~", Additive Manufacturing:
q O » Metallurgy, Cut Analysis
v & Porosity

The latest eBook from

Advanced Optical Metrology.
Download for free.

Advanced
Optical Metrology

Additive Manufacturing:
Metallurgy, Cut Analysis & Porosity

EVIDENT
OLYMPUS

EVIDENT

OYMPUS W

In industry, sector after sector is moving
away from conventional production methods
to additive manufacturing, a technology that
has been recommended for substantial
research investment.

Download the latest eBook to read about the
applications, trends, opportunities, and
challenges around this process, and how it
has been adapted to different industrial
sectors.



https://onlinelibrary.wiley.com/action/showCampaignLink?uri=uri%3Afeb9c5e1-64e6-43ff-90ed-356fdda776f1&url=https%3A%2F%2Fadvancedopticalmetrology.com%2F&pubDoi=10.1002/smll.202201248&viewOrigin=offlinePdf

RESEARCH ARTICLE

'.) Check for updates

small

www.small-journal.com

Mechanisms of Interface Cleaning in Heterostructures
Made from Polymer-Contaminated Graphene
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1. Introduction

Heterostructures obtained from layered assembly of 2D materials such

as graphene and hexagonal boron nitride have potential in the develop-
ment of new electronic devices. Whereas various materials techniques can
now produce macroscopic scale graphene, the construction of similar size
heterostructures with atomically clean interfaces is still unrealized. A pri-
mary barrier has been the inability to remove polymeric residues from the
interfaces that arise between layers when fabricating heterostructures. Here,
the interface cleaning problem of polymer-contaminated heterostructures is
experimentally studied from an energy viewpoint. With this approach, it is
established that the interface cleaning mechanism involves a combination
of thermally activated polymer residue mobilization and their mechanical
actuation. This framework allows a systematic approach for fabricating record
large-area clean heterostructures from polymer-contaminated graphene.
These heterostructures provide state-of-the-art electronic performance. This
study opens new strategies for the scalable production of layered materials

heterostructures.
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The layered assembly of 2D materials into
van der Waals (vdW) heterostructures
has enabled numerous fundamental and
applied research.'” Almost all studies
require clean heterostructures that contain
minimal interfacial and material disorder,
as their presence diminishes the quality of
the resulting 2D electronic systems./10-4
While considerable technical advances in
recent years have enabled the construc-
tion of high-quality heterostructures, they
have a small size (typically a few 10s of
um), and their production yield is low.
Overcoming these limitations is a critical
need for advancing these heterostructures
toward technological applications.

The construction of clean heterostruc-
tures currently involves two general best
practices. The first is to extract low-defect
2D layers by disassembling the bulk crys-
tals of those materials. The other is to avoid the exposure of
resulting 2D layers to contaminants (e.g., polymers, solvents)
during the entire layer assembly and device fabrication. Fol-
lowing these guidelines, heterostructures are commonly made
by employing a combination of the conventional Scotch-tape
exfoliation onto clean SiO, substrates and the encapsula-
tion of 2D layers in hexagonal boron nitride (hBN)—also
known as the dry transfer technique.') Electronic devices pre-
pared using this technique currently provide state-of-the-art
performance.[14-1¢]

However, the poor outcome of the conventional exfoliation
method, in terms of the size and yield of exfoliated 2D layers,
limits the dimensions and the fabrication throughput of clean
heterostructures. To overcome these shortcomings, modified
exfoliation methods have been developed for disassembling
layered crystals.”-") Polymer films are vital to the implementa-
tion of most of these methods. For example, we have previously
shown that a simple modification of the exfoliation substrate
with a thin layer of polymer (polyvinyl alcohol, PVA) can sig-
nificantly improve the size and yield of monolayer graphene.l?’!
Also, significant progress has been made in preparing low-
defect 2D layers using scalable material growth techniques (e.g.,
chemical vapor deposition, CVD).2*?l Polymers (e.g., poly-
methyl methacrylate, PMMA) are routinely used as the backing
layer for releasing the CVD films from the metallic growth sub-
strate.?8-3% The continued reliance on polymer films indicates
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the prospects of polymer-based techniques for preparing and
handling of 2D layers in technological applications.

The dimension of graphene layers prepared using these
large-area techniques has reached macroscopic scales
(>100 um, and even up to wafer scales). However, the resulting
graphene layers are inevitably contaminated with polymer
residues during preparation, resulting in numerous interfacial
imperfections (also referred to as blisters) when using them
for constructing heterostructures.02%2228] Hence, the poten-
tial of these large-area techniques for technological applications
remains largely unrealized due to the inability to produce mac-
roscopic-scale multilayer heterostructures with atomically clean
interfaces.

It is currently thought that thermal actuation (i.e., applying
heat to activate blisters) is the primary mechanism for cleaning
interfaces in vdW heterostructures.'®?8] A recent study by
Purdie et al. indicates that an actuation temperature in the
range of 150 to 250 °C is optimal for achieving blister-free
heterostructures.'®! The lower bound of 150 °C matches the
glass transition temperature of the elastomeric stamp and the
upper bound of 250 °C presents the temperature at which sur-
face energies (between graphene and SiO,) are maximal. This
study showed experimentally that a temperature of 180 °C is
sufficient for removing blisters from an entire dimension of
large heterostructures (up to 5000 um?) made from conven-
tionally exfoliated graphene. However, the application of this
thermal actuation process on exfoliated graphene contami-
nated with PMMA and organic solvents has not reproduced a
similar outcome. Only small regions of those heterostructures
(maximum area of =600 m?) appeared blister-free, even when
applying temperatures as high as 250 °C.1l The dimensions
of blister-free regions are even smaller when this process was
applied to heterostructures made from CVD graphene, where
graphene was transferred from the growth substrate with the
aid of PMMA backing layer.?8] The underlying reasons behind
the observed incomplete cleaning of PMMA-contaminated gra-
phene heterostructures are currently unknown. These observa-
tions, however, indicate that the interface cleaning of polymer-
contaminated graphene involves more complex mechanisms
than originally thought.

Here, we study this problem by presenting a simplified pic-
ture of the interface cleaning process in heterostructures made
from polymer-contaminated graphene. Briefly, we hypothesize
that the mobilization of polymer residues and their mechanical
actuation (i.e., through applying elastic energy by the stamp)
are the required processes that underlie the interface cleaning
of such heterostructures. This simplified picture sets up a sys-
tematic framework for analyzing this problem from an energy
viewpoint. This analysis suggests that non-bonding interac-
tions of polymer with 2D layers (including those containing
structural defects) are essential for mobilizing the polymer.
Our density functional theory (DFT) calculations indicate PVA
molecules have weak non-bonding interactions with pristine
graphene. Also, they are less likely to bond covalently to defec-
tive graphene. Guided by these findings, therefore we per-
form interface cleaning experiments using PVA-contaminated
graphene.

Our experiments revealed a cleaning temperature threshold
of 230 °C for removing the interfacial PVA residues. We
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observe negligible interface cleaning below this threshold tem-
perature. Hence, contrary to common belief, thermal actuation
alone is insufficient for cleaning polymer-contaminated inter-
faces. Another mechanism must drive the thermal activation
of polymer residues. Interestingly, the 230 °C threshold coin-
cides with the temperature at which PVA molecules are known
to undergo marked structural relaxation.?¥ This reduces the
surface energy of PVA residues, thus facilitating their mobili-
zation.??34 Last, our systematic experiments reveal insights
into the role of mechanical actuation in cleaning polymer-con-
taminated vdW interfaces. We show how the global and local
deformations of the elastomeric stamp influence the removal of
thermally activated mobilized polymer residues.

Our study here establishes that the interface cleaning pro-
cess of heterostructures made from polymer-contaminated
2D layers involves a more complex mechanism than a simple
thermal actuation. A combination of non-bonding interactions
of polymer with graphene, thermally activated mobilization of
polymer residues, and mechanical actuation is essential for fab-
ricating heterostructures with atomically clean interfaces when
employing polymer contaminated graphene. By using PVA-con-
taminated exfoliated graphene as the model system, we dem-
onstrate a systematic fabrication of clean hBN-encapsulated
graphene (BGB) heterostructures with record large dimensions
up to 7500 um?. These heterostructures provide state-of-the-art
electronic performance.

2. Results

2.1. Construction of BGB Heterostructures

We designed our experiments around graphene contaminated
with PVA and subsequently encapsulated in hBN. Figure 1
illustrates the key steps of our experiments (see Experimental
Section for details). The experiments started with the prepa-
ration of monolayer graphene using a modified mechanical
exfoliation method, referred to as PVA-assisted graphene exfo-
liation (PAGE, Figure 1a).1?" This method consistently produces
large monolayer graphene with dimensions exceeding 100 um.
Another advantage of PAGE is that it exposes graphene to
only water and PVA, thus limiting the contamination sources.
Figure 1d shows the optical image of monolayer graphene pro-
duced by PAGE (see Figure S1, Supporting Information, for
additional examples). Next, monolayer graphene was released
by locally dissolving the PVA film underneath it and attached
to an elastomeric stamp carrying a top hBN flake (t-hBN), as
illustrated in Figure 1b,1e.

The next is the encapsulation step, where we encapsulate
monolayer graphene in between two hBN flakes, resulting in
BGB heterostructures. This step is performed by heat-assisted
lamination of the t-hBN/graphene heterobilayer onto a bottom
hBN (b-hBN) flake (Figure 1c). In our experiments, the elas-
tomeric stamps had a hemispherical shape and were covered
with poly (bisphenol A carbonate) (PC) which acted as the
phase-change elastomeric layer (see Experimental Section).
In all encapsulations, the substrate temperature was set well
above the glass transition temperature of PC (150 °C) to ensure
its phase transition. Once the stamp touches the substrate, it
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Figure 1. Construction of BGB heterostructures. Schematic illustrations of a) PAGE process, b) formation of t-hBN/graphene heterobilayer, and
c) encapsulation process. d) Optical image of a large (> 8000 tm?) monolayer graphene on PVA/SiO, substrate. e) Optical image of the heterobilayer
made from the same graphene flake. Optical images captured during the encapsulation process showing LF f) after landing the stamp on the substrate,
and g) on the b-hBN. Arrows in (f) and (g) indicate the direction of the LF propagation. h) Optical image of the final BGB heterostructure, showing com-
plete interface cleaning across the entire heterostructure. Interfacial contaminants were pushed to the borders of the heterostructure. A representative
line blister is marked with a yellow dashed circle. The area of the blister-free region here is <6000 um?. i) A representative Raman spectrum of graphene
obtained from the BGB heterostructure. j) Spatial I';5 map of the region marked with a solid rectangle in panel (h), confirming the absence of blisters.

results in an initial circular lamination front (LF) (Figure 1f).
The LF advances laterally as the stamp is lowered (i.e., pressed
down) mechanically in the vertical direction (Figure 1g) until
the BGB stack is fully formed.

The accumulation of contaminants during the encapsula-
tion step is known to cause interfacial imperfections (i.e., blis-
ters).3538 Past research has shown that water and gaseous blis-
ters—generally forming across heterostructures made using
the dry transfer technique—are easy to clean simply by using
thermal actuation.l'®3] In contrast, blisters formed due to poly-
meric residues (e.g., upon exposure to PMMA or PVA) appear
to be stagnant, preventing the cleaning across an entire dimen-
sion of heterostructures when employing a similar thermal
actuation process. As a result, interface cleaning of polymer-
exposed graphene has been limited to a small area of the het-
erostructure.128] A complete interface cleaning over the entire
dimension of polymer-contaminated BGB heterostructures
is yet to be realized. A barrier to progress is the incomplete
understanding of the mechanisms for interface cleaning of
such heterostructures.

We overcome this challenge by introducing a systematic
framework that establishes the mechanisms for removing
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polymer residues from vdW interfaces across graphene hetero-
structures. We set up this framework with the aid of a simpli-
fied picture of the interface cleaning, as shown in Figure 2a.
This approach allows the study of this problem from an energy
viewpoint. We posit that the interface cleaning across the entire
heterostructure is attainable by simultaneously satisfying two
requirements. The first requirement is to mobilize polymeric
contaminants at LF. We hypothesize that mobilization requires
weak non-bonding interactions between the polymer mole-
cules and 2D layers and decreasing the free surface energy of
the polymer. Polymer science studies suggest that the latter
could be achieved by applying sufficient thermal energy to
the polymer (which we call thermal activation for mobilizing
polymer).32-34

The second requirement is to push the mobilized contami-
nants away from LF. We hypothesize that the elastic deforma-
tion of the stamp must generate a sufficiently high driving force
to overcome the energy of the residues at LF. A combination of
the vertical pressure exerted by the stamp and the melting of
the PC elastomer induce the driving force. Satisfying these two
requirements will result in the propagation of residues across
the heterostructure.

© 2022 Wiley-VCH GmbH

85U8017 SUOWILLOD @A EaID 3|qedt|dde au Aq peusenob ale sejone VO ‘8sn Jo se|nJ 10} ArIqiT8uIUO /8|1 UO (SUORIPUOD-PUB-SWBHW0D A8 1M ATelq 1 [eul|UO//SdNL) SUORIPUOD PUe sWe 1 841 88S *[220Z/TT/72] Uo ARiqiTaulluo Ae|im ‘AIsIBAIUN Y10 A MeN AQ 82102202 |IWS/Z00T OT/I0P/W0"A8 1M AeJq Ul [uo//:Sdny Woly papeo|umod ‘0z ‘2202 ‘62895 TIT



ADVANCED
SCIENCE NEWS

Sl

www.advancedsciencenews.com

L

Pressed

t-hBN/graphene

hBN

Blister [

hBN [

0+ —N
_ c
hBN £ —
@ 10
g
L, —
Blister @
; © 2. >\
hBN

Figure 2. Simplified framework of interface cleaning. a) Side-view sche-
matic illustrating the physical processes involved in removing the poly-
meric residues during encapsulation. As the stamp touches the substrate,
PC softens and becomes a polymer melt. The PC film regions farther
from the substrate remain at a lower temperature and thus stiffer. The
stamp is lowered mechanically in the vertical direction, causing LF to
advance laterally (LF propagation direction is marked by an arrow). As
LF advances, the interface cleaning occurs if a new interface is formed
between graphene and b-hBN behind LF (Region A) and simultaneously
the contaminants are pushed to the front of LF (Region B) by the stamp
deformation. b) A representative cross-sectional HRTEM image obtained
from the blistered heterostructure. c) Corresponding EDS map and (d)
averaged line intensity profiles of different elements.

We set up a systematic framework to test the validity of the
above hypotheses. Our findings, as we describe later, lead to
a systematic approach for fabricating clean BGB heterostruc-
tures. We establish the experimental conditions to reproducibly
achieve complete removal of polymer residues from the vdW
interfaces across the entire dimension of the BGB heterostruc-
tures. An example heterostructure is shown in Figure 1h (see
Figure S2, Supporting Information, for additional examples).
The Raman signature of graphene also gives information
about the quality of the interface.*** In Figure 1i, we show a
representative Raman spectrum obtained from the graphene
in Figure 1h. The narrow full width at half maximum of the
graphene 2D peak (I';p) indicates the cleanliness of the inter-
face.l'41] The spatial map of I';p in Figure 1j further confirms
the cleanliness of the heterostructure.

The clean regions of the PVA-contaminated BGB hetero-
structures resulting from our approach are over 10 times larger
than the previous champion PMMA-contaminated heterostruc-
ture reported in ref. [16]. As shown in Figure 1h, our method
cleans vdW interfaces in the entirety of the graphene region,
up the boundary of the heterostructure. Our study is the first

Small 2022, 18, 2201248

2201248 (4 of 12)

www.small-journal.com

to demonstrate a complete polymer removal from the entire
dimensions of BGB heterostructures. Further increase of the
clean regions will be possible by employing larger hBN crystals.

2.2. Framework for Interface Cleaning of Polymer-Contaminated
Heterostructures

Figure 2a conceptually illustrates our proposed simplified pic-
ture of the mechanisms behind removing interfacial polymer
residues in vdW heterostructures. This conceptual representa-
tion allows us to study the interface cleaning process from an
energy viewpoint. In this illustration, LF is advancing from left
to right as the stamp is pressed down. The interface cleaning
occurs if, as the LF advances, a new interface between graphene
and b-hBN is formed behind LF (i.e., Region A) while contami-
nants are pushed to the front of LF (i.e., Region B). Specifically,
the interface cleaning takes place if the elastic energy gener-
ated by the stamp (Juasic) €xceeds the energy at LF (y5). The
larger this energy gap is, the higher the likelihood of interface
cleaning.

The proposed simplified framework focuses our study here
on the interface cleaning of the polymer-contaminated interface
(i-e., the bottom interface). Specifically, the top surface of gra-
phene in our experiments is not exposed to PVA, thus its inter-
face with t-hBN can be considered similar to that of a conven-
tionally exfoliated graphene with hBN. Based on the previous
studies, 28] we know that blisters in such interfaces are notice-
ably easier to remove (simply by employing thermal actuation)
than those in polymer-contaminated interfaces. Therefore, we
inferred that the polymer-contaminated interface is the main
bottleneck in removing blisters across the entire dimension of
heterostructures. Our controlled experiments on conventional
and PVA-contaminated graphene heterostructures (see Figure
S3, Supporting Information) further support the validity of this
abstraction of the interface cleaning problem.

The energy at LF depends on the composition of the con-
taminants. Our experiments indicate that the contaminants
are primarily polymeric residues (described in “composition of
the interfacial contaminants”). With this knowledge and from
the proposed framework in Figure 2a, the energy at LF has
four components: the interfacial energy between the polymeric
residue and graphene (},), the interfacial energy between the
polymeric residue and b-hBN (y), the surface energy of the
polymeric residue (y,), and the energy release due to the forma-
tion of the new interface between b-hBN and graphene (j,).
Therefore, we can write ¥ as follows:

Yir = yPg + be + /}/P - ng (1)

where the minus sign in front of y, is due to the release of
energy as a result of the formation of a new interface. We will
study how 9, can be reduced by analyzing the interfacial ener-
gies (%g %b) and the surface energy of the polymeric residue
(%) in the subsequent sections (“polymer interfacial energies”
and “polymer surface energy”).

In our framework, the elastic energy generated by the stamp
(Yelastic) is caused by its deformation through two physical pro-
cesses: 1) global deformation caused by pressing the stamp
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against the substrate, and 2) local deformation dominated
by factors such as the local melting of the PC film at LF, the
mechanical properties of the heterobilayer, and the interfacial
properties of 2D layers at LF. We will analyze the effect of these
two deformation types on the interface cleaning in a later sec-
tion (“elastic energy due to stamp deformation”).

2.3. Composition of the Interfacial Contaminants

We studied the structural and chemical properties of the blis-
tered regions in PVA-contaminated BGB heterostructures
through cross-sectional imaging with high-resolution trans-
mission electron microscopy (HRTEM) and electron disper-
sive X-ray spectroscopy (EDS) technique. The HRTEM image
in Figure 2b shows the presence of a continuous amorphous
layer with a thickness of =4 nm in between hBN layers. The
elemental EDS results (Figure 2c,d) indicate that the interfacial
contaminants largely consist of carbon (C) atoms.

Previous TEM studies on BGB heterostructures made from
conventionally exfoliated graphene have attributed the observed
elemental C in the blistered regions to environmental hydrocar-
bons.38 Unlike those studies, however, the BGB sample in our
TEM studies was prepared using PVA-contaminated graphene
and encapsulated at high temperatures (i.e., 220 °C). This tem-
perature should be sufficient for cleaning non-polymer contam-
inated vdW interfaces, as confirmed by our controlled experi-
ments. Employing identical encapsulation conditions yielded
blister-free BGB heterostructures from conventionally exfoli-
ated graphene (Figure S3, Supporting Information). Therefore,
while we do not rule out the presence of some trapped environ-
mental hydrocarbons in the PVA-contaminated BGB samples
used in our TEM studies, we attribute the observed C atoms in
EDS studies primarily to PVA residues.

Surprisingly though, the EDS analysis also revealed the pres-
ence of silicon (Si) at some blistered regions (like the image in
Figure 2c). We attribute this observation to residual SiO; since
the spatial profile of Si always overlapped with that of oxygen
(0). The mechanism behind the incorporation of SiO, residues
is unknown and requires further investigation. By performing
additional experiments (see Note S1 and Figure S4, Supporting
Information), we inferred that those residues were absorbed
into PVA during the exfoliation and transfer steps. These
imaging studies confirmed that the polymeric residues were
the dominant contaminants at the blistered regions, including
those with detectable Si (e.g., notice the line intensity profiles of
Si and C atoms in Figure 2d).

2.4. Polymer Interfacial Energies (), and ¥,

The nature of PVA residue interactions with graphene and
hBN determines ¥, and y,,. Intuitively, we expect that weak
interactions of PVA with graphene and hBN will be desir-
able for lowering ¥, and %, Considering the extremely inert
properties of hBN,*l we assumed that no strong interactions
will occur between PVA residues and hBN; hence %ob 18 low.
Unlike hBN, however, pristine graphene is known to have
strong non-covalent interactions with some polymers (e.g.,
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PMMA).BY% Furthermore, the presence of structural defects in
graphene could additionally drive covalent bonding to highly
reactive functional groups in polymers (e.g., carbonyl groups
in PMMA).B%%] Strong interactions (covalent or non-covalent)
between polymers and graphene will result in high ¥, thus
confounding the interface cleaning involving those polymers.

Our DFT calculations indicate weak non-bonding interac-
tions between graphene and PVA molecules (See Note S3 and
Figure S5, Supporting Information). The closest inter-atomic
distance between PVA (hydrogen atom) and pristine graphene
is 0.27 nm, which is comparable to the sum of their vdW radii.
Furthermore, the shared frontier orbitals, that is, the highest
occupied and lowest unoccupied molecular orbitals (HOMO
and LUMO), are entirely confined to graphene, thus indicating
weak interactions. Furthermore, we find that the interactions of
PVA with defective graphene are driven mostly by non-covalent
interactions (See Note S3 and Figure S5, Supporting Informa-
tion). These DFT results suggest that PVA residues yield low
Y%g @ favorable factor for removing those contaminants from
the vdW interfaces.

We were unable to quantitatively determine the values of
%g and ¥, since those calculations are highly involved. They
require independent studies to determine the precise nature of
the atomic structure and composition of PVA residues during
the encapsulation step.

2.5. Polymer Surface Energy (%)

Polymer science studies suggest that the surface energy of
polymers generally decreases with increasing temperature due
to the increase of the entropic contribution to surface thermo-
dynamic properties.3234 Inspired by this phenomenon, we
performed a series of temperature-dependent encapsulation
experiments at elevated substrate temperatures up to 235 °C. In
these experiments, we controlled for the thicknesses of t-hBN
and b-hBN.

The experiments in the temperature range of 170-220 °C
resulted in negligible interface cleaning. Figure 3a is the optical
image of a representative BGB heterostructure obtained from
an encapsulation at 220 °C. This image shows a highly blis-
tered heterostructure (see Figure S6, Supporting Information,
for additional optical images). Figure 3D is the corresponding
spatial ', map of this heterostructure, confirming that a large
portion of the heterostructure suffers from interfacial contami-
nants (notice regions with I',p, > 20 cm™).

Surprisingly, we observed a sudden and remarkable enhance-
ment of the interface cleaning by increasing the temperature
above 230 °C. This observation indicates that the energy gap
between ¥u.sic and Jr (ie., %) increases by a relatively small
increase in temperature (from 220 to 230 °C). To rule out an
increase in Ypec as the cause, we examined the extent of the
stamp elastic deformation for samples prepared at different
temperatures. Our analysis showed comparable levels of stamp
deformation in these samples (see Figure S7, Supporting
Information).

From the analysis of the stamp deformation, we infer that
the observed interface cleaning is attributable to the reduc-
tion in ¥, The well-studied dynamic mechanical properties of
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Figure 3. Experimental study of the interface cleaning problem. a) Optical image and b) corresponding ', map of a representative heterostructure
encapsulated at 220 °C. ¢) The measured D plotted against the heterostructure length, L. The blue diamond (purple circle) data points are from the
blister-free (blistered) heterostructures. The shadings are guides to the eye. The inset shows schematically the procedure for measuring D. d) The plot
of D-to-L ratio from the same heterostructures in (c). The black line indicates the mean value. The blue (purple) curve shows the statistical distribu-
tion. e,f) Examples of optical images captured during the encapsulation experiments using thin and thick t-hBN, respectively. g) The interference fringe
profiles obtained from the optical images in (e) and (f). Note the absence of fringe periodicity from the thick t-hBN in the region marked with XX in
panel (f) and (g). h) The plot of I.F. extracted at the hBN and SiO, regions for multiple blister-free (blue diamond) and blistered (purple circle) hetero-
structures. The inset shows the definition of the contact angle . The 1:1 gray dashed line is a guide to the eye. i) Optical image, and j) corresponding
I';p map of a representative heterostructure with a 56-nm-thick t-hBN.

PVA support this interpretation. Specifically, past research has  observed temperature threshold required to achieve interface
shown that PVA undergoes several different molecular relaxa-  cleaning. At this temperature, pure PVA (with no moisture)
tion events at distinct temperatures.’!l Interestingly, one of  experiences a sharp and dramatic crystalline relaxation (i.e.,
those events occurs at around 230 °C, which coincides with the =~ melting of its crystalline domain).! This physical change of
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PVA corresponds to higher entropic contributions to the sur-
face thermodynamic properties of polymeric residues, and thus
a reduction in y,3234

2.6. Elastic Energy due to Stamp Deformation (%astic)

So far, we have demonstrated that a minimum substrate tem-
perature of 230 °C is essential for mobilizing the PVA poly-
meric residues. Once the residues are thermally activated and
become moveable, the stamp deformation must provide the
required J.qic for pushing them forward at LF. Therefore, we
closely examined how the global and local stamp deformations
influence the outcome of the interface cleaning process.

We performed a series of encapsulation experiments at 235 °C
and used the same range of t-hBN and b-hBN thicknesses (see
Figure S8, Supporting Information). While most heterostruc-
tures were blister-free, these experiments also yielded a few het-
erostructures with noticeable amounts of interfacial blisters. We
utilized these samples to understand how stamp deformations
influence the removal of polymeric residues.

The elastomeric stamp in our experiments was assembled
on the bottom end of a glass cantilever while its other end was
affixed to a mechanical manipulator (see Figure S9, Supporting
Information). As the cantilever is lowered vertically, it com-
presses the stamp against the substrate. As more pressure is
applied, the LF continues to travel laterally along the substrate.
We refer to the extent of stamp compression to complete the
encapsulation of a heterostructure as the global deformation.

For each encapsulation experiment, we measure the ver-
tical displacement as the difference in the vertical height of the
stamp relative to the substrate at the start (d;) and end (d,) of the
encapsulation process (i.e., D = d—d, in the inset in Figure 3c).
To control for the effect of the heterostructure dimension, we
measured the length of the heterostructure along the direction
of LF (i.e., L = I, in the inset in Figure 3c). We then plotted
the measured D against L for blistered and blister-free BGB
stacks (Figure 3c).

Two observations are made from the data. For a fixed L,
stamps with larger D generally produced blister-free hetero-
structures. This observation indicates that BGB stacks formed
under a higher global stamp deformation are more likely to be
blister-free. Moreover, D generally increases with L. This obser-
vation is consistent with the intuition that longer heterostruc-
tures require a more prolonged application of pressure to com-
plete the encapsulation. Based on these observations, we used
the normalized D per unit length L (i.e., D-to-L ratio) as a proxy
for the global stamp deformation. In Figure 3d, we plotted this
metric for the blistered and blister-free heterostructures. Given
the heterostructure length, this plot can be used to determine a
target D to yield blister-free heterostructures.

A closer look at the data in Figure 3d reveals an overlap
between the blister-free and blistered heterostructures. This
observation suggests that the global stamp deformation does
not fully explain the difference in the outcome of the encap-
sulation experiments. We hypothesized that the local stamp
deformation at LF could explain those differences. Whereas
the direct measurement of the local elastic deformation is
challenging, visualizing the contact angle (f) can provide
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qualitative information about the local deformation (see inset
in Figure 3h).

We employed the concept of the interference fringe
method™ for extracting information about B on the same
heterostructures of Figure 3c. In particular, the interference
frequency (L.F.) of the fringe profile on the substrate is a func-
tion of f, where a smaller L.F. represents a smaller 3 (see Note
S2 and Figure S10, Supporting Information). We analyzed the
optical images obtained during encapsulation (like the image
in Figure 3e,3f) to extract the fringe profile at SiO, and hBN
regions (Figure 3g). By performing the fast Fourier transform
of the fringe profiles, we obtained the corresponding LF. at
those regions for the blister-free and blistered heterostructures
and plotted them in Figure 3h.

This analysis revealed subtle yet crucial information about
the local stamp deformation. Whereas the stamps generated
the same range of L.F. (and thus f) at the SiO, regions for
both blister-free and blistered heterostructures, this analysis
indicates a stark difference in [ localized to the hBN regions
(see Figure 3h). Interestingly, the blister-free heterostructures
showed a smaller S than their blistered counterparts. The
similar range of L.F. at the SiO, regions suggests a comparable
local deformation caused by the melting of PC for the blistered
and blister-free samples. Furthermore, these samples had a
similar range of t-hBN thickness (see Figure S8, Supporting
Information), hence ruling out the effect of the heterobilayer
mechanical properties on the local stamp deformation.

The precise reason behind the observation in Figure 3h
is unknown. Based on our analysis above, we attribute the
observed differences in 3 at the hBN regions to differences in
the interfacial properties between PVA-contaminated graphene
and b-hBN. We suspect that it originates from the variations
in the amount or the chemical composition of the interfacial
contaminants (see Figure S4, Supporting Information). These
results confirm that the global and local stamp deformation
must be engineered to remove polymeric residues across the
entire BGB heterostructures completely.

The BGB samples produced in these experiments also pro-
vide an estimate for the current yield of our interface cleaning
process. About 60% of the BGB samples showed complete
interface cleaning across the entire dimension of the het-
erostructure. This success rate can be easily improved by
increasing the consistency of the elastomeric stamp production
and the optimization of the stamp dimensions according to our
findings for enhancing the global deformation.

We also examined how the heterobilayer thickness influ-
ences the local deformation, and hence the effective applica-
tion of the driving force at LF. It is known that the rigidity of
2D materials, and thus their bending energy, increases with
the number of constituent layers.*’] Therefore, it is likely that
the heterobilayers beyond a critical thickness of t-hBN will no
longer fully conform to the elastomeric stamp, thereby compro-
mising the local stamp deformation. We examined this through
a series of experiments by varying the thickness of t-hBN while
keeping the substrate temperature at 235 °C.

We observed a complete interface cleaning across the het-
erostructures only when employing t-hBN within 20-35 nm
thickness range (like data points shown in Figure 3h). In
contrast, the use of thicker +-hBN layers (50 nm and more)
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Figure 4. Evidence of atomically clean interfaces. a) A representative cross-sectional HRTEM image, showing atomically sharp interfaces of blister-free
BGB heterostructures. b) Intensity profile extracted along the XX’ line in panel (a). Statistical distribution of interlayer distance between c) graphene
to hBN, and d) basal plane of hBN. e) Corresponding EDS map and f) averaged line intensity profile.

always resulted in blistered heterostructures (like the image
in Figure 3i; see Figure S11, Supporting Information, for addi-
tional data). Figure 3j shows the corresponding spatial I',p map
of graphene, further confirming the poor interfacial quality of
the resulting heterostructure.

While it is difficult to determine precisely how the t-hBN
interacts with the elastomeric stamp by varying its thickness, the
optical images obtained during encapsulation provided some
interesting insights. Figure 3e,3f shows representative images
of the encapsulations using thin and thick t-hBN flakes, respec-
tively. These images showed a narrower and more pronounced
LF line profile at the heterostructure region for thin t-hBN sam-
ples. These features are likely to be the signature of a more
pronounced driving force at LF. Moreover, thin t-hBN samples
showed periodic interference fringes along the entire length
of the hBN. Thick t-hBN samples, however, lacked this feature
(see Figure 3g). We suspect that the disruption of the periodic
fringes in samples with thick t-hBN signifies a degradation in
their full mechanical compliance to the stamp. Therefore, the
thickness of t-hBN provides another degree of freedom for engi-
neering the stamp to produce blister-free BGB heterostructures.

Last, let us comment on the effect of LF speed. In our experi-
ments, the interface cleaning showed moderate sensitivity to
the LF speed. A relatively broad range of LF speed (2-20 um s
yielded complete interface cleaning across the heterostructures.
In this optimal range, we generally picked a speed that provided
a more controlled manipulation of the LF during the layered
assembly. The preferred LF speed was about 10 and 4 um s~! for
the manual and automated (QPress) layered assembly setups,
respectively.

2.7. Evidence of Atomically Clean Interfaces
We examined the structural properties of the clean BGB het-

erostructures produced from PVA-contaminated graphene
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using cross-sectional HRTEM imaging. A representative
HRTEM image obtained from a clean BGB sample is shown
in Figure 4a, indicating well-defined and abrupt interfaces
between graphene and hBN. By analyzing the intensity profiles
extracted from the HRTEM images (like the plot in Figure 4b),
we determined the graphene-hBN inter-distance to be
0.352+0.023 nm (Figure 4c). Remarkably, this spacing, within
experimental accuracy, is similar to the extracted basal plane
separation in bulk hBN (0.334+0.026 nm, Figure 4d), thus
confirming atomically sharp interfaces between graphene and
hBN. These findings agree with the elemental characterization
of these heterointerfaces (see Figure 4e,f), which revealed no
detectable Si or O atoms.

2.8. Electronic Transport Properties

The carrier transport properties of graphene can provide strong
evidence for the structural quality of the BGB heterostruc-
tures. To study the quality of the 2D electronic system in gra-
phene, we fabricated large square-shaped devices with electrical
edge contacts on clean BGB heterostructures (like that shown
in Figure 5a). This device structure is favorable for transport
studies as it can provide an unambiguous signature for the bal-
listic transport of charge carriers.!*1 The spatial I',, mapping
was employed to confirm the cleanliness of the heterointerfaces
across the BGB stack (Figure 5b). In Figure 5c, we show the
optical image of the resulting square-shaped device with an
edge length of 12 um and the four-point measurement configu-
ration used for studying the carrier transport. The carrier den-
sity (n) in graphene was modulated by applying a voltage to the
global back gate (see Experimental Section for device fabrica-
tion and measurements).

Analysis of the electrical measurement results confirmed the
high quality of the electronic system in graphene. Figure 5d
shows the four-terminal resistivity of the device measured at
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Figure 5. Electronic transport properties. a) Optical image of a BGB heterostructure used for device fabrication. b) Corresponding spatial I',p map
obtained from the region marked with a solid rectangle. c) Optical image of a square-shaped device and the illustration of the electrical measurement con-
figuration. d) Room-temperature measurement of graphene sheet resistance. The inset in (d) shows the negative resistance measured at 1.5 K, indicating
ballistic transport across the device. ) Room-temperature mobility as a function of carrier density, n. The dashed line shows the theoretical limit of phonon

scattering at room temperature. f) L., plotted at different temperatures. Below 50 K, L, approaches the device dimension (the blue dashed line).

room temperature as a function of the back-gate voltage (V).
From the data, the charge neutrality point occurs at Vy=02Y,
indicating a highly intrinsic sample. Using the Drude model of
conductivity (o = enp), we calculated the mobility (1) at room
temperature, as shown in Figure 5e. These results show that
the room-temperature performance of this graphene device
matches state-of-the-art counterparts prepared using the dry
transfer methods.

At low temperatures, the four-point resistivity was measured
and used to calculate the mean free path (Ly,g = (h/2e?) o/kg),
where kg is the Fermi wavevector. As shown in Figure 5f,
Lyg increased by reducing the temperature and approached
the device size at 50 K. The device resistance began to show
negative resistance values below 50 K, making the calculation
of Ly, unreliable. Remarkably, the observation of a negative
resistance at the base temperature of 1.5 K (inset in Figure 5d)
indicates that electron and hole carriers travel ballistically (i.e.,
with no scattering) across the diagonal of the device (e.g., from
probe 3 to 1 in Figure 5c). This corresponds to a minimum
L of 17 um, which gives lower bound mobility of =1000000
at n of =2 x 10 cm™2. Collectively, the excellent electronic
properties of graphene reported here further support the high
structural quality of the BGB samples produced in our experi-
ments. These results are consistent among graphene devices
fabricated on different BGB heterostructures (see Note S4 and
Figures S12 and S13, Supporting Information), indicating the
high uniformity of our approach in producing high-quality 2D
electronic systems in graphene.
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3. Discussion

The study presented here introduces and experimentally verifies
a systematic framework for removing polymeric contaminants
from the vdW interfaces. This framework allows us to establish
the mechanisms behind the interface cleaning of polymer-con-
taminated interfaces, resulting in a fabrication approach that
can systematically produce large-area blister-free BGB hetero-
structures. By applying this framework to PVA-contaminated
graphene, we demonstrate record large-area BGB heterostruc-
tures (up to 7500 um?, see Figure S2, Supporting Information)
with atomically clean interfaces. The resulting heterostructures
show excellent electronic properties on par with state-of-the-art
counterparts prepared using the conventional methods.

The blister-free heterostructures obtained from PVA-contam-
inated graphene in our experiments have over 10 times larger
area than the previous champion PMMA-contaminated het-
erostructure reported in ref. [16]. The maximum area of these
blister-free heterostructures does not represent a fundamental
limit of our interface cleaning concept. This is supported by the
fact that the interfacial contaminants were consistently pushed
away to the borders of these heterostructures (e.g., see line
blisters in Figure 1h). The dimension of the heterostructures
in our experiments was constrained by the available size of
hBN flakes. Hence, an important future research direction for
scaling up the dimensions of the BGB heterostructures is the
production of large-area hBN layers with high structural quality
on par with those obtained from the mechanical exfoliation.
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Our results establish that the chemical and dynamic mechan-
ical properties of polymeric residues determine the outcome of
the cleaning process. The low chemical reactivity of PVA yields
non-bonding interactions with graphene, and hence low .
This property of PVA contrasts with that of PMMA, which is
known to bond covalently to defective graphene and even has
strong non-covalent interactions with pristine graphene (i.e.,
high 7,).2%*! These properties of PMMA, predicted by DFT
calculations, could be one of the limiting factors behind the
previously observed incomplete interface cleaning in PMMA-
contaminated BGB heterostructures.[6:28]

Our experiments also revealed a sharp transition in the tem-
perature-dependent cleaning behavior, which coincides with a
distinct molecular relaxation event in PVA. By increasing the
entropic contribution to surface thermodynamic properties,
this property of the polymer decreases surface energy (%),
thereby increasing its surface mobility. This observation, com-
bined with DFT calculations, provides critical guidelines for
choosing appropriate polymers for preparing and handling 2D
layers used in constructing vdW heterostructures.

Our results show that increasing the extent of stamp defor-
mation yields a more effective removal of mobile polymeric
residues. Based on these findings, systematic engineering of
the stamp, in terms of shape and dimensions, is an important
research direction to maximize the global elastic deformation.
Moreover, our approach for analyzing the local elastic deforma-
tion using the interference fringe method points to new strat-
egies for studying the mechanics of encapsulation and devel-
oping predictive capabilities in automated layered assembly
machines.

Our study establishes the excellent electronic properties of
BGB heterostructures obtained from the PVA-contaminated
graphene. These BGB heterostructures may be helpful in many
technological applications, from THz electronicst*l to single-
photon sensing.l’! Furthermore, it may be possible to extend
our findings for fabricating other vdW heterostructures (see
the prototype hBN/graphene/WS,/hBN heterostructures in
Figure S14, Supporting Information). These results, although
preliminary, are encouraging, indicating the prospects of our
approach for fabricating more complex heterostructures. How-
ever, the feasibility of PVA-contaminated graphene for realizing
moiré superlattices with small twist angles will be highly chal-
lenging. In particular, the required high temperature for mobi-
lizing PVA could promote the relaxation of the moiré superlat-
tices.[¥#8] This limitation highlights the need for an alternative
polymer in handling 2D layers that can be mobilized at signifi-
cantly lower temperatures.

These results have important implications for advancing the
knowledge of 2D materials processing. While PVA has been a
polymer of interest for handling 2D materials due to its water
solubility, biocompatibility, and favorable mechanical proper-
ties,?>#->2 little is done to study the cleaning of PVA-contami-
nated 2D layers, including graphene. Our study takes an impor-
tant step to advance this knowledge. Furthermore, our study
demonstrates clean heterostructures with record large dimen-
sions, thereby establishing that PVA contamination of gra-
phene is not a fundamental barrier. Critically, our DFT calcula-
tions also indicate that no covalent bond would form between
PVA and defective graphene. Considering the more defective
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nature of CVD films than their exfoliated counterparts, an
exciting future research direction is to investigate the applica-
bility of our approach for constructing clean heterostructures
from CVD graphene. This would be a crucial step for driving
vdW heterostructures toward technological applications.

4. Experimental Section

Preparation of the Stamp Assembly: The elastomeric stamp consisted
of a thin layer of poly (bisphenol A carbonate) (PC) film (a few um) on
a hemispherical polydimethylsiloxane (PDMS) base. To construct the
hemispherical shape, the PDMS was drop-cast onto a glass slide and
cured at 150 °C for 10 min. The PC film was prepared following a similar
procedure in ref. [53]. The PC film was then cut into 5 X 5 mm? blocks
using a razor blade and mounted onto PDMS. The PC/PDMS/glass stamp
assembly was baked at 150 °C for 10 min to complete the construction.

Preparation of Graphene and hBN flakes: In all experiments, monolayer
graphene was prepared using the PAGE method.?’l The graphene
exfoliation used silicon substrates covered with 285 nm SiO,. Prior to
exfoliation, these substrates were coated with a sub-10-nm PVA film.
After exfoliation, candidate graphene flakes were identified using optical
microscopy, and their monolayer thickness was confirmed using Raman
spectroscopy. In all experiments, the hBN flakes were prepared following
a similar procedure in ref. [54].

Construction of BGB Heterostructures: The stamp assembly was first
used to pick up a t-hBN flake at 150 °C, which was around the glass
transition temperature of the PC.53% Next, the t-hBN flake on the
stamp was brought into contact with a target monolayer graphene flake
at T =80 °C, which was below the boiling temperature of water. While
the stamp was in contact with monolayer graphene, a drop of deionized
water was locally injected to dissolve the PVA layer underneath
graphene, resulting in the release of graphene from the substrate. The
stamp assembly containing the t-hBN/graphene heterobilayer was then
placed in a deionized water bath for one hour to remove residual PVA
from the graphene surface further. The stamp assembly was stored in
a vacuum desiccator at room temperature before its use for completing
the construction of BGB heterostructures.

In the experiments, the heterobilayer was intentionally placed away
from the lowest region of the hemispherical stamp. This design ensured
that the initial LF was located away from the target b-hBN substrate, thus
providing improved control to perform encapsulation. Encapsulation at
elevated temperatures (in the range of 170 to 235 °C) completed the
construction of BGB heterostructures.

Development of the Interface Cleaning Framework: An iterative
workflow using a manual assembly setup was initially designed. The
implementation of the workflow involved over 140 encapsulation
experiments, which provided critical insights into various factors
that influence the interface cleaning process. Utilizing those results,
the simplified picture of the interface cleaning was conceived, which
hypothesizes the physical processes involved in removing the polymeric
residues during the encapsulation step.

To reveal the interface cleaning mechanisms, additional encapsulation
experiments (over 100) were performed using the Quantum Materials
Press (QPress) facility developed at Brookhaven National Laboratory,*]
which is a set of integrated tools meant to streamline the exfoliation
and handling of ultrathin and 2D materials. The 2D material transfer
module of QPress, or “Stacker,” is a custom-built automated precision
robot specialized for stacking vdW heterostructures. It permits precise
manipulation of the stamp assembly using a hexapod with six degrees
of freedom (i.e., complete translation and orientational control), and
positioning of the sample with three degrees of freedom (lateral position
and in-plane orientation). The system records parameters during
experimental execution (motor positions, substrate temperature, etc.),
and records video of the experiment (e.g., moving contact line) through
an integrated optical microscope. This setup enables reproducible
motion, systematic studies, and quantitative analysis
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TEM Sample Preparation: TEM lamellas were prepared in the
Thermo Fisher Helios G5 UX dual-beam FIB tool utilizing the in situ
lift-out sample preparation technique. All TEM samples were thinned
with a Ga+ ion beam using progressively lower beam voltages ending
with 2 keV.

TEM and STEM X-ray micro analysis were conducted in a Thermo
Fisher Talos 200X STEM/TEM at 200 keV and equipped with
the Super-X EDS Detection System.

Fabrication and Electrical Measurements of BGB Devices: The patterning
of the device mesa involved a combination of electron-beam lithography
and reactive ion etching. The electrical contact to graphene was then
formed using the edge contact method.["l The metal electrode consists
of an electron-beam evaporated stack of Cr/Pd/Au (5/30/30 nm).

The transport measurements of graphene devices were made
employing low-current, low-frequency lock-in  techniques. The
temperature-dependent measurements were made in TeslatronPT (a
cryo-free superconducting magnet system).

Supporting Information

Supporting Information is available from the Wiley Online Library or
from the author.
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