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Using atomic force microscopy (AFM), supported by semi-continuum numerical simulations, we
determine the effect of tip-subsurface van der Waals interactions on nanoscale friction and
adhesion for suspended and silicon dioxide-supported graphene of varying thickness. While
pull-off force measurements reveal no layer number dependence for supported graphene,
suspended graphene exhibits an increase in pull-off force with thickness. Further, at low applied
loads, friction increases with increasing number of layers for suspended graphene, in contrast to
reported trends for supported graphene. We attribute these results to a competition between local
forces which determine the deformation of the surface layer, the profile of the membrane as a
whole, and van der Waals forces between the AFM tip and subsurface layers. We find that
friction on supported monolayer graphene can be fit using generalized continuum mechanics
models, from which we extract the work of adhesion and interfacial shear strength. In addition,
we show that tip-sample adhesive forces depend on interactions with subsurface material and

increase in the presence of a supporting substrate or additional graphene layers.



1. INTRODUCTION

Graphene has attracted broad interest for its unique electronic,"* thermal,** and

mechanical®®

properties, and may be an important material for future electronics and micro- or
nanoelectromechanical systems (M/NEMS).*® Should graphene become a material of interest
for M/NEMS, its interfacial and mechanical properties will play an important role in determining
overall system performance. As a model material, an in-depth investigation leading to an
improved understanding of the mechanical and interfacial behavior of graphene would advance
knowledge of the mechanistic origins of friction and adhesion, and potentially lead to its
implementation in future M/NEMS devices.

Although graphene has been studied extensively in terms of its electronic properties and

chemical modifications,**™*3

investigations of its tribological properties remain limited, both
experimentally and theoretically. A few studies employing atomic force microscopy (AFM)
have been carried out on the nanomechanical properties of monolayer and multilayer graphene

membranes, 581317

including the discovery that the graphene monolayer is the stiffest material
measured to date, with an effective in-plane Young’s modulus of approximately 1 TPa.® The
impact of the number of layers on the frictional behavior of substrate-supported graphene has
also been investigated, and a decrease of friction force with increasing thickness was
observed.”®82° This behavior was attributed to the dependence of out-of-plane deformation on
the number of layers of graphene exfoliated onto a rigid substrate (silicon dioxide),”® and to
electron-phonon coupling for graphene grown epitaxially on silicon carbide.'®*® Molecular

dynamics (MD) simulations have qualitatively reproduced the observed thickness dependence of

friction, with viscoelasticity as the primary dissipation mechanism.?* Further, anisotropic



friction on graphene has been attributed to sliding direction-dependent rippling of the exfoliated

layer.?

To our knowledge, no study has been reported that correlates a detailed load-dependence of
friction with the adhesive properties of graphene. In this Article, we demonstrate through
experiment and simulation that frictional and adhesive properties are coupled through van der
Waals interactions between the AFM tip and graphene surface, and are altered by interactions
between the tip and subsurface material and the mechanical contribution of a supporting

substrate.

2. EXPERIMENT AND SIMULATIONS

We compared supported and suspended graphene, prepared via mechanical exfoliation of
natural graphite onto silicon dioxide (SiO;) substrates patterned with arrays of 1.6 um-diameter
pits, as described in detail in Section S1 of the Supporting Information (SI). Raman
spectroscopy (SI Figure S2) confirmed the thickness of the supported and suspended graphene
based on the known dependence of the G and 2D Raman peaks on layer number.**%%* AFM
maps of topography, friction, and pull-off force were recorded over the same regions, primarily
using a 15 nm-radius silicon nitride (SizsN4) probe (SI Section 1). Additional variable-load
friction measurements were performed over nanoscale scan lines at specific locations. Loads
ranged from positive (i.e., pushing into the surface) to negative (i.e., pulling on the surface), to a
maximum tensile load or “pull-off” point, at which the AFM tip separates from the surface. We
first characterized the adhesive and frictional behaviors of supported graphene and compared

with those of the bare SiO, surface. We then compared these results with mono-, bi- and trilayer



suspended graphene. Details regarding the full set of AFM tips used in the experiments, as well

as the calibration and measurement methods, are included in Section S1.

To support the interpretation of the AFM results, we conducted two sets of semi-continuum
numerical mechanics simulations, as described in Section S2. In the first set (Figure S4a), we
calculated the pressure between a perfectly flat and infinite SisN4 surface (the tip material) and a
graphene layer as a function of the number of subsurface graphene layers and the presence or
absence of an SiO, substrate. In the second set of simulations (Figure S4b), we constructed an
axisymmetric continuum-sheet model of a 1.6 um-diameter clamped circular graphene
membrane interacting with a 15 nm-radius SizN4 sphere (representing the AFM tip). We then
calculated the force between the tip and membrane as a function of vertical position for
membranes of different numbers of layers (n =1, 2 and 3). These two approaches allowed us to
make a qualitative assessment of the impact of subsurface material (SiO; vs. graphene) and
overall structure (supported vs. suspended) on contact pressure and the applied load required to

achieve a certain membrane height.

3. RESULTS

3.1. Topography, adhesion and friction on supported graphene vs. bare SiO,. Figure l1a
shows the surface topography of the supported graphene monolayer (confirmed by Raman) and
the SiO; surface, with a step height of (0.5 = 0.1) nm. This value is greater than the graphene-
graphene distance, consistent with previous reports.?>?® The root mean square (RMS) surface
roughness of (0.12 £ 0.01) nm for the graphene monolayer was less than the underlying substrate
roughness of (0.19 + 0.02) nm, but regulated by the topography of the substrate.”” This

morphology is dictated by a competition between the corrugation-induced strain energy of the



2829 an effect evident in the distorted

graphene and the graphene-substrate interaction energy,
stick-slip friction image shown in Figure 2a. Figure 2b shows the undistorted periodicity in the

lattice structure of an adjacent suspended graphene monolayer.

In Figure 1b, a map of the pull-off force corresponding to the topographical area in Figure 1a
shows a distinct contrast between the graphene monolayer and the SiO, surface. Pull-off forces,
which can be rate dependent, can nonetheless reveal variations between surfaces that correspond
to differences in adhesive force (when the same pulling rate is used). We found that pull-off, and
thus adhesive, forces are generally higher on SiO,/Si-supported graphene than on the bare SiO,
surface (Figure 1b), although adhesion can vary from one location to the next and with slight
changes in conditions. As shown in Figures 3b-3d, the pull-off force increased with tip radius, as
expected based on an increase in contact area. Accordingly, if we invoke continuum mechanics
(as justified below) and assume that the work of adhesion, W, is proportional to the pull-off force
divided by tip radius, we find that for both supported graphene and SiO, W varies in decreasing
order for the Si, SizN4, and UNCD tips. As this opposes the observed trend in pull-off force, we
can thus attribute the latter to tip radius (i.e., contact area). We note that we observed no rate
dependence in the pull-off force measurements when comparing 1 pm/s with 5 pm/s (and

~ 0.01 pm/s for the friction-load measurements).

The friction force maps produced a contrast qualitatively opposite to the pull-off force maps,
as shown in Figure 1c where friction forces decreased by =~ 90 % on the supported monolayer
relative to SiO,. Figure 4 presents two typical friction-load curves acquired on the SiO,/Si
substrate and graphene monolayer, respectively. At high loads the friction force on the SiO,
surface was over one order of magnitude greater than friction forces measured on supported

graphene. In both cases, friction-load curves fit well to an established continuum mechanics



model, referred to as the Maugis-Dugdale (or “transition”) model in its generalized form.*® The
transition model is used to determine the position of the interface along a spectrum of contact
behavior ranging from Derjaguin-Mueller-Toporov (DMT)* for hard contacts or long range
interaction forces to Johnson-Kendall-Roberts (JKR)*? for soft contacts or short range
forces.®**% The location of the contact within this generalized model is represented by the
dimensionless parameter, 4, which ranges nonlinearly from zero (DMT) to infinity (JKR). In
practice, however, / is typically found to converge to values less than 10.*® For A > 0.5, a contact

is considered to have transitioned toward the JKR regime.

We obtained 4 by fitting our friction-load data using a simplified analytical solution of the
transition model, developed and described elsewhere.**** We compared A for the supported
graphene monolayer and SiO, surface based on transition fits to over twenty friction-load curves
for each surface. Average A values appear in Table 1 and indicate that, despite the relatively
large standard deviations due to surface heterogeneity, both contacts tended toward the JKR end
of the spectrum. Despite the contrast in pull-off force for the supported monolayer vs. bare SiOy,
the transition fits yielded similar work of adhesion (W) values of ~ 300 mJ/m? (Table 1), where
we have assumed the pull-off force is the adhesive force. While pull-off forces were greater, the
friction forces were lower for supported graphene relative to the SiO, surface because its shear
strength, 7, is correspondingly lower—Dby a factor of ~ 50. Calculated values appear in Table 1,
where we have used the Young’s modulus (E = 70 GPa) and Poisson’s ratio (v = 0.2) of the SiO,
substrate for the elastic properties of the sample in both cases. (We used E = 280 GPa and
v=10.2 for the SigN4 tip.) If we instead use the bulk elastic constants of graphite (E = 30 GPa;

v=0.24), we obtain 7= (14.4 + 1.4) MPa for the supported monolayer. In either case, the shear



strength for SisN, sliding against bare SiO, is one to two orders of magnitude greater than the

supported graphene monolayer, despite their similar work of adhesion values.

3.2. Adhesion and friction contrast on suspended vs. supported graphene. We found
that membranes exhibited dramatically different tribological properties in comparison with
supported graphene, as they are highly flexible and more easily deformed by the AFM tip.
Figure 5a shows the topography of a suspended graphene region (same as in Figure S2b), where
a boundary between monolayer and bilayer graphene traverses a pit. An equilibrium depression
of the membranes into the pits was observed (see also Figure S1), in agreement with previous
observations from tapping mode experiments.®** In addition, we consistently found that
graphene membranes attach to the sidewalls of pits, even when these membranes are imaged

exclusively under negative loads (pulling forces).

In Figure 5e, a monolayer/trilayer boundary traverses a pit, demonstrating that the trilayer
section of the membrane deflects less than the monolayer under a given normal load (cross-
section in Figure 5j). In Figures 5i (cross-section from Figure 5a) and 5j, each plotted point is an
instantaneous sample of the membrane height at the contact point; the actual shape of the
membrane changes continuously during the imaging process, with the maximum deflection
occurring at the position farthest from the edge of the pit.*® Accordingly, the slopes of the force
curves increase near the edge, as shown in Figures 5¢ and 5g, which also show that thicker
regions of membranes are stiffer. (The slope of a force curve represents the combined stiffness
of the cantilever and membrane in the vertical direction.) In contrast, friction and pull-off forces
were not position-dependent for membranes of a given thickness, showing consistency in the

average local van der Waals interaction.



We observed that pull-off forces on the membranes depended on layer number (thickness)
and were consistently lower than pull-off forces on supported graphene, which exhibited no
observable thickness dependence (Figures 5b and 5f). In Figure 5b, the graphene monolayer
shows the lowest pull-off forces, followed by increasingly higher pull-off forces on the bilayer
membrane and supported graphene. This very slight upward trend in pull-off force with more
subsurface material also occurred when comparing monolayer and trilayer membranes
(Figure 5f). In general, pull-off forces on monolayer, bilayer, and trilayer graphene membranes
respectively decreased by (10.3 + 0.5) %, (8.1 £ 0.2) %, and (6.0 = 0.2) % relative to the SiO,/Si-

supported monolayer.

Figure 5 includes simultaneous maps of the topography (Figures 5a and 5e) and friction force
(Figures 5d and 5h) on supported and suspended graphene, revealing differences in tribological
behavior depending on structure. Our variable-load measurements on supported graphene are
consistent with previous observations that an increase in the number of graphene layers is
accompanied by a decrease in friction force for graphene exfoliated onto SiO,.”® However, we
found that this trend is not strictly followed by suspended graphene, depending on the applied
load. Figure 5d shows a reversal in friction contrast between monolayer and bilayer graphene
membranes with respect to their supported counterparts. At low loads, although the supported
graphene monolayer exhibits greater friction than the supported bilayer, the suspended
monolayer exhibits reduced friction relative to its bilayer counterpart. The same trend was

observed for monolayers vs. trilayers (Figure 5h).

3.3. Switch of frictional contrast with varying load on suspended graphene. We mapped
friction forces under discrete applied loads ranging from -11 nN to 21 nN on the two membrane

regions in Figure 5a and 5e, as shown in Figures 6a and 6b, respectively. In both cases, the



suspended monolayer exhibited lower friction than multilayers at low loads, but similar or higher
friction at high loads. Meanwhile, supported graphene showed a continuous enhancement in
frictional contrast between monolayer and multilayer regions with increasing load. The right-
most plots in Figures 6a and 6b are representative plots of raw friction data taken as a function of
load over 10 nm scan lines on each of the membrane regions. Similar to the pull-off force
measurements (e.g., Figure 5b), the vicinity of the edge of the membrane to the position at which
these local friction-load measurements were performed did not have an observable effect on
measured values. In contrast to friction on supported monolayer graphene (e.g., Figure 4 inset),
existing continuum mechanics models cannot be applied to suspended graphene. Instead, second
order polynomial fits serve as visual guides indicating overall trends in the data.

For suspended graphene, friction generally increased with decreasing load in the positive
load regime and decreased again in the negative load regime until pull-off occurred, leading to
friction-load plots with negative (downward) curvature. Figure 6¢c compares the mean friction
force for the SisN, and UNCD tips at specific load values for the suspended monolayer vs.
suspended bilayer shown in Figure 6a. The friction data are average values from multiple
duplicated trials at each of five different locations on a given membrane; i.e., each of the seven
data points is an average over data at the corresponding load, extracted from five to ten separate
friction-load curves. The plots do not extend all the way to pull-off, as pull-off forces differed
depending on membrane thickness (Section 3.2). Here, uncertainties in the friction-load data
represent the standard deviation of the mean. While absolute differences in raw friction on
monolayer vs. multilayer graphene were very small, they consistently exhibited crossovers near

zero load, as exemplified by Figure 6c.



3.4. Calculation of contact forces and membrane profiles. Mutual attraction between the
tip and subsurface graphene layers or SiO,/Si substrate can compress the surface layer against
the tip, as illustrated in Figure 7a. As a consequence of tip-subsurface material attraction, we
found that contact pressures were compressive in all cases except for the suspended monolayer,
where the pressure can vanish at 0 K if the surface is perfectly flat. Figure 7b shows that the
compressive stress due to subsurface layers increases with layer number (thickness), and this
trend is much steeper for the suspended case than for the supported case; in the suspended case,
the addition of subsurface graphene leads to a more drastic increase in the compression of the top
layer against the tip. In the supported case, existing substrate material (SiO;) already compresses
the tip against the top graphene layer. However, although individual silicon atoms are more
attractive than carbon or oxygen atoms, graphene’s higher density of atoms near the surface
relative to SiO; results in a greater overall attraction of the tip atoms to the graphene surface.
The addition of graphene layers thus enhances tip-sample adhesion and leads to slightly greater
compression (force per area) of the top layer—even for the ideal, perfectly-flat surfaces
simulated here. The key observation in these calculations is the qualitative difference in the
slope of the two curves in Figure 7b, as actual pressure values depend on the MD parameters
used. In addition, results can vary depending on the assumptions made regarding surface
structure,®’ as calculated attractive forces exerted by the SisN, or SiO; surface depend on the
abundance of each atomic species at the interface. In the continuum model used here, we
assumed that the surface distribution is the same as in the bulk.

Figure 7c shows the calculated membrane profiles for thicknesses ranging from one to three
graphene layers under a 15 nN load applied by the tip. The more flexible monolayer membrane

deflects more under a given load, as expected from the experiments. Its flexibility also results in

10



a greater tendency of the graphene to conform to (wrap around) the tip about the point of contact.
Figure 7d shows the calculated profiles for different numbers of layers at the maximum height
each attained while being pulled upward by the tip. The corresponding applied loads were

~ -65 nN (monolayer), ~ -200 nN (bilayer), and ~ -300 nN (trilayer). Under this configuration
the membranes cannot conform well to the tip. However, conformation can occur for lower tip
heights, as illustrated in Figure 7e for a monolayer membrane. Finally, Figure 7f shows the
calculated tip-membrane contact force for different thicknesses as a function of a range of tip
heights. At a given load, the membrane deflection increases for thinner membranes, particularly
at higher loads, in qualitative agreement with variable-load topographical measurements

(Figure S5). The in-plane stiffness increases with layer number, as indicated by the fact that

thicker membranes require higher loads to attain a given tip height.

4. DISCUSSION

4.1. Friction and adhesion on supported graphene vs. bare SiO,. The greater pull-off
force observed for supported graphene in comparison with that for the bare SiO; surface was
initially unexpected, as both the greater hydrophilicity and surface dipole of SiO, could lead to
greater adhesion. Transition fits to the friction-load data indicate that graphene behaves more
JKR-like than SiO,, which can occur due to either greater surface compliance or stronger short-
range adhesive forces.®*>* We found that both phenomena play a role here: Graphene is more
compliant than SiOy, as it is adhered to the substrate only via non-bonded interactions. (A
similar difference in compliance between SiO, and multilayer graphene was observed by Poot et
al.”®) Further, graphene has a much higher density of atoms near the surface. The magnitude of

the pull-off force is thus enhanced by both the greater contact area at pull-off and the closer

11



proximity of the surface atoms to the tip on supported graphene relative to bare SiO,. Our force-
per-area calculations for ideally flat infinite slabs also predict greater adhesive force on

supported graphene, even though roughness and atomic structure were not considered.

We note that the lower RMS roughness on supported graphene relative to bare SiO; indicates
that it is not seamlessly adhered to the substrate, as predicted elsewhere.® Thus, there exist

39,40 that can lead to or enhance differences in

small gaps between the graphene and substrate
compliance. Ultimately, we found that the work of adhesion does not differ significantly
between the SiO; and supported monolayer graphene surfaces, despite any differences in surface
chemistry. Although this result may come as a surprise, the work of adhesion may be similar
due to a balancing effect between graphene’s greater surface atom density on the one hand, and
the stronger interaction with individual surface atoms in SiO; (particularly Si) on the other. We

believe this is compounded by the differences in atomic distribution along the direction normal

to the surface, which affect the shape of the interaction, as follows.

A high work of adhesion can occur when a small attractive force is applied over a relatively
long distance; likewise, a low work of adhesion can occur when a large force is applied over a
short distance. Accordingly, the contrast between the work of adhesion and the pull-off force
measurements (and pressure calculations) suggests that the effective tip-sample interaction
potentials are of similar depth (adhesion energy) but differing slope (force) in the attractive
regime. Thus, supported graphene exhibits an effectively narrower attractive well. We believe
the more rapid decay of forces on graphene may be a consequence of the discontinuous nature

41
l.

between the graphene and subsurface material.”~ The top graphene layer (or layers), which

dominate the attractive interactions with the AFM tip, are spaced from each other and from the

12



substrate by relatively large distances (= 0.5 nm). In contrast, SiO; is more continuous, with

atoms that are not localized at discrete depths, as in graphene (or graphene-on-SiO,).

4.2. Multilayer adhesion contrast on suspended vs. supported graphene. The magnitude
of the pull-off force varied in the descending order: supported graphene, suspended multilayers,
and suspended monolayers. The higher pull-off force on supported graphene results from the
attraction of the tip to both surface and subsurface material. We note that a similar contribution
of subsurface material has been observed recently in macroscopic adhesion measurements
between gecko feet and SiO./Si substrates of varying SiO- thickness.* Further, attraction of
graphene to SiO; limits the tip’s ability to separate the graphene layers from the substrate, and,
though greater than for bare SiO,, contact area remains dominated by the tip-substrate interaction
throughout the unloading process.

In the case of membranes, for a range of tip heights significantly lower than the maximum
height attained, the simulations indicate that contact area can quickly increase upon contact. As
the tip pulls upward on a membrane, contact area then decreases to a minimum at the maximum
tip height (Figure 7e). The higher pull-off force with increasing layer number observed
experimentally on suspended graphene is qualitatively consistent with the simulations
(Figure 7d), for which the ratio of adhesive forces was 1:3:4.5 for monolayer : bilayer : trilayer,
respectively. Although the maximum membrane heights did not differ significantly as a function
of layer number, the required forces differed considerably because the in-plane stiffness scales
approximately with the cube of graphene layer number (Figure 7f).”*® The reduced overall
curvature of the thicker membranes also means that more of the membrane is close to the tip
(Figure 7d). Further, as the number of layers increases, the tip can exert a greater attractive force

on the membrane due to additional interactions between the tip and subsurface layers.
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The simulated adhesive forces for membranes of different thickness show trends similar to
what we observed in the experiments, with adhesive force increasing with layer number. The
ratios between the measured values, however, are significantly reduced with respect to the
simulated values. We attribute this discrepancy primarily to the use of continuum
approximations to model the membranes. This approach cannot reproduce the exact geometry of
the individual graphene layers at the location closest to the tip, which governs the baseline
adhesive force. Adhesive forces are strongly influenced both by the local curvature of each
individual membrane layer, as well as by the ability of each layer to conform to the tip. The fact
that the experimental pull-off force ratios are smaller suggests that the peak adhesive force may
be dominated by the top graphene layer, which may separate from the other layers at the point of
contact.

4.3. Friction as a function of graphene layer number. The decrease in friction with
increasing number of layers for supported graphene has generally been attributed to variations in
out-of-plane deformability.”®?! In that context, Lee et al. found that rippling effects occur but
diminish with thickness.”® Our calculations reveal a slight increase in the contact pressure
between the tip and the top layer for increasing layer number, which could be expected to lead to
higher friction forces. The work of Lee et al. indicates otherwise and suggests that reduced
rippling and roughness are the dominant effects. Conversely, the experiments performed here
suggest that compressive pressure effects dominate for suspended graphene. The calculated
compressive pressure between an idealized smooth tip and a graphene monolayer (Figure 7b)
drops from approximately 300 MPa to 0 Pa when the substrate is removed. Despite any rippling
that can occur for membranes (Figure 7e), the experiments reveal that friction decreases when

the substrate is removed, suggesting that reduced pressure is the important effect at this scale.
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The steep increase in contact pressure vs. number of layers for the suspended case
(Figure 7b) explains the increase in friction force with increasing number of layers under
negative or slightly positive loads. However, as the load increases further, thicker membranes
deform more slowly and retain a smoother profile with respect to thinner membranes (Figure 7¢).
In Figure 7c, the positively-loaded monolayer membrane is more steeply inclined than the
trilayer near the tip, and it can thus adhere farther up the tip shaft. Hence, we conclude that the
reversal in friction contrast at high loads results from a transition to a contact regime where: (i)
larger deflections by thinner membranes in response to applied load lead to greater conformation
to the tip and more material that must be displaced laterally; and (ii) the subsurface layer
contribution to the tip-membrane contact pressure decreases relative to the now elevated
compressive stresses imposed by the tip.

Although recent MD simulations of small tips on suspended monolayer and multilayer
graphene show friction-load plots that exhibit positive (upward) curvature,* i.e., reversed with
respect to the experimental work reported here, local membrane deformation profiles for the
larger tips used in these experiments (> 20 times the size of the simulated tips in Ref. 44) may be
expected to exhibit much greater complexity than small tips or those with high aspect-ratios.
Subsurface-layer assisted conformation of the membrane to the tip, described by the larger-scale
simulations here, could lead to variations in the plowing (indent or protrusion) asymmetry

described in Ref. 44, as well as introduce additional terms in the equation for friction.

5. SUMMARY

Using AFM, we investigated adhesion and friction on supported and suspended graphene

mechanically exfoliated onto pit-patterned SiO,/Si substrates. We observed significantly lower
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friction on supported graphene relative to the bare SiO, surface, independent of tip size and
material. We found that the higher tip-sample pull-off forces we observed for supported
graphene relative to bare SiO;, were a result of graphene’s greater atomic density near the surface
leading to higher short-range forces, as well as greater contact area arising from increased
material compliance. Among the graphene structures, pull-off forces were greatest for supported
graphene, followed by multilayer and monolayer membranes (suspended graphene). This trend
is a combined result of in-plane membrane elasticity and van der Waals forces between the tip
and surface layer and any substrate material or subsurface graphene layers. Finally, friction
forces increased with increasing number of layers for suspended graphene at low or negative
applied normal loads, in contrast to established trends observed for supported graphene. This
result for membranes stems from a competition between local deformation of the graphene near
the tip, the broader membrane geometry, and van der Waals forces that attract the tip to

subsurface graphene layers.
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Table 1. Continuum mechanics transition fit results for the bare SiO, and
SiO,/Si-supported monolayer graphene surfaces.

Transition Work of
parameter, adhesion, Shear strength,
A W (I/m?) 7 (MPa)
Bare SiO; 0.63+0.30 0.32£0.05 1250 + 200
Supported
monolayer 0.92+0.35 0.34 £0.06 236123
Height (nm) Pull-off force (nN) Friction force (nN)
0.6 0.2 0.2 0.6 21 19 17 15
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Figure 1. (a) AFM topography image and section profile along the red line in the topography
showing the edge of a graphene monolayer exfoliated onto a SiO,/Si substrate. (b)
Corresponding pull-off force map and section profile along the red line in the pull-off force map
for the topographical area shown in (a). (c) Corresponding friction force map and section profile

along the same red line in (b) for the topographical area shown in (a).
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Figure 2. Stick-slip lateral force images on adjacent (a) supported and (b) suspended regions of

a graphene monolayer over 5 nm scan sizes at an applied load of ~ 42 nN.
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Figure 3. (a) Topography and section profile along the red line in the topography of a supported
graphene monolayer. (b-d) Corresponding pull-off force maps and histograms acquired using (b)
Si, (c) SizNg, and (d) UNCD tips. Solid gray (lefthand data) and open red (righthand data)

histograms below each map correspond to bare SiO, and SiO,/Si-supported graphene areas,

respectively.
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Figure 4. Representative friction-load curves acquired on the supported graphene monolayer
(open blue circles) and bare SiO, surface (open red circles) using the SizNj tip. Inset:
magnification of supported graphene monolayer data. The solid lines are fits using the DMT-

JKR transition model.
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Figure 5. (a) Zero-load topographical image of a graphene membrane, with a monolayer/bilayer
boundary traversing the circular pit; (b) corresponding pull-off force map; (c) corresponding map
of the slopes of the force-displacement curves taken in (b); and (d) corresponding friction map
(at zero applied load). (e-h) Same as (a-d) but with an applied load of -11 nN on a graphene
membrane consisting of a monolayer and a trilayer. (i) and (j) are the section profiles shown in
(a) and (e), respectively. (K) Three representative vertical force-displacement curves taken on
the three membrane regions, as indicated in (f). The red arrows in (a, €, i, j) indicate

monolayer/multilayer boundaries.
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Figure 6. The maps in (a) and (b) are extracted from serial friction images at different applied
normal loads on the bilayer/monolayer and trilayer/monolayer membrane regions shown in
Figures 5a and 5e, respectively, using the SisN4 tip. The data are plotted on different absolute
scales for visual clarity, illustrating the crossovers in friction generally observed when
comparing monolayer and multilayer membranes. (All scale bars: 500 nm.) (c) Friction as a
function of load for several load values (excluding pull-off), showing data obtained using the
SizN4 and UNCD tips. The friction values each correspond to averages from at least fifteen
10 nm-sized friction-load measurements on the suspended graphene monolayer (red triangles)
and bilayer (black squares) shown in (a); error bars correspond to the standard devation of the

mean, and solid lines correspond to second-order polynomial fits to the data.
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Figure 7. (a) Schematic of the compression effect on the graphene top layer due to van der

Waals attraction between a subsurface layer and the AFM tip. (b) Calculated pressure between

the AFM tip and the top graphene layer for the supported and suspended cases for different

numbers of graphene layers. (c) Calculated profiles for membranes of different thickness under

the application of a 15 nN downward force by the AFM tip. (d) Calculated membrane profiles
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for different numbers of layers at the maximum height attained while being pulled upward by the
AFM tip; corresponding loads were = 65 nN (monolayer), ~ 200 nN (bilayer), and = 300 nN
(trilayer). (e) Calculated profile for a monolayer membrane for three different tip heights (the
inset shows a close-up of the area around the AFM tip for a tip height of 35 nm). (f) Calculated

force vs. tip height for different thicknesses.
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S1. EXPERIMENTAL SETUP

Graphene samples were prepared via mechanical exfoliation of natural graphite onto silicon
dioxide-on-silicon (SiO,/Si) substrates,> fabricated from Si wafers with a 300 nm-thick
thermally-grown layer of SiO,. An array of pits was formed on the SiO,/Si wafers by reactive
ion etching (RIE). The etch mask consisted of a 300 nm to 350 nm thick layer of photoresist
spin-coated onto the SiO,/Si wafers and baked for two minutes at 115 °C. The array pattern was
transferred by photolithography from a photomask to the photoresist, which was then developed.
The pit array was then obtained after a three to four minute RIE in O,/CHF3 radio frequency
(RF) plasma with gas flow rates of 5 sccm O, and 45 sccm CHF3 at a pressure of 50 mTorr (= 7
Pa) and 200 W RF power. After dissolving the photoresist, a protective layer of poly(methyl
methacrylate) was spin-coated onto the wafers, which were then diced into multiple 14 mm x
14 mm chips. The substrates were then thoroughly cleaned in solvents and deionized water,
followed by piranha (1:4 = 30% H,0,: 98% H,S0O,4) and oxygen plasma cleaning.

Figure S1 shows both optical and scanning electron microscope (SEM) images of patterned
substrates with exfoliated graphene flakes. For the sample used in this study, SEM imaging was
not performed in order to avoid contamination by the electron beam and thus permit future use.
The dimensions of the pits were measured by atomic force microscopy (AFM) and found to be
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cylindrical with a diameter of (1.60 £ 0.05) um and a depth of 100 nm to 150 nm, depending on
the etch time. The spacing between pits was (4.0 £ 0.1) um. After the exfoliation and deposition
process, graphene flakes averaging 10 um to 20 um in size were observed to span a range of pits,
forming an array of suspended graphene (membranes). Some membranes collapsed to the floor
of the pits, but many remained suspended and could thus be used in this study. Figure S2 shows
Raman spectra (with an excitation wavelength of 514.5 nm) for the supported mono-, bi-, and
trilayer graphene and for the monolayer/bilayer membrane in Figures 5 and 6 of the main text.
For a given thickness, the Raman data were nominally identical when comparing supported vs.
suspended graphene structures, consistent with previous work.>>

The AFM probes used in this study were: silicon (Si) with tip radius, R = (8 £ 2) nm; silicon
nitride (SisN4) with R = (15 £ 3) nm; and ultrananocrystalline diamond (UNCD) with
R =(30 £ 5) nm). AFM tips were characterized using SEM to measure tip radius, and to check
for any overall changes in tip shape by comparing SEM images before and after the experiments.
All flexural spring constants were on the order of 0.1 N/m, as measured using the thermal noise
method.>®* The AFM measurements were performed at (30 + 1) °C in dry nitrogen (< 1 %
relative humidity), using the SizNy4 tip, unless otherwise stated. No discernable change in tip
radius occurred during the experiment, based on the SEM images, as exemplified by the SEM

images of the SizNy tip in Figure S3.

In an adhesive force measurement, the tip is first pressed into the sample during “approach,”
followed by a full separation of the tip and sample surface attained by pulling (“retracting”) the
sample away from the tip. Adhesive forces are proportional to the difference between the
vertical signal at pull-off and its value when the tip is fully separated from the surface. Normal
force calibration factors (in Newtons per Volt) were calculated by multiplying the flexural spring
constant of the cantilever by the deflection sensitivity (slope of the vertical force-displacement
curve) on a rigid surface (SiO,/Si). Prior to each friction-load measurement, we acquired several
vertical force-displacement curves to determine the range of applied normal loads to be used.
Normal and lateral signals were then recorded while slowly ramping the load setpoint, where
each line thus corresponded to a single nominal load value. Average friction forces were
determined in the usual way by taking half of the difference between trace and retrace lateral
signals, multiplied by a lateral force calibration factor calculated via the diamagnetic lateral force
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calibration method.>* All friction-load curves were obtained over individual 10 nm scan lines at
a scan speed of 40 nm/s. The force-displacement curves were performed at an approach and

retract rate of 1 um/s, and the effective rate for the friction-load measurements was ~ 10 nm/s.

The experimental uncertainties correspond to one standard deviation of the measured value,

unless otherwise noted.

® & & & & 5 9
® N ® & 5

Figure S1. (a) An optical image of the pit-patterned SiO,/Si surface with the exfoliated
graphene flake; the arrow points to the pit shown in Figures 5a-5d and S2, and the dotted line
indicates a boundary between bare SiO, surface and the flake. (b) An SEM image of a similarly
prepared sample (but with 1 pum pits) showing that the graphene appears to adhere to the side
walls of the pits, as shown more definitively by the AFM topography measurements. (SEM
imaging on the sample in the main experiment was not performed in order to avoid
contamination by the electron beam and thus permit future use.) The dotted line indicates the

boundary between the graphene and bare substrate.
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Figure S2. (a) Raman spectra for the monolayer, bilayer, and trilayer graphene regions in

Figure 5 of the main text, including reference spectra for highly ordered pyrolitic graphite
(HOPG). For clarity, each data set has been offset vertically. The G peak shifts downward, the
2D peak shifts upwards, and the 2D to G peak ratio decreases with increasing layer thickness.

(b) Raman map of the monolayer/bilayer membrane. The dashed and dotted lines indicate the pit
shape and location of the monolayer/bilayer graphene boundary, respectively. (c) Evolution of
the Raman G and 2D peaks across the monolayer/bilayer graphene boundary traversing the pit,
as measured along the direction indicated by the arrow in (b). Each data set has been offset

vertically.
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Figure S3. SEM images of the SizN4 tip before and after the experiment. Despite some blurring
due to charging in the SEM, we did not observe any significant tip wear or contamination from

the experiment.

S2. SIMULATIONS SETUP

In the first set of simulations (Figure S4a), we calculated the pressure between an SizNy4
surface (the tip) and a graphene layer as a function of the number of subsurface graphene layers
and the presence or absence of an SiO, substrate. We assumed the surfaces and graphene layers
to be perfectly flat and infinite (i.e., without surface roughness or atomic structure), and free to
move only in the direction normal to the surface. They interacted with one another only via non-
bonded (van der Waals and Pauli repulsion) forces, as described by Lennard-Jones type functions
approximately fit to molecular dynamics (MD) non-bonded interaction parameters.> For each
case, we constructed a set of equations describing the forces exerted on each structure (tip,
substrate, and individual graphene layers) by all other structures, as a function of individual
position. We then relaxed the system in the vertical direction through a numerical
implementation of the steepest descent geometry optimization algorithm®® until the net force
acting on each structure vanished. Finally, we calculated the contact pressure between the

Si3N, surface and the top graphene layer using the appropriate Lennard-Jones function.
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In the second set of simulations (Figure S4b), we constructed an axisymmetric continuum-
sheet model of a 1.6 um-diameter clamped circular graphene membrane interacting with a
15 nm-radius SizN4 sphere (AFM tip). The interaction between the tip and each element of the
membrane was described by Lennard-Jones-type functions fit to MD non-bonded parameters
through integration of the interaction forces over the volume of the sphere and the area of the
membrane.>® The elastic deformation of the membrane was described by an area energy term for
the stretching or compression of each concentric element of the membrane (Figure S4b) based on
a fit to MD calculations of isotropic areal deformation of a two-dimensional graphene sheet.>” A
“bending” term was included to describe the change in membrane slope for adjacent membrane
elements (side view in Figure S4b) and was approximately fit to atomistic calculations of a
graphene sheet bent by varying angles.®” A set of equations was set up describing the energy of
the system as a function of the position of the tip and the border of each areal element, from
which the forces acting on each coordinate could be obtained. The equations were then applied
to membranes of different numbers of layers (n =1, 2 and 3) pushed down or pulled up by the
AFM tip. In each case, we numerically calculated the relaxed membrane profile at different tip
heights using the steepest descent geometry optimization algorithm®® and extracted the

corresponding tip-membrane interaction force.

The main purpose of these calculations is to obtain physical insight regarding general trends
in the behavior of these graphene systems. The different quantities calculated are not necessarily
quantitatively accurate, as they rely on a number of approximations: the treatment of graphene as
a continuum material, the simplicity of the energy functions used, and the use of MD parameters
from force fields that were not developed for our specific application. These assumptions can
result in uncertainties that are in the worst case of the same order of magnitude as the measured
quantity, depending on the type of calculation; however, the resulting errors are systematic and

relative comparisons remain valid.
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Figure S4. (a) Schematic of the van der Waals interaction model used for calculating the
pressure between the top layer and the AFM tip for supported and suspended graphene. SiO;
and SizN4 denote the silicon dioxide substrate and silicon nitride AFM tip, respectively. (b)
Schematic of the continuum membrane model used to calculate the profile of suspended

graphene interacting with the AFM tip.

S3. VARIABLE-LOAD TOPOGRAPHY ON MEMBRANES

To confirm the variation in membrane height as a function of the normal load applied by an
AFM tip, we performed variable-load topographical imaging of single-thickness graphene
membranes. Figure S5 shows a comparison of membrane deflection (akin to “tip height” in
Figure 7f) versus load for monolayer versus bilayer membranes. As expected (and as indicated
separately by the slope maps in Figures 5¢ and 5g in the main text), the bilayer deflects less than
the monolayer under a given load. Here, we used a very stiff cantilever in order to achieve high
loads, which help demonstrate the overall trend in deflection at the center of the membrane, as a
function of point loading for the different membrane thicknesses. We note that fitting each of
the plots in Figure S5b to an established stress-strain equation®® yielded two-dimensional (2-D)

prestress and 2-D Young’s moduli consistent with literature values **° (see Table S1).
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Figure S5. Deflection as a function of applied load for suspended monolayer and bilayer
graphene membranes (each comprised of a single thickness—either one or two layers). (a)
Deflection of a suspended bilayer, as measured along the central cross-sectional line of the
membrane; the height of the deflection profile increases in overall magnitude with increasing
load. (b) Deflection at the center of the membrane (dashed line shown in (a)) for the two
different membranes, showing that the thicker membrane deflects less at a given load, as is most
apparent at higher loads. The same Si cantilever with a normal spring constant of =~ 1 N/m was

used in both cases. Solid lines are visual guides connecting consecutive data points.

Table S1. 2-D prestress (o2P), 2-D Young’s modulus (E?P), and estimated Young’s modulus
(E) for monolayer (ML) and bilayer (BL) membranes. To obtain E, we used thicknesses, t,
where ty = 0.335 nm and tg. = 2ty for consistency with Refs. S8 and S9. However, we use
the unrounded value for g in Equation (2) of Ref. S8, which leads to differences with their

reported values on the order of 10 %.

P (N/m) E®® (N/m) E=E®™/t(TPa) | E’® (N/m) from
Refs. S8, S9
ML membrane 0.38 +0.03 374 + 10 1.12+0.03 342 + 30
BL membrane 0.46 +0.03 740 + 20 1.10+0.03 698>’
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