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ARTICLE INFO ABSTRACT

Keywords: The adhesion of a 2D material to a substrate is facilitated by the van der Waals (vdW) interactions, which is
2D materials significantly influenced by the roughness and wettability of the substrate. It is challenging to achieve good as
g"aphfne ) well as conformal adhesion of mechanically exfoliated 2D materials to a hydrophobic soft substrate like poly-
ﬁ?}fﬁ‘i’igm“hamcs dimethylsiloxane (PDMS). In addition, the mechanical folding instabilities are inevitably observed in 2D elastic

nanosheets over a smooth PDMS substrate under higher compressions in a prestretch-release process. However,
the manipulation of the soft substrate’s surface roughness may provide an essential degree of freedom for
tailoring the conformation level and topography of the 2D elastic nanosheets. Herein, we propose a technique to

snap through transition
conformal adhesion

Jg/gsocd improve the interfacial adhesion of the graphene membrane to a periodically trenched PDMS substrate by
1111 suppressing the mechanical folding instabilities in a prestretch-release process. The conformal wrinkling of the
PACS: graphene membrane, as confirmed through atomic force microscopy (AFM) imaging, is found to result from its
0000 pinning into the trenches via snap-through transition. We also show the impact of the substrate’s topography on
1111 the buckling behavior of the graphene membrane under the stress loading-unloading cycle by surface-

engineering of the PDMS substrate using ion beam irradiation. This study offers fundamental as well as prac-
tical insights into the adhesion mechanics of the 2D elastic nanosheets over the corrugated soft substrates under
the prestretch-release process. The wrinkled topography of the membrane could be harnessed for flexible,
conformal, and tunable electronic devices.

1. Introduction process is probabilistic, non-deterministic, and unselective and demands
the wettability of the PDMS substrate, which is hydrophobic by nature in
its pristine state. For better wettability, its surface-functionalization is

carried out through oxygen-plasma treatment before transfer [14].

The thinnest two-dimensional (2D) material, graphene shows
remarkable mechanical strength as it can withstand a mechanical strain

up to ~ 20% before rapture [1,2]. The ultra-high flexibility and
stretchability of the 2D materials make them mechanically reliable and
promising materials for wearable electronics [3-5]. In addition, the 2D
materials show remarkably strain-sensitive electronic, optical, and
vibrational properties, which make them worthy for nanoscale strain
engineering [6-9]. The Nitto tape-based micromechanical exfoliation
method produces 2D flakes of the highest quality amongst the other
known deposition or growth techniques [10]. However, the direct
transfer of single-crystalline graphene flakes (hydrophobic in nature)
from the Nitto tape onto a pristine PDMS substrate faces incomplete as
well as random transfer, which produces low deposition yield with
several delamination regions and wrinkles [11-13]. This transfer
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However, it has been observed that the oxygen-plasma treatment time
has a substantial effect on the surface roughness of the PDMS substrate.

The surface roughness of the underlying substrate, the number of
layers in the 2D nanosheet, and the interfacial adhesion play crucial
roles in the conformation or delamination of the 2D nanosheet [15-18].
Through the theoretical framework of continuum mechanics, it is found
that a conformally adhered 2D nanosheet over a corrugated substrate
has better debonding strength than that over a smooth and flat one [19].
The nanosheet must remain static and conformed during a mechanical
straining process for an efficient and larger strain transfer. The confor-
mity of the nanosheet is found to vary with the amplitude and wave-
length of the substrate’s surface corrugation. In the literature, several
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ways have been proposed to strengthen the interfacial adhesion between
the 2D flakes and the substrates, such as (i) by polymeric encapsulation
of the 2D flakes [20,21], (ii) by increasing the substrate’s surface
wettability [14], (iii) by anchoring the flake with metallic clamps at the
edges [8], etc. These methods have their individual pros and cons.
Despite extensive efforts in achieving good interfacial adhesion of 2D
nanosheets, a lack of attention has been paid to the substrate’s surface
roughness manipulation through surface-engineering methods, possibly
due to the fact that the substrate’s surface roughness negatively impacts
the interfacial adhesion of the 2D nanosheets. The adhesion character-
istics of a 2D nanosheet over a substrate are investigated by analyzing
the topographical features of the delaminated regions (blisters, folds,
buckle delaminations, wrinkles, etc.) [11,22-26]. The wrinkled/buckled
nano-/microstructures of 2D materials over polymeric substrates are
commonly observed in thermal-mismatch-induced straining [27,28]
and polymer-based transfer processes [29-34]. In addition, a significant
Young’s modulus mismatch between a 2D material and an elastomeric
substrate results in the formation of the wrinkles of the 2D material
through a conventional prestretch-release process [24,35-42]. Howev-
er, the interfacial contact failure or sliding results in the formation of
buckling-induced delaminations, folds, or fractures [18,43]. The phys-
ical properties of the wrinkled/buckled 2D nanosheet alter in accor-
dance with the local deformation of the lattice structure [44]. It has been
observed that the probability of the onset of the buckling-induced
delamination of the 2D nanosheet reduces severely by Oj-plasma
treatment of the PDMS surface [45]. The plasma treatment forms a stiff
skin layer at the top of the PDMS surface but may also induce unwanted
surface cracks [46]. Therefore, it is highly challenging to obtain the
conformal adhesion of the 2D elastic nanosheets over hydrophobic
elastomeric substrates such as PDMS.

Recently, Teng Cui et al [18] reported that the interfacial fatigue
propagation at the graphene-polymer interface causes mechanical
folding instabilities in the graphene membrane under loading-unloading
cycles. The ultralow bending stiffness of the 2D materials makes them
susceptible to out-of-plane buckling delamination over the stretchable
substrates at small compressions due to elastic modulus mismatch.
However, there is a spontaneous transition from buckle delamination to
fold due to interfacial slippage at higher compression above 10% [43].
The folding instability must be suppressed in order to achieve good
conformal adhesion of a 2D elastic nanosheet over a flexible substrate.
The conformal and stretchable nano-/microstructures of 2D materials on
flexible substrates have outstanding implications in healthcare moni-
toring systems, artificial electronic skins, and wearable strain/pressure
sensing applications [47-49]. Current studies have been especially
focussing on maximizing the structural compliance of the implanted
devices [47]. The conventional electronic skins based on metal matrix
have lower stability, poor compatibility with human skin, and low
strain-sensing capability because of their low sensitivity and poor
stretchability [50]. Graphene, on the other hand, is a very robust ma-
terial for conformal artificial electronic skins due to its exceptional
sensitivity, stretchability, durability, and biocompatibility. In addition,
the high transparency, thermal stability, flexibility, and biocompati-
bility of PDMS assure the mechanical reliability of the device [51]. The
PDMS (Sylgard 184) exhibits stable mechanical properties with negli-
gible elastic hysteresis under a cyclic loading-unloading process. In
addition, it immediately regains the steady state independent of the
deformation rate, making it a promising substrate for wearable sensors
[52]. The conformal wrinkles of single or even few-layered 2D materials
over polymeric substrates allow tuning of the out-of-plane interlayer
coupling in the 2D layered vdW materials to result in tunable mechan-
ical properties [39,45], and also show remarkably enhanced mechani-
cal, electrical, and thermal properties [47,53-57]. Despite devoted
theoretical footing for the wrinkling of the 2D elastic membranes, the
quest for a scalable experimental approach for creating conformal
wrinkles over the corrugated soft substrates without forming folds or
buckle delaminations still continues [58-60].
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The conventional prestretch-release process at higher prestrain
values (25%) results in the formation of folds or buckle delaminations in
the 2D elastic nanosheets such as graphene, MoS,, etc. over a smooth
PDMS substrate [18,43,61]. The substrate roughness, interfacial adhe-
sion, and elastic modulus mismatch affect the surface traction of the 2D
material under compression, which determines the effective shear stress
at the interface that causes buckling instability to develop. In this work,
we showcase the utilization of the prestretch-release process for the
pinning of the graphene membrane over periodic depressions on aPDMS
substrate. We found that this technique effectively suppresses the me-
chanical folding instabilities in the 2D elastic nanosheets. The mem-
brane is pinned via ‘snap-through transitions’. A ‘snap-through
transition’ occurs to change the morphology of an elastic 2D nanosheet
from a flat state to a near conformal state over a corrugated substrate
[62]. Similarly, a morphological switch (transition) of a buckle delam-
ination from one stable configuration to another under the application of
strain is called ‘snap-through buckling instability’ [63-69]. The elastic
membranes are susceptible to snap-through instability in the presence of
external strain [70-73]. It has been observed that the stress-transfer
efficiency for graphene over a smooth & flat PDMS substrate under
uniaxial stretching is as low as ~ 3% [7,74] because of its weak inter-
facial adhesion with the PDMS substrate (~ 0.007 J /m?) [75]. However,
by exploiting the membrane pinning method, the stress-transfer effi-
ciency can be severely enhanced. Herein, we utilized the differently
rippled PDMS substrates to investigate the role of substrate roughness in
the adhesion mechanics of the graphene membrane under a stress
loading-unloading cycle. The ripples on the PDMS substrates are formed
through low-energy ion beam (IB) irradiation at different angles of
incidence [76-79]. The ripple patterns on the PDMS surface undergo
morphological evolution through ion beam irradiation not only under
the varying angles of incidence [77] but also under the varying ion
energy [76,80] as well as the PDMS annealing temperature [81]. Our
work offers fundamental as well as practical insights into the membrane
pinning mechanism for conformal wrinkling over a corrugated soft
substrate under the prestretch-release process at the nanoscale. This
technique can be exploited to obtain hierarchical graphene architectures
[39]. The regulation of the graphene configuration over the engineered
surfaces opens up new pathways for conformal and tunable electronics
[66,79,82].

2. Results and Discussion

The conventional prestretch-release process (as depicted in Fig. 1)
has been extensively utilized for controlled buckling of the 2D elastic
nanosheets [35-37]. The micromechanically exfoliated single or
few-layer graphene (SLG/FLG) flakes (hydrophobic in nature) are
deposited onto a prestretched (by 40% of original length) PDMS sub-
strate having a flat or rippled surface (see Fig. 2) by employing the
‘PVA-assisted wet transfer process’. Due to the large elastic modulus
mismatch between the graphene membrane and the PDMS substrate
(10° : 1), periodic wrinkles (conformal deformation of the membrane
and the substrate) or buckle delaminations develop over the substrate
upon release of the prestrain.

The interfacial behavior in the context of the substrate’s roughness
and slipperiness has an impact on the buckling topography of a 2D
elastic nanosheet, in addition to the elastic properties of the 2D material,
thickness of the nanosheet, and the amount of compressive stress [18,43,
83] (see Figure S3 of ESI). Now, in order to analyze the role of substrate
surface corrugation in the adhesion mechanics of the graphene flakes
under the prestretch-release process, we utilize the PDMS substrates
rippled or patterned through IB irradiation. The low-energy (500 eV)
argon ion beams, incident on the pristine PDMS substrate at different
incident angles, produce surface ripples of different corrugation profiles
as a result of the stress-driven instabilities. For the IB irradiation at the
angles of incidence of 0° and 60° to the normal to the PDMS surface, we
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Fig. 1. Schematics showing (i) the buckling-induced folds and delaminations of a 2D elastic membrane over a flat & smooth surface of PDMS, and (ii) the conformal
wrinkling of a 2D elastic membrane over a corrugated surface of PDMS, resulting from the conventional prestretch-release process.

obtained serpentine-shaped ripples (see Fig. 2(b & d, respectively)), but
interestingly, at an angle of incidence of around 30° a nearly periodic
trench (depression) pattern in addition to the ripples is obtained on the
PDMS surface (see Fig. 2 (c)). The competition between the bending
energy of the homogeneous silica-like stiff skin layer (formed due to ion
beam irradiation) and the stretching energy of the soft supporting layer
of PDMS plays a crucial role in determining the ripple parameters or the
corrugation profile [77]. The ion beam collision-induced local heating
effect increases the local degree of crosslinking in the PDMS, which
varies with the angle of incidence of the ion beam. As the degree of
crosslinking increases, the number of polymeric chains in the PDMS
decreases. Consequently, its stiffness (toughness) increases and the free
volume in the polymer decreases locally, which restricts the local
movement of the reactive ions. The thermal effect-driven restriction in
the movement of the ions would reduce their penetration depth into the
PDMS substrate [81]. The penetrating energetic ions collide with the
PDMS structure and thereby, erode the molecules out of the structure.
After the reorganization of the atoms on the surface, thinner silica-like
skin layers form in the PDMS substrate, which results in the formation
of ripples of smaller corrugation wavelengths. Therefore, a competitive
interplay between the sputtering-induced self-diffusion and thermally
activated self-diffusion processes determines the growth dynamics of the

surface instability in the form of ripples [84].

We observed folds of SLG/FLG flakes not only over the smooth PDMS
substrate but also over the randomly oriented serpentine ripples on the
PDMS substrates (obtained from argon ion beam incident angles: 0° and
60°) in the uniaxial prestrain-release process with a prestrain level
0f40% (see Fig. 3). The compressive stress resulting from the uniaxial
loading-unloading cycle leads to local activation of the buckle delami-
nation regions alongside the existing wrinkles, which spontaneously
collapse to form the folds [18]. The collapsed folds appear as white belts
through high-resolution optical microscopy [43] (see Figures S2 and S3
of ESI). The wrinkle-to-fold transition occurs due to interfacial sliding in
a stress-release process for a significant prestrain level [18]. The
prestretch-release process not only induces the buckling zone but also
propagates the buckle wave-fronts dynamically from the edges toward
the internal region, and the wrinkle-to-fold transition occurs in the
buckling zone. The ultra-low bending stiffness and high self-adhesion of
the single to few-layer graphene flakes give rise to the formation of the
hair-pin-shaped folds, however, the buckle delaminations are more
pronounced for the multilayered flakes [43]. We noticed that as the
roughness of the PDMS surface increases the density of the graphene
folds decreases with the increasing width of the folds due to rising
friction under compression (see Fig. 3). The roughness of the substrate
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Fig. 2. AFM topographic 3D images of (a) the flat & smooth surface of a
pristine PDMS substrate, and (b, ¢, and d) rippled PDMS surfaces obtained
through IB irradiation at angles of incidence of 0°, 30°, and 60°, respectively,
with respect to a normal to the PDMS substrate’s surface.

influences the interplay of interfacial slippage and delamination under
compression. As the compressive stress reaches a threshold value (o)
at a point, the delamination of the membrane occurs spontaneously,
depending upon the interfacial adhesion energy (I') of the 2D elastic
membrane and the substrate, such that [43]

Ot = \/2Epl. (@)

Hence, it is possible to suppress the mechanical folding instabilities
in 2D elastic nanosheets under compression by altering the interfacial
adhesion by means of manipulating the substrate’s surface roughness. It
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is therefore compelling to search for an appropriate surface feature that
can offer a conformal as well as durable adherence to the graphene
membrane without causing any folding instability. Interestingly, we
observed conformal wrinkles of graphene flakes (which are free from
folds) over periodically trenched PDMS surfaces obtained with IB irra-
diation at an incident angle of around30° (see Figs. 4 and 5). We note
that almost equally & parallelly spaced unidirectional depressions
(trenches), having a maximum wavelength of ~ 0.5 ym and a maximum
depth of ~ 50 nm, on the ion-irradiated surface of the PDMS, help in the
conformal wrinkling of SLG/FLG flakes under the prestretch-release
process. The degree of conformation of a membrane having single to
few atomic layers of carbon atoms (SLG/FLG flake) increases with an
increase in the corrugation wavelength of a periodically rippled sub-
strate [19]. It has been observed that single-layer graphene conforms
more closely to a corrugated substrate having a larger curvature [85,86].
Therefore, a larger corrugation wavelength of the depressions on the
PDMS substrate would prevent the atomically thin 2D flakes from
forming folds under the prestretch-release process. This indicates that a
better conformation of the graphene flakes is expected over a ‘corru-
gated PDMS substrate in a prestretched state’ in comparison to its
normal state. When uniaxial tensile stress is applied in a direction
normal to the axis of the periodic depressions in the plane of the
trenched PDMS surface prior to the deposition of graphene, the de-
pressions become shallower & broader (see Fig. 4(i)-b). The shallower
depressions allow the graphene membrane to conform more closely,
which thereby helps in its conformal wrinkling under compression while
the prestrain is released (see Fig. 4). The graphene membrane does not
conform close enough to the trenches over the PDMS surface directly,
but under extension, the trenches broaden enough to make the mem-
brane snap-through due to interfacial slippage. When the prestretched
PDMS substrate is released, the pinning of the membrane over the pe-
riodic trenches takes place. As a result, the membrane adheres to the
trenches conformally. As a consequence, the graphene membrane con-
formally adheres to the protrusions in the neighborhood of the trenches
on the PDMS substrate without forming folds or buckle delaminations.

It should be noted that the thickness of the soft PDMS substrate is
sufficiently large in comparison to that of the graphene membrane,
which is consistent with the thin-film buckling theory [18,87]. The

(i) Optical Height
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Fig. 3. Optical, AFM phase, 2D & 3D height images, and corresponding line profiles across the lines marked in red (respectively, from left to right in a row) of the
graphene flakes (single to few layers) over the smooth (i-v), and rippled PDMS surfaces obtained through IB irradiation at the angles of incidence of 0° (vi-x), and 60°
(xi-xv). The optically visible white belts across the graphene flakes depict the buckling-induced folds. The shaded portions in graphs represent the graphene folds

distinguishing it from the PDMS surface corrugations.
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(b) Partially conformed Graphene membrane
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(c) Fully conformed Graphene membrane

PDMS on releasing prestrain

= &

== 1. PDMS == 2. Graphene

Height (nm)

-0.3 —(;.2 —(;.1 0:0 011 0.2 0.3
Distance (um)

() (i) 5, 291,605

(a) Corrugated PDMS substrate

23 9
WD 4.5mm 11:38:40

10.0kV SEI

Fig. 4. (i) Pinning of graphene membrane over the corrugated PDMS substrate via snap-through transition under the prestretch-release process. (ii) AFM topographic
3D image of the wrinkled graphene over a corrugated PDMS substrate having trenches, obtained through IB irradiation at an angle of incidence of 30°. (iii) Zoomed-in
AFM topographic 3D image of the wrinkled graphene over trenches. (iv) FESEM image of the wrinkled graphene on the corrugated PDMS substrate (the red point
indicates the wrinkled graphene region, and the yellow point indicates the corrugated PDMS region). (v) Topographic pinned configuration of the graphene
membrane over a periodic depression. The line profiles correspond to the lines marked in black (for PDMS trench) and blue (for graphene wrinkle) in figure (iii). (vi)

A schematic representation of the pinned configuration.

critical compressive stress for the onset of the wrinkling is given by, 6. =
= N2/3

%(%) , where E; and E; are Young’s modulus of the PDMS substrate

t3
and the graphene membrane, respectively, and E = 7=, where v is the
Poisson’s ratio [83]. The wrinkling is favored for ¢ > o,. The release of
the prestrain leads to the development of purely sinusoidal wrinkles of
the graphene flake of thickness 7 with a wrinkle amplitude §, =
~\1/3
T, /é —1, and a wrinkle wavelength 1y = 277 (:?g) = \,;_TE’ where ¢ =

s

6c/E;, is the elastic modulus mismatch strain. Under the
prestretch-release process with a significant prestrain level of 40%, the
wrinkle-to-buckle delamination transition would have begun at the
lower values of compression, but at the later stages of the compression,
the buckle comes into closure proximity due to vdW interactions and
snaps into the form of a fold on the slippery interface [18,70].

The out-of-plane bending energy, in-plane strain (stretch/compres-
sion) energy, pinning (adhesion) energy of the graphene membrane, and
surface roughness of the corrugated substrate play crucial roles in
determining the equilibrium configuration profile (pinned or depinned)

of the membrane over the corrugated soft substrate. As the Fopple von
Kérman (FvK) number (bendability) of the layered 2D materials is very

Expad® _ __EB® . _NEB® : .
e >1, where Begs = T N TR 1S the effective out:

B
of-plane bending stiffness (as each layer of a layered 2D material bends
independently [88,89]), and Eyp = Er is the in-plane (2D) elastic strain
stiffness of the graphene membrane of thickness 7 = Nt, having the
number of layers N, Young’s modulus E, the Poisson’s ratio v, and the
thickness of each layer of graphene t. In this case, the in-plane elastic
strain energy dominates over the out-of-plane bending energy. The

Beft _
7, de

termines a crossover from the bending rigidity-dominated regime
(6, < D to the in-plane strain-dominated regime (5, > I), where &, is the
corrugation amplitude of the graphene membrane. For the standard
elastic parameters of single-layer graphene, [ ~ 0.1 nm, which implies
that the elastic in-plane strain-dominated regime is more favorable for
graphene. This regime favors the pinned configuration of graphene over
the trenched PDMS substrate, which is attained via its snap-through
transition over the shallower depressions [90].

large,i.e. k =

length scale parameter in the continuum model [90], i.e. [ =
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Fig. 5. Optical, AFM phase, superimposed height & amplitude, zoomed-in 3D height images, and corresponding line profiles, across the lines marked in red,
(respectively, from left to right in a row) of the wrinkled graphene (SLG (a, p) & FLG (f, k)) flakes over the trenched PDMS substrates obtained through IB irradiation
at an angle of incidence of 30°. Note that the mechanical folding instabilities are suppressed effectively.

At the snap-through condition, the pinning or interfacial adhesion
energy of the graphene membrane becomes equal to its elastic strain
energy over the trenched PDMS substrate, and the morphological tran-
sition occurs from the less conformal (or flat) state to the more
conformal state, as depicted in Fig. 4(i)-b. The elastic modulus
mismatch-induced out-of-plane buckling or folding under in-plane
compression is suppressed due to pinning of the graphene membrane
over the trenches (depressions) on the rippled PDMS substrate via snap-
through instability [64] (see Fig. 5). For the corrugated graphene
membrane having corrugation amplitude &, and corrugation wavelength
over a trenched PDMS substrate, the out-of-plane bending energy is

. 52 . . . .
given by Ej ~ Bef;5, and the in-plane elastic stretching energy is E; ~
0

EZDT—‘E [19,90]. The interfacial adhesion (pinning) energy density of the
0

graphene membrane is I’y ~ Epin/A2. The competitive interplay between

the aspect ratio <f—§> and the elasticity of the corrugated membrane

determines the configuration (pinned or depinned) of the membrane
over the corrugated substrate. In the regime (§; > I), where the elastic
in-plane strains are dominant and also responsible for the depinning of

the membrane [90], the membrane favors the pinned configuration in

the limit % > 1, which results in (simplified approximation)

1
6, ( Iy )E
A U 2
Ao Exp

This infers that the shallower depression favors the pinning of the
membrane under the prestretch-release process (see Fig. 4(i)-b) [90].
The pinned configuration is always a local minimum of the total energy

of the system. As a simplified assumption, a conformally adhered gra-
phene membrane on a sinusoidally corrugated PDMS surface, having a
corrugation wavelength of 1, and corrugation amplitude &, attains a
corrugation amplitude of 5, due to vdW interactions (as shown in Fig. 4
(vi)). For fully conformal wrinkles, the corrugation amplitude of gra-
phene equals to that of the substrate, i.e. §, ~ ;. From the minimization
of the total free energy of the system (by following the approach by
Aitken and Huang [19]), the interfacial adhesion energy density (I'y) of
the membrane, having an equilibrium separation hy from the substrate’s
surface in the pinned state, turns out to be [19,60,62] (see Section I: ESI)

4
B
2D 0

For the pinned graphene membrane over the trenched PDMS sub-
strate in our experiment, the above equation 3 yields the interfacial
adhesion energy of the order of 2.2J/m2. The adhesion strength is
almost 5 times larger than that reported for monolayer graphene on a
smooth silicon oxide substrate [91]. The ultrastrong adhesion of the
graphene membrane over the soft corrugated substrate results from the
pinning effect. An increase in the corrugation wavelength while pre-
stretching the trenched PDMS substrate favors the snap-through tran-
sition of the membrane from flat morphology to a conformal state,
which gives rise to the pinning effect while releasing the prestrain.
Though the degree of interfacial adhesion improves via the optimized
substrate’s surface engineering through the prestretch-release process,
but in order to release any residual strain and to attain a fully conformal
state of the graphene wrinkles over the rippled PDMS surface with pe-
riodic depressions, repeated stress loading-unloading cycles could be
performed [7,92]. We analyzed the strain distribution across the
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wrinkled single-layer graphene under the varying applied tensile strain
in the clamped PDMS substrate using a two-point bending/stretching
tool (as shown in Fig. 6) with in-situ y-Raman mapping. The charac-
teristic 2D peak is typically found to red-shift up to a tensile strain level
of 40% applied uniaxially across the adhered graphene flake. Since the
laser spot size (~ 1 ym) is not consistent with the corrugation wave-
length or width (0.5 um) of the wrinkles, the acquired Raman signals
mainly manifest the strain distribution across the flat regions of the
wrinkled flake. As an estimate, the flat regions of wrinkled graphene
experience a uniaxial tensile strain of ~ 0.2% [36,93] at an applied
tensile strain level of 40% (see Fig. 6(f)). On stretching the trenched
PDMS substrate uniaxially, the corrugation amplitude (depth) of the
depressions on the substrate’s surface would reduce to match the
corrugation amplitude of the graphene membrane, which would further
strengthen the interfacial bonding. The stronger conformation of gra-
phene would reduce the probability of the graphene wrinkles to alter
their orientation during loading-unloading cycles [94]. Such a wrinkled
architecture obtained via the pinning of graphene over the trenched
PDMS substrate could be beneficial for conformal and tunable
electronics.

3. Conclusion

In summary, the corrugation profile of the polymeric substrate plays
a crucial role in the buckling of the 2D elastic nanosheet under the

1

Intensity (arb. units)

(c)
Z: 163.0nm

(d)

25
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prestretch-release process. The mechanical folding instabilities in the
graphene membrane over a flat & smooth flexible substrate are inevi-
tably observed at higher compressions in the prestretch-release process
due to a significant elastic modulus mismatch. On the contrary, the snap-
through transition of the graphene membrane across the shallower &
nearly periodic depressions (trenches) on a prestretched PDMS substrate
helps in the conformal wrinkling of the membrane on releasing the
prestrain. Hence, we present a technique to manipulate the corrugation
profile of a trenched soft substrate using the prestretch-release proced-
ure to suppress the mechanical folding instabilities and thereby achieve
conformal adherence of the graphene membrane through the pinning
mechanism. This work opens up new pathways for achieving the
substrate-regulated morphologies of the 2D elastic nanosheets. The
conformal wrinkling of the 2D nanosheets may be harnessed for
designing functional nanoelectromechanical conformal devices.

4. Experimental methods
4.1. Fabrication of PDMS substrates

First, the silicone elastomer base and silicone elastomer curing agent
of the Dow Corning SYLGARD-184 kit (Sigma Aldrich) taken in a 10:1
ratio by mass, are properly mixed in a petri-dish for 10 min to make a
homogeneous solution. The solution is kept inside a vacuum desiccator
for 5 min to pop out the bubbles formed in the PDMS solution during the
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Fig. 6. (a) Optical image of wrinkled single-layer graphene over a trenched PDMS substrate, (b) the corresponding Raman spectrum taken at a point, (¢) AFM 3D
height image of the wrinkled graphene flake, (d) a two-point uniaxial straining tool, and (e, f) Raman maps of 2D peak position for the area indicated by the green
square in figure (a) under the applied tensile strain-level of (e) 0%, and (f) 40%, respectively.
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stirring. The mixture is then spin-coated at 200 rpm for 90 s on a 4-inch
borosilicate glass wafer to ensure better flattening of the polymer sur-
face. The spin-coated PDMS is cured in a convection oven at 100°C for 1
h after letting it settle down for 10 min. The PDMS film is peeled from
the wafer once it cools down to room temperature. The PDMS sheet
(~ 250 um thick) is cut into smaller sheets of dimensions 1 cm x 1 cm to
use as flexible substrates for further investigation.

4.2. Ion-beam bombardment assisted rippling of PDMS substrates

Low energy (500 eV) argon ion beams, extracted from a Kaufman-
type broad-beam ion source, are incident on a pristine flat/smooth
PDMS substrate. All experiments are conducted in an ultra-high vacuum
(UHV) chamber of base pressure 8 x 10~8 mbar and working pressure of
1 x 10~* mbar. To avoid the impurity, special care has been taken using
the load lock system attached to the UHV chamber. The ion flux is set to
2.87 x 10> ions/cm?/s, the ion fluence is set to 8.62 x 107 ions /cm?,
and the angle of incidence of the ion beam with respect to a normal to
the PDMS substrate’s surface is set to 0°, 30°, and 60°, sequentially, each
for a bombardment period of 5 min. We obtain the surface nanoripples
of different corrugation profiles. The pristine PDMS substrate surface
has a root mean square (RMS) roughness of ~ 5 nm. Ion beam (IB)
irradiation, however, causes the RMS roughness to dramatically increase
up to ~ 30 nm.

4.3. Sample fabrication and PVA-assisted wet transfer process

PVA-assisted exfoliation (PAE) technique is used to deposit graphene
flakes onto a PVA-coated borosilicate glass (Pyrex) substrate [25,95],
wherein the deposition of the high-quality single-crystalline graphene
flakes from a Nitto tape decorated with graphitic flakes in conformal
contact with the substrate takes place while curing the PVA film. The
graphene/PVA/Pyrex stack, in upside-down orientation, is aligned &
placed in conformal contact with a smooth or rippled prestretch-
ed-(poly)dimethylsiloxane (p-PDMS) substrate (uniaxially stretched by
40% of its length using a two-point stretching tool). The PVA film is
dissolved with continuously but gradually falling DI water droplets over
it for ~ 6 h at room temperature, which thereby leaves behind the
graphene flakes on the p-PDMS substrate. No water intercalation be-
tween the graphene flakes and the PDMS substrate (as both are hydro-
phobic by nature) helps the water-soluble layer of PVA to get dissolved
properly, and a clean & complete transfer of the graphene flakes is ob-
tained with their unaltered relative positions. The graphene/p-PDMS
stack, held with the straining stage, is then dried overnight under
reduced pressure for better adhesion. Thereafter, the uniaxially pre-
stretched PDMS substrate is released controllably, which generates pe-
riodic wrinkles or buckle delaminations of the graphene flakes on the
PDMS substrate (see Fig. 1).

4.4. Characterizations

Optical identification of the graphene flakes has been carried out
under a high-resolution optical microscope. The Raman spectroscopic
measurements have been carried out using a HORIBA LabRAM HR
Evolution system on the identified 2D flakes in ambient atmospheric
conditions. The output power of the laser light is kept low (to avoid local
heating) at ~ 1 mW for the laser excitation wavelength of 633 nm using
a 100 x air objective lens (NA=0.8) with a detector grating of 600 lines
mm~! in a confocal microscopy setup. The laser spot size is of the order
of 1 ym. For the Raman mapping, the acquisition time is set to 1 s for
single accumulation with a step size of 160 nm. The atomic force mi-
croscopy (AFM)-based topographical measurements have been per-
formed with a standard silicon cantilever (in tapping mode) on a Bruker
MultiMode-8 AFM setup. The AFM data visualizations and analyses have
been carried out using the Gwyddion and WSxM software packages. The
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field emission scanning electron microscopy (FESEM) images of the
samples (after gold coating) were captured with JEOL JSM-7610F Plus
setup for morphological characterization.
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