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Using friction force microscopy, we have investigated the

frictional behavior of graphene deposited on various substrates

as well as over micro-fabricated wells. Both graphene on SiO2/

Si substrates and graphene freely suspended over the wells

showed a trend of increasing frictionwith decreasing number of

atomic layers of graphene. However, this trend with thickness

was absent for graphene deposited onmica, where the graphene

is strongly bonded to the substrate.Measurements together with

a mechanics model suggest that mechanical confinement to the

substrate plays an important role in the frictional behavior of

these atomically thin graphite sheets. Loosely bound or

suspended graphene sheets can pucker in the out-of-plane
direction due to tip-graphene adhesion. This increases contact

area, and also allows further deformation of the graphene when

sliding, leading to higher friction. Since thinner samples have

lower bending stiffness, the puckering effect and frictional

resistance are greater. However, if the graphene is strongly

bound to the substrate, the puckering effect will be suppressed

and no thickness dependence should be observed. The results

can provide potentially useful guidelines in the rational design

and use of graphene for nano-mechanical applications, includ-

ing nano-lubricants and components in micro- and nano-

devices.
� 2010 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
1 Introduction Graphene has demonstrated excellent
properties for electronic, chemical, thermal, and mechanical
applications [1]. As a two-dimensional (2D) material
consisting of a single layer of atoms, graphene has the high
estattainable surface area to volume ratio. Thus, the
interaction between a graphene surface and its surroundings
is expected to play a more important role in determining the
material properties than other bulk-like (3D) materials. For
example, graphene sheets supported on SiO2/Si substrates
have shown drastically different carrier mobility [2, 3] and
thermal conductivity [4] compared to their suspended
counterparts. Themorphology of graphene was also recently
found to be dependent on the substrates where they were
deposited [5–7]. Understanding how graphene interacts with
different substrates and how these interactions may affect its
mechanical and electronic properties has become a critical
step for utilizing graphene reliably. In addition, graphene, as
a building unit for a common solid lubricant (graphite),
provides an ideal opportunity to study lubrication mechan-
isms at the nanoscale.
In this work, we systematically explored the frictional
properties of graphene sheets exfoliated on various
substrates using friction force microscopy. It was found
that the frictional properties of these atomically thin
graphite layers depend on mechanical confinement from
the substrates. For loosely-bound or suspended graphene,
friction exhibits a dependence on layer thickness.
Measurements at the atomic scale reveal an unusual stick-
slip behavior with an initial transient strengthening of the
static friction force. However, for graphene strongly bound
onto a substrate, the thickness dependence is absent and the
frictional properties are indistinguishable from those of bulk
graphite. Using a finite element mechanics model, we show
that the local puckering due to adhesion with the tip can
occur for weakly bound thin sheets, which could account for
the observed thickness dependence of friction. Besides the
electronic effects previously discovered, this work demon-
strates that the substrate can have a profound effect on the
mechanical properties of graphene as well as other 2D
materials.
� 2010 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 2 (online colour at:www.pss-b.com) (a)AFM topographic
image of the graphene flake, showing four different regions, 1L, 2L,
3L, and 4L, corresponding to areas with 1, 2, 3, and 4 layers of
graphene; (b) friction force image of the same area as (a); (c) friction
asa functionofnumberof layers for threedistinctsamples; (a)and(b)
were collected on sample-1.
2 Friction on supported graphene
2.1 Measurement of graphene on SiO2/Si

substrate Silicon wafers with a top layer of oxide are
commonly used as substrates for various graphene devices
[8–10] due to facile optical identification of graphene and
wide compatibility with conventional fabrication processes.
Despite a vast amount of research on this system, how the
SiO2/Si substrate mechanically interacts with graphene and
how this interaction affects the mechanical and tribological
behavior of graphene has not been well studied. In this work,
graphene flakes were deposited onto silicon substrate with
thermally grown oxide layers (300 nm) in ambient con-
ditions using micro-mechanical exfoliation [11] and their
frictional properties were measured with friction force
microscopy (FFM). The substrate was pre-cleaned with a
mixture of sulfuric acid and hydrogen peroxide before
deposition of graphene to remove organic contamination.
After deposition, the thinnest flakes were first identified
using optical microscopy; a typical image is shown in
Fig. 1(a). These thin flakes have typical lateral dimensions of
tens of micrometers, consisting of both thin and thick areas.
Their thicknesses were further examined by contact mode
atomic force microscopy (AFM) (Park systems XE-100), as
schematically shown in Fig. 1(b). The numbers of layers in
different areas were independently verified by Raman
spectroscopy.

FFM with micrometer-scale lateral scan ranges was
performed in an ambient environment (25–50% relative
humidity, 20–258C). Silicon AFM probes (Mikromasch
CSC17, nominal tip radius 5–10 nm) were used for the
measurements and the normal spring constants (typically
around 0.15N/m) were calibrated using the reference
cantilever method [12]. Friction force and topographic
images were obtained simultaneously under a fixed normal
load of 1 nN. Figure 2(a) shows the topographic image of a
thin flake consisting of four distinct regions. The regions
labeled 1L, 2L, 3L, and 4L correspond to the areas where the
flakes are 1 layer, 2 layers, 3 layers, and 4 layers thick,
respectively. The measured thickness per layer closely
matches the interlayer spacing of graphene (0.335 nm) in
topography.

The friction signal in the forward (left-to-right) direction
[Fig. 2(b)] shows a clear trend of increasing friction with
decreasing thickness. This trend becomes more apparent
Figure 1 (online colour at: www.pss-b.com) (a) Optical image of
exfoliated graphene on SiO2/Si, showing the dimension and thick-
nesscontrastof theflake; (b)aschematicofanAFMtipscanningover
a flake containing areas with different thicknesses.

� 2010 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
when we plot friction as a function of number of layers in
Fig. 2(c). In the figure, three sets of measurements with
distinct samples and tips are reported and friction force is
calculated by dividing the friction signal difference between
the steady-state values in the forward and reverse scans by
two. For each set of measurement, we used a same tip while
keeping the normal load and scan speed constant. For
comparison purposes, the reported friction was normalized
to the value measured on 1-layer graphene for each dataset.

For all three datasets, friction decreased monotonically
with thickness for 1–5 layers, and leveled off for thicker
samples. Compared to 1-layer graphene, friction is �20%
lower on 2-layer graphene, and 50–60% lower for bulk
samples. This observed trend was reproducible for various
experimental conditions. It did not depend on scan speed (1–
10mm/s), normal load (1–50 nN) and the tip materials
(silicon nitride and diamond). Reducing the humidity from
30 to <5% in dry nitrogen environment led to overall lower
friction forces (by �20–30%), but the variation of friction
with layer thickness was preserved. We also measured the
adhesion force between the tips and the samples by
performing force-displacement spectroscopy. No appreci-
able difference in pull-off forces among the areas with
different thicknesses could be found within experimental
uncertainty.

Nanoscale friction can depend sensitively on the
chemistry of the sample. For example, it was found that an
adsorbed layer of contaminants can significantly affect
friction behavior [13]. Since these sheets are only a few
atomic layers thick, they may be more susceptible to the
influence of adsorbates. A natural question is how this
www.pss-b.com
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possible contamination plays a role in the friction measure-
ments. Moreover, it was also observed that atomic scale
friction can be affected by the crystalline orientation of the
sample surface [14]. Another important aspect that needs to
be examined is how the crystal lattices of exfoliated thin
sheets are aligned.

To address these questions, we performed a second set of
high resolution measurements by scanning the tip across
graphene samples using nanometer-scale scanning distances
using an RHK UHV350 AFM in a dry nitrogen purged and
subsequently sealed ultrahigh vacuum chamber. The relative
humidity inside the chamber was measured to be less than
5% (and is likely 1–2% based on measurements of similar
conditions). For these measurements, a silicon probe with a
normal spring constant of 0.18N/m was used (Mikromasch
CSC37, calibrated by Sader’s method [15]), and the applied
normal load was maintained at 4 nN. The friction force was
calibrated by a diamagnetic lateral force calibrator [16] and
the scan speed was fixed at 40 nm/s for 2 nm scan sizes and at
100 nm/s for 5 nm scan sizes.

The atomic-scale friction results are presented as three
columns shown in Figs. 3(a), (b), and (c) for measurements
on 1-layer flakes, 4-layer flakes, and bulk graphite. The first
row shows line traces of the friction force for 2-nm lateral
scans. The tip exhibits clear, periodic stick-slip motion,
similar to that previously observed on bulk materials [17].
However, on the 1-layer graphene, the local force at which
slip occurs (the static friction force, seen as peaks in the
trace) increases in magnitude during as tip continues to slide
during each scan. This results in a tilted friction loop as seen
clearly in Fig. 3(a). This ‘‘strengthening’’ effect is high-
lighted by the dotted trend lines in the figure. It is weaker for
4-layer sheet [Fig. 3(b)] and absent for bulk graphite
[Fig. 3(c)]. At longer scan lengths of 5 nm, shown in the
Figure 3 (online colour at: www.pss-b.com)Atomic scale friction
results for (a) 1-layer, (b) 4-layer graphene, and (c) bulk graphite.
First row: friction loops with short scan length (2 nm). Second row:
friction loops with long scan length (5 nm). Third row: stick-slip
friction images (insets are low-pass filtered images which more
clearly show the underlying lattice structures).

www.pss-b.com
second row of Fig. 3, the strengthening effect becomes
saturated reaching a ‘‘steady-state’’ as the scan proceeds.
This suggests that the lateral energy barrier commonly
observed in regular stick-slip on bulk materials [17]
increases during the initial stage of tip sliding.

During the strengthening portion of the friction loops,
the periodicity of slip is in fact slightly elongated along the
fast scanning direction. By performing a Fourier transform
analysis of the stick-slip friction data, we find that this
stretching effect (�10%) exists only for the strengthening
portion of the friction loop, but not for the subsequent
‘‘steady-state’’ portion. Representative examples of raw and
filtered friction images on 1-layer, 4-layer, and bulk
materials are shown in the third row of Figs. 3(a), (b), and
(c), respectively. The structure of the hexagonal-like lattices
revealed by the friction images strongly suggests that they
are indeed from graphene-like structures, and not from
adsorbed contaminants. We can also see that the stretching
effect gets weaker as the number of layers increases, and
correspondingly, the lattice measured from 4-layer graphene
is indistinguishable from that of bulk graphite. By comparing
lattice structures, we found that the individual stacked
regions of the flake prepared from mechanical exfoliation
remain commensurate and share the same orientation to
within 0.48.

Because of the strengthening effect in these nanometer
scale measurements, we report the relative frictional energy
dissipated per unit cell here instead of average static friction
force. This is obtained by first integrating the lateral force
over the forward and reverse scan distances and then dividing
the result by the number of apparent unit cells scanned. As
one can see from Fig. 4, the energy dissipated per unit cell
decreases monotonically with an increase in the number of
layers, and approaches that measured on bulk materials. The
atomic-scale result is qualitatively consistent with the
micrometer-scale measurements.

2.2 Measurement of graphene on mica
substrates Previously, mica has been used as a substrate
to produce ultra-flat graphene samples [7]. The strong
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Figure 4 (online colour at: www.pss-b.com) Energy dissipation
per unit stick-slip cycle as a function of number of layers.
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Figure 5 (online colour at: www.pss-b.com)
(a)Optical imageofgrapheneonmica. (b)Upper
image: AFM topographic image of the square
area indicated in (a); lower figure: a line trace
showing the height variation across the line in
theupper image. (c)Upper image: friction image
(in left to right direction) of the same area of (b);
lower figure: a line trace showing the friction
variation across the line in the upper image.

Figure 6 (online colour at:www.pss-b.com) (a)Optical image of a
graphenedeposited ona substratewith arrays ofwells; 1L and2Lare
regionswith 1-layer and2-layer graphene; the boundarybetween1L
and 2L regions happens to run across a micro-fabricated well as can
been clearly seen in (b). (b) Upper image: friction image (in left to
right direction) measured on the graphene flake suspended over a
micro-fabricatedwell; lower figure: a line trace showing the friction
variation across the line in the upper image.
adhesion between freshly-cleaved muscovite mica surfaces
and graphene sheets greatly reduced the surface roughness
by suppressing the intrinsic ripples of graphene. How this
structural difference in graphene affects its friction behavior,
especially the thickness dependence, is a scientifically
interesting question to explore. In this work, we also carried
out friction measurements on ultra-flat graphene deposited
onto mica substrates. Because of the high surface charge and
polarity, mica can readily attract water and other adsorbates
from the environment upon cleavage; therefore we had to
deposit graphene flakes within a few seconds after mica was
cleaved. We also tried depositing graphene on mica under
dry nitrogen environment inside a glove box. The resultant
graphene sample had similar topographic and frictional
properties as those prepared in ambient.

Figure 5(a) shows a graphene sample deposited onmica,
where 2-layer and thick-layer (9 nm) regions are adjacent to
each other. The topographic and friction images of the area
marked by the black square box are shown in Figs. 5(b) and
(c), respectively. As noticed previously [7], the topographic
image [Fig. 5(b)] reveals two distinct regions: atomically flat
areas that appear to be in intimate contactwith the underlying
mica, and slightly (0.2–0.3 nm) elevated ‘‘blistered’’ areas
that may be caused by gas or contaminants trapped between
the graphene/mica interface. From Fig. 5(c), one can easily
see that friction measured on the flat areas is identical for
both 2-layer and thick regions, i.e., it exhibits no thickness
dependence. However, on the ‘‘blistered’’ areas, friction
measured on 2-layer regions is about 2–3 times of that
measured on thick-layer, consistent with our previous
observations on SiO2/Si samples. The fact that thickness
dependent friction only exists for loosely-adhered ‘‘blis-
tered’’ regions but not on strongly-adhered regions suggests
that the interface adhesion between graphene and substrate
plays an important role in determining the frictional
properties of the thin flakes. Less-confined graphene tends
to exhibit the thickness dependent friction behavior.

3 Friction on suspended graphene To further
examine the mechanical confinement effect of the substrate
on the frictional behavior of graphene, we prepared freely-
suspended graphene by depositing it onto SiO2/Si substrates
with arrays of circular wells with a diameter of �350 nm
and a nominal depth of 200 nm [18–20], fabricated by
� 2010 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
nanoimprint lithography and reactive ion etching.
Figure 6(a) shows a graphene flake with 1-layer, 2-layer,
and multilayer regions suspended over a well array. Because
of the support from the large contacting area and the small
size of the wells, the suspended graphene can sustain the
deformation without sinking down when the AFM tip scans
over it. Figure 6(b) shows a friction image of suspended
graphene, where the boundary of the 1-layer and 2-layer
regions happens to be laid over a singlewell. The friction
measured on the SiO2/Si supported area, regardless of the
thickness of the flake, is indistinguishable from that
measured on the freely-suspended area.

4 Discussion and modeling The friction results in
Section 2 and 3 clearly demonstrate that friction on graphene
flakes critically depends on the interaction between the thin
sheets and the substrates. A previous study [5] suggested that
graphene exfoliated on SiO2/Si was partially suspended
between higher points of the substrate, and that the intrinsic
rippling can still exist for this loosely bound portion of the
thin sheet. Due to the same reason of substrate roughness, it is
very likely that similar regions of partial suspension also
exist for our SiO2/Si supported graphene. This effect can
www.pss-b.com
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Figure 7 (online colour at: www.pss-b.com)
(a) A schematic of the 2D model showing a
tip sliding on a suspended graphene thin sheet.
(b, c) Calculated friction loops as the tip slides
back and forth on a 1-layer and 4-layer gra-
phene, respectively;arrows indicate thesliding
direction; insets are local deformation of the
thin sheet with the color scale corresponding
to the out-of-plane displacement; friction
and lateral displacement are normalized by
17:27� s0d0 and d0, respectively. (d) Varia-
tionof friction versusnumber of layers, includ-
ing both the FEM simulation result and the
micro-scale experimental results; friction
forces are normalized to the values for 1-layer
graphene.
possibly be further enhanced by third-body species trapped
along the interface. This hypothesis is consistent with our
observation that friction on SiO2/Si supported graphene
behaves similarly as that on freely-suspended graphene.

When an AFM tip makes contact with such a loosely
bound graphene sheet, the sheet can pucker locally due to tip-
sheet adhesion. The degree of the puckering and the resulting
contact areawill depend on the bending stiffness of the sheet:
a thinner sheet has lower bending stiffness (proportional to
the cube of the thickness according to continuummechanics)
and thereby puckers more, leading to a larger contact area
and higher frictional resistance. It is also noted that
puckering can also depend on the lateral confinement of
the sheet. For example, if the graphene sheet is pinned to the
substrate or is under in-plane tension, the puckering effect
can be suppressed. In SiO2/Si supported graphene, the sheet
is partly-adhered and has certain slackness due to the
intrinsic rippling, both of which enhance the puckering
effect. This puckering mechanism may explain why we
could observe thickness dependent friction for loosely-
bound or freely-suspended graphene. Furthermore, as the tip
slides over the loosely bound and slack graphene, the tip can
locally displace the graphene with respect to the substrate,
which can contribute to the apparent ‘‘stretching’’ effect in
the lattice-resolved stick-slip measurements that we dis-
cussed in Section 2. On the contrary, graphene deposited on
mica is believed to be strongly adhered to the substrate with
its intrinsic rippling being significantly suppressed, both of
which minimize the puckering effect. This explains why no
dependence of friction on thickness could be found for
graphene deposited on mica.

To quantity themechanical effect for friction onweakly-
confined graphene, we perform a simplified 2D simulation
of a tip sliding over a suspended thin sheet using the
finite element method (FEM), as shown schematically in
www.pss-b.com
Fig. 7(a). The graphene flake is modeled as an elastic plate
with a thickness-dependent bending stiffness and in-plane
rigidity [21, 22]. In the simulation, n-layer graphene will
have bending stiffness D ¼ n3D0 and in-plane rigidity
C ¼ nC0, where D0, C0 are bending stiffness and in-plane
rigidity for 1-layer graphene [21, 22]. The interaction
between the tip and sheet is incorporated by an effective
adhesive force derived for graphene based on the Lennard–
Jones interaction [23] and a contact-size dependent frictional
shear stresses suggested byMüser et al. [24]. The interaction
stress (s) between the graphene and the substrate as a
function of inter-surface separation d follows the form [23]
s ¼ 3:07s0

1

d=d0ð Þ4
� 1

d=d0ð Þ10

 !
;

which is depicted by the inset of Fig. 7(a). The coefficient of
friction relating normal and shear stress is m0 for the 1-layer
contact simulation, and it increases according to A�1=2m0 as
the contact size gets smaller for thicker sheets, where A is
the contact area [24]. In the present simulation, the
following parameters were used: D0= s0d

3
0

� �
¼ 180,

C0= s0d0ð Þ ¼ 6000, R=d0 ¼ 60, L=d0 ¼ 4000, andm0 ¼ 0:2.
During the simulation, the tip is brought into contactwith

the sheet, and then it is slid laterally back and forth while the
external normal force (N) is kept at zero and the lateral force
(F) is calculated. Figures 7(b) and (c) show the friction loops
when the tip is slid back and forth on 1-layer and 4-layer
sheets, respectively. Comparing the two friction loops, one
can easily see that friction for the thinner sheet is larger than
that for the thicker sheet. The local deformation of the thinner
sheet [insets of Fig. 7(b)] shows that upon initial contact the
thinner sheet puckers up and snaps to the tip due to adhesion.
As the tip slides forward, the symmetry of the puckered
configuration is broken due to friction, and the thin sheet
� 2010 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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piles up in front of the contact edge. On the contrary, the
puckering effect and piling up are significantly depressed for
the thicker sheet because of its higher bending stiffness, as
shown in the insets of Fig. 7(c). The different amount of
puckering leads to different contact sizes and therefore
different static friction forces. The variation of friction with
sheet thickness predicted by FEM simulation is given in
Fig. 7(d) together with the micro-scale experimental
measurements. The very good qualitative agreement with
the experiments suggests that the puckering effect is a
feasible mechanism for the thickness-dependent friction
behavior. In addition, the development of this piling-up
process and its influence on the atomic lattice stick-slip
instabilities may also explain the strengthening effect
observed in the atomic-scale measurements. We are
currently carrying out a systematic study using more
elaborate finite element and molecular dynamic simulations
to address this issue.

5 Conclusions Using friction force microscopy, we
measured friction on graphene samples supported by two
solid substrates, SiO2/Si and muscovite mica, as well as
suspended over micro-fabricated wells. Graphene deposited
on solid SiO2/Si substrates exhibited similar frictional
behavior as freely-suspended samples, both of which show
a trend of increasing friction with decreasing sample
thickness. In contrast, the dependence of friction on sample
thickness was absent for graphene samples on mica in
regions where the graphene was strongly bound to the mica
substrate. The experimental results together with the
continuum mechanics model suggest that mechanical
confinement to the substrate via adhesion has a substantial
effect on the frictional behavior of graphene. For loosely-
bound and slack graphene samples, friction will depend on
the sample thickness. Thinner samples have lower bending
stiffness therefore they are more easily puckered in the out-
of-plane direction due to tip-graphene adhesion resulting in a
higher frictional resistance. However, for strongly bound
graphene samples, the puckering effect is suppressed and no
thickness dependence is observed. This work clearly
demonstrated that a controlled interface between graphene
materials and their substrates will be critical for tailoring the
tribo-mechanical response in addition to the electronic
properties recognized previously.
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