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ABSTRACT

A pressing financial and environmental challenge is the impact of friction and wear
on energy usage, economic costs, and greenhouse gas (GHG) emissions. Globally nearly
Y of the world’s total energy is consumed at moving contacts, with 20% of that total used
to overcome frictional forces. To combat the negative effects of friction and wear, thus
mitigating economic spending on energy losses and reducing GHG emissions, new
lubrication schemes need to be developed. Effective lubrication solutions will need to be
compatible with a host of sliding conditions, including a diverse range of surface
chemistries and structural features. One highly adaptable material capable of meeting this
challenge is graphene, a two-dimensional sheet of carbon atoms with excellent electronic,
optical, and thermal properties. Graphene additionally exhibits exceptional friction
reducing and wear-resistant properties, although it is difficult to implement as a practical
lubricant because its mechanical behavior strongly depends on its interactions with the top
and bottom contacts within an interface.

To effectively capitalize on the lubricating potential of graphene, a thorough
investigation into the tribological responses of graphene in controlled sliding contacts is
required. Towards this goal, this dissertation includes research into graphene that is in
sliding contact with molecularly modified interfaces, dynamically oscillating on rough
surfaces, and covalently immobilized to the supporting substrate. Adhesion and friction
measurements on graphene with molecularly functionalized atomic force microscopy

(AFM) tips demonstrated how both chemical functionality and shear strain can be used to



tune the tribological response of the graphene-molecule sliding interface. Dynamic
measurements of graphene on rough surfaces were exploited to examine the relationship
between energy dissipation and friction at different frequencies. Pinning graphene to the
supporting surface further showed how the physical properties of graphene can be
manipulated at interfaces. By understanding how tailored adhesion, modulated out-of-
plane forces, and localized pinning concertedly impact the tribological performance of
graphene, the development of targeted lubricant technologies can take advantage of
graphene’s sensitivity to different sliding conditions. Designer boundary lubrication
schemes incorporating graphene can then play a central role in overcoming the challenges

associated with energy losses at tribological contacts.
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CHAPTER |
INTRODUCTION AND LITERATURE REVIEW: 2D OR NOT 2D? THE IMPACT
OF NANOSCALE ROUGHNESS AND SUBSTRATE INTERACTIONS ON THE

TRIBOLOGICAL PROPERTIES OF GRAPHENE AND MOS;!

1.1 2D or not 2D?

Over fifty years ago the Jost Report called attention to tribological impacts on the
economy.! Today the need to minimize material damage, improve the efficiencies of
processes incorporating moving component, and combat economic losses and greenhouse
gas emissions remains universal.? A recent call for a modern-day Jost Report highlighted
the substantial amount of energy lost to friction and wear.® For example, it is estimated
that almost 11% of the energy used by the transportation, industrial, and utilities sectors
can be saved by developments in tribology.* Further, with 66% of the energy in electricity
generation lost to conversion inefficiencies, there is significant room for improvement in
energy conservation.® As the field of tribology has advanced, it has evolved to target multi-
length scale problems ranging from lubrication challenges in large-scale industrial sliding
interfaces to understanding the atomic origins of friction and stick-slip behavior. Focusing
on the nanoscale regime of tribology is an advantageous means of investigating and
controlling friction and adhesion due to the prevalence of nanoscopic surface roughness

across a variety of interfaces.® At contacting nanoscopic asperities the high pressures and

! Reprinted with permission for minor editing from Elinski, M. B.; Liu, Z.; Spear, J. C.; Batteas, J. D. J.
Phys. D: Appl. Phys., 2017, 50, 103003. Copyright 2017 IOP Publishing.
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shear forces enhance the ill effects associated with two surfaces in sliding contact, such as
wear.” 8 It is because of these pressures and forces that, for systems or environments where
solid boundary lubricants are required, the interface is challenging to lubricate. Previous
efforts to lubricate nanoscopically rough interfaces have included diamond-like carbon
(DLC) coatings,® implementing self-assembled monolayers (SAMs) to modify chemical
interactions,'® ionic liquids,** particles,'> and many other materials and coatings. A
promising boundary lubricant would be both structurally compatible with nanoscopic
surface roughness and able to withstand stresses at contacting nanoscopic asperities.
Two-dimensional (2D) materials, such as graphene and molybdenum disulfide
(MoSz), have the potential to meet the stringent demands for functioning as solid boundary
lubricants. A single sheet of graphene (single-layer graphene, or 1LG) is atomically thin,

consisting of a hexagonal arrangement of sp?-hybridized carbon (Figure 1.1a).13

Figure 1. 1. (a) Schematic of the atomic structure of 1LG (gray = carbon). (b) Schematic
of the atomic structure of 1LM (blue = Mo, orange = S).

Single-layer MoS (1LM) is three atoms thick with one layer of molybdenum atoms
sandwiched between two layers of sulfur atoms joined by covalent bonds (Figure 1.1b),*
and with van der Waals forces holding multiple layers of either graphene or MoS; together.
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Graphene has been shown to have high mechanical strength and macroscale wear
durability, ¢ while both graphene and MoS; are capable of reducing friction forces.!’ 8
There is still a need to better predict and selectively tune the frictional responses of 2D
materials, especially on realistic nanoscopically rough surfaces. The tribological responses
of 1LG and 1LM are highly complex despite the simplifying aspect of consisting of only
a single sheet. Their mechanical properties depend on the interaction strength of the 2D
material with the supporting substrate, the morphology of the underlying substrate,*® 20
chemical modification of the 2D material,»?® and the environment.!® 2428 The
mechanisms governing the frictional response of the sliding interface can become even
more complex when considering composite boundary lubricant systems.?* Recent reviews
have further discussed graphene and 2D materials as lubricants, but have not yet
specifically concentrated on the complex relationship between nanoscale roughness and
substrate interactions.2%-%2

In this introductory chapter the frictional properties of graphene and MoS; on
nanoscopically rough surfaces using atomic force microscopy (AFM) are explored, as the
AFM probe has been shown to mimic a single nanoscaled asperity contact.®® First, the
body of work surrounding AFM/FFM (friction force microscopy) studies of graphene on
surfaces with roughness ranging from the atomic scale to the nanoscale (~30 nm RMS)
will be examined. Specific consideration is given to both the morphology and the
nanomechanical behavior of graphene on these surfaces and the influence of modulating
substrate interactions on the resulting frictional properties.3 Then, as a comparison, these

studies are extended to that of MoS; on rough surfaces.



1.2 Factors Influencing the Frictional Response of Graphene

AFM/FMM studies of 2D materials offer a unique method to explore their
nanotribological properties.®* 3 Additional details of the basic principles for AFM/FMM,
as well as other AFM methods (adhesion measurements, force modulation microscopy,
and scattering-type scanning nearfield optical microscopy) are included in Chapter Il. The
AFM probe models single-asperity contacts, and based on the chosen experimental design
the set-up allows for environmental control as well as manipulation of both the bottom
contact (i.e. supporting substrate morphology and surface chemistry) and the top contact
(i.e. AFM probe size and chemistry). In FFM measurements of graphene precise
placement of the AFM probe allows for direct comparison of single-layer graphene (1LG),
bilayer graphene (2LG), few layer graphene (FLG), and bulk graphite (similarly, 1LM,
2LM, FLM, and bulk MoS). For FFM measurements of graphene on surfaces with atomic
scale roughness the sliding interface is generally between the AFM probe tip and top side
of the graphene sheet. Here the measured frictional response has been found to largely
depend on the mechanical out-of-plane deformation of the graphene sheet, seen as an
increase in the friction force with decreasing number of graphene layers, with the highest
friction being observed on single layers (Figure 1.2d).%6-3 The correlation between layer
thickness and frictional response is shown in Figure 1.2, where the thinner layers in the
AFM topography image (Figure 1.2a) correlate to higher friction forces (Figure 1.2b).

This work by Lee et al® suggests that the dependence of the frictional force on the
number of layers is a universal property of 2D materials (graphene, MoSz, niobium

diselenide, and hexagonal boron nitride) and arises from the increased susceptibility of
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thinner layers to deform out-of-plane in front of the sliding AFM probe.*® This “puckering
effect” (Figure 1.2¢) increases the tip-graphene contact area, in turn increasing the

observed friction force.
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Figure 1. 2. (a) AFM topography image showing height contrast between different
graphene layers labeled as 1-4 layers (L). (b) Corresponding FFM image to the topography
image in (a), where the brighter contrast indicates higher friction force. (a) and (b) Show
the correlation between layer thickness and friction force, where thinner layers have a
higher friction force. This effect is shown as a bar plot in (d), with the raw friction signal
normalized to single layer graphene for three samples. The proposed cause of the layer
dependence is that thinner layers deform more easily out-of-plane, creating a “pucker” in
front of the sliding AFM tip, as shown in (c). Adapted with permission from Lee et al.®
Copyright 2010 by AAAS.

It also reflects the dynamic behavior of graphene, as the sheet bends in reaction to
the sliding contact. More detailed investigations (discussed in the following paragraphs)

of the out-of-plane deformation that dominates the measured frictional response of
5



graphene have elucidated that it depends strongly on the relative strength of the
interactions between graphene and the bottom and top contacts.

Shortly after Lee et al*® proposed the puckering effect as the mechanism behind
the layer-dependent frictional response of graphene, Choi et al* reported the observation
of frictional domains in 1LG. For a single layer of graphene supported on nominally flat
SiO2, no major topographical variations were observed, yet distinct regions of varying
frictional forces were seen in the simultaneously collected friction force images. It was
proposed that the domains arose from ripple distortions which led to anisotropic puckering
of graphene, and that the ripple structure was ultimately a result of inhomogeneous
interactions of graphene with the supporting SiO substrate. This could be mitigated by
increasing the applied load, such that the larger resulting contact area decreased the
contribution of ripple deformations to the measure friction. More recently, Gallagher et
al*! proposed that the anisotropic frictional domains of 1LG instead arose from self-
assembled environmental adsorbates. The direction of the resultant stripe-superlattice
pattern could be switched based on the scan direction and applied load of the AFM probe,
as shown in Figure 1.3a. Altering the self-assembled strip orientation changed the
measured friction force. Figure 1.3b shows how different friction force contrasts were
obtained on the regions of stripe orientations in the insets.

The influence of the supporting substrate was investigated by Cho et al.®
Comparing graphene on SiO2 vs on atomically smooth surfaces (hexagonal boron nitride,
mica, and bulk-like graphene) demonstrated that the frictional response correlated to the

graphene-substrate adhesion and substrate morphology. Here it was shown that the layer-



dependent response could be suppressed as the graphene-substrate interaction strength was
increased, which occurred for graphene transferred to the atomically smooth surfaces
where high contact intimacy was achieved (Figures 1.4a,b). For graphene folded from
SiO; onto bulk-like graphene, a higher friction force was preserved as the “memory” of
the corrugations induced from the initial transfer to SiO, remained, even on the atomically

smooth bulk-like graphene (Figures 1.4c,d).

(a)

Low normal force  High normal force

Figure 1. 3. (a) Schematic of how the stripe-superlattice of self-assembled adsorbates can
be manipulated with the AFM probe. (b) Three friction regions with different orientations
of stripe patterns, labeled in the insets as I-111. Within each section is various alterations
of friction force based on changing the stripe direction. Adapted with permission from
Gallagher et al.** Copyright 2016 by Macmillan Publishers Limited.

Further exploring the competition between graphene-substrate vs graphene-tip
interactions, studies by Egberts et al*? and Liu et al*® addressed how build-up of the

graphene pucker altered the mechanical responses. In the study by Egberts et al*? the



frictional force of graphene on copper depended on whether or not contact was broken

between the AFM probe and graphene during sliding.
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Figure 1. 4. The bar plots in (a) and (b) show the friction signals of different layer
thicknesses of graphene on SiO. normalized to single layer graphene (1L) on hexagonal
boron nitride (hBN) and 1L graphene on graphite, respectively. The data shows 1L
graphene on the two atomically smooth surfaces (hBN and graphite) has an almost equal
friction force to bulk-like graphene (5L on SiO>), suggesting the puckering mechanism is
suppressed when the 1L graphene is more strongly adhered to the atomically smooth
surfaces. The FFM image (scale bar: 1 um) in (c) shows 1L graphene folded (F) onto itself
and onto bulk-like graphene (BG). In both (c) and the corresponding bar plot in (d), the
high friction force of the 1L originally deposited on SiO: is retained as the “memory” of
the SiO, surface morphology. Adapted with permission from Cho et al.'® Copyright 2013
by RSC Publishing.



Large hysteresis was seen in friction vs load measurements when the
probe/graphene contact remained intact throughout the measurement, seen in Figure 1.5a
as a largely increased friction force for the unloading curve over the loading curve. This
degree of hysteresis was not observed on the bare copper surface or on graphene when the

probe/graphene contact was disrupted by scanning over the edge of the graphene flake

(Figure 1.5b).
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Figure 1. 5. The friction vs load plots in (a) and (b) show the loading and unloading cycles
for graphene on copper and, additionally in (b), the exposed copper surface. In (a),
extensive hysteresis is observed as the tip does not break contact with the graphene sheet
at any point during the loading/unloading cycle. In (b), no hysteresis is observed for the
exposed copper surface, or for graphene in the case where tip/graphene contact is broken
by sliding over the edge of the graphene sheet. The series of schematics in (c) show the
proposed mechanism for the increase in graphene puckering as the load is increased (i-iii),
and the subsequent slower decrease in graphene puckering as the load is decreased (iv-vi).
Adapted with permission from Egberts et al.*? Copyright 2014 by ACS Publishing.
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The proposed mechanism, shown sequentially in Figure 1.5c, centered around the
idea that the size of the pucker first grew under increasing applied load (schemes i-iii in
Figure 1.5¢), then shrunk at a slower rate under decreasing applied load (schemes iv-vi in
Figure 1.5c). The extensive puckering indicated that graphene-copper adhesive forces
were relatively weak and affirmed that graphene-substrate interaction strengths
substantially influence the frictional response of the top sliding contact.

In a similar argument, when the graphene-tip contact area was increased by build-
up of the graphene pucker from initial sliding (pre-sliding) of the AFM probe, Liu et al*®
observed a 12-17% increase in the first pull-off force. Subsequent pull-off forces returned
to the constant value measured when there was no pre-sliding of the AFM probe. The
initial enhancement in pull-off force was not seen for direct pull-off force measurements,
where the tip was retracted from the surface with no pre-sliding. This phenomenon was
supported by finite element modeling (FEM) comparing direct pull-off measurements with
pre-sliding pull-off measurements for graphene-tip interaction ratios of 1.2 vs 2.0. Only
in the case of increased graphene-tip adhesion (interaction ratio of 2.0) was there an
enhanced pull-off force observed with pre-sliding due to a larger pucker of the top layer
of graphene.

Increased tip-graphene adhesion was also shown by Deng et al* to impact
puckering of surface graphite layers. Under decreasing load, as the AFM tip was retracted
while scanning, a negative coefficient of friction (COF) (Figure 1.6a) was measured when
the adhesion between the AFM tip and surface was enhanced relative to the exfoliation

energy between graphite layers. Shown schematically in Figure 1.6b, the topmost layers
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of graphite conformed to the tip and remained attached during retraction. The local layer
delamination caused the surface layer(s) to behave increasingly like 1LG as the applied
load was decreased, which increased the graphene pucker around the AFM tip and resulted

in a higher friction force for decreasing loads.
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Figure 1. 6. (a) Friction vs load curve showing a negative coefficient of friction during tip
retraction on graphite. (b) Schematic of local layer delamination during retraction of the
AFM tip. Adapted with permission from Deng et al.* Copyright 2012 by Macmillan
Publishers Limited.
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It is helpful to compare the mechanisms of the frictional behavior of graphene
observed by Egberts et al*? (Figure 1.5) to that observed by Deng et al** (Figure 1.6). Both
studies saw increased graphene puckering for decreasing load. In Figure 1.5 however, 1LG
was delaminated from copper, while in Figure 1.6 the ratio of tip-graphene adhesion to the
exfoliation energy of graphite was large enough to delaminate the top graphene layers.
These differences were enough to shift the frictional response of graphene from a case of
large hysteresis to one of a negative friction coefficient.

These studies emphasize how the competing interactions between an atomically
thin 2D material and the supporting substrate vs the top nanoscale contact impact the
material’s nanotribological behavior. Other studies have compared graphene on SiO2 with
suspended graphene®® and graphene on Ni(111)* to further investigate how graphene-tip
adhesion can depend on subsurface interactions and to explore causes for differences in
shear stress. In the work by Deng et al** SiO, supported graphene layers (1LG, 2LG, and
FLG) were compared to suspended graphene layers. Analyzing the friction vs load
response of supported graphene layers against bare SiO, (Figure 1.7a), the shear strength
of the AFM probe on SiO2 was 1-2 orders of magnitude greater than on the supported 1LG
(1250 £ 200 MPa and 23.6 £ 2.3 MPa for bare SiO> and the supported 1LG, respectively).
Additionally, the supported graphene layers and suspended graphene layers had
dramatically different nanotribological properties, attributed to the higher flexibility of the
suspended layers. In particular, for pull-off force measurements no layer-dependence was
observed for the supported graphene, but for the suspended graphene the pull-off force

increased as the number of layers increased. This trend was concluded to be a combined
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result of graphene elasticity and the van der Waals forces between the tip and any
subsurface material (additional graphene layers in the suspended region). As thicker layers
have a higher stiffness, they exhibited a reduced downward curvature at pull-off as the
AFM tip lifted the membrane, which allowed for more of the suspended graphene layers

to interact more closely with the tip and increased the pull-off force.
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Figure 1. 7. Comparing supported vs suspended monolayer graphene, the friction vs load
curves in (a) for bare SiO2 and monolayer graphene supported on SiO> were fit with the
DMT-JKR transition model to calculate the shear strength of each. The inset of (a) is a
magnification of the monolayer graphene curve. The FFM images in (b) show the changes
in friction contrast for suspended monolayer vs bilayer graphene under negative load, no
load, and positive load. The friction vs load curves for the suspended graphene layers in
(c) show the switch in layer dependence based on load, and emphasize the difference in
nanomechanical behavior compared to supported graphene in (a). The schematic in (d)
shows the compressive model proposed for attraction between the SisN4 AFM tip and
subsurface graphene layers. Adapted with permission from Deng et al.*® Copyright 2013
by ACS Publishing.
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Further, for thicker layers, additional attractive interactions between the tip and
subsurface graphene layers permitted the tip to exert a greater force on the suspended
graphene layers. An increased compressive contact (Figure 1.7d) corresponded to
increased compression of the top graphene layer against the tip and enhanced the tip-
sample adhesion. Frictional properties of the suspended graphene layers were similarly
seen to depend on the deformation of graphene and tip-subsurface material van der Waals
forces. This was manifested in the suspended graphene layers as a reversal in the typical
layer-dependence of the friction force. At low or negative loads, there was an increase in
friction force with added layer thickness, in contrast to the decrease in friction force with
added layer thickness observed in supported graphene. This can be seen in the friction
images of the suspended graphene layers comparing 1LG and 2LG in Figure 1.7b at low
load, no load, and positive load. Figure 1.7c further displays how the layer dependence of
the friction force switched under different load regimes. The authors argued that despite
any rippling that could have occurred in the membranes (normally characteristic of the
puckering effect and typical increase in friction force for thinner layers), without the
supporting substrate the reduced contact pressure at low/negative loads was the
dominating factor in the friction response. Then at high positive loads, where the layer
dependence was reversed, the thinner membranes had larger deflections, thus greater
conformation to the tip (increased tip-sample contact area) and subsurface layer
contributions were decreased relative to the tip-membrane contact pressure.

It should be noted that, with respect to tip-subsurface interactions, separate work

by Tsoi et al*’ found that a single layer of graphene completely screened the van der Waals
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forces of the SiO> substrate (shown schematically in Figures 1.8a,b). Examining the snap-
in region of force-distance curves (Figure 1.8c) revealed that the interaction between the
tip and sample was weakest for 1LG on SiO2 and increased with added layers. The
interaction with bulk graphite (HOPG) was notably the strongest, with detected forces at
a tip-sample separation of 15 nm, while 1LG on SiO> did not detect any forces until the
tip had approached to within 7 nm of the surface.

The data shown in Figure 1.8c was fit using assumptions within a standard
dielectric continuum model and adopted the Derjaguin approximation for a van der Waals

interaction between a sphere and a half space (the sample surface).

(a) (b) ), 10 d(m) 20

» 1LGISIO;
« 2LGISIO;
* 3LGISIO,
* HOPG

Figure 1. 8. The schematics in (a) and (b) show the van der Waals interaction between the
AFM probe and SiO; surface in (a) and their effective screening by graphene in (b). The
snap-in region of force-distance curves for 1-3 layer graphene and bulk graphite (HOPG)
are shown in (c). An outward shift in the curves shows the interaction strength between
the tip and surface increasing with increasing number of graphene layers, as tip-sample
interactions are felt at longer distances from the surface. Adapted with permission from
Tsoi et al.*” Copyright 2014 by ACS Publishing.

From this, the Hamaker constants for each layer thickness were calculated, yielding a
negligibly small value for the SiO contribution. Based on this work, it is likely that the

differences observed by Deng et al* between supported and suspended graphene are
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dominated by the variations in stiffness of the different layers (and resulting changes in
contact pressures), rather than attractive forces between the tip and subsurface material.

Alternative to comparing SiO> supported graphene with suspended graphene,
Paolicelli et al*® compared SiO, supported graphene with graphene on Ni(111) and
demonstrated that graphene on SiO; had a shear strength four times larger than graphene
on Ni(111). The reduction of shear strength for the graphene-Ni(111) system was reasoned
to be a result of both decreased roughness (30% lower roughness than graphene on SiO2)
and the commensurate interface produced from graphene growing in registry with
Ni(111). This prevented significant puckering of the graphene, leading to an overall more
rigid surface under sliding contact. Further influence of the supporting substrate on the
frictional response of graphene was more recently demonstrated by Tripathi et al*® for
FLG over polycrystalline Ni. The COF of FLG at interfacial grain boundaries was lower
than on the grain regions, found to be due to accumulated carbon layers and increased
roughness through texturing of carbon pillars/spikes.

The selected nanotribological studies of graphene discussed so far begin to detail
how the supporting substrate and competing interactions between the bottom and top
contacts play vital roles in the behavior of graphene as a solid lubricant. While they
predominantly focused on nominally flat surfaces, it is clear that small changes in surface
morphology can have dramatic impacts on the mechanical responses of graphene in sliding
contact. This implies that studies focused on investigating 2D materials on nanoscopically
rough surfaces are warranted to understand the interplay of interactions that govern the

frictional behavior of 2D materials on more realistic interfaces. Understanding their
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behavior will be critical for establishing means to develop tailored lubrication schemes

based on 2D materials such as graphene. The following section is devoted to addressing
some of the studies that have begun to explore graphene on rough interfaces.
1.3 Graphene and Substrate Morphology — A Rough World

To study the nanomechanical properties of 2D materials on nanoscopically rough

surfaces, a system that was developed to mimic asperity-asperity contacts*® was employed

(Figure 1.9).
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Figure 1. 9. An overview schematic showing the use of nanoparticles and AFM probe to
mimic nanoscopic asperity-asperity contacts. (a) Shows the “true” contact area of a
nanoscopically rough interface. (b) The AFM topography image in (b) and corresponding
cross section in (c) shows a film of silica nanoparticles used to model nanoscopic surface
roughness. (d) Side view of the asperity-asperity interaction between an AFM tip with ~10
nm radius of curvature and the nanoparticle film. Adapted with permission from Xu et
al.*® Copyright 2008 by Wiley Periodicals, Inc. This system is employed to examine how
nanoscopic roughness impacts the properties of 2D materials, shown schematically in (e).
The schematic in (f) shows how the system can be further tailored by surface
functionalization with self-assembled monolayers to explore the impact of substrate
interactions on the properties of 2D materials.
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The reduced “true” contact area of nanoscopically rough surfaces (Figure 1.9a) was
modeled by a spincoated film of silica nanoparticles (root-mean-square (RMS) roughness
of ~25 nm), shown in Figure 1.9b and the corresponding cross section in Figure 1.9c.
Figure 1.9d provides a side-view of the tip-sample asperity-asperity contact, where a
scanning electron microscopy image (SEM) shows the tip (~10 nm radius of curvature)
compared to the nanoparticle (NP) film. Figures 1.9e and 1.9f demonstrate how graphene
introduced to the system allowed for the study of its properties in nanoscaled asperity-
asperity contacts. Figure 1.9f shows how the system was chemically modified via surface
functionalization to explore the influence of substrate interactions, as in the previous study
by Spear et al.3

The morphology adapted by graphene on rough surfaces was predicted by Li et
al®® and Wagner et al®* to depend on a balance between elastic strain in the graphene lattice
and the strength of the graphene-substrate interaction. Li et al*® examined the morphology
of graphene on herringbone and checkerboard surface corrugations with various substrate
wavelength/amplitude ratios (on the order of 4-100 nm). The conformity of graphene, as
seen in the insets in Figure 1.10a, was defined as the ratio of the graphene sheet amplitude
(Ag) to surface amplitude (As). An Ag/As ratio of 1 described a conformed state, and Ag/As
approached 0 for a non-conformed state. Plotting Ag/As as a function of D/g (where D was
the bending rigidity of graphene and & was the graphene-substrate bonding energy)
showed a sharp transition between the conformed/non-conformed states of graphene as
D/e increased, explained as a “snap-through” instability. The snap-through event was also

sensitive to the defined substrate geometry. For example, for the checkerboard substrate
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shown in Figure 1.10a, the snap-through instability increased as the surface wavelength
increased. The model here, though, may not be realistic as it does not consider different
bond strengths between graphene and the substrate at the apex of the surface features vs

the suspended regions.
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Figure 1. 10. Theoretical predictions of graphene morphology. In (a), a snap-through
instability of graphene is observed on a checkerboard patterned surface. The conformity
of graphene is represented by plotting Ag/As vs D/e (where Ag and As are the amplitudes
of the graphene sheet and surface, respectively, D is the bending rigidity of graphene, and
¢ is the bonding energy). For Ag/As near 1, the graphene sheet is completely conformed,
which increases as D/e decreases. A sharp “snap-through” is observed, where the graphene
sheet transitions to a state of non-conformity. Adapted with permission from Li et al.*°
Copyright 2010 by Springer Open. In (b) an intermediate state between non-conformal
and conformal states of graphene is shown as the partially conformed state of few layer
graphene. The transition between non-conformal and conformal states was shown to be
either a snap-through event or a smooth transition through a partially conformal state
before snap-through based on the substrate morphology. Adapted with permission from
Wagner et al.>! Copyright 2012 by AIP Publishing.
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Wagner et al®! later expanded the predicted morphology of FLG on rough
substrates to include an intermediate partially conformed state of graphene (middle panel
of Figure 1.10b), similarly dependent on the balance of elastic strain and strength of
substrate interaction, as well as being sensitive to substrate geometry. Based on defined
surface wavelengths and amplitude (I and & in Figure 1.10b, respectively), different
transitions between the three states were observed. A discontinuous snap-through between
conformed/non-conformed states occurred when the curvature of the substrate peaks was
too great for the bending energy penalty to be overcome (graphene remained non-
conformal) until the adhesion energy was large enough (graphene suddenly transitioned
to a conformed state). For different substrate geometries two other transitions were
observed, one where the graphene sheet partially conformed before undergoing a snhap-
through discontinuity, and another where the snap-through event was completely replaced
by a smooth transition from non-conformed to conformed states.

Experimental cases of both a snap-through instability and states of partially
conformed graphene have been observed. Scharfenberg et al®® reported that FLG
underwent a distinct snap-through transition on a grooved Pd/Au substrate (peak-to-peak
separation of 1.5 um and amplitude of ~100 nm). Thicker layers of FLG had a higher
bending rigidity, thus the layer thickness tuned the strain energy. The FLG had a critical
number of layers (~60 layers) where a sharp transition occurred from a conformed state
(<60 layers) to a non-conformed state (>60 layers). The authors did note however, the

existence of a narrow region of partial conformity for thicknesses between ~50-60 layers.
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A more equilibrated state of partial conformity was observed by Spear et al® for
graphene deposited on a film of 20 nm silica nanoparticles (Figure 1.11). The 20 nm NP
film yielded a rough surface with largely equal sized nanoasperities with a peak-to-peak
separation of ~20 nm and a RMS roughness of ~9 nm. In the AFM topography image in
Figure 1.11a, the NP morphology was still visible under the graphene sheet due to its
flexible nature. The corresponding cross section in Figure 1.11b shows the transition from
bare NPs to graphene over the NPs by the dashed line. The decreased amplitude of
graphene over the NPs indicated the graphene was partially conformed. As the thickness
of graphene was increased (Figure 1.11c) the conformity gradually decreased, due to

increasing bending stiffness.
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Figure 1. 11. AFM topography images show the morphology of graphene on a film of 20
nm silica nanoparticles. In (a) and the corresponding cross section in (b), the partial
conformity of 1LG is observed, with wrinkles observed at the edge of the sheet. In (c), the
conformity of the graphene is seen to decrease with increasing layer thickness, due to
increasing bending stiffness. Adapted with permission from Spear et al.>* Copyright 2015
by RSC Publishing.

The conformed state of graphene has also been observed to depend on the size of graphene

flake (Figure 1.12). In the same system (graphene on 20 nm silica NP films), smaller
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graphene flakes approximately 200-500 nm in lateral dimension exhibited pinning to the

NPs and wrinkling.

Figure 1. 12. (a) AFM topography image and corresponding FFM image (b) of graphene
on 20 nm silica NPs, showing wrinkling for sheet sizes ~200-500 nm across.

Understanding the morphology of graphene on rough substrates can provide
insight into the nanotribological responses of graphene under sliding contact. In the work
by Spear et al, this was manifested in friction force measurements on graphene on a 20
nm NP substrate using a sharp AFM probe (tip radius of curvature, Riip: 32 nm). Given the
partially conformed state of graphene, the AFM probe was able to travel smoothly over
the graphene/NP surface, which effectively eliminated the layer dependence (or puckering
effect) of the frictional response. This effect was seen in the FFM image (Figure 1.13b)
where there was no observable contrast in friction between 1LG and 2LG (the
corresponding AFM topography image is shown in Figure 1.13a). The friction data was
normalized to bulk graphite (plotted in Figure 1.13c) to further illustrate the lack of layer
dependence of the frictional response for the sharp probe case (within the error bars). The

results were contrasted to using a blunt probe (Rtip: 132 nm), where the layer dependence
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was recovered (Figure 1.13c) due to the increasing contact area increasing the interaction
between the graphene and the top sliding contact.

These results have recently been supported by simulations from Ye et al®® that
sought atomistic insights into the underlying mechanisms of friction on graphene
regarding roughness. Two opposite layer-dependent trends were observed, based on the
relative tip apex size. Together, the experimental findings and simulations emphasize that
surface roughness is not the only parameter affecting the layer-dependent frictional
behavior of graphene. Consideration also needs to be given to the correlation length

(average spacing of topographical features) and the radius of curvature of the sliding tip.
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Figure 1. 13. AFM topography image (a) and corresponding FFM image (b) showing no
layer dependence of the friction force. The bar plot in (c) shows the normalized friction
signal (to bulk graphite) for 1LG and 2LG for sharp (32 nm radius of curvature) and blunt
(132 nm radius of curvature) AFM probes. The sharp probe, which corresponds to the
images in (a) and (b), shows no layer dependence outside of the error bars. The blunt probe
shows the typical layer dependence, with friction force increasing for thinner layers of
graphene. Reprinted with permission from Spear et al.** Copyright 2015 by RSC
Publishing.

There are also implications of the behavior of graphene on rough surfaces for the

work by Berman et al?* shown in Figure 1.14. In a mixture of graphene patches and
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nanodiamonds (Figure 1.14a), graphene nanoscrolls were found to form around the
nanodiamonds under sliding contact, achieving superlubricity with a COF as low as 0.004

(Figure 1.14b).
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Figure 1. 14. Superlubricity was achieved for graphene nanoscrolls formed around
nanodiamonds. The schematic in (a) represents the overall system, with a mixture of
graphene patches and nanodiamonds at the sliding interface. The graphs in (b) demonstrate
how the coefficient of friction decreased to a state of superlubricity as the graphene
nanoscrolls formed during sliding. The coefficient of friction did not dramatically decrease
for either graphene or nanodiamonds alone. Further, the scroll formation exhibited an
environmental dependence. The nanoscrolls only formed in a dry environment, shown in
the MD simulation in (c). (d) Shows a TEM image of the scrolls with the inset showing
the electron energy-loss spectrum for diamond at the center of the scrolls. Adapted with
permission from Berman et al.?* Copyright 2015 by AAAS.
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The superlubricity was unique to the graphene/nanodiamond composite interface, as
neither graphene nor the nanodiamonds alone exhibited a dramatically reduced COF
(Figure 1.14b). The nanoscrolls, modeled by MD (molecular dynamics) simulations
(Figure 1.14c) and visible in transmission electron microscopy (TEM) (Figure 1.14d), only
formed under a dry environment. The sensitivity to the environment dictated whether the
graphene sheets remained adhered to the SiO. substrate or delaminated and scrolled
around the nanoscopic diamonds, showcasing how the dynamic behavior of graphene
critically depends on a competition between strain and adhesive energies. Chapter IV
further explores the dynamic behavior of graphene, using equal deflection imaging to
visualize the out-of-plane deformations and force modulation microscopy to examine how
out-of-plane interlayer coupling impacts the frictional response of graphene, and how this
is ultimately impacted by surface roughness.

To develop a more detailed understanding of how changes in substrate roughness
shift the balance of lattice strain and graphene-substrate adhesion energy, the system of
graphene on 20 nm silica NPs was expanded to explore varying sizes of NPs (85 nm, 50
nm, 20 nm, 12 nm, and 6 nm). AFM topography images of each are shown in Figure 1.15,
including a reference of graphene on nominally flat SiO,. Figure 1.16 shows the
corresponding RMS roughness values of the bare substrates and 1LG regions for a 500
nm? area. For each, graphene reduced the measured RMS compared to the exposed
substrates. Comparing across NP sizes, the roughness of graphene decreased with
decreasing NP size, seen in the cross sections in the inset of Figure 1.16. The roughness

trends further reflected the degree of conformity of graphene to the NPs.
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Figure 1. 15. AFM topography images for graphene on substrates with controlled
roughness. Images (a)-(e) show the conformity of graphene increases as the NP size
decreases. (f) Shows the control sample of graphene deposited on nominally flat SiO».
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Figure 1. 16. Root-mean-square (RMS) roughness values for the bare surfaces and
graphene on each respective shown in Figure 1.15. The inset shows representative cross
sections of graphene on each surface, demonstrating the controlled decrease in roughness
by varying nanoparticle size.
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Graphene was the least conformed for the 85 nm NPs, with more pronounced suspended
regions of graphene between the apex of the NPs. As the roughness decreased (smaller
NP size), the conformity of graphene increased due to the closer spacing of the NPs and
smaller heights. However, this increase in graphene conformity to the NPs was at the
expense of lattice strain. As graphene more tightly conformed to nanoscopic asperities,
the radial strain induced in the graphene sheet by the NPs increased.

The extent of strain in the lattice was monitored via Raman microspectroscopy by
examining the two characteristic Raman mods of graphene, the G peak (Figure 1.17a) and
2D peak (Figure 1.17b).>* A summary of the spectral data is shown in Table 1.1, compared
to data from Zabel et al®* for unstrained and undoped graphene. Examining the data in
Table 1.1, as the conformity of graphene to the NPs increased (smaller NP size), the G

and 2D peak shift (AG and A2D) increased, indicating increased lattice strain.>>=>’
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Figure 1. 17. Normalized Raman spectra showing the shifts in the G (a) and 2D (b) peaks
for graphene on surfaces with controlled roughness. Both Raman modes shift to lower
wavenumbers with increasing strain as graphene-substrate conformity increases.
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The 1LG was strained up to 0.15% for the 6 nm NP substrate, calculated from a
2D shift of 21 cm™, based on the work by Zabel et al®* that showed a 2D shift of 140 cm-

1 per 1% of biaxial strain.

Table 1. 1. Summary of Raman spectra of graphene on various rough substrates. The 2D
and G peak positions, calculated from a Lorentzian fit, and their shifts from
unstrained/undoped graphene.> The full width at half max values for the 2D (I';p) and G
(T¢) peaks are also listed, along with the peak intensity ratio (l2o/lg).

Sample 2D(cm?) G(em?l) A2D  AG TIp T  lolle
Unstrained/Undoped 2692 1582 - - - - -

Flat 2693 1588 +1 +6 31 14.7 1.75
85 nm NPs 2685 1581 -7 -1 34 197 33
50 nm NPs 2685 1580 -7 -2 36 198 22
20 nm NPs 2682 1580 -10 -2 41 220 24
12 nm NPs 2674 1576 -18 -6 39 200 22

6 nm NPs 2671 1575 -21 -7 40 203 27

The degree of conformity of graphene was also reflected in the 2D/G peak intensity ratio,
which was shown by Das et al*® to provide insight on chemical doping from the supporting
substrate. A lower ratio (for example ~1.8 for graphene on nominally flat SiO) indicated
higher chemical doping, consistent with graphene having more intimate contact with the

substrate. A higher ratio (for example ~3.3 for graphene on the 85 nm NPs) indicated less
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chemical doping, largely arising from the suspended regions of the graphene, consistent
with decreased conformity.

These results demonstrate how controlling primarily the substrate roughness can
shift the balance of elastic strain energy in the graphene lattice and its adhesive interactions
with the supporting substrate. As the morphology and nanomechanical behavior of
graphene on nanoscopically rough surfaces is regulated by lattice strain and the strength
of the graphene-substrate interactions, tuning the substrate chemistry offers another
avenue for manipulating the nanotribological properties of graphene.

1.4 Graphene and Substrate Interactions — A Balancing Act

One versatile way to control substrate chemistry is through the use of SAMs. The
covalent linkage of silanes to silica surfaces provides a strong attachment for the
molecules to the substrate with the terminal tail groups modulating the exposed surface
chemistry through a choice of different functional groups.>® SAMs have been explored as
boundary lubricants, but have been found to have reduced performance on surfaces with
nanoscopic roughness due to incomplete film formation and the inability to prevent direct
substrate-substrate contact.’® 4° 8062 These shortcomings combined with the high
pressures and shear forces at asperity-asperity contacts lead to their degradation and poor
performance in wear tests. Despite their low mechanical stability, SAMs still have many
uses in engineering surface properties.® %

Here, composite interfaces were created by functionalizing flat SiO, and
spincoated 20 nm silica NP substrates with octadecyltrichlorosilane (OTS) to render a

hydrophobic surface.®* AFM topography images of the rough graphene-OTS and flat
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graphene-OTS surfaces are shown in Figures 1.18a and 1.18c, respectively. Figures 1.18b
and 1.18d show the corresponding FFM images of each. Figure 1.18e compares the
normalized friction force signals using a sharp probe for graphene on 20 nm silica NPs (as
discussed in the previous section) to graphene on 20 nm OTS functionalized NPs. While
the graphene-silica NP surfaces showed no layer dependence, the graphene-OTS NP
composites showed both a layer dependence and an enhanced friction force. The proposed
mechanisms is that the combined graphene-OTS surface is mechanically compressed, as
OTS is more compliant than the supporting silica NPs. Compression of the composite
structure would produce a similar effect of increasing contact area by out-of-plane
deformation for thinner graphene layers. Chapter Il explores in more detail molecular
compression at sliding interfaces and the subsequent impact on shear strain using
functionalized AFM tips. Comparing a series of molecules with varying tip-graphene
interaction strengths and chain lengths, the OTS functionalized tip did exhibit the highest
tip-graphene shear strain, even over a phenyl terminated molecule with a higher
interaction strength with graphene.54

Figures 1.18f and 1.18g compare the normalized frictional response of the
graphene-OTS NP and flat composites, respectively, along with the normalized roughness
(normalized to bulk graphite for both friction and roughness measurements). Like the
graphene-OTS NP composites, the graphene-OTS flat composites showed a layer
dependent frictional response (seen in the bar plots and the contrast between graphene

layers in the FFM images).
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Figure 1. 18. Frictional properties of graphene-OTS composite surfaces. AFM topography
(a) and FFM (b) images of graphene on OTS functionalized 20 nm silica NPs are compared
to AFM topography (c) and FFM (d) images of graphene on OTS functionalized flat SiO».
In both composite interfaces, graphene exhibits a layer dependent frictional response. For
the NP roughened sample, the bar graph in (e) contrasts the frictional response of graphene
on silica particles to graphene on OTS particles. With a sharp AFM probe, the layer
dependence of the frictional response of graphene is suppressed for the silica particles (as
discussed with Figure 1.13), but the frictional response of graphene on OTS particles has
a clear layer dependence. The bar graphs in (f) and (g) compare the NP vs flat graphene-
OTS composites. The normalized frictional response of each system is plotted vs the
roughness. Adapted with permission from Spear et al.>* Copyright 2015 RSC Publishing.

Comparing the roughness of the flat and NP graphene-OTS composites, 1LG and 2LG on
flat OTS had a surface roughness approximately twice that of graphite, and exposed flat
OTS had a surface roughness approximately 3.5 times that of graphite. The similar
roughness values for 1LG and 2LG on flat OTS contrasted with the OTS NP composite,
where the roughness increased as the layer thickness of graphene decreased. This was

caused by the conformity of graphene decreasing as the layer thickness increased (due to
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increased bending stiffness), so that thicker layers effectively “smoothed out” the
underlying NP roughness.

Based on these results, more needs to be considered in using SAMs to control the
graphene-substrate interface than pure adhesive interactions alone. Creating a composite
graphene/SAM interface introduces the mechanical properties of the molecules, acting as
“molecular springs,” as an additional variable in modulating substrate interactions.®
Further, both nanoscopic roughness and substrate interactions greatly influence the
nanomechanical behavior of graphene. Consistent with related work in the field,® 394243
45,46 there are competing factors that govern the frictional response of the 2D material,
including the bending energy and strain in the graphene sheet, substrate morphology,
surface chemistry, and the overall interaction with the AFM probe.

1.5 Comparison between MoS: and Graphene

Another variable in the boundary lubrication scheme to be considered is the 2D
material itself. Different 2D materials, such as MoS;, have different chemical structures,
leading to different out-of-plane bending moduli, tolerances for lattice strain, and different
chemical interactions, all of which are expected to influence their nanotribological
properties. One example of the contrasting properties between graphene and MoS: is that
while graphene is highly conducting,®® MoS; is a semiconductor with an indirect band
gap.® Mak et al®® however, has shown that MoS; transitioned to a direct band gap when
exfoliated to 1LM, making 1LM a promising material in optoelectronic applications.5®
Beyond electronic properties, MoS> has also been used in lubrication schemes, such as

MoS2 nanoparticles as oil additives.% As a boundary lubricant, MoS; displayed a similar
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layer-dependence as graphene, where 1LM had a higher friction force in nanotribological
studies than 2LM, and the friction force continued to decrease with increasing number of
layers.3®

To compare the influences of substrate morphology and substrate interactions on
the structure and mechanical behavior of MoS; with graphene, a set of experiments were
carried out on MoS; on 20 nm silica NPs, similar to the graphene studies by Spear et al.>*
1LM partially conformed to the NPs, as seen in the AFM topography image in Figure
1.19a and corresponding cross section in Figure 1.19b. The level of conformity also
decreased as the layer thickness increased (Figures 1.19a,b), similar to what was seen for
graphene.®* This bending of the MoS; lattice is expected to induce biaxial strain and tune
the band gap of 1LM, as has recently been shown by Li et al?® through scanning Raman
and photoluminescence spectroscopy (discussed in more detail in the outlook section).
The behavior of 1LM was also examined under increasing load (Figures 1.19c-e). Despite
a more rigid bonding network for 1LM®°"* compared to 1LG 72 (the bending stiffness of
1LM is approximately seven times higher than 1LG, as summarized by Jiang’®), the 1LM
membrane stretched downward between the NPs ~2-3 nm, similar to what Spear et al®*

has shown for graphene.
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Figure 1. 19. Morphology and mechanical behavior of MoS2 on 20 nm NPs. (a) 1LM,
2LM, and FLM on 20 nm NPs. The corresponding cross section in (b) shows the 1LM is
partially conformed and that the level of conformity decreases as the layer thickness
increases, similar to the behavior of graphene. (c) and (d) Show 1LM at 5 nN vs 125 nN
applied loads, respectively. In the overlaid cross sections comparing the two loads (e), the
1LM is seen to stretch under higher loading. Note that, as with graphene, this stretching is
reversible indicating no damage to the 2D material occurred. To assess the frictional
response of MoS> on rough surfaces under varying conditions, FFM measurements were
carried out at an applied load of 5 nN (normalized to bulk MoS>) on unfunctionalized NPs
with sharp vs blunt tips (f), and carried out on hydrophilic vs hydrophobic (OTS) NPs (g).
On the unfunctionalized NPs in (f), the layer-dependent frictional response of MoS> does
not appear to depend on probe size. 1LM has a higher frictional response than 2LM using
either a sharp or blunt probe. However, the difference in the frictional response between
1LM and 2LM is enhanced in the blunt probe case. (g) For both the unfunctionalized and
functionalized NP samples, 1LM has a higher frictional response than 2LM, but the layer-
dependence appear slightly enhanced in the functionalized NP sample.

Atomic scale images (Figure 1.20) taken on bulk MoS;, 1LM on top of the 20 nm

NPs, and on 1LM suspended between the 20 nm NPs provided further evidence of lattice

strain via elongation of the S-S distance. Table 1.2 summarizes the S-S distances.
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Figure 1. 20. Atomic scale imaging of MoS2 on a 20 nm NP surface. The FFM images
show the S-S distances of bulk-like MoS2 (3.18 A) (a), 1LM suspended between the NPs
(3.33 A) (b), and 1LM on top of the apex of the NPs (3.24 A) (c). The images in (d)-(f)
are the corresponding fast Fourier transform (FFT) images.

Table 1. 2. S-S distances measured from atomic scale imaging of MoS; on 20 nm silica
NPs.

Average surface S-S distance (A)

Bulk MoS2 3.18
On top of NPs 3.24
Between NPs 3.33

This distance for bulk MoS; was in close agreement with the value of 3.12 A calculated
from local spin density approximation (LSDA).”* Due to the higher flexibility of 1LM, the
S-S distance was elongated as it was bent over the apex of the NPs, and further deformed

between the NPs as the lattice was depressed by the AFM tip. The elongated values,
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relative to the bulk, indicated lattice distortions of ~1.9% for 1LM on top of the NPs and
~4.7% for 1LM in between the NPs.

The frictional properties of MoS, on the 20 nm NPs were also investigate to
evaluate the behavior under sliding asperity-asperity contacts (Figure 1.19f,g). 1LM,
2LM, and bulk MoSz on 20 nm silica NP films were measured with sharp vs blunt AFM
probes to compare the effects of relative contact size and then measured on bare silica NPs
vs OTS functionalized NPs (with a sharp AFM probe) to compare the effects of substrate
interactions. The normalized results (to bulk MoS>) are shown in Figures 1.19f and 1.19g.
Note that due to the differences in normalization (normalizing to bulk graphite vs bulk
MoSy), the friction results for MoS: cannot be quantitatively compared to the graphene
results by Spear et al.>* However, the normalized data can still be used for the purpose of
evaluating the relative layer-dependence of each 2D material.

For the frictional response of MoS; using different probe sizes (Figure 1.19f), the
layer-dependence was present regardless of tip size, unlike with graphene.3* More
specifically, the magnitude of the friction force (Ff) measured with a sharp probe showed
that the Frof 1LM > 2LLM but the Frof 1LG ~ 2LG. In the work by Spear et al®* the authors
noted that 2LG had a higher roughness than 1LG that could have caused the Fr of 2LG to
be greater than 1LG (Figure 1.13c), although the difference was within the error bars. This
could suggest, however, that for 2LG the top layer was delaminated from the bottom layer
as the AFM probe scanned the surface, which could have raised the Ff for 2LG and
eliminated the layer-dependence for graphene on the NPs. Then, as 2LM is stiffer than

2L.G,% 75 this effect did not occur for 2LM and the layer-dependence was retained.
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Investigating the influence of substrate interactions, the frictional response of
MoS> was compared on silica NPs vs OTS functionalized NPs (Figure 1.19g), again as in
the studies on graphene.?* Despite the different chemical interactions for MoS; vs
graphene on the OTS functionalized NPs, MoS;, showed a similar enhancement in the
layer-dependent frictional response as graphene (Figures 1.18e and 1.19g). This suggests
that, consistent with the graphene-OTS composites and the shear strain results in Chapter
111,54 the behavior stems from the lubricating and compliant properties of the OTS film.

1.6 Outlook

Through recent nanotribological studies and the work on nanoscopically rough
surfaces discussed here, a picture is beginning to develop for how the frictional responses
of graphene and MoS. depend on numerous factors. In particular, nanoscopic roughness
and 2D material/substrate interactions for both the bottom and top contacts exert a large
influence over the observed nanotribological properties of the sliding interface. The
balance of these competing parameters merges the effects of chemistry and
nanomechanics, which begins to establish the level of molecular scale control of friction
that can be achieved. Comparing different 2D materials, such as graphene and MoS;, helps
explore what role the 2D boundary lubricant itself plays in the sliding contact, and what
materials might offer a viable route to large-scale production. The ability to modulate the
layer-dependence of 2D materials would allow for the design of a lubrication scheme
where thinner materials could be used (ie: the single-layer counterparts to FLG or MoS>)

without seeing a rise in the friction force under sliding contact.

37



Ongoing work in our lab is focused on a systematic investigation of how different
non-covalent/covalent interactions between various 2D nanomaterials, the supporting
substrate, and the top sliding contact impacts their nanotribological properties on rough
surfaces (Chapters 111 and V). Other future directions for work with 2D materials as solid
lubricants include the use of hexagonal boron nitride (hBN) and MXenes as friction
modifiers, such that the different chemical interactions, mechanical strengths, and
electronic properties that come with a diverse set of 2D materials can be tailored to meet
different lubrication demands. The use of nanoparticle surfaces for studies of the influence
of controlled roughness can also serve as a platform for a host of other studies. For
example, the ability to control nanoscopic roughness and systematically tune the degree
of graphene conformity provides a method to explore the dynamic interactions of graphene
with the top sliding contact (Chapter 1V). Bending 2D materials over surfaces with
nanoscopic curvature can also be used to modulate the electronic properties or chemical
reactivity of these materials as a function of bond strain.?% 76-°

To understand how strain alters the chemical reactivity of graphene, it is important
to first understand how strain is spatially distributed across the bond lattice. Work by
Beams et al”® measured local strain in graphene suspended over a 5 nm NP (Figure 1.21a)
using tip-enhanced Raman spectroscopy (TERS). In this case, the radial static strain field
induced by the particle was spatially resolved and showed a gradient in strain over the NP
monitored by shifts in the G and 2D peaks. Figure 1.21b shows the AFM topography cross

section of graphene over the NP and Figure 1.21c shows the spatially resolved 2D peak
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position (labeled G’) and measured strain. A maximum strain of 0.37% in the graphene

lattice occurred at the apex of the NP.
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Figure 1. 21. Localized strain and reactivity of graphene. Graphene suspended over a NP
is shown schematically in (a). A cross section from an AFM topography scan in (b) shows
that the maximum amount of strain corresponds to the top of the NP. The spatially resolved
strain is shown in (c), based on the plotted shifts in the 2D Raman peak (labeled as G").
Adapted with permission from Beams et al.”® Copyright 2015 by IOP Publishing. A
schematic of the setup for monitoring strain in FLG by Raman spectroscopy during AFM
indentation is shown in (d). A Raman map of the area around the point of indentation (e)
at an applied load of 6300 nN shows that the shift in the 2D peak and corresponding strain
distribution is localized to under the AFM tip. Adapted with permission from Elibol et
al.”” Copyright 2016 by Macmillan Publishers Limited. The Raman map in (f) shows the
intensity variation of the D peak of graphene deposited over 50 nm silica NPs on a Si
substrate after chemical treatment. The Raman single spectra in (g) correspond to location
3 in the Raman map, showing an enhancement in the D peak after chemical treatment at a
location of increased strain induced by the high curvature of the wrinkles. Adapted with
permission from Wu et al.”® Copyright 2013 by RSC Publishing.

About a year later, Elibol et al’” used AFM to indent suspended FLG and monitored
localized strain via laterally resolved Raman spectroscopy measurements (Figure 1.21d).

Raman maps of the G and 2D vibrational modes were generated for systematically varied
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applied loads by the AFM tip. Figure 1.21e shows the map of the 2D peak with an indented
load of 6300 nN. Colored scale bars show both the frequency shit and measured strain
(based on the frequency shifts). The greatest frequency shift, which corresponded to the
region of highest strain, was localized under the AFM tip. The strain induced by
indentation increased as the applied load increased, and was also reversible (the Raman
signature reverted to the initial peak frequencies upon removal of the AFM tip).

Localized strain induced by the mechanical deformation of graphene was shown
by Wu et al”® to lead to selective spatial functionalization. CVD graphene that was
deposited on a Si substrate decorated with 50 nm SiO> NPs showed increased wrinkles.
Curvature-induced enhancement of the chemical reactivity of graphene was observed by
monitoring the D peak intensity, which in the study indicated covalent attachment of aryl
radicals generated from 4-nitrophenyl diazonium tetrafluoroborate. The Raman map in
Figure 1.21f shows the D peak intensity after chemical treatment. The greatest intensity
followed along the wrinkles in the sheet. Raman single spectra taken before and after the
reaction (at location 3 in the map in Figure 1.21f) show the enhanced D peak after the
addition of the nitrophenyl (Figure 1.219).

Strain induced by nanoscopic surface features has also been shown to modify the
properties of MoSz. As mentioned in the previous section comparing MoS; with graphene,
Li et al?® demonstrated tuning the band gap of 1LM by inducing biaxial strain through the
1LM bending over silicon nanocones. An AFM topography image of the textured 1LM is
shown in Figure 1.22a and a schematic of the system is shown in Figure 1.22b. Scanning

Raman spectroscopy was used to resolve the spatially varying strain distribution by shifts
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in dominant MoS; peaks, the Ezlg vibration mode at 385.6 cm™ and A, 4 Vibration mode at

404.9 cm™.

@) 2D MoS; strain crystal (b) . @
Strain crystal 3
] - Monolayer <
ess straine g
: / MoS, 2
-‘0:.:. .':\?’.'. .:.:3.'_: ) :0:..: -:.’..‘. § |
'.:':‘! “,L' .:':.o, Q;é .:'.,(/ ‘ . \:s:.
2= 'f!:._-.:.:fo’.,'- : .91;.;.-.-‘._"?? T ""'?-'_'.'- 900 1S90 800, #%0
Most strained ‘Nanocone Ramishif o)

Figure 1. 22. Strain in nanotextured MoS,. The AFM topography image (a) shows 1LM
deposited over silicon nanocones. The 1LM was most strained at the top of the nanocones,
as labeled in (b), and less strained between the nanocones. Strain in the lattice was
monitored by Raman spectroscopy, shown in (c). The most strained MoS> (MS-MoS;)
shows the largest shifts of the E%g and Aqg4 vibrational modes. The less-strained MoS;

(LS-MoS) shows a smaller spectral shift than the MS-MoSg, but is still slightly shifted
from unstrained MoS, (US-MoS,) on flat SiO.. Adapted with permission from Li et al.°
Copyright 2015 by Macmillan Publishers Limited.

The most strained (MS-MoS>), seen as the greatest peak shift in Figure 1.22c, was on the
tips of the nanocones as labeled in Figure 1.22b. Less strained MoS; (LS-MoSy), relative
to unstrained MoS; (US-MoS;) deposited on flat SiO2, was positioned between the
nanocones (Figures 1.22b,c). It was estimated from the magnitudes of the peak shifts that
the biaxial tensile strains were ~0.23% for LS-MoS; and ~0.57% for MS-MoSz. The
implications of tuning the strain in MoS; are extensive, as strain in the lattice plays an
important role in tuning its electronic properties.5” 8 Beyond the nanotextured surfaces,
Li et al®® also studied MoS; as a catalyst in the hydrogen evolution reaction (HER) as a

function of strain.®% While strain alone slightly increased the HER activity of MoS, the
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introduction of sulfur vacancies created new catalytic sites in the basal plane, and the
subsequent combination of sulfur vacancies and lattice strain fine-tuned the catalytic
activity.

These studies show that beyond impacting nanotribological properties, nanoscopic
surface roughness and locally induced strain plays a larger role in the broader electronic
and chemical applications of 2D materials. There remains much to be explored given the
complex relationships between substrate morphology, 2D material structure, strain vs
adhesion energies, and their combined impact on interfacial properties.

1.7 Conclusions — 2D or not 2D?

2D materials are promising candidates for boundary lubricants in diverse settings.
Graphene has been studied on a variety of supporting substrates, ranging from atomically
smooth to nanoscopically rough surfaces. Different phenomena have been observed
during load studies with and without breaking contact with the graphene sheet, comparing
supported graphene to suspended graphene, examining vdW screening, and studying
tribological properties under humid vs dry conditions. These studies have demonstrated
and emphasized the impact of out-of-plane deformation on the frictional response of 1LG.
The surface bound morphology of graphene depends on a balance of elastic strain energy
and bonding energy between graphene and the supporting substrate, and in sliding contacts
the relative interactions between the sliding surfaces can shift that balance. Here the
impacts of strain and adhesive energies can be tuned by using SAMs to control graphene-
substrate interactions. Comparing graphene with MoS on nanoscopically rough surfaces

and chemically functionalized substrates has shown that MoS. has largely similar
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nanomechanical behavior as graphene. The only case where a difference was observed
between graphene and MoS; was when the materials were deposited on 20 nm silica NP
films and measured with a sharp AFM probe. Graphene did not exhibit a layer dependence
while MoS; did, most likely due to MoS: having a higher bending stiffness.

Building from these studies, this dissertation further explores the frictional
properties of graphene in controlled sliding contacts that are molecularly modified and
have tuned surface roughness. Chapter Il provides an overview of the principles of the
different AFM methods used. Chapter I11 explores the competition between tip-graphene
adhesion and interfacial shear strain in adhesion and friction measurements with
molecularly modified AFM tips. Then, focusing on the dynamic flexibility of graphene as
a layered material, Chapter 1V includes a detailed investigation of the out-of-plane motion
and force modulated sliding responses of single and few layer graphene. Considering both
aspects of the molecularly controlled frictional response of graphene (Chapter I11) and the
out-of-plane motion (Chapter V), Chapter V aims to use patterned, functionalized
surfaces to periodically immobilize graphene via covalent pinning. Since chemical
functionalization of graphene will also alter its electronic properties, the modulated
frictional response is compared with optoelectronic measurements from scattering-type
scanning nearfield optical microscopy (s-SNOM).

As nanotribological studies of 2D materials progress, the core understanding of
their behavior as boundary lubricants is centralized around the competing interactions of
the bottom vs top contacts, which can be tuned based on both substrate roughness and

surface chemistry. Systems of single layer materials on nanoscopic asperities are also
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poised to play a role in understanding strain-driven spatially controlled chemical reactions
on such materials. Future work should continue to explore the behavior of 2D materials
on realistically rough surfaces and how controlling substrate interactions can modify their

behavior, allowing for advanced designs/tailorable lubrication schemes.
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CHAPTER II

ADVANCED ATOMIC FORCE MICROSCOPY METHODS

2.1 Basic Principles of Atomic Force Microscopy

Atomic force microscopy (AFM) is a scanning probe technique that implements a
sharp probe to characterize a surface. In addition to collecting topographic images by
raster scanning the surface of a sample, extensive characterization of tip-sample
interactions can be achieved. It is a highly versatile technique, able to acquire topographic
images and perform quantitative measurements of a wide variety of samples in many
different environments. Samples can span conductive and non-conductive materials, hard
elastic materials, and softer materials such as polymers and biological species. These
samples can be characterized in environments including vacuum, dry nitrogen conditions,
ambient air, or liquid. The basic scanning modes include contact mode, tapping mode, and
non-contact mode, although the focus here will be on contact mode and tapping mode.®>
8 For more comprehensive and quantitative analyses, advanced AFM modes (discussed
in the following sections) can be implemented, such as friction force microscopy (FFM),
force-volume (FV) mapping, force modulation microscopy (FMM), and scattering-type
scanning nearfield optical microscopy (s-SNOM).

In the basic operation of AFM, a sharpened probe is brought into physical contact
with a surface (either constant or intermittent contact for contact or tapping mode,
respectively) (Figure 2.1). The probe, or tip, is most commonly only a few tens of

nanometers in radius, and extends downward from the end of a cantilever. To image the
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sample, the probe is rastered over the surface via a piezoelectric scanner. Changes in the
surface topography are monitored by tracking cantilever bending/twisting. This is done by
reflecting a laser off the back of the cantilever to a four-quadrant photodetector. By
comparing the cantilever responses to a set parameter (generating an error signal), a
feedback loop adjusts the height of the piezo scanner as the surface is imaged. The output
of the feedback loop is recorded at each pixel and compiled to generate a topography
image of the surface. The set parameter for the feedback loop is defined according to the

user and the AFM mode.828°
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Figure 2. 1. lllustration of the AFM tip in contact with surface and the feedback loop that
monitors cantilever deflection and controls the piezo scanner. Modified from the 5500
SPM User’s Guide.®

The two most regularly used AFM modes are contact mode and tapping mode. In

contact mode, the AFM tip is rastered across the sample in continuous physical contact.
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The cantilever deflection as the tip bends in the vertical direction is monitored (Figure
2.2a), using the feedback loop to maintain a constant applied load (defined by the user as

the setpoint).

@ [ | P I

Figure 2. 2. (a) Schematic of the change in cantilever deflection, and subsequently scanner
z-position, in response to surface topography features in contact mode. (b) Schematic of
changes in cantilever oscillation amplitude in response to surface topography features, and
subsequent change in scanner z-position, in tapping mode.

A less common form of contact mode is constant height imaging, where the gain for the
feedback loop is set to zero, the scanner rasters at a constant height, and the error signal is
recorded to generate a topographic-like image (though this is not direct topographic
information). In tapping mode (also called intermittent contact mode, or AC mode for
alternating contact), the probe/cantilever is driven to oscillate in a sinusoidal motion by a
piezoelectric transducer that shakes the cantilever holder. As the tip interacts with the

sample, the oscillation amplitude of the cantilever motion is dampened (Figure 2.2b). The
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feedback loop is then used to maintain a constant oscillation amplitude, as defined by the
user.828

Contact mode and tapping mode AFM are both employed for more advanced data
acquisition techniques, in addition to other developed derivatives of AFM. In contact
mode, torsional (lateral) twisting of the cantilever is induced in addition to vertical
deflections. The lateral twisting is due to the frictional forces at the tip-sample contact
opposing the forward sliding motion of the tip. This forms the basis of friction force
microscopy (FFM, Section 2.2).33 3% 8.87 |n addition to FFM, the AFM can be used to
acquire other mechanical data that is sensitive to chemical properties. Force-distance (FD)
curves monitor the vertical cantilever deflection as the tip is approached towards, indented
into, and retracted from the surface. The indentation into the surface can be used to
calculate the Young’s modulus of the sample, while the pull-off force can be a measure of
various tip-sample interactions (van der Waals forces, electrostatic forces, capillary forces,
hydrogen bonding, or covalent bonding). Further, force-volume (FV) mapping (Section
2.3) acquires a series of FD curves in a grid-like fashion at a specified pixel density to
spatially map and quantify surface variations in the tip-sample interactions.2: 8

Hybrid contact-tapping modes have also been developed, such as force modulation
microscopy (FMM) and scattering-type scanning nearfield optical microscopy (s-SNOM).
In FMM (Section 2.4), the cantilever is driven to vertically oscillate as in tapping mode

while maintaining continuous contact at a defined load as in contact mode.?* % In s-SNOM

(Section 2.5), the diffraction limit of optical microscopy is overcome to access insight into
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chemical and physical phenomena at the high spatial resolution routinely provided in
scanning probe techniques.®® %2
2.2 Friction Force Microscopy

2.2.1 Overview of Friction Force Microscopy. When operating an atomic force
microscope in contact mode, friction force microscopy (FFM) images are routinely
simultaneously recorded by monitoring the lateral deflections of the cantilever,33 35 86.87
Recording this torsional twisting in both the scan trace and retrace directions across a
single line produces a friction loop. Typically, the average friction force value for an
interface is reported as TMR/2, where TMR s the trace value (positive signal) minus the
retrace value (negative signal).*®* Moreover, recording the lateral signal over the entire
scan yields trace and retrace friction images that are inverses of each other, as the signal
changes to opposite directions for the opposing sliding directions (Figure 2.3). This data
can be used to both qualitatively and quantitatively (through cantilever calibration)
compare and measure specific sample regions of nonhomogeneous surfaces or assess the

frictional properties of different samples,33: 35 86.87

\ 2l

sliding sliding
direction direction
e _—

Figure 2. 3. Schematic of the lateral twisting of the cantilever and the inverse
photodetector response for opposing sliding directions, that arises from the trace and
retrace movement during raster scanning.
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The forces and energy dissipation for two surfaces in sliding contact are highly
complex and depend on the structure, chemistry, elastic properties of the surfaces, on the
chemical environment used to take the measurements, and on the sliding history of the
interface.®® Due to this complexity FFM is a useful route to gaining fundamental insights
into mechanical interactions, largely because an AFM tip can represent a single sliding
asperity allowing for investigations of well-defined systems.®® In this manner, FFM has
been implemented for diverse studies such as monitoring wear,* observing the growth of
tribofilms,% and elucidating relationships between friction, adhesion, and shear.33 3 & 87
Moreover, as discussed in Chapter I, there is a wide breadth of FFM studies focused solely
on the nanotribological properties of 2D materials. A critical challenge in being able to
draw meaningful comparisons between separate studies, however, is quantitative
calibration of the measured lateral forces, discussed in the following section.

2.2.2 Lateral Force Calibration. To calibrate the lateral forces measured in FFM,
both the lateral detector sensitivity and the torsional spring constant of the cantilever must
be known. Many methods®¢-1% have been developed to achieve this and several reviews
have been written comparing and contrasting the different options.'%-'3 Munz et al**®
classified a number of the methods based on how torsional deformation is induced in the
cantilever. The five major groups identified directly applied a force off the long axis of
the cantilever, loaded the tip-substrate contact in the lateral direction, loaded a known
compliant structure, scanned across a surface with a wedge geometry, or excited the
torsional cantilever resonance. Each method derives equations to ultimately obtain a

conversion factor (to calibrate from the photodetector signal in V to a force value in N).
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More importantly, each method has its own set of assumptions, advantages, and
disadvantages for the calibration procedure. For the work here, a corrected direct force
balance method was used'® due to the minimization of scanning, preserving the tip radius.
2.3 Force-Volume Mapping

2.3.1 Basics of Force-Distance Curves. Beyond the lateral tip-sample forces that
are measured in friction force microscopy, other tip-sample interactions can be directly
probed via force distance (FD) spectroscopy.® 8 To acquire an FD curve, the tip is
approached toward and then retracted from the surface, measuring the vertical deflection
of the cantilever as tip-sample contact is formed and then broken. During the approach
curve, the tip is first out of contact and there is no measured cantilever deflection (the
“non-contact region” in Figure 2.4). As the tip nears the surface, there is a “snap-in” event
where the tip snaps into contact with the surface when the tip-sample attractive forces
overcome the spring constant of the cantilever. Then, as the tip is “indented” and the
applied load increases, the deflection rises. During the retract curve, as the tip is withdrawn
from the surface hysteresis arises from adhesive forces, seen as the extended “contact
region” in Figure 2.4. The tip continues to be withdrawn until it “snaps” out of contact.
This pull-off force is a measure of total tip-sample adhesion, which can consist of capillary
forces, van der Waals forces, electrostatic forces, hydrogen bonding, or covalent

bonding.% 8
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Figure 2. 4. Schematic of a force-distance (FD) curve. The motion of the cantilever is
shown in the vertically stacked boxes, from top to bottom. Each box correlates to a defined
region of the example FD curve.

By measuring the pull-off force, the total tip-sample adhesion is probed, offering
insight into the strength of the interactions present at specific surface locations. These
adhesion values can be evaluated in terms of total force (typically in nN) through proper
calibration procedures, and further compared across diverse tips and samples via contact
mechanics models.8® 8 Calibration involves determining both the normal spring constant
of the cantilever and the vertical sensitivity of the photodetector, analogous to calibration
of lateral forces. Both values should be determined in situ. The spring constant can be
determined through a variety of methods, such as the Sader method,** used here. The
sensitivity of the photodetector is determined as the slope of the FD curve against an
ideally hard surface.*®

2.3.2 Applying Contact Mechanics Models. To quantitatively compare measured
pull-off forces across different tip/sample systems, the adhesion values can be used to

calculate the tip-sample work of adhesion, effectively “normalizing” the pull-off force
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with respect to the tip radius of curvature (Rip). Using a continuum description of
nanometer sized contacts, there are three primary models. These are the Hertz model, the
Derjaguin-Muller-Toporov (DMT) model, and Johnson-Kendall-Roberts (JKR) model .2
89,116 For two spheres in contact, the Hertz model assumes the materials are homogeneous,
isotropic, and linear elastic, with no adhesion, and that the contact radius is much less than
the sphere radius.'” The Hertz contact radius (ag.,¢,) is defined in eq 2.1, as adapted to
an AFM set-up where a tip with radius of curvature Ryp is in contact with a flat surface at

an applied load, L.

1
_ (LReip\ /3
AHertz = \ ™%

(2.1)
In eq 2.1, K is the reduced Young’s modulus of the tip-sample contact (eq 2.2),

with v1 and E;: the Poisson ratio and Young’s modulus of the tip, and v2 and E; are the

Poisson ratio and Young’s modulus of the surface.

K=2(E2+ 1‘”2)_1 2.2)

Eq E;

The DMT contact model assumes the same deformed contact profile as in the Hertz
model, while accounting for additional load from the adhesive forces.!'® Here, the
attractive forces act as “dead weight” over the interaction range, and the contact area is
zero at pull-off. This adhesion-modified contact radius, apr, is defined in eq 2.3, with
the DMT work of adhesion (wpwmt) defined in terms of the adhesive force (Fadn, or pull-
off force) and tip radius (eq 2.4).

. 1
apmr = [th(lp (L + ZﬂWDMTRtip)] ’ (2.3)
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Wpmt = Padn (2.4)

The JKR contact model also accounts for adhesion, including terms for the
adhesive forces between two elastic bodies and defining a finite contact area at zero

applied load.!*® The contact radius (a,xz) and work of adhesion (wikr) are defined in eq

2.5 and eq 2.6, respectively.

1,
Ry 2
Ajgkr = [ It(p <L + 3nwkrRyip + \/67TWJKRRtipL + (37TW]KRRtip) )l (2.5)

_ 2Fqdn
WIKR = 3aRy, (2.6)

When there is measurable adhesion in AFM systems, the DMT and JKR contact
mechanics models should be applied over the Hertz model. Though the DMT and JKR
models seem at odds, they define the two limiting cases. The DMT model is applicable
for weak, long-range (inside and outside the contact area) adhesion forces and ideally hard
interfaces, while the JKR model is applicable for strong, short-range (inside the contact
area) adhesion forces and soft materials.'*® In reality, most systems lie in an intermediate
regime, and Tabor’s parameter (ut) can be calculated as a non-dimensional physical
parameter to quantify the DMT-JKR limits and intermediate cases. Tabor’s transition
parameter (eq 2.7) physically represents the ratio between the normal elastic deformation

from adhesion and the spatial range of the adhesion forces.

L6R w2 /3
ur = () (27)

9K2z3
For evaluating which contact model to use, Maugis defined a transition parameter

A, where A = 1.1570ut. For A < 0.1 the DMT model should be applied, for A > 5 the JKR
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model should be applied, and for 0.1 < A < 5, the contact behavior is in the transition
regime. An experimental dilemma arises in evaluating the transition parameter because
the work of adhesion (w) is not known without knowing ur, but pr is not known without
knowing w and zo. To reconcile this, upper and lower bounds can be checked as described
by Grierson et al,''® or the transition parameter can be explicitly solved for using the
generalized transition equation defined in the COS method by Carpick et al.'?® Once a
model has been chosen, then the work of adhesion (in J/m? or N/m) and contact areas can
be used to more appropriately compare both AFM adhesion and friction measurements
across different tip-sample systems. For example, as discussed in Chapter 11, the contact
area at pull-off can be used in combination with a known species density to calculate the
tip-sample interaction energy in kcal/mol.%* At no load, the JKR contact radius reduces to
the critical radius (rc) in eq 2.8. Then the contact area at pull-off, A, is calculated as A, =

2.

3nw KRrRE; Y3
ro = (Tt ) 28)
Multiplying the work of adhesion by Ac yields the tip-sample energy in Joules,
while multiplying the species density (e.g. molecules/m?) by A. yields the number of
interacting species (e.g. number of molecules). Then the J/molecule ratio can be converted
to kcal/mol through unit conversion and Avogadro’s number.
2.3.3 Extending FD Analysis in Force-Volume Mapping. The detailed analyses

possible through FD curve measurements at single locations can be extended to spatially

resolve tip-sample properties through force-volume (FV) mapping. In FV mapping, FD
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curves are acquired in a grid-like fashion at a defined pixel density. In this manner, a full

FD curve is collected at each pixel, shown schematically in Figure 2.5.88 8
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Figure 2. 5. Schematic of an 8 x 8 pixel FV map with example individual FD curves
extracted from each point.

In defining the pixel density, it is important to consider the resolution in terms of
total surface area being probed along with the tip-sample contact area. Other parameters
that should either be held constant or varied in a controlled manner are the approach and
retract rates, the maximum applied load, tip-sample dwell time, and the total vertical
distance over which the FD curve is acquired.

Additional information that can be extracted from FD curves and further spatially
resolved in FV maps include mechanical properties such as Young’s modulus and the
dissipated energy. The Young’s modulus can be calculated by changes in the slope of the
FD curve with respect to an ideally hard surface, and the dissipated energy can be

calculated as the area between the approach and retract curves.’® ¥ The vertical
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indentation of sample surfaces can also be visualized by extracting equal deflection images
at specific loads, discussed further in Chapter IV.
2.4 Force Modulation Microscopy
2.4.1 Force Modulation Microscopy Operating Principles. In force modulation
microscopy (FMM) either the cantilever or the sample is driven to vertically oscillate in a
sinusoidal wavefunction with user defined drive frequency and drive amplitude (Figure

2.6).84 %0

@ | |

Y =

Flexural Mode 1 Flexural Mode 2

Free
Cantilever

Cantilever
in Contact

Figure 2. 6. (a) lllustration of FMM where either the base of the cantilever is driven to
oscillate or the sample is driven to oscillate. In either scenario, the resulting amplitude of
the tip-sample contact is monitored and any phase shift between drive signal and detected
signal. (b) Examples of cantilever motion for the first two flexural vibrational modes for
the freely oscillating cantilever and for the cantilever when it is coupled to the surface at
the tip-sample contact.
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FMM is operated in contact mode AFM, where the feedback loop maintains a
constant applied load and the tip is in continuous contact with the sample. To achieve this,
the drive amplitude is kept low, typically 1-50 nm, and the drive frequency (>10 kHz) is
above the response of the feedback circuit (a few kHz) to minimize coupling with the
electronics and allow for the topography and detected amplitude oscillations to be
deconvoluted.?* % The amplitude and phase response of the cantilever is extremely
sensitive to the elasticity and viscoelasticity of the coupled tip-sample contact. Generally,
for softer materials the amplitude is dampened, or lower, compared to harder materials.®*
% A derivative of FMM, contact resonance-AFM (CR-AFM), images at a frequency where
the tip-sample contact is in resonance.?* 1?1 122 These contact resonances are identified
through frequency spectra, where the amplitude response of the cantilever when the tip is
contact with the sample is monitored over a range of drive frequencies. Multiple peaks are
typically seen that correspond to the different flexural eigenmodes (Figure 2.6b),*?* and
can be predicted for freely oscillating cantilevers using the Euler-Bernoulli beam model

(eq 2_9)_123—125

_ (xpL)? |EI
fr==22 \g (2.9)

In eq 2.9, fr is the resonance frequency of the freely oscillating cantilever for

eigenmode n. L is the length of the cantilever, E is the Young’s modulus of the cantilever,
p is the cantilever density, and A is the cross-sectional area (defined as the cantilever

width, w, times the thickness, t), and I is the second moment of area (defined as w*t%/12).
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The corresponding root (x7 L) of the characteristic equation for free flexural vibration (eq
2.10) is 1.8751, 4.6941, and 7.8548 for n = 1, 2, and 3, respectively.

1+ cos(xgL) cosh(xgL) =0 (2.10)

It is useful to calculate the expected resonance frequencies for the first few flexural
eigenmodes of a given cantilever in order to help identify the measured resonance peaks
in moving forward with parameter optimization and data collection, 23126

2.4.2 FMM Parameter Optimization. For extracting quantitative information from
FMM studies, such as the dynamic energy storage and loss moduli, the user defined
parameters must be carefully optimized. The primary parameters are the chosen cantilever,
drive amplitude, drive frequency, and applied load.®® While for a specific study a number
of these parameters may be systematically varied (e.g. imaging at different applied loads
or drive frequencies to observe changes in the amplitude and phase response) it is still
critical to fully test each system. The best choice for cantilever resonance frequency (RF)
and spring constant, tip radius, and cantilever/tip materials will vary based on the sample
under study, and several options should be tested.®* In testing each cantilever, the drive
amplitude and frequency should be systematically varied. It is generally recommended in
the literature that the drive amplitude should be set as low as possible to ensure linear tip-
sample contact.’?® Note that this value will be different for each type of cantilever. Single
point frequency spectra can be used to identify the optimal drive amplitude for both the
free cantilever and when in contact with the sample surface. To make direct comparisons,
which is necessary for storage and loss moduli calculations, the same drive amplitude

should be used for both the free cantilever and when in contact.
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An additional factor to keep in mind when determining the drive amplitude is the
sampling depth, which is further dependent on the applied load. When imaging a film, the
sharpest contrast is obtained when the drive amplitude is approximately 0.5-2 times the
thickness of the film. Depending on the sample and goals of the study, however, it could
be useful to examine the measured amplitude and phase contrasts for different applied
loads or drive amplitudes, thus different sampling depths. There will also be shifts in the
contact RF for different applied loads, adding to the breadth of data that can be
examined.go' 123-128

2.4.3 Instrument Details for FMM in the Agilent 5500. As an example of this
optimization process, this section discusses the FMM setup for an Agilent 5500
microscope.34 To carry out FMM in the instrument, a BNC cable must be connected from
the phase output of the MAC Mode controller to the Aux in of the AFM controller. A
second BNC cable needs to connect the amplitude output of the MAC Mode controller to
the Aux port on the Head Electronics Box. For imaging, additional channels must be
opened to collect the phase signal via the MAC controller (CSAFM/Aux BNC channel)
and the amplitude signal via the Head Electronics Box (Aux HEB channel). Operating the
system in contact mode, the spectra window can be opened to control the drive signal for
oscillating the piezo block on which the cantilever is mounted (the standard tapping mode
nosecone). The drive amplitude is controlled by entering a percentage that outputs a drive
reference signal proportional to the range of +/- 10 V AC. For example, a 1% drive value
yields a drive amplitude of 100 mV. In the literature, the drive amplitude is occasionally

reported in terms of distance (e.g. 5 nm), which is known when the tube piezo is driven to
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oscillate, enabling a conversion of voltage to nm via the z-sensitivity. However, since in
the Agilent 5500 the shaker piezo is controlling the oscillations, the sensitivity is not
known. In cases such as this, previous studies either simply report the drive amplitude in
voltage (and the resulting measured amplitude in voltage), or report no value.

In the spectra control window, the frequency range and number of data points for
a frequency spectrum can also be controlled. For the Agilent 5500, the photodetector’s
output response with the gain switches off has a bandwidth limit of ~200 kHz at 10 V.
Alternatively, with the gain switches on, the bandwidth limit is ~910 kHz at 10 V. For
imaging, the specified frequency and drive amplitude (in %) are applied.

2.4.4 Energy Storage and Loss Moduli. For an optimized FMMM set-up,
quantitative measurements can yield mechanical values such as the dynamic energy
storage (Estor) and dynamic energy loss moduli (Ejoss). This is done through measuring the
resonance frequencies (f) and quality factors (Q) at a specific eigenmode (n) of the freely
oscillating cantilever (fr and Qf), the cantilever in contact with a reference material (f: and
Qy), and in contact with the sample (fs and Qs).1231%6.128 For example, considering the first
flexural eigenmode (n = 1), the free space damping of the cantilever () is described in eq
2.11. Using the Kelvin-Voigt contact modification, the cantilever dynamics for the n'"

flexural eigenmode is described in eq 2.12 with a complex normalized wavenumber, A,,.

=2y (2.12)
Qr
AL = a, + ib,, (2.12)
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In eq 2.12 L is the cantilever length, and an and by are defined in eq 2.13 and eq
2.14, respectively. Eq 2.13 and eq 2.14 are written to express the values for the 1%

eigenmode when the cantilever is in contact with the reference material 126 128

a, = xpL % (2.13)
f
_ Qnfr—xQr)
br = a, W (214)

The corresponding root (x2L) forn =1 is 1.8751 (see eq 2.10). The solved values

of ar and by can be used to calculate the complex normalized wavenumber, re-written as:
A =1 (ay + ib,) (2.15)
Then, A, can be used in eq 2.15 to determine the normalized tip-sample contact

stiffness (a,-) and damping coefficient (B,.) for the reference material. L; is the position of

the AFM tip along the cantilever’s length L (with L' = L — L,), and «,- and S, are the real

and imaginary parts of eq 2.16, respectively.!24126. 128

3
a, + iﬂr(ATLl)Z _ (2/3)(ArL1)>[1+cos AL cosh A, L] (2.16)

- ((sinAy-Ly cos AyLy —sin ALy cosh A,-L1)(1+cos AL cosh A,L"))+
((1=cos AyLy cosh AyLq)(sin AL’ cosh AL’ —cos A, L' sinh A,.L"))

For the sample, a, and S, can be similarly determined by substituting fs for f and
Qs for Qr in equations 2.13-2.16. Solving for these values for both a known reference
material and the sample of interest takes advantage of a calibration approach, where the
reduced storage modulus (ER,,, eq 2.17) and reduced loss modulus (Ef .., eq 2.18) can

be calculated based on the known properties of the reference material (Estor,r and Ejossyr).

As

3/2
E§tor = Estor,r (_) (2-17)

Ay
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3/
fS S 2
El}gss = Eloss,r (frgr) (2.18)

Finally, the sample Estor,s and Eiosss can be extracted from the reduced complex
modulus, using the known values for the tip and assuming that the Poisson ratio (v) is

similar for the reference material and sample (eq 2.19).124-126.128

-1
—y2 1-v%
ER 4+ iER = |1 , () (2.19)

Estor,siEloss,s Etip

A note that these calculations are limited to single point measurements on the
Agilent 5500. To quantitatively map energy dissipation (Ediss), a separate instrument with
specific electronics would need to be used to continuously track shifts in the contact
resonance frequency during imaging.*??> In Chapter 1V, however, Eqiss calculations are
applied to acquired FMM images based on the amplitude and phase outputs, similar to
calculations done for tapping mode measurements,2%-132

2.5 Scattering-Type Scanning Nearfield Optical Microscopy

2.5.1 Introduction to Scattering-Type Scanning Nearfield Optical Microscopy.
One of the fundamental limits of most AFM modes is that they are largely chemically
insensitive. While through careful sample or tip preparation and appropriate imaging
conditions meaningful conclusions can still be drawn regarding varying chemical species
and physical properties, there is still a lack of definitive spectroscopic characterization.
Two techniques that are seeking to overcome this by introducing optical elements to
nanoscale AFM measurements are AFM-infrared spectroscopy (AFM-IR)* and
scattering-type scanning nearfield optical microscopy (s-SNOM).%: %2 An additional

benefit of s-SNOM is that it is capable of characterizing plasmons, or the collective

63



excitations of electrons in conductors. In graphene, surface-plasmon polaritons (SPPs) are
electromagnetic waves trapped at the conductor-dieletric interface due to the collective
surface excitations of carriers. Imaging the interference patterns of these waves in s-
SNOM provides a wealth of information, as the interference pattern is impacted by
variables such the geometric shape and morphology of the graphene sheet and the local
carrier density.!34

Photon confinement is achieved in a tip-based s-SNOM method by the incident
light field becoming enhanced around the apex of a metalized tip, taking advantage of the
nanoscale lateral resolution of AFM.%? Localized light scattering occurs with the electric
field lines predominantly oriented in the z-direction (perpendicular to the tip apex),
regardless of propagation and polarization directs of the incident light. Importantly,
because the spatial resolution is limited by only the radius of curvature of the tip, this is
currently the only option for optical microscopy that enables nanometer confinement for
the long wavelength mid-infrared illumination (e.g. 10 um) used for chemical analyses.
While AFM-IR enables similar nanometer resolution for IR analyses, the operating
principle differs by that AFM-IR uses an AFM probe to locally detect the thermal
expansion of a sample in response to far field IR illumination.'33

2.5.2 Signal Detection in s-SNOM. The signal path in s-SNOM for the incident and
detected electromagnetic field is shown in Figure 2.7. The incident field is focused to a
metalized AFM probe. In the Materials Characterization Facility at Texas A&M
University, the nanolR2-s (Anasys Instruments)*®> 1% yses a 10.5 um wavelength CO2

laser and a platinum coated tip. When this farfield (Ep) signal reaches the tip apex, the
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AFM tip confines the electromagnetic field, acting as a “new source” of light. This
nearfield (Ene) extends about one tip radius of curvature (Rip) in all directions.®? The
detector then receives scattered light from both the farfield background (Ep) and the
nearfield (Exr). Note that the intensity of the background signal is proportional to the area

illuminated and is much stronger than the nearfield signal, or Ep >> Enr.

mixing of

B WEAVES detector

I moveable mirror

Figure 2. 7. Schematic of signal path for s-SNOM.

The use of lock-in amplifiers allows for the isolation of the weak, periodic
nearfield signal over the strong, noisy background. To make this possible, signal
modulation is implemented. Single modulation is achieved using tapping mode AFM to
modulate Ene.¥'* The nanolR2-s uses an additional modulation scheme to enable
double modulation/demodulation for separating the nearfield signal from the scattered
farfield. This second modulation generates a reference signal (Erer) via a moveable mirror.
The total signal intensity (I) is then proportional to the square of the sum of the

amplitudes'® from the combined electromagnetic waves of Ep, Enr, and Erer (eq 2.20):
2
I =(Ep+Eyp + Eres) (2.20)
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Which, squared, yields individual terms including:

I =E} +Efp+ El; + EyEnp + EverEp + EnpErey ... (2.21)

The modulation is successful in separating E, and Enr primarily because the
scattering of the farfield signal is elastic, while for the nearfield signal there is a non-linear
increase in the signal amplitude at small tip-sample distances (on the order of the tip width,
or twice Ruip).% This effect allows the alternating contact in tapping mode to induce higher
harmonic modulations in the scattering signal. Therefore filtering at higher harmonics (n
=2 or 3 for nQ, where Q is the resonance frequency for tapping) produces an undisturbed
nearfield image, recorded with full suppression of Ep. The final predominate signal is thus
(eq 2.22):

I =E,ofEnp (2.22)

With all parameters of the reference signal known (amplitude, time, angular

frequency, and phase), Enr can be isolated.% 134-139. 141
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CHAPTER IlI
ADHESION AND FRICTION AT GRAPHENE/SELF-ASSEMBLED MONOLAYER

INTERFACES INVESTIGATED BY ATOMIC FORCE MICROSCOPY?

3.1 Introduction

As a two-dimensional (2D) boundary lubricant, graphene has been shown to
exhibit exceptional mechanical strength and friction reducing capabilities.’® 2 A
challenge in taking advantage of these promising properties is the difficulty associated
with predictably controlling its frictional response, as when graphene is trapped between
the nanoscaled asperity-asperity contacts that are ubiquitous in most machined interfaces.
The resulting mechanical behavior depends very strongly on the competing chemical
interactions at the contacting interfaces of the substrate!® 3% 46 and top contact.*?** For
example, in atomic force microscopy (AFM) measurements, where the tip models a single
nanoscopic asperity,®® Egberts et al demonstrated how hysteresis in the friction vs load
response of graphene depended on maintaining continuous contact during scanning.*? Liu
et al further reported that variations in pull-off force measurements of graphene depended
on presliding conditions.** The nanomechanical behavior of graphene in both of these
studies was affected by variations in the contact area as the graphene “pucker” (out-of-
plane deformation)®® in front of the AFM probe changed with the amount of sliding and

tip-graphene interaction strength. In another study by Deng et al, the tip-sample interaction

2 Reprinted with permission from Elinski, M. B.; Menard, B. D.; Liu, Z.; Batteas, J. D. J. Phys. Chem. C,
2017, 121, 5635-5641. Copyright 2017 American Chemical Society.
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strength was modified through the oxidation of graphite. This resulted in a negative
coefficient of friction during the decreasing load portion of friction vs load measurements,
due to the enhanced tip-sample adhesion locally delaminating the topmost layers of
graphite.** Thus, precise control of the local adhesion is necessary for reliable friction
response in graphene.

There has been significant prior work on the use of self-assembled monolayers
(SAMs) to control the chemical composition, surface energies, and adhesion at interfaces.
As such, one way to modulate the interactions between graphene and the sliding interfaces
it contacts could be through the use of SAMs to tune the surface chemistry.>® From a
nanomechanics standpoint, however, this makes the frictional response dependent not only
on the graphene/SAM adhesion, but also on factors such as the packing density and
rigidity of the SAMs, as gauche defects and chain tilts induced during sliding are known
to influence the shear strain and hence the resulting friction.%® In fact, increased shear
strain was seen in a previous study where graphene deposited on a SAM-modified rough
silicon surface exhibited a pronounced layer-dependent frictional response due to the
added compressibility of the underlying SAM.3* Thus, synergistic effects can be seen
which could provide additional routes to tuning surface friction using graphene/SAM (G-
SAM) composite films. However, in order to implement SAMs as a means to modify the
adhesive and frictional properties of graphene, there needs to be a detailed understanding
of graphene-SAM interactions.

To investigate the G-SAM interface, the work here controlled the chemical

interactions between the top sliding contact and graphene with a selection of SAM
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functionalities.**?> AFM tips were functionalized with -NHz, -CHs, and -phenyl terminated
silane based SAMs to explore hydrophilic, hydrophobic, and aromatic interactions with
graphene. Thermal gravimetric analysis (TGA) was used to ascertain the molecular
densities of the SAMs, and AFM pull-off force measurements with the functionalized
probes were used to measure the graphene-molecule work of adhesion. Interaction
energies were calculated from the measured work of adhesion values and the molecular
packing densities. Corresponding FFM measurements were used to evaluate the impact of
the different SAMs on the layer-dependent and load-dependent frictional responses of
graphene. To assess competing contributions on the sliding G-SAM contact, the FFM
results were analyzed with respect to a two-term friction law (eq 3.1) that combines
Amonton’s law and the single asperity friction law.1*3

Fr=1A+ uL (3.2)

In eq 3.1, Amonton’s law describes the relationship where the friction force (F¥) is
proportional to the applied load (L) by the coefficient of friction (COF, p), and the single
asperity friction law describes where the Fr is proportional to the shear strain (t) and
contact area (A).3* % That is, Amonton’s law describes load-dependent frictional behavior
while the single asperity friction law describes adhesion-controlled friction. The
summation in eq 3.1 accounts for their coexisting in nanotribological systems. Here, the
frictional response was found to depend on a balance of G-SAM adhesion and shear strain.

3.2 Experimental Methods
3.2.1 Substrate and Graphene Preparation. In this study, the nanomechanical

properties of graphene deposited on 90 nm thick thermal oxide surfaces of SiO2/Si(100)

69



were investigated. Prior to thermal oxidation, score cut Si(100) wafers (Virginia
Semiconductor) were cleaned with a base piranha solution of 4:1:1 (v/v/v) ratio of
nanopore H2O (18.2 MQ cm, Barnstead), concentrated NHsOH, and H20; (30%) at 85 °C
for 20 min. The wafers were then rinsed with nanopore water and ethanol and dried with
streaming N2. The cleaned Si(100) wafers were thermally oxidized in a kiln at 1050 °C
for 90 min to prepare the SiO2/Si(100) thermal oxide films. The SiO2/Si(100) surfaces
were treated with UV/ozone to remove hydrocarbon contaminants before graphene
transfer. Graphene samples were deposited through a water-soluble tape exfoliation
method.** This is a modified Scotch tape method,** where regions of single and multilayer
graphene are formed on the surface by re-exfoliating graphite that was transferred from
bulk graphite (HOPG, K-Tek Nanotechnology) to the substrate via water-soluble tape
(3M).

3.2.2 Self-Assembled Monolayer (SAM) Preparation. Silicon atomic force
microscopy (AFM) tips (Mikromasch CSC37) were functionalized via self-assembly with
silanes to investigate the molecular interactions between graphene and the top-contact of
a sliding interface. The chemically modified AFM tips were prepared using each of the
following molecules to represent hydrophilic, hydrophobic, and aromatic interactions,
respectively: 3-aminopropyltriethoxysilane (APTES, Gelest), octadecyltrichlorosilane
(OTS, Gelest), and phenethyltrichlorosilane (PETS, Sigma-Aldrich). The AFM tips were
functionalized by first cleaning and hydroxylating the surface in base piranha solution (at
room temperature for 1 min). The tips were then rinsed via immersion in water, ethanol,

and toluene. Self-assembly was carried out by submerging the tips in 1 mM solutions (15
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mL) of APTES, OTS, or PETS in toluene for 5 min. After functionalization the tips were
again rinsed via immersion in fresh toluene and then ethanol.

Silicon nanoparticles (NPs) were also functionalized with each SAM to model the
molecular coverage of the functionalized AFM tips. SiO2 NPs (12 nm, Sigma-Aldrich)
were prepared for functionalization by sonication in base piranha solution followed by
centrifugation to recollect the NPs. The supernatant was removed, and the NPs were
washed with water by repeating the sonication/centrifugation cycle, followed by
subsequent washes of ethanol and toluene. The NPs were then dried under N2 for 48 h.
Once the NPs were dried they were functionalized with 1 mM solutions of APTES, OTS,
or PETS in toluene (15 mg of NPs in 15 mL of solution), sonicated for 90 min, and allowed
to react for 48 h. The functionalized NPs were then washed with sonication/centrifugation
cycles of fresh toluene and then ethanol and again dried under N2. Note that the longer
reaction time in comparison to the AFM tips was chosen to account for the areal density
of the surface sites on the AFM cantilever-tip assembly vs the total surface area of the
NPs. To compare, the AFM tips were also functionalized for 48 h, and no difference in
adhesion was observed from the tips functionalized for 5 min.

3.2.3 Fourier Transform Infrared (FTIR) Spectroscopy. Transmission FTIR
spectroscopy was used to characterize the functionalized NPs, which again, we are using
as an approach to evaluate the representative SAM order on the AFM tips.®? Samples were
prepared as a mixture of ~1 mg functionalized NPs in ~99 mg KBr powder. Spectra were
collected with a Thermo Nicolet 6700 FTIR using a liquid-nitrogen-cooled detector

(HgCdTe), averaging 256 scans with a 1 cm™ resolution.
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3.2.4 Thermal Gravimetric Analysis (TGA). TGA was used to calculate the
molecular density of the SAMs on the functionalized NPs to model the coverage of the
functionalized AFM tips (Metler-Toledo TGA/DSC 3+, at Veritas Testing and Consulting,
LLC in Argyle, TX). To obtain an average monolayer density, three sets of functionalized
NPs for each molecule were prepared. Samples were heated under a nitrogen environment
with an initial 20 min isotherm at 100 °C to remove water. The temperature was increased
10 °C/min up to 850 °C, switching to an oxygen environment at 650 °C to ensure the
complete removal of carbon.

3.2.5 Raman Microspectroscopy. Raman microspectroscopy was implemented to
identify graphene layer thickness.®® A WiTec Alpha 300R (Germany) confocal
microscope was used with an Acton triple grating spectrometer interfaced with an Andor
Peltier cooled (-65 °C) CCD detector. A 488 nm Ar ion laser was focused to a spot size of
~300 nm with a Nikon high numerical aperture objective (100x, 0.9 NA). The laser power
used was <1.5 mW, and spectra were collected with a resolution of ~3 cm™™,

3.2.6 Atomic Force Microscopy (AFM). Imaging, pull-off force measurements,
and friction force measurements were taken in a dry nitrogen environment (relative
humidity <0.1%) with an Agilent 5500. Data analysis was completed in the software
program Scanning Probe Image Processing (SPIP). Silicon tips (Mikromasch CSC37)
were used with normal spring constants of ca. 0.1-0.3 N/m and radii of ca. 10-20 nm
(spring constants determined in situ by the Sader method,!** and radii determined

experimentally by the blind tip reconstruction feature of SPIP). For the friction force
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measurements, the lateral force conversion was determined by the corrected direct force
balance method.%®

Tip-sample adhesion was calculated as the pull-off force from force-distance
spectroscopy measurements. Force-distance (FD) curves were collected with a maximum
applied load of 10 nN and an approach and retract rate of 1 um/s. Force-volume mapping
with a 16 x 16 point grid was used to collect FD curves over a 250 nm? area for each
surface (single layer, bilayer, and bulk graphite). The force-volume mapping was done
before and after the friction force measurements (total of 512 FD curves) to confirm that
no changes to the tip occurred. Friction force vs load measurements were taken using a
script to ramp the applied load during imaging. Over a 250 nm? area with a 256 pt/In scan
resolution the load was increased from 1 to 10 nN, with the tip being temporarily brought
out of contact with the surface in between the loading and unloading cycle. Each loading
and u n loading cycle was measured three times for each of the measured areas.

3.3 Results and Discussion

3.3.1 Self-Assembled Monolayers on Nanoscopically Curved Surfaces. To
understand the adhesive and frictional responses of G-SAM interfaces, it is necessary to
first fully characterize the SAMs on nanoscopically curved surfaces such as the AFM tips
used in this study. Nanoscopic surface curvatures radially confine the SAMSs, decreasing
the packing density and quality of the film structure, ultimately impacting their
tribological performance.®%%? Examining film quality through FTIR spectroscopy and
packing density through thermal analysis will help understand the interactions between

the SAMs and graphene and ascertain SAM contributions to the observed nanomechanical
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behavior. To model the SAMs on the AFM tips, silica nanoparticles were functionalized
and subsequently characterized with FTIR spectroscopy and thermal gravimetric analysis
(TGA). In the FTIR data shown in Figure 3.1, the asymmetric (~2920 cm™) and symmetric
(~2850 cm™) CH. stretches of the alkyl chains were present for all three SAMs.
Monitoring shifts in the CH2 asymmetric stretch has been shown to indicate film order,
with a frequency of ~2917 cm™* for well-ordered films and a frequency of ~2924 cm™ for

disordered films.%2
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Figure 3. 1. FTIR spectra of the functionalized silica NPs, normalized to the asymmetric
CH_ stretch at ~2920 cm™.

In Figure 3.1, the spectra for APTES, OTS, and PETS have asymmetric stretch
frequencies of ~2920 cm™, indicating moderately well-ordered films on the NPs. It is
worth noting that for the shorter alkyl chain molecules (APTES and PETS) there is some
peak broadening, which could indicate slightly ore disordered films. Additional
characteristic peaks are the NH> scissor peak for the APTES SAM (~1540 cm™),% the
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aromatic C-H stretches for the PETS SAM (~3026 cm™), and the double bond C=C
stretches of the aromatic ring for the PETS SAM (~1490 cm't).146

The observed weight loss in TGA was used to calculate the molecular density on
the silica surface.®® Based on the surface silanol density (4-5 silanols/nm?),4" optimal
alkylsilane packing on nominally flat surfaces is 4 molecules/nm?, although typical
packing densities have been observed at ~2-2.5 molecules/nm? and as low as 1.5
molecules/nm? for curved surfaces.®® Here, assuming 4 OH groups/nm?, the molecular
packing densities for each SAM were determined to be 5.4 + 0.5 molecules/nm? for
APTES, 2.45 + 0.04 molecules/nm? for OTS, and 2.4 + 0.1 molecules/nm? for PETS.
While the high coverage of the APTES is surprising at first, one must recall that it is
possible for APTES to form bi- or multilayer structures, which would impact the estimated
monolayer coverage.'*® 14 If, for instance, a bilayer is assumed to have formed the APTES
molecular packing density would instead be 2.7 + 0.5 molecules/nm?, consistent with the
measured monolayer coverages of the other silanes.

3.3.2 Graphene Characterization. The exfoliated graphene region shown in Figure
3.2 was examined through a combination of AFM and Raman microspectroscopy. Areas
of single layer graphene (1LG), bilayer graphene (2LG), and few layer graphene (FLG)
flakes on a nominally flat 90 nm SiO> substrate were located and characterized by optical
microscopy (Figure 3.2a), Raman microspectroscopy (Figures 3.2b,d), and AFM (Figure
3.2c). A Raman map of the relative intensity of the characteristic 2D and G peaks of
graphene®® (Figure 3.2b) shows the spatially resolved spectral identification of the

graphene flakes seen in the AFM topography image (Figure 3.2¢). Figure 3.2d shows the
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corresponding single spectra data for the 1LG, 2LG, and FLG regions. Bulk graphite

(HOPG) was imaged in a separate region on the same sample.
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Figure 3. 2. (a) Optical microscopy image of the graphene region (scale bar = 5 um). (b)
Raman map (scale bar = 1 um) of the white dashed region in (a), showing the 2D/G
intensity ratio with flakes labeled as 1LG for single layer graphene (white), 2LG for
bilayer graphene (light maroon), and FLG for few layer graphene (maroon). (c) AFM
contact mode topography image of the same region shown in (a) and (b), with the
corresponding 1LG, 2LG, and FLG flakes labeled (scale bar = 1 um). (d) Single Raman
spectra taken at the labeled locations in (b).

3.3.3 Graphene-Molecule Interaction Strength. Quantitative insight into the
parameters governing the frictional properties of the G-SAM composite interface requires
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knowledge of the tip-sample adhesion. Here, chemical force spectroscopy was used to
measure graphene-molecule adhesion. The measured adhesive forces (Fadn) and tip radii
(Riip) Were used to calculate the graphene-molecule work of adhesion (w) (mJ/m?, or
mN/m). To compare using the Johnson-Kendall-Roberts (JKR)® vs the Derjaguin-
Muller-Toporov (DMT)8 contact mechanics models the transition parameter A (eq 3.2)

was calculated, related to the Tabor transition parameter (ur) by A = 1.157 ur.1®

1/3

16RtipW2)
9K2z8

1=1157( (3.2)

K is the reduced modulus of the contact, calculated using the Young’s modulus
(YM) and Poisson ratio (v) of SiO2 (YM: 73 GPa; v: 0.17) and graphene (YM: 1 TPa; v:
0.16).%% 147 The equilibrium separation of the surfaces, zo, is assumed to be 2 A, which
represents the van der Waals packing radii of most atoms and small molecules.® For A <
0.1 the DMT model applies, for A > 5 the JKR model applies, and for 0.1 <A <5 the
interfacial behavior is in the transition regime. The calculated values were 0.12, 0.20, 0.26,
and 0.31 for the -OH, -NHa, -CHzs, and -phenyl tips, respectively. While the transition
parameters indicate the G-SAM interfaces fall in the DMT-JKR transition regime, the JKR
model (eq 3.3) was chosen to account for compression of the SAMs within the contact, as

the DMT model is really more applicable to ideally hard interfaces.®

_ 2Fagn
Wikr = 3Ry (3.3)

Representative histograms of work of adhesion values taken on 1LG are plotted in
Figure 3.3a to examine the distribution in the different functional group-graphene

interactions (work of adhesion values for 2LG and HOPG were within one standard
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deviation of the 1LG values). The data for each tip functionality are fitted with a Gaussian

distribution, with the fitted values reported in Figure 3.3a.
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Figure 3. 3. (a) Representative histograms for each tip functionality showing the
distributions in work of adhesion values for 1LG using the JKR model. Results of the
Gaussian fit for each functional group are shown. (b) Corresponding interaction energies
for each functional group with 1LG, calculated from the work of adhesion data in (a) and
the molecular densities obtained from TGA.

Other studies with unfunctionalized AFM tips looking at pull-off forces of 1LG

have reported work of adhesion values ranging from 7 to 340 mJ/m?2.4% 434547 The broad
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range of the reported literature values is likely due to variations in experimental conditions
(i.e., differences in tip material, or vacuum vs nitrogen environments) and methods of
analysis (i.e., contact mechanics theories). A separate study using an OTS functionalized
AFM tip found the tip-graphene work of adhesion to be ~7-10 mJ/m?, although the
experimental conditions (epitaxial graphene in a liquid environment) are not directly
comparable to the work here.'®* Other measurements of graphene-substrate adhesion have
been summarized by Bunch and Dunn*>? and range from 100 to 450 mJ/m? depending on
the measurement method employed, as well as sample preparation and the extent of
hydroxylation of the SiO. surface.!®*1% The -OH tip/ILG work of adhesion value
measured under the experimental conditions here (27 + 8 mJ/m?) lies toward the lower
end of the literature range and serves as an internal reference for the functionalized AFM
tips.

To further compare interaction energies, the molecular densities obtained from the
TGA measurements were used in conjunction with the work of adhesion data to calculate
the interaction energies in kcal/mol (E;kr) for each graphene-molecule pair (Figure 3.3b)
For the -phenyl/ILG interaction energy, previous experimental work with
benzene/graphite'®® and previous computational work for benzene/graphene!®” both found
an interaction energy of 13.6 kcal/ mol, which is consistent with the energy (Eikr) value
calculated here.

The graphene-molecule interaction energies have the same relative order as the
work of adhesion data, where the hydrophobic and aromatic functional groups have the

strongest interactions with graphene. In order of increasing interaction strength with 1LG,
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the functional group trend is -OH < -NHz < -CHs < -phenyl. This trend can be explained
by the different intermolecular interactions, specifically van der Waals (vdW) forces and
pi-pi interactions. For vdW forces, there are three components contributing to the total
vdW interaction; these are the Keesom-orientation, Debye-induction, and London-
dispersion. The dominant contribution is generally from dispersion forces, or induced-
dipole forces. The data here reflect that the interaction energies increase for functional
groups with decreased dipole moments and increased polarizabilities, or in other words
they have stronger contributions from dispersion forces (high polarizability and weak
dipole moment).*®® Other intermolecular interactions to consider are hydrogen-bonding,
electrostatic, and pi-pi interactions. It is not expected that hydrogen-bonding is occurring
in the case of the -OH or -NH. functionalized tips because the graphene sheet will prevent
direct interactions with the underlying SiO. surface. It is also not expected that
electrostatic interactions are influencing the adhesion measurements for the -OH and -NH>
functionalized tips because different charge states would be manifested as additional
distributions in the work of adhesion histograms.*® In the case of the -phenyl tip, however,
it is assumed that pi-interactions are responsible for further increasing tip-graphene
interaction strength.

3.3.4 Frictional Properties of the Graphene-SAM Sliding Interface. Friction force
(Ff) measurements were performed using the same functionalized AFM tips as in the
adhesion studies to assess the impact of tailoring graphene-substrate interaction strength
on the frictional response of the G-SAM sliding interface. Figure 3.4 shows the

representative friction force (Fr) for each AFM tip/graphene layer combination at a
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constant applied load of 5 nN. The Fs values are additionally normalized by the individual

tip radius of curvature (Ruip).
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Figure 3. 4. Representative friction force (Fr) data, normalized to the tip radius of
curvature (Rtp), at @ 5 nN applied load. The bar plot compares different graphene layer
thicknesses (1LG, 2LG, and HOPG) for each tip functionality (as indicated below the x-
axis).

From Figure 3.4, it can be seen that the -OH, -NH2, and -CHjs tips exhibit the
typical layer-dependence, where the Fr increases as the number of graphene layers
decreases. While it appears that with the -phenyl tip the Fr of 2LG is higher than 1LG, this
difference was generally found to be close to the margin of error of the measurement.
Further evaluating the data presented in Figure 3.4, the relative magnitude of the F¢/Rtip
values do not correlate directly with the relative order of increasing tip-sample adhesion
for the functional groups. Notably, while the -phenyl tip showed the highest adhesion, the

-CHjs tip exhibits the largest frictional response. We can understand these trends when
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considering the underlying mechanisms influencing the associated changes in both contact
area and shear strain of the contact.

First, considering the contact area, there are two possible ways by which the
contact can be altered, other than by simply the tip radius. Increasing tip-sample adhesion
increases the contact area according to the JKR contact theory. Another means by which
the contact area could be increased for this system is that increased tip-sample adhesion
could induce more local puckering by the graphene sheet around the tip. Second, there are
also two possible mechanism that could impact the shear strain of the interface. The SAM
packing density influences the number of defects within the monolayer and depends on
variables such as chain length and degree of substrate attachment, which in turn impacts
the local shear strain based on molecular stiffness (with more densely packed films being
more rigid than more defective films).%% 1%° The shear strain, however, would also vary in
a concerted fashion with the extent of local graphene puckering under the tip.*®

Measuring the load-dependent frictional behavior (Figure 3.5a) of the sliding
interface allows for a more direct evaluation of frictional behavior by calculating the shear
strain based on eq 3.1. Examining the resultant shear strain of the interface with respect to
the graphene-molecule interaction strength and SAM chain length helps manifest the
competition between the different mechanisms governing the total frictional response.

Calculating the COF (p) as the slope of the Fr vs L data and using the JKR contact
area (A), the two-term friction law (eq 3.1) was used to calculate the shear strain (t) for
each graphene-tip pair (plotted in Figure 3.5b). Considering these values with respect to

chain length for each molecule and the relative work of adhesion values, the data suggests
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that the shear strain is sensitive to both compression of the SAM and the possibility of

increased graphene puckering induced by higher G-SAM interaction strength.
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Figure 3. 5. (a) Friction force (normalized by tip radius) vs load data for each tip
functionality on 1LG (filled circles = loading; unfilled circles = unloading). Note: normal
loads represent the applied load without pull-off forces set to zero. (b) Calculated shear
strain values at a 5 nN applied load.

The carbon chain lengths are C, for PETS (-phenyl), Cz for APTES (-NH), and

Cis for OTS (-CHg). Typically, longer alkyl chains are more ordered (stabilized by vdW

interactions), allowing for the formation of monolayers with fewer defects, offering

reduced shear and frictional forces.®™ ' This ordering, however, is disrupted by the
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impact of nanoscopic surface curvature on substrate attachment.® 1>° As evidence in the
IR spectroscopy and TGA data, the different SAMSs used here are similarly ordered and
packed. Another consideration is, however, the compression of the SAM.%? The -CHs-
graphene interface having the highest shear strain is likely due to the increased chain
length allowing for greater compression compared to the shorter chain molecules.

Further, comparing the unfunctionalized -OH tip and the shorter alkyl chain of the
-NHq: tip, there is no difference in shear strain outside of the error bars, despite the increase
in tip-sample work of adhesion. This supports the idea that the drastic increase in shear
strain for the -CHs tip is due to the longer alkyl chain, not because of the higher work of
adhesion. Conversely, for the -phenyl tip, it is likely the higher shear strain (relative to -
OH and -NH) is instead due to increased graphene puckering in response to the highest
work of adhesion and not due to increased shear from the carbon chain length (which is
the shortest for the -phenyl SAM).

Previous friction vs load studies of graphite have shown hysteresis between the
loading and unloading curves, attributed to locally delaminating the topmost layers of
graphite under enhanced tip-sample adhesion.** Here, we did not observe any load-
dependent friction hysteresis when examining the loading vs unloading data for each tip
functionality/graphene layer pair. This may be a result of our measurement method for
this, where the tip was briefly pulled out of contact with the surface while scanning to
reset the load between the loading and unloading cycles. As can be seen in Figure 3.5a for

the tip functionalities on 1LG, no hysteresis was observed in the friction measurements.
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This was similar for the 2LG and HOPG cases as well, where hysteresis could potentially
be seen, but it was within the error bars of the measurement.
3.4 Conclusions

The data here show that by controlling AFM probe chemistry with SAMs the
graphene-tip interaction strength is tailored, with the highest G-SAM adhesion for the
aromatic functional group. Tuning the strength of this interaction in turn modulates the
frictional response of the sliding G-SAM interface by controlling the variables
contributing to the two-term friction law. Mainly, the modulated frictional response of the
G-SAM interface is a competition between graphene-molecule interaction strength and
shear strain. The shear strain corresponded to the chain length of each SAM used, and
caused the -CHa/graphene contact to have the highest friction force. For the -OH, -NHa,
and -phenyl tips that all had a lower measured shear strain, the friction force increased as
tip-sample adhesion increased. Understanding the mechanisms governing the
nanotribological properties of the G-SAM interface helps progress the molecular-scale

control of the frictional response of two-dimensional materials.
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CHAPTER IV
DYNAMIC MOTION AND ENERGY DISSIPATION IN GRAPHENE ON

NANOSCOPICALLY ROUGH SURFACES

4.1 Introduction

One of the unique aspects of using two-dimensional (2D) materials as solid
lubricants is their propensity to deform in the out-of-plane direction during sliding. In the
case of a single asperity sliding on graphene supported on nominally flat surfaces, this
out-of-plane flexibility results in the friction force increasing for thinner layers.3® Recent
simulations have determined that this effect is due to an evolving quality of the frictional
contact during sliding, thanks to the high flexibility of graphene.®® ¢! In terms of
developing advanced lubrication schemes, it would be advantageous to minimize this
increase in friction force for thinner graphene layers. Both surface chemistry and substrate
roughness offer ways to control the dynamic sliding motion of graphene by manipulating
the morphology of graphene and shear strain of the sliding interface.3* % 162 For achieving
superlubricity, the out-of-plane flexibility of graphene enabled the formation of graphene
nanoscrolls around nanodiamonds, yielding a highly lubricating composite system.?* From
these studies, it is evident that the dynamic out-of-plane motion of graphene plays a critical
role in the tribological properties of graphene. However, these works have largely focused
on explaining the underlying physical phenomena behind how single layer graphene

behaves, both in flat and nanoscopically rough interfaces.
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Given the layered structure of 2D materials, it is also important to understand how,
when confined on nanoscopic asperities, the out-of-plane motion, interactions, and
interlayer coupling influence the tribological behavior of few layer graphene (FLG). Work
by Gao et al'®® found that the mechanical stiffness of layers of graphene is impacted by
the amount of water intercalated between layers and the degree of interlayer coupling.
Regarding out-of-plane energy dissipation, Lee et al®* demonstrated how the frictional
response of 1-2 layer graphene was impacted by intercalated H20 vs D20. This difference
in friction was attributed to how H>O vs D0 differed in their abilities to facilitate out-of-
plane phonon coupling to the supporting substrate, thus modulating the out-of-plane
energy dissipation.64

The work here focuses on how the dynamic motion and energy dissipation in
graphene impacts its frictional response and how this is influenced by surface roughness.
To first gain an understanding of the out-of-plane motion and mechanical behavior of
force modulated studies, single layer graphene is investigated on a flat and nanoscopically
rough surfaces. Then, to explore the influence of surface roughness on the dynamic
interlayer behavior of few layer graphene, force modulation studies are carried out on a
FLG/nanoscopically rough interface. These studies aim to understand how nanoscopic
surface roughness impacts the motion of graphene and how energy dissipation through
few layer graphene modulates the frictional response.

4.2 Experimental Methods
4.2.1 Substrate and Graphene Preparation. Silica surfaces with controlled

nanoscopic roughness were prepared via spincoating specific sizes of silica nanoparticles
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(NPs) onto a cleaned Si(100) wafer (Virginia Semiconductor). Score cut Si(100) wafers
were cleaned in base piranha solution at 85 °C for 20 min. The base piranha solution was
made as a 4:1:1 (v/v/v) ratio of nanopure H2O (18.2 MQ cm, Barnstead), concentrated
NH4OH, and H,02 (30%). Then, using the same procedure as in the work by Spear et al,**
a 400 pL quantitiy of 6 wt% 50 nm diameter silica NPs was spincoated onto a given
Si(100) wafer at 2000 rpm for 2 min. After spincoating NP films, the roughened substrates
were annealed in a kiln at 500 °C for 5 h.

To compare the rough surfaces to nominally flat SiO, surfaces, Si(100) wafers
were cut and cleaned in base piranha as in the procedure for preparing the NP films. Then
in place of spincoating a solution of NPs onto the Si(100) surface, a 90 nm silicon dioxide
(SiOy) film was thermally oxidized in a kiln at 1050 °C for 90 min.

A water-soluble tape exfoliation method®* was used to transfer graphene to both
flat and rough substrates. Surface contamination was removed from the silica surfaces (flat
SiOz or NP films) through UV/ozone cleaning for 10 min, rinsing with nanopure H20,
ethanol, and drying with streaming N2. Bulk graphite (HOPG, K-Tek Nanotechnology)
was transferred to the cleaned surfaces with water-soluble tape (3M). The tape was
subsequently dissolved in nanopure water heated to ~85 °C, followed by gently rinsing
the samples with nanopure water. After drying the samples with streaming N2, single and
multilayer graphene regions were exposed by re-exfoliating the transferred graphite with
a new piece of water-soluble tape.

4.2.2 Raman Microspectroscopy. As in Chapter 111, Raman microspectroscopy was

used to confirm regions of single layer graphene (1LG).*® Single point spectra (488 nm Ar
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ion laser, laser power <1.5 mW, resolution ~3 cm™) were taken with a WiTec Alpha 300R
(Germany) confocal microscope. The microscope was equipped with an Acton triple
grating spectrometer interfaced with an Andor Peltier cooled (-65 °C) CCD detector. The
laser was focused on the sample through a Nikon high numerical aperture objective (100x,
0.9 NA) to a spot size of ~300 nm.

4.2.3 Atomic Force Microscopy (AFM) and Force-Volume (FV) Mapping. Sample
imaging and force-volume (FV) mapping, as discussed in Section 2.3, were performed
using an Agilent 5500 in a dry nitrogen environment (relative humidity <0.1%) with
diamond probes (single crystal diamond tip attached to a silicon cantilever, Diamond AFM
Probe ART D10). No discernable tip wear (tip radius of curvature, Riip ca. 20 nm) occurred
during the measurements, confirmed experimentally before and after each data set by the
blind tip reconstruction feature of the software program Scanning Probe Image Processing
(SPIP). Cantilever spring constants (ca. 0.1 N/m) were determined in situ with the Sader
method,*'* and detector sensitivity was determined against a flat SiO2 countersurface.

FV analyses were performed on single layer graphene (1LG) on both flat SiO2 and
50 nm NPs films, denoted as 1LG/SiO, and 1LG/50 nm NPs, respectively. Single FD
curves (1,000 data points, 1 um z-range) were acquired in a 32 x 32 point grid over a 300
nm? area to generate one FV map. Both the maximum applied load (10, 20, 30, 40, and 50
nN) and the approach/retract rates (0.5, 1.0, 1.5, 2.0, 2.5, 3.0, 3.5, 4.0, 4.5, and 5.0 um/s)
of the FD curves were varied to ascertain any impact on the out-of-plane fluctuations of

graphene or the adhesion. Note that within a single FV map the maximum applied load
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and approach/retract rates for each individual FD curve were held constant, so that these
parameters were only compared across separate FV maps.

To visualize the out-of-plane fluctuations of graphene as driven by the FD curves,
equal deflection images were extracted from the FV maps using SPIP. For a given FV
map, this was done by first aligning all of the FD curves within the map by their baseline
(setting the out of contact region to zero deflection) and by their snap-in height (setting
the snhap-in point to 0 nm z-position). This curve alignment defines any applied forces as
positive, and defines any indentation into the surface as “negative” distances. Then a
selected FD curve extracted from the FV map was used in defining the specific applied
load points at which to extract a deflection image. In this manner, a series of deflection
images can be extracted from one FV map focusing on the retraction of the tip. Compiling
the series of deflection images can generate a stop-motion animation of the out-of-plane
graphene fluctuations.

4.2.4 Force Modulation Microscopy (FMM). Force modulation microscopy
(FMM) was implemented to evaluate the relationship between energy dissipation and
friction at different tip oscillation frequencies. Both the flat and rough samples were
analyzed to subsequently evaluate the impact of surface roughness and strain in graphene
on this relationship. The same D10 single crystal diamond tips were used as for the FV
mapping measurements. Frequency sweeps (0-200 kHz at 0.5 kHz resolution, at 0.1%, 1%
and 2.5% drive amplitudes) of both the free cantilever and in contact with flat SiO> were
taken to determine the resonance frequencies (RF) of the free cantilever and the coupled

tip-sample contact for the first two flexural modes. The free RF of the 1% flexural mode
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was ~12 kHz, and the contact RF of the 1% flexural mode was ~50 kHz. These values are
consistent with a previous FMM study of a self-assembled monolayer on mica using a
cantilever of similar stiffness.*® The free RF of the 2" flexural mode was ~70 kHz, and
the contact RF of the 2" flexural mode was ~160 kHz. For these frequency curves, the
effect of drive amplitude (in terms of % of the maximum possible applied voltage for the
driving signal) was assessed to determine the range of linear tip-sample contact behavior
during the oscillation cycles.
4.3 Results and Discussion

4.3.1 Graphene on Flat vs Nanoscopically Rough Surfaces. The exfoliated
graphene samples on the flat SiO2 and rough (50 nm silica NP film) surfaces were located
and characterized with optical images, Raman microspectroscopy, and AFM contact mode
topographic imaging. Figure 4.1a shows a confocal optical image of the exfoliated region
on flat SiO2, where the darker purple contrast represents thicker few layer graphene
regions. From the exfoliation process, a combination of single layer graphene (1LG),
bilayer graphene (2LG), and few layer graphene (FLG) flakes are randomly deposited on
the surface. Figure 4.1b similarly shows an optical image of 1LG, 2LG, and FLG regions
on the 50 nm NP surface. Figures 4.1c and 4.1d show AFM contact mode topography
images of the regions in the white dashed boxes in Figures 4.1a and 4.1b, respectively.
The asterisks in Figures 4.1c and 4.1d represent where a single Raman spectrum was taken
to confirm 1LG for each sample. The spectra are overlaid in Figure 4.1e, normalized to

the G mode. Consistent with the work discussed in Chapter I, the G and 2D Raman modes
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of 1LG/50 nm NPs are shifted to lower wavenumbers (relative to 1LG/SiO2) due to the

increased lattice strain over the nanoparticle apices.'®?
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Figure 4. 1. (a) and (b) are optical confocal images of exfoliated graphene on flat SiO>
and 50 nm NPs, respectively. The white dashed boxes in (a) and (b) highlight the areas
where AFM measurements were taken. Contact mode topographic images at 1 nN load of
1LG/SiO2 and 1LG/50 nm NPs are show in (c) and (d), respectively. The black (1LG/SiO5)
and red (1LG/50 nm NPs) asterisks in (c) and (d) show the location of the single Raman
spectra taken to identify 1LG on each surface. These spectra are overlaid in (e).
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4.3.2 Force-Volume Mapping: Visualizing Graphene Motion. The frictional
response of graphene is sensitive to both the relative adhesion to the top or bottom
contacting surfaces (discussed in Chapter Ill) as well as the out-of-plane deformation
(discussed in Chapter I). Force-volume (FV) mapping can provide insight into how the
spatial variations in adhesion and the extent of localized out-of-plane fluctuations of
graphene might vary on rough surfaces. In the FVV maps taken on 1LG/SiO; as described
in Section 4.2.3, no spatial variation in adhesion (measured as the pull-off force) was
observed for any parameter combination. Moreover, there was no change in the magnitude
of the adhesion force regardless of the FD curve approach/retract rate or maximum applied
load. This was also the case for the 1LG/50 nm NPs sample, where no shift in the
magnitude of adhesion forces was observed for any combination of approach/retract rate
or maximum load. This lack of dependence on FD curve rates is consistent with work by
Deng et al, where no change in adhesion on suspended graphene membranes was observed
for different rates.*® However, spatial variations in the maximum pull-off force (adhesion)
were observed for 1LG over the NP asperities. This is shown in Figure 4.2a, where
variations in the adhesion can be seen that faintly resemble the underlying NP
morphology. To ascertain if the spatial variations were indicative of changes in partially
suspended graphene between the NP apices vs supported graphene, a histogram showing
the distribution of adhesive forces is shown in Figure 4.2b. The even spread of adhesive
forces suggests that there are no distinct distributions of adhesion for partially suspended
vs supported graphene. The spatial variations are then likely dominated by gradual

changes in the tip-sample contact area over the varied morphology.
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Figure 4. 2. (a) Adhesion map, measured as the pull-off force, of 1LG over 50 nm NPs
(300 x 300 nm area, maximum applied load of 30 nN, approach/retract of 1 um/s). (b)
Histogram (bin size: 0.5 nN) showing the corresponding distribution of adhesion pull-off
force values of the FV map taken in (a).

The FV maps were also used to evaluate the out-of-plane fluctuations of the
partially suspended graphene over the 50 nm NP asperities. This was done by examining
a series of equal deflection images at specified loads, as described in Section 4.2.3. The
series of deflection images (displayed in a 3D view) are shown sequentially in Figure 4.3,
starting at a high applied load and following the motion as the load is decreased during
the FD retract curve. Comparing Figure 4.3a (large compressive load) vs Figure 4.3|
(negative load, near the maximum pull-off force), the deflections appear inverted. This
suggests that the regions of partially suspended graphene in Figure 4.3a in between the
NP apices are then pulled upward by the tip in Figure 4.31, while the regions of graphene
supported by the NPs remain “pinned” to the NP apices. In the remaining series of images
(Figure 4.3b-k), this transition from compressed to pulled graphene can be observed,
including in Figure 4.3i, where at no load (0 nN), the deflection morphology appears

overall smooth and level compared to the other images.
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Figure 4. 3. Series of equal deflection images for a FVV map taken on 1LG/50 nm NPs
with a maximum applied load of 30 nN and approach/retract rate of 5 um/s. The images
in (a-1) show the deflection from the retract curves at applied loads in increments of 2 nN
from 16 nN (a) to -6 nN (I).

For any parameter combination (varied approach/retract rates and maximum
indentation loads), there was no observed influence on the degree of out-of-plane motion.
Also, the deflection images for the flat 1LG/SiO2 sample are not shown, as no changes in
the deflection morphology were observed for any specified load point. The FV maps help
conceptualize the dynamic tip-sample graphene motion, but do not measure lateral forces,
as the tip is fully withdrawn from the sample in between each FD curve. Therefore the
next section focuses on force modulation microscopy (FMM) as a means to evaluate the
friction force while modulating the normal (out-of-plane) tip-sample force gradient.

4.3.3 Frequency Modulated Frictional Response of Graphene on Flat SiO. To
evaluate the relationship between normal force modulation and lateral forces, force
modulation microscopy (FMM) measurements were taken on the 1LG/SiO2 sample. In

FMM, the base of the cantilever is driven to oscillate at specified frequencies while in
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sliding contact at a specified applied load. Drive frequencies were chosen to evaluate the
frequency modulated frictional response both off and on tip-sample resonance frequencies

(RF). The 1%t and 2" RF of the freely oscillating cantilever (ffl: 12 kHz and ffz: 70 kHz)

and in contact with flat SiO> (f;1: 50 kHz and f;?: 160 kHz) are shown in Figure 4.4.
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Figure 4. 4. Frequency curves taken from 0-200 kHz with 400 data points (0.5 kHz
resolution). The black curve (air) shows the resonance frequencies (RF) of the 1% and 2"
flexural modes of the freely oscillating cantilever (12 kHz and 70 kHz, respectively). The
blue curve (SiO2) shows the RF of the 1% and 2™ flexural modes of the coupled tip-sample
contact (taken with a 1 nN applied load on flat SiOy).

The imaging frequencies were subsequently chosen to be 35, 50, 100, 160, and 175 kHz
to assess frequencies below £}, between £ and £,2, and above f2.

The resulting friction force (Ff) images from the FMM measurements on the
1LG/SiO2 sample (shown in Figure 4.1c) are presented in Figure 4.5, labeled according to
their corresponding drive frequency. Each scan was taken at the same scan rate (1.25 In/s)
and applied load (1 nN), and each image is plotted on the same z-scale (Ff of 0-1.5 nN,

shown as the color bar to the far right of the series of images).
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To compare the relative magnitudes of the friction forces for each frequency, the

average Ff for 1LG vs bare SiO from each image in Figure 4.5 is plotted in Figure 4.6.

Figure 4. 5. Friction force images (2 x 2 um) of the 1LG/SiO2 sample for different drive
frequencies (labeled above each image).

Based on the data in Figures 4.5 and 4.6, two dominate effects on the measured Fs
can be seen for imaging on- vs off- the contact resonances. First, the overall magnitude of
the Fr is greatly reduced for both 1LG and SiO during on-resonance imaging. While the
exact reason why this occurs is unclear, one possible explanation is that on-resonance there
is a higher tip-sample amplitude that leads to a partial loss of tip-sample contact during
the oscillation cycles. This “weakens” the tip-sample contact, resulting in a lowered
measured Fr. This reasoning is based on previous FMM work that studied amplitude-
induced lubricity on flat surfaces (silicon, mica, or polished glass).’®® In that study,
imaging in contact mode at a constant frequency while gradually increasing the drive
amplitude caused the measured Fr to lower, and ultimately vanish. The proposed
mechanism was either the presence of a viscoelastic layer (since the study was done in an
ambient environment, likely a water layer on the surface) or eventual partial loss of the

tip-sample contact. In the study here, the drive amplitude is held constant and the drive
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frequency is modulated, but imaging on-resonance induces larger tip-sample oscillation
amplitudes than imaging off-resonance. Moreover, since the measurements here were
carried out in a dry nitrogen environment, the likelihood of a viscoelastic water layer being
present is dramatically reduced, suggesting the mechanism behind the lower F¢ for

imaging on-resonance is partial loss of the tip-sample contact.
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Figure 4. 6. Bar plot showing the average Fr of 1LG vs bare SiO> for each drive frequency.
The arrows emphasize the anomalous effect where, on-resonance, the Fr of 1LG is slightly
higher than the Fr of SiOa.

The second Fs effect for imaging on- vs off- the contact resonances is that when
imaging on-resonance, the measured Fr of 1LG is slightly higher than the Fr of SiO> (seen
in the 50 and 160 kHz image contrast in Figure 4.5 and emphasized by the arrows in Figure
4.6). This an extremely unusual effect but is highly reproducible for these specific imaging
conditions. The proposed reason for this Fr anomaly is based on the previously discussed
possibility of partial tip-sample contact loss during the oscillation cycles. If this partial

loss is occurring, the measured Fr for 1LG could be larger relative to SiO> because the
98



adhesion for 1LG (9.3 £ 0.2 nN) is higher than that of SiO; (8.4 £ 0.3 nN). The increased
adhesion for 1LG could then slightly mitigate the loss of contact, resulting in a higher
measured Fr. This is supported by testing other imaging conditions. If any parameter is
changed that would cause lower tip-sample oscillation amplitudes, the F¢ differences are
reversed back to the usual case where the Fr of 1LG is less than that of SiO2. The tested
parameters that demonstrated this included higher applied load (15 nN vs 1 nN), lower
drive amplitudes (reduced by half), or imaging slightly off-resonance (x 2 kHz).

These force modulation measurements on the flat 1LG/SiO, sample help identify
some of the mechanical tip-sample interactions that might play a role in interpreting
frequency dependent frictional responses. This provides a reference in moving forward to
more complex tip-sample interactions on the nanoscopically rough surfaces.

4.3.4 Correlation of Energy Dissipation and Friction for Few Layer Graphene on
a Nanoscopically Rough Surface. Nanoscopic surface roughness has a large influence on
the frictional behavior of graphene.3* Depending on the relative size of the NP asperities
and the AFM tip, the degree of out-of-plane deformations of graphene can be tuned,
providing morphological control over the frictional response. Nanoscopic asperities also
induce localized regions of strain in the graphene lattice, centered on the top of the NP
apex.'® This localization of strain might influence the amount of energy that can be
dissipated out-of-plane, providing another pathway to regulate friction. While these
studies have focused on single layer graphene (1LG), the subsurface impact of nanoscopic
roughness on the strain distribution and frictional behavior of few layer graphene (FLG)

has yet to be explored. Thus, in this section FMM was used to evaluate how the out-of-
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plane coupling in FLG is influenced by an underlying NP film, and how this coupling
manifests as a correlation between energy dissipation and friction.

For the 1LG/50 nm NP sample described in Figure 4.1d, FMM measurements were
carried out under the same imaging parameters as for the flat 1LG/SiO, sample (1 nN
applied load, same drive amplitude, and same series of drive frequencies). Figure 4.7
shows the corresponding phase images. Similar to tapping mode, in FMM the phase shift
between the drive signal and measured signal reflects how much energy is being dissipated
for each oscillation cycle.*?3 The regions with a brighter contrast, corresponding to a
greater phase shift, generally represent regions of softer materials or lower modulus, where
a greater amount of energy is being dissipated. Based on recent work by Vasic et al,
tapping mode phase measurements demonstrated that 1LG dissipates less energy than bare
SiO,, acting as a mechanical shield.'®” Therefore it was expected that for 1LG and FLG
over the NP asperities the phase shift would be less compared to the partially suspended
regions between the NP apices. However, as can be seen in Figure 4.7, a more complicated
result was observed. Particularly for the 1LG/50 nm NP region, the inverse of phase
contrast between 35 kHz and 50 kHz, along with the varying contrasts for 100, 160, and
175 kHz, could be influenced by the NP morphology, but overall cannot be explained at

this time.
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Figure 4. 7. FMM phase images for 1LG and FLG on 50 nm NPs at different drive
frequencies (labeled above each image).

Focusing on the FLG/50 nm NP regions in Figure 4.7, though, appears to provide
insight into different levels of subsurface contrast.'®® Recent work examining graphite
flakes transferred to a textured polymer surface showed the capability of phase images
from scanning on-resonance to identify subsurface features.'®® This is seen here, with the
clearest subsurface NP features identified for the 2" RF, 160 kHz. This FLG/50 nm NP
region was used to establish a crude estimate regarding the conformity of the underlying
FLG layers at the buried FLG/NP interface. Figure 4.8a shows the same topography image
as Figure 4.1d, with an additional cross section (Figure 4.8b) to estimate the number of
FLG layers. From a cross section height of ~5.8 nm, there are approximately 17 graphene
layers (based on a height of 0.34 nm for a single layer'’®). For these 17 graphene layers,
the 160 kHz phase image is reshown in Figure 4.8c, with the red dashed box highlighting
where the 3D phase profile in Figure 4.8d was taken. Calculating a root mean square
(RMS) roughness value for the buried FLG/50 nm NPs interface shown in Figure 4.8d
yields a value of 0.334 degrees. To calibrate the z-scale for the subsurface features from
degrees to nm, the ratio was taken of the RMS roughness of bare NPs in nm (18.94 nm,

from the topography image) over the RMS roughness of bare NPs in degrees (0.473
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degrees, from the phase image). This calibration provides a crude approximation that the

RMS roughness of the buried FLG/NP interface is ~13.4 nm.

~5.8nm FLG,

0 500 1000
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Figure 4. 8. (a) AFM topography image of single layer graphene (highlighted by the white
dashed line) and few layer graphene (right portion of image) on a 50 nm NP film. The blue
line shows the location for the corresponding cross section in (b). In (b), the dashed lines
indicate the thickness of the few layer graphene (FLG) region (~5.8 nm, or 17 layers). (c)
The FMM phase image taken with a drive frequency of 160 kHz (reshown from Figure
4.7). The dashed red box shows the zoomed region that is shown as a 3D projection in (d).
(d) A 3D projection showing the “conformity” of the buried FLG/50 nm NP interface.

Comparing the roughness of this buried interface, ~13.4 nm, to that of the bare
NPs, ~18.9 nm, indicates the bottom layers of the FLG region are only partially conformed
to the NPs, similar to what is directly measured for 1LG/50 nm NPs. Further, compared
to the RMS roughness of the top FLG surface, ~7.0 nm (measured directly from the
topography image), it is likely that the morphology of the underlying NP film is gradually
reduced through layers. These local changes in internal layer structure where regions of
FLG directly over the NP apices vs the underlying “partially suspended” FLG layers might
influence how energy is dissipated through interlayer coupling. This ultimately might be

influencing the measured friction force, discussed next.
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The friction force (Ff) images that were acquired simultaneously with the phase
images in Figure 4.7 are shown in Figure 4.9. Similar to the FMM on the flat 1LG/SiO>
sample, the overall Fs is reduced when imaging on-resonance. However, the Fr of 1LG
always remains lower than that of the bare NPs. This difference between the flat and rough
samples could be attributed to the surface roughness of the NP film influencing the tip-

sample interactions.
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Figure 4. 9. Friction force images (1.5 x 1.5 um) of the 1LG/50 nm NP sample for
different drive frequencies (labeled above each image).

Of particular interest is the additional Fr contrast within the FLG region for a drive
frequency of 160 kHz (the 2" RF). Similar to the corresponding phase image,
“subsurface” friction contrast is observed for the underlying NP film. This contrast is not
seen for the other frequencies, and it is unclear why this effect is also only observed for
the 2" resonance, and not the 1% While the contrast is dark for the 1% RF (50 kHz) in
Figure 4.9 due to the lower Fr on-resonance when all of the friction images are displayed
on the same Fr scale, when the FLG is inspected separately there is still no observed

contrast from the underlying NP film.
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One possible reason why the underlying NP film morphology is reflected in the F¢
image of an otherwise uniform FLG surface is that more energy could be dissipated
through out-of-plane, interlayer coupling for FLG that is partially suspended between the
NPs, resulting in locally higher measured Fr. To quantify the amount of dissipated energy
for a drive frequency of 160 kHz, the energy dissipation (Ediss) per cycle was calculated
from the corresponding amplitude and phase images (eq 4.1).17*

E4iss = mkoAyA sin @ (4.2)

In eq 4.1, Ko is the spring constant of the freely oscillating cantilever, Ag is the free
amplitude, A is the measured tip-sample amplitude from imaging, and ¢ is the measured
phase shift from imaging. Accounting for the number of oscillations per pixel (oscillation
frequency of 160,000 oscillations/s at a scan speed of 1.25 lines/s with 256 pixels/line,
yielding 500 oscillations/pixel) produces the Egiss map (converted to meV/oscillation)
shown in Figure 4.10.

The FLG region in Figure 4.10 reflects the same subsurface NP contrast as
discussed for the phase image (Figure 4.7) and friction image (Figure 4.9) for imaging
with a drive frequency of 160 kHz. To compare the Egiss and Fr of the FLG/50 nm NP
sample side-by-side, Figures 4.11a and 4.11b show 500 x 500 nm inspection boxes of the
upper right region of FLG for Egiss and Fr, respectively. Figure 4.11c then shows a
histogram of the distribution of Egiss values for the FLG region shown in Figure 4.11a.
Similarly, Figure 4.11d shows a histogram of the distribution of F¢ values for the FLG
region shown in Figure 4.11b. To help guide the eye in comparing the two images in

Figures 4.11a and 4.11b, the dashed white circle highlights the same region of FLG
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supported directly over a NP apex, while the dashed blue circle highlights the same region
of FLG partially “suspended” between NP apices. The distributions in Figures 4.11c and
4.11d are also labeled according to the local FLG subsurface structure, with Gaussian fits

for the separate Eagiss Or Fr regimes.

Egiss map @ 160 kHz meV/oscillation
‘\

Figure 4. 10. Energy dissipation (Eqiss) map for the 1LG/50 nm NP sample (including the
FLG region) at a drive frequency of 160 kHz. The Egdiss/oscillation is calculated based on
eq 4.1 and additionally accounting for the number of oscillations per pixel.

As discussed previously, there is a potential correlation between the out-of-plane
Ediss and measured Fr based on local internal variations induced by the subsurface NP
morphology. Considering the localized regions of strain induced by the NP film for the
buried FLG layers,®® the lowest Fr is measured where the bottom layers of graphene are
strained over the NP apices. This also corresponds to the regions of lowest Egiss, where the

layers are “pinned,” limiting the out-of-plane coupling.

105



(a) me\(/oscillation (b) Friction (nN)

75 0.20
50 0.16
25 0.12
0 0.08
95 0.04
over NP apex  “suspended” FLG ~ over NP apex “suspended’ FLG
(c) l (d)
10 + 6 meV/osc
0.07 2 0.ghlkily %10 +0-06 nN
" (2]
1= =
= e |
o o
O (&}
y
70 + 10 meV/osc
-40 -20 0 20 40 60 80 004 006 0038 010 012 014 0.16
Egiss (MeV/oscillation) Friction Force (nN)

Figure 4. 11. (a) 500 x 500 nm inspection box of the Egiss map at 160 kHz from Figure
4.10, centered on the upper right FLG/50 nm NP region. (b) 500 x 500 nm inspection of
the Fr image at 160 kHz from Figure 4.9, centered on the upper right FLG/50 nm NP
region. (c) Histogram showing the distribution of Ediss values from (a). (d) Histogram
showing the distribution of Fr values from (b). The dashed white circles in (a) and (b)
highlight a region of FLG directly over a NP apex, corresponding to the distributions
denoted by the black arrows in (c) and (d). The dashed blue circles in (a) and (b) highlight
a region of FLG “suspended” between NP apices, corresponding to the distributions
denoted by the blue arrows in (c) and (d).

Conversely, the regions of “suspended” FLG between NP apices have the least amount of
strain, greatest Egiss, and highest Fr. This is consistent with previously established
relationships between energy dissipation and friction, where greater energy dissipation at
the sliding interface leads to greater friction forces.®® % Another possible explanation,

however, could be that the FLG regions that are partially suspended are compressed more
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during the tip oscillation cycles than the regions supported by the NP apices, causing a
locally larger contact area, thus higher F.1%°
4.4 Conclusions

This work was aimed at understanding the details of out-of-plane graphene motion,
and the relationship between normal force modulation and lateral friction force for
graphene on nanoscopically rough surfaces. Equal deflection images from FV mapping
helped conceptualize the out-of-plane fluctuations of graphene partially suspended
between nanoscopic asperities. FMM on flat 1LG/SiO, found that the frequency
dependence of the Fr was largely dominated by changes in the mechanical interactions of
the tip-sample contact. Moving to FMM on the 1LG/50 nm NP sample, the mechanical
effects observed for the flat sample seemed to be largely impacted by the surface
roughness. When focusing on the FLG/50 nm NP region, where interlayer, out-of-plane
coupling is possible through the multiple layers, “subsurface” friction effects were seen.
From the phase imaging on the 2" RF, the buried FLG/NP interface appeared to be
partially conformed, producing regions of FLG that are “pinned” and more strained over
the NP apices vs suspended between the NP apices. This could be dictating the local extent
of dissipated energy, thus influencing the friction force. An alternate cause of the varying
Fr over the relatively flat FLG surface could be that the layers are compressed more during
the oscillations when between NP apices. To fully understand these effects and more

thoroughly investigate the underlying mechanisms, a FLG region on flat SiO2 should be

measured. These studies help provide an initial understanding of how nanoscopic surface
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roughness impacts the dynamic motion of graphene and how out-of-plane energy

dissipation through multiple layers of graphene is correlated to the frictional response.
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CHAPTER V

PERIODIC COVALENT IMMOBILIZATION OF GRAPHENE

5.1 Introduction

Boundary lubrication schemes must meet a variety of demands, including the
ability to withstand the high contact pressures and shear forces associated with nanoscopic
asperities.” 8 The durability*® 2 of graphene renders it a desirable material to use in such
mechanically formidable boundary sliding conditions. A limiting challenge, however,
with the performance of graphene as a lubricant has been its extreme sensitivity to its
interactions with the top and bottom contacting interfaces.'®> While such substrate-
dependent properties pose hurdles to overcome in the broad implementation of graphene
as a solid lubricant, they simultaneously open pathways towards using graphene in the
design of highly tailored, lubricated interfaces.

As discussed in Chapters I, 111, and 1V, the chemistry of the sliding interface and
the mechanical flexibility of graphene impact the tribological response of graphene as a
boundary lubricant.®* 162 By first understanding how self-assembled monolayers (SAMs)
and graphene interact in tribological contacts,* % the focus can then shift towards using
SAMs to design molecularly modified interfaces that manipulate the frictional response
of graphene in desired ways. One route is to implement SAMs that are able to chemically
bind graphene!™® 173 to the supporting surface to suppress the out-of-plane deformations
that typically increase the friction force against the sliding counterface.® In a system with

graphene covalently immobilized to the substrate, it will also be critical to consider any
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secondary effects on the electronic properties.t’*1’” The covalent binding of graphene and
induced electronic variations can alter the sliding energy landscape of the graphene sheet,
further impacting the frictional response.t8-183

To study the impact of covalently immobilizing graphene on its mechanical and
electronic properties, particle lithography was used to fabricate a mixed monolayer of an
inert methyl-terminated background and spatially patterned pores of a reactive azide-
terminated SAM.172 173,184,185 Thjs patterned system was designed to take advantage of a
built-in reference (the methyl-terminated background) to study changes in the physical
properties of graphene after a thermally driven reaction. The surface morphology and
frictional response of graphene was examined using atomic force microscopy and friction
force microscopy before and after thermally reacting graphene with the surface-linking
azide. Moreover, as the electronic properties and plasmonic response of graphene are
intimately connected,'3* 137 138 141 gcattering-type scanning nearfield optical microscopy
(s-SNOM) measurements were taken to study the localized effects of periodic covalent
immobilization on the propagating surface plasmon.

5.2 Experimental Methods

5.2.1 Preparation of Patterned Graphene/Pores. To prepare a patterned self-
assembled monolayer (SAM) surface, particle lithography was used to template an inert
background of octadecyltrichlorosilane (OTS, Gelest).!3* 18 This is shown schematically
in Figures 5.1a-d, where first a 90 nm SiO2/Si(100) substrate is prepared via thermal
oxidation® (Figure 5.1a). A 10 pL suspension of 500 nm diameter silica spheres (4 w/v%

in nanopure water, resuspended after centrifuging the as-purchased solution from NIST at
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3400 rpm for 5 min, repeated 8 times) was then dropcasted onto the 90 nm SiO> substrate
under 63 = 2% relative humidity and allowed to dry for 3 hr, forming a monolayer of

hexagonal close packed silica spheres (Figure 5.1b).

Figure 5. 1. Schematic of the preparation of the patterned mixed SAM substrates: (a) 90
nm SiO2/Si(100) substrate, (b) silica sphere (500 nm) template, (c) OTS SAM formation
around the silica spheres, (d) open OTS pores after silica sphere removal, and (e)
backfilled pores with PFPA.

An OTS monolayer was then formed around the silica spheres by immersing the substrate
ina 0.5 mM OTS solution (solvent: toluene) for 2 hr (Figure 5.1c). The silica spheres were
then removed from the substrate by sonication in a fresh toluene, and two consecutive
ethanol washes for 1 hr each. This exposed a hexagonal close packed pattern of open pores
(open to the 90 nm SiO2 substrate) within the OTS template (Figure 5.1d). Further
functionalization of the open pores could then be carried out to create a patterned mixed
monolayer. Here, the pores were backfilled with N-(3-trimethoxysilylpropyl)-4-azido-
2,3,5,6-tetrafluorobenzamide (PFPA, Toronto Research Chemicals, Inc.) by immersing
the patterned OTS substrate in a 1 mM PFPA solution (solvent: toluene) for 4 hr (Figure
5.1e). The azide-terminated SAM was chosen for its ability to react with graphene.17> 173

Graphene was then deposited over both open pore and PFPA filled pore samples via
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mechanical exfoliation.}** To drive the graphene/PFPA reaction, the graphene-PFPA
filled pore samples were heated at 140 °C for 40 min.1"3

Physical characterization of the dimensions of the fabricated open and PFPA filled
OTS pores was done with contact mode imaging in an Agilent 5500 (Figure 5.2). Single
crystal diamond probes (ART D10) were used, with nominal tip radius (Rp) of ~20 nm
and nominal spring constant of ~0.1 N/m (determined through blind tip reconstruction and
the Sader method,'** respectively). Measurements were taken in a dry nitrogen
environment (relative humidity <0.1%) at a 1 nN applied load. The open OTS pores had
a depth of 2.4 £ 0.4 nm and diameter of 116.4 + 19.3 nm, while the PFPA filled pores had
a depth of 1.8 £ 0.2 nm, diameter of 128.8 + 14.0 nm. The change in pore depth after
addition of the PFPA is consistent with the expected length of the molecule of ~1 nm
(calculated from bond lengths) while there was no change in diameter outside of one

standard deviation.

Figure 5. 2. Contact mode AFM topography images (2 x 2 um at 1 nN applied load) taken
with the Agilent 5500 of (a) an open OTS pore template, and (b) an OTS pore template
backfilled with PFPA. Courtesy of Maelani Negrito.
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5.2.2 Friction Force Microscopy (FFM) of Patterned Graphene/Pores. The impact
of covalently pinning graphene on the mechanical properties of graphene was measured
with friction force microscopy (FFM). The experimental set-up was the same as described
in Section 5.2.1 for the physical characterization of the pore structures. Briefly, FFM
measurements were taken on an Agilent 5500 in a dry nitrogen environment using
diamond probes (ART D10) and an applied load of 1 nN (Rtp ~30 nm and spring constant
~0.1 N/m, determined via the blind tip reconstruction and the Sader method).*%*

5.2.3 Scattering-Type Scanning Nearfield Optical Microscopy (s-SNOM) of
Patterned Graphene/Pores. To assess the impact of periodically covalently binding
graphene on the surface plasmon polariton (SPP) of the graphene sheet, scattering-type
scanning nearfield optical microscopy (s-SNOM) was employed. Data was collected using
a nanolR2-s System from Anasys Instruments in an ambient environment (23 °C and 50%
relative humidity) at the Materials Characterization Facility (MCF) at Texas A&M
University. Atomic force microscopy (AFM) tapping mode images were simultaneously
collected with nearfield (NF) amplitude images (as the absolute value of the NF signal).
Platinum-coated silicon AFM tips were used with a nominal tip radius of ~50 nm and
resonance frequency of ~270 kHz. A CO; laser (A: 10.5 um, or 925 cm™) was used as the
farfield source, focused through a numerical aperture of 0.3. Changes in the amplitude of
the scattered nearfield signal were imaged at the third harmonic using a double
demodulation process to separate the background signal from the scattered NF signal. A
liquid nitrogen cooled MCT (HgCdTe) detector was used. Data analysis was done in the

programs Analysis Studio v3.12 and Scanning Probe Image Processing (SPIP).
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5.3 Results and Discussion

5.3.1 Graphene/Pore Characterization. The fabricated graphene/pore samples are
complex composite surfaces that further undergo a heating process to drive a surface-
binding chemical reaction. Therefore, it is important to first gain an understanding of the
surface morphology and structural characteristics of the samples before studying changes
in the mechanical and optoelectronic properties induced in graphene through localized
covalent binding. For this purpose, in addition to the physical characterization of the pore
templates in Figure 5.2, AFM structural analysis was done for graphene exfoliated over
open and filled pores, both before and after heating.

The graphene/open pore and graphene/PFPA pore samples were imaged in tapping
mode in the nanolRs-2 to examine the regions where s-SNOM measurements were taken
(Figure 5.3). Figures 5.3a and 5.3b show the graphene/open pore sample before and after
heating, respectively, while Figures 5.3c and 5.3d show the graphene/PFPA pore sample
before and after heating, respectively. A simplified schematic of a reacted graphene/PFPA
pore surrounded by the OTS template (as would be the case for the sample in Figure 5.3d)
is shown in Figure 5.3e. In all of the tapping mode images, a peculiar feature is that the
pores not covered by graphene, either open or PFPA filled, appear as small protrusions.
One possible explanation is that in the ambient tapping mode imaging conditions, a
contrast in tip-sample interactions over the hydrophilic pores relative to the hydrophobic
OTS matrix causes the exposed pores to appear to have a larger height. Another aspect of
the tapping mode images to comment on is that both samples after heating appear

“smoother” in morphology. While the same Pt tip was used for all imaging, it is unclear
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at this time if the subtle differences in morphological appearance are strictly an effect of

the heating or are also an effect of tip changes.

Figure 5. 3. Tapping mode AFM topography images (3 x 3 um) of the graphene/pore
samples taken with the nanolRs-2. (a) and (b) Show graphene exfoliated over open OTS
pores before and after heating, respectively, as a control of the effect of heating on the
graphene/OTS pore morphology. (c) and (d) Show graphene exfoliated over PFPA filled
pores before and after heating, respectively, to drive the graphene/PFPA reaction. A
schematic of graphene covalently bound to a PFPA filled pore is shown in (e).

To supplement the tapping mode imaging that was carried out in the nanolRs-2,

contact mode imaging in the Agilent 5500 was also used to characterize the graphene/open
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pore and graphene/PFPA pore samples. Note, however, that the contact mode imaging to
measure morphological and Fr changes (Section 5.3.2) for before/after heating were taken
on different samples than those presented in Figure 5.3 and used for nearfield
measurements (Section 5.3.3). Future work will address taking contact mode
measurements (morphology, friction, and adhesion) and nearfield measurements on the
same set of graphene/open and graphene/PFPA pore samples. For the work here, it is still
useful to assess the morphological changes on these separate samples to examine any
physical changes that occur when the graphene/PFPA pores are reacted. Specifically,
considering the dimensions of the graphene/PFPA pores before heating, the measured
depth was 1.4 = 0.3 nm and the measured diameter was 109.4 + 20.9 nm. After heating,
the graphene/PFPA pores were slightly shallower and wider, with a depth of 1.2 £ 0.2 nm
and diameter of 121.1 + 22.6 nm. This effect of the graphene/PFPA pores becoming
shallower and wider could be because as the graphene is covalently bound to the pores,
the surrounding OTS molecules are compressed to accommodate the physical pinning of
the graphene sheet. While the images in Figures 5.3c and 5.3d have lower spatial
resolution (the Pt tips used in the nano-IRs2 are ~2x’s the radius of the D10 tips used in
the Agilent 5500), the decreased visibility of the graphene/PFPA pores after heating (as
compared to the still visible graphene/OTS pores after heating) supports this possibility.
5.3.2 Impact of Immobilizing Graphene on the Frictional Response. Beyond any
potential morphological changes, covalent pinning of graphene to the supporting substrate
is expected to also modify its mechanical response in sliding contact.*® 18 Friction force

microscopy (FFM) measurements were therefore carried out to evaluate the extent to
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which immobilizing the bottom face of graphene to the substrate impacted the friction
force (Ff) measured during sliding against the top face of graphene. Figure 5.4 shows the
topography and corresponding Frimages of a graphene/PFPA pore sample before and after
heating. Again, note that this sample is not the same graphene/PFPA pore sample used for

the nearfield measurements (Figure 5.3 and Section 5.3.3). Future work will resolve this.

Figure 5. 4. (a) Contact mode AFM topography image and corresponding Fr image (b) of
a graphene/PFPA pore sample before heating. (c) Contact mode AFM topography image
and corresponding Fr image (d) of the same graphene/PFPA pore region after heating to
drive the graphene-PFPA reaction. Courtesy of Maelani Negrito.

Qualitatively comparing the Fr images in Figures 5.4b and 5.4d it is apparent that
using heat to drive the graphene-PFPA reaction, thus mechanically pinning graphene,
locally lowers the Fr measured over the bound graphene/PFPA pores. To quantify these

changes, the friction forces of each measurement (before vs after heating) were normalized
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to the tip radius as well as the exposed OTS matrix, under the assumption that the heating
process did not alter the OTS SAM. This normalized Ff of the graphene/OTS composite
surface was slightly lower than the exposed OTS matrix both before and after heating, at
~0.9. There was no observed Fr change over the graphene/PFPA pore region before
heating (noted by their lack of visibility in Figure 5.4b). After thermally driving the
reaction, the graphene/PFPA pores had a normalized Ff of ~0.6. This preliminary evidence
demonstrates that covalently immobilizing graphene reduces the Ff by a factor of ~1.5.

The assumed mechanism driving this decreased frictional response is that the
covalent immobilization suppresses the out-of-plane deformations of graphene. However,
while the data here shows that covalently binding graphene lowers the Fs relative to
graphene supported on a non-reacted PFPA SAM, it does not address how the bound
graphene-PFPA composite surface compares to graphene directly supported by bare silica.
It is likely that the immobilization of graphene suppresses the out-of-plane “puckering” of
graphene in front of the sliding AFM tip, but it remains uncertain if there are any additional
effects of shear deformation from the underlying PFPA film. Future studies will measure
the Fr of graphene over open pores (before and after heating) to account for these
undetermined effects.

5.3.3 s-SNOM Analysis of Graphene/Pore Composites. The Fr studies discussed in
Section 5.3.2 demonstrate how covalently immobilizing graphene to the supporting
substrate alters its mechanical properties. Specifically, the covalent pinning is assumed to
reduce the Fr of the sliding interface by suppressing the out-of-plane deformations of

graphene. This molecular-scale control of friction fits within the context of other studies
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demonstrating how covalently functionalizing graphene influences the frictional response.
However, in these studies, frictional control was achieved via altering the mechanical
properties (flexural stiffness) and physical corrugations of the graphene lattice.*’® 179 181
It has also been discussed how the covalent functionalization of graphene modulates the
geometry and charge redistribution in graphene. These altered electronic properties shift
the sliding energy landscape, thus controlling the friction force.!8

For the covalent functionalization of graphene with PFPA, previous works showed
that a level graphene plane is maintained because of the PFPA-graphene binding
mechanism. PFPA binds to two adjacent carbon atoms in graphene, preventing physical
corrugations (similar to an epoxide binding to graphene).'> 8 While a level sliding
energy landscape is preserved, there are still changes in the electronic structure of
graphene with an induced 0.16-0.29 eV bandgap.'”™ 1’8 In the patterned graphene/pore
system here, these electronic changes in graphene should be localized to the PFPA pores.
As any modifications to graphene’s electronic behavior should impact the propagation of
its surface plasmons, s-SNOM measurements (as described in Section 5.2.3) were carried
out to observe any subsequent local changes in the plasmonic scattering amplitude.

To focus on the impact of locally binding graphene to PFPA, Figure 5.5 shows the
post-heating topography and nearfield (NF) images of a graphene/open pore sample as a
control and a graphene/PFPA pore sample. In the NF images in Figures 5.5b and 5.5e,
several characteristic features for the plasmonic response of graphene can be seen. Most

notable is the fringe pattern at the edge of the graphene flakes, caused by the interference

of propagating surface plasmon waves (4,) reflected at the edges.'®" This fringe pattern is
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shown in the cross sections in Figures 5.5¢ and 5.5f. The periodicity of the fringe pattern*®’

is detected as 4,,/2 and measured here as the lateral distance between the two edge-most
peaks. This fringe wavelength measurement is shown schematically in Figure 5.6, along

with several additional NF image features.
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Figure 5. 5. (a) A 1 x 1 um tapping mode topography image of heated graphene/open
pores, collected simultaneously with the nearfield (NF) image in (b). The white dashed
circles in (a) and (b) highlight where pores are visible in topography but do not have any
observable influence on the NF signal. The blue solid/dashed lines in (b) show the location
of a 75-line average cross section, shown in (c), that was used to measure the fringe
wavelength and amplitude. (d-f) shows a similar series of a topography image, NF image,
and averaged cross section of heated graphene/PFPA pores. Note that in (e) the covalently
bound graphene acts as a scattering center, locally increasing the NF signal.
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Figure 5. 6. Diagram of the parameters of interest from the graphene NF image features.

Additional features in the NF images in Figures 5.5b and 5.5e (and shown
schematically in Figure 5.6) include the fringe amplitude, and several parameters
pertaining to the reacted graphene/PFPA pores (discussed later). Both the fringe
wavelength and amplitude can be controlled by a gate voltage, or in other words, the
degree of carrier density. Fringe wavelength and amplitude were shown to both increase
with increasing carrier density.*3” More specifically, the same study noted that the fringe
wavelength directly correlates with hole density.*3” For the heated graphene/open pore and
graphene/PFPA pore samples here, the measured experimental values of fringe
wavelength and amplitude are summarized in Table 5.1. An additional comparison is made
to graphene on bare silica (experimentally measured under the same conditions as the
graphene/pore samples, images not shown). Note that all images are first normalized to

the exposed substrate, then offset so that the normalized signal for the substrate is zero.
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Table 5. 1. Summary of the fringe wavelengths and amplitudes for the graphene/pore
samples and a graphene/SiO> control, measured according to the diagram in Figure 5.6.

Sample Fringe Wavelength (nm) Fringe Amplitude (uV)
Heated Open Pores 75 1.0
Heated PFPA Pores 63 6.5
Graphene/SiO2 75 3.0

The differences in fringe wavelength and amplitude in the plasmonic response of
graphene can be interpreted based on the different chemical interactions with the various
supporting substrates. For the graphene/open pore sample, the OTS SAM physically
separates graphene from the substrate, effectively limiting the doping from the supporting
silical’” and reducing the amplitude relative to the graphene/SiO, sample. For the
graphene/PFPA pore sample, the increased fringe amplitude (despite still being largely
supported on the OTS matrix) could reflect more widespread doping from the PFPA pores
beyond the locally bound regions. As evidenced by the increased scattering over the pores
in Figure 5.5e, graphene is doped when covalently bound to PFPA (discussed in more
detail later).174176. 187 Based on the work by Fei et al**’ it is expected that the measured
fringe wavelength would follow the same trend as the amplitude. However, comparing the
values in Table 5.1, the graphene/open pore sample and graphene/SiO, sample have the
same measured wavelength (~75 nm) and the graphene/PFPA pore sample has a smaller

wavelength of ~63 nm.
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It should be emphasized that this interpretation of the data is currently only
speculative, based on the cited studies. For example, the lateral resolution limit of the data
still needs to be established. It could be that differences in fringe wavelength of +/- 15 nm
are not significant. A comparison of the fringe amplitudes could also be limited by
optimizations in experimental set-up. In general, with s-SNOM measurements it is
challenging to draw definitive conclusions without additional insight from modeling, and
many of the studies aimed at understanding the plasmonic properties of graphene rely on
the integration of experiment and theory,!34 137, 138,141, 188-191 £;tyre work will therefore
include additional control samples to bolster the experimental results and modeling to
supplement the proposed mechanisms governing the behavior of these patterned samples.

Next, focusing on the pores, first note that the graphene/open pores that are visible
in the topography image (Figure 5.5a) have no observable changes in the NF scattering
(Figure 5.5b). In contrast, the reacted graphene/PFPA pores (Figure 5.5d) have a distinct,
localized increase in the NF scattering (Figure 5.5e). To characterize the observed changes
in the propagating plasmon, Figure 5.7 labels each graphene/PFPA pore (I-1V) and shows
two representative cross sections. In Figures 5.7a and 5.7b, the focus is on a pore (I) that
is away from the edge of the graphene flake. Figures 5.7c and 5.7d in turn highlight a pore
(1) that is close to the edge. These two pores were chosen for comparison to evaluate if
there is any convolution of the localized pore scattering with the edge fringes. Further pore

features (outlined in Figure 5.6) are summarized in Table 5.2.
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Figure 5. 7. Nearfield (NF) image and cross sections of reacted graphene/PFPA pores. In
(a) the four visible, reacted graphene/PFPA pores are labeled I-1V. The solid and dashed
blue lines in (a) show the area where the averaged five-line cross section in (b) was taken
through pore 1. (c) shows the same labeled pores as (a), with a second averaged five-line

(b)

(d)

=~ [=2]

[+

Normalized & Offset
NF Signal (V)

-~ [=2]

NF Signal (V)
N

Normalized & Offset

-800 -550

-800 -550
Distance (nm)

-50 200

A,

-300

50 200

Distance (nm)

cross section was taken through pore 11, and plotted in (d).

Table 5. 2. Summary of the characteristic reacted graphene/PFPA pore parameters: pore
amplitude (Amp.), depletion depth (Dep. Depth), inner pore diameter (Diam.), and
depletion ring width (Dep. Ring Width). These parameters were measured according to

the diagram in Figure 5.6. The pore labeling (I-1V) is shown in Figure 5.7.

Pore Amp. (LV) Dep. Depth (uV) Diam. (nm)  Dep. Ring Width (nm)
I 4.6 0.6 102.0 46.0

I 4.7 0.7 97.8 38.8

I 4.6 0.7 88.3 48.5

v 4.5 0.6 73.0 40.0

Average 4.6+0.1 0.7+£0.1 90.3+129 433%47
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In general, the reacted graphene/PFPA pores have consistent NF scattering
characteristics with respect to the local changes in amplitude, diameter, and the
surrounding depletion ring. The depletion rings surrounding the pores provide further
evidence that the local binding is causing a localized increase in carrier density.** If the

graphene/PFPA pores are causing charge puddling,*’’

it would be expected that in
response there would be a decrease in carrier density in the surrounding region. With the
pores acting as a scattering center for the propagating plasmon, it is also possible that these
effects could interfere with the fringe pattern as the plasmons are reflected at the edge of
the flake. The cross sections comparing pores I and Il in Figures 5.7b and 5.7d show that
the second edge-most fringe is suppressed in the vicinity of pore Il as the depletion ring
extends towards the edge of the flake. Although, as discussed earlier, without supporting
modeling it is difficult to say with certainty what underlying physical properties or
mechanisms are causing any of the measured changes in the NF scattering. What is
currently apparent is that this set of s-SNOM measurements provides evidence that
binding graphene to PFPA in a defined pattern locally alters the electronic properties.
5.4 Conclusions and Future Directions

The work here shows that periodically covalently immobilizing graphene controls
both its mechanical properties and electronic properties/plasmonic response. With an OTS
matrix as a built-in reference, FFM measurements found that the localized covalent
binding of graphene to the supporting substrate lowered the Fr of the sliding interface. This

progresses the understanding of the molecular control of friction and how controlling the

out-of-plane deformations of graphene can help lead towards interfaces with optimal
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tribological performances. Measuring the nearfield scattering amplitude with s-SNOM
further revealed that the reacted graphene/PFPA pore platform locally modulated the
propagating surface plasmon of graphene. Since the plasmonic response is impacted by
the electronic properties of graphene, this data also indicates that the electronic properties
of graphene were spatially controlled.

Given the close relationship of tuned mechanical and electronic properties of
covalently immobilized graphene, future directions!®® will aim to address how plasmon-
phonon coupling can be exploited to use light to control friction. The general scheme will
be to use light to launch plasmons in graphene that in turn couple to the substrate phonons.
As friction at a sliding interface is dependent on the degree of energy dissipation via
mechanical coupling to phonon modes, the coupled plasmon-phonon modes will similarly
modulate interfacial friction.!8% 19 1% Thys this platform serves to not only drive
developments in molecularly controlled frictional properties of 2D materials, but also

transform technologies by bridging the fields of optics and tribology.
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CHAPTER VI

SUMMARY AND OUTLOOK

6.1 Summary

This dissertation has explored the tribological behavior of graphene in a series of
controlled and diverse sliding conditions. The impact of tailored adhesion, modulated out-
of-plane forces, and localized pinning on the frictional response of graphene was discussed
in detail. The framework surrounding these studies was provided in Chapter I, with a
review of nanotribological studies of graphene. The literature that is focused on
understanding the fundamental nanotribological behavior of graphene has observed a
variety of phenomena for supported and suspended graphene, in both humid and dry
conditions. The out-of-plane deformation of graphene, its surface bound morphology, and
the chemical properties of the confining interface all greatly impact how graphene
responds as a solid boundary lubricant. To access deeper levels of understanding of the
underlying mechanisms governing the tribological behavior of graphene, additional AFM
methods that target specific physical phenomena are required. Chapter Il discussed the
basic principles of several of these AFM modes, including friction force microscopy,
force-distance curves and force-volume mapping, force modulation microscopy, and
scattering-type scanning nearfield optical microscopy.

Moving forward from the foundations of Chapters 1 and Il, Chapter Il
demonstrated that the graphene-tip interaction strength is tailored by using self-assembled

monolayers (SAMs) to control the AFM probe chemistry. In turn, this modulated the
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frictional behavior of the sliding graphene-SAM interface. The origin of the observed
behavior centered around manipulating competing factors of the two-term friction law,
where the shear strain was dominated by SAM chain length and the interaction strength
was controlled by the specific chemical functionality of the SAM.

As emphasized in Chapter |, a closely related factor influencing the tribological
properties of graphene is its out-of-plane deformations. While, for the work in Chapter I,
it is difficult to isolate if the controlled tip-graphene interaction strength is additionally
modifying the degree of the so-called “puckering,” the possibility can not be fully ignored.
To investigate the out-of-plane behavior of graphene during lateral sliding in a simpler
interface (namely, without SAMs), Chapter IV explored dynamic measurements of
graphene on flat and rough surfaces. In dynamic force modulated studies, the frequency
dependence of the frictional response of a flat graphene/SiO surface was dominated by
the physical behavior of the tip-sample interaction. For few layer graphene (FLG) on a
rough surface, regions of the buried FLG interface were “pinned” by the nanoscopic
asperities, limiting the extent of out-of-plane interlayer coupling and minimizing energy
dissipation. The variations in the degree of freedom for these regions caused localized
“subsurface” friction effects that correlated with the amount of dissipated energy, as
calculated from the corresponding amplitude and phase response.

To control the out-of-plane fluctuations discussed in Chapters | and 1V, the ability
of SAMs to tune interfacial interactions (as discussed in Chapter I11) can be further used
to covalently bind graphene to the supporting surface. Chapter V therefore aimed to

understand how periodically immobilizing graphene to the supporting substrate impacted

128



its frictional response. Preliminary results found that covalently pinning graphene to the
supporting surface reduced the friction force of graphene measured on the sliding top face.
An additional interesting aspect for future studies of this graphene/SAM platform is that
s-SNOM measurements revealed that the periodic binding of graphene also locally
impacted its electronic properties. Potential coupling between this altered plasmonic
response and substrate phonons should be explored as a means to understand how light
can alter friction.
6.2 Outlook

The scope of the work summarized in Section 6.1 pushes forward molecular-scale
control of the frictional response of graphene and the level of understanding of how both
surface chemistry and nanoscopic substrate roughness impact the dynamic sliding
response of graphene. Future work should focus on extending the aims of these studies to
broader systems, further expanding the “tool-kit” for 2D material boundary lubrication.
For example, the range of surface chemistries explored could be broadened to explore how
different non-covalent and covalent interactions control additional effects such as van der
Waals screening®” and what is the subsequent impact on the frictional behavior of
graphene. Additionally, future studies could address how functionalization of both the top
and bottom contacting surfaces can be used to fine-tune the friction force of graphene
through a desired range of responses targeted for specific applications. These platforms of
controlled interfaces and AFM studies — surface chemistry, substrate roughness, and force

modulation — can also be extended to the extremely diverse family of 2D materials.
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In Chapter I, initial friction force studies of MoS, found that its tribological
behavior was, while largely similar to that of graphene, not identical. For the library of 2D
materials, how differences in the atomic structures, chemistries, and mechanical properties
dictate their performance in sliding contact remains yet to be fully explored. Ongoing
research in the development of 2D materials (MXenes, borophene, 2D exfoliated MOFs,
stacked vdW heterostructures, etc.) routinely finds unique properties (catalytic
capabilities, electronic and magnetic properties, etc.).1%>1% By further evaluating their
tribological behavior, one can envision “multi-functional” lubricants. 2D materials could
serve not only as boundary lubricants or mechanically protective surface coatings, but, for
example, also as insulators or semi-conductors on an as needed design basis.

Another critical aspect of tribology, especially in the boundary lubrication regime,
is mechano-and tribochemistry. Mechano- and tribochemistry describe mechanically
driven chemical reactions as a function of applied force/strain, or during sliding.
Tribochemistry can either enhance lubrication schemes by driving the formation and
growth of antiwear films,*® or effectively serve as the origin of wear and degradation that
ultimately leads to mechanical failure. The systems of 2D materials on chemically reactive
surfaces or nanoscopic asperities (as described in Chapters V and IV, respectively) are
ideal for further mechano- and tribochemical studies. Understanding strain/force-driven
and spatially controlled chemical reactions for a variety of 2D lubricants will improve the
capability to design interfaces with optimal tribological performance.

Finally, Chapter V laid the groundwork for developing methods that utilize

incident light to control the frictional response. By taking advantage of coupling between
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surface plasmons and substrate phonon modes incident radiation could either increase or
decrease energy dissipation at a sliding interface, subsequently increasing or decreasing
friction with the “switch” of a light.!®2 Integrating light-controlled friction responses opens
the door for transformative technologies, from the design of haptic devices to answering
high impact questions such as “can photons stop a car?” Moreover, designer boundary
lubricant schemes such as these are poised to serve a critical role in reducing the energy

usage, economic costs, and greenhouse gas emissions associated with friction and wear.
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