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Ripples in graphene monolayers deposited on SiO,/Si wafer substrates were recently shown to give
rise to friction anisotropy. High friction appears when the AFM tip slides in a direction perpendic-
ular to the ripple crests and low friction when parallel. The direction of the ripple crest is, however,
hard to determine as it is not visible in topographic images and requires elaborate measurements
of friction as a function of angle. Here we report a simple method to characterize ripple crests by
measuring the cantilever torsion signal while scanning in the non-conventional longitudinal direc-
tion (i.e., along the cantilever axis, as opposed to the usual friction measurement). The longitudinal
torsion signal provides a much clearer ripple domain contrast than the conventional friction signal,
while both signals show respective rotation angle dependences that can be explained using the tor-
sion component of the normal reaction force exerted by the graphene ripples. We can also determine
the ripple direction by comparing the contrast in torsion images obtained in longitudinal and lateral
scans without sample rotation or complicated normalization. © 2012 American Institute of Physics.

[http://dx.doi.org/10.1063/1.4737428]

I. INTRODUCTION

Recently, frictional studies on low dimensional materials,
such as carbon nanotubes (CNT),! graphene,” and organic
monolayers,®'3 have attracted much interest. Since these low
dimensional materials are soft, they are prone to structural de-
formation during the fabrication process. Symmetry breaking
induced by structural deformation may lead to the deteriora-
tion of electrical or electro-mechanical performance for low
dimensional materials due to the extremely high surface-to-
volume ratios and strong crystallographic dependence of their
physical properties. Recent studies revealed that characteris-
tic ripple structures were usually formed in supported'>~'® and
suspended graphene samples.'?! We have shown this in a
recent study of the friction properties of exfoliated graphene
deposited on a SiO, substrate, where we discovered the ex-
istence of anisotropic friction domains with a 180° period by
measuring the torsion of the AFM cantilever (Tpar) during
lateral scanning of a tip attached to the cantilever. We ex-
plained the finding as a result of stress-induced ripples cre-
ated by inhomogeneous contact of the graphene sheet with
the substrate. The ripples give rise to anisotropic torsion on
the cantilever during AFM tip scanning, where the highest
friction occurs when the tip slides in a direction perpendicu-
lar to the ripple crests and lowest when it scans in the paral-
lel direction. We also showed that the ripple domains could
be removed by heating the substrate, which then made the
graphene friction homogeneous. To determine the ripple di-

) Authors to whom correspondence should be addressed. Electronic ad-
dresses: baechpark @konkuk.ac.kr and jeongypark @kaist.ac kr.
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rection of each domain, the friction force was measured as
a function of scanning angle after incrementally rotating the
sample. This process requires the AFM tip to be retracted and
brought back into contact for each rotation angle, thus requir-
ing complicated normalization.?

In this paper, we report that the ripple structures on
monolayer graphene can be more effectively characterized by
measuring cantilever torsion while scanning in the longitudi-
nal direction (TLon), i.€., along the cantilever arm, as opposed
to conventional scanning in the perpendicular direction. Al-
though a similar method has been used to determine grain ori-
entation in polycrystalline organic semiconductors,''!3 rip-
ple structures on graphene have not been characterized by
TLon, which produces a much clearer domain contrast than
images of Tpar. Both normalized Ty on and Tpar show rota-
tion angle dependences that can be explained using the tor-
sional component of the normal reaction force exerted by the
graphene ripples. We can also determine the ripple direction
on each domain by comparing the domains of both T on and
Tpar images, without the need for measuring complicated
sample rotation angle dependence.

Il. EXPERIMENTAL DETAILS

A. Sample preparation and AFM measurement
conditions

Graphene flakes were deposited, using the standard me-
chanical exfoliation method, onto thermally grown silicon
dioxide (SiO,: 300 nm) substrates at ambient conditions with-
out any further treatment. The thin graphene samples were
sorted using optical microscopy. The number of graphene

© 2012 American Institute of Physics

Downloaded 10 Aug 2012 to 143.248.94.26. Redistribution subject to AIP license or copyright; see http://rsi.aip.org/about/rights_and_permissions


http://dx.doi.org/10.1063/1.4737428
http://dx.doi.org/10.1063/1.4737428
mailto: baehpark@konkuk.ac.kr
mailto: jeongypark@kaist.ac.kr

073905-2 Choi et al.
Lateral
Forward
+X, p=0°) ®
(+x. ¢ )- Longitudinal
[ | Forward

(+y, 9 =90°)

4...

Longitudinal Tip
Backward m
(-y,»=270°) =

- Lateral
Backward
v (-x, $ =180°)

==sp Fast Scan Direction

FIG. 1. General definition of scan direction relative to the cantilever body
(top view).

layers was confirmed by Raman spectroscopy, with the 514.5-
nm laser line of an Ar"-ion laser used as an excitation source.

AFM topography and torsion images were simultane-
ously obtained in contact mode with a Seiko SPA-300HV
AFM at ambient conditions. During these measurements,
the loading force (0 nN) was kept fixed. We used silicon
AFM tips (nanosensors PPP-LFMR with a spring constant of
0.2 N/m) for imaging. The topographic images were pro-

Rev. Sci. Instrum. 83, 073905 (2012)

cessed by line and plane subtraction corrections to compen-
sate for scanning drift. The scan directions of the torsion im-
ages were parallel (¢ = 90° for forward and 270° for back-
ward) or perpendicular (¢ = 0° for forward and 180° for
backward) to the cantilever axis. Torsion domain images were
observed reproducibly in isolated monolayer graphene sam-
ples of various sizes and shapes, which were fabricated as de-
scribed above. We obtained these results with various tips,
including silicon and silicon nitride-coated tips with a low
spring constant to maintain torsion measurement sensitivity.
Furthermore, the results can be observed with a couple of
AFM systems (Seiko SPA-300HV and PSIA XE-100).

B. General definition of scan direction

‘We have followed the general definition of scan direction,
as shown in Fig. 1. Longitudinal and lateral scans are carried
out along the +y- and +x-directions, respectively. The pos-
itive and negative signs imply forward and backward scans,
respectively. Each scan direction can be designated using a
rotation angle ¢ of scan direction (clockwise) from the +x-
direction. In this paper, all images are aligned to this fixed
cantilever direction.

lll. RESULTS AND DISCUSSION

A. Longitudinal and lateral torsion images

Figures 2(a) and 2(b) show the images of Tron and
TLar, obtained simultaneously after incrementally rotating the

(b)

ion

irect

x-d

FIG. 2. Images of the cantilever torsion measured during (a) scans parallel to the cantilever arm direction (longitudinal, Ty on), and (b) scans perpendicular to
the cantilever arm (lateral, Ty aT). From left to right, the SiO; substrate supporting the graphene layer is rotated counterclockwise. The red dashed arrow indicates
the AFM tip scanning direction during each measurement. (Part (b) is the same as Fig. 2(a) in Ref. 2 and is used for comparison. Reprinted with permission from
J. S. Choi, J.-S. Kim, L.-S. Byun, D. H. Lee, M. J. Lee, B. H. Park, C. Lee, D. Yoon, H. Cheong, K. H. Lee, Y.-W. Son, J. Y. Park, and M. Salmeron, Science

333, 607 (2011). Copyright 2011 AAAS.)
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FIG. 3. Dependence of the normalized torsion on sample rotation angle when the AFM tip scans the surface along the (a) longitudinal (Fron) and (b) lateral
(FLar) directions. (Part (b) is the same as Fig. 2(b) in Ref. 2 and is used for comparison. Reprinted with permission from J. S. Choi, J.-S. Kim, L.-S. Byun,
D. H. Lee, M. J. Lee, B. H. Park, C. Lee, D. Yoon, H. Cheong, K. H. Lee, Y.-W. Son, J. Y. Park, and M. Salmeron, Science 333, 607 (2011). Copyright 2011

AAAS.)

sample while keeping the scan direction parallel (y-direction;
¢ = 90°) and perpendicular (x-direction; ¢ = 0°) to the can-
tilever body direction, respectively. In both the scanning di-
rections, the images show that the graphene monolayer con-
sists of three frictional domains. It is noteworthy that while
each image in Fig. 2(a) shows three domains with differ-
ent contrast, several neighboring domains in the images in

Fig. 2(b) (the standard friction image) exhibit the same con-
trast. Moreover, the contrast in the longitudinal scans is
clearer than in the lateral scans. Since the friction domains
are the result of ripples in the graphene, it is clear that the
ripples affect both Tron and Tpar, but in different ways, de-
pending on the angle between the cantilever body and the di-
rection of the ripple crests. These results are contrary to those
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FIG. 4. Schematic diagrams for the in-plane direction of ripples (blue broken line) on graphene, cantilever scan, the normal reaction force exerted by the ripple,
and torsion on the cantilever body during (a) longitudinal and (b) lateral scans at several sample rotation angles. The resultant sample rotation angle dependence
of the cantilever torsion during (c) longitudinal, and (d) lateral scans. 6 is the sample rotation angle (counter-clockwise) and « is the rotation angle of the nearest
ripple (counter-clockwise) from the x-direction (® = 0°). Ty is the amplitude of the normal reaction force exerted by ripples.
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FIG. 5. (a) The relationship between ripple direction and cantilever torsion during longitudinal and lateral scans. (b) Longitudinal and (c) lateral scan torsion
images obtained on a graphene sample. The torsion images are obtained by subtracting torsion values in the positive and negative scan directions. The calculated
ripple direction dependence of (d) Tron and (e) Trar. The shaded area exhibits the possible ripple directions of domains denoted by corresponding colors in
(b) and (c). (f) Resultant ripple direction ranges determined by comparing longitudinal and lateral scan torsion images.

found in the case of polycrystalline organic semiconductor
films whose grain orientation significantly affected Ty on, but
not TLAT.Hf13

B. Normalized longitudinal and lateral friction signals

We have observed that the Ty ar of isotropic SiO, varies
while measuring dependence on sample rotation angle since
we cannot maintain exactly the same loading conditions,
which significantly affect Tpar. In order to remove such
extrinsic effects and quantitatively compare the angular
dependence of T on and Tpar, we normalized the torsional
response, as follows. At each sample rotation angle, four dif-
ferent cantilever torsion values were measured corresponding
to the AFM tip scanning along the positive and negative y-,
and positive and negative x-directions. The normalized signal
(FrLar) of Trar was obtained by subtracting the signals of
the positive and negative scans in each domain, and dividing
this value by the corresponding signal of the surrounding
SiO, area, which is independent of rotation angle. In the
case of the normalized signal (Fron) of Tron, the difference
between the Tron signals obtained from the positive and
negative scans for each domain and rotation angle is divided
by the difference between the Tpar signals of SiO, from
the positive and negative scans. Our technique is beneficial
in characterizing anisotropic deformations of other low
dimensional materials when an isotropic reference material
is simultaneously investigated.

Figures 3(a) and 3(b) show the sample rotation angle de-
pendence of Fy on and Fpar, respectively. The minimum value
represents the contribution from the isotropic energy dissipa-
tion, except for the presence of ripples that induce additional
anisotropic energy dissipation. The angle dependence of F gn
at each domain in Fig. 3(a) shows a 180° period, with each
domain shifted by 60° with respect to each other, as in the
Fpat case. Note that the difference between the maximum and
the minimum Fp on (0.38 &+ 0.01) is twice as large as that of
Frar (0.19 £ 0.01). Moreover, unlike Fy ar, which changes
values but always remains positive, F| on oscillates from pos-
itive to negative values with zero as the average, thus provid-
ing a more sensitive characterization contrast for the presence
of ripple structures.

C. Interactions between the cantilever and ripples
during longitudinal and lateral scans

In order to understand these phenomena, we consider
each domain with its characteristic ripple direction. As the
tip pushes the ripple crest, it feels the in-plane reaction force
exerted by the ripple, which bends the cantilever, as shown
in Figs. 4(a) and 4(b). The reaction force exerted by the rip-
ple does not depend on the angle between the cantilever and
the ripple crest direction. Therefore, the torsions on the can-
tilever body during longitudinal and lateral scans have a sin
o dependence, where « is the rotation angle of the nearest
ripple (counter-clockwise) from the x-direction (¢ = 0°). If

Downloaded 10 Aug 2012 to 143.248.94.26. Redistribution subject to AIP license or copyright; see http://rsi.aip.org/about/rights_and_permissions
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FIG. 6. (a) Longitudinal and (b) lateral scan torsion images obtained on a graphene sample. The calculated ripple direction dependence of (c) TLon and
(d) Trat- (e) Resultant ripple direction ranges determined by comparing longitudinal and lateral scan torsion images. The lateral torsion images obtained during
(f) positive and (g) negative directional scans. The torsion image of (b) is obtained by subtracting torsion values in the positive (f) and negative (g) scan directions.

The blurred domain boundaries are visible in the circled region.

the ripple in domain i has an initial rotation angle 6; from
the x-direction and 6 is the sample rotation angle (counter-
clockwise), the same sin o dependences are kept where o
=60+ 60, —180° x n (nis an integer) and —90° < « < 90°.

During both longitudinal and lateral scans, the ripple
structure can induce torsion on the cantilever body. There-
fore, T on and Tpar induced by ripple structures show sin
o and Isin «l dependence, as shown in Figs. 4(c) and 4(d),
respectively, in agreement with the experimental normalized
data in Figs. 3(a) and 3(b). Fitting T on and Tpar to a sin
a function supports our reasoning that the in-plane reaction
force exerted by a ripple does not depend on the angle be-
tween the cantilever and the ripple. The 60° shift of the data
obtained for each neighboring domain reflects the fact that the
ripples in one domain are rotated by 60° with respect to those
in the neighboring domain. This in turn indicates that the rip-
ple directions are related to the crystallographic directions of
the graphene lattice where bending the graphene is easier, like
the armchair or zigzag directions.

If we consider the scan direction dependence of the can-
tilever torsion due to the additional force exerted by a ripple,
a; =0; — 180° x n (nis an integer) is fixed and the cantilever
torsion will be expressed by the following simple equations:

Tr x sin(e;), when 0° < (¢ + ;) < 180°, (1)

— Tg x sin(e;), when 180° < (¢ 4+ ;) < 360°, 2)

where ¢ is the rotation angle of the scan-direction from the
x-direction (clockwise) and —o; < ¢ < —a; + 360°.

D. Determination of ripple direction without
sample rotation

We can determine ripple direction using images of can-
tilever torsion without sample rotation and normalization. As
shown in Fig. 5(a), the longitudinal scan torsion can deter-
mine whether the ripple is rotated in the clockwise or counter-
clockwise direction from the y-axis, and the lateral scan tor-
sion can distinguish whether the ripple direction is close to
the x- or y-axis. Moreover, we can argue that ripple direction
is very close to the x- or y-axis when the contrast of the lon-
gitudinal scan torsion is the same as the isotropic bulk SiO»,
which provides negligible longitudinal scan torsion. There-
fore, from the longitudinal and lateral scan torsion images in
Figs. 5(b) and 5(c), we can infer the ripple direction of each
domain, as shown in the upper circular insets of Figs. 5(b)
and 5(c). By comparing these data, we can determine the rip-
ple direction of each domain in the 45° range.

Moreover, by considering that the angle dependence of
torsion at each domain shows a 60° shift with respect to that
of a neighboring domain, we can reduce the range of the rip-
ple direction. Figures 5(d) and 5(e) show the theoretical ripple
direction dependence of Ty on and Ty ar, respectively. Due to
the 60° shift of ripples on neighboring domains, the bright
(black), medium (red), and dark (blue) domains in Fig. 5(b)
have ranges of o between 30° and 90°, between —30° and
30°, and between —90° and —30°, respectively, as shown in
Fig. 5(d). Similarly, the bright (black), medium (blue),
and dark (red) domains in Fig. 5(c) have ranges of «
between —90° and —60° or 60° and 90°, between —60°
and —30° or 30° and 60°, and between —30° and 30°,
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FIG. 7. (a) Topographic image, and scan direction dependence of (b)—(f) torsion images and (g and h) signals for monolayer graphene on SiO,. The red dashed
arrow and blue dashed line denote the fast scan and ripple directions at each domain, respectively.

respectively, as shown in Fig. 5(e). Then, we can determine
the ripple directions in 30° ranges, as shown in Fig. 5(f),
from the overlapped regions of Figs. 5(d) and 5(e), which
are obtained by longitudinal and lateral scan torsion images.
The results indicate that by employing both longitudinal
and lateral scans on the exfoliated graphene, it is possible to
determine the direction of ripples without sample rotation.
More generally, this technique can be used to elucidate the
direction of friction anisotropy on mechanically anisotropic
regions of low dimensional materials.

E. Blurred domain boundary in a torsion image

We can determine the ripple direction in 30° ranges on
another graphene sample by comparing the longitudinal and
lateral scan torsion images, as shown in Figs. 6(a)-6(e). In-
terestingly, we can find some blurred domain boundaries in
Fig. 6(b) while they are not found in Fig. 6(a). If we com-
pare the scan directions of Figs. 6(a) and 6(b), we notice that
the blurred domain boundary is observed when the tip slides
from the region where scan direction is the same as the ripple

direction of the domain to other regions. The blurring is asso-
ciated with mechanical instability of the tip-sample junction
when the tip slides from the slippery domain (where the ripple
is parallel to the scan direction) to the high friction domain.
Figures 6(f) and 6(g) reveal that the lateral scan from the red
domain designated in Fig. 6(e) to another domain results in
the blurred domain boundary. Therefore, we can argue that
the ripple direction of the red domain is parallel to the scan
direction. It also means that the blurred domain boundary can
help us determine the ripple direction of the adjacent domain
more precisely. We can then assign the ripple direction of each
domain using the 60° shift in the ripple direction on the neigh-
boring domains. The combination of lateral and longitudinal
scans gives rise to facile determination of ripple direction on
the graphene surface, with the potential application of unrav-
eling mechanically anisotropic materials.

F. Scan direction dependence

We also measured the scan direction (¢) dependence
at a fixed sample rotation angle. This experiment was
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performed in a high-vacuum environment (~10~* torr).
Figure 7(a) shows the topography of monolayer graphene on
a SiO; substrate. We measured the scan direction dependence
of the torsion image (Figs. 7(b)-7(f)) in the black dashed rect-
angle area in Fig. 7(a). We can clearly observe three torsion
domains that reveal different colors, depending on scan di-
rection. Figure 7(g) shows the scan direction dependence of
the torsion signal divided by the maximum torsion value of
Si0, without subtracting the signals of the positive and nega-
tive scans. Figure 7(h) exhibits an expansion of Fig. 7(g) for
a detailed comparison of torsion signals in the graphene do-
mains. The torsion signal of the SiO, substrate shows a simple
cos¢ dependence, which is expected for a two-dimensionally
isotropic material. The torsion signal of graphene may result
from both the hard bulk surface, like graphite, and soft rip-
ple deformation. The torsion signal from the hard bulk sur-
face may show simple cos ¢ dependence, while that from
soft ripple deformation may show a constant value of £7%
x sin(¢;), as described in Egs. (1) and (2). Therefore, we can
fit the experimental data, as shown in Figs. 7(g) and 7(h), us-
ing Fp cos ¢ & T x sin(«;), where Fp is the maximum tor-
sion signal from the hard bulk surface. It is estimated that Fp
= 0.09, T = 0.14, and «; 1, o 11, and «; gr are —60°, 0°,
and 60°, respectively. The ripple direction of each domain
is determined by these fitting results. Furthermore, we can
find blurred domain boundaries and confirm that they pro-
vide useful information on the ripple directions of the adja-
cent domains (Fig. 7(c)-7(e)), as described in Sec. III E. From
the fitting results in Fig. 7(h), we confirm that including the
contribution from ripples leads to a better fit of the experi-
mental scan directional dependence, except at any abruptly
changing points where the scan and ripple directions are
parallel.

IV. SUMMARY

In conclusion, the cantilever torsion obtained in a lon-
gitudinal scan provides a facile method to characterize the
anisotropic ripple structure on monolayer graphene. The tor-
sion signal in longitudinal scanning on exfoliated monolayer
graphene has not been predicted and tried before, while the
torsion signal in lateral scan has been investigated for char-
acterizing surface friction of graphene. It produces a much
clearer domain contrast, probably resulting from different rip-
ple directions, than images of the torsion signal in lateral scan.
The observed anisotropic torsion signal in the longitudinal
scan can be additional experimental evidence for the exis-
tence of the ripple crests on monolayer graphene. Moreover,
we can determine the ripple direction in each domain by ob-
taining torsion images in both longitudinal and lateral scans
without performing complicated sample rotation experiments.
This technique is applicable to characterize anisotropic defor-
mations on low dimensional materials, such as self-assembled
monolayers.
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