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Ripples, Wrinkles, and Crumples in Folded Graphene
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Separation of two-dimensional thin-film-materials into single layers had been considered very
challenging both theoretically and experimentally until the mechanical exfoliation method was dis-
covered. After the successful separation of single- and/or few-layer graphene, the possibility of
wrinkle formation has been one of the main open topics because they were not readily observed in
experiments. Here, we report experimental observations of different kinds of repetitive nanoscale
deformations (ripples, wrinkles, and crumples) in folded single-layer graphene (SLG) on an SiO3 sub-
strate. Using high-vacuum atomic force microscopy, we observed that SLG that was pre-transferred
onto an SiO2 substrate was accidentally folded multiple times during the tip-scanning, resulting
in the formation of bilayer and trilayer graphene (TLG). Through high-resolution tapping-mode
scanning, we could observe the wrinkles, ripples, and crumples in TLG. Additionally, we observed
a herringbone pattern that was attributed to an intermediate stage between the wrinkles and rip-
ples; this intermediate state was labeled as wrinklon structure. In our analysis, to characterize the
ripples, wrinkles, and crumples, we measured the spatial repetition and amplitude of each pattern
using their average line profile and compared them.
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I. INTRODUCTION

Periodic structures such as wrinkles, ripples, and
crumples are one of the fascinating features of two-
dimensional (2D) materials. Wrinkling is a phenomenon
commonly observed in our daily lives. When spread-
ing out a wide cloth on a table, it hardly lays flat
without wrinkles, owing to the complexity of the in-
plane and out-of-plane strains. Theoretically, according
to the Mermin-Wagner theorem, the long-range order
of 2D crystals is destroyed by long-wavelength fluctua-
tions [10]. However, the out-of-plane thermal fluctua-
tions of 2D membranes could be suppressed owing to the
co-existing in-plane shear deformations, that is, though
2D membranes could exist in 3D space, they had to be
wrinkled [11,12]. The debate on their structural sta-
bility continued until graphene, the first 2D crystal to
be demonstrated, was isolated by mechanical exfoliation
in 2004 [13]. The existence of an ideal 2D crystal with
perfect periodicity and flatness in the free state was con-
troversial because a single-atomic layer with long-range
crystalline order was considered to be unstable. More-
over, although graphene is a solid-like 2D crystal, its
ability to bend and form ripples similar to that of soft
condensed matter membranes was surprising. However,
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Meyer et al. revealed through transmission electron mi-
croscopy measurements that suspended graphene is not
perfectly flat, having out-of-plane deformations [15]. Fa-
solino et al. explained that the cause of the ripples is an
uneven mixture of long and short carbon-carbon bonds
[16].

Graphene is a single layer of honeycomb-structured
carbon atoms, and its excellent electrical properties, es-
pecially its massless, relativistic particle-like charge car-
rier behavior, is caused by its 2D crystal periodicity
[14]. However, the presence of wrinkles or ripples in
the structure of graphene can modify its electronic prop-
erties, thus deteriorating them [17]. Theoretically, the
intrinsic thermal fluctuations and interatomic interac-
tions can give rise to a ripple structure in free-standing
graphene. Experimentally, the uneven strain distribu-
tion formed between graphene and its substrate in the
transfer process during mechanical exfoliation and the
nonuniform interlayer interactions are suspected to be
the cause of the ripples. We previously reported the
anisotropic puckering of exfoliated monolayer graphene,
which might arise from anisotropic ripple distortions [18].
We could identify the existence of the ripple structure by
anisotropic friction signal. However, we would not obtain
topographical evidence because the height of the ripple
was lower than the height resolution limit of contact-
mode atomic force microscopy (AFM). In this paper,
we demonstrate wrinkle formation on folded graphene
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using high-resolution dynamic force microscopy (DFM)
mode of AFM. Ripples were not observed on single (SLG)
and bilayer graphene (BLG) and were only found in
folded trilayer regions. We could confirm the presence
of wrinkles near the folding edge, ripples far from this,
and crumples interconnected to intermediate wrinkle-
ripple structures (labeled wrinklons) on trilayer graphene
(TLG). Furthermore, we estimate the strain and inter-
layer interaction of graphene from the amplitude and
wavelength of the wrinkles and ripples.

II. EXPERIMENTAL PROCEDURE

SLG was prepared by mechanical exfoliation and
folded by repetitive scanning with the AFM cantilever
tip. To obtain the topography and the AFM can-
tilever torsion images simultaneously, we used a friction-
signal-sensitive cantilever (PPP-LFMR, NANOSEN-
SORS, Germany) in the constant force mode (1 nN).
The cantilever is designed to be extremely soft, hav-
ing a constant force of ~0.2 N/m, thickness of ~1 pm,
length of 225 wm, and resonance frequency of ~23 kHz.
Additionally, we used a specific high-resolution can-
tilever equipped with diamond-like carbon (DLC) tips
(NSGO1_.DLC, NT-MDT, Russia) with a typical curva-
ture radius of 1 nm.

III. RESULTS AND DISCUSSION

Figures 1(a) and (b) show AFM topographic im-
ages of graphene before and after folding, respec-
tively. Figure 1(a) shows the pristine state of the SLG,
which displays a folded area in the bottom-right region
(monolayer-trilayer). However, after repetitive scans,
the left side of the SLG edges was torn and folded to
form BLG and TLG regions simultaneously. Figure 1(c)
schematically illustrates how BLG and TLG are con-
structed during AFM scanning.

Tearing and folding occurs in most AFM experiments
on exfoliated 2D materials, though it is not easy to con-
trol the folding size and angle. The cause of the tearing
and folding can be that the cantilever tip is contami-
nated by sticky residues that remained on the substrate
after mechanical exfoliation, or that small flakes were
torn and attached to the cantilever tip during edge scan-
ning. The contaminants may lift 2D materials when the
contaminated tip proceeds across their edges [1]. Al-
ternatively, the cutting and folding could be controlled
using an increased loading force [2]. However, the size
of the folded region is limited to several micrometers.
In the case of SLG grown by chemical vapor deposition
(CVD), Wang et al. developed a twist-angle-controlled
self-folding during transfer onto a substrate to fabricate
macroscopic folded BLG on the millimeter scale [3].

Fig. 1. AFM scan induced-folding of exfoliated SLG on
Si02. AFM topography of exfoliated SLG (a) before and (b)
after AFM scanning induced-folding in high vacuum. SLG,
BLG, and TLG are colored in blue, black, and red, respec-
tively. A black dotted arrow indicates the fast-scan direction.
Because the sample loading directions are different, green dot-
ted rectangles and gray lines are used to match the position
of the graphene sample between before and after folding. (c)
Schematic diagram of the folding of SLG using AFM, result-
ing in BLG and TLG.

Fig. 2. Graphene shape changes during repetitive scans
on SLG. (a), (b), and (d) are cantilever torsion images while
scanning longitudinal to the cantilever arm (Tton). (¢) AFM
topography changes while scanning in the area indicated by a
green dotted square in (b). The black dotted arrow indicates
the fast-scan direction in Tt,on and topographic images. The
blue arrow in (c-i) shows the slow-scan direction in topog-
raphy images. The inset in (a) shows the cantilever loading
direction for (a), (b), and (d). (a) is obtained at ambient
pressure, and (b)—(d) are acquired in high-vacuum conditions
(~107° Torr).

The deposition mechanism of SLG flakes onto a sub-
strate using mechanical exfoliation with a sticky tape has
not been revealed. It is not imaginable that graphene re-
mains monolayer on the target substrate. In fact, if SLG
is isolated on the sticky tape, it cannot be transferred
to the substrate through van der Waals mediated inter-
action [5] because the adhesion force between the SLG
and sticky tape is much higher. Nagashio et al. showed
that various modified surface structures could affect the
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graphene/SiO5 interaction as well as the electrical prop-
erties of graphene [4]. If SLG is mechanically exfoliated,
it may suffer complex stress during the transfer from mul-
tilayer graphite to a substrate, and chemical interactions
may affect its stability. To weaken the chemical inter-
actions between graphene and the substrate, we carried
out our AFM experiments in high vacuum (~10~° Torr)
maintained by a turbo molecular pump. As expected,
SLG could be sequentially folded without increasing the
loading force, as shown in Figs. 2(a), (b) and (d). Addi-
tionally, we tried to fold another region and compare the
tearing and folding behaviors by comparing Figs. 2(b)
and (d). During frequent scans, we found that the fold-
ing occurs abruptly when the tip crosses an edge.

The tearing and folding behaviors are classified into
three types according to the relative folding-scan direc-
tion. Though in all cases the cantilever moves at a con-
stant speed in the scan direction, the force applied, such
that the tip attached to it may stay at one point, be-
comes stronger; then, the edge can be torn and folded.
(1) The folding direction is oblique to the scan direc-
tion. In this case, the resulting tearing and folding areas
were larger than those of other folding types [1]. (2) The
folding direction is perpendicular to the scan direction,
as is the case in Figs. 2(c-ii) and (c-v). We think that,
though a greater force than that of (1) was required to
tear the edges, it was not applied for a long time be-
cause of the vertical scan direction. In this case, the
folding area is smaller and multi-folding (i.e., BLG and
TLG) occurs. Annett et al. controlled such folding by
using nanoindentation to fabricate graphene ribbons [6].
(3) In Figs. 2(c-iii) and (c-iv), the interlayer interaction
may be stronger than that in (2); therefore, graphene
is scratched, and the folding direction is parallel to the
scan direction. This phenomenon has been commonly
observed in nanoindentation experiments using a high
loading force.

Additionally, we investigated friction domain patterns
in our exfoliated graphene. Previously, we have cate-
gorized the cantilever torsion signals according to the
scan direction, relative to the cantilever body direction.
Briefly, in normal friction force microscopy (FFM) mode
scans, in which the scan direction is perpendicular to
the cantilever body direction, the friction can be mea-
sured by sensing the cantilever torsion signal. In this
mode, we can simultaneously obtain topography infor-
mation from the parallel bending signals and friction in-
formation from the perpendicular torsion signals (tor-
sion signal in the lateral scan, T a7). However, in the
case of anisotropic friction domains, the torsion signals
acquired while scanning parallel to the cantilever body
direction (torsion signal in the longitudinal scan, Tron)
provide more information on the mechanical properties
of graphene [7]. This non-destructive friction analysis
of exfoliated graphene can be used to identify the crys-
tallographic orientation of graphene and the strain dis-
tributions [8,9]. In the current experiments, we used
T10on to investigate the crystal orientation of graphene.
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Fig. 3. Crystal orientation of SLG, BLG, and TLG de-
termined through the cantilever torsions resulting from the
Tron forward and backward scans. (a) Tron images when
the sample is rotated clockwise by 0°, 36°, and 95°. The
three overlapped blue radial lines (solid, dotted, broken) rep-
resent the zigzag directions of SLG. The ripple directions are
determined using the radial ripple domain pattern analysis
of the radial stress imposed by an external particle (Fig. 4 in
Ref. 9) and confirmed using the sample rotations. (b) Crystal
orientation analysis of BLG and TLG by tracking the crys-
tal orientation of the initial SLG and folded graphene and
considering the folding angles. The overlapped blue, black,
and red radial lines show the zigzag directions of SLG, BLG,
and TLG, respectively. (c) High-resolution topographic im-
age obtained using the DFM mode in the green dotted square
in (b).

Figures 2(a), (b), and (d) exhibit the friction domain dis-
tributions in the SLG and folded BLG regions. Interest-
ingly, the folded region has anisotropic friction domains,
similar to that of SLG, and the torsion values change
with the relative scan direction.

Through the high-vacuum experiments, large-area
folded graphene formed, as shown in Fig. 1(b). To iden-
tify the crystal orientation, we used the T1on method
in contact mode, determining the zigzag direction of
graphene by comparing the T1,on signals obtained at var-
ious sample rotation angles. In this method, the closer
the angle between the ripple and fast scan directions is
to the normal, the smaller is the signal difference be-
tween the forward and backward scans. However, if the
angle between the ripple and fast scan directions is close
to 0°, the forward and backward scan signals have op-
posite signs, allowing accurate determination of the rip-
ple direction. Using the symmetries of the hexagonal
structure of graphene, we confirmed the zigzag directions
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Fig. 4. Strain-induced wrinkle, ripple, and crumple do-
main formation near the folded area. (a) Magnified topo-
graphic image obtained in the red dotted area in Fig. 3(c).
The inset shows the zigzag (Z; red lines) and armchair (A;
purple lines) directions of TLG. (b) Magnified topographic
image showing the wrinkle, ripple, crumple, and wrinklon
domains. The black dotted lines indicate the domain bound-
aries. (c)—(e) Topographic image of the wrinkles, crumples,
and ripples. The gray rectangles are the areas considered in
the average line profile analysis. The purple and red lines
show the corresponding crystal directions designated in the
inset of (a).

of the graphene sample through experiments at several
rotation angles [8]. We conducted TLon measurements
at clockwise-increasing rotation angles of 0°, 36°, and
95°, as shown in Fig. 3(a). The scanned area contains
large TLG and SLG regions. The SLG region has three
contrast-distinguishable domains and additionally con-
tains a radial domain with six threefold domains. We
have previously shown how the zigzag direction identi-
fication is useful when finding a radial domain in exfo-
liated SLG [9]. In this case, the stress normal to the
surface forms isotropic radial strains, whereas the ripple
formation follows only the zigzag direction of SLG. In the
hexagonal lattice, there exist 3 zigzag axes with 60° rota-
tion angles. However, the contrast of the largest domain
in the image is uniform. Then, we identify the zigzag
direction of the BLG and TLG regions by tracking the
folding. Here, deformations and size changes caused by
strain were not identified, and there was no relation be-
tween the folding angles and hexagonal symmetries such
as 30° or 60°, as shown in Fig. 3(b). Then, we switched
from the contact mode to DFM mode (also called tap-
ping, dynamic contact, or intermittent contact mode)
of the AFM to obtain high-resolution topography im-
ages and focused on regions comprising SLG, BLG, TLG,
and the SiO4 substrate. Interestingly, periodic structures
were observed near the folding and torn edges, as shown
in Fig. 3(c).

After identifying the SLG crystal orientations using
the Tr,on method and tracking the folding process, we

could determine the crystal orientations of the TLG re-
gion, as shown in the inset of Fig. 4(a). Here, the
red and purple lines designate the zigzag (Z) and arm-
chair (A) directions of TLG, respectively. In high-
resolution AFM experiments, periodic background sig-
nals may appear owing to mechanical vibrations, elec-
trical AC signals caused by incomplete rectification, or
external light noise within the position-sensitive pho-
todetector (PSPD) of the AFM. However, the pattern
is consistently observed in the whole scanning area even
if the scan size is changed. Additionally, we confirmed
the observation by imaging wrinkle and ripple domains
in TLG in different scan areas, analyzing their amplitude
and wavelength. As shown in Fig. 4(b), near the fold-
ing edge, we observed domains with 4 types of periodic
structures. According to their wavelength and periodic-
ity, we assigned these structures to wrinkles, wrinklons,
ripples, and crumples. In this study, wrinkles and ripples
are designated as periodic structures; however, wrinkles
have distinct wave features that are independent of the
topography of the underlying layer, whereas ripples fol-
low it. Wrinklons are a type of wrinkles seen in transition
regions where two wrinkles merge or diverge, and crum-
ples are regions where irregular wrinkles seem to have
formed by gradual changes in the stress direction. Wrin-
klons were observed in suspended BLG as well as ordi-
nary hanging curtains, and their wavelength A follows a
simple power law, A ~ 2™, where x is the distance to
the constrained edge [19]. Wrinklons on metallic thin
films on a liquid oil displayed multiple shape transitions
near the fluid-solid boundary because of the additional
surface energy [20]. However, our wrinklons have a her-
ringbone pattern, similar to that found in compressed
thin films on compliant substrates, such as thin metallic
films deposited on thick elastomers [21]. The herring-
bone pattern is known to be caused by an out-of-plane
deformation that disperses the biaxial in-plane stresses
in all directions. Our wrinklon and crumple structures
are located in the transition region between wrinkles and
ripples; thus, their formation is attributed to stress relief
when surface energy is added. Additionally, wrinklons
appear to be formed under a strong surface interaction
and biaxial strain, whereas crumples are associated with
a relatively weak interaction during a gradual change of
the strain direction.

We also related the wrinkles, ripples, and crumples to
the zigzag and armchair crystal orientations of TLG. We
note that the folded TLG layer is SLG laid on two folded
layers, whereas the folded layer in BLG and SLG did
not show any periodic structures in topography. Inter-
estingly, most of our periodic structures follow armchair
directions. Mechanically exfoliated graphene is known to
experience uneven compressive strain because the forces
applied when transferring graphene to the substrate
are unlikely to be uniform in the entire graphene area
[23]. Thus, layer-number-dependent puckering proper-
ties were demonstrated in graphene and other 2D ma-
terials when they are loosely bound to the substrate



Ripples, Wrinkles, and Crumples in Folded Graphene — You-Shin No et al. -989-

0.5 24
a —— experimental data (b) —iiii
—— Sinusoidal fitting —ii
. . e 0.5 —
E
E £ 16 P
= = R m
E oo 5
k-4 s 12r
z * 0.50
08 .50 nm
0.4 1 1 1 1 1 1
05 L L . I . 0 5 10 15 20 25 30 35
0 50 120 180 Distance (nm)
Distance (nm)
0.4
5 (d)
(©) oef d) ™[

Height (nm)
o
=
T
sl
sl
Amplitude (nm)
e e
~n w
1]_'1
—

e
T

-0.2
T

1 1 0.0 1 1 Il
80 Wrinkles Crumples Ripples

30
Distance (nm)

Fig. 5. Average line profile analysis of wrinkles, crumples,
and ripples. Average line profiles (black) and simple sinu-
soidal fitting (red) of the (a) wrinkles and (c) ripples. (b)
Average line profiles in the areas designated in Fig. 4(d). (d)
Amplitude distribution of individual waves in the wrinkle,
crumple, and ripple domains.

[22], and the anisotropic puckering domains of the rip-
ple structure were observed even in exfoliated monolayer
graphene [18]. In this case, the ripple (invisible in AFM
topography) forms along the zigzag direction of graphene
[8]. We suggest that the folding edge acts as a clamping
boundary, inducing a strong tensile strain that overcomes
the interlayer interaction between the topmost layer and
underlying ones. As a result, near the folding edge, a
rigid wrinkle forms, starting from the edge and along the
armchair direction. Further from the folding edge, the
tensile strain is reduced and the transition from wrin-
kle to ripple occurs, forming a wrinklon. As shown in
Fig. 4(b), because the strain direction is distorted, com-
peting biaxial strains are expected. As a result, the wrin-
klon forms between two zigzag directions of graphene.
Contrary to wrinkles and ripples, crumples are regions
in which the direction of the tensile strain changes sig-
nificantly, exhibiting wrinkles in the zigzag and armchair
directions rather than exhibiting them aperiodically. We
believe that, if the tensile strain dominates, topographi-
cally visible periodic structures can form along the arm-
chair direction of graphene.

After classifying the periodic structures near the folded
edge of TLG, we investigated their wavelength and am-
plitude. We extracted the average of line profiles paral-
lel to the reference line for each periodic structure, then
fit the data with a simple sinusoidal function. The ar-
eas selected for the wrinkles, corrugations, and ripples
(Figs. 5(a)—(c), respectively) are designated in Figs. 4(c)—
(e). For the ripple structure, the average line profile
displayed a slight positive slope (inset of Fig. 5(c)). Be-
cause the ripples followed the topography of the underly-
ing surface, as mentioned earlier, the slope needed to be

corrected for simplifying the sinusoidal fitting. We used
first-order linear correction to flatten the average profile,
obtaining the profile shown in Fig. 5(c). Through simple
sinusoidal fitting, the wavelengths of wrinkles, corruga-
tions, and ripples are calculated to be 20, ~20, and 10.38
nm, respectively, and their amplitudes are in the 0.16
- 0.32, 0.07 — 0.3, and 0.01 — 0.07 nm ranges, respec-
tively. Shikai et al. categorized the periodic structures
of graphene according to their wavelength/width (0.1 —
10 nm, 10 — 100 nm, 100 nm — 1 pm, and above 1 pm)
[24]. Because we could not determine the origin of the
formation of our structures, we could not use theoretical
simulations. However, we can fit our structures to their
classification. Accordingly, the periodic structures in our
TLG belong to the 0.1 — 10 nm wavelength group, which
are those of intrinsic ripples and observed in CVD-grown
graphene trenches. A suspended intrinsic ripple exhib-
ited a height of <1 nm [15], and thermally contracted
graphene trench on Cu exhibited a wavelength of 0.7 nm
and an amplitude of 0.05 nm [25]. CVD-grown graphene
on Rh foil displayed ripples having a width and ampli-
tude of 21 — 28 nm and 3.0 — 3.5 nm, respectively [26].
Considering that the periodic structures in our TLG are
formed on the third layer over the substrate, the van
der Waals interaction with the substrate may be sup-
pressed by the screening of the underlying layers, consis-
tent with the absence of periodic structures on BLG and
SLG. Therefore, the wavelength and amplitude may be
determined by the competition between the interaction
force and tensile strain in the plane.

IV. CONCLUSION

In conclusion, we prepared folded bilayer and trilayer
graphene structures induced by weakening the adhesion
of mechanically exfoliated SLG to an SiO, substrate
in high-vacuum conditions. The crystal orientation of
SLG, BLG, and TLG was determined by AFM friction
anisotropy analysis and by measuring the folding an-
gles. Through high-resolution AFM tapping mode, we
observed ripple, wrinkle, and crumple structures. Addi-
tionally, we observed herringbone-shaped wrinklon struc-
tures, and we suggest that they are induced by competi-
tion between the strain distribution and adhesion be-
tween graphene and the substrate. Furthermore, the
sizes of the structures were compared by computing av-
erage line profiles.
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