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The electronic and optical properties of graphene can be precisely tuned by generating deterministic
arrangements of strain features. In this paper, we report the formation of widespread and controlled buck-
ling delamination of monolayer graphene deposited on hexagonal boron-nitride promoted by a significant
squeezing of the graphene flake and induced by polymeric microactuators. The flexibility of this method
offers a promising technique to create arbitrary buckling geometries and arrays of wrinkles which could
also be subjected to iterative folding-unfolding cycles. Further development of this method could pave the
way to tune the properties of several kinds of other two-dimensional materials, such as transition metal

dichalcogenides, by tailoring their surface topography.
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I. INTRODUCTION

Morphological corrugations are often undesirable struc-
tures in electronic devices because they can contribute,
for example, to electrical performance degradation and
transport anisotropy in graphene [1]. However, the pres-
ence of wrinkles and ripples can be exploited to tune the
electronic, optical, chemical, and mechanical properties of
graphene and other two-dimensional materials [2,3]. In
fact, these structures can be used to induce electron con-
finement by opening a band gap [4] or strongly localized
pseudo-magnetic fields [5—7] leading to pseudo-Landau
quantization of the energy bands. It has been shown that
electric conduction across wrinkles can induce the Peltier
effect giving rise to temperature gradients between the
two sides of a single wrinkle [8]. Moreover, wrinkles
have also been employed to realize ultrathin pressure sen-
sors [9] and stretchable high-performance supercapacitors
for energy storage applications [10]. The modulation of
wrinkle structures could also be advantageous to realize
valley-polarized channels [11], for controllable hydro-
gen adsorption storage [12], and for wearable electronic
devices [3].

Wrinkles can form accidentally, during device fabrica-
tion or the growth of graphene [2,3]; moreover, gas trapped
between graphene and its supporting substrate can induce
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corrugations associated with blisters of several shapes and
sizes [13—15]. Along with accidental generation, the con-
trolled creation of corrugations would be highly desirable.
A number of techniques have been developed to this end:
thermal contraction/expansion of the substrate [16] and
optical excitation [17] have been used for periodic pat-
terns of ripples. Prestressed polymeric materials [18,19]
or substrates with ordered microstructures [20] have been
used to create corrugations on graphene. All these meth-
ods are very successful but they require a fixed patterned
substrate geometry (which cannot be further modified) or
the fabrication of fragile architectures, such as suspended
membranes.

In contrast, recently developed polymeric actuators
based on polymethylmethacrylate (PMMA) provide a sim-
ple and flexible method to strain [21] and manipulate
[22] graphene. In appropriate configurations, they can be
exploited to tune the strain and morphology of graphene by
creating complex and controllable networks of wrinkles.
This kind of actuators can also be subjected to multiple
pulling/relaxation cycles [21] in order to iteratively fold
and unfold individual wrinkles, paving the way to tun-
able and reconfigurable devices [23,24]. In this paper, we
exploit the low-friction between graphene and hexagonal
boron-nitride (hBN) in a van der Waals heterostructure
[25,26] to induce squeezing of graphene by means of
polymeric actuators patterned on top of the flake. This pro-
motes the formation of a controllable wrinkle pattern (see
Fig. 1), whose arrangement depends on both the geometry
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FIG. 1. Schematic representation of the localized wrinkle for-
mation that is expected to emerge when a two-dimensional
surface is subjected to an in-plane compressive strain.

of the graphene edges, and the geometry of the polymeric
actuators used.

In Sec. II, we show the characterization of a typical
graphene flake via atomic force microscopy (AFM) and
Raman measurements. In Sec. III, we demonstrate the cre-
ation of a complex and reproducible network of wrinkles.
In Sec. IV, we report on numerical simulations and moti-
vate the observed wrinkle pattern geometry. In Sec. V, we
discuss the results and future perspectives.

II. CHARACTERIZATION OF GRAPHENE

In order to fabricate the graphene-hBN heterostruc-
tures, we used a polymer-assisted transfer technique, as
described in Appendix A. We identified some flakes of
graphene exfoliated on PMMA and we transferred them
targeting selected hBN flakes, previously exfoliated onto
a 300 nm SiO, layer. We selected only thick hBN flakes
(4080 nm) in order to have small hBN roughness [27]
and therefore small frictional forces at the graphene-hBN
interface, leading to enhanced slipping and easier wrin-
kling [28]. Nonetheless, we point out that the frictional
forces between graphene and hBN will still affect the wrin-
kle pattern, for example influencing the separation between
different wrinkles [28,29]. Moreover, we argue that inter-
facial friction will make each wrinkle more mechanically
stable by opposing successive relaxations of the flake,
which would result in the collapse of the wrinkle. The
device structure is schematically sketched in Fig. 2(a). An
optical image of a representative device is displayed in
Fig. 2(b). The hBN thickness in this case is 40 nm.

Before transferring graphene onto hBN, we acquired
a Raman map of the flake deposited on PMMA (see
Appendix A). As the 2D peak fitted into a single
Lorentzian, we concluded that the flake was monolayer
[30,31]. Then, we deposited the graphene flake partially
on hBN and partially on SiO, acquiring Raman spectra on
both sectors. The spectra in Fig. 2(c) highlight the differ-
ence between graphene deposited on SiO, (left panel) and

on hBN (right panel). Measurements were performed with
a 532 nm solid-state laser via a spatially resolved micro-
Raman setup (inVia Renishaw) using a 100x objective.
We observe that the spectra acquired on graphene placed
on top of hBN are characterized by a very strong back-
ground due to hBN luminescence. Nonetheless, the D peak
is negligible in all spectra and thus we infer that the exfo-
liated flake lacks significant defective regions. Moreover,
the 2D peak is symmetric and can be fitted into a single
Lorentzian whose width (I';p) is typically of the order of
25 cm™! for both substrates, SiO, and hBN.

We etched the flakes to obtain a set of standardized
10 x 10 um? graphene squares on hBN, as described in
Appendix A, and characterized their morphology using a
commercial Bruker’s Dimension Icon atomic force micro-
scope with a ScanAssyst-Air probe operating in peak force
mode. We remark that the flake displayed in Fig. 2(d),
representative of all the flakes under study, is highly
inhomogeneous with large polygonal bubbles which have
approximate lateral size of the order of 1 um and height
between 50 and 100 nm. These bubbles are distributed
on the whole graphene surface. Wrinkles with nanomet-
ric height and ~ 10 nm width originate from their vertices
[32]. Interestingly, the bubbles correspond to a strong red-
shift of the 2D mode peak frequency (w;p) of Fig. 2(e) as
well as to its broadening (not shown): I',p reaches values
up to 70 cm~!. As we do not expect a significant change
of the doping in correspondence of the bubbles, we argue
that these effects are mainly due to a local tensile strain on
the flake [33].

III. DEFORMATION USING POLYMERIC
ACTUATORS

We tested the deterministic wrinkling on five devices
with three different actuator geometries (see Fig. 3 and
Appendix A for details on the fabrication process). The
first device consisted of two parallel PMMA actuators
placed in the middle of the flake as schematically sketched
in Fig. 3(a). We label this device geometry as type A.
Figure 3(b) shows a second actuator geometry: type B
devices consisted of two long parallel PMMA stripes
crossing vertically the whole flake with their final portion
overlapping the bare hBN. As a result, PMMA anchored
the edges of the flake to the underlying hBN, thus sup-
pressing vertical contraction. The last actuator geometry
(type C) is displayed in Fig. 3(c) and consisted of a single
PMMA stripe which was anchored to the hBN substrate on
one of its ends. In general, we expect that the PMMA actu-
ators, interacting with the underlying graphene through
Van der Waals forces [34], exert a compressive force which
pulls and deforms graphene thanks to the low friction
between graphene and hBN [25,26]. The resulting squeez-
ing induces out-of-plane deformations which collapse into
isolated wrinkles and depends on the shape of the actuators
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(a) Schematic sketch of the transferred graphene stacked on hBN. (b) Optical micrograph of graphene transferred on hBN.

The dashed line follows the edge of the graphene flake. (c) Typical Raman spectra of the initial pre-etched graphene deposited on SiO,
(left) and on hBN (right). (d) AFM scan of the 10 x 10 um? graphene flake. (¢) Raman map of the 2D peak position of the etched

flake displayed in panel (d).

and of the flake. The actuation of the PMMA stripes was
performed by iteratively scanning PMMA with an electron
beam at 2 keV resulting in the shrinkage of the PMMA
patches. More details on this technique can be found in
Ref. [35].

We schematically sketch the expected deformation of
type A device in Fig. 4(a). Comparing the preactuation and
postactuation scanning electron microscopy (SEM) images
displayed in Figs. 4(b) and 4(c), respectively, we observe a
deformation of the edges which suggests an accompanying
change in the morphology of the flake. The deformation
effect is particularly evident when looking at the top-right
vertex where a triangular portion of the flake was torn off
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FIG. 3. Sketch of the actuator geometries. (a) A pair of parallel
unanchored actuators (type A). (b) A pair of parallel actuators
anchored at both ends (type B). (c) A single actuator anchored at
one end (type C).

from the main part. A widespread wrinkling of graphene
can be clearly observed both between the two PMMA
actuators and between each actuators and the flake edges.
Note that wrinkles formation tends to occur along prefer-
ential directions which are perpendicular to the edges of
the actuators and typically originating from the edges of
the flake.

Additional wrinkles are correlated to the deformation of
the preactuation bubbles. This latter deformation process
could be also due to the heating of the trapped gases at
the graphene-hBN interface [36,37] which can expand due
to electron-beam-induced heating and deform the bubbles.
This, together with the mechanical action of the polymeric
actuators, promotes the formation of a significant number
of new wrinkle structures.

We argue that wrinkling is not only determined by the
action of the actuators or by the heating of entrapped gases,
but also by the deformation of the edges which promotes
the detachment of graphene from the substrate and the cre-
ation of wrinkles propagating on the entire flake. Thus, it is
pivotal to map the squeezing pattern of graphene in order
to understand the respective role of the actuator and flake
geometries.

In order to precisely measure the effects of the elec-
tron irradiation on the actuators, we analyzed the AFM
maps of each flake. Operationally, we acquired an AFM
scan before and after each irradiation step. To compare the
corresponding preactuation and postactuation scans, we
picked some fixed reference points on the hBN flake [later
referred to as substrate global markers (SGMs)]. Then,
we aligned the two images through a rototranslation oper-
ation minimizing the SGMs postactuation displacement.
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FIG. 4. (a) Sketch of the device before (left) and after (right)
the electron irradiation of the PMMA actuators. Inset panel: mag-
nified view of the area inside the black square. (b) SEM image of
one of the studied devices before the actuation. Inset panel: mag-
nified view of the area inside the black square. (¢) SEM image of
the same device after the actuation. The dashed red squares high-
light the area of electron irradiation. The red arrow highlights
a small triangular flake region torn off from the main part. The
scales of the images are the same as those in panel (b). Mag-
nified view (black square) of a region with induced wrinkles.
Inset panel: magnified view of the area inside the black square
where the white arrows highlight wrinkles induced via electron
irradiation.

The evaluation of the graphene squeezing was performed
by measuring the displacement of the same set of selected
graphene reference markers (GRMs) before and after actu-
ation. These markers were manually picked by choosing
recognizable features on the graphene flake, such as poly-
meric residues left by previous fabrication processes. The
deformation of graphene was quantified by measuring the
position of the same markers before and after actuation.
A clarifying example of our method is reported in the
sketch in Fig. 4(a). After the alignment procedure, we
started by defining a GRM in the preactuation map (yel-
low dot). After electron irradiation, the graphene flake was
squeezed, and the GRM was displaced to a new position
(red dot). Before actuation (left panel), the position of
each GRM was identified by the initial angle 6;. After the

actuation (right panel), the position of the marker changed,
due to the compression of the flake, and its position was
identified by the angle ;. These two angles, 6; and 6;,
were defined in the same coordinate system and were mea-
sured with respect to the X axis. In order to better visualize
the final position of the GRM, we use the displacement
angle Ogisp, defined in the inset of Fig. 4(a), in place of 6y.
We point out that 6y;s, is measured in the marker’s refer-
ence system. The displacement magnitude of each GRM
is given by Ar, instead. We use the same procedure to
show the displacement of the SGMs. The common origin
for these coordinates corresponds to the intersection of the
diagonals linking the vertices of each flake which are iden-
tified manually in the preactuation image, then reported
to the postactuation one. Using this coordinate system,
we can proceed to a quantitative analysis of the buckling
geometry.

The AFM scans are reported in Fig. 5(a) where the
marker’s colors (red, black, blue, and green) identify the
location of the markers inside four possible quadrants (top-
right, bottom-right, bottom-left, and top-left, respectively).
After electron irradiation of the actuators (right panel),
we observe a pervasive wrinkling of the graphene surface
inducing several localized wrinkles. We note that wrin-
kles tend to nucleate perpendicularly to the edges of the
flake as well as from the deforming bubbles. Similarly,
we observe the formation of a set of parallel wrinkles
in the central area between the two actuators. We also
highlight that the sliding and deformation of the flake is
crucial for the development of such structures. In fact,
the PMMA actuation clearly shifts the GRMs towards the
center and distorts the edges of the flake. The graphene
compression can be visualized by plotting the displace-
ment vector [magnified by a factor of three, see Fig. 5(b)].
We remark that the magnitude of the displacement has a
roughly circular symmetry. The displacement direction of
the GRMs is displayed in Fig. 5(c): this approximately
follows 6; ~ Og4isp, which again hints at an average circu-
larly symmetric contraction. From Fig. 5(d), we note a very
good alignment of the preactuation and postactuation AFM
scans by noting that the displacement of the SGMs (orange
triangles) is negligible, being roughly tens of nanometers
[see Fig. 5(e)], whereas the typical displacement of the
GRMs is of the order of hundreds of nanometers. The phe-
nomenology observed for this device was also found in the
two type A devices shown in Appendix C.

The type of graphene squeezing can be controlled by
changing the buckling geometry. In Fig. 6(a), we display
the deformation pattern produced by type B geometry. We
point out that the type A device, lacking any constraint, is
squeezed both in the vertical and horizontal directions. In
the case of the type B device, the PMMA cannot freely
contract along the vertical direction. Thus, in analogy
with the type A device, we would expect the actuation of
the type B device to induce a quasi-uniaxial deformation
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(a) AFM scan of the device of Fig. 4 before (left) and after (right) the electron irradiation of the PMMA. Different colors are

used to identify reference markers in qualitatively different regions of the device. The yellow scalebar is 1 um. (b) Top-view sketch of
the device. The colored arrows represent the direction of the displacement, with their length corresponding to the physical displacement
magnified by a factor of three. (c) Angular displacement of the markers displayed in panel (a) with the same color coding. (d) Polar
plot displaying the magnitude of the displacement of the GRMs (Ar) versus the direction of the displacement (64isp). (¢) Magnified
view of the polar plot displayed in panel (d) (see the red dashed circle) highlighting the displacement of the SGMs.

of graphene in the unconstrained direction (perpendicu-
larly to the two PMMA stripes). From the preirradiation
and postirradiation AFM scans displayed in Fig. 6(a),
we observe that the PMMA actuation is much less effi-
cient than the type A geometry in generating deterministic
arrays of wrinkles: wrinkles indeed originate mostly from
the deformation of bubbles. In this case, we dissect the
flake in three different regions identified by three differ-
ent colors: the two side regions (left and right) and the
central region (between the two vertical stripes). The dis-
placement within the latter region (green dots) is vanishing
within the alignment uncertainty (orange triangles): this is
expected from the left-right mirror symmetry of the device.
The blue and red GRMs, which correspond to left and right
regions respectively, show instead a displacement ranging
between 200 and 300 nm. Moreover, the displacement is
directed almost horizontally towards the center of the flake,
as clearly visible in Fig. 6(a), supporting the hypothesis of
roughly uniaxial deformations.

The effect of electron irradiation on the type C device
is displayed in Fig. 6(c). This actuator was designed
to laterally pull the underlying flake and induce a

rototranslation. We stress that the development of this kind
of actuator could also permit precise sliding and alignment
of graphene on hBN, ultimately leading to physically rele-
vant twisted bilayer heterostructures [38—40]. Analogously
to the previous type B case, we report a strong modifi-
cation of the bubbles with poor wrinkle formation. The
GRMs mainly undergo a leftward displacement: globally,
the magnitude of the displacement of the GRMs is maxi-
mized around s, = 0° and tends to decrease approaching
the left edge of graphene [see the polar plot in Fig. 6(c)].
This behavior is generally expected because the flake is
anchored to its left edge, but the exact sliding geometry
is complicated by the presence of inhomogeneities of the
substrate.

IV. SIMULATIONS

In order to interpret the wrinkling effect observed in
the previous sections, we simulated the mechanical behav-
ior of the device using a finite-element solver (COMSOL
MULTIPHYSICS). We modeled a 10 x 10 um? continuous
and isotropic flake of graphene with Young’s modulus of
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FIG. 6. Buckling in alternative actuator geometries. (a) From left to right: preactuation AFM scan, postactuation AFM scan, and
polar plot of the displacement of the SGMs and of the GRMs for a type B device. (b) Equivalent study of panel (a) for a type C device.
The yellow scalebars all correspond to 1 um and the vertical scalebar is the same displayed in Fig. 5(a).

1 TPa and Poisson’s ratio of 0.15 [41]. The squeezing
was modeled by introducing a planar stress in the area
of graphene covered by the PMMA pads, assuming that
PMMA and graphene cannot slide with respect to each
other. In this way, stress is transferred from the polymer to
the graphene, according to their joint mechanical response.
Further important approximations were made. First, the
flake deformation was modeled in a two-dimensional
space; thus, we assess the possibility of wrinkle forma-
tion based on the presence of compressive stresses, but
we neglected out-of-plane buckling of the flake and did
not take into account the effect of adhesive forces at the
graphene-hBN interface. Second, we neglected the fric-
tional interactions between graphene and hBN. These two
approximations could strongly affect the behavior and the
geometrical parameters of the resulting wrinkle pattern
whose formation could also be suppressed by strong adhe-
sion or friction at the interface [28,29]. Moreover, by
assuming a continuous and isotropic flake of graphene we
also neglected the crystal structure of the flake whose six-
fold symmetry could affect the exact observed morphology
and deformation pattern.

The direction of the wrinkles can be inferred by the
direction of the eigenvectors of the system’s strain ten-
sor. As wrinkles are physically induced by a compressive
force acting on graphene, we expect that their direction
is orthogonal to the negative eigenvector, corresponding
to a compressive deformation, as displayed in Fig. 7(a).
The magnitude of the compressive (negative) eigenvalue is

displayed in the colorplot of Fig. 7(b), where the red lines
represent the expected wrinkle direction.

We highlight that the calculated preferential direction
for wrinkles in type A geometry is perpendicular to the
two PMMA actuators, as observed in the actual irradia-
tion experiment described in Sec. III. We also highlight
that the formation of wrinkles is favored in regions where
the magnitude of the local compressive strain is larger.
For the simulation of type B and C devices we modeled
the constrained graphene edges by imposing the condi-
tion of zero displacement at the boundaries indicated by
the black arrows in Figs. 7(c) and 7(d). For type B geom-
etry [see Fig. 7(c)], we expect wrinkles to be mainly
perpendicular to the PMMA actuators: this agrees well
with what has been found for type A device because the
two kinds of devices are relatively similar. Nonetheless,
we argue that, in this case, the PMMA anchors the flake,
which can only deform quasi-uniaxially. This kind of con-
strained deformation thus turns out to be inefficient in
creating isolated wrinkles due to the suppression of the
compressive eigenvalue [see Fig. 7(c)]. Similarly, simu-
lations indicate that type C device [see Fig. 7(d)] should
induce a pattern of wrinkles perpendicular to the actu-
ator edges. In our experiment, we did not observe the
formation of wrinkles [see Fig. 6(b)]. This was proba-
bly due to the anchoring effect of the PMMA actuator,
suppressing the compressive strain, and the roughness of
the hBN surface which did not allow free sliding and
wrinkling.
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FIG. 7. Numerical simulations. (a) Schematic sketch of the
formation mechanism of a wrinkle. (b) Colorplot of the smallest
negative eigenvalue obtained by diagonalizing the strain tensor.
The blue patches represent the PMMA actuators for a type A
geometry. The red lines depict the expected wrinkle direction. (c)
Same sketch in panel (b) for type B geometry. The black arrows
indicate the anchored graphene edge. (d) Same sketch in panel
(b) for type C. The black arrow indicates the anchored graphene
edge.

V. CONCLUSION

In this paper, we induced the deformation of exfoli-
ated flakes of graphene deposited onto a thick and flat
hBN flake by using polymeric actuators patterned on top
of graphene. We identify one promising actuator geom-
etry to induce a relevant and controllable wrinkling pat-
terns caused by an overall squeezing of the flake. As
hBN represents one of the best insulating materials for
graphene-based devices [37], the possibility to tune the
appearance of deterministic wrinkles on graphene-hBN
heterostructures offers a promising platform to study and
exploit the electronic effects of wrinkles in graphene.
Moreover, polymeric microactuators [21,22,42] could be
used not only to induce wrinkles by folding the graphene
sheet but also to create and release complex wrinkle archi-
tectures via folding-unfolding cycles thanks to properly
designed geometries. These could also be used to control
the geometric distribution of wrinkles and design origami-
based devices [43] or annular geometries which could be
exploited for applications in nanoforce sensors and tun-
able magnetic and electronic devices [23]. Finally, the
graphene-based devices shown in this paper represent a
proof of concept which, in principle, can be extended to
arbitrary two-dimensional materials.
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APPENDIX A: DEVICE FABRICATION

1. Mechanical exfoliation

We exfoliated the hBN flakes by iteratively applying an
adhesive tape to bulk boron nitride and stuck the tape on a
n-type doped silicon chip coated with 300 nm of SiO, and
resistivity of 1-5 mS2 - cm. The substrate was previously
cleaned in acetone for 10 min and in O, plasma at 100 W
for 10 min. After cleaning in acetone, the chip was rinsed
in isopropyl alcohol.

In order to control the placement of selected monolayer
graphene flakes on the target hBN flake, we performed a
preliminary exfoliation step on a polymeric layer, which
allowed for a more accurate transfer process. We prepared
a large silicon chip (about 2 x 2 cm?) by spin-coating a
layer of polyvinyl alcohol (PVA), at 4000 rpm for 1 min,
followed by a layer of PMMA (AR-679.04), at 2800 rpm
for 1 min. Each spin-coating step was followed by a bake
at 150 °C for 1 min. After the preparation of the substrate,
we iteratively exfoliated bulk graphite (this procedure was
iterated from two to five times) using adhesive tape. We
then stuck the tape to the PMMA layer and baked it for
Smin at 170 °C. The last step consisted in slowly detach-
ing the tape from the PMMA layer. In Fig. 8, we display
one flake of monolayer graphene and the corresponding 2D
peak position (w,p) before the transfer process. The Raman
spectra are acquired with a 50x objective at 0.5 mW. The
whole transfer process is sketched in Fig. 9.

2. Transfer and reactive-ion etching of graphene

Before transferring the graphene flake on the selected
hBN flake, we chemically cleaned hBN in acetone and,
later, in AR 600-71 (rinsed in H,O) for 10 min. Moreover,
in order to reduce the formation of bubbles at the graphene-
hBN interface, we also annealed the chip with the hBN
flakes in N, atmosphere at 500 °C for 15 min and cleaned
the sample in O, plasma at 30 W for 10 s.

To transfer the graphene flake on the selected hBN
flake, we dissolved the PVA layer in H,O at about 50 °C,
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FIG. 8. Raman map of the 2D peak position superposed to
an optical image of the flake in Fig. 2 onto the PMMA/PVA
substrate (before the transfer process). The white dashed line
highlights the edge of the monolayer flake.

leaving a floating PMMA membrane with graphene on
top. We picked up the PMMA membrane and transferred
the graphene flake on the hBN flake. During the transfer,
the membrane was slowly approached to the target chip
heated at 105°C. After the transfer procedure, the sam-
ple was cleaned in acetone and in AR 600-71 for 2-5 h
in order to dissolve any polymeric residue. Then, we spin-
coated a layer of PMMA (AR-679.02) at 2000 rpm and
baked at 90 °C for 15 min. We patterned PMMA squares
which were used as polymeric masks to etch graphene in
O, plasma for 30 s.

3. PMMA actuators

After one last cleaning step in acetone and AR 600-71,
we spin-coated PMMA (AR-P 679.02) on the sample at
2000 rpm and baked it at 90 °C for 15 min. We patterned
the PMMA actuators via electron-beam lithography (20
keV electrons with an electron dose of 280 ©C/cm?), in
correspondence of the square graphene flakes defined by
the etching process.

PVA/PMMA

Spinning \Q

(@) Sio, (b)

FIG. 9.

(a) - boE:\ecTary (b) boﬁfdeary
6-ni_—>0 } \‘ ! J
-— Free o
boundary 5N =0
'
t 54 =0
FIG. 10. (a) Primitive cell (red edges) and boundary con-

ditions applied for the simulation of the type A device (the
same applied for the type B device). (b) Primitive cell (red
edges) and boundary conditions applied for the simulation of the
type C device. The orange rectangles correspond to the PMMA
actuators.

APPENDIX B: NUMERICAL SIMULATION

As discussed in the main text, we numerically
simulated the devices to calculate the strain tensor and
predict the wrinkle geometry. For the numerical simulation
of the mechanical problem, we split the device geometries
into subcells, depending on their symmetries. We calcu-
lated the solution inside just one of the subcells (primitive
cell) by imposing the proper boundary conditions. In order
to obtain the final result, we mirrored the primitive cell
to recover the full geometry. Type A and B have a four-
fold mirror symmetry and we restricted our simulation to
the top-right primitive cell, indicated with red edges in
Fig. 10(a). The internal edges of the primitive cell were
subjected only to displacements § parallel to the edge,
i.e., 8§ - n = 0, where 7 is the unitary vector normal to the
edge. The external edges of the flake were free to deform
apart from the boundaries indicated by the black arrows in
Fig. 7(c). The type C device has a twofold mirror symme-
try. One of the two rectangles can be taken as primitive
cell, see the red edges in Fig. 10(b). The boundary con-
ditions are displayed in Fig. 10(b). The external edges of
the flake were free to deform apart from the boundary
indicated by the black arrow in Fig. 7(d).

APPENDIX C: ADDITIONAL DATASETS

We report the results for two additional type A devices
in Figs. 11(a) and 11(b). The main dissimilarity between

Exfoliation
+
baking

Graphene

()

Schematic of the exfoliation process for graphene: (a) a SiO; chip is spin-coated with a PVA layer and then a PMMA layer;

(b) graphene is exfoliated using adhesive tape, which is then attached onto the PMMA layer; (c) the chip is baked and then the tape is

peeled off, leaving graphene on PMMA.
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FIG. 11. AFM scans of two type A devices [panels (a),(b)]
before (left) and after (right) electron irradiation. The orange
arrows in the postirradiation scan of panel (b) highlight the
presence of some wrinkles which were not present before the
irradiation. The yellow scalebars inside the AFM scans are 1 um
and the AFM colorbar is the same displayed in Fig. 5(a).

the two devices is the different number of wrinkles which
were present before the electron irradiation. In particular,
the preactuation scan displayed in panel (b) shows a flake
which is much more wrinkled than that in panel (a). This
is probably correlated to the fact that the fabrication of the
device displayed in panel (b) did not include any anneal-
ing in N, atmosphere nor cleaning in O, plasma of the
hBN flake before graphene transfer. We argue that these
steps are pivotal to flatten and improve the homogeneity
of the hBN flake and promote the sliding of the transferred
graphene.

The different behavior of the two flakes becomes appar-
ent in the two AFM-scans acquired after electron irra-
diation. The device displayed in panel (a) shows a high
degree of wrinkle formation, similarly to the flake dis-
played in Fig. 5(a). In contrast, the device in panel (b)
barely features the formation of three new wrinkles, high-
lighted by the orange arrows. We note that all the three
wrinkles originate at the edges of the flake. This remarks
the importance of edges which are free to deform in the for-
mation of the wrinkle pattern. Moreover, we argue that this
confirms the importance of the hBN flatness and homo-
geneity to induce the formation of wrinkles. However, we
observe that the absence of wrinkles in this device could
also be due to the sixfold symmetry of graphene which
could alter the membrane response to strain in different
crystal directions.
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