least for far-field set ups (with perhaps 100 um spatial resolution) the actual transport
length scale is =10-100 nm (see 2D Mater. 4 (2017) 042003 Table 1 and discussion on p18) and
depend on graphene mobility for instance. | think the authors should state the transport length scale
for their set up/graphene and make it clear for the reader that for THz: spatial resolution # transport
length. This will also lead to analysis of your data which supports the quality of your method, as it
seems your sheet R values match well between vdP and THz, suggesting you do not have significant
defects/inhomogeneity on the larger scale that can often effect sheet R in larger devices.

Our response:

We thank the reviewer for this profound comment. We agree that a detailed background for
interpreting the THz measurements was missing in the manuscript.

In the revised manuscript, we clarified the difference between spatial resolution and the transport
length which we also estimate for our sample and setup. The related paragraphs read as follows:

(Wafer-level transfer of graphene and graphene/hBN heterostructures)

[...] We used Terahertz time-domain-spectroscopy (THz-TDS) to further characterize the electrical
properties and homogeneity of the wafer-level transferred graphene and large-area graphene/hBN
heterostructure. The THz-TDS measurements are recorded in transmission mode using a
photoconductive near-field detector®® (see Supplementary Information), which records the
amplitude and phase information of a THz signal traveling through the sample. Scanning across the
sample surface yields spatially resolved images of the graphene sheet resistance on wafer-scale. For
our measurements, we set the spatial resolution to 500 um by adjusting the distance of the near-
field detector to the sample and the pitch between acquisition sites. The spatial resolution is
significantly larger than the intrinsic length scale that is probed by the THz-TDS. This transport length
is estimated by the distance I, which a charge carrier transverses during one cycle of the alternating
THz field®. For our sample and setup, we estimate lp = 60—100 nm (See Supplementary
Information for calculation). [...]

(Supplementary Information)

In this work, we did not operate the THz TDS near-field setup at its resolution limit of a few
micrometers®®. Instead, data acquisition was done with a step-size of a few 100 um. Also, the
distance of the near-field detector to the sample was set to a similar value. Thus, the probing area of
each pixel was a few 100 pm?, which is clearly larger than the intrinsic length scale that is probed by
the THz spectroscopy. The intrinsic length scale is estimated by the distance a carrier moves during
one cycle of the alternating THz field Ip~/D/w where D is the diffusion coefficient and w = 2nf
the angular frequency of the THz pulse®. The THz-spectrum of our setup covers the frequency range
from f = 0.1 —3 THz. In the following calculation we use the range f = 0.5—1.5 THz and the
results from the vdP measurements to estimate the relevant length scales for the THz spectroscopy.
Assuming similar mobility and charge carrier doping as extracted by the vdP measurements
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(u = 2800 cm?V~1s™! and n = 3.7 - 102 cm™?, respectively), we calculated the conductivity with
the Drude formula

o= enu = 1.66mS (1),
and a mean free path of
Imfp = oh/(2e*ymn) ~ 63 nm )*.

Accordingly, the scattering time of carriers is
T = lmep/Vp = 63 fs (3),

where vg = 10° m/s is the Fermi velocity®. Since the scattering time is smaller than the duration of
the THz pulse (~1 ps), the movement of charge carriers is diffusive with a diffusion coefficient of

D = Vgl /2 =~ 314 cm? /s (4)°.

Hence, THz spectroscopy at 0.5—1.5 THz is sensitive to the average of the microscopic conductivity
over the length scale

lp =+ D/w = 60—100 nm (5).

Since both I, and the l,,¢, are smaller than the grain size, which is in the micrometer range, most
carriers do not scatter on grain boundaries. Hence, our results from THz spectroscopy are a
reasonable estimation of the average of the sheet conductivity in the area that is probed by the near-
field detector. [...]

Reviewer comment #10
10. Line 185: Note, the THz near-field measurement in Figure 2c was performed on a different sample
than the vdP measurements in Figure 2a and 2b. | presume this is because the metal contacts would
saturate the THz-TDS signal? If so, that could be mentioned. Otherwise, with 10 um resolution you
should be able to get many pixels inside each vdP device for direct comparison.

Our response:

We thank the reviewer for this question. It is correct, that the metal electrodes would affect the THz
signal and that the device size would allow to measure in between the contacts. However, for this
sample, the doping of the Si substrate is the reason why we cannot perform this measurement. High
doping of the Si wafer reduces the transparency of the substrate to THz radiation. The samples for THz
TDS were prepared on high resistive silicon wafers with a resistivity of > 10000 € - cm. The Si substrate
of the vdP devices has a resistivity of 5 — 10 Q- cm, which prevents the extraction of quantitative
results by THZ TDS.

In the revised manuscript, we clarified our choice of the used Si substrates in the main text and in the
methods section. The related paragraphs read as follows:
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(Wafer-level transfer of graphene and graphene/hBN heterostructures)

[...] Note that the THz near-field measurement in Figure 2c was performed on a different sample with
high-resistivity Si than the vdP measurements in Figures 2a and 2b to avoid absorption of the THz
signal by the substrate. [...]

(Methods)
THz near-field spectroscopy

We used terahertz (THz) time-domain spectroscopy (TDS) in transmission mode to measure the sheet
resistance of the transferred graphene on the target wafer. The samples were prepared on high-
resistivity wafers with a resistivity of > 10* Q-cm, to avoid inadvertent absorption of the THz signal by
the target wafer. For the measurements, we used a THz pump/probe setup equipped with a
femtosecond fiber-laser (generating pulses of 100 fs duration and 780 nm center wavelength) to
pump a terahertz emitter and to gate a photoconductive near-field micro-probe detector (TeraSpike
TD-800-X-HR-WT). By measuring the THz transmission through the sample, we extracted the local
sheet resistance of the graphene® . Lateral scanning of the sample with the tip of the near-field
detector held at close distance yielded a spatially resolved map of the graphene sheet resistance with
a pixel size of a few hundred micrometer. See Supplementary Information for details of the setup and
evaluation.

Reviewer comment #11
11. Fig 3 a inset: | feel the 2-layer graphene inset gives the impression of Bernel stacking. Suggest
changing or adding text for the readers who mainly look at figures.

Our response:

We thank the reviewer for this comment. We agree that our previous figure was ambiguous and that
the schematic of the 2-layer graphene could have been interpreted as Bernal stacked. It is correct, that
the graphene layer in our 2-layer graphene samples is randomly stacked since the grains on the
polycrystalline Cu growth substates are randomly oriented.

II(

In the revised manuscript, we added a label “randomly stacked” to the schematic of the 2-layer

graphene on BCB. The new figure is shown below:

(Repeated transfer of graphene)
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Figure 3: Characterization of double-layer (2-layer) graphene formed by two consecutive transfers of
monolayer (1-layer) CVD graphene and wafer-level integration of top-gated field-effect graphene
device. a) Photograph of a high resistive silicon wafer with 100 mm diameter after graphene transfer.
Dashed lines indicate regions of single-layer, double-layer, and no graphene. b) Correlation map of
Raman G and 2D peak positions (wg and w,p, respectively), extracted from measurements in regions
of 1-layer graphene (triangles) and 2-layer graphene (circles). The colormap represents the full width
at half maximum of the 2D peak (I3p). c) Spatially resolved map of the graphene sheet resistance
(Rgp) from non-contact THz near-field spectroscopy (left), clearly showing decreased Ry, in the 2-
layer graphene region. The histogram (right) represents the data inside the dashed rectangle. d) Top-
gate voltage dependency of the graphene sheet resistance and the field-effect mobility in an
integrated graphene device at room temperature. Inset: Optical microscope picture of a fabricated
field-effect graphene device. The dashed line marks the graphene area. Electrodes 1 to 4 are used for
electrical characterization by a 4-point probe van-der-Pauw method while the gate voltage tuned the
doping of the graphene.

Reviewer comment #12
12. Figure 3 results: Why is the sheet resistance for 1-layer graphene of this wafer so much higher
than the Figure 2 results?

Our response:
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We thank the reviewer for pointing at this observation. We attribute the discrepancy in sheet resistance
to a difference in graphene quality before transfer. The process parameters to form 2-layer graphene
and to form the graphene/hBN heterostructure were essentially the same.

For the 2-layer graphene sample, the second graphene sheet that forms the 1-layer region on the target
wafer, was considerably older (by mistake) than the other sheets used in this work. We assume that the
quality of the graphene on that growth substrate was substantially lower. Unfortunately, we discovered
this disparity at a late stage of drafting this manuscript. However, we decided to present the full dataset
of Raman and THz spectroscopy measured on this sample, since its purpose is to demonstrate the
formation of 2-layer graphene by repeated transfer and not benchmark the graphene quality itself.

In the revised manuscript, we have added a sentence to clarify this disparity. The related paragraph
reads as follows:

(Repeated transfer of graphene)

[...] We attribute the difference in the 1-layer graphene R, between these experiments and the
dataset presented in Figure 2 to a dissimilarity in graphene quality before transfer. The graphene
sheet in Figure 3a that forms the 1-layer region on the target wafer was from a different batch than
the graphene sheet used in Figure 2. [...]

Reviewer comment #13
13. Fig 4: Good to see before and after transfer Raman of MoS2, but why not the before and after
transfer for photoluminescence measurements?

Our response:
We thank the reviewer for pointing out this inconsistency in our experimental design.

In the revised manuscript, we added the results and statistical evaluation of photoluminescence
measurements before transfer. The revised figures in the main text and in the Supplementary
Information as well as the extended paragraph in the main text are as follows:

(Transfer of MoS,)
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Figure 4: Transfer and characterization of MoS,. a) Averaged Raman spectra of multilayer MoS, on
the Si0O,/Si growth substrate before transfer (blue) and after transfer to the target wafer (red). The
Raman spectra are averages of area scans with 8 x 10 measurements in 1 mm? areas (black rectangle
in the photograph of transferred MoS,) and were normalized to the intensity of the Elzg mode. The
shaded regions represent the standard deviation of the intensity. The vertical dashed lines indicate
the peak positions of the Elzg and A;; modes of the as-grown film before transfer. b) Averages of 25
photoluminescence (PL) intensity spectra of pristine (blue) and transferred (red) multilayer MoS,
with A and B excitonic transitions (shaded areas: standard deviation). The inset magnifies the region
from 1.945 eV to 1.98 eV and shows the Raman modes of BCB, which are superimposed with the
optical response of the MoS, layer.

(Transfer of MoS,)

[...] To further investigate the quality of the transferred MoS, film, we compare the average of 25
normalized photoluminescence (PL) intensity spectra of pristine and transferred MoS, (Figure 4b).
Before transfer, we found two prominent peaks at 1.821 eV and 1.968 eV, which correspond to A and
B excitonic transitions, respectivelysg. After transfer, we observed a drastic increase in the A/B
intensity ratio since the B-excitation vanishes. A high A/B intensity ratio indicates a high quality of the
MoS, film®. The A-exciton transition energy is blue-shifted by 13 meV to 1.834 eV (see Figure S9 for
statistics), which we attribute to the change of the substrate material from SiO, (before transfer) to
BCB (after transfer)’’. The additional features of the PL intensity between 1.96 eV and 1.97 eV are
Raman modes of the underlying BCB, hence, do not belong to the excitonic transitions in the MoS,
(see Supplementary Information for the Raman spectrum of BCB).

(Supplementary Information)

7. Analysis of photoluminescence spectroscopy of MoS,
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Figure S9: Histogram of the peak positions of the A-excitonic transition in MoS, before and after
transfer. After transfer, the mean position is blue shifted by 13 meV.

Reviewer comment #14
14. Hall measurements were performed at 1 mA. Which voltage was required to generate 1 mA?

Our response:

We thank the reviewer for this relevant question. The average voltage to force a current of 1 mA
through the 27 vdP devices was 1.28 £ 0.17 V.

In the revised manuscript, we added the average voltage in the methods section. The related paragraph
reads as follows:

(Methods):

[...] For device characterization, the wafer was resting on an electromagnet (Wuxue Wen Fang
Electric Co. Ltd, model WF-P25/20), which was placed inside a probe station (Cascade Microtech
Inc.). Four-point probe measurements of the voltage across the device edge (device current: 100 pA),
and the Hall voltage (device current: 1 mA at 1.28 + 0.17 V, magnetic flux: 28.8 mT) yielded the sheet
resistance, carrier density and mobility of the transferred graphene. Electrical measurements were
performed under ambient conditions at room temperature, using a parameter analyzer (Keithley
SCS4200).

Reviewer comment #15
15. Supp Info: For the THz resultsfor graphene/hBN, is it necessary to have a second reference area
with no graphene but substrate+BCB+hBN?
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Our response:

We thank the reviewer for this question. It is fundamentally correct, that the extraction of quantitative
graphene properties requires a reference measurement of the same substrate without graphene layer.
However, the hBN layer is electrically insulating and has a thickness of a few nanometer. Hence, it does
not absorb the THz radiation significantly. Therefore, the BCB coated Si wafer is an adequate reference
for both graphene and the graphene/hBN heterostructure.

In the revised manuscript, we added a comment on the reference area. The related paragraph reads as
follows:

(Supplementary Information)

[...] Note that thin layers of electrically insulating materials, such as nanometer-thick hBN, do not
absorb THz radiation significantly and reference measurements with and without hBN layer did not
show any difference. Hence, adding these layers to the substrate stack does not require a new
reference measurement. [...]
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REVIEWER COMMENTS
Reviewer #1 (Remarks to the Author):

I genuinely believe the method has good potential to mechanize (and possibly even automate)
transfer of graphene and 2D materials from their growth substrate and have a strong impact on
graphene technology.

Authors have carefully revised the manuscript and thoroughly responded to all the points raised.
The following points, however, have not be fully addressed:

- Roughness: my comment was referring to macroscopic roughness, in particular for materials
grown on thin foils. I presume the values provided refer to microscopic roughness, i.e. obtained by
AFM or similar over small areas. On a wafer scale, however, such values can be orders of
magnitude larger, so it should be specified over which area such roughness refer to.

- Advantage of the method: the results in terms of doping and mobility are rather modest and
make it hard to justify the complexity of using a wafer bonder over a simple wet-transfer setup. I
appreciate Authors' point that the starting material -and not the process- may be the reason of the
performance, reason for which in my previous review I encouraged further experiments to prove
this important point, which unfortunately does not seem to have been done. It should also be
noted that conventional wet-transfer can be used at any stage of device fabrication, allowing
placing of the 2D materials directly on semiconductors or pre-fabricated contacts, whereas the
proposed method require a non-removable CBC layer which would require further processing to
connect the 2D material(s) with any foundry-made underlying structure (e.g. CMOS).

- Heterostructure fabrication: I agree with Authors that quality of multilayer large area hBN is far
from its exfoliated counterpart, so I won't be too focused on such results. It is therefore not
possible to benchmark the quality of the heterostructure produced by the method and conclude
whether it works better or worse that other methods (e.g. wet transfer). As the study also
included MoS2 films, I would recommend investigating a graphene/TMD interface which could give
further insight on the capability of the method, including the formation of bubbles at the interface.

- Graphene mobility: similar to previous comment, given the uncertainty on the quality of the
starting material, it is difficult to conclude whether performance is limited by the method (e.g.
example by charge trapped at the graphene/BCB interface of in the insulator itself) or by the
materials itself.

In summary, I believe Authors have developed an interesting and potentially very useful method,

however the real “quality” of the materials it can produce (particularly heterostructures) has still to
be fully addressed.

Reviewer #2 (Remarks to the Author):

After a careful study of the submitted revised version of the publication, the following conclusion
has to be drawn: The original version contained incorrect statements not supported by
experiments and careful metrological investigations. For this reason, the publication should be
rejected as it does not meet the scientific and ethical standards of Nature Communications.

Reviewer #3 (Remarks to the Author):

All of my points have been addressed. I Am happy for the manuscript to be published as is.



Point-by-Point Response to the Reviewer Comments

We sincerely thank the reviewers for carefully reviewing our work and the constructive and insightful
comments, which have helped us to further improve the paper by including new experimental results
and additional discussions. Our detailed responses to the reviewer’'s comments are provided in the
following.

Reviewer #1 (Remarks to the Author):
| genuinely believe the method has good potential to mechanize (and possibly even automate)
transfer of graphene and 2D materials from their growth substrate and have a strong impact on
graphene technology.

Authors have carefully revised the manuscript and thoroughly responded to all the points raised. The
following points, however, have not be fully addressed:

Our response:

We thank the reviewer for recognizing the potential impact of our integration approach on 2D material
technology, and for the additional helpful comments. We have addressed the remaining question in the
detailed response below:

Reviewer comment #1
- Roughness: my comment was referring to macroscopic roughness, in particular for materials grown
on thin foils. | presume the values provided refer to microscopic roughness, i.e. obtained by AFM or
similar over small areas. On a wafer scale, however, such values can be orders of magnitude larger, so
it should be specified over which area such roughness refer to.

Our response:

We thank the reviewer for this clarification and apologize for our misunderstanding. It is correct, that
the values provided in the manuscript refer to the microscopic roughness which are obtained by AFM
and white light interferometry.

In the revised manuscript, we clarified that our values are microscopic roughness and state the
measurement area. The related paragraphs read as follows:

(Wafer-level transfer of graphene and graphene/hBN heterostructures)

[...] For our materials, the microscopic surface roughness of hBN on Cu foil is about 50% higher than
for graphene on Cu foil (Rms: 264 nm and 176 nm, respectively, see Figure S3). [...]

(Supplementary Information)
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Figure S3: White-light interferometric measurements of the microscopic surface topography of
copper (Cu) substrates after material growth of a) graphene (measurement area: 63 um by 47 um)
and b) hBN (measurement area: 125 um by 94 um).

(Transfer of MoS,)

[...] The surface roughness of the transferred MoS, (Rms: 1.9 nm, measurement area: 25 um by 25
pum) remained low compared to the original surface roughness of the MoS, on the growth substrate
(Rms: 0.8 nm, measurement area: 5 um by 5 um) [...]

Reviewer comment #2

- Advantage of the method: the results in terms of doping and mobility are rather modest and make it
hard to justify the complexity of using a wafer bonder over a simple wet-transfer setup. | appreciate
Authors' point that the starting material -and not the process- may be the reason of the performance,
reason for which in my previous review | encouraged further experiments to prove this important
point, which unfortunately does not seem to have been done. It should also be noted that
conventional wet-transfer can be used at any stage of device fabrication, allowing placing of the 2D
materials directly on semiconductors or pre-fabricated contacts, whereas the proposed method
require a non-removable CBC layer which would require further processing to connect the 2D
material(s) with any foundry-made underlying structure (e.g. CMOS).

Our response:

We thank the reviewer for this comment. We agree that based on our previous experiments it was not
possible to clearly separate the effects on the device performance of the material quality, on the one
hand, and of the transfer process, on the other hand.

To demonstrate that the material quality dominates the device performance, we fabricated new
reference samples with the same device design on (1) a quartz substrate and (2) a BCB coated silicon
wafer, using a conventional wet transfer method. The remaining process steps were identical to the
fabrication of the field-effect devices made by transferring graphene using wafer bonding with
bisbenzocyclobutene (BCB). Since all graphene samples were sourced from the same supplier at the
same time, we assume that the graphene quality in all experiments was similar. We also fabricated new
substrates with field-effect devices using our bond transfer with BCB, to extend the total number of
devices in our analysis, and found a maximum field-effect mobility of 2600 + 1300 cm?V~1s~! (n=16).
The mobilities are in the same range as for the reference devices on both BCB and quartz substrates
(2800 + 900 cm?V~1s~1 and 1700 + 700 cm?V~1s™1, respectively), fabricated using conventional wet
transfer. These results indicate that (1) the transfer by adhesive wafer bonding yields at least similar
graphene quality in the final device as do conventional wet transfer methods and that (2) BCB may have
the potential to compete with common dielectrics as device substrate. In addition to these new
experiments, we would like to point out that Uzlu et al. reported similar mobilities in 54 graphene
devices fabricated on polyimide substrates using a wet transfer process, but otherwise of the same
design and using the same type of graphene (see Figure S2c)".
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In the revised manuscript, we included the new characterization of the graphene field-effect devices on
BCB and quartz substrates. The updated figure in the main text with the histogram of the mobility and
the new section in the Supplementary Information appear as follows:

(Wafer-level transfer of graphene and graphene/hBN heterostructures)

Figure 3: Characterization of double-layer (2-layer) graphene formed by two consecutive transfers of
monolayer (1-layer) CVD graphene and wafer-level integration of top-gated field-effect graphene
device. a) Photograph of a high resistive silicon wafer with 100 mm diameter after graphene transfer.
Dashed lines indicate regions of single-layer, double-layer, and no graphene. b) Correlation map of
Raman G and 2D peak positions (wg and w,p, respectively), extracted from measurements in regions
of 1-layer graphene (triangles) and 2-layer graphene (circles). The colormap represents the full width
at half maximum of the 2D peak (I,p). c) Spatially resolved map of the graphene sheet resistance
(Rs) from non-contact THz near-field spectroscopy (left), clearly showing decreased Ry, in the 2-
layer graphene region. The histogram (right) represents the data inside the dashed rectangle. d) Top-
gate voltage dependency of the graphene sheet resistance and the field-effect mobility in an
integrated graphene device at room temperature (left) and histogram of the maximum filed-effect
mobility of 16 devices at room temperature (bottom right). Optical microscope picture of a
fabricated field-effect graphene device (top right). The dashed line marks the graphene area.
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Electrodes 1 to 4 are used for electrical characterization by a 4-point probe van-der-Pauw method
while the gate voltage tuned the doping of the graphene. Scale bar: 100 um.

(Field-effect graphene devices)

We fabricated and evaluated top-gated field-effect devices on 100 mm diameter silicon wafers using
four photolithography layers and conventional processing technology (Figure 3d, details see
Methods). The extracted sheet resistance and charge carrier mobility as a function of the gate
voltage of a typical device (Figure 3d left) show the expected characteristic behavior of gated
graphene devices' (see Methods for measurement details), where the mobility is zero at the Dirac
point due to a zero of the transconductance. At this point, the charge carriers convert from electrons
to holes or vice versa. In our measurements, the mobility is not exactly zero because of the limited
number of data points. The maximum field-effect mobility of holes from 16 devices averages to
2600 + 1300 cm?V~1s™1 with values up to 4520 cm?V~1s™1. The mobilities are in the same range
as for identical reference devices with the same type of graphene that were fabricated on top of both
BCB and quartz substrates (2800 + 900 cm?V~'s™! and 1700 + 700 cm?V~1s™1, respectively)
using conventional wet transfer (see Supplementary Information). These results indicate that (1) the
graphene transfer by adhesive wafer bonding using BCB vyields similar final graphene quality as
conventional wet transfer and that (2) BCB as substrate material yields similar graphene properties
as common dielectric substrates such as quartz. The mobilities of the field-effect graphene devices
on BCB were comparable to the mobilities of the vdP devices shown in Figure 2b, which were solely
fabricated by non-contact processes to avoid potential material damage during device fabrication.
This similarity suggests that the quality of the transferred graphene is preserved during device
manufacturing with multiple processing steps such as high temperature Al,O; deposition, multiple
lithographic layers, metal depositions and etching processes. Consequently, these results suggest
that our transfer methodology is compatible with large-scale manufacturing of graphene devices
using conventional semiconductor process technologies.

(Supplementary Information)

5.  Mobility and sheet resistance of integrated field-effect graphene devices
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Figure S5-1: Field-effect-graphene devices on BCB substrate fabricated by wafer bonding: Top-gate
voltage dependency of the graphene sheet resistance of 16 graphene devices at room temperature
(same data set as for the histogram of the field-effect mobility in Figure 3d). The graphene was
transferred by adhesive wafer bonding and is resting on the BCB layer in the final device (see
Methods for details of the device fabrication and measurements). The sheet resistance reached a
maximum at the bias voltage Vgirac,bond-

Figure S5-2: Field-effect-graphene devices on BCB substrate fabricated by conventional wet transfer.
a) Histogram of the maximum filed-effect mobility of 17 field-effect graphene devices at room
temperature. b) Top-gate voltage dependency of the graphene sheet resistance (same data set as
for the histogram in a)). The graphene was transferred by a wet transfer technique® and is resting on
the BCB layer in the final device (see Methods for details of the device fabrication and
measurements). The sheet resistance reaches a maximum at the bias voltage Viracwet-
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Figure S5-3: Field-effect-graphene devices on quartz substrate fabricated by conventional wet
transfer: Two-probe field-effect mobility of six top-gated devices on a quartz substrate at room
temperature (1700 4+ 700 cm?V~1s™1). The graphene was transferred by a conventional wet
transfer technique' and is resting on the quartz substrate in the final device (see Methods for details
of the device fabrication and measurements)

Furthermore, we agree that, using conventional wet transfer methods, it is possible to place the 2D
material directly onto pre-processed semiconductors and contacts on an underlying electronic (e.g.
CMOS) wafer. Using our method, we have demonstrated the transfer of graphene directly on top of
bottom contacts, which were integrated on the BCB layer before the transfer of graphene (see
Supplementary Information “1. Integration of bottom electrodes to transferred graphene”). Such
contacts could be used to interface integrated circuits that are embedded on the target wafer. In this
case, the necessary process steps to connect the 2D material to foundry-made structures on the target
wafer after the material transfer are minimized.

In the revised manuscript, we added a sentence which mentions the possibility of using wet-transfer of
2D materials at different stages of the device fabrication. The related paragraph reads as follows:

(Introduction)

[...] Commonly used wet transfer approaches rely on an intermediate polymeric carrier, typically
poly(methyl methacrylate) (PMMA)*™ or polycarbonate (PC)*®, which mechanically supports the 2D
material during its removal from the growth substrate and the transfer to the target substrate by
scooping from the surface of a liquid. This process may be implemented at various stages of the
device fabrication and allows the placement of the 2D material directly on a target substrate of
choice, including complementary metal oxide semiconductor (CMQOS) electronic wafers. [...]
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Finally, the reviewer states that “the results [...] make it hard to justify the complexity of using a wafer
bonder over a simple wet-transfer setup.”. We agree with this statement in the context of experimental
work on individual substrates and of very-low volume device manufacturing. However, in the context of
medium and high-volume semiconductor manufacturing, it is important to note that wafer bonding is a
mature technology that is widely available in semiconductor foundries, and that is customarily used for
manufacturing of components at extremely high volumes of several 100 million devices per year’. We
believe that the availability of existing toolsets in semiconductor manufacturing facilities and their
supply chain is a crucial prerequisite for the price- and risk-sensitive semiconductor industry, to
incorporate any integration approach for 2D materials. Our transfer method relies only on such
established technology and tools, which we see as an extremely strong, even as a decisive advantage of
our approach over other methods.
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Reviewer comment #3

- Heterostructure fabrication: | agree with Authors that quality of multilayer large area hBN is far
from its exfoliated counterpart, so | won’t be too focused on such results. It is therefore not possible
to benchmark the quality of the heterostructure produced by the method and conclude whether it
works better or worse that other methods (e.g. wet transfer). As the study also included MoS2 films, |
would recommend investigating a graphene/TMD interface which could give further insight on the
capability of the method, including the formation of bubbles at the interface.

Our response:

We agree with the reviewer on the interpretation of our results, which include a graphene/hBN
heterostructure. We also thank the reviewer for the constructive suggestion to investigate a
graphene/TMD heterostructure to further demonstrate the capabilities of our method. We have taken
this advice and successfully stacked MoS, (grown by CVD on SiO,/Si chips) and graphene (grown on
copper foil) by consecutive transfers to MoS,/graphene and graphene/MoS, heterostructures.

In the revised manuscript, we added the description and analysis of MoS, heterostructures. The related
paragraph reads, and figures are presented, as follows:
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(Transfer of MoS, and MoS,/graphene heterostructures)

Figure 4: Transfer and characterization of MoS, and MoS,/graphene heterostructures. a) Averaged
Raman spectra of multilayer MoS, on the SiO,/Si growth substrate before transfer (blue) and after
transfer to the target wafer (red). The Raman spectra are averages of area scans with 8 x 10
measurements in 1 mm? areas (black rectangle in the photograph of transferred MoS,) and were
normalized to the intensity of the Elzg mode. The shaded regions represent the standard deviation of
the intensity. The vertical dashed lines indicate the peak positions of the Elzg and A;; modes of the as-
grown film before transfer. b) Averages of 25 photoluminescence (PL) intensity spectra of pristine
(blue) and transferred (red) multilayer MoS, with A and B excitonic transitions (shaded areas:
standard deviation). The inset magnifies the region from 1.945 eV to 1.98 eV and shows the Raman
modes of BCB, which are superimposed with the optical response of the MoS, layer. c) Spatially
resolved map (left) and histogram (right) of the graphene sheet resistance (Rgy) from THz near-field
spectroscopy (resolution: 300 um). The MoS,/graphene heterostructure in the center (rectangular
region) is surrounded by graphene, both resting on BCB. d) Raman and PL spectroscopy of the
MoS,/graphene heterostructure, measured in a 1 by 1 mm? region on the same sample as in c) (white
rectangle). The Raman peak positions indicate the presence of both graphene (2D peak position w,p
and the respective full width at half maximum I,p mos2/gr) @and MoS, (E' and A, peaks). The
averaged PL spectrum (bottom right) shows the A and B excitonic transitions of MoS, and the
superimposed Raman modes of BCB (shaded area: standard deviation).
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[...] We formed MoS,/graphene heterostructures by stacking a centimeter-sized layer of MoS, onto a
sheet of graphene in two consecutive transfers (see methods). The map of the graphene sheet
resistance extracted from THz spectroscopy indicated the presence of graphene in both the
MoS,/graphene heterostructure and its surroundings (1030 £+ 520 Q/sqg. and 1910 + 280 Q/sq.,
respectively). In the region of the MoS,/graphene heterostructure, Ry, is significantly reduced. Since
the high sheet resistance of a sole MoS, layer is not directly detectable in this measurement, we
speculate that interaction between graphene and MoS, caused this variation. Raman and PL
spectroscopy of the MoS,/graphene heterostructure confirmed the presence and integrity of both
materials (Figure 4d and Supplementary Information). The position of the 2D peak of graphene (w,p)
averaged to 2681.9 + 1.8 cm™" with a full width at half maximum (I;p mos2/gr) of 30.3 £ 3.9 cm™™.
This value is in good agreement with the results in Figure 3, which hints at the integrity of the
graphene even after stacking. The Raman Elzg mode of MoS, exhibited a minor shift from 384.26 +
0.17 cm™! to 385.16 + 0.35 cm™!, while the position of the A;; mode remained unchanged
(408.06 + 0.28 cm™!) (See Supplementary Information on material characterization prior to
transfer). The averaged PL spectrum featured the distinct peaks of A and B excitonic transitions in
MoS, with high A/B ratio and superimposed Raman modes of BCB. We further demonstrated the
versatility of the methodology by reversing the order of stacked materials, which formed
graphene/MoS, heterostructures by successfully transferring graphene onto previously transferred
MoS, layers (see Supplementary Information). Taken together, the Raman and PL measurements
confirm that the layer quality of MoS, is preserved during the transfer and the stacking to
heterostructures. Hence, our methodology is potentially suitable for large-area transfer of MoS;, films
and their heterostructures.

(Methods)

Formation of MoS,/graphene heterostructures

First, the silicon target wafer (diameter: 100 mm, resistivity: > 10* Q-cm) was spin-coated with a
2.5 um thick layer of BCB (CYCLOTENE 3022-46 Dow Inc., spinning speed: 5000 rpm, soft-bake: 100 °C
for 4 min). A quarter of a 100 millimeter sheet of monolayer CVD graphene on copper foil
(Graphenea Inc.) was bonded to the target wafer with the graphene facing the BCB layer (bond
temperature: 190 °C, bond time: 30 min, bond force: 600 N with a resulting bond pressure of 3.1 bar,
nitrogen atmosphere). Etching of the copper foil and rinsing in deionized water for 30 min uncovered
the transferred graphene on top of the BCB on the target wafer. Next, a multilayer of MoS, on a
Si0,/Si chip (10 mm by 10 mm) was placed on top of the transferred graphene (MoS, facing the
graphene) and surrounded by silicon dummy chips to ensure a uniform force distribution over the
wafer during the following bonding process. Bonding at 190 °C for 30 min attached the MoS,/SiO,/Si
chip to the target wafer (bond force: 750 N with a resulting bond pressure of 3 bar, vacuum
atmosphere). Etching in O,/SFs plasma cleaned the edges of the chip while a resist mask protected
the remaining surface of the target wafer. Submersion of the bonded stack in acetone stripped the
resist mask and detached the growth substrate, leaving the MoS, film transferred on top of the
graphene, forming a MoS,/graphene heterostructure.
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(Supplementary Information)

6. Raman and photoluminescence spectroscopy of MoS,/graphene heterostructures

Figure S8-1: Stitched white-light microscopy image with a MoS,/graphene heterostructure inside the
dashed rectangle. The solid rectangle represents the acquisition site for Raman and
photoluminescence (PL) spectroscopy. Particles on the growth substrate of the MoS, film caused
partially bonded regions.

Figure S8-2: Averaged Raman spectrum of graphene in the MoS,/graphene heterostructure (black)
with standard deviation (blue). The 225 individual spectra were acquired in an area of 1 mm?® (same
dataset as for the histograms in Figure 4d).
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Figure S8-3: Histogram of the peak positions of the A-excitonic transition in MoS, in the
MoS,/graphene heterostructure after transfer. The 100 individual spectra were acquired in an area
of 1 mm? (same dataset as for the histograms in Figure 4d).

Figure S8-4: Averaged Raman spectrum of MoS, in the MoS,/graphene heterostructure. The 100
individual spectra were acquired in an area of 1 mm?’ (same dataset as for the histograms in Figure
4d) (shaded area: standard deviation).
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Figure $S8-5: Raman spectroscopy of MoS, on the growth substrate (SiO,/Si chip) before forming the
MoS,/graphene heterostructure. a) Averaged spectrum (shaded area: standard deviation).
b) Histograms of the Elzg mode position. c) Histograms of the A;; mode position.

Figure S8-6: Photoluminescence spectroscopy of MoS, on the growth substrate (SiO,/Si chip) before
forming the MoS,/graphene heterostructure. a) Averaged PL spectrum (shaded area: standard
deviation). b) Histogram of the peak positions of the A-excitonic transition in MoS,.

9. Formation and analysis of graphene/MoS, heterostructures

First, the silicon target wafer (diameter: 100 mm, resistivity: > 10* Q-cm) was spin-coated with a
2.5 um thick layer of BCB (CYCLOTENE 3022-46 Dow Inc., spinning speed: 5000 rpm, soft-bake: 100 °C
for 4 min). A MoS, film on a SiO,/Si chip (10 mm by 10 mm, 2D Semiconductors Inc.) was placed on
top of the adhesive layer (MoS, facing the BCB) and surrounded by silicon dummy chips to ensure a
wider distribution of the forces over the wafer during the following bonding process. Bonding at
190 °C for 30 min attached the MoS,/SiO,/Si chip to the target wafer (bond force: 750 N with a
resulting bond pressure of 3 bar, nitrogen atmosphere). Etching in 0,/SF; plasma cleaned the edges
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of the chip while a resist mask protected the remaining surface of the target wafer (Spin-coating:
MICROPOSIT SPR700-1.2 positive tone photoresist (Dow Inc.) at 4000 rpm, soft-bake: 100 °C for 1
min, exposure: proximity lithography, development: MICROPOSIT MF CD-26 (Dow Inc.)). Submersion
of the bonded stack in acetone stripped the resist mask and subsequent submersion in KOH solution
(2M) detached the growth substrate (SiO,/Si chip) from the MoS, layer by permeation of KOH into
the MoS,/substrate interface. The MoS, layer remained transferred on top of the BCB on the target
wafer. Next, a sheet of monolayer CVD graphene on copper foil (2 cm by 1 cm, Graphenea Inc.) was
bonded to the target wafer with the graphene facing the MoS, layer (bond temperature: 190 °C,
bond time: 30 min, bond force: 750 N resulting in a bond pressure of 2.9 bar, vacuum atmosphere).
Etching of the copper foil and rinsing in deionized water for 30 min uncovered the transferred
graphene, forming a graphene/MoS, heterostructure on top of the BCB on the target wafer.

Figure S9-1: Averaged Raman spectrum of the graphene/MoS, heterostructure, showing both the
characteristic peaks of MoS, (E12,g and Ay,) and graphene (2D) (shaded area: standard deviation).

a) b) 4

B, = 385.82 + 066 cm”’ p.:g = 406.15 + 0.57 cm™’
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Figure S$9-2: Histograms of a) the Elzg and b) the A;; mode position of MoS, in the graphene/MoS,
heterostructure.
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Figure S9-3: Histogram of the peak positions of the A-excitonic transition in MoS, in the
graphene/MoS, heterostructure.

Figure $9-4: Raman spectroscopy of MoS, on the growth substrate (SiO,/Si chip) before forming the
graphene/MoS, heterostructure. a) Averaged Raman spectrum (shaded area: standard deviation).
b) Histogram of the Elzg mode position. ¢) Histogram of and A;; mode position. The measurement
captured two different regions of MoS,, which resulted from a partly patchy MoS, growth. A double
gaussian fit accounts for the different peak positions in these regions.
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Figure S9-5: Photoluminescence spectroscopy of MoS, on the growth substrate (SiO,/Si chip) before
forming the graphene/MoS, heterostructure.

Reviewer comment #4
- Graphene mobility: similar to previous comment, given the uncertainty on the quality of the starting
material, it is difficult to conclude whether performance is limited by the method (e.g. example by
charge trapped at the graphene/BCB interface of in the insulator itself) or by the materials itself.

Our response:

We thank the reviewer for this comment. We agree that based on our previous experiments it was not
possible to clearly separate the effects on the device performance, of the material quality on one hand,
and the transfer process on the other hand. To demonstrate the point that the material quality
dominates the device performance, we fabricated new reference samples with the same device design
on (1) a quartz substrate and (2) a BCB coated silicon wafer, using a conventional wet transfer method.
We found that the transfer by adhesive wafer bonding yields at least similar graphene qualities as
conventional wet transfer methods and that BCB may have the potential to compete with common
dielectrics as device substrate. For a detailed response and changes in the manuscript, we refer to the
reviewer’s comment #2 above.

Reviewer comment #5

In summary, | believe Authors have developed an interesting and potentially very useful method,
however the real “quality” of the materials it can produce (particularly heterostructures) has still to
be fully addressed.

Our response:

We thank re reviewer for seeing the potential in our work and the valuable comments, which helped us
to substantially improve the manuscript. We believe that we have addressed all comments in the
responses above and that the revised work clearly demonstrates the capability of our method.
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Reviewer #2 (Remarks to the Author):

After a careful study of the submitted revised version of the publication, the following conclusion has
to be drawn: The original version contained incorrect statements not supported by experiments and
careful metrological investigations. For this reason, the publication should be rejected as it does not
meet the scientific and ethical standards of Nature Communications.

Our response:

We thank the reviewer for the insightful suggestions in the first revision of our manuscript which helped
us to improve this work. However, we firmly disagree with the reviewer’s opinion that our work does
not meet the scientific and ethical standards of Nature Communications.

Reviewer #3 (Remarks to the Author):
All of my points have been addressed. | Am happy for the manuscript to be published as is.

Our response:

We thank the reviewer for the positive assessment and for the insightful suggestions in the first revision
which helped us to improve this work.
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REVIEWERS' COMMENTS
Reviewer #1 (Remarks to the Author):

Authors carefully addressed all the points raised in the review. In particular, I appreciate the
additional experiments performed and the honest comparison with wet transfer, which is very
helpful for the reader to contextualize the results presented. I would therefore recommend
publication of the manuscript in Nature Comm.



Point-by-Point Response to the Reviewer Comments

Reviewer #1 (Remarks to the Author):
Authors carefully addressed all the points raised in the review. In particular, | appreciate the
additional experiments performed and the honest comparison with wet transfer, which is very helpful
for the reader to contextualize the results presented. | would therefore recommend publication of the
manuscript in Nature Comm.

Our response:

We sincerely thank the reviewer for carefully reviewing our work and the constructive and insightful
comments, which have helped us to improve the manuscript substantially.
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