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ABSTRACT Single asperity friction experiments using atomic force microscopy (AFM) have been conducted

on chemical vapor deposited (CVD) graphene grown on polycrystalline copper foils. Graphene substantially
lowers the friction force experienced by the sliding asperity of a silicon AFM tip compared to the surrounding
oxidized copper surface by a factor ranging from 1.5 to 7 over loads from the adhesive minimum up to 80 nN.
No damage to the graphene was observed over this range, showing that friction force microscopy serves as a
facile, high contrast probe for identifying the presence of graphene on Cu. Consistent with studies of
epitaxially grown, thermally grown, and mechanically exfoliated graphene ﬁlms, the friction force measured
between the tip and these CVD-prepared ﬁlms depends on the number of layers of graphene present on the
surface and reduces friction in comparison to the substrate. Friction results on graphene indicate that the
layer-dependent friction properties result from puckering of the graphene sheet around the sliding tip. Substantial hysteresis in the normal force
dependence of friction is observed with repeated scanning without breaking contact with a graphene-covered region. Because of the hysteresis,
friction measured on graphene changes with time and maximum applied force, unless the tip slides over the edge of the graphene island or contact
with the surface is broken. These results also indicate that relatively weak binding forces exist between the copper foil and these CVD-grown
graphene sheets.
KEYWORDS: atomic force microscope (AFM) . graphene . copper . nanotribology . chemical vapor deposition (CVD)

G

raphene, an atomically thin sheet of
sp2-bonded carbon, has the potential to revolutionize both the electronics industry and the longevity of microand nanomechanical devices. So far, high
quality graphene can only be grown in large
quantities by chemical vapor deposition
(CVD) synthesis, a requirement for most
engineering applications.1,2 However, only
recently has the chemical synthesis of graphene been achieved with suﬃcient quality,
e.g., free of defects or at least with defects
that minimally aﬀect its strength,3 to be
a viable alternative to other routes to graphene, including mechanical exfoliation4
and thermal decomposition.5 One primary
motivating interest in graphene, beyond
its impressive electrical properties, is the
extraordinary mechanical properties, in
EGBERTS ET AL.

particular the extremely high strength and
stiﬀness,3,6 as well as low friction.7 9
The frictional properties of graphene produced through both mechanical exfoliation8 and thermal decomposition7 show
layer-dependent and substrate-dependent
characteristics. In mechanically exfoliated
graphene, the low out-of-plane bending
elastic modulus compared to the in-plane
elastic modulus has been proposed to result
in the formation of an out-of-plane deformation around, and possibly in front of,
the nanoscale sliding tip; this is referred
to as the puckering mechanism and was
observed for other few-layer 2D exfoliated
sheets.8 An increased resistance to out-ofplane deformation, and correspondingly,
lower friction, was observed as the number
of graphene layers was increased (reaching
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interplay between graphene and its supporting
substrates.
Here, we examine frictional behavior of single
and the ﬁrst reported measurements on bilayer CVD
graphene islands on copper compared against the
surrounding exposed copper (oxide) surface. Examination of the load dependence of friction, both single and
bilayer, shows that the friction properties of CVD grown
graphene share common features to that observed in
mechanically exfoliated graphene sheets, speciﬁcally,
that friction is lower on bilayers than monolayers.8
Furthermore, we also show that atmospheric pressure deposition of graphene on copper shows similar
friction-reducing characteristics compared to the
substrate as low-pressure graphene deposition on
copper.15 Finally, we show that the friction reducing
characteristics of graphene on copper depend strongly
on the sliding history, particularly when measuring
friction without scanning over the edge of a graphene
island, or pulling the tip out of contact with the
graphene. These results further illustrate the frictional
consequences of the high bending ﬂexibility of graphene, which can result in nonreversible friction
behavior.
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the friction force value for bulk graphite at a thickness
of approximately 4 layers), or when the strong adhesion between graphene and a high surface energy
substrate (muscovite mica10) was present. Both eﬀects
reduce the ability of the graphene sheet to pucker.
Under these conditions, friction was ∼50% lower than
compared to a monolayer on a low-adhesion substrate,
or if freely suspended.8 Molecular dynamics (MD)
simulations of single asperities sliding on graphene
sheets found that, given a suﬃciently large graphene
sheet, local deformation of the graphene sheet around
the nanoscale asperity results in the same layerdependent friction behavior.11 In graphene sheets
produced through thermal decomposition, two layers
of graphene were found to have 50% lower friction
compared to a single layer:7 the mechanism was proposed to result from a layer-dependent electron
phonon coupling between the graphene and the
substrate. Recently, it was shown that oxidized
graphite/graphene can adhere to the tip, leading to a
local delamination of the topmost graphene layer from
the remaining surface.12 In contrast to the aforementioned studies on pristine graphene, this local layer
delamination increases friction compared to clean
bulk graphite for adhesive loads only, i.e., when unloading after ﬁrst making contact. While diﬀerent
than the puckering mechanism, this increasing friction
with decreasing load (negative diﬀerential friction
coeﬃcient) is also intimately related to the extremely
low bending stiﬀness of graphene sheets.12,13 It has
also been reported that chemically modifying graphene with ﬂuorine to form ﬂuorinated graphene
increases friction substantially; it was suggested that
the higher bending stiﬀness of ﬂuorinated graphene
leads to this increased friction, in contrast to the eﬀect
lower bending stiﬀness has in the aforementioned
studies.14 All of these results indicate that while even
a monolayer of graphene can substantially reduce the
friction force a tip experiences when sliding against
a surface, the origins of the friction reduction and
the dependence on graphene thickness, substrate
adhesion, growth method, and surface chemistry can
be signiﬁcant and require further study. Furthermore,
there are relatively few studies examining the frictional
properties of CVD graphene at present.15,16
The primary focus of this paper is to examine the
friction-reducing characteristics of CVD graphene
grown on polycrystalline copper substrates. This processing route has the advantage of being low cost
compared to other synthesis routes.1 Furthermore,
recent atomic resolution scanning tunneling microscopy (STM) studies prove that high quality graphene
sheets can be grown on copper single crystals17 19 and
polycrystalline copper,3,20 23 and are of high quality
and defect-free over large (micrometer) areas. Examination of graphene produced through this synthesis
route can provide an informed understanding of the

RESULTS AND DISCUSSION
Frictional Behavior of Copper vs Graphene. Figure 1(A)
shows a topographic image of the surface of a typical
region of a CVD-grown sample on Cu deposited at
a temperature of 1057 ( 1 C. Previous studies on
graphene produced through this method proved
using Raman spectroscopy24,25 that single layers of
graphene are in fact covering the surface. Identification
of the regions of the copper foil covered by graphene
in this image is difficult, as the topography is dominated by the underlying large-scale roughness of the
foil, which is typically 4.1 nm RMS as measured over
a 20  20 nm2 area. Figure 1(B) shows a line profile
through the white dashed line shown in Figure 1(A).
Despite taking this topographic line profile across
both exposed and graphene-covered regions, no clear
height change at the graphene edges is observed,
although faint contrast lines at edges can be seen.
In comparison, identification of graphene islands from
the copper substrate is readily apparent in the friction
force image, i.e., the image generated by subtracting
the lateral force images obtained in the forward and
reverse directions, and subsequently scaling the difference by a factor of 0.5, in Figure 1(C). The dark
regions correspond to areas of the foil covered by
graphene islands that exhibit low friction, compared
to the exposed parts of the foil. Using the friction
image in Figure 1(C) to identify the graphene islands
in Figure 1(A), those areas of sample covered by
graphene often appear depressed in the topographic
images. The depression of the graphene sheet compared to the surrounding copper surface results from
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Figure 1. Simultaneously acquired 90  90 μm2 (A) topographic and (C) friction force images of the surface of the copper foil
partially covered by graphene islands, obtained at a normal force of 3.2 nN. Height scales are indicated on the right of (A)
and (C) for each image. Low (high) friction areas correspond to graphene (oxidized Cu). (B) Topographic and (D) lateral force
line proﬁle along the white dashed line marked in (A) and (C), respectively. The overall positive slope in the lateral force proﬁle
is an artifact due to the curvature of the copper foil. (E) Friction force proﬁle along the same line shows that graphene reduces
friction by a factor of 17 compared to Cu at this load. (F) Friction force versus load plot for graphene and copper acquired in a
single region spanning the graphene-Cu boundary (indicated by the blue square in (C)). The slopes from ﬁts of the linear
portions of the data for graphene and copper are shown with a dashed dark red and gray line, respectively. The vertical black
dashed lines indicate the range over which the ﬁt was conducted. Error bars represent the standard deviation in the mean
normal and friction forces. The scan speed for (A E) was 90 μm/s, and for (F) it was 15 μm/s.

the formation of a low density oxide on the uncovered
copper surface after removing the sample from the
CVD furnace, while the copper underneath the graphene is protected from oxidation26 (for convenience,
we will refer to the exposed, oxidized copper surface as
copper throughout this paper). This makes the determination of the location and the thickness of the
graphene islands nearly impossible from topographic
imaging.
The friction diﬀerence between graphene and
copper observed in Figure 1(C) can be quantiﬁed in
lateral force and friction force proﬁles in Figure 1(D,E),
respectively. The overall tilting of the lateral force loop
in Figure 1(D) is a result of the irregular and curved
topography of the copper foils, which causes a local,
slope-dependent oﬀset to the lateral force, and is
inconsequential to the determination of friction forces
EGBERTS ET AL.

since the eﬀect largely cancels when forward and
reverse lateral force data are subtracted.27
The friction force image in Figure 1(C) shows that
the graphene islands are of extremely high quality:
there are, apparently, limited numbers of defects within
an individual graphene island, which is evident by the
homogeneity of the friction force within a single graphene island. Optical and Raman spectroscopy measurements are shown in the Supporting Information
(Figure S1(A,B) respectively), conﬁrming the presence
of single graphene layers with a low defect density.
However, there are variations in the friction force, which
can be seen in the friction force line proﬁle (Figure 1(E))
and the topography line proﬁle (Figure 1(B)), which are
larger than variations seen on the copper substrate. This
is seen much more clearly at higher magniﬁcation and
is not simply random in nature, as we discuss below.
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Figure 2. (A) 37  37 μm2 topographic image of a single layer graphene island with a second layer graphene island growing at
the center of the image, and the accompanying line proﬁle (B) taken from the region marked by the white dashed line in (A).
The boundary between the copper and single graphene layers have been marked with black lines, and the copper area
shaded with a black dotted pattern. (C) Friction force image (normal force = 5 nN) of the same area shown in (A). Friction
images clearly identify bilayer regions from single layer regions of graphene. (D) Friction force as a function of normal force
between the ﬁrst and second layer of graphene. The region where this load dependence measurement was taken is marked
by the blue square in (C). Error bars represent the standard deviation in the mean normal and friction forces. The fractional
reduction (the friction force measured on bilayer graphene divided by the friction measured on single-layer graphene) in
friction (pink) at each normal load is also plotted in (D), indicating a 68% reduction in friction from one layer to two layers of
graphene. The deposition temperature of this sample was 1040 ( 1 C. The scan speed for images (A), (C), and (D) was 74 μm/s,
and for (D) the scan speed was 72.8 μm/s.

Figure 1(F) shows a typical example of the variation
of the friction force with normal force. For this data,
the tip was scanned over a region containing both
graphene and the Cu substrate in each line (10 μm),
thus tip changes are not responsible for the observed
diﬀerences. The normal load dependence of friction
was measured with both increasing and decreasing
load, to observe if any irreversible processes, such as
wear or hysteretic deformation of graphene, occurred
during the friction measurement. No signiﬁcant hysteresis in the loading and unloading data acquired on
either graphene or copper is observed at applied
positive (compressive) loads, with no eﬀects similar
to those reported in Deng et al. observed, such as a
negative diﬀerential friction coeﬃcient measured
upon unloading.12 Several other measurements over
a graphene copper boundary have reproduced an
overlapping (nonhysteretic) loading and unloading
dependence of friction on normal force, and are shown
in Figure S2 in the Supporting Information. The modest
hysteresis between the loading and unloading friction
forces measured at normal forces less than 0 nN in
Figure 1(F) is likely result of contaminants on the
surface, causing increased friction during the loading
portion. This eﬀect was occasional, i.e., was not observed in most other load dependence measurements
EGBERTS ET AL.

(see Supporting Information). We see no evidence of
damage to the sample by scanning. The friction behavior was repeatable in all cases, and we observed no
change in the topography or the friction response even
after several hours of multiple scans over the same
region of the sample. A linear ﬁt to the friction versus
normal force data in the linear portion of the data in
Figure 1(F) (from 1 to 45 nN) produced slopes of 0.57 (
0.03 on copper and 0.004 ( 0.009 (statistically indistinguishable from zero) on graphene. Friction versus
load measurements performed with other AFM tips
on this sample exhibited a similarly reduced slope for
graphene compared with copper, but the friction
versus load slopes could have values that were statistically distinct from zero (see Supporting Information).
Note that any sliding history dependent phenomena,
such as the creation of a pucker,8 can be lost each time
the tip slides across the graphene copper boundary.
Frictional Behavior of Bilayer Graphene. In some regions,
a second layer of graphene has nucleated and grown
near the center of a monolayer island. This occurrence
is very infrequent: optical microscopy imaging of the
sample shows that over square centimeter regions,
typically only 2 3 graphene islands contain a second
layer. The second layer of graphene is known to
grow beneath the first layer.28 30 Figure 2(A) shows a
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the formation of an oxide film on the copper substrate
following graphene deposition. This obscures the
height measurement, which makes graphene thickness
determination under ambient conditions impossible.
Figure 3(B) shows a friction force image of the same
area. Figure 3(B) also shows that the friction force is
modulated by the wrinkled structure of the graphene
island, in contrast to any observed wrinkling in the
friction force outside of the graphene island. As shown
in the lower magniﬁcation image in Figure 3(B), the
graphene island is continuous and of high quality,
except for a few regions of high friction that are
believed to be contaminants on the copper surface
during deposition. These contaminants, again, are
almost impossible to identify in topographic images
of the surface, as evident by Figure 3(A), but are readily
observed in the friction force image (Figure 3(B)) as
localized areas of increased friction surrounded by
a low friction area within a graphene island. Although
the presence of wrinkles in the graphene sheet is
consistent with previous reports,17,22,34 wrinkles with
the regularity observed in these Figure 3(A,C) have
not been previously observed. Choi et al. proposed
that exfoliated graphene samples they examined possessed ripples that led to anisotropic friction. We do
not observe such eﬀects in these CVD samples, nor do
we observe friction anisotropy. The formation of the
wrinkles in graphene islands is most often proposed
to be the result of the diﬀerent coeﬃcients of thermal
expansion of graphene and copper leading to a compressive strain in the graphene upon cooling after
growth,17,35 but may also be a result of faceting of the
copper surface along certain crystallographic planes to
produce terraces separated by step bunches, giving a
“zig-zag” surface topography.36
Figure 3(C) shows a diﬀerent island located on a
diﬀerent sample that shows the same variation of the
surface topography over a small region. In this image,
the sample has been rotated so that the wrinkles were
oriented 90 to the fast scan (horizontal) direction, to
obtain a more accurate measurement of the wrinkle
amplitude (topographic measurements are more
accurate along the fast-scan direction since drift and
1/f noise are minimized). The wrinkle amplitude, or
the variation of the measured topography within a
graphene island when measured perpendicular to the
wrinkles, is in the range of 10 25 nm as shown by the
topographic line proﬁle in the inset of Figure 3(C),
obtained along the white dashed line. Figure 3(D)
shows the friction contrast measured when scanning
on the graphene island shown from Figure 3(A),
measured within the region marked by the blue
dashed square. There are several lines showing bright
(positive) contrast against the background, the brightest of which have been marked by black arrows. These
lines reﬂect the underlying copper steps of the foil, as
graphene is known to grow continuously over copper
VOL. 8

’

NO. 5

’

5010–5021

’

ARTICLE

topographic image of an area of the copper foil containing both a single and a double layer of graphene.
The small feature in the center of the second layer
of graphene is a contaminant particle, with a height
of approximately 40 nm. These contamination particles have been shown to act as nucleation sites for
graphene deposition on copper foils.31,32 With this
topographic data, it is impossible to determine the
thickness (i.e., number of layers) of the graphene sheet
or if this contaminant particle is above or below the
graphene sheets. To further demonstrate the difficulty
in using topographic data to determine the graphene
thickness, a topographic line profile indicated by the
dashed white line in Figure 2(A) is shown in Figure 2(B).
Similar to the results in Figure 1, topographic imaging
cannot be used to easily identify the thickness of
graphene layers, primarily because of the underlying
topographic undulations of the copper foil. Similar
observations of subsurface second layer graphene
islands grown on copper surfaces have been demonstrated30,33 and have a similar appearance to the
second layer of graphene shown in Figure 2(A).
Figure 2(C) shows a friction force image of the same
area. With this friction data, it now becomes clear
that a second layer of graphene is present in the area
surrounding the contaminant particle. Figure 2(D)
shows the variation of the friction force with increasing
normal force acquired in the area indicated by the
dashed blue box in Figure 2(C). At every load, friction
on the second layer of graphene is lower than on the
single layer, showing an average 67 ( 3% decrease in
friction from one to two layers of graphene. This result
of Figure 2 for CVD-grown graphene is consistent with
previous results of friction properties of multilayer
graphene sheets produced through mechanical exfoliation and thermal decomposition.7,8 Friction contrast
in the lower right region between copper and the
single graphene layer is lower in comparison to
Figure 1(C) because of a much longer exposure time
to the laboratory environment of several months in the
case of Figure 2(C), compared to hours in Figure 1(C).
Wrinkles in Graphene Sheets. Figure 3(A) was acquired
on the same sample shown in Figure 1. This island
corresponds to the island marked with the blue dotted
square in Figure 1(C). As previously discussed, the topographic image shown in Figure 3(A) cannot be used to
identify the height of the graphene surface, resulting
from the overall roughness of the copper substrate. The
topographic image does show that there are wrinkles
in the graphene island, and that the graphene island is
slightly depressed in height compared to the surrounding surface. Both are clearly evident in the topographic
line profile shown in the inset of Figure 3(A), taken
along the white dashed line. The line profile shows
that the wrinkle amplitude is approximately 15 nm.
Once again, the observed depression of the graphene
sheet relative to the copper substrate is a result of
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Figure 3. (A) Topographic image of a single graphene island on copper (18  18 μm2). A white dashed line marks the line
along which the topographic line proﬁle shown in the inset of (A) is taken. (B) Friction force image (normal force = 6.5 nN, scan
speed = 50 μm/s) of the same area in (A). The light blue dashed box indicates the area shown in (D). (C) Topographic image
acquired on a graphene island (scan size = 1.2  1.2 μm2). The green and dark blue dashed boxes show the two regions of the
graphene sheet, the wrinkle edge, and the ﬂat graphene sheet. The inset shows a topographic line proﬁle taken along
the white dashed line showing that the typical height variation on the graphene surface is 15 nm. (D) Friction force image of
the same graphene island in (A) and (B) showing a variation of friction over the wrinkled surface (scan size = 1.5  1.5 μm2,
normal force = 11 nN, scan speed = 15 μm/s). Similarly, green dashed boxes highlight the wrinkled area, as in (C). Black arrows
point to the lighter contrast features, believed to be copper step edges beneath the graphene island. (E) Schematic of the
proposed structure of the wrinkles within the graphene island.

steps during the CVD growth process.21 The occurrence of these steps and the absence of a large change
in topography over a single graphene island suggest
that the copper beneath the island is a region of single
crystalline copper. Also visible in Figure 3(D) are several
parallel bands of darker contrast, approximately
30 100 nm in width and contained within green
dashed boxes shown on the ﬁgure. These bands occur
at the same location as a wrinkle edge, i.e., the point
where the topography is the highest for each wrinkle
(also marked on Figure 3(C) with a green dashed square).
These features have a very large width (typically
∼20 100 nm) compared with the tip radius (assumed
to be between 10 and 15 nm). The size diﬀerence
between the tip and the observed area of low friction
strongly suggests that the area of low friction is not
an artifact from imaging the surface. Furthermore, the
underlying copper steps cannot be observed in these
bands, but reappear on the other side of one of these
dark bands. Given the structure of these wrinkles
EGBERTS ET AL.

proposed in the literature,22 the decreased friction in
the region of the wrinkle edges may be a result of multilayer graphene versus single layer graphene, formed by
a “fold-over” structure,7,8 as depicted in Figure 3(E).
The dependence of friction on normal force on
the ﬂat graphene sheet, i.e., the region marked by
the blue dashed box in Figure 3(C), was investigated;
the result is summarized in Figure 4. Speciﬁcally, the
friction versus load dependence is taken from only
the graphene sheet (marked by the blue dashed box
in Figure 3(C)). Two friction versus load measurements
were taken in this speciﬁc location and are shown in
Figure 4. In each measurement, the tip was initially outof-contact with the surface, brought into contact with
the surface, the load gradually increased to a maximum
value, and then unloaded at the same rate until the
pull-oﬀ point, resulting in a loss of contact between the
sample and tip. The ﬁrst friction versus load measurement is colored blue, and the second is teal. In the ﬁrst
measurement (test 1, blue data points), the maximum
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normal force was 66 nN. In this curve, the loading and
unloading curves do not overlap. More speciﬁcally, the
friction at each normal load is higher during unloading compared loading. In the subsequent section, the
mechanism explaining this hysteresis will be explored.
However, the primary diﬀerence to explain this observed hysteresis results from the fact that contact with
the graphene sheet and the tip has not been broken at
any point during the load dependence measurements
shown in Figure 4, unlike when scanning over the
boundary between copper and graphene. In the latter
case, contact between the tip and the graphene sheet
is lost every time the tip crosses the boundary. Figure 4
shows another measurement (test 2, teal data points)
showing the same type measurement, where the
maximum load was 27 nN. In this case, the diﬀerence
between loading and unloading in the variation of
friction force with normal force is much lower. In both
cases, this observed hysteresis is not an eﬀect of
sample wear, as examination of the surface following
these measurements did not reveal any alteration of
the surface features. Furthermore, the lateral spatial
resolution in the lateral force images did not change
during the load dependence measurement or in any
other repeated measurements not included within
this paper, indicating that tip wear is also not responsible for the observed hysteresis. Finally, the two
loading curves acquired in each test overlap perfectly,
suggesting the same tip size and interaction between
the tip and sample during each measurement. Only one
such measurement, i.e., when the same tip used to
measure the normal force dependence of friction at the
same spot on the sample, was performed. However, in
two other measurements with two diﬀerent tips, the
graphene friction measured similar to Figure 1(D) (i.e.,
crossing over the boundary from oxidized copper to
graphene, and measured during loading as in Figure 4,
i.e., graphene friction measured on a single island) also
overlapped, further indicating an absence of tip wear
EGBERTS ET AL.
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Figure 4. Load dependence of friction on unwrinkled areas
for a monolayer island. The maximum normal load is 66 nN
in test 1 and 27 nN in in test 2 using the same tip on the same
area. The higher applied normal load in test 1 results in
larger hysteresis between loading and unloading compared
to test 2. Error bars represent the standard deviation in the
mean normal and friction forces measured. Test 1 and 2
were acquired at a scan speed of 13 μm/s and 10.4 μm/s,
respectively. Load dependence data taken from the regions
marked by the blue dashed rectangles in Figure 3(B).

during these measurements. These two examples are
included in the Supporting Information. We propose
that a combination of the “pucker eﬀect” observed on
atomically thin ﬁlm materials that are weakly bound to a
substrate8 and local layer delamination12 is responsible
for the observed hysteresis in the friction force versus
normal force measurements, as described further in the
next section.
The Pucker Effect and Layer Delamination. The following
section will be primarily devoted to understanding
the load dependence of friction observed while scanning on an individual, mechanically exfoliated flake of
graphene, and how it contrasts with the load dependence of friction measured while scanning over a
graphene copper boundary for CVD-grown graphene
on copper.
In a recent study by Lee et al., it was suggested that
low dimensional materials can develop an increased
contact area with the tip by the formation of a pucker in
the thin ﬁlm that forms in front of a contacting, sliding
tip.8 This pucker results from the low out-of-plane
bending stiﬀness of thin ﬁlms compared the stretching
modulus of the atomically thin sheet. The formation
of a pucker in front of the sliding tip is dependent on a
low work of adhesion between the graphene sheets
and the supporting substrate, allowing the graphene
to partially debond from the substrate and interact
adhesively with the tip. The strength of this pucker was
shown to depend on the adhesion of the thin ﬁlm to
the substrate. The increased contact area between
the tip and the thin ﬁlm then increases friction. The
ability to form the pucker depends on the out-of-plane
bending stiﬀness of the atomic sheet; the sample's
ﬂexural stiﬀness increases rapidly with increasing numbers of layers. Therefore, friction increases markedly as
the number of sheets reduces to one layer, as long as
the sheet is not strongly adhered to the substrate.
Strong adhesion to the substrate inhibits the out-ofplane deformation, and the friction behavior then
remains similar to that of the bulk structure. Recent
molecular dynamics (MD) simulations conﬁrmed the
eﬀect of puckered graphene on friction, and found
that the degree the pucker aﬀects friction is also
dependent on the size of the graphene ﬂake in multilayer graphene;11 however, the graphene islands discussed in this paper are much larger than the identiﬁed
minimum required to support enhanced friction
through puckering. The layer-dependent friction observed on CVD grown graphene on polycrystalline
copper is consistent with the literature reporting enhanced friction through the formation of a pucker.
The formation of a pucker requires not only a low
out-of-plane bending stiﬀness for graphene, but also
low graphene-substrate adhesion in comparison to
tip-graphene adhesion.8 Furthermore, sliding historydependent friction requires enhanced adhesive forces
between the graphene and the tip, compared to the
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In contrast to the loading curves from the two friction
measurements in Figure 4, the loading and unloading
curves from a single measurement do not overlap: the
friction measured during loading is signiﬁcantly lower
than what is measured during unloading. The overlapping friction versus normal force curve for the two
loading measurements in Figure 4 prove that the tip and
sample wear are not occurring, and therefore wear is not
responsible for the observed hysteretic behavior and
that a more complex phenomena must be responsible.
It has recently been shown that graphene, when
exposed to an oxidizing environment, can develop
stronger adhesive properties between the tip and the
topmost graphene layer, than between the substrate
or other graphene layers.12,37 This increased adhesion
can give the topmost layer the ability to stick to the
tip and debond locally around the tip during friction
measurements. Furthermore, in contacts where topmost layer of graphene is more adhesive to the tip than
the substrate, the adhesive strength between the
tip and the sample depends on the sliding-history
of the contact: i.e., the degree of adhesive interaction,
and thus the measured pull-oﬀ force, between the tip
and topmost layer of graphene increases with sliding
distance.37 This additional information can now aid the
interpretation of the friction measurements that have
shown seemingly opposing results: when scanning
over a copper/graphene boundary interface or between successive friction measurements performed
on graphene, no hysteresis is observed compared to
the large hysteresis recorded between the loading and
unloading curves obtained while sliding on a single
graphene sheet.
During a friction versus normal force measurement,
such as the one conducted in Figure 4, no loss of
contact between the graphene and tip occurs between
the loading and unloading measurements. Similarly in
other friction versus normal force measurements, such
as in Figure 1(D), the contact between the surface and
the tip is not broken when transitioning from loading
to unloading. However, in measurements across the
copper graphene boundary, such as in Figure 1(D),
the tip loses contact with the graphene ﬁlm each
time the tip traverses the boundary. This diﬀerence
between the two measurements now can be used to
identify situations where a sliding-history dependent
friction occurs.
The following mechanism for the observed hysteresis in the load dependence curves is proposed and
illustrated in Figure 5. Initially, the tip is out of contact
with the sample. Upon approaching the tip to the
surface (Figure 5(A)), the graphene sheet deforms
symmetrically beneath the tip because of the adhesive
and compressive forces that exist between the tip and
the sample. As the tip slides in the plane of the surface,
the low out-of-plane stiﬀness results in the formation of a pucker (Figure 5(B)), or a small bump in the
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graphene and the substrate.12,37 The work of adhesion
between graphene and copper has been determined
by a macroscopic fracture mechanics method for
low temperature CVD-grown graphene on copper
(∼725 C deposition temperature) to be 0.72 J/m2.38
The work of adhesion between silicon AFM tips
and exfoliated graphene has been determined to
be 0.23 J/m2.37 The larger work of adhesion between
copper and graphene than between the AFM tip and
graphene suggests that sliding history-dependent friction should not occur. However, several reports have
shown that the copper graphene adhesive properties
in CVD-grown graphene are inﬂuenced by a number of
factors, including crystallinity of the copper surface21
and the presence of dislocations near the surface of
copper.20 Additionally, the presence of wrinkles, similar
to those observed in Figure 3, are proposed to result
from a loss in crystallinity of the copper substrate
beneath the graphene island.17 We therefore hypothesize that the adhesive interaction between the copper
substrate and the graphene ﬁlm must be lower than
0.72 J/m2 because of a loss of crystallinity in the copper
substrate below the graphene islands. This lowered
adhesive interaction between copper and graphene
enables the formation of a pucker in the graphene ﬁlm,
as well as sliding history-dependent friction.
The diﬀerence in load dependence curve between
single and bilayer graphene observed in Figure 2 is
similar to previously reported results,7,8,39 as discussed
earlier. The mechanism for the layer dependence
of friction has been explained through a change in
electron phonon coupling between the graphene
layer and the substrate,7 and through the pucker
eﬀect.8 However, the hysteresis between the loading
and unloading friction data shown in Figure 4 and the
low adhesion between the copper and graphene that
is typically found in similarly prepared CVD samples
suggests that the pucker eﬀect is the likely mechanism
for the layer dependent friction.
Reversible loading and unloading curves (i.e., when
the two curves are indistinguishable) indicate the same
contact and friction forces exist as the load is increased
compared to when the load is decreased, as shown in
the literature.12,40,41 In contrast to the result in Figure 4,
when wear of the surface41 (or tip) changes the interaction strength/size between the tip and the surface,
or when the interaction forces between the tip and
the substrate change resulting from a sliding-induced
phenomena,12 the loading and unloading friction
curves do not overlap. The completely overlapping
loading curves in Figure 4 indicate that no wear of the
tip/surface has occurred between the two measurements, and that the interaction forces between the
tip and sample are not changing with time. As noted
previously, the contact between sample and tip had
been broken and re-established many times between
these measurements.
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Figure 5. Schematic of the structure of the graphene sheet (red solid line) supported by a copper substrate at various stages
of a typical load dependence measurement. A gray dashed line indicates the shape of the graphene sheet in the absence of
the tip. (A) The structure of the graphene sheet upon ﬁrst contact with the tip before any sliding has occurred. (B) As the tip
begins to slide, a pucker is created in front of the sliding tip. (C) As the normal force increases, so does the height of the pucker.
(D) When the normal force is decreased after reaching a maximum value, the high adhesion between the graphene sheet and
the tip does prevents a decrease in the size of the pucker at the same rate as it was built up. At zero applied load (E) and
adhesive loads (F), a pucker is still observed in the graphene sheet. The magnitude of the normal force is shown by the vertical
green arrows above the gray tip. Horizontal green arrows indicate the direction of sliding of the tip.

graphene sheet in front of the sliding tip, at compressive loads. The inﬂuence of a pucker on friction has
been well documented in Liu et al.:37 the primary eﬀect
of the out of plane deformation of the graphene sheet
is that an increase in contact area between the tip
and the graphene sheet is observed, when compared
to what would be expected if the graphene was a rigid
body that does not form a pucker. As the normal force
increases, so does the size of the pucker until a maximum normal force has been reached (Figure 5(C)).
Then, as the loading direction is reversed, the
substantial adhesive force between the tip and the
surface, resulting from the oxidation of the graphene
sheet,12 inhibits the graphene sheet from fully relaxing
(Figure 5(D)). Therefore, the structure of the graphene
sheet is not reversible during unloading. In other
words, during unloading, the puckered structure only
partially relaxes; i.e., it does not recover the size it had
been when increasing the normal force (Figure 5(E,F)).
The hysteresis between the loading and unloading
curves suggests that the rate of decrease of the size
of the pucker occurs much more slowly than the rate it
increased with normal force. The formation of a larger
contact area with the graphene sheet (assuming the
graphene sheet did not form a pucker) and the buildup
of the pucker in front of the sliding tip are indistinguishable if only measured in the loading or unloading
directions. However, since both loading and unloading measurements were acquired, we can distinguish
between these two mechanisms. Evidence of the
increased adhesion between the tip and the surface
resulting from oxidation of the graphene sheet is
demonstrated by the slower rate of decrease of the
friction force during unloading compared to loading.
Since the tip and the surface remain unchanging, the
hysteresis between loading and unloading results from
a diﬀerence in contact area between the tip and the
surface at the same normal forces.
EGBERTS ET AL.

Comparison between test 1 and test 2 in Figure 4
suggest that the formation of the pucker in front of the
sliding tip is load dependent, as the hysteresis in the
unloading and loading friction force is much greater
when for higher maximum loads.
Importantly, during these measurements, the
AFM tip was continually scanned without separating
the tip and the sample and was always scanning
over graphene (i.e., not traversing an area of copper).
Separating the tip from the sample destroys any previously formed pucker in front of the tip, as we can
show through the two consecutive load dependence
of friction measurements. The sliding-induced development of enhanced contact area is also consistent
with recent studies of adhesion measurements between AFM tips and graphene samples:37 the pull-oﬀ
force measured when the tip has been previously
scanned across graphene without any separation is
higher than that measured when no scanning has
occurred.
Furthermore, the load dependence of friction
shown in Figure 1(D) and Figure S2(D F) (Supporting
Information) show no hysteresis. In these measurements, in each line the tip was slid over both a
graphene region and an exposed copper region. Breaking contact between the tip and the graphene allows
the local deformation of the graphene to relax. Thus,
we propose that the friction force between the tip and
graphene depends substantially on the sliding history,
because of the transient deformability of the graphene
around the tip. This deformed conﬁguration is mobile
and remains localized around the tip as it scans, but
it rapidly relaxes when the tip is no longer in contact
with the graphene. This suggests that reducing and/or
predictably controlling friction against graphene requires
constraining the graphene strongly to the substrate and
minimizing adhesion between the graphene and the
sliding asperity.
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the copper graphene edge), no hysteresis between
loading and unloading measurements was observed,
whereas a signiﬁcant hysteresis was observed in load
dependence measurements obtained solely on the
graphene sheet. We propose that the hysteresis is a
result of the formation of a puckered deformation in
front of the sliding tip during scanning, whose size is
dependent on the normal force applied and the sliding
history. The observation of layer dependent friction
and hysteresis in the load dependence suggest that
the graphene sheet is weakly bound to the underlying
copper substrate compared to its adhesive interaction with the tip. The layer-dependent friction in CVD
grown graphene observed is more consistent with the
thin ﬁlm puckering mechanism,8 rather than enhanced
electron phonon coupling.7 Minimizing and predicting
friction of asperities against graphene can be achieved
by (1) increasing the adhesive interaction between
graphene and the substrate it is supported on; (2)
reducing adhesion of the graphene to the tip; and (3)
using multilayer, not single layer graphene.

METHODS

were examined within 1 4 days of graphene growth. Samples
examined after much longer periods show a large amount of
carbon present on the surface, despite being stored in dry
nitrogen. Also, as samples are examined in ambient conditions,
we assume that the copper surface not covered by graphene is
indeed oxidized.
Friction Experiments. An Asylum Research MFP-3D beam deflection atomic force microscope (AFM) was used for all friction
measurements. All measurements were conducted at room
temperature (∼21 C) under ambient conditions (room humidity
∼30 50%). The outer 0.5 mm of the copper foils were attached
to glass slides with double-sided tape to provide extra mechanical stability during scanning. These attachment of the copper
foils was performed with care taken to prevent any mechanical
deformation of the coper foils.
Silicon cantilevers with an integrated tip (PPP-CONT,
Nanosensors) that terminates with a native silicon oxide were
used in all experiments. The normal and lateral spring constants
of these cantilevers are typically between 0.05 and 0.1 N/m and
between 30 and 100 N/m, respectively. The individual stiﬀness
of each of the cantilevers in both normal bending and lateral
twisting was calibrated by measuring and ﬁtting the thermal
resonance of the ﬁrst normal mode in both normal bending
and lateral twisting signals to obtain the respective frequencies
and Q-factors. These parameters, along with the plan view
dimensions of the cantilever (i.e., the length and the width of
the cantilever beam) were then used to determine the spring
constants using the Sader method.43,44 The sensitivity of the
photodetector, allowing for the conversion of photodetector
signal volts to nanometers, was determined by measuring the
slope of the cantilever deﬂection signal in a normal force
distance curve. The lateral sensitivity of the quadrant detector
was assumed to be the same as the sensitivity measured in
the normal bending direction. We deﬁne zero normal force
as the signal measured when the cantilever is unbent and far
from the surface. Therefore, compressive forces are recorded as
positive normal forces and tensile forces as negative normal
forces. Lateral forces corresponding to the twisting signal
were measured during scanning. Friction forces are then the
average of the diﬀerence between the lateral forces measured
during sliding in the forward and reverse directions. The fractional reduction of friction is deﬁned as the friction force
measured on bilayer graphene surfaces divided by the friction

Graphene Synthesis. Copper foils with a thickness of 25 μm
were purchased from Alfa Aesar, Inc., and cut into square pieces
of approximately 5 cm  5 cm. Immediately before graphene
growth, the copper foils were gently sonicated in acetic acid for
5 min (12 W, 10 min) to remove the native oxide layer and other
contamination on the foil surfaces. Following sonication, the
copper foils were rinsed with deionized water and placed on
a flat alumina surface, inserted into a vacuum furnace, and
annealed at 1050 C for 1 h to increase the grain size in the
copper foil, as well as to remove residual strain in the foil. This
annealing process also reduced the RMS roughness of the
surface and reduced the density of potential graphene growth
nucleation sites on the surface,24 and was confirmed by topographic measurements of the foil before and after this step.
During annealing, the furnace was evacuated and subsequently
filled with 5 ccm of argon and 200 ccm of hydrogen (to a
pressure of 1 atm) to prevent the formation of an oxide during
annealing. Furthermore, the presence of hydrogen during this
annealing stage has been shown to further reduce the roughness of copper foils.42 After this annealing stage and subsequently cooling the sample back to room temperature, the
sample was further etched with CE100 etchant (Transene Company, Inc.) by wiping the copper foil with a kimwipe dampened
with the etchant for approximately 5 s. Following this polishing
step, the copper foil was rinsed with deionized water.
The resulting growth of hexagonal-shaped islands, as well
as quality and layer thickness assessed using Raman spectroscopy, is described in the literature.24 Brieﬂy, the graphene
island growth was performed at atmospheric pressure. The foils
were placed in a furnace with a controlled atmosphere of Ar
(500 sccm) and H2 (50 sccm), and then heated to 1057 C, unless
otherwise noted. Once this temperature was reached, the ﬂow
rate of H2 was reduced to 35 sccm, and a ﬂow of CH4 (2 sccm)
was introduced and maintained for 30 min. The eﬀect of
deposition temperature on the quality of graphene sheets
produced was investigated by using two other deposition
temperatures, 1040 and 1020 C. Following deposition, the
sample was quenched to room temperature. After a further
10 min, the CH4 gas ﬂow was suspended, and the sample
was removed from the deposition chamber; at this point the
sample temperature was below 100 C. In all cases where
friction on graphene is compared with copper, the surfaces

EGBERTS ET AL.

VOL. 8

’

NO. 5

’

5010–5021

’

ARTICLE

CONCLUSIONS
The frictional properties of CVD graphene grown on
copper polycrystalline foils have been investigated.
The load dependence of friction shows that graphene
lowers the friction experienced by an AFM tip substantially compared to the surrounding oxidized copper
surface by a factor of 1.5 7. Load dependence measurements made on samples where graphene was
deposited at various temperatures shows that, while
the island shape is signiﬁcantly aﬀected, the apparent
quality of the graphene, as indicated by the uniformity
of the friction force within an island, is not aﬀected by
the deposition temperature, when compared to the
reference oxidized copper surface. Load dependence
measurements show that bilayer graphene exhibits
lower friction than single layer graphene at all loads,
consistent with measurements on exfoliated8 and
thermally grown7 graphene. The load dependence of
friction on graphene depended strongly on the sliding
history. If measurements are acquired so that the
tip breaks contact with the graphene (by crossing
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a value of the normal force roughly corresponding to this initial
zero deﬂection (i.e., zero externally applied load), and then
subsequently increasing the normal force by small, deﬁned
increments after the completion of a single scan/image, until
a maximum, predetermined value of the normal force was
reached. Friction acquired in this manner (i.e., with increasing
load) is referred to as friction acquired during loading. (3) After
the maximum normal force was reached, the normal force was
then incrementally decreased until the tip pulled out of contact
from the surface. Friction measured in this way is referred to in
the manuscript as friction acquired during unloading. (4) A force
versus distance curve was acquired following the friction measurement to determine the zero deﬂection value. This value was
then used to determine the amount of drift in the zero position
of the normal force that occurred during the measurement. This
drift was accounted for by assuming the drift changed linearly
during the measurement, and either added or subtracted from
the initial zero deﬂection value for each data point shown in
the load dependence measurement. The sliding speed for each
measurement is reported in the ﬁgure captions. AFM images
were analyzed with the WSXM software.45 In all friction force
images presented, darker (brighter) color indicates lower
(higher) measured friction forces.
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