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ABSTRACT

This letter reports that the atomic corrugation of the surface can affect nanoscale
interfacial adhesion and friction differently. Both atomic force microscopy (AFM) and
molecular dynamics (MD) simulations showed that the adhesion force needed to separate
a silica tip from a graphene step edge increases as the side wall of the tip approaches the
step edge when the tip is on the lower terrace, and decreases as the tip is ascending or
descending the step edge. However, the friction force measured with the same AFM tip
moving across the step edge does not positively correlate with the measured adhesion,
which implies that the conventional contact mechanics approach of correlating interfacial
adhesion and friction could be invalid for surfaces with atomic-scale features. The
chemical and physical origins for the observed discrepancy between adhesion and friction

at the atomic step edge are discussed.
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Interfacial adhesion plays an important role in variety of applications from the
nanoscale to macroscale, such as surface coatings for engineering materials,'2 synthesis of
composite materials,>* and filtration of particulates from water and air.>® Adhesion also
plays a significant role in friction at the nanoscale because adhesion affects the size of the
contact between two bodies.”® Friction is often modeled as shear stress times contact
area.!®!2 If the contact is elastic and the shear stress term is assumed to be constant,!-12
then experimentally-measured friction forces can be related to the contact area. Contact
area can be mathematically modeled as a function of the effective elastic moduli, the radii
of the contacting materials and the sum of the applied normal force and the adhesion
force.’®1* Then, the shear stress of the sliding contact can be empirically obtained by
dividing the measured friction by the calculated contact area, and its magnitude can be
related to the surface chemistry of materials.” **1¢ Thus, knowing the adhesion behavior of
the contacting interface can provide critical insights into the interfacial friction processes.

Although such analysis is widely employed in friction and adhesion studies,” 1" other
studies have reported that friction and adhesion exhibit opposite trends.'2! Therefore,
fundamental questions remain about how closely interfacial adhesion can be correlated to
friction. Experimentally, adhesion is determined by measuring the force needed to separate
contacting bodies while applying a tensile stress to the contact along the direction normal
to the interface. In contrast, the friction force is measured by shearing along the tangential
direction of the interface with an applied compressive force. Because they are obtained
separately and in different measurements modes, experimentally-observed adhesion and

friction trends may not always be positively correlated through the contact area argument.
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Here, we investigated the nanoscale adhesion and friction behaviors of a silica probe
on an atomically-flat surface with well-defined topographic steps. Atomic step edges on
the basal plane of graphite were chosen for this study because both topographic and
chemical properties of these steps are well known: (i) terraces are the atomically-flat and
chemically-inert carbon surface, (ii) step heights are multiples of the single layer graphene
thickness (0.34 nm), and (iii) step edges exposed to air are terminated with C-OH and C-H
groups.?2% Also, there are a large number of experimental and computational studies of
friction at graphene step edges for comparison with the adhesion behavior observed and
explained in this study.?*3* Here, our AFM and MD simulation results demonstrate local
variation of adhesion at step edges and provide insights into how atomic-scale topographic
corrugations affect the adhesion force measurement. Then, comparison of the topography-
dependent adhesion with friction at the same step edge suggests that these two are not
always positively correlated to each other. The chemical and physical origins for the
discrepancy between these two properties are discussed.

Figure 1a shows the topography of an 800 nm by 800 nm area on a freshly-exfoliated
graphite surface that contains four step edges. According to the height change, these four
edges, from left to right in the image, comprise 2 layer (L), 3L, 2 L, and 1 L graphene. At
all four step edges, the friction force increases during both step-up and step-down processes
(see Figure S1), indicating that these step edges are exposed to the air and not covered by
graphene layers.?4 26:28.33 The adhesion force of the same region collected simultaneously
with the topography is shown in Figure 1b. The topography and adhesion along a line
perpendicular to the step edges are shown in Figure 1c and a sharp drop in the adhesion

can be observed at each of the four step edges.
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Figure 1. Topography and adhesion on a freshly-exfoliated graphite surface. (a) Height
and (b) adhesion force maps collected simultaneously on an 800 nm by 800 nm region
containing four exposed step edges with different heights (different numbers of graphene
layers). (c) Line traces of the height and the adhesion force along the dashed lines in (a)
and (b), respectively.

To further investigate the adhesion force at the exposed step edges, high-resolution
scanning was performed near the 1 L, 2 L, and 3 L steps. The topography and adhesion
maps obtained when the AFM tip was scanning from left to right in these regions are shown
in Figures 2a and 2b, respectively. The data obtained during the scan in the opposite
direction were the same (not shown). The average height and adhesion profiles are shown
in Figure 2c. The three step edges exhibit similar adhesion trends, despite their height

difference. When the AFM tip is on the lower terrace far from the step edge, the adhesion
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force on the basal plane is measured to be 1.8 nN. When the AFM tip approaches the step
and begins to ascend, both the recorded topographic height and adhesion increase gradually.
When the adhesion force reaches a maximum value (position A in the 1 L panel of Figure
2¢), the recorded height begins to increase sharply; in contrast, the adhesion force starts
decreasing although the recorded height continues to increase. At position B in the 1 L
panel of Figure 2c, the recorded height is at a maximum, but the adhesion force is a
minimum. Finally, as the recorded height decreases to the position of the upper terrace, the
adhesion force increases to a value slightly larger than the basal plane value (position C)
and then returns to the basal plane value (~1.8 nN) when the tip is entirely on the upper
terrace. Note that the magnitude of the adhesion depends on the environment, but the same
trends are observed (see Figure S2). These trends are also similar to those observed in the
previous work of Stifter et al.,* in which the measurement of adhesion at multi-layer
graphene step edges was performed in an electrolyte solution. Note that other AFM-based
studies have reported no change in the adhesion at graphene step edges of various heights
in dry nitrogen,® humid ?® and ambient 3! conditions. However, unless the data were
collected with sufficiently high spatial resolution with low signal-to-noise ratio, subtle

changes near or at the step edges may not have been evident.
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Figure 2. Effect of number of graphene layers on adhesion at exposed step edges. (a) The
topography of three 30 nm by 30 nm regions, which contain 1 L, 2 L and 3 L graphene
step edges. (b) Adhesion force in the same regions. Line traces (c) show the average
height (red lines) and the average adhesion force (blue lines) of the data in the regions
between the two dashed lines in (a) and (b). Position A refers to the position of the
highest adhesion force. Position B refers to the position of the lowest adhesion force.
Position C refers to the position where the tip starts to be fully on the upper terrace. The
definition of positions A, B and C remain the same in the following figures. The
meanings of AH and AF are discussed in the text.

For the height profiles displayed in Figure 2c, the initial and final values (at 0 nm and
20 nm) indicate the relative heights of the lower terrace and the upper terrace, so the
difference between them, AHjy, is the absolute height of the step edge. The height difference

between the upper terrace and the highest point (position B) in the height profile is labeled
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AHo>. The values of AH1 and AH; for all three step edges with different heights are reported
in Figure 3a. AH: increases stepwise from ~0.34 nm to ~0.68, and then to ~1.02 nm,

consistent with the expected heights of multiple layers of graphene. The value of AH, does

not vary with number of layers and is recorded as ~0.2 nm for all three step edges.
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Figure 3. (a) Height of the step edge (AH1) and the height difference between the highest
point and the upper terrace (AH>). (b) Adhesion at the two peaks (AF1 and AF3) and one
valley (AF>) relative to the average adhesion on terraces.

The adhesion forces far from the step on either side in Figure 2c are the same,
corresponding to the adhesion force on the graphite basal plane. The difference between
the adhesion on the basal plane and the first maximum that occurs when the tip is adjacent
to the step on the lower terrace (position A), the minimum when the tip is at the step
(position B), and the second maximum when the tip is adjacent to the step on the upper
terrace (position C) are labeled AF1, AF2, and AF3, respectively, in the 3 L panel of Figure
2¢. The values of AF1, AF», and AF3 for the three step edges are reported in Figure 3b.
Similar to AH1, the magnitude of both AF1 and AF increases with the number of graphene

layers. AF3 remains constant and very small for all step edges analyzed.
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Note that AH: at position B and AF3 at position C are not always observed (see Figure
S2). In previous studies, it was proposed that the topographic feature at the step edge (AH>)
may be due to rupture, buckling or grafting of functional groups at the graphene step edge.?
25.30.32 |f these events occur, AHz and AF3 could be attributed to the interaction between
the protruded part at the step edge and the back side of the tip. However, this could not be
confirmed from the experimental data.

Considering that the native oxide of the AFM Si tip is hydrophilic and the step edge
has hydroxyl groups,?® 3" one may speculate if a capillary bridge could be formed at the
step edge and have an impact on the adhesion force measured in humid conditions.3® 3°
However, the adhesion measured in dry N2 exhibits the same behavior observed in ambient
air (see Figure S2). The adhesion force in ambient air is slightly larger than that in dry No,
which could be attributed to the water adsorption on the tip surface.®® There is no water
adsorption on the pristine graphite surface; even at the step edge, physisorption of water is
extremely small in relative humidity less than 90%.2*Finally, to confirm that the trends are
not the results of a capillary, simulations were performed with a model tip apex and
graphite surface in vacuum.

The MD simulations mimic an AFM adhesion measurement on 1 L, 2 L and 3 L
graphene step edges (Figures S3, S4). The simplified model, in which the tip and the
graphite surface interact only via van der Waals forces, reduces simulation time and
enables quantitative analysis of how the atomic-height step affects interfacial adhesion
without complications from chemical interactions involving functional groups at the step
edge or physiosorbed molecules.?*?® The simulated height and adhesion profiles are shown

in Figure 4. The MD simulation results exhibit trends similar to those observed in the
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experiments shown in Figure 2c. The adhesion increases when the tip approaches the step
edge from the lower terrace (AF1), and the adhesion decrease when the tip is ascending the
step edge (AF2) are clearly observed in the simulation (see Figure S5 for the value of AFy
and AF2). The enhanced adhesion at the tip position departing from the step edge onto the
upper terrace (AF3) is not observed, likely due to the simplified simulation structure that
does not contain defects or functional groups.?2? Regardless, these results, obtained from

simulations in ideal vacuum, confirm that the trends are independent of capillary effects.
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Figure 4. (a) Adhesion and (b) height from MD simulations of adhesion testsat 1 L, 2 L,
and 3 L step edges. In (a), the total adhesion (solid blue circles) is broken down into
contributions from the front (hollow green diamonds) and back (hollow orange triangles)
of the tip. The red dashed lines in (b) represent the real shape of the step edges
corresponding to the positions of the atoms in the simulation. Error bars for the values are
mostly hidden behind the symbols. The inset in (b) shows the simulation setup for 1 L
with the front and back parts of the tip identified.
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To understand the origin of the non-monotonic adhesion trend, the contributions of the
front (facing the step edge) and back halves of the model tip are analyzed separately (see
1 L panels in Figure 4). This analysis shows that, on the basal plane and far from the step
edge, both the front and back halves of the tip contribute equally to the total adhesion. As
the tip approaches the step edge from the lower terrace, the adhesion of the front part of
the tip increases slightly due to additional van der Waals interactions with the step edge,
while the back-side adhesion remains constant, resulting in a slight increase in the overall
adhesion, quantified by AF1 (at position A). As the tip ascends the step, the interactions
between the surface and both the front and back halves of the tip decrease. The back-side
contribution decreases more significantly because it is far from the lower terrace at this
moment. This decrease is directly related to the minimum adhesion force (AF2) which is
observed when the center of the tip is on the lower terrace side. At the position of AF>
(position B), the surface atoms of the tip are farthest from the two terraces. For larger tips,
the AF2 position is farther from the step, as confirmed by the simulations shown in Figure
S6. Moreover, as shown in Figure S7, the contact area between the tip and the graphite
substrate has the same trends as the adhesion force, as expected. However, as soon as the
tip retraction begins, the contact area starts to decrease until it reaches zero (see Figures S4
and S7), indicating that the contact condition at the moment when the adhesion is measured
is different from that when the tip is in equilibrium with the graphite substrate. Lastly, in
Figure 4b, there is a slight overshoot in the simulated height after the tip moves onto the
upper terrace. The magnitude of this overshoot is independent of the tip geometry (see

Figure S6) and appears to be associated with the larger vibration amplitude of the carbon
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atoms at the step edge.?® However, it was difficult to determine if this is directly relevant
to the AH, observed in the AFM PeakForce QNM™ imaging (Figure 2c).

With deeper understanding of how atomic corrugations (step edges) influence the
adhesion force measured for the nano-scale single asperity contact using AFM, we can now
study whether friction positively correlates with adhesion on the same surface. Figure 5
shows the adhesion force, lateral force and height profiles obtained with a single AFM tip
moving across a 1 L thick graphene step edge. In Figure 5a, the adhesion force on the
graphite basal plane is about 7.4 nN, indicating that the AFM tip used for this measurement
is not as sharp as the one used for the data shown in Figure 2, but the trend of the adhesion
force across the graphene step edge is the same. The lateral force signals obtained with the
same AFM tip (Figure 5b) are consistent with previously reported data.?*2° Friction at a
graphene step edge is governed by two components — (i) a geometric effect due to the
topographic height change at the step edge and (ii) a chemical effect due to the interactions
between the tip and the step edge.?*% Previous simulations with a reactive force field
showed that the topographic effect originates from the elastic deformation of the AFM tip
and leads to a resistive force during the step-up motion and an assistive force during the
step-down motion, while the chemical effect is associated with hydrogen bonding between
the AFM tip and hydroxyl groups terminating the graphene step edge and results in a
resistive force during both step-up and step-down motions.?*?®> The shape of the friction
profile is the same in vacuum and ambient conditions,?* likely because there is not enough
water adsorbed on the AFM tip surface and at graphene step edges to form a capillary

meniscus.
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Figure 5. (a) Adhesion force, (b) lateral force (step-up in red, step-down in green), and
(c) height profile obtained with the same AFM tip sliding over a 1 L graphene step edge.
(d) illustrates the tilting and deformation of the tip during adhesion measurement (blue)
and friction measurement (red) at positions A, B and C. The arrows in (d) represent the
force from the AFM probe cantilever to the AFM tip. The lateral force was measured
with an applied normal load of about 7 nN.

By aligning the adhesion and lateral force data in reference to the recorded height data
(Figure 5c¢), it can be seen that they do not correlate positively with each other. This same
trend is observed in the simulations (Figure S8). As mentioned previously, the friction force
is measured while applying the compressive and shear stress to the interfacial contact and
the adhesion force is measured while applying the vertical tensile force to the contact. This
is schematically illustrated in Figure 5d showing the deformation and tilting of the AFM
tip and the contact area between the tip and the graphite surface. During the step-up motion,
when the tip is at position A, the vertical adhesion force is the largest because of the
additional contact of the tip side wall with the step edge. At this point, the lateral friction
force just starts increasing from the basal plane value because interactions between the tip
side wall and the step edge begin to contribute. As the tip moves from position A to position
B, the vertical force needed to separate the contact (which is measured as ‘adhesion force’
in AFM) decreases because the effective contact area at the snap-off moment decreases
(Figure S7); in contrast, the torque exerted by the step edge on the tip (which is recorded
as ‘lateral friction’ in AFM) increases because the total resistance to the contact sliding
increases in proportion to the contact length between the tip and the step edge (I, see Figure
5d). At position B, the vertical adhesion is the lowest, but the lateral friction is large. At
this position, the geometric contribution to the step-up friction increases drastically because

the tip center is now crossing the step edge and moving toward the upper terrace. According
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to previous reports, as the tip is lifted from the lower terrace to the upper terrace, the tip
surface deformation decreases significantly; at the same time the chemical contribution
also decreases because the contact length | decreases.?*? Once the tip moves onto the
upper terrace, the vertical adhesion force increases as the contact area between the back
side of the tip and the upper terrace increases at the moment of snap-off. Note that the
positions of the minimum adhesion and the maximum friction recorded in AFM do not
match. This is because the AFM records the position of the cantilever to which the tip is
attached (solid dots in the side view of Figure 5d), not the position of the tip end interacting
with the surface.

For the step-down motion of the AFM tip from the upper terrace to the lower terrace,
the tip deformation and chemical interactions in the contact area region are the same as the
step-up motion case, but the titling direction of the tip is opposite and negative lateral force
refers to resistive force. For the measurement shown in Figure 5b, the assistive topographic
effect is not as strong as the resistive chemical effect.?*% Because the directions of the tip-
surface interactions are different between the step-up and step-down motion, the friction
behavior depends on the scan direction. By contrast, the vertical adhesion force measured
through the PeakForce Tapping™ mode is not a function of scan direction.

The results shown in Figure 5 question the validity of applying the conventional
contact mechanics concepts to friction at atomic-height step edges. In conventional contact
mechanics,'® 4! the adhesion force is viewed as an additional contribution to the total
normal force experienced by the tip. This is reasonable because adhesion increases the
compressive stress in the contact area. In practice (especially in AFM experiments), the

adhesion force used in theoretical calculations of the contact area is measured as the force
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needed to separate the contact between two surfaces (which is called ‘pull-off” or ‘snap-
off” force) while a tensile stress is applied in the surface normal direction. The data in
Figure 5 clearly show that the adhesion force measured while pulling the tip vertically from
the surface can vary independently from the friction force measured while compressing the
tip and shearing it laterally along the surface. Note that this does not mean that the
conventional contact mechanics are incorrect; but it does imply that the contribution of
adhesion to friction may not be properly calculated if the pull-off force is used as the
adhesion force in theoretical calculations, even for relatively flat surfaces with only atomic-
height corrugations. This issue would be most significant when the interfacial adhesion is
weak and the surface is not compliant. However, for large adhesion and/or highly
compliant contacting materials (like polymers or self-assembled organic layers), the error
from using the pull-off force in the contact area calculation might be smaller.%2-4

The friction data in Figure 5b also suggest that the local shear stress within the contact
area on an atomically corrugated surface would not be constant due to physical (elastic)
deformation of the contacting surfaces. Within the contact, the compressive stress would
be different on the upper and lower terraces as well as at the step edge.** The situation
becomes much more complicated when there are functional groups present at the step edge
(and other topographically corrugated surfaces) that can induce chemical interactions. In
the absence of any chemical effect, which is the case of a covered graphene step edge,?*
the topographic effect of the atomic-height step is small and fully reversible; the magnitude
in friction increase during step-up motion is the same as the friction decrease during step-
down motion. However, in the presence of chemical interactions, the resistive force during

the step-up is significantly larger than the assistive force during the step-down.? The shear
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stress determined from the continuum contact mechanics analysis®1% 4! must be an average
of all topographic and chemical processes occurring at atomic corrugations inside the
contact area.

In summary, the effect of atomic-height corrugations (graphene step edges) on the
adhesion force and friction force were reported based on AFM measurements and MD
simulations. The high-resolution adhesion measurements reveal that adhesion force
exhibits significant local variations (up to 45% variation from the terrace value) near the
step. Further, it was found that the adhesion force and the lateral force at the same atomic
corrugation are not positively corelated with each other. This observation indicates that, in
the presence of surface corrugation, it may not be appropriate to correlate contact area
calculated from pull-off test adhesion measurements (obtained under tensile stress) to
friction measured during sliding under compressive and tangential shear stress. This
finding has important implications for interpreting friction measurements obtained using
AFM and, more generally, for understanding friction at the nanoscale where adhesive
forces play a significant, if not dominant, role in determining the observed behavior.
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