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ABSTRACT

INFLUENCE OF INTERFACE STRUCTURE ON THE
NANOTRIBOLOGICAL PROPERTIES OF
EXFOLIATED GRAPHENE

Arda Balkanci
M.S. in Mechanical Engineering
Advisor: Mehmet Zeyyad Baykara
July 2016

On the nano- and micro-scale, conventional liquid-based lubrication cannot be
utilized to minimize friction due to excessive surface tension and related effects.
To overcome this limitation, solid lubricants suitable for use in nano- and micro-
scale systems are needed. Being a two-dimensional material with outstanding
mechanical properties, graphene emerges as a promising candidate for this pur-

pose.

Motivated as above, this M.S. thesis presents a comprehensive investigation
of the nanotribological properties of mechanically-exfoliated graphene conducted
via atomic force microscopy (AFM), whereby special emphasis is placed on the

effect of interface structure.

Graphene samples ranging from single- to few-layers were fabricated using
the mechanical exfoliation method and transferred onto Si/SiOy substrates. By
utilizing optical microscopy and Raman spectroscopy, graphene flakes exhibit-
ing single- and bi-layer regions were located and identified. Furthermore, using
topographical maps and associated profiles obtained via AFM, 3-, 4-layer and
bulk graphite regions were found. Moreover, AFM probes were calibrated both
for accurate normal force readings, and for obtaining quantitative friction force
data from lateral force measurements conducted via contact-mode AFM under
ambient conditions.

Following sample preparation, identification and probe calibration, experi-
ments aimed at measuring the effect of applied load on friction of single- and
2-, 3-, 4-layers of graphene were performed, confirming previous results reported
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in the literature as explained by the puckering phenomenon. Additionally, the ef-
fect of tip radius and thus, contact area, on the frictional behavior of graphene was
quantitatively measured. In particular, thermal evaporation- and PECS (preci-
sion etching coating system)-based coating of gold onto AFM probes were utilized
to modify tip radii. Results led to the determination of a new parameter affecting
friction on graphene: interface roughness. In collaboration with scientists from
UC Merced who performed molecular dynamics simulations complementing the
experiments presented here, the effect of substrate roughness, which may be in
addition to, or dominant over, the puckering phenomenon, was analyzed in terms
of the frictional behavior of graphene. Presented experimental results provide
a new perspective towards the layer-dependent frictional behavior of graphene,
underlining the influence of substrate roughness in addition to the phenomenon
of puckering that is well-studied in the literature.

Keywords: Graphene, Nanotribology, Atomic force microscopy, Friction force mi-
croscopy, Lateral fore microscopy, Solid lubricant, Puckering, Substrate rough-

ness.



OZET

ARAYUZ YAPISININ MEKANIK SOYMA
YONTEMIYLE ELDE EDILEN GRAFENIN
NANOTRIBOLOJIK OZELLIKLERINE ETKISI

Arda Balkanci
Makine Miihendisligi, Yiiksek Lisans
Tez Danigmani: Mehmet Zeyyad Baykara
Temmuz 2016

Nano ve mikro olgekte siirtiinmeyi en aza indirgemek amaciyla sivi kay-
ganlagtiricilarin kullanimi, yiiksek seviyelerde gerceklesen yiizey gerilimi ve il-
gili etkilerden dolay1r miimkiin olmamaktadir. Bu kisitlamay1 agmak i¢in nano ve
mikro boyutlu sistemlerde kullanima uygun kati kayganlastiricilara ihtiyag duyul-
maktadir. Ustiin mekanik 6zelliklere sahip iki boyutlu bir malzeme olan grafen,
bu amag i¢in uygun bir aday olarak ortaya ¢ikmaktadir.

Yukarida sunulan argiimanlar 1g1ginda, bu yiiksek lisans tezi, mekanik soyma
yontemiyle elde edilen grafenin nanotribolojik o6zelliklerinin atomik kuvvet
mikroskopisi (AKM) vasitasiyla incelendigi ve ozellikle arayiiz yapisinin etkisine
vurgu yapilan kapsamli bir arastirma sunmaktadir.

Mekanik soyma yontemi ile tek- ve az-katman grafen numuneler olusturulup
Si/Si0Oy alttaglar itizerine aktarilmigtir.  Optik mikroskopi ve Raman spek-
troskopisi kullanilarak, tek- ve gift-katman grafen numuneler teshis edilmis ve
yerleri saptanmigtir. Ayrica, AKM yontemiyle elde edilen topografik haritalar ve
ilintili kesitler kullanilarak 3- ve 4-katman grafen numuneler ile y1gin grafit olarak
tanimlanabilecek bdélgeler bulunmusgtur. Dahasi, AKM uglar1t oda kogullarinda
temasl kipte kullanilacak sekilde, hem hassas normal kuvvet olctimleri almak,
hem de yanal kuvvet ol¢iimlerinden kantitatif stirtiinme kuvveti verileri elde ede-

bilmek adina kalibre edilmigtir.

Numune hazirlama, tamimlama ve AKM ug kalibrasyonunun ardindan, uygu-
lanan dikey kuvvetin tek-, 2-; 3-; ve 4-katman grafenin sergiledigi siirtiinme
davranigina etkisini belirlemek adina deneyler gerceklegtirilmig, elde edilen
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sonuclar literatiirde rapor edilen ve burusma etkisiyle agiklanan mevcut veri-
leri dogrulamigtir. Ek olarak, AKM ug¢ yaricapimin ve dolayisiyla temas alaninin
grafenin stirtiinme davranigina olan etkisi kantitatif olarak degerlendirilmistir.
Bu amagla, 1s11 buharlagtirma ve PECS (hassas daglama ve kaplama sistemi)
yontemleri kullanilarak AKM uglar: iizerine altin kaplanmig ve ug yarigaplari
boylece biiyiitiilmiigtiir.  Bu sekilde elde edilen deney sonuglari, grafenin
siirtiinme o6zelliklerini etkileyen yeni bir degigskenin tespitini saglamigtir: araytiz
pirtizliliigi. UC Merced biinyesinde galigmalarini yiriiten bilim insanlariyla
is birligi sonucu elde edilen ve burada sunulan deneysel sonuclari destekleyen
molekiiler dinamik simtlasyonlar1 da kullanarak, alttasg piirtizliliiginiin grafenin
siirtiinme davranigina etkisi analiz edilmigtir. Elde edilen sonuclar, bahsi gecen
etkinin, burugma etkisine ek olarak veya ona baskin olacak gekilde tezahiir ettigini
ortaya koymaktadir. Sunulan deneysel sonuglar, grafenin katman sayisina bagh
siirtlinme davraniginda, literatiirde iyi incelenmis olan burugma etkisine ek olarak

alttag piriizliiliigiiniin de etkisini vurgulayan yeni bir bakig agis1 getirmektedir.

Anahtar sézciikler:  Grafen, Nanotriboloji, Atomik kuvvet mikroskopisi,
Strtiinme kuvvet mikroskopisi, Yanal kuvvet mikroskopisi, Kat1 kayganlastirici,

Burusma, Alttas purtizliligu.
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Chapter 1

Introduction

1.1 Tribology: Friction, Lubrication and Wear

Friction is a universal fact of nature which both helps and hinders the various
aspects of life. Without friction, we would not be able to walk, grab objects or
play stringed instruments. Moreover, if it were not for friction, our world would
be readily demolished by asteroid impacts. On the other hand, friction plays an
unfavorable role in a multitude of mechanical processes due to the dissipation of
energy that it unavoidably leads to, as well as associated consequences such as
wear. For instance, friction severely limits the efficiency of combustion engines
used in over 1 billion vehicles worldwide on a daily basis, causing drastic economic
and environmental impact. As such, even minute improvements in frictional
behavior of such systems would yield favorable outcomes in terms of, e.g., fuel

consumption and consequently, carbon emissions [1-4].

It is commonly accepted that documented involvement of mankind with fric-
tion dates back to the time of the ancient Egyptians (~1800 B.C.), who used
natural lubricants to aid the transportation of large statues from one location to
another, as described on a now-famous drawing found on the archaeological site of

El-Bersheh [1-3]. Even before the time of the Egyptians, some of the earliest and



most important discoveries of mankind —including the ability to controllably start
fires and the invention of the wheel- were aided or motivated by the phenomenon

of friction.

While friction has largely remained a topic of empirical (i.e., practical) in-
volvement in ancient times, the approach toward the subject started to change
fundamentally thanks to work done by none other than Leonardo da Vinci (1452-
1519), who performed the first systematic experiments about friction by using
blocks sliding on inclined planes. Despite the fact that da Vinci was indeed able
to introduce the concept of the coefficient of friction and determine that fric-
tion does not depend on the apparent contact area, he did not publish his work.
His studies as detailed in his notes only resurfaced in 1979, thanks to work by
Duncan Dowson [5]. More than a century after da Vinci’s experimental work,
Robert Hooke (1635-1703) investigated rolling friction and adhesion. Contem-
porarily with Hooke, Guillaume Amontons (1663-1705) —without knowing about
da Vinci’s discoveries on friction— re-introduced the conventional friction laws
that we still learn today in high school, namely that (i) the friction force is di-
rectly proportional to normal load, and (ii) the friction force is independent of the
apparent contact area [6]. These two observations together may be formulated

as:

Fy = uF, (L1)

where Fy is the friction force, p is the coefficient of friction (i.e., the pro-
portionality constant) that is taken to depend only on material and structural

properties of the sliding surfaces, and F}, is the normal load.

In the period that followed Amontons’ discoveries, the difference of static
and kinetic friction was observed by Leonhard Euler (1707-1783); and Charles-
Augustin de Coulomb (1736-1806) was able to build on the understanding of
kinetic friction by showing that it is independent of sliding velocity (which later
turned out to be, strictly speaking, not true) [1, 2].



As the reader can see from the paragraphs above, over the course of history,
the subject of friction has evolved from its practical roots to an actual field of
scientific enquiry. Of course, it is not possible to think of friction without one
of its most obvious consequences: wear. Additionally, as discussed earlier, the
reduction of friction and wear in mechanical systems is of drastic importance
and this goal is typically achieved by lubrication. Therefore, it makes sense to
think of friction, wear and lubrication in a combined fashion. Following this line
of thought, Peter Jost has introduced the scientific term tribology (based on the
Greek word tribos, which means “to rub”) in 1966 [2], which means the study of

friction, lubrication and wear.

1.2 Nanotribology

In the 20" century, Frank Philip Bowden (1903-1968) and David Tabor (1913-
2005) —who are considered to be two of the founding fathers of modern tribology—
observed that the real contact area between two surfaces “touching” each other is
actually much (orders of magnitude) smaller than the apparent contact area. This
observation is based on the fact that all surfaces exhibit topographical roughness
on small length scales (down to the nanometer scale) no matter how smooth they
may appear to the naked eye, and therefore may be thought of as a collection of
individual asperities [7] (see Figure 1.1). As such, the real contact area is simply
the sum of the contact areas formed by individual asperities of the two surfaces
that are touching each other. The puzzling observation that friction is found to
depend linearly on normal load, but not the (apparent) contact area, can also
be explained by this picture: As the normal load acting between two surfaces in
contact increases, so does the real contact area due to (i) an increase in asperity
deformations and (ii) the fact that the number of asperity contacts increases
[8]. So, in fact, an increase in normal load causes a proportional increase in real
contact area, which in turn increases friction proportionally (simply due to the
fact that there is more physical interaction between the surfaces now). On the
other hand, if the normal load is kept constant, but the apparent contact area

is, for instance, doubled; friction remains the same as the number of asperity

3



contacts has now increased, but the pressure (and hence, the deformation and
contact area) associated with each asperity pair has now reduced (leading to
a smaller degree of physical interaction at each asperity contact). Hence, the

observed independence of friction from apparent contact area.

As the detailed topographical characterization of all surfaces sliding against
each other with high resolution is not possible for every physical scenario, the
multi-asperity character of surfaces and the associated distinction between ap-
parent and real contact area brings considerable difficulties to the prediction and
control of friction for realistic applications. To gain fundamental insight into fric-
tion, it is therefore desirable to isolate and focus on a single asperity, preferably
with nanometer-scale dimensions. As explained below, this idea can now be re-
alized thanks to the invention of the atomic force microscope (AFM) in 1986 [9)],
and it is now possible to perform friction experiments at nanometer-scale single-
asperity contact geometries, rather than macroscopic multi-asperity geometries
that form between conventional material surfaces [10, 11]. Thus, the field of

nanotribology is born.

Figure 1.1: Illustration of apparent contact area (left) and actual contact area
(right) forming at the multi-asperity interface.

1.2.1 Atomic Force Microscopy

As explained in the previous section, AFM is the main experimental tool that
enabled the establishment of the field of nanotribology. Invented by Gerd Binnig

and co-workers in 1986 [9], AFM is a member of the scanning probe microscopy

4



(SPM) family of techniques (which, e.g., also includes scanning tunneling mi-
croscopy [12]) that specifically relies on the detection of atomic-scale interaction
forces between a sample surface and a sharp tip (or in other words, the probe)
for imaging and spectroscopy. Most importantly, AFM allows the measurement
of the surface topography of various samples on the sub-nm scale, by laterally
scanning the very sharp probe over the sample surface, much like a traditional
record player. The sharp probe itself is attached to a micro-machined cantilever
which acts as a soft spring (with spring constants typically smaller than 1 N/m)
that deflects in response to tip-sample interaction forces. By detecting the tiny
deflections of the cantilever optically, forces experienced by the probe may be
precisely determined (with sub-nN sensitivity); and by employing feedback loops
targeted at keeping the tip-sample interaction force constant during scanning,

sub-nm scale topographical maps of surfaces may be obtained [13].

AFM cantilevers are usually fabricated out of silicon (Si) or silicon nitride
(Si3Ny) using common micro-fabrication (e.g., photolithography and etching)
techniques, where the probe tip apexes can be manufactured to be so sharp that
the related radius of curvature is only a few nm. A scanning electron microscopy
(SEM) image of a commercial AFM cantilever (together with the sharp probe) is

shown in Figure 1.2.

Figure 1.2: Scanning electron microscopy image of a conventional AFM cantilever.



There are multiple operating modes of AFM, including contact, non-contact
and tapping modes. Employing the various modes, the AFM can, e.g., (i) map
the topography of a surface with sub-nm resolution, (ii) measure adhesion and
stiffness by performing force spectroscopy, and (iii) measure magnetic, electro-
static, or friction forces (and more) in a targeted fashion. All the experimental
work presented in this thesis has been performed using conventional contact-mode
operation, which allows the simultaneous measurement of sample topography and

friction forces experienced by the AFM probe.

The basic working principle of an AFM operating in contact mode is as follows:
The cantilever with the sharp probe tip is approached to the sample surface
using a piezoelectric scanner in a controlled fashion until contact is established.
Subsequently, the probe is scanned laterally on the sample surface, by employing
the piezoelectric scanner again. The lateral extent of scanned regions on the
sample surface typically ranges from a few nm to tens of yum. During the scanning
process, the cantilever deflects in the z direction due to the repulsive, normal
(i.e., vertical) force interactions between the atoms of the probe and the sample
surface. This deflection is detected by a laser beam reflecting from the topside of
the cantilever, which then shines onto a position-sensitive photo-detector (PSPD)
featuring four equal-sized regions or quadrants (see Figure 1.3). The laser spot
on the PSPD is initially adjusted to be at the center, so that any deflection of
the cantilever in the z direction causes the laser spot to move up or down on
the PSPD, which is directly recorded as a voltage difference between the top and
bottom regions of the PSPD. When calibrated, this voltage difference is translated
into deflection values and consequently, normal interaction forces (F),) between
tip and sample. The determination of F,, which causes the cantilever to deflect

in the z direction is performed via the following equation:

F,=60.(A+B)—-(C+D)) (1.2)

where 0, is the force calibration coefficient in the z direction (which is the
product of the cantilever spring constant and the photo-detector sensitivity in

nm/V); and A, B, C, D are the individual voltages recorded on the quadrants of
6



the PSPD (A and B being the top, C' and D being the bottom quadrants).

Figure 1.3: A sketch of the 4-quadrant PSPD and the laser spot at the center
[14].

During contact-mode scanning, the normal tip-sample interaction force is kept
constant using a feedback loop that adjusts the position of the sample in the z
direction. By recording the changes in vertical sample position while scanning
the surface, high-resolution topographical maps are obtained (see Figure 1.4 for

a simple schematic of the AFM setup).
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Figure 1.4: A simple schematic illustrating the main operational principle of AFM
[14].



1.2.2 Lateral Force Measurement and Friction Force Mi-

Croscopy

While operating in contact mode, the AFM is not only able to record deflections
of the cantilever in the vertical z direction used to trace surface topography, but
also its torsional twisting, which is caused by lateral forces acting at the probe
apex due to friction between the tip and the sample. This twisting causes the
laser beam reflecting off the topside of the cantilever to move laterally along
the left-right axis of the PSPD. Similarly to the measurement of normal forces,
by recording the voltage differences between the left and right regions of the
PSPD, lateral forces acting on the probe tip can be determined. By standardized
calibration techniques explained in Chapter 3, voltage differences between the left
and right regions of the PSPD arising due to lateral forces can be converted into

actual force values. This operation is performed by the following calculation:

Fi=a((A+C)— (B +D)) (1.3)

where « is the lateral force calibration constant, obtained by the calibration

methods explained in Chapter 3.

As mentioned in the previous section, before each measurement, the laser
beam reflecting off the backside of the cantilever is purposely placed on the exact
center of the PSPD to set the starting values for normal and lateral forces as
zero. However, during measurements, the initial reference position may change
due to cross-talk with normal-force-induced deflections, hampering the accurate
detection of lateral force data. To work around this issue, friction forces (F)
are always calculated by determining the half-width (W) of friction loops formed
by the recording of lateral forces in the forward and backward scan directions

(F7 forward and FJ packward, respectively), as shown in Figure 1.5 [15]:

F’l,forward - E,backward
Fy = - (1.4)
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Figure 1.5: An illustration of a friction loop, showing the lateral force signals of
the forward and backward scans, the half width of the loop, and the offset value.

The offsets (D) in reference laser spot position can also be calculated, by
determining how much the center of the friction loop has swayed from its initial

position of zero (again, please refer to Figure 1.5), as by the following equation:

F orwar F acrwanr
p- fur d‘; Lbackward (1.5)

An important point to note is the fact that the forward and backward lateral
force signals have opposite signs. The underlying reason is the opposite sense in
which cantilever twisting (clockwise vs. counter-clockwise) occurs while scanning
the sample surface in opposite directions, which consequently leads to a lateral
displacement of the laser spot on the PSPD in opposing directions for the two

scan types.

Finally, to conclude this section, the reader is kindly referred to Figure 1.6 for
an illustrative demonstration of topography and lateral force signals that would

be recorded on a model surface during contact-mode scanning.



! Ly 7 R Scan Direction
= | T = = [ =
.l : Iv'f- ’ 1 _. -.-'\.'.I. v

AFM i i -
Signal | | i

LFM | | T
Signal ' 1

LFM
Signal | | |_;_|

TSRS == R

Figure 1.6: A schematic illustration of a model sample surface and corresponding
topography (AFM) and lateral force (LFM) signals recorded during contact-mode
scanning. For the darker region with high friction coefficient, the topography
signal does not change; however the LEM signal shows a plateau (opposite sense
for the two scanning directions) due to the additional twisting of the cantilever.
For the flat terrace in the middle, the topography signal traces the surface as it
is, whereas the LFM signals only peak or valley at the points where the cantilever
instantaneously impacts with or drops off the step edges [14].
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1.3 Graphene

Discovered in 2004 by Konstantin Novoselov and Andre Geim, graphene is a pe-
culiar two-dimensional (2D) material [16]. It is an allotrope of carbon in the
form of a single-atom-thick sheet composed of carbon atoms arranged in a hon-
eycomb lattice. Alternatively, graphene may be thought of as a single isolated
layer of bulk graphite (Figure 1.7). In the first published work where graphene
was deliberately studied [16], the so-called Scotch-Tape method (or, i.e., mechan-
ical exfoliation) was employed to produce samples (as explained in Chapter 2 of
this thesis). Since the method is easily applicable virtually in any laboratory
environment, many research groups around the world have focused their efforts
in the last decade on the characterization of the remarkable physical properties
of graphene and the realization of related applications. In fact, a whole new class
of 2D materials was discovered soon after graphene (silicene, phosphorene, etc.)
which changed the landscape of research in multiple disciplines of physics, chem-
istry and engineering. Based on the intense scientific interest and insight that it
generated in a relatively short amount of time [17, 18], the discovery of graphene

led to the awarding of the 2010 Nobel Prize in Physics to Novoselov and Geim.

1.3.1 Physical Properties

Graphene is often referred to as the “wonder material” due to its exceptional
physical properties. As mentioned above, it is essentially a 2D sheet of carbon
atoms with a honeycomb lattice structure, where the individual atoms are bonded
with each other via strong covalent bonds featuring sp? hybridization. In bulk
graphite, individual graphene layers are held together by weak van der Waals

interactions, resulting in a spacing of ~3.4 A between the layers.

In terms of its electrical properties, graphene is quite unique: It is a zero-
bandgap semiconductor with a very high electron mobility of ~10,000 cm?/V-s

under ambient conditions [20], whereby electrons behave as massless Dirac
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Figure 1.7: 2D honeycomb structure of graphene (left) and stacked graphene
layers forming bulk graphite (right) [19].

fermions [21]. Being an atomically-thin material with attractive electrical proper-
ties, graphene has been widely considered for and tested in applications involving

nano-electronics.

This so-called wonder material, alongside its electrical properties, also has
very impressive mechanical characteristics [22]. In particular, graphene has been
found to have an out-of-plane Young’s modulus (£) value of ~1 TPa and a ten-
sile strength of ~130 GPa, which were measured by AFM-based nano-indentation
experiments performed on graphene membranes suspended over micron-sized cir-
cular holes etched on SiO, [22].

As one can see, the combination of outstanding electrical and mechanical prop-
erties (in addition to unexpected optical and thermal attributes not mentioned
here) make graphene truly a wonder material for various applications, including

but not limited to the field of micro-/nano-electromechanical devices.

1.3.2 Graphene as a Lubricant

As it was quickly found out after its discovery that graphene exhibited outstand-
ing mechanical strength and electrical properties, it was not long before several re-

search groups turned their attention to its frictional characteristics [23-31]. These
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efforts were greatly motivated by the fact that bulk graphite (which essentially
consists of stacked layers of graphene) has long been used as a lubricant —either
by itself as a solid lubricant, or as an additive for oil-based lubricants— for me-
chanical devices and processes [32, 33]. While a major problem with the use of
bulk graphite as a solid lubricant is the fact that it requires a humid environment
to function well [33], graphene has been recently found to not suffer from such
a limitation [23]. Combined with the fact that graphene also provides extensive
corrosion and oxidation resistance to the surfaces that it covers [34], the potential
use of graphene as a solid, atomically-thin lubricating layer becomes even more

intriguing.

The application of graphene as a solid lubricant is especially attractive for
micro- /nano-electromechanical devices where high surface-to-volume ratios in-
crease the influence of surface phenomena such as friction and wear on device
operation, and excessive surface tension prevents the use of conventional, liquid-
based lubrication schemes. While a particular study in the literature was able to
demonstrate frictional behavior that strongly depends on the number of layers
for mechanically-exfoliated graphene samples (explained by a so-called pucker-
ing mechanism) [26], the precise role that interface structure (both in terms of
size and roughness) plays in the lubricative properties of graphene has not been
explored in detail yet. Taking into account that this is an important design
parameter for mobile components featured in micro-/nano-electromechanical de-
vices, we present in this thesis a detailed investigation of the nanotribological
characteristics of graphene as a function of interface structure. Overall, we are of
the opinion that the results discussed here help pave the way toward the practical
utilization of graphene-based solid lubrication schemes in micro- and nano-scale

systems.
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1.4 Outline

This thesis is divided into five separate chapters.

The current chapter (Chapter 1) presents an overview of the field of tribol-
ogy, its sub-discipline nanotribology, and the operational details of contact-mode
atomic force microscopy and friction force measurements. The chapter concludes
with a brief discussion of the physical properties of graphene and in particular,

its nanotribological characteristics.

Chapter 2 contains technical details associated with the preparation and struc-
tural characterization of graphene samples. The method of mechanical exfoliation
is introduced and characterization experiments performed via optical microscopy,

Raman spectroscopy and topographical AFM imaging are exemplified.

Chapter 3 deals with AFM tip calibration and modification. Conventional
techniques employed for the calibration of AFM tips for accurate detection of
normal and lateral forces are discussed. Additionally, various methods utilized
for tip modification, including but not limited to thermal evaporation of noble

metals onto tip apexes, are introduced.

Chapter 4 comprises a detailed discussion of the nanotribological properties of
mechanically-exfoliated graphene; as a function of applied normal load, number
of layers, tip size and interface roughness. The presented experimental results
are complemented by molecular dynamics (MD) simulations performed in col-
laboration with the research group of Prof. Ashlie Martini at the University of
California, Merced (UC Merced).

Chapter 5 finally provides a summary of the thesis and an outlook regarding

future directions of research.
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Chapter 2

Preparation and Characterization

of Samples

2.1 SiO5 Substrate Preparation

For ease of structural identification based on conventional techniques reported in
the literature [16], the preferred substrate to transfer exfoliated graphene onto
was chosen as silicon wafers covered with a thin (300 nm) layer of silicon dioxide
(Si/SiO3). Although highly transparent, graphene can be optically identified

when it is situated on such substrates.

In order to increase the number of graphene flakes successfully transferred onto
Si/SiO,, the substrates must be as clean as possible. To achieve this goal, Si/SiOs
wafers were subjected to a cleaning procedure. 3-inch wafers were unpacked in
the National Nanotechnology Research Center (UNAM) cleanroom, and then
were diced into 10 mm x 10 mm pieces using the dicing saw. The diced wafers
were then ultrasonically cleaned in acetone, isopropyl alcohol, and distilled water,
respectively. Any remaining moisture on the surfaces was expelled using a dry

nitrogen gun.
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An alternative method utilized to clean the diced Si/SiOs wafer pieces in-
volved the use of the piranha solution, which is a highly corrosive substance used
for removing organic contamination. The solution is prepared by mixing 1-part
hydrogen peroxide (Hy03) into 3-parts sulfuric acid (HySOy4) very slowly [35].
Piranha solution is then poured directly into a Teflon container containing the

diced Si/SiO wafer pieces to be cleaned.

Based on our observations, neither of the two cleaning procedures described
here provided a comparatively higher rate of transfer of exfoliated graphene onto
Si/Si0,y. As such, the ultrasonic cleaning method was preferred for all following

experiments, as it is safer to utilize.

2.2 Mechanical Exfoliation of Graphene

Graphite is one of the allotropes of carbon, which consists of multiple graphene
layers stacked on top of each other. To obtain pristine graphene, a source of bulk
graphite needs to be mechanically cleaved or in other words, exfoliated. Three
different forms of bulk graphite were used as source material for graphene in
our experiments: A-quality-level Highly Ordered Pyrolytic Graphite (HOPG),
B-quality-level HOPG, and graphite flakes (Figure 2.1). When the results of
exfoliation experiments were compared, it was determined that none of these
bulk sources yielded a comparatively higher transfer rate for graphene. There-
fore graphite flakes were utilized for all further experiments, as it is inexpensive
compared to HOPG.

To perform mechanical exfoliation, the source of bulk graphite is placed on the
adhesive side of a Scotch Tape, the tape is firmly pressed on the source, and then
slowly peeled away. The graphitic structure remaining on the adhesive tape is still
bulk graphite; by folding the adhesive tape onto itself, compressing it, and peeling
away slowly, the number of layers associated with the graphite is decreased. This
step is repeated until a barely-visible layer of graphite is left on the adhesive

tape. This thin layer of graphite is then pressed onto the previously cleaned
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Figure 2.1: A 1 em x 1 cm HOPG sample (left), and graphite flakes (right).

Si/SiOq substrate and peeled away, leaving behind (in most cases) multiple few-

and single-layer graphene flakes.

As discussed in Chapter 1, different layers of graphene in bulk graphite are
held together only by weak van der Waals interactions [36]. Consequently, when
pressed against a SiOs surface, adhesion between SiOs and graphene layers is
typically enough to cleave single- and few-layers of graphene away from graphite

and transfer it onto the SiO, surface.

2.3 Optical Microscopy

The first step for identifying graphene flakes on Si/SiO, substrates involves con-
ventional optical microscopy. Although single- and few-layer graphene is trans-
parent under visible light, it has been shown that Si wafers covered with ~300-
nm-thick SiOy provide an increased optical path, shifting interference colors and

thus making graphene optically detectable [16].

Under the optical microscope used during our experiments (Keyence VK-
X100), the Si/SiO4 substrate appears purple-colored. On the other hand, single-

layer graphene, which is highly transparent, appears as a darker shade of purple
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(Figure 2.2). As the number of layers increases, the color shifts further to blue

(for few layers of graphene), and finally approaches white (for bulk graphite).

During our experiments, it was possible to find single-layer graphene flakes
that are as big as 20 um x 20 um laterally. However, in order to be able to
investigate the effect of number of layers of graphene on friction via atomic force
microscopy, specific flakes with “stair-like” structures exhibiting 1-2-3-4 layers of
graphene were required. During our investigations, it was observed that these
structures were often found next to bulk graphite pieces, unlike large single-layer
graphene flakes that were situated mostly in a stand-alone fashion on the Si/SiO,

substrates.

Figure 2.2: Optical microscopy image of a SiO, region with few- and multi-layer
graphene on top.

2.4 Raman Spectroscopy

Raman spectroscopy, named after and invented by Sir Chandrasekhara Venkata
Raman (1888-1970) in year 1928, is an analytical characterization method which
utilizes the inelastic scattering of light to chemically identify materials [37]. The
basic principle of operation (Figure 2.3) involves the sample to be chemically
identified being illuminated by monochromatic (i.e., constant-wavelength) light
from a laser source. Most of the photons of the incoming laser interacting with

the sample are scattered elastically (i.e., no change in photon energy). This is
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named as Rayleigh scattering, and these photons are filtered out in the Raman
spectrometer. On the other hand, the remaining minority of photons lose or gain
energy when scattering after reaching the sample, due to interactions with sam-
ple phonons. This is called Raman scattering, and by detecting and analyzing
the differences in energy between these inelastically scattered photons and the
incoming photons of the monochromatic laser beam, it is possible to chemically
differentiate and identify sample materials, since all materials exhibit character-

istic Raman scattering spectra [38].

Laser
Source

Monochromatic
Laser

Scattered Light

Filter

Figure 2.3: Illustration of the main components of a Raman spectrometer.

After the discovery of graphene via mechanical exfoliation [16], Raman spec-
troscopy was one of the first analytical methods that have been employed for its
characterization. In particular, it has been shown that the number of layers of

graphene can be precisely identified with Raman spectroscopy [39].

Specifically, there are three main peaks in the Raman spectrum of graphene:
(i) A D-peak positioned at a Raman shift of 1350 cm™, which is related to
structural defects of the graphene sample (lower peak intensity for less defects,
see Figure 2.4 for a representative spectrum of nearly defect-free graphene), and
then, (ii) a G-peak positioned at 1580 cm™, and (iii) a 2D-peak positioned at
2680 cm™, which are related to the graphitic (i.e., carbon-related) properties of
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the sample. If the relative intensity ratio of the 2D-peak to the G-peak (Iop/Ig)
is equal to or higher than 2, the sample is considered to be single-layer graphene;
if Iyp /I is approximately 1, the sample is 2-layer graphene; and if it is less than
1, the sample is multi-layer graphene (HOPG-like). Reference Raman spectra for
single-layer graphene and bulk graphite are provided in Figure 2.4 [39].
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Figure 2.4: Raman spectra of graphite and exfoliated graphene measured using
a 514 nm wavelength monochromatic laser [39].

A second step of confirmation regarding the single-layer character of graphene
based on its Raman spectrum involves the shape of the 2D-peak. For a single-
layer graphene sample, the 2D-peak must fit a Lorentzian function showing that
there are no secondary peaks, which would be indicative of the sample being
multi-layer (HOPG-like), as seen in Figure 2.4. The specific full width at half
maximum (FWHM) value of this Lorentzian function is also an indication of
single-layer graphene [40]. Figure 2.5 shows the Raman spectroscopy data that
we have acquired on a single-layer graphene flake using the WiTec alpha300 RAS
Raman spectrometer available in UNAM, together with a Lorentzian fit. As
expected, the data exhibit no secondary peaks, and the FWHM value of ~36 cm™

is indicative of single layer character [40]. Throughout the experiments described
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in this thesis, using Raman spectroscopy, we were able to successfully identify

single-, bi-, and multi-layer exfoliated graphene samples on Si/SiO, substrates.
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Figure 2.5: Lorentzian fit applied on a set of data points for a 2D-peak associated
with the Raman spectrum of a single-layer graphene sample. The full width at
half maximum (FWHM) value of ~36 cm™ is indicative of single-layer character.

2.5 Topographical AFM Measurements

Using Raman spectroscopy, it is not possible to differentiate the number of layers
of graphene in regions with more than 2 layers. For instance, Raman spectroscopy
is not able to provide data that would allow researchers to reliably identify and
separate regions exhibiting 3- and 4-layer graphene. Moreover, being a spectro-
scopic technique based on spatial averaging of data, Raman spectroscopy does
not provide real-space, high-resolution (i.e., nanometer-scale) information on the

structure of graphene samples. Based on these reasons (in order to determine the
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number of layers in multi-layer graphene regions and to visualize with high res-
olution the associated topography), AFM has been utilized in our experiments.
Specifically, we have employed a commercial AFM instrument available at UNAM
for our research (PSIA XE-100, sce Figure 2.6).

Figure 2.6: The AFM instrument used for the experiments presented in this work.

As already described in Section 1.2.1, AFM is routinely used to map vari-
ous sample surfaces topographically with sub-nm resolution. As such, AFM can
also be used to determine the number of layers associated with a multi-layer
graphene sample by measuring the height differences relative to a known 1- or
2-layer graphene region, which was, for instance, previously identified by Ra-
man spectroscopy. The distance between individual layers of single-atom-thick
graphene is expected to be ~3.4 A [16]. However, when mechanically-exfoliated
graphene is transferred onto a Si/SiOy substrate, due to trapped air and mois-
ture between the substrate and graphene, the height of the initial graphene sheet
above the substrate is quite variable (up to ~1.5 nm; see, e.g., Figure 2.7) [16].
Therefore, in order to be able to identify 3 or more layers of graphene, the height
difference must not be measured from the base substrate, but instead, from a
previously identified 1- or 2-layer graphene region, due to the variability of the
height of the first layer that adheres to the Si/SiOy substrate. In particular,
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Figure 2.8 demonstrates the topographical AFM image associated with a “stair-
like” graphene flake and the assigned number of layers based on height variations
measured by AFM. It should also be mentioned that AFM allows the detailed
visualization of structural features associated with graphene samples, for instance
the above-mentioned pockets of trapped air/moisture, as well as possible micro-
scale contaminants left on the graphene surface due to the application of the

adhesive tape during the transfer process.

Figure 2.7: Topographical map of a single-layer graphene flake (left) and the
profile of the yellow line showing the height of single-layer graphene above the
Si/SiO, substrate as ~8 A (right).
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Figure 2.8: Topographical AFM image of a region comprising the Si/SiO5 sub-
strate and a stair-like flake with 1, 2, 3, 4 layers of graphene. Micro-scale con-
taminants and pockets of trapped air/moisture can also be observed.
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Chapter 3

AFM Tip Calibration and

Characterization

3.1 Sader’s Method (k)

Contact-mode atomic force microscopy enables us to precisely measure normal
and lateral forces experienced by the AFM probe when scanning over a given
sample surface. During an individual scan, the AFM instrument measures the
deflection of the cantilever in the vertical z direction and the topographical feed-
back system adjusts the z-scanner height in order to keep the normal (i.e., verti-
cal) load value applied by the cantilever to the sample constant throughout the
whole scan. As the normal load is simply the product of cantilever deflection
and its normal spring constant (k), k values for individual cantilevers need to
be precisely determined and entered into the AFM software for accurate normal

load readings.

The normal spring constant of the cantilevers used in this work are determined
by the method developed by Sader et al. [41],whereby the associated calibration

is based on measuring the resonance frequency of the cantilever:
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k=DM,bh L p, wye> (3.1)

where M, is the normalized effective mass of the cantilever, typically taken as
0.2427 (as determined by the aspect ratio of the cantilever [41]), b, h, L are the
width, thickness and length of the cantilever (50 ym, 2 pum, 450 pm, respectively
[42, 43]), p. is the density of the material out of which the cantilever is made
(taken as 2.329 g/cm? for Si), and w,,. is the angular resonance frequency of
the cantilever in vacuum. For our experiments, the resonance frequency of the
cantilever is measured under ambient conditions. Therefore, before applying Eq.
(3.1) to calculate k, a ~2% decrease in w,,. under ambient conditions is taken

into account due to air damping [41].

Cantilevers used throughout this thesis are commercially available, conven-
tional contact-mode probes produced by BudgetSensors and NanoSensors (mod-
els ContAl-G and PPP-CONTR, respectively, see Figure 3.1). The normal spring
constant values calculated for the cantilevers vary between 0.13 N/m and 0.24
N/m, which is within the range of the values provided by the manufacturers and
close to the nominal value of 0.20 N/m [42, 43].
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Figure 3.1: Schematic drawing detailing the dimensions of a BudgetSensors
ContAl-G AFM cantilever [43].
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3.2 Ogletree’s Method («)

Calculating the normal spring constant of a cantilever as described in Section 3.1
allows the AFM software to utilize accurate normal load values during scanning.
On the other hand, for accurate measurements of nanoscale friction, different
AFM cantilevers must also be calibrated for lateral force measurements. The
AFM instrument measures the lateral forces experienced by the probe (resulting
in the twisting of the cantilever) as voltage readings arising from the lateral dis-
placements of the laser spot on the PSPD. As such, a lateral calibration constant
(cv) needs to be calculated to accurately convert the voltage readings to lateral

force values.
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Figure 3.2: Schematic drawing of the MikroMasch TGF11 silicon calibration
grating which was employed to calibrate lateral force readings for all cantilevers
used in this work [45].

In order to determine « values for each cantilever used in the experiments
described in this thesis, the traditional method introduced by Ogletree et al. [44]
has been utilized, in conjunction with a commercial calibration grating (TGF11
by MikroMasch, see Figure 3.2), as suggested by Varenberg et al. [45]. In partic-
ular, the calibration grating featuring pre-defined slopes with known angles (6 ~
54°) is scanned by the AFM probe for which the a value needs to be determined,
at varying values of normal load. The voltage readings corresponding to lateral
forces experienced by the cantilever are recorded on the sloped regions of the grat-
ing for each value of the normal load, and for both forward and backward scans
that together form friction loops (see Section 1.2.2). Subsequently, friction loop
half width (7)) and friction loop offset (D) values are determined. These values
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are plotted against increasing normal load. The slopes of these plots (W', D’) are
then put into the following equations arising from force equilibrium arguments
[44]:

(14 p?)sinfcosd
(cos0)® — p2(sin H)*

ax D =

i
(cos 0) — p2(sin 0)°

ax W = (3.3)

Finally, Equations (3.2) and (3.3) are solved simultaneously for the two un-
knowns: the lateral force calibration constant «, and the coefficient of friction
w. The lateral force calibration constant values calculated in this way for the
cantilevers used in this thesis vary between 5.1 nN/V and 19.6 nN/V.

3.3 SEM Imaging of AFM Probes

As one of the principle aims of this thesis is to investigate the frictional properties
of graphene as a function of contact size, structural characterization of AFM
probes is an important pre-requisite for physical insight. While optical microscopy
is limited in spatial resolution due to the relatively large wavelengths associated
with the visible light spectrum, and thus cannot be used for this goal, SEM utilizes
high-energy (on the order of keV) electrons to provide imaging capabilities with
much higher resolution (often down to ~10 nm or below). Consequently, in order
to be able to image AFM probes with radii of curvature as small as 10 nm, SEM

has been utilized in this work.

The basic operating principle of SEM can be summarized as follows (see Fig-
ure 3.3): Electrons are emitted from an electron gun and are accelerated by a
positively-charged plate. This high-energy electron beam is then focused onto the
sample surface via magnetic lenses. Electrons interacting with the sample surface

are scattered either elastically (backscattered electrons) or inelastically (secondary
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electrons) and are collected by dedicated detectors. While backscattered electrons
provide high-spatial-resolution information about the chemical composition of the
sample surface, topographical structure of surfaces is reproduced with high reso-
lution by collecting secondary electrons and subsequent conversion to a 2D image

via a process called cathodoluminescence [46).
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Figure 3.3: Illustration of the main components of a scanning electron microscope.

Within the context of the experiments reported in this thesis, before every to-
pographical /frictional measurement, AFM probes were characterized structurally
via SEM to measure the respective tip apex diameter and to make sure that there
are no major defects associated with the probe (such as attached particles or a
fracture). Figure 3.4 demonstrates such a measurement, where an AFM probe
with an apex diameter of ~25 nm has been imaged in SEM. The environmental
SEM (FEI Quanta 200) available at UNAM was used for all SEM measurements.

28



100 nm 2R=25nm
&

Figure 3.4: Large- and small-scale SEM images of an AFM probe with an apex
diameter of ~25 nm.

3.4 Tip Modification

Nanoscale frictional behavior is expected to depend on the structure of the in-
terface (both its size and roughness) as well as the material properties associated
with the two surfaces that are sliding against each other [12]. Therefore, to in-
vestigate the effect of interface structure and materials on the frictional behavior
of graphene, AFM probe tips were modified in this thesis using various coating
methods, which allowed changing the material, size and the roughness of the
probe tip. Different methods of AFM probe tip modification will be illustrated

in this section.

3.4.1 Carbon Coating

During electron-beam-based imaging of AFM probes, even minimal amounts of
carbon-based contaminant molecules inside the vacuum chamber can be deposited
onto the probe surfaces due to the presence of the high-energy electron beam,
which catalyzes the deposition process [47]. The coating forming on the tip
surface is an amorphous hydrocarbon layer, the growth of which can be tracked
in-situ while imaging the probe in the SEM instrument. This fact provides an

opportunity for controlled growth and probe apex size modification, as the carbon
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deposition can be simply stopped by turning off the electron beam. Figure 3.5

demonstrates the controlled modification of an AFM probe tip via this procedure.

Figure 3.5: An AFM probe tip coated with a carbon layer up to a tip radius of
~35 nm inside the SEM instrument (left), and the same tip coated more to reach
tip radii of ~55 nm (center) and ~75 nm (right).

Although the carbon coating process is very controllable in terms of adjusting
probe apex growth, the nanoscale friction results obtained with AFM probes
modified in this fashion were not highly reproducible, especially when compared
to metal-coated probes (see below). We tentatively attribute this observation to
the fact that hydrocarbon-based coatings on the AFM probes are expected to
be softer (i.e., mechanically weaker) than metal-based coatings, which yielded
more consistent results. Therefore, nanoscale friction experiments reported in
this thesis (see Chapter 4) have all been performed using metal-coated AFM

probes.

3.4.2 Gold Coating

Gold was the first metal chosen to be coated on our AFM probes. It was selected
because gold is commonly known as the most non-reactive (i.e., noble) metal [48],
which allows gold-coated probes to be used, in principle, without any chemical
degradation under ambient conditions over extended periods of time. Another,
perhaps more practical, reason for the use of gold as a coating material for our
AFM probes was the fact that it was readily available in our research group, and
the instrumental parameters associated with precision etching coating system

(PECS)- or thermal-evaporation-based coating of gold were already known.
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Gold coating of AFM probes has been achieved in two different ways:

I. The PECS instrument (by Gatan) available at UNAM which is typically
utilized for gold-coating of non-conducting SEM samples has also been found
useful for gold-coating of AFM probes. In particular, PECS utilizes ion guns to
sputter a thin coating layer onto the sample from a target material, such as gold.
Using the PECS instrument, AFM probes were sputtered with gold to uniformly

increase tip diameters to pre-determined values before friction measurements.

IT. Alternatively, thermal evaporation can be employed to coat AFM probes
with gold. The working principle of a conventional thermal evaporator is as
follows (see Figure 3.6): The material to be evaporated and coated onto the
substrate is placed inside a “boat” (made mostly out of tantalum or tungsten)
through which electrical current flows. The sample that will be coated is placed
above the boat, facing it. The whole setup is housed inside a vacuum chamber
that can reach base pressures on the order of 10 mbar. By providing current
through the boat, the material is heated up and starts to evaporate. The evapo-
rated material moves toward the sample and adsorbs upon contact with the sub-
strate, thus coating it. The commercial thermal evaporation instrument available
at the UNAM cleanroom ( Vaksis MiDAS PVD 3T') has been successfully utilized
in the present thesis to modify AFM probes via gold-coating (Figure 3.7).

It was found during our experiments that PECS and thermal evaporation
methods do not pose significant advantages with respect to each other in terms of
tip modification. As equipment malfunction for both instruments was a common

issue, the two methods were used interchangingly throughout the thesis work.

3.4.3 Platinum Coating

In order to be able to compare and evaluate the effect of using different probe
materials on the frictional behavior of graphene, some probes were coated with

platinum (instead of gold) using the PECS system. Remarkably, the use of
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Figure 3.6: Schematic drawing of the main components of a thermal evaporator.

platinum-coated AFM probes yielded unexpected trends in the friction exper-
iments, involving in most cases the observation of decreasing friction values with
increasing normal load, pointing to a “negative coefficient of friction”. While
this phenomenon was previously reported for AFM-based friction experiments
performed on bulk graphite, and explained by a mechanism that involves ad-
hesion of the top layer of graphite onto the AFM probes [49], our observations
are too preliminary to draw parallels to these experiments. On the other hand,
the fact that the surface energy of platinum (2.48 J/m?) is considerably higher
than the surface energy of gold (1.50 J/m?) [50] might help explain the related

observations with an adhesion-based mechanism. This should, nevertheless, be

the subject of future work.
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Figure 3.7: An AFM probe tip coated with gold up to a tip radius of ~25 nm
(left), and the same tip coated more to reach tip radii of ~45 nm (center) and
~65 nm (right).

3.4.4 Adjusting Calibration Parameters After Tip Modi-

fication

While performing tip modification via coating with PECS or thermal evaporation,
it is not possible to coat the apex by itself without affecting the whole cantilever.
As such, during tip modification, AFM cantilevers are coated as well and their
dimensions change. Therefore, k and « values have to be adjusted after every

modification to compensate for the structural changes in the cantilevers.

The cantilevers used in this work are made of silicon. As already discussed,
not only the tip gets covered with a layer of metal during modification, but also
the bottom side of the whole cantilever. Therefore an effective Young’s modulus
(Ee) for the silicon/metal cantilever system needs to be calculated to be able to

obtain an adjusted spring constant & for the coated cantilever [41]:

Ecoatinghcoating + Ecantilever hcantilever
E, = (3.4)

hcoating + hcantilever

where F is Young’s modulus and h is the thickness of the elements indicated

by the subscripts.

Using the effective Young’s modulus value, Sader et al. approximated the

coated cantilever’s spring constant as [41]:
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where £ is the spring constant, h is the thickness and E' is the Young’s modulus
of the elements indicated by the subscripts. After every coating process, the
spring constant of the cantilever was updated manually in the AFM software to

accurately perform normal load readings.

It should be indicated that the spring constant adjustment for modified can-
tilevers is only performed for the metal-coated ones, as carbon-coating inside the
SEM only occurs at the tip of the probe where the high-energy electron beam
is focused. In other words, the body of the cantilever is not coated by carbon

during this process.

For lateral force calibration, it should be taken into account that when the can-
tilever body is coated, the thickness of the cantilever (h) also increases, resulting
in an increase in the polar moment of inertia (.J) of the cantilever beam which is
proportional to bh* (b is the width and h is the thickness of the cantilever). This
change in polar moment of inertia affects the torsional angle of twist () caused

by the lateral forces acting on the tip apex:

T1

0= e (3.6)

where [ is the length and G is the shear modulus of the cantilever. Additionally,

T is the applied torque on the cantilever, which is directly proportional to the
lateral forces acting on the tip apex. Therefore, for any change in the thickness
(h) of the cantilever, the angle of twist in response to an applied lateral force (or
consequently, T") needs to be calculated for pre- and post-coating thicknesses. The
ratio of pre-coating angle of twist to post-coating angle of twist (Ope fore/Oafter) is
then multiplied with the lateral force calibration constant to compensate for the

modification in the thickness of the cantilever.
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Chapter 4

Nanotribology of Exfoliated
Graphene

4.1 Effect of Applied Load

As a starting point for investigating the tribological properties of graphene at
the nanoscale, the effect of applied (i.e., normal) load on friction was quantified
with numerous AFM measurements. To make sure that the only independent
variable to be investigated is the applied load in these experiments, lateral force
measurements were performed on relatively large (with lateral dimensions above
10 pm) single-layer graphene flakes, eliminating the effect of layer-dependence of

friction on graphene.

During the experiments, it was observed that graphene flakes would often be
ripped apart and folded at applied load values around 30 nN (see, for instance,
Figure 4.1). As such, the absolute maximum applied load value for friction ex-
periments on graphene was chosen as 22 nN, to prevent structural modification
of graphene flakes by the AFM probes. The starting applied load value for the
measurements is taken as 0 nN, which is incrementally increased by 2 nN after

each scan of the same region to reach the maximum applied load value of 22 nN,
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resulting in a total of 12 data points of friction for every set of measurements to
be evaluated quantitatively. It must be mentioned that due to the existence of
finite adhesion between the AFM probe and the sample surface, an applied load
of 0 nN results in an effectively non-zero normal force interaction (see Section
4.3). For flakes that were more prone to be structurally manipulated /damaged,
the incremental increase of applied load was restricted to 0.5 nN steps and an

upper limit of 5.5 nN.

Figure 4.1: Topographical images of a graphene flake with single-/multi-layered
regions (left), and the same flake folded over itself multiple times (right). The
applied load was 25 nN for this measurement.

Previous experimental studies in literature have shown that the friction force
values measured on exfoliated graphene increase —as one would intuitively expect—
with increasing applied load [29, 51]. These findings were also confirmed by molec-
ular dynamics (MD) simulations [52]. The results obtained in this work confirm
the qualitative statements in the literature regarding the monotonous increase
of friction with increasing applied load. Furthermore, the relation between fric-
tion force and applied load has been also quantitatively analyzed in our work.
In particular, it was found that the dependence of friction on applied load can
be described equally well by a linear fit (as expected from Amontons’ law of
macroscopic friction) and a Hertzian description (relevant for a single-asperity

geometry):
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Fy=A(F, + B)*? (4.1)

where FY is the friction force, F}, is the applied load, A is a simplified parameter
related to the geometric and material properties of the slider (AFM probe) and
the substrate (graphene) such as apex radius and Young’s moduli, and B is an
offset term that describes the tip-sample adhesion force. The R? values of linear
and Hertzian fits on multiple measurement data on single-layer graphene were
compared to see which model was more suitable for the acquired data (see, e.g.,
Figure 4.2). As one can see, the differences in R? values obtained via linear and
Hertzian fits were always found to be rather insignificant and as such, it is not
possible to make a definitive remark on which model fits the frictional behavior
of graphene better. It is projected that in order to make a better comparison, a
larger range of applied load values should be employed (which, on the other hand,

might lead to structural /morphological damage of graphene flakes, as discussed

earlier).
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Figure 4.2: Linear and Hertzian fits applied on the same data set of friction force
vs. applied load, showing very similar R? values for the two approaches.

Before concluding this section another remark should be made: During these
initial experiments regarding the effect of applied load on measured friction, it
has been observed that the height of single-layer graphene flakes decreased signif-
icantly following excessive scanning of the same region of the sample surface. For
the flake shown in Figure 2.7, the height above the Si/SiO, substrate was initially

measured as ~8 A. However, after 20 sets of measurements (i.e., scans) on the
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same flake, the height was measured as ~5 A, as seen in Figure 4.3. The decrease
in the height of the single-layer graphene flake above the substrate is due to the
fact that the trapped pockets of air/moisture (discussed in Section 2.5) are being

pushed away from under the graphene flake by the AFM probe during repeated

scanning.
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Figure 4.3: Line profile of the same exact region shown in Figure 2.7 after 20 sets
of measurements, showing a decrease in topographical height of the associated
graphene flake from ~8 A to ~5 A

4.2 Effect of Number of Layers

Thickness-dependent measurement of friction on graphene, or in other words,
the dependence of friction on the number of graphene layers, has been a well-
investigated topic in nanotribology research over the last few years [25, 26, 28,
53, 54]. In particular, in certain studies performed on mechanically-exfoliated
graphene, it has been shown that friction force values decrease with increas-
ing number of graphene layers, ultimately reaching friction forces measured on
bulk graphite which has been found to exhibit considerably less friction than

single-layer graphene [26, 54, 55]. The increased friction encountered on graphene
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samples with smaller number of layers has been remarkably explained by a phe-
nomenon called “puckering” [26]. The phenomenon of puckering can be visualized
as follows: when dragging a finger over a bedsheet, the sheet tends to aggregate in
front of the finger forming a bump or in other words, a pucker. This scenario may
be thought of analogously to the sharp AFM probe scanning in contact mode
over a sheet of graphene. Due to the fact that single-layer graphene does not
adhere well to the SiOs substrate, it tends to move out of plane in the verti-
cal z-direction when scanned by the AFM probe. This causes an aggregation of
graphene (a pucker) around the probe apex that is being moved/dragged around
when the probe scans the surface, causing additional friction (see Figure 4.4 for
an illustration) [26, 52, 56]. For 2-layer graphene this effect is observed less,
due to the fact that the stiffness of graphene in the vertical z-direction increases
with increasing number of layers, and therefore it becomes harder to make the
graphene pucker. Thus, decreasing friction is observed with increasing number
of graphene layers, due to increased stiffness and reduced puckering [26]. Addi-
tionally, it has been shown that friction on 3 and 4 layers of graphene is almost
identical, showing convergence toward bulk graphite behavior [54], as detailed in

Figure 4.5 for reference.

~« graphene
F — -
- » —»
& —F -’

Figure 4.4: Illustration of puckering occurring in front of the AFM tip (probe)
scanning a single graphene sheet in contact mode [26].
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Figure 4.5: Friction force as a function of thickness of graphene/graphite, showing
convergence to bulk graphite after thickness values of more than 2-3 layers [54].

At this point, it must be mentioned that the effect of puckering discussed in the
previous paragraph in terms of a monotonous decrease in friction with increasing
number of graphene layers has been only observed for mechanically-exfoliated
graphene samples on Si/SiOs. On the other hand, measurements performed on
graphene grown epitaxially on SiC substrates has shown that 2-layer graphene
exhibits lower friction than both single-layer and bulk graphite samples (which
was explained by an electron-phonon coupling mechanism) [25, 28]. While a com-
parison of frictional behavior of graphene samples obtained via different methods
is beyond the scope of this thesis, it is hypothesized that the variability in adhe-
sion of graphene to different substrates is responsible for the observed difference

in tribological behavior.

In this work, to re-confirm the frictional behavior of mechanically-exfoliated
graphene as a function of number of layers as reported in the literature, and
form the basis to eventually investigate the possible influence of factors other
than puckering on this behavior, AFM-based nanotribology experiments were
conducted to quantitatively characterize friction on different graphene samples

featuring varying number of layers.

Initially, experimental studies focused on single- and 2-layer graphene flakes as
shown in Figure 4.6, due to the fact that they can be easily identified via Raman

spectroscopy and can be studied without further structural characterization. As
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one can clearly determine from the friction profile shown in Figure 4.5 acquired
at an applied load of 0.5 nN, 2-layer graphene indeed exhibits lower friction than

single-layer, by about a factor of 2.

For comparison of obtained friction results with multi-layer graphene, flakes
which exhibit “stair-like” structures —with 1-2-3-4 layers of graphene present in
the same region— were located and structurally identified as explained in Chapter
2. Subsequently, friction measurements as a function of applied load (as explained
in the previous section) have been conducted on these samples. In particular,
friction force data were obtained and plotted from relatively clean regions (free
from contaminants) as marked in Figure 4.7, allowing us to study in detail the
trends associated with the effect of number of layers of graphene on its frictional
behavior. As one can see from Figure 4.7, the results are in good agreement
with the literature, showing decreasing friction (for the same applied load) with
increasing number of layers [26, 54]. Finally, it is seen that at higher applied load
values the friction force differences on different regions are more pronounced.
Therefore, from this point on, when comparing friction, the values obtained at

the maximum applied load will be considered.

Friction Force (nN)

Figure 4.6: Friction force map of a single-/2-layer graphene flake, where the
white regions correspond to SiO,, region A is 2-layer, and region B is single-layer
graphene (left). The friction force profile over the red line shows that single-layer
graphene exhibits as much as double the friction force on 2-layer graphene (right).
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Figure 4.7: Friction force microscopy image of the sample region shown previously
in Figure 2.8, where the cleaner regions from which friction data are obtained are
highlighted (left). Mean friction force values plotted against applied load and
number of layers, as defined by the highlighted regions (right).

4.3 Effect of Tip Radius

At this stage of the experimental work, all results reported in the literature within
the context of the nanotribology of mechanically-exfoliated graphene —specifically,
the effect of applied load and number of layers on friction— have been successfully
reproduced, and quantitatively evaluated. On the other hand, a major experi-
mental parameter, namely the contact area as dictated by the radius of the AFM
probe tip, has not been investigated yet in the literature. In fact, interface size is
an important design parameter for sliding components featured in micro-/nano-
electromechanical devices since adhesive and frictional forces are dependent on
surface area and can be dominant factors on such small scales. If graphene is
to be used as a solid lubricant in such systems, it is very important that experi-
mentalists determine how its frictional behavior changes as a function of interface

size.

Motivated by the discussion above, the dependence of friction forces measured
on single- and multi-layer graphene samples on AFM probe tip radius were stud-

ied in this thesis. In particular, using the methods described in Chapter 3, AFM
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probe tips were modified in size and re-calibrated accordingly. After every in-
crease in the size of the tip radius, the same experiments described in Section
4.2 were repeated on multi-layer flakes, to add the influence of tip radius to the

parameter space via which friction is investigated.

Figure 4.8 shows the results of experiments aimed at evaluating friction as a
function of applied load, number of graphene layers and now, tip radius. It is
seen from the figure that when the tip radius R is doubled (from 40 nm to 80
nm), a significant change in the layer dependence of friction occurs: (i) The ratio
of friction forces (measured at the maximum applied load of 16 nN) associated
with 1-layer and 2-layer graphene regions significantly increases, and remarkably,
(ii) friction values associated with 2-layer graphene now converge to those of 3-
and 4-layer graphene (and thus, to bulk graphite). It must be noted for Figure
4.8 that friction force signal values recorded by the AFM instrument in units
of V are reported rather than absolute friction forces in nN. The arguments
regarding friction ratios and layer-dependent frictional behavior are, nevertheless,

not affected by this particular fact.
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Figure 4.8: Friction force signal plotted against applied load and number of layers,
measured with a gold coated tip of 40 nm radius (top), and 80 nm radius (bottom).
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The results reported in Figure 4.8 may be interpreted within the framework of
the puckering argument discussed in detail in the literature. Specifically, Figure
4.8 points to a drastically decreased effect of puckering starting from two layers
of graphene at increasing contact areas (i.e., interface sizes). This finding may be
preliminarily and qualitatively understood when one considers that an increase
in contact area (tip radius) at the same applied load leads to a smaller pressure
on graphene, resulting in a smaller degree of out-of-plane deformation in the z-
direction and therefore, less puckering. A more involved quantitative evaluation

of this aspect is the subject of future work.

Interestingly, during tip-radius-dependent friction experiments, it has been
found that an increase in tip radius leads, unexpectedly, to a decrease in abso-
lute friction values (in addition to an increase in the 1-to-2-layer friction ratio).
Specifically, Figure 4.9 shows friction force values acquired at an applied load of
16 nN on 1-, 2-; 3-layer graphene samples with AFM probes featuring tip radii
of 40, 60, and 80 nm. The overall decrease in friction with increasing tip size is
clearly observable. To demonstrate that these experimental findings are consis-
tent and reproducible, Fig. 4.10 shows two more sets of measurements, acquired
with different AFM probes. Again, the 1-to-2-layer friction ratio is the small-
est for the smallest tips and there is an overall (although in one instance, not

monotonous) decrease in friction.
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Figure 4.9: Friction force values measured on 1-2-3 layers of graphene with tip
radii of 40, 60 and 80 nm. The applied load for these measurements is 16 nNN.
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Figure 4.10: Friction force values measured on 1-2-3 layers of graphene with
two individual AFM probes featuring tip radii of 30-50-70 nm and 50-70-80 nm,
respectively. SEM images of the probe apexes are also provided for reference.
The applied load for these measurements is 22 nN.
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The overall decrease in friction with increasing tip radius is an unexpected re-
sult, since on the nanoscale and on relatively smooth surfaces such as graphene,
adhesion is typically thought to be the dominant underlying factor leading to
friction [1]. As adhesion increases with increasing contact area, friction is also
expected to increase. To experimentally confirm that adhesion on graphene in-
creases with increasing tip radius, pull-off forces (corresponding in magnitude to
the adhesion between tip and sample) were measured via force spectroscopy on
1-, 2-, and 3-layer graphene regions with two tips of different size and the results
are tabulated in Table 4.1.

Table 4.1: Pull-off force values measured on 1-, 2-, 3-layer graphene samples using
a 30 nm radius and an 80 nm radius tip.

Pull-off Force (nN)
Layers of Graphene
R=30nm R =80nm

1 9.3 11.3
2 7.2 11.2
3 6.5 12.1

As seen in Table 4.1, although there is not a significant relation between num-
ber of layers and pull-off forces, it is shown that with increasing tip size (contact
area), the pull-off force and thus, adhesion indeed increases. This fact points out
that there must be another (so far unconsidered) factor that causes the overall

decrease in friction with increasing tip size.

4.4 Effect of Interface Roughness

Interface roughness (arising due to the individual roughness of the surfaces form-
ing the interface) is a major factor affecting friction on macro, micro, and nano
scales [1]. As already discussed in Chapter 1, all surfaces (even those that ap-

pear smooth to the naked eye) are rough on small length scales due to their
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multi-asperity character. To characterize surface topography on multiple length
scales, conventional parameters such as RMS roughness and correlation length

are typically used [57].

While investigating the nanotribological properties of mechanically-exfoliated
graphene as a function of various parameters (applied load, number of layers,
tip radius) in the previous sections, the observed trends were mostly explained
by arguments involving the puckering phenomenon. On the other hand, the
influence of interface roughness (caused by both the roughness of the Si/SiOs
substrate under graphene, as well as the roughness of the AFM probe tip) on

frictional behavior has not been investigated.

In this section, we report on our findings involving the effect of interface rough-
ness on the nanotribological properties of graphene. Experimental results are
corroborated by MD simulations performed in collaboration with the group of
Prof. Ashlie Martini at UC Merced. Specifically, we are able to develop a new
point of view with respect to the layer-dependence of friction on graphene that
does not involve the puckering effect, and also address the previously-discussed

issue of decreasing friction values with larger tips.

4.4.1 Substrate Roughness

In this work, and most other studies of graphene nanotribology reported in the
literature, graphene samples are either located on substrates such as Si/SiOy and
mica, or suspended over micron-sized holes to eliminate substrate-related effects
[26, 27, 29, 31, 53]. Since friction at all length scales is expected to be affected
by the roughness of the sliding surfaces in contact [1], substrate roughness is
naturally expected to play a role in the frictional behavior of graphene, as well.
It should be mentioned at this point that graphene layers by themselves are
atomically flat, but develop finite corrugations when coated over relatively rough

substrates such as Si/SiOy due to structural conformation.
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To complement our experimental work, we have collaborated with Prof. Ash-
lie Martini and recent doctoral graduate Zhijiang Ye from UC Merced, who sup-
ported our studies with the MD simulations presented in this section, in particular
to investigate the effect of substrate roughness on graphene nanotribology. The
simulations were performed using the model tip-sample system shown in Figure
4.11, whereby hemispherical tips of different radii consisting of carbon atoms
in diamond configuration were slid laterally on 1-, 2- | 3-layer graphene sheets
situated on atomically-flat or rough substrates. The inter-atomic interactions
within the tip and substrate were described by the popular AIREBO (adaptive
intermolecular reactive empirical bond order) potential and the tip-sample inter-
actions were approximated using the Lennard-Jones potential (with an energy
minimum of 0.016 eV and zero-crossing distance of 2.8 A). All simulations were

performed at fixed applied loads and scanning speeds of 4 m/s at a temperature
of 10 K.

Diamond ti
P Scan direction‘

Graphene substrate

Figure 4.11: Schematic setup for MD simulations whereby a model, hemispherical
diamond tip is scanned over a graphene sample to calculate friction forces. While
this particular setup visualizes an atomically-flat graphene substrate, simulations
may also be performed with substrates featuring realistic roughness values similar
to SIOQ

Results of MD simulations performed in the fashion described above have
shown that with a perfectly smooth (i.e., atomically-flat) substrate, the relation
between friction and number of layers of graphene is the opposite of what is
experimentally observed (see Figure 4.12): Without the presence of substrate
roughness, single-layer graphene is expected to demonstrate the lowest friction
values, with increasing friction for 2- and 3-layer graphene samples. On the other

hand, simulations performed on realistically rough substrates (corresponding to
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experimentally measured roughness characteristics of SiOs: RMS roughness of 3
A and correlation length of 5 A) demonstrate the experimentally-observed layer-
dependence, whereby friction monotonically decreases with increasing number of
layers. These results clearly indicate that substrate roughness plays an important

role in the experimentally measured layer-dependence of friction on graphene.
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Figure 4.12: Friction trends of graphene with 1, 2, 3 layers on rough and perfectly
flat substrates, simulated for a 10-nm radius tip.

The physical interpretation of the simulation results are as follows: On the flat
substrate, the dominating effect dictating friction is expected to be graphene de-
formation (i.e., puckering): With a perfectly flat substrate the separation between
graphene layers are minimized (meaning that each layer can perfectly conform to
the one below); therefore when pushed towards the graphene surface, not only
the top layer of graphene, but also the layer below can adhere reasonably well
to the probe tip. Consequently, when more layers of graphene are present, more
material is moved around by the scanning probe tip via puckering, and a higher
friction value is calculated. However on a rough (i.e., not atomically-flat and
therefore, realistic) substrate, graphene cannot fully conform to the underlying
topography [58]. Additionally, while the first graphene layer demonstrates the
highest roughness, the conformity to substrate roughness decreases with increas-
ing number of layers, leading to a reduction in topographical surface corrugation

(Figure 4.13) and thus, resulting in lower friction. This result puts forth the idea
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that experimentally observed high friction of single-layer graphene is not caused
by puckering alone, but also the high surface roughness when compared with

graphene featuring two layers or more.

Number of layers

Figure 4.13: Numerically-calculated values of the RMS roughness of the top layer
of graphene for 1-, 2-, and 3-layer samples. “0” designates the SiO, substrate.

To study the cross-over from deformation-dominated to roughness-dominated
frictional behavior of graphene in more detail, MD simulations have been per-
formed that show the effect of changing substrate topography (in terms of chang-
ing correlation length at a fixed RMS roughness of 3 A) on the frictional behavior
of graphene (Figure 4.14). It should be noted here that higher correlation length
values mean that the substrate is more “flat”, taking into account the ratio be-
tween the probe tip size and the lateral separation of asperities on the substrate
(as determined by the correlation length). The red-shaded region in Figure 4.14
thus corresponds to the roughness-dominated regime where the correlation length
of the substrate is small, and the layer-dependence trend is in agreement with all
experimental results in the literature (including ours). The blue-shaded region
is the deformation-dominated region where the substrate is closer to an ideally
(i.e., atomically) flat surface and the layer trend is reversed, as discussed earlier.
Finally the yellow-shaded region corresponds to the cross-over regime where no

consistent trend in terms of layer dependence of friction is observed.
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Figure 4.14: Results of MD simulations that illustrate the cross-over from
roughness-dominated to deformation-dominated layer-dependent frictional be-
havior of graphene.

To experimentally confirm the changes in substrate roughness with changing
number of graphene layers as predicted by MD simulations, RMS roughness val-
ues were measured on 1-, 2-, 3-, and 4-layer graphene samples via 100 different
topographical AFM scans. The related results are presented in Figure 4.15. As
it can be seen clearly from the figure, AFM experiments demonstrate that RMS
roughness values associated with graphene indeed decrease with increasing num-
ber of layers, in accordance with the simulations. One notable exception is the
increase in RMS roughness recorded for single-layer graphene when it is coated
on Si0,. The physical reason for this observation is the existence of pockets of
trapped air/moisture between SiOy and the first graphene layer, which do not

exist in the simulations.

In order to experimentally observe the reversed layer-dependence of friction
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predicted for graphene samples situated on flat substrates, we have conducted
experiments on graphene exfoliated onto mica (which is expected to be flatter
than SiOy). While experiments confirmed that RMS roughness values for mica
substrates are indeed lower than those for SiO,, the difference was dictated only
by a factor of 2 and as such, no significant deviation in frictional behavior was

observed for these samples when compared to those on SiOs.
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Figure 4.15: Experimentally measured RMS roughness values for the SiO, sub-
strate as well as graphene samples of varying number of layers.

4.4.2 Tip Roughess

An important observation that was reported in Section 4.3 was that the overall
friction values kept decreasing with increasing tip sizes. As already discussed, this
is unexpected, as larger contact areas typically lead to more friction in conjunction

with increased adhesion. In order to shed light on this issue, MD simulations
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aimed at determining layer-dependent friction values on graphene as a function
of tip size have been performed (Figure 4.16). While the results confirm the
experimentally observed trend that the 1-to-2-layer friction ratio increases with
tip size (see dashed arrows), no decreasing trend in friction with increasing tip

size is observed.
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Figure 4.16: Friction forces calculated via MD simulations performed on 1-, 2-, 3-
layer graphene samples with tips having radii of 10, 20, and 30 nm. Dashed arrows
designate the 1-to-2-layer friction ratio that increases with tip size, confirming
experimental observations. On the other hand, contrary to experiments, friction
forces show an overall increase with increasing tip size.

At this point, all parameters employed in the experiments and simulations (tip
size, applied load, number of layers, substrate roughness, etc.) did match except
one that we cannot measure experimentally: The roughness of the tip. While
the simulations involve a perfectly (i.e., atomically) smooth, hemi-spherical tip
geometry, AFM probes used in the experiments are always coated with gold,

which could presumably alter roughness on the nanometer scale and below.

Since SEM imaging of AFM probes does not yield high-enough resolution
with which probe roughness may be quantified, we have turned our attention

to published studies in the literature regarding the relationship between thermal
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evaporation of gold and resulting topography. In particular, an AFM-based ex-
perimental study shows that when gold coating is performed at low thickness
values (<20 nm) the surface is not uniformly coated and rather globular struc-
tures of gold are formed on the surface, which exhibit high roughness values when
compared with thicker coatings (>30 nm) which have more uniform and smoother

distribution of gold over the surface (Figure 4.17) [59].

7 nm

18 nm

Figure 4.17: Topographical AFM scan of a SiO, surface coated with 18 nm of
gold, showing separated globular structures causing a high surface roughness
(R,) (top). Topographical AFM scan of a SiO, surface coated with 35 nm of
gold, showing a more uniform and smoother surface topography [59].

In our experiments, the initial coating of gold performed on AFM probes is
~15 nm thick and therefore is expected to be rough. As more gold is coated
onto a particular tip to increase its radius, the surface of the tip becomes more
uniformly coated and therefore, smoother. Thus, the initially-high roughness
of the gold-coated tip surface may explain why smaller tips consistently exhibit

higher overall friction when compared with larger tips, as shown in Section 4.3.
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Chapter 5

Summary and Outlook

The work presented in this M.S. thesis first covers the fabrication and identifica-
tion of mechanically-exfoliated graphene, as well as the calibration and modifica-
tion of contact-mode atomic force microscopy probes. Subsequently, a compre-
hensive investigation of the nanotribological properties of mechanically-exfoliated
graphene via atomic force microscopy (AFM) is presented, whereby special em-
phasis is placed on the effect of interface structure. Remarkably, presented exper-
imental results provide a new perspective towards the layer-dependent frictional
behavior of graphene, underlining the influence of substrate roughness in addition

to the phenomenon of puckering that is well-studied in the literature.

Graphene samples ranging from single- to few-layers have been obtained using
the mechanical exfoliation method and transferred onto Si/SiOy substrates. By
utilizing optical microscopy and Raman spectroscopy, graphene flakes exhibit-
ing single- and bi-layer regions were located and identified. Furthermore, using
topographical maps and associated profiles obtained via AFM, 3-, 4-layer and
bulk graphite regions were found. Moreover, AFM probes were calibrated both
for accurate normal force readings, and for obtaining quantitative friction force
data from lateral force measurements conducted via contact-mode AFM under

ambient conditions.
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After sample preparation, identification and probe calibration, experiments
aimed at measuring the effect of applied load on friction of single-layer graphene
were conducted, which reproduced the results in literature. Subsequently, mea-
surements were performed on 2-, 3-, 4-layers graphene for quantitative comparison
in terms of frictional behavior, again confirming previous results reported in the
literature showing increased friction on fewer layers of graphene an observation
which is commonly explained by the puckering phenomenon. The third parame-
ter that was investigated in this work in terms of its effect on graphene’s frictional
behavior was the tip radius. In particular, thermal evaporation- and PECS-based
coating of gold onto AFM probes were utilized to modify tip radii. Decreasing
trends in overall friction were observed with increasing tip size, which led to the
determination of a new parameter affecting friction on graphene: interface rough-
ness. In collaboration with scientists from UC Merced, who performed molecular
dynamics (MD) simulations complementing the experiments presented here, it
was determined that increased friction on fewer layers of graphene is caused by
the roughness of the substrate leading to the first graphene layer to feature a cer-
tain topographical corrugation, as well. Structural conformity to the substrate
(and consequently, topographical corrugation) decreases with each subsequent
graphene layer, resulting in reduced friction with increasing number of layers.
This effect may be in addition to, or dominant over, the puckering phenomenon

that has been studied in detail in the literature.

Even though the experimental results presented in this work comprehen-
sively cover major influences of interface structure on the frictional behavior of
graphene, further experiments have to be conducted to fully evaluate graphene’s
suitability for use as a solid lubricant in micro-/nano-electromechanical devices.
Specifically, experiments following up on the effects of (i) using different types
of materials for coating probe tips (e.g., platinum) and (ii) using different sub-
strates with smoother topographies (such as individual, detached graphene flakes
on bulk graphite [60]) would provide crucial information. Within this context, we
are of the opinion that this thesis will provide a major step forward in character-
izing the frictional behavior of mechanically-exfoliated graphene and accelerate

its practical application as a solid lubricant in micro- and nano-scale systems.
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