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Abstract:

The emergent two-dimensional (2D) materials are atomically thin and ultra-flexible, promising for a va-
riety of miniaturized, high-performance and flexible devices in applications. On one hand, the ultrahigh
flexibility causes problems—the prevalent wrinkles in 2D materials may undermine the ideal properties
and create barriers in fabrication, processing and quality control of materials. On the other hand, in some
cases the wrinkles are used for the architecturing of surface texture and the modulation of physical/chem-
ical properties. Therefore, a thorough understanding in the mechanism and stability of wrinkles is highly
needed. Herein, we report a critical length for stabilizing the wrinkles in 2D materials, observed in the
wrinkling and dewrinkling processes upon thermal annealing as well as by our in situ TEM manipulations
on individual wrinkles, which directly capture the evolving wrinkles with variable lengths. The experi-
ments, mechanical modelling, and the density functional theory (DFT) simulations consistently reveal
that a minimum critical length is requested for stabilizing the wrinkles in 2D materials. Short wrinkles are
unstable and removable by thermal annealing, whilst long wrinkles are self-stabilized by van der Waals
(vdW) interactions. It additionally confirms the pronounced frictional effects in long wrinkles during the

dynamical movement or sliding.

Main text:

Wrinkles widely exist in the natural and artificial membranes, they can store considerable elastic (bend-
ing) energy in case suitable boundary conditions are imposed. Normally, wrinkles are in unstable struc-
tures if the boundaries or fixtures are allowed to relax!. The mechanical description of wrinkles is gener-
ally based on the continuum theory*?. For the smaller bending rigidity of thinner membranes, winkling is
more easily triggered. However, for the membranes with thickness down to atomic-scale, influences from
the significant surface interactions and the breakdown of continuum mechanics in atomic or nano-sized

objects* create substantial difficulties in the mechanical analysis. Contrary to the unstable nature of the



conventional wrinkles, the key finding of this work is the stable wrinkle structures revealed in the two-
dimensional (2D) materials, caused by the van der Waals (vdW) interactions, which means an energy
barrier needs to be overcome before wrinkling and dewrinkling. Furthermore, the minimum length (or

height) for stabilizing the wrinkles of 2D materials are determined both experimentally and theoretically.

The emergent ultra-thin atomic-layered membranes, namely, 2D materials>®, such as graphene and MoS.
mono-atomic layer’, were discovered and extensively studied in recent years. Their high flexibility na-
ture is well known. Specifically, nanotubes with nm-diameters can be formed by 2D membranes'®'!,
folded!? or creased!® 2D structures have been observed as well. Meanwhile, wrinkles are frequently ob-
served with compressive or bending stress on 2D materials, particularly with respect to the substrates'.
Even without intention, wrinkles can be formed during the fabrication and especially the post-pro-
cessing/transferring of 2D materials'®, suggesting the undermined performances in applications. The me-
chanical, electrical/electronic and thermal properties can all be potentially influenced by wrinkles'¢. In
another aspect, wrinkles, particularly with designable textured architectures, play important roles in

stretchable and flexible devices'” as well as in nano-fluidic devices'8, which greatly enrich the application

areas of 2D materials.

Wrinkles in 2D materials have been recently studied by atomic force microscopy (AFM)!, scanning tun-
nelling microscopy (STM)?® and transmission electron microscopy (TEM)?!, their structures as well as
the modulated electronic band structures which are quite different from the flat zones have been reported??.
However, so far the mechanical stability and the dynamical behaviour of individual wrinkles have not
been addressed, especially by direct in situ experiments. Although the flexural properties and wrinkle
structures of 2D materials can be assessed by theoretical approaches such as density functional theory

(DFT)?3, in contrast to the accessible basal-plane tensile tests on 2D materials >4, at present, the continuous

flexural properties of 2D materials and the quantitative descriptions are still unknown. Particularly, some



in situ transmission electron microscopy (TEM) experiments have allowed the dynamic observations of
rippling®® or exfoliation?® processes of 2D materials, however, the dynamics of the wrinkle structures de-
pendent on the lengths are unexplored, in part due to the difficulties regarding the loading fixture and the
atomic-scale manipulation of 2D membranes. Standard flexural testing applies a two- to four-point fixture

2728 and the elastic modulus of bending, flexural strength and flexural stress-strain re-

on the sample
sponses can be retrieved®’22. However, all the classical flexural methods apparently fail in cases of ultra-
thin or ultra-flexible membranes due to the infinitesimal bending rigidity in membranes, which are not
stable or self-standing during external perturbations, such as gravity or thermal fluctuations®*%. Indeed,
similar to polymer molecules, the persistence length of atomic-thick 2D materials falls into the nanometre

(nm) scale®” 3. Therefore, here we apply the atomic force microscopy (AFM) and direct in situ TEM

approaches to understand the wrinkle dynamics and stability under thermal and mechanical perturbations.

In the first experiment, the thermal stability of wrinkles in monolayer graphene is examined (Figure 1a).
The large area graphene samples used are grown by chemical vapor deposition (CVD) method and trans-
ferred onto the Si0»/Si wafers by a poly (methyl methacrylate) (PMMA) transfer process (see methods)*’,
which has been routinely used in the processing for the 2D materials. As usual, the morphology of the
monolayer graphene on Si0O; is found quite rough in nanoscale. Figure 1b shows a typical AFM topo-
graphic image for the transferred monolayer graphene sample. The crossed parallel stripes are the wrinkle
patterns induced naturally during PMMA transfer. The spikes on the AFM line profile (Figure 1b) corre-
spond to the position and height of the individual wrinkles. The height of wrinkles spans from 0.1 nm to
1.7 nm with a sample roughness of ca. 0.7 nm. After thermal annealing at 200°C for 8 hours, the same
sample position is checked using AFM (Figure 1c). The original big wrinkles (height over 1.5 nm) are
unaffected by the thermal annealing, while the small wrinkles are mostly eliminated or combined with

big wrinkles. Figure 1a shows the schematic diagram of the shape of wrinkles before and after annealing



and the mechanisms will be discussed in following paragraphs. The AFM experiments clearly demon-
strate that thermal annealing is an effective way to remove small wrinkles. The critical height of the stable
wrinkles in monolayer graphene against thermal activation can be explicitly investigated via the following

in situ TEM experiments.

In our second in situ transmission electron microscopy (TEM) test, multilayer graphene samples are me-
chanically exfoliated from highly ordered pyrolytic graphite (HOPG) crystals using Scotch tape®. The
selected area electron diffraction (SAED) pattern of multilayer graphene exhibits good crystallinity in the
samples and facilitates crystal direction identification in the flakes (Figure S1). The in situ TEM manipu-
lation holder (Nanofactory™) with a precision better than 0.1 nm in three-dimensional (3D) space is
employed (Figure 2a). In the first step, an electrochemical etched W tip is controlled by the piezo-ma-
nipulator and is firmly pressed on the top surface of the multilayer (layer number >10, counted at edge)
graphene (Figure 2b, ¢). Then, the W tip (less than 5 nm by 5 nm) intentionally scratches along the gra-
phene surface until a one-nm crack emerges on the top layer of graphene. Afterwards, the W tip is laterally
moved on the flake surface for further tearing of the top graphene layer until it is gradually exfoliated
from the multilayer underneath (Figure 2b). The monolayer thickness of the exfoliated layer is confirmed
directly at the flake edge, and no additional exfoliation in the separated top layer can be seen with further
manipulation. The initial crack edge in the top layer is adsorbed/connected to the W tip. Following the
initial exfoliation, sequential wrinkles are spontaneously formed in the top monolayer (Figure 2b) by vdW
interactions. The wrinkle direction is along the zigzag direction, as confirmed by SAED. Owing to the
three-fold symmetry of graphene, the bending properties can be considered almost isotropic in the basal

plane.



After several wrinkles are shaped, the movement of the W tip is reversed in the opposite direction, namely,
the recovery direction (Figure 2d, e). A straight stripe with sharper contrast starts to replace the previous
obscured wrinkled images (Figure 2f, red triangle marks). This observation agrees with our following
analysis, indicating that a self-standing wrinkle with a regular shape between two vdW contacts is natu-
rally formed. Afterwards, the W tip is further moved along the recovery direction, thus resulting in the
gradual shortening of the total wrinkle length (/) and height, manifested by a decrease in the stripe contrast
(Figure 2f). Next, a quick drop in the wrinkle image contrast and wrinkle length led by the continuous
movement of the W tip (last snapshot in Figure 2f) shows the entire recovery of the wrinkle. Interestingly,
after recovery, the image contrast in the exfoliated top layer and the adjacent perfect part are almost the
same, implying that the wrinkle has perfectly recovered. Notably, other wrinkles with the W tip demon-

strate no appreciable change in morphology during manipulation.

After the first recovery is completed, the W tip is further moved along the recovery direction. Since a few
more wrinkles are reserved during the tearing process, a total of seven similar recovery processes are
completed in this experiment (Figure 2g~2i shows three of them). After the last few recoveries (Figure
2h, 1), some short wrinkles remain close to the cracks/edges due to a slight rotation in the top layer with
respect to the multilayer underneath. In addition, the recovery mainly occurs when the sliding contact area
(area denoted by x in Figure 2d) is small; once the contact area increases after sliding, some remaining

wrinkles can be “locked” due to high frictional forces.

The observed continuous manipulation can be quantified via measurements on the physical positions of
the wrinkles, including the wrinkles due to on-going tests and their adjacent wrinkles. For the convenience
of analysis, here we define the total length of a wrinkle (denoted as /) as the integrated curved length
excluding the underlying flat length, which can be determined by the variation in the positions (prior

to/after recovery) of the adjacent wrinkles (Figure 2d, also see Figure S2). During the manipulations,



based on our measurements, the lengths of all the wrinkles are stepwise shortened (the last few steps for
each wrinkle are shown in Figure 3a). The corresponding distances between the last two wrinkles (Figure
2d), the same as the area of the sliding contact zone (x), are recorded as well. Although the continuous
movement of the W tip is piezo-controlled with a constant speed and precision as high as 0.1 nm, a stick-
slip behaviour in the sliding is observed. The lattice-commensurate vdW contact between the two vdW
bearings introduces a frictional force (f), which is proportional to the contact area x*!. Thus, the distance

or step of each “stick-slip” move (Al) can be expressed as

J=kAl=px, (1)

where k is the (lateral) force constant of the W tip and p is the friction coefficient between the vdW layers.
The above linear dependence of each stick-slip movement on the contact area coincides with our experi-
mental results (Figure 3b). Each x and / are statistically measured from multiple positions on the wrinkles.
Moreover, by excluding the distance of the last stick-slip frictional movement, the critical lengths (/) for
the wrinkles before the last flattening step (drop to zero of /) are shown in Figure 3¢ (the distances in the
last move of the W tip are subtracted according to eq. 1 and Figure 3b). The results are surprisingly close
to a common threshold length of ca. 4.0 nm, which is due to the specular mechanical responses in the top

graphene layer, as elaborated below.

A linear continuum mechanics model*? can be applied and verified on monolayer graphene®’. The differ-
ences between graphene on SiO» in our first experiment and graphene on multilayer graphene in the sec-
ond experiment is just the different vdW interactions with the substrates (Figure 3d). The shapes of the
wrinkles with minimized energy at different total lengths (/) are exhibited in Figure 3e. For the bending
rigidity and the vdW interlayer energy of graphene, widely accepted experimental values are adopted:*+*.
A clear transition from the “clip” shape (Figure 3e, state 1 to state 2, also called type 3 shape, see Figure
S3) to the “bump” shape (state 3 to state 6, also called type 2 shape) is denoted. A transition occurs near

the wrinkle length (/) of 4.1~4.3 nm for the multilayer graphene case (/:=3.9 nm for graphene-SiO> case).



The strain forces restored in the wrinkles are calculated and presented in the supplementary materials. In
long wrinkle cases, due to vdW adsorption, the clipped wrinkles (type 3) are stabilized and no strain is
applied to the two vdW contact bearings; however, after the critical transition (state 2 to state 3), consid-
erable shear strain is set in the contact bearings due to the bending strains in the top layer. Thus, the
wrinkles become unstable and are liable to be flattened if the frictional vdW forces are insufficient to
balance the bending strains. Comparing the results of modelling with our AFM and in situ TEM experi-
ments on the critical height/length of the wrinkles, the height by AFM (critical height ~1.5 nm) has larger
error with the 2.3 nm by modelling, possibly resulted from the larger friction at the graphene-SiO» inter-

face, while the in situ TEM results (/-~4.0 nm) coincides well with the results (/.=4.1~4.3) of modelling.

To further understand and validate the wrinkling behaviour, the structural optimizations of the wrinkles
are carried out by the self-consistent charge density functional tight binding (SCC-DFTB) method*®. The
longest length of the wrinkles is set from approximately 6 nm to accommodate the clipped wrinkles (Fig-
ure 3f, states 1 and 2) until the shortest single unit cell (/=0.24 nm) wrinkle (Figure 3f, state 6), which
actually becomes an edge dislocation. The short wrinkles can indeed be considered as a dislocation or a
ripplocation in 2D*’. The relaxed wrinkled structures in monolayer graphene are in agreement with the
previous continuous mechanics models (Figure 3e, f). According to the continuous mechanics model and
DFTB simulation, the transition between the clip state to the bump state (Figure 3f; critical transition from
state 2 to state 3) occurs at a wrinkle length of approximately 3.8 nm. Therefore, the experimental results
(4.0 nm) again largely agree with the DFTB results (3.8 nm) for the critical transition point of “unclipping”

and strain release.

Except for the bended shapes and total wrinkle lengths, which are in equilibrium, the dynamic positions
of wrinkles under testing exhibit an interesting dependence on the wrinkle lengths as well. The displace-

ment of the wrinkles (Ax) versus the total wrinkle length change (A/) at different wrinkle lengths (/) in



our experiments is shown in Figure 4a. With the pulling forces (see schematic Figure 4b) by the W tip,
the wrinkles slowly move along the recovery direction. The pulling effect (defined as Ax/Al) on the wrin-
kle decreases with reduced wrinkle lengths. Short wrinkles have Ax=0 in recovery due to the direct mo-
mentum transfer to the whole wrinkle and frictionless dynamics in the clipped areas (Figure 4b). In con-
trast, for long clipped wrinkles, the recovery process tends to cause no relative sliding between the two
clipped sides of the wrinkles (Figure 4b). Therefore, the wrinkles in the long length limit will have the
maximum Ax/Al equal to 1/2 (Figure 4b), which is consistent with our experimental observations (Figure
4a). The in situ monitoring of the entire wrinkling and dewrinkling process provides important additional
insights. To further improve the test setting, the manipulating tip with a larger force constant can be sought,
which means that the stick-slip steps will be finer; hence, the dynamics close to the critical threshold of

state transition during the entire testing can be more clearly unravelled.

In conclusion, the experiments here directly exhibit the wrinkling and dewrinkling process of graphene,
and the concepts here can be readily generalized to other vdW layered 2D materials. Wrinkles can either
facilitate or deteriorate the performances, depending on the way they are treated. The 2D materials com-
munity is always keen to the flatness and uniformity, but also enthusiastic for the flexibility. The obtained
critical lengths for wrinkling/dewrinkling here is expected to have profound impacts in the future devel-
opment of flexible electronic/optoelectronic devices, nanoelectromechanical systems (NEMS) and other

related fields.

Methods

Sample preparation and annealing: Graphene was synthesized on a 75 um thick copper foil (Goodfellow,
England) using tube furnace (Nabertherm, Germany) in atmospheric pressure. The temperature in the tube

was elevated to the growth temperature within 30 minutes, and samples were annealed at the growth



temperature for 2 hours with flow gases of 50 sccm H2 and 50 sccm Ar. Monolayer graphene was syn-
thesized with a flow of 50 sccm H2, 10 sccm CH4 (1% in Ar) and 1000 sccm Ar for 45 minutes. The
sample was then cooled to room temperature while maintaining the 1000 sccm Ar flow. After synthesis,
Poly(methyl methacrylate) (PMMA) was spin-coated onto the graphene-grown Cu foil at 800 rpm for
10 seconds and then 3000 rpm for 1 minute. Copper etchant (Aldrich 667528) was used to dissolve the
underlying copper. The PMMA-coated graphene was transferred onto the SiO/Si substrate. This sample
was dried in a dry oven at 65 °C before PMMA was removed with acetone. Further, the graphene/SiO»/Si
substrate was put back to the tube furnace then annealed at 200 °C for 8 hours. Low vacuum of 2x107
mbar was maintained from beginning until cooling to room temperature. Before and after annealing, sur-
face of transferred graphene was investigated by atomic force microscope (AFM). The topography and
phase images were obtained using the AFM5300 system (Hitachi, Japan) in tapping mode. A NSC30-
type silicon tip (Tipsnano, Estonia) with an approximately 10-nm tip curvature radius was used. The
multilayer graphene membranes were produced by mechanical exfoliation from bulk materials using ad-
hesive tapes. Bulk graphite (ZY A Grade, provided by 2D Semiconductors Inc., USA) were mechanically
exfoliated into several layers on Scotch tape. Then, graphene monolayers with good quality but small
flakes could be dry-transferred on a TEM grid directly by the heat release tape method with clean surfaces.
The grids are then fixed on an in situ TEM manipulation holder (Nanofactory™) fitted in the JEOL 2100F
TEM, while an electrochemically etched tungsten (W) tip is installed on the counter position, which can
be finely piezo-controlled with a precision better than 0.1 nm in three-dimensional (3D) space. The W
tips used for the in situ TEM manipulator were made by electrochemical corrosion with a solution of 1

mol/L NaOH at a 2~3 V bias.

TEM characterizations and analysis: The TEM images and videos were collected on a JEOL 2100F trans-
mission electron microscope under an accelerating voltage of 200 kV with a Nanofactory™ STM-TEM
holder. The bright-field TEM imaging in our in situ experiments was acquired via a 0.5 s exposure time
and electron dose lower than 0.1 A/cm™. The position of each wrinkle and corresponding x and / were

measured from five different spots on the wrinkles and averaged.



DFTB calculations: The calculations in this study were performed using the DFTB+ code*®. The structural
optimizations and energies of graphene wrinkles were evaluated by 41 SCC approximations of the DFTB
method, which was based on a second-order expansion of the DFT total energy with respect to charge
density fluctuations. The carbon-carbon interaction was described by the mio-0-1 set of parameters, and
the dispersion corrections for the nonbonding van der Waals interaction were implemented via the Len-
nard Jones type model*’. Two graphene layer slabs of size 214x2.47 A (396-448 carbon atoms) and 350
A of vacuum were used to simulate the bending processes of the wrinkles, and the Brillouin zone was

sampled with a 2x8x1 Monkhorst-Pack grid of points.

Continuum mechanics modelling: The bending moment at the start point of curvature is balanced by
M—Mp+ fx =0,

where M, My, and f are the bending moment at cut, the bending moment at the contact edge and the

friction force between the top layer and the multilayer substrate, respectively. The expression of M is

given by
M=D%,
ds
3
where D is the bending stiffness, which can be expressed by D = 12(Elt_v2); E is Young’s modulus; v is

Poisson’s ratio and t is the effective thickness of the material. From the bending curvature of the sheet,

we know dx/ds = sin ¢, dy/ds = —cos ¢. Deriving from the above equations, we have
a¢ _ f
ez — 5 C0s o,

Define y = /%, d'(0) = / ng, where W, is the adhesion energy between two vdW layers, which can

be regarded as the boundary condition since it balances the adhesion energy and strain energy. Given a

value of y, the curvature of the sheet under a certain value can be determined and fitted with experiments,



which represents the shape of the graphene wrinkles. The corresponding total energy and friction force
can be calculated. For the critical transition between state 2 and state 3, as depicted in Figure 3e, the
energy of the two states should be the same within the margin of error by changing one unit cell length of
graphene, i.e., 0.24 nm. We find that the transition occurs when the length of the wrinkle reaches 4.05 nm.
In addition to the flexural texting on graphite substrate, we also simulate the flexural on SiO; substrate.
The bending curvatures is shown in Figure 3d, e. The main difference between graphite and SiO» as the
substrate is the adhesion energy of graphene with them, which makes slight change in boundary conditions

in the model.
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Figures
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Figure 1 The thermal annealing effect on graphene wrinkles (a) The scheme for the monolayer gra-
phene under thermal annealing, short wrinkles are removed while long wrinkles are stable. (b, ¢) The
AFM topographic images for the same position of monolayer graphene sample, before and after annealing.
The long wrinkles (e.g., green arrows marked) over 1.5 nm height are stable during annealing, and short
wrinkles (e.g., white arrows marked) less than critical length are removed by thermal annealing. The inset
of (c) shows the height profiles for the dashed line positions of AFM images in (b) and (c), black and red

lines are before and after annealing, respectively. Scale bars=1pum.
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Figure 2. The in situ TEM wrinkling/dewrinkling tests on supported monolayer graphene. (a)

Scheme for the in situ TEM setup. (b) Scheme for the exfoliation, wrinkling and manipulation on the

surface top layer of graphene. (¢) TEM image of the suspended multilayer flake and W tip, red arrow

shows the tip moving direction, scale bar 100 nm. (d) Sequential scheme for the recovery flexural test and

nomenclatures. (¢) Sequential TEM micrographs for the cracking and wrinkle formation, scale bar 30 nm

and following TEM images (f)-(i) at the same magnification. (f)-(i) Serial TEM micrographs show the

recovery flexural tests for the 1%, 2%, 4™ and 6™ times, respectively; the red arrows mark the tip moving

directions; and the red triangles highlight the specified wrinkles under testing.
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Figure 3. The results of TEM tests and wrinkling behaviour of monolayer graphene. (a) The stick-
slip motion (wrinkle lengths) for each test. (b) Linear relationship between the change step of the wrinkle
lengths (A/) and sliding contact area (x). (¢) The measured critical wrinkle lengths (after subtraction of
the last move of the W tip). (d) The continuum mechanics models of critical wrinkle states on graphite
and SiO; substrates. (e) The continuum mechanics models for the wrinkles at different lengths (length
shrinking from state 1 towards state 6), unclip critical transition between state 2 and state 3. (f) The DFTB

simulation results for the monolayer graphene wrinkles at different lengths (length shrinking from state 1

—— Graphite substrate
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M Critical transition: 2 to 3

Continuum mechanics modelling

Shape evolution by shortening of wrinkle lengths : 1-6
Critical transition: 2 to 3

Density functional theory (DFT) tight-binding simulation

towards state 6) and the unclip critical transition between state 2 and state 3 (scale bar 0.5 nm).
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Figure 4. The experimental dynamics of the wrinkle position and lengths. (a) The experimental rela-
tionship between the length change and position change. The oblique and horizontal lines represent the
non-slip limit and frictionless limit, respectively. (b) The schematics for the wrinkle dynamics in two limit
cases (left and right). The red sections on the wrinkles labelled the same position on the wrinkle before

and after pulling, respectively.
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