
2D Materials

PAPER • OPEN ACCESS

Locally-triggered hydrophobic collapse induces
global interface self-cleaning in van-der-Waals
heterostructures at room-temperature
To cite this article: Stefan Wakolbinger et al 2020 2D Mater. 7 035002

 

View the article online for updates and enhancements.

Recent citations
Fabrication Strategies of Twisted Bilayer
Graphenes and Their Unique Properties
Le Cai and Gui Yu

-

This content was downloaded from IP address 185.17.204.37 on 07/07/2021 at 10:47

brought to you by COREView metadata, citation and similar papers at core.ac.uk

provided by Open Access LMU

https://core.ac.uk/display/479144647?utm_source=pdf&utm_medium=banner&utm_campaign=pdf-decoration-v1
https://doi.org/10.1088/2053-1583/ab7bfc
http://dx.doi.org/10.1002/adma.202004974
http://dx.doi.org/10.1002/adma.202004974


2D Mater. 7 (2020) 035002 https://doi.org/10.1088/2053-1583/ab7bfc

OPEN ACCESS

RECEIVED

12 December 2019

REVISED

19 February 2020

ACCEPTED FOR PUBLICATION

3 March 2020

PUBLISHED

16 April 2020

Original content from
this work may be used
under the terms of the
Creative Commons
Attribution 4.0 licence.
Any further distribution
of this work must
maintain attribution to
the author(s) and the title
of the work, journal
citation and DOI.

PAPER

Locally-triggered hydrophobic collapse induces global interface
self-cleaning in van-der-Waals heterostructures at
room-temperature
Stefan Wakolbinger1, Fabian R Geisenhof1, Felix Winterer1, Samuel Palmer1,8, Juri G Crimmann1, Kenji
Watanabe2, Takashi Taniguchi2, Frank Trixler3,4,5 and R Thomas Weitz1,3,6,7
1 Physics of Nanosystems, Department of Physics, Ludwig-Maximilians-Universiẗat München, Amalienstrasse 54, Munich 80799,
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Abstract
Mutual relative orientation and well defined, uncontaminated interfaces are the key to obtain
van-der-Waals heterostacks with defined properties. Even though the van-der-Waals forces are
known to promote the ‘self-cleaning’ of interfaces, residue from the stamping process, which is
often found to be trapped between the heterostructure constituents, can interrupt the interlayer
interaction and therefore the coupling. Established interfacial cleaning methods usually involve
high-temperature steps, which are in turn known to lead to uncontrolled rotations of layers within
fragile heterostructures. Here, we present an alternative method feasible at room temperature.
Using the tip of an atomic force microscope (AFM), we locally control the activation of interlayer
attractive forces, resulting in the global removal of contaminants from the interface (i.e. the
contaminants are also removed in regions several µm away from the line touched by the AFM tip).
By testing combinations of various hydrophobic van-der-Waals materials, mild temperature
treatments, and by observing the temporal evolution of the contaminant removal process, we
identify that the AFM tip triggers a dewetting-induced hydrophobic collapse and the
van-der-Waals interaction is driving the cleaning process. We anticipate that this process is at the
heart of the known ‘self-cleaning’ mechanism. Our technique can be utilized to controllably
establish interlayer close coupling between a stack of van-der-Waals layers, and additionally allows
to pattern and manipulate heterostructures locally for example to confine material into nanoscopic
pockets between two van-der-Waals materials.

The combination of van-der-Waals (vdW) materials
to heterostructures has boosted their overall qual-
ity on the one side and breadth of functionality for
their possible application on the other [1]. The field
became even more exciting, when also the rotational
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degree of freedom between the crystal lattices in a
heterostructure could be controlled, peaking with
the tuneability of electronic properties in twisted
bilayer graphene and the discovery of unconventional
superconductivity in ‘magic angle’ graphene bilayers
[2–4]. In realizing such fragile systems, the quality
of vdW heterostructures has benefited from the so-
called ‘self-cleaning’ process [5, 6] that stems from
the mutual vdW interactions between adjacent vdW
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materials and has been attributed to the removal
of interfacial contaminants. Even though this phe-
nomenology is accepted, its microscopic temporal
evolution has up to now not been visualized and
additionally for reliable sample preparation, chal-
lenges like the contamination of interfaces with resid-
ual material from the transfer process [1, 5, 6] and
precise and controlled relative positioning of the 2D-
sheets [3, 4] remain. For example, while state of
the art methods to facilitate clean interfaces can be
performed at temperatures below 70 ◦C [6], others
use a high temperature annealing step to aid self-
cleaning or are performed at elevated temperatures
[7, 8]. However, excess thermal energy is known to
induce changes in relative crystallographic orienta-
tion [9, 10] or strain variations [11]. It follows nat-
urally, that adding more knowledge on underlying
mechanisms for low-temperature cleaning is desir-
able. Alternative cleaningmethods that do not involve
annealing use an atomic-force microscopy (AFM) tip
to pushmaterial on top of vdW layers [12] or between
vdWheterostacks [13] away from the areas of interest.
In these methods, the vdW layers are only cleaned in
the regions touched by the AFM tip.

Motivated understand and visualize the self-
cleaning properties of vdW heterostructures at the
nanoscale on the one side, and to develop an altern-
ative cleaning method that can preserve the mutual
angular alignment of adjacent vdW layers during the
assembly process and still ensure clean interfaces on
the other, we have developed systematics, that allow
to remove residual contaminants between two vdW
materials at ambient temperatures. Our method is
triggered by the force exerted by an AFM tip which
we control to locally bring two vdW layers separ-
ated by a layer of contaminants into immediate con-
tact (see figure 1(a)). This local contact leads to a
dewetting-induced hydrophobic collapse of regions
adjacent to the close contact area. The expansion of
these regions of immediate vdW contact extend over
severalµm into regions that had not been indented by
the AFM tip, accompanied by the removal of contam-
inants between the layers. Our process is thus distinct
from previous AFM cleaning methods in which the
AFM tip had to be rastered across the entire region
in which the contaminants were removed [12, 13].
Such methods might however lead to movement of
e.g. domain boundaries in vdW multilayers [14]. An
important advantage of our method, is its effective-
ness at room temperature, where vdWmaterials were
found to not rotate against one another.

The samples are prepared by exfoliation [15]
of 2D materials onto a silicon wafer covered with
300 nm of SiO2, as well as onto a PDMS covered
glass slide. Suitable flakes are chosen using optical
microscopy, and Raman-spectroscopy is conducted
to determine the layer number and stacking order
[16]. The h-BN was synthesized as reported in [17]

and exfoliated directly onto SiO2 substrates. The
detailed morphology of the respective substrate sur-
face is characterized with an AFM prior to the trans-
fer step. The characterized 2D-materials are then
combined to a heterostructure following the ‘all-
dry viscoelastic stamping method’ in ambient air as
described in [18]. Samples that we have prepared
in this manner display residual material trapped
between the two vdW layers, which is most prob-
ably adsorbed hydrocarbons and water [1, 5] that
has been collected on the surfaces of the vdW mater-
ials in the time between exfoliation and stamping.
An AFM image of an actual heterostructure com-
posed of a bilayer graphene (2LG) stamped across
three as-exfoliated flakes, a monolayer graphene flake
(1LG, the crossing point is called interface 1), a 2LG
(interface 2) and a trilayer graphene (3LG, inter-
face 3) is shown in figure 1(b). Directly after the
stamping process, the vdWmaterials are separated by
approximately 5 nm of residual material (see inset to
figure 1(b)).

To bring the materials into close contact, we have
moved an AFM tip in contactmode for 500 nm across
the interfacial region 3 (indicated as white dotted line
in figure 1(b)). This process is called scratching in the
remainder of themanuscript (please note that the sur-
face is not damaged by this process). The tip pushes
the transferred flake towards the lower flake, and it
is reasonable to assume that close contact with sig-
nificant van-der-Waals interaction between the 2D
materials is thus initiated along the scratched path.
In parallel, the trapped material is expelled from the
manipulated area. We found, that if we image the
same area directly after the scratch had been per-
formed, the region of close contact had expanded sig-
nificantly beyond the simple one-dimensional scratch
made initially (figure 1(c)). We note, that the AFM
images are taken during the expansion of the region
of close vdW contact, so that each line-scan of the
image captures the status of the expansion process
at different state of the process (images are all taken
from top to bottom and the time is indicated next
to the images). Furthermore, normal tapping-mode
imaging does not lead to regions of close contact—i.e.
only whenwe purposely use the contactmode,mater-
ial between the layers can be expelled. It is appar-
ent that once an initial nucleus of close vdW contact
between upper and lower layer has been established,
attraction along the edges of already cleaned areas pull
the sheets further together and promote the expan-
sion of the close contact area far beyond the scratch
path (i.e. what we are visualizing is the self-cleaning
process of vdW heterostructures as detailed below). It
should be emphasized, that the scratchwas conducted
at 21 ◦C and no high temperature steps were involved.
We have repeated the scratching also at the inter-
face region 2, where we have brought the stamped
2LG in close contact with the underlying 2LG, again
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Figure 1. (a) Schematic of our interface cleaning method using local AFM indentation. (b) AFM-image of three heterostructures,
where the top and lower vdWmaterials are seperated by a layer of contaminants. Inset: cross section along the turquoise line. (c),
(d) Evolution of interface 3 (2), 288 s after it had been scratched. (e) Interface 3, 1586 s and interface 2 760 s after the respective
close contact had been established. The cleaned area spreads far beyond the initial scratch-path. Manipulation of all interfaces was
conducted at 21 ◦C and an overview of when the scratches are performed and when the respective images are finished can be seen
in the time axis on the right side of the AFM images. (f) AFM linecuts before (from (b)) and after (from (e)) close contact has
been initiated.

via a scratch indicated by the white dotted line in
figure 1(b). The resulting AFM image can be seen in
figure 1(d) directly after the second scratch was per-
formed and again an expanding region of close con-
tact can be seen. The linecut in figure 1(f) also shows

this change in distance between the two vdW sheets
upon establishment of close contact.

Besides AFM imaging, we have also utilized
Raman spectroscopy to determine the degree of
interlayer coupling pre and post cleaning. An example
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Figure 2. 2D-Raman modes before (a) and after (b) close contact is established at the interface between a 1LG (red solid),
stamped 2LG (blue solid) and the resulting interface (orange solid). The sum-signal of the 1LG and 2LG is shown in both cases as
a reference to the interface signal. To reach homogeneous cleaning we performed several scratches and anneald at 50 ◦C and
subsequently at 80◦ (see discussion in text). Optical image of the stamped flakes are given in the insets to (a) and (b). (c)–(e):
AFM images of a three layer graphene sheet on a hBN substrate. A scratch is performed along the red dotted line shown in (c),
leading to a self-spreading cleaning process in the vicinity of the scratch. (d) Evolution of the clean area 26 h after the scratch and
storage at T= 21◦C in ambient air. (e) The same stack after 5 min on a hotplate at 50 ◦C, upon which the region of intimate vdW
contact has extended rapidly.

of a stamped 1LG/2LG heterostructure is shown in
figures 2(a) and (b). Figure 2(a) shows the 2D mode
in the interface (orange) before manipulation as well
as the 2D mode of the 1LG (red) and 2LG (blue)
next to the interface. The green dashed line corres-
ponds to the summed signal of the 1LG and the
2LG. It is almost identical to the orange trace recor-
ded in the interface area, indicating that the lat-
ter signal is purely a superposition of the signals
of the two individual flakes. This leads us to con-
clude, that there is no direct interaction between
the layers directly after the stamping process, and
the residue trapped at the interface acts as spacer
between the sheets inhibiting coupling of phonon
modes. After bringing the two layers in close contact
employing our method as described before, the res-
ulting Raman signal (see figure 2(b)) of the hetero-
structure has changed significantly. Themost import-
ant changes are the huge decrease of the interface
signal intensity and a shift of the peaks maximum
from 2688 cm−1 to 2701 cm−1 as well as an increase
of the full-width at half maximum (FWHM). The
peak position, signal intensity and FWHM have a
strong similarity to the signal of 3LG in previous
work [16, 19] implying that strong interlayer coup-
ling could be established after the manipulation. For
further Raman spectroscopy results showing the same

phenomenology in different heterostructures see
figure S4 (stacks.iop.org/2DM/7/035002/mmedia) in
the SI.

Apart from graphene, the AFM-induced removal
of contaminants between stamped layers works
as well in a combination of other vdW materi-
als, for example when graphene or its multilayers
are stamped onto hexagonal Boron Nitride (hBN)
or Molybdenum Disulfide (MoS2). More generally
speaking, we anticipate, that our method will work
in all vdW materials in which also high-temperature
annealing works [5, 7] (whereas the latter process
might lead to mutual rotations of the layers). As
an example, figure 2(c) shows a 3LG flake stamped
onto multilayer hBN, which has been subsequently
scratched along a 2 µm long line. Already after five
minutes a significantly expanded region of close con-
tact can be seen. A further example of a graphene—
MoS2 interface is shown in figures S1 and S2 in the
supplementary information. Our method did not
work when one of the partners is a non-vdW mater-
ial, e.g. when multilayer graphene is stamped onto
gold contacts or a SiO2 substrate.

After studying the interaction between the vdW
layers before and after initiating close contact, we turn
towards the investigation of the mechanism driving
the non-local cleaning process. The speed at which
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the region of close contact propagates, seems to differ
in samples where various layer numbers have been
used to form the heterostructure, and—compared to
other annealing methods—we benefit from the slow
expansion and are thus able to gradually visualize it
in different stages of the process. For example, the
2LG-2LG and 3LG-2LG interface in figure 1 are eas-
ily brought in close contact by a simple 1D-AFM
scratch and storage at room temperature for few
minutes, whereas the 3LG-2LG interface proceeds
slightly faster. In contrast, in the 1L-2LG interface
(interface 1) the region of close contact after scratch-
ing spreads very slowly across the sample at room
temperature even though we also had performed a
scratch in interface 1 (see figure S3 for correspond-
ing AFM images—the region of close contact has not
spread notably 10 min after the scratch had been
performed). The experimental data suggests a scal-
ing and thus a higher effectivity (defined as further
expanding of the close contact area within the same
amount of time passed after the scratch) for the clean-
ing process with increasing layer thickness. Besides
other factors, this seems to be related to a stronger
vdW coupling and higher hydrophobicity between
the vdW sheets [20] with increasing layer number.
The quantification of the Hamaker coefficient [21]
and scaling laws for vdW interaction [22] are in agree-
ment with our observation. Additional experiments
showing how scaling the vdW interaction changes the
speed of the interface cleaning is shown in figure S4,
where we have stamped a 2LG onto a 1LG located on
SiO2 and in a separate stamping run a 1LG onto a
2LG located on SiO2. The interfacial cleaning is sig-
nificantly faster in the case, that the 2LG is located
on the SiO2, which can be explained by the wetting
transparency or translucency of graphene [23–25]. In
other words the hydrophilic SiO2 weakens the vdW
interactions of 1LG more significantly than in 2LG,
as reported previously [23]. Finally, we also found a
single outlier to this trend which was consistent in the
other 11 investigated graphene heterostacks (21 inter-
faces in total were investigated) as shown in figure S5.
Here, even though a 1LG had been stamped onto a
2LG, the spreading of the region of close contact did
not proceed quickly, the cause of which is currently
unclear, suggesting that also other parameters than
hydrophobicity and vdW strength might contribute
to the efficiency of the process.

The attractive vdW forces—even in the case when
thick layers are used—are typically not strong enough
to clean the entire interfacial region. It is reasonable
to assume, that during the process a counteracting
force builds up, which eventually hinders the process.
This force most probably originates from the increas-
ing amount of material redistributed from the area of
close contact and now accumulating in a fold adja-
cent to it, which needs to be pushed from the interface
region to enable cleaning [7]. An example is shown
in figures 2(c)–(e), where 26 h after bringing a 3LG

flake in close contact with an underlying h-BN flake,
the expansion of the close contact area has stopped
(see figure 2(b)). Here, also the region of accumu-
lated materials can be seen (for a more detailed image
see figure S6 in the SI). As shown in figure 2(e), the
close contact area continues to grow after an increase
of temperature to 50 ◦C for 5 min, a temperature
that is usually too low to remove residual material
between flakes in the case that no region of close con-
tact has been established prior to heating (see e.g. fig-
ure 2(e)—in the very right part of the flake no region
of close contact has been initiated after the 50 ◦C
annealing step). It is apparent from figure 2 that only
in the case that intimate vdW contact has been estab-
lished a very low annealing temperatures of 50 ◦C,
can support the rapid removal of residual material
between the layers within fewminutes (and addition-
ally canmove the large fold visible in the right section
of the Flake in figures 2(c)–(e).

Finally, we note that there are folds visible in
figures 2(c)–(e) prior to and after cleaning. These do
not stem from the AFM-induced cleaning itself, but
are present prior to the cleaning process and stem for
example from the stamping. Two examples of such
wrinkles are marked in figures 2(c)–(e) with green
and red arrows. The wrinkles are moved bymild tem-
perature treatment (compare figures 2(d) and (e)) in
some instances.

While the general phenomenology that the vdW
interaction leads to self-cleaning is known [1, 5,
7, 26], we can now add more systematics to this
phenomenon. Furthermore, from the observed
dependencies of the cleaning process on the type
of substrate, the thickness of the vdW layers and the
temperature we can detail the underlying mechanism
that leads to the spreading of the region of close con-
tact. According to our observations interface cleaning
and spreading only occurs when vdW materials such
as graphene [20, 27], MoS2 [28], or hBN [29] are
combined. Furthermore, we note that along with
the vdW character of the mentioned materials, the
material’s partnermust also be hydrophobic for inter-
facial cleaning to occur, since if one of the partners
is hydrophilic and not a vdW material as in the case
of gold [30] and SiO2 [31], no interface cleaning can
be detected. A correlation of interface cleaning with
hydrophobicity is further supported by the fact that
e.g. 2LG is more hydrophobic than 1LG [20]. This
coincides with our observation that after inducing
an intimate local contact via AFM an expansion of
the area of close contact does not occur at the same
rate in the 1LG/2LG interface (in the case that the
1LG is located directly on the SiO2) while a 2LG/2LG
interface shows fast expansion (spreading). These
correlations indicate that hydrophobicity is in addi-
tion to the vdW character an important parameter
for interface cleaning and spreading dynamics, of
which both factors will be discussed in further detail
below.
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Figure 3. AFM images of a two layer graphene sheet on a hBN substrate. (a) Heterostructure with the interface indicated as green
dashed area directly after dry transfer. The interface cleaning was initiated along the scratch path, indicated as blue solid line. (b)
Heterostructure after the scratch and additionally 5 min at 50 ◦C on a hotplate. Most of the material in the interface is removed
and the relative position of the flakes remains unchanged. (c) Interface after 2 h at 200 ◦C in the vacuum-oven. The 2LG has
undergone significant rotation and translation. The new interface is indicated as red dashed area.
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Figure 4. AFM images of a three layer graphene flake on a mutilayer hBN substrate. This is the same flake as shown in figure 2,
images were taken however prior to the investigations discussed in figure 2. A partially clean interface can be seen in (a), where
residual material accumulates in a reservoir at the edge of the interface. (b) A portion of the residue is cut off by scratch 1, and the
rest of the material is removed from the interface by scratch 2 and 3(c)–(e) Nanoscopic region of confined material after
manipulation.

Having described above our experimental obser-
vation that increasing thickness and consequently
strength of the vdW interaction increases the effi-
ciency of the self-cleaning, we now discuss how the
hydrophobicity plays a role in this process. We pro-
pose that dewetting induced hydrophobic collapse
[32]—an effect which is of high importance e.g.
in molecular biology [33] and nanofluidics [34]—
plays a central role in the observed removal of
water from the interface of vdW heterostructures.
In general, the effect describes an aggregation phe-
nomenon (collapse) of dispersed solid hydrophobes
driven by the expulsion (dewetting) of hydrophilic
liquids between them. The cause of this phenomenon
is a non-classical behaviour of polar liquids such as
water when confined between two hydrophobic sur-
faces at nanoscale distances [35]. Various simulations
performed with two opposing, nm-sized confining
planar surfaces in a water bath have indicated, that
at ambient conditions nano-confined liquid water
becomesmetastable to its vapour state below a critical
distance of the confining surfaces [36, 37]. Accord-
ing to these calculations, the close distance leads to a

depletion of water between the hydrophobic surfaces
[32, 35–37]. Such a dewetting transition (evapora-
tion) precede a hydrophobic collapse which results in
a direct stacking of the two surfaces [32]. In terms of
dewetting kinetics within hydrophobic nanoconfine-
ments there is a linear scaling of the free energy bar-
rier ∆G/kT (to nucleate an evaporation event) with
the distance (gap size) [37]. Such a nucleation barrier
decreases with lower gap size. This is due to thermal
fluctuations in the shape of vapour pockets between
hydrophobic surfaces which reduce the activation
barrier significantly [36]. The critical distance for
evaporation increases with increasing hydrophobi-
city [32] as well as with increasing temperature [38]
while the evaporation rate increases with decreas-
ing distance of the surface plates [37]. Our experi-
mental observations are in good agreement with the
described dewetting-induced hydrophobic collapse
phenomenology, which shows a strong dependency
on the distance of the surface plates and also scales its
efficiency with the hydrophobicity degree of the con-
fining plates: In our experiments, a local decrease of
the separation of graphene sheets via the force exerted

6
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by an AFM tip towards the critical distance induces
evaporation transitions of nano-confinedwater as the
nucleation barrier decreases. This leads to a depletion
(drying) and enables interlayer coupling of the vdW
layers via hydrophobic collapse. Increasing hydro-
phobicity via increasing the number of graphene lay-
ers (from 1LG to 2LG to 3LG) raises the critical dis-
tance (i.e. makes the cleaning process more efficient).
This allows evaporation of confined water at larger
gap sizes. Increasing temperature also raises the crit-
ical distance. As the evaporation rate increases with
lower distance or—from the perspective of constant
separation—with raised critical distance, spreading of
close contacts is therefore enhanced at higher tem-
peratures. In other words, we anticipate that in our
experiments the AFM tip acts as initiator for a local
nucleus of reduced distance of the two vdW mater-
ials resulting in subsequent hydrophobic collapse at
that location and the adjacent area. This leads to
the observed large scale transverse transfer of con-
fined water away from the region of AFM interaction
and thus enhances subsequent drying transitions and
dewetting induced hydrophobic collapse.

While water layers on a graphene surface have a
steric repulsive contribution to the self-assembling
properties of parallel graphene sheets and can cre-
ate a metastable separation [39], our proposed model
indicates that the forced interlayer distance reduc-
tion by the AFM tip below a critical distance appar-
ently creates a condition favoring dewetting induced
hydrophobic collapse of this metastable separation.
This condition removes confined water layers (and
with it we assume the potentially also present hydro-
carbons) and creates an attractive force allowing the
sheets to approach to each other. After reaching
a second critical distance (which depends on the
Hamaker coefficient) the Lennard-Jones potential of
the interaction between the upper and the lower layers
becomes significantly attractive [39] so the resulting
vdW forces generate inter-layer coupling in 2D vdW
heterostructures. This forms a nucleus of close vdW
contact.

The area in transition between the nucleus of
close vdW contact and the separated layers forms an
ascending slope with a gradient in the order of about
0.15–0.20 [40]. Due to this low gradient a segment
of the ascending slope can extend up to several nm
laterally before it vertically crosses the respective crit-
ical distance for dewetting induced hydrophobic col-
lapse (which is in the order of about 1.2 nm at 300 K
for two free-standing graphene layers dispersed in
water [41]). As a consequence, this segment can also
undergo hydrophobic collapse and inter-layer coup-
ling which subsequently pulls also the adjacent seg-
ment below the two critical distances. This creates a
front of hydrophobic collapse and inter-layer coup-
ling, which propagates increasingly away from the ini-
tial nucleus of close contact.

Our method is distinct from previously used
high-temperature methods for removal of contamin-
ants [7] since it does not induce mutual rotations of
the stamped layers, as is the case of high-temperature
cleaning methods [10]. As an example, we have
stamped a 2LG layer onto a multilayer hBN flake.
The resulting heterostructure is shown in figure 3(a).
The interface is scratched along the blue line and sub-
sequently annealed at 50 ◦C for 5 min to speed up the
cleaning process. The result is a nearly complete inter-
face cleaning as illustrated in figure 3(b). It is worth
emphasizing, that the flake did not rotate or shift rel-
ative to the hBN substrate. An additional annealing
step at 200 ◦C for 2 h in a vacuum is conducted in
order to investigate reorientation effects in the same
sample caused by higher temperatures. The resulting
position of the flake on the hBN substrate is indicated
by the red dashed area in figure 3(c). The 2LG flake
translates several hundred nanometres to the left as
well as rotates relative to the hBN substrate. Further
examples of flakes, which have been treated with the
same protocol and show the same phenomenology,
are shown in supplementary figure S7. These observa-
tions indicate that rotations, which would occur in a
heterostructure at high temperatures, can be avoided
and clean interfaces can be achieved easily with our
method.

Besides the possibility of bringing two vdW
materials in close contact without mutual rotation,
our technique also allows the creation of encapsu-
lated pockets containing the residual material con-
tained between the two vdW materials. To illustrate
this, we have performed an experiment where we
manipulate a pocket with trapped material in order
to separate the encapsulated material in two reser-
voirs (figure 4). Part of the material is subsequently
removed from the interface by several 1 µm long
scratches shown in figures 4(c)–(d). The resulting
nano-bubble in figure 4 is about 300 nm in dia-
meter and 9 nm in height, similar to reported sizes of
enclosed regions which however had not been formed
deliberately [42]. Our method is especially suitable
to create deterministically shaped confined pockets,
since we can choose conditions at which the spread-
ing process proceeds on an hour timescale, as shown
in figures S4(d)–(f). Such pockets might be interest-
ing to study for example nano-confined water [43] or
biomolecules in water in confined spaces [44].

Conclusion

We have investigated in great microscopic detail the
self-cleaning mechanism between vdW layers and
devised a straightforward method to bring func-
tional 2D layers separated by a layer of contamin-
ants into close contact. Our method does not rely
on an increase in temperature, but only on interlayer
attractive van-der-Waals forces and the hydrophobic
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nature of the materials, which leads to a dewetting
induced hydrophobic collapse. Distinct from previ-
ous investigations [7] that have examined the sys-
tematics of mobility of trapped materials at elev-
ated temperatures in stacks already in close vdW
contacts, we have elucidated the initial stages of
vdW self-cleaning. With our method we can realize
clean van-der-Waals heterostructures without high-
temperature annealing steps (which are known to
induce mutual rotation of the used materials) and
we therefore anticipate that our method can be espe-
cially helpful to create clean van-der-Waals stacks in
the case that the control of mutual layer rotation is
a concern. Having said that, using our method we
were only able to create up to 10 µm [2] large clean
areas, whereas especially high-temperature meth-
ods are able to create clean vdW heterostructures
that are essentially as large as the vdW structures
itself [7]. Additionally, the slow nature and con-
sequently high controllability of our technique can be
used to pattern interfaces such as artificially formed
nano-bubbles.

Methods

All graphene flakes which were stamped were dir-
ectly exfoliated onto PDMS stamps and subsequently
transferred to target flakes (which in turn had been
exfoliated directly onto the SiO2 (300 nm)/Si wafers)
using the ‘all-dry viscoelastic stamping method’ in
ambient air as described in [18]. AFM manipu-
lation and scanning was performed with a Vecco
Digital Instruments Nanoscope and Nanoscope IIIa
(as force mode controller). The cantilevers were a sil-
icon tips from Asylum Research Oxford Instruments
Model AC160TS tapping tips with spring constants
of ~26 N m−1 and a tip diameter of 7 nm and a sym-
metric shape with a cone half-angle of 9 degrees or
less. Tip sensitivity has been measured prior to meas-
urement by pressing onto a SiO2 substrate. We have
then slowly performed multiple lines of indent with
increasing force starting from forces of about 10 nN
to identify the threshold of close contact. After each
line of indent, we have imaged the indented posi-
tion in tapping mode to identify if close contact (vis-
ible for example in figure 1(c)) has been established.
In the case that no close contact had been estab-
lished, we have increased the force and performed
a line of ident in the contact mode. The threshold
upon which close contact can be established depends
mainly on the position on the sample namely if the
scratch starts at a bubble or a relatively non-polluted
area. We have found, that close contact can be ini-
tiated by nano-indentation of varying applied forces
from 1124 nN for indentation on a bubble to 80 nN
on a relatively clean position. Following this protocol
of slowly increasing the force used while scratching
until close contacts was initiated, more than 90% of

the investigated heterostructures could be brought
in close contact. In the case that successful contacts
could be established, we did not find that the tip was
damaged by the scratch.We also note, that the applied
force needs to be kept as small as possible (i.e. just
enough to initiate contact), since in the case that the
two layers are indented beyond the point of close con-
tact they might be damaged. Our method to determ-
ine integrity of the scratched flakes was AFM, SNOM
and Raman where we could not find evidence of any
damage caused by the AFM tip in the majority of
the samples. Although we want to emphasize that the
interacting force of an AFM in scratch and tapping
mode can be increased until the tip eventually dam-
ages the surface, so a heterostructure can be damaged
if the (interaction) scratch is too strong (i.e. signific-
antly larger than the force required to initiate close
contact). All scratches were performed at 21 ◦C in
ambient air. The annealing cycle for high temperat-
ure annealing in vacuum involved the steps: Firstly, a
ramp up to 200 ◦C in 2 h, secondly, an annealing step
for 30 min and finally a ramp down to 21 ◦C in 2 h.
The Raman measurements have been performed in
a Horiba system (T64000) at 514 nm laser excitation
wavelength.
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