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1 LDPE Stamp Fabrication

Here we detail the fabrication of the stamps used for the transfer of monolayer and hBN /
monolayer heterostructures. The LDPE is stretched and placed on a glass slide, and cut in
square shape with a sharp knife, (Fig. Sla-b). A glass slide is then prepared with a double
PDMS layer, with the bottom layer cut from Gel Pak WF-40x40-0060-X0-A and the top one

from AD-22T-00-X4 (Fig. Slc). These layers ensure good adhesion of the whole structure to
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Figure S1: Fabrication of the stamps for 2D material transfer. (a,c,e,f) Schematics
of the different steps of stamp fabrication. (b,d,f,h) Photographs of the stamp at each step
of the fabrication.

the glass and create an offset distance to prevent the stamp from touching the 2D materials
anywhere else except from the dome top. A drop of superglue is then manually placed on
top of the thicker PDMS and left overnight to dry. The PDMS-superglue stack also creates
a soft set of polymers that allows the stamp to conform to the 2D material without applying
too much pressure, which could lead to cracks in the transfer. The LDPE layer is then
placed on the structure (Fig. S1d) and streched with tape, ensuring good contact between
the LDPE and superglue (Fig. Sle-f). Figures Slg and h demonstrate the final result from
stamp fabrication.

As mentioned in the main text, for the hBN / 1L pickup we perform an air plasma
activation of the LDPE after stamp fabrication and additionally create a decanol self as-
sembled monolayer on the 2D material monolayer, as described in the main text. Without
this step, we verify that the pickup of monolayers under hBN is not successful, possibly due
to surface energy mismatch between the materials and the stamp, leading to trapping of
interfacial water or contaminants. Figures S2a and b show an attempt to pick up graphene
with hBN. We verify that after the procedure described in the main text, a large portion

of the graphene was picked up (where it was contacting with LDPE), exposing the SiO5/Si



substrate. Nevertheless, in the regions where the hBN flakes were present, we see a perfect
outline of the flake shape, indicating that the graphene remained in the substrate and that

the pickup failed.

Figure S2: Attempt to pick up monolayer graphene with hBN without plasma
and decanol treatment. (a) hBN flakes used in the attempt. (b) Graphene layer after
pickup attempt, where the shape of the hBN flakes is clearly visible.

2 Stamping tool and force measurements
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Figure S3: Schematic of the stamping tool equipped with load cells for force
measurement of 2D material transfer.

Stamping is performed using a motorized stamping tool in x, y and z directions, allowing

precise control of the contact with the monolayer (Fig. S3). The stamping tool includes



six load cells that hold the stamp and allow for independent measurement of the forces
along the three axes. The stamp is suspended along the y axis, allowing contact with the
monolayer without interference from the rest of the tool. It should be noted that under this
geometry, for forces that induce some curvature on the glass slide, F, and F, are not fully
independent. This coupling is caused by the deformation of the glass slide under because the
beam’s deflected shape increases its arc length, requiring an axial support force to satisfy
the glass inextensibility, so a change in F, inherently leads to a generation of a force in the

y direction (axial).®

3 Spectral analysis of the transferred monolayer

To explain the change in the PL spectra between the different transfer steps, we turn to a
deeper analysis of the spectral lineshape and peak positions (Fig. S4).

From Fig. 2b of the manuscript, it is apparent that the largest change occurs between
the as-exfoliated sample on a SiO, substrate and its subsequent pickup and transfer to a new
SiO4 substrate, still with LDPE residue on top. On that path, the radiative rate of neutral
excitons, assigned to the intense peak around 2.02-2.03 eV emerges and vastly exceeds that
of the trion peak around 1.98-2.0 eV. Such a change is characteristic of a large change in the
strain or Fermi level in the monolayer.

First, we address possible contributions from strain by fitting Lorentzian contributions
at the known WSy peak positions to the Raman spectra at different steps of the transfer.
Comparing the Raman spectra of the WS, monolayer on the gold pickup to the same mono-
layer on a SiO, substrate after the GAE is complete, we see a hardening by 2.2 cm™! of the
E’ peak around 354 cm™!, which is an in-plane vibration and most sensitive to strain (Fig.
S4a,b).?? This mode remains stable upon stamping and transfer with LDPE to a new SiO,
substrate. On the other hand, the A’; mode (416 cm™!) shifts to higher wavenumbers after

stamping, indicating a reduction in the doping level of the monolayer.* We therefore argue
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Figure S4: Analysis of the monolayer WS; Raman and PL spectra in the different
steps of transfer. (a) Raman spectra with the respective Lorentzian line fits. (b) Raman
shift of the A’y, and E’ peaks at different steps of the transfer. (c) PL spectra with the
respective Lorentzian line fits. (d) Neutral exciton and trion peak energies and FWHM at
different steps of the transfer.

that a change in the strain is unlikely to be the origin of the shift from trion-dominated to
neutral exciton-dominated PL upon transfer.

The changes to the fitted peak positions of the neutral exciton and especially trion contri-
butions also point to doping as the largest factor in changing the PL signature (Fig. S4c,d).
Specifically the continued blue shift in the trion peak throughout the process is indicative of
a continued change in the Fermi level.?

There are further competing mechanisms when assigning the origin of the shift in dop-
ing level of the monolayer through the stamping process. We rule out contributions from
the substrate, as both the initial and targets are SiO,, cleaned in the same way and not

exposed to high temperatures and aggressive environments which are known to alter its



surface chemistry. This leaves solvents from the removal of the PMMA and Au from the
initial exfoliation and passivation of defects and charge neutralization by oleic acid, which
we use to remove the LDPE stamp. Because the largest change comes upon removal from
the initial substrate, we argue that the intercalated polar solvents are likely the cause of
the initial doping and thus trion-dominated PL. Poddar et al. have shown that exposure to
acetone and IPA cause unintentional doping seen by large shifts to the threshold voltage of

monolayer Mo, transistors.®
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Figure S5: Analysis of the monolayer WS, PL spectra under different encapsu-
lation and chemical treatments. (a) PL spectra before, after LDPE encapsulation and
after LDPE cleaning with oleic acid and o-xylene. (b) PL spectra before and after pickup
with the LDPE stamp (measured on the stamp). (c) PL spectra before and after solvent
cleaning (no pickup).

Finally, we decouple the possible effects of charge transfer from the LDPE stamp. As
WS, monolayers are known to be slightly n-doped due to the presence of chalcogen vacancies,
the interaction between the LDPE stamp and the monolayer may also induce a reduction
in the Fermi level through charge transfer.”® This we also cannot decouple from the affects
of the oleic acid, with which we remove the LDPE stamp, which is also known to passivate
chalcogen vacancies and neutralize MoS, and WS,. We conduct three control experiments
to understand the roles of removal from the initial substrate, possible charge transfer from
LDPE, and passivation from oleic acid (Fig. 5). We measure PL from three samples,
first from a WS, monolayer on the LDPE stamp just after pickup, second from a WS,

encapsulated in LDPE but not picked up or transferred, and third from a monolayer which



was rinsed with oleic acid and O-xylene.

We observe the largest exciton blue-shift and intensity enhancement for the monolayer
just after liftoff from its parent substrate, as measured still on the LDPE stamp (Fig. 5b).
In contrast, neither encapsulation in LDPE or washing with OA or O-xylene causes any
significant enhancement in PL intensity (although solvent cleaning reduces the trionic con-
tribution). Raman spectra of the WS, monolayer before and after pickup from the parent
substrate point to a change in the free carrier density as the biggest contributor to the
changes in PL we observe. While the E’ mode hardens by just 0.25 £ 0.15 cm™?, the
A’ mode hardens by 2.10 £ 0.83 cm™!, which is consistent with previous studies showing

stronger dependence of the A’ on carrier doping than the E’ mode.*

4 Modelling strain from AFM data

In the transfer of 2D materials there are two main causes of strain in the transfer. First,
when a 2D material is transferred over a gap of length L, this unsupported span will cause
a deflection and will make the flake behave like a strained membrane of length s, causing
loading strain €7, on the material. Secondly, the points of contact might be sharp and possess
small radius of curvature, causing localized strain on the 2D material and possibly piercing
through, as seen in Fig. 7, top left inset. We refer to this effect as contact strain .. In a
2D material transfer, we model these two effects as different sources of strain and consider
a successful transfer if the strain on the 2D material ¢ = maz(c,¢.) < €, where € is the
fracture strain of the 2D material, between 10 to 15% for monolayers'® and 3% for hBN.!!
This model implies that if the applied strain (load or contact) is smaller than the fracture
strain, the transfer should be successful.

Defining strain as e = AL/L = (s — L)/L, we use AFM data for both monolayer transfer
and hBN / monolayer transfer to extract the arc length s by fitting a parabola z = ax? to

the data over the unsupported gap, as seen in the inset of Fig. 3f. Calculating s as the arc



length
L2 dz\? L2 1 /dz\?
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we obtain 7 = a?L?/6. We note that this calculation is fully consistent with the Féppl-von
Karman formalism, where ¢,, = ‘ZL; + % (%)2 and u, is the in-plane displacement.!? Since
the strain applied is purely geometric, we ignore the in-plane contribution, obtaining &;; ~
% (3—;)2. Thus, the strain calculation via the parabolic approximation corresponds to the

average strain along the suspended 2D material.

5 Calculation of the structure factor

In the hyperuniform pattern presented in the main text, the structure factor is calculated

using images obtain from a SEM.
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Figure S6: Calculation of the structure factor S(k) of a hyperuniform pattern. (a)

SEM image used for calculation of S(k). (b) Calculated S(k). The dashed line corresponds
to the maximum value registered in the BFP PL image of the device.

Taking Fig. S6a, the structure factor S(k) was calculated using Fiji'® to threshold and

extract the position of the center of each nanohole. To calculate S(k), we used

N
S(k) = l —ik-(R;—Ry)
( ) - N Z € )

k,j=1

where k is the wavevector, N is the total number of nanoholes and R are the positions



of each nanohole. The maximum of S(k) is obtained at £ = 10.3 ym™!, in agreement with
the BFP measurements shown in the main text, that demonstrate PL enhancement at this
value of the wavevector (Fig. S6b).

For the normalization of the angularly resolved PL emission via BFP measurements, we

calculate first calculate the power normalized the angular average intensity I(k):'°

2T [fomes 18, k) dkdé

where Iy(k) is the acquired BFP image. We now perform normalization with a substrate

of the same materials without the pattern, obtaining the directional gain vg,:

_ (k)
Jin I(k,ref)

6 Plasma removal of LDPE residue

Using AFM measurements, we demonstrate that the air plasma approach does not induce
any thickness change in the hBN flakes, allowing this method to be used in nanophotonic

applications, where dielectric thickness can be crucial (Fig. S6).
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Figure S7: AFM scan of the hBN flake used for monolayer transfer. (a) Full AFM
scan of the hBN flake before transfer. The red dashed line indicates the cross section used in
(b). (b) Thickness measurement before and after air plasma removal of LDPE. (c) Height
profile of the hBN surface after plasma cleaning.



We verify that no significant vertical etching of the hBN flake is observed, only a slight tilt
of the hBN wall can be obtained for prolonged plasma exposure, this effect is not significant
for most applications because the hBN lateral size is much larger than the scale of this
effect. Analyzing the hBN surface data, we observe that large scale particulates (around 50
nm in height) are present at very low densities. Based on this data, we calculate a standard
deviation of the surface height of 2.2 nm, showing that the residue present is mostly of small

scale.

7 Transfer of CVD-grown monolayers

In the manuscript we focused on transfer of GAE monolayers due to their inherent high-
quality and large areas, enabling combination with large patterned surfaces. While applicable
in many scenarios, not all materials can be exfoliated using this technique, and CVD growth
remains one of the most common methods to obtain large area monolayers. Here, we demon-
strate that the same monolayer transfer method used in the manuscript applies also for CVD

grown materials.
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Figure S8: Transfer of CVD-grown WS, monolayer. (a) Bright field image of the
CVD-grown WS, monolayer, before pick-up. The darker yellow patches correspond to bilayer
growth, while the dark spots correspond to the seed crystals used for monolayer growth. (b)
Bright field image of the transferred WS, monolayer. (c) PL spectra of the monolayer before
and after transfer, as well as after LDPE residue removal.

CVD-grown WS, on SiOy (300 nm) / Si was transferred to a substrate of the same
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materials, following the recipe discussed in the manuscript. Overall, we observe similar

results to the GAE transfer, with full monolayer and bilayer pickup and transfer to the

target substrate (Fig. S7a,b). Analysis of the PL (Fig. S7c) demonstrates a similar trend

after transfer, with a 12x increase of the PL intensity followed by a linewidth reduction from

40 meV (before transfer) to 27 meV (after LDPE removal). Here, a marked difference to the

GAE-exfoliated monolayer after transfer is the much stronger trionic contribution, indicative

of possible defects caused by the growth process of the CVD monolayer.
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