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Abstract

Mechanical properties of nanomaterials have been at the forefront of recent scientific
interest, as a reduction in the feature size of these materials can introduce a significant
improvement in their mechanical properties. To investigate the nanoscale mechanical prop-
erties, researchers have employed a variety of instruments and techniques such as nanoin-
dentation and dynamic atomic force microscopy (AFM). Although these techniques have
been successful in providing a qualitative assessment of the mechanical properties of the sur-
faces, quantification of the experimental data has been hindered due to the lack of precisely
calibrated data. Additionally, novel applications of nanomaterials require high spatial and
temporal resolution in their mechanical properties, which have not been achieved in current
characterization methods.

To begin to address these issues, dynamic AFM was operated under ultrahigh vacuum
(UHV) conditions to determine the elastic modulus of the novel materials down to the
atomic length-scale. Considering the cantilever shape in a dynamic contact, calibration
of the experimental data was implemented to extract a quantitative elastic modulus and
a spatially-resolved map of this value on graphite and graphene surface. The developed
experimental technique and calibration method were verified through the comparison with
both analytical and simulation models of the surface. Following the quantification of the
high spatial resolution of mechanical properties of two-dimensional materials, an advanced
technique is introduced and developed to measure the variation of the mechanical properties
through the spectral/frequency analysis of the conventional static cantilever bending data
acquired at high sampling rates on the order of 1 MHz.

The results of this dissertation are promising as they confirm the ability of these tech-
niques to provide high-fidelity in spatial resolution of the mechanical properties of nanoma-
terials. Furthermore, they can be used in several industries such as aerospace, design and
manufacturing, and microelectromechanical systems (MEMS), where the techniques can be

utilized for the more efficient assessment of the functionality of nanomaterials in such appli-
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cations. Furthermore, the results of this research demonstrate the importance of frequency

analysis in advanced microscopy techniques.
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Preface

This thesis is an original work by the author. The work contained within this thesis consti-
tute original scholarship and new contributions to the field of mechanics and tribology. Some
of the work contained within this thesis have been published previously in peer-reviewed pub-
lications. In particular, the mechanical properties of atomic defects, or step edges, on highly
oriented pyrolytic graphite (HOPG) surfaces using force modulation atomic force microscopy
has been published in: Aboolizadeh, Z., Sudak, L.J., & Egberts, P., “Nanoscale spatial map-
ping of mechanical properties through dynamic atomic force microscopy” Beilstein Journal
of Nanotechnology, 10, pp. 1332-1347 (2019). The text from this manuscript has been
mainly adopted and used in Chapter 5 of this PhD thesis, as well as the methods used to
obtain the results in Chapter 4, Section 4.5, and Section 3.1.2. Chapter 6 is a combination
of our experimental results and MD simulation results (obtained by our collaborator at the
University of California Merced). I would also like to acknowledge the collaboration with
Prof. Bennewitz to take high speed AFM experimental data at INM Leibniz Institute for
New Materials in Germany which provides us with the data presented in chapter 7. The

chapters of this thesis are partially based on the following peer-reviewed publications:

e Aboolizadeh, Z., Sudak, L.J., & Egberts, P., “Nanoscale spatial mapping of mechanical
properties through dynamic atomic force microscopy” Beilstein Journal of Nanotech-

nology, 10, pp. 1332-1347 (2019).

e Aboolizadeh, Z., Gong, P., Sudak, L.J., & Egberts, P., “Layer dependant mechanical

properties of graphene” (Under review by Applied Physics Letters).
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e Aboolizadeh, Z., Blass, J., Karmer, G., Egberts, P. & Bennewitz, R., “Short time
fourier transform of normal force distance curves in atomic force microscopy” (In

progress).

e Aboolizadeh, Z., Gong, P., & Egberts, P., “Friction and Mechanical Stiffness Variation
Resulting from Water Intercalation between Graphene and Hydrophilic Substrates”

(In progress).
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Chapter 1

Introduction

This thesis documents a study to measure the mechanical properties on surfaces of materials
with nanometre-scale spatial resolution. The present chapter outlines the background and
motivation for the thesis, demonstrating that the current study is well placed in the eld.

It is followed by a discussion of the signi cance of the work through the explanation of the
speci c objectives of the study. This thesis also contains detailed documentation of the
experimental methodology used to accomplish the experimental and theoretical work that

has been used to characterize the mechanical properties of materials at the nanoscale.

1.1 General Background

Advanced materials in the form of nanomaterials are becoming increasingly more relevant in
a variety of applications, ranging from electronics to biology. For instance, recent innovations
in composite materials, particularly for improved mechanical and electrical properties, are
a result of mixing or combining ller materials having nanoscale dimensions into the com-
posite matrix material [1]. More speci cally, recent research indicates nanoscale mechanical
properties, including elastic and shear modulus, drastically di er as compared to their bulk
values [2]. Therefore, the study of nanoscale mechanical properties is of great technological

signi cance, speci cally for those wishing to understand the mechanisms by which these
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nanoscale llers improve the properties of the matrix materials. Such insights would yield

a greater ability to control and custom-design the overall properties of the composite mate-
rials. However, characterizing the mechanical properties of materials with nanoscale spatial
resolution and with the necessary mechanical property resolution to detect subtle variations
along a surface is often complex, as it requires knowledge of various disciplines including
physics, chemistry, mechanical engineering, solid mechanics, materials science, as well as
utilization of highly advanced experimental instruments.

In recent years, size-dependent mechanical properties of nanoscale materials have been
at the forefront of scienti c interest and studies [2, 3, 4]. These studies have been motivated
partly by novel developments in nanomaterials and fabrication methods and partly by the
emergence of advanced experimental tools that have provided the opportunity to examine
materials with the necessary resolution to observe nanoscale features. The development of
nano Ims and nanocomposites, as well as the application of these materials for miniatur-
ization of mechanical and electronic components [4, 5] provide the motivation for the work
contained within this thesis. Further, developments in instruments with the ability to probe
material properties at the nanoscale, such as atomic force microscopy (AFM), have provided
the promise to quickly and accurately resolve material properties with the necessary resolu-
tion to examine and support developments in the materials previously mentioned. However,
accurate quanti cation of these properties with su cient spatial resolution has been chal-
lenging for researchers due to the complexity of the experiments and calculations [6]. Such
measurements are of critical importance as resolving nanoscale mechanical properties can
0 er important insights into material functionalities at the nanoscale [7, 8, 9]. In addition
to quantifying mechanical properties of the materials, the high spatial resolution enabled
by experimental techniques such as AFM results in opportunities to custom design or en-
hance bulk engineering materials with advances discovered through nanoscale interrogation
[2]. More speci cally, the correlation of nanoscale and macroscale material behavior and

structure-function relationships can be derived only by extracting high resolution quantita-



tive material parameters. Lack of accurate and quantitative data at the nanoscale can lead
to the misinterpretation of relevant material physics [6].

Beyond the typical uses of AFM, including nanoscale surface topography measurements,
AFM is also a versatile tool for characterizing the mechanical properties of materials. More
speci cally, AFM is well adapted for measuring surface strain. Examples of recent stud-
ies that have taken advantage of this ability and have used various dynamic AFM modes
to achieve spatially-resolved mechanical properties of the surface are provided in Refs.
[10, 11, 12]. In order to achieve these nanomechanical measurements, dynamic AFM is
often employed. Speci cally, two techniques of dynamic AFM are used and termed force
modulation mode (FMM) AFM and contact resonance AFM (CR AFM) [10, 13]. The dif-
ference between the two techniques is that in FMM-AFM, the cantilever is oscillated at a
low frequency far below the resonance of the cantilever, often in the range of 1-2 kHz. In CR
AFM, the cantilever is oscillated at much higher frequencies corresponding to the contact
resonance frequency of the cantilever/tip when pressed against the surface. Additionally, in
CR AFM, the contact resonance frequency is tracked as the tip is scanned over the surface, as
changes in the mechanical properties of the surface impact the contact resonance frequency
itself. In contrast, the oscillation frequency of the cantilever is not varied in FMM-AFM as
the tip is scanned across the surface [14, 15, 16].

These dynamic AFM techniques for measurement of the variations in mechanical prop-
erties of surfaces have been shown to be capable of detecting surface displacements of ap-
proximately 1{3 picometer [6], which qualitatively re ect elastic modulus of the contact.
However, quanti cation of the surface displacement associated with local changes in elastic
properties is very di cult due to the complexity of the computations in dynamic analysis
[6, 8, 12]. Often, only relative or qualitative data is reported in scienti ¢ publications using
these techniques, resulting from the di culty in calibrating experimental results [6]. How-
ever, knowing how to extract the calibrated mechanical property data is critical for most

applications. Despite the age of such dynamic techniques, accurate quanti cation of mea-



sured surface displacements when employing these dynamic AFM techniques is often still
elusive. Thus, it is in this area where a contribution to both our understanding of materials

science, as well as to the experimental technique can be made.

1.2 Motivation

As discussed, despite the successful application of dynamic AFM in probing the mechanical
properties of materials, spatially-resolving a map with quanti able mechanical properties,
and obtaining nanometer-scale resolution of these properties has been hindered by the dif-
culty of accurately calibrating the measurement technique. Over the past two decades,
researchers have employed a variety of dynamic AFM modes and variations to the experi-
mental apparatus (eg. piezo actuation to magnetic excitation) to overcome the complexity
of the measurements, and to obtain accurate and precise measurements of the surface dis-
placement [10, 12]. Many of these techniques utilize dynamic cantilever vibrations when it
is in contact with the sample surface as a response to an external stimulus [17, 13]. The
challenges in calculating mechanical properties originates from the complexity of the experi-
ment as the response of the cantilever should be interpreted based on the external stimulus,
nature of the contact, and contact cantilever dynamics. Several studies on nanoscale me-
chanical properties analyzed the shift between the frequency response of the surface-coupled
cantilever and noncontact (free) resonance peak of the cantilever to quantify mechanical
properties of the surface [18, 19, 20]. Other studies focused on interpreting amplitude and
phase response of the oscillating cantilever in contact to obtain a spatially-resolved map of
contact sti ness, elastic modulus, and viscoelastic modulus, while their calculation assumes
the persisting of a well-de ned phase of mechanical properties in composite [10]. However,
well structured experimental methods for detecting mechanical properties at small scales
with high accuracy are still required as well as a good de nition of every factor important

in these measurements.



1.3 Objectives

The overall goals of this study are to elucidate the potential of dynamic atomic force mi-
croscopy in providing su cient spatial resolution for the quanti cation of mechanical prop-
erties at small scales, potentially with atomic resolution. Additionally, factors impacting
the mechanical property as well as the spatial resolution of the technique will be examined.
Therefore, the main focus of this study is to develop an experimental method and calibra-
tion procedure to quantify nanoscale mechanical properties of the surface with high accuracy
and fewer assumptions, while any factors involved in mechanical characterization through
dynamic AFM is highly monitored and discussed within the experiment. The results of this
research can be applied to a broad range of materials from single-crystalline to composite
materials. The developed methodology can facilitate the design of tailored experiment for
guantifying mechanical properties with high resolution at the desired surface.

In the rst stage of this work, the mechanical properties of a homogeneous material,
highly oriented pyrolytic graphite (HOPG), was selected because of its facile surface prepa-
ration and signi cant literature available on its structure and mechanical properties. Greater
simpli cation of the experimental analysis was also achieved through experiments conducted
under ultrahigh vacuum (UHV) conditions, eliminating the impact of contaminants on the
surface, thus allowing for the assumption of an idealized contact. The contact cantilever
dynamics was accounted for by applying an analytical model of the AFM cantilever vibra-
tions, which depends on the cantilever shape at the applied resonant contact mode, and
the tip-sample contact properties [21, 14]. While previous studies indicate evidence of elas-
tic straining of graphite step edges, we focus on quanti cation of mechanical properties on
the step edges through dynamic AFM to provide experimental evidence. The parameters
involved in the calculation of the elastic modulus of the graphite including applied load,
excitation frequency, environment, and the tip shape were highly monitored during the ex-
periments to assure that the variation of the elastic modulus is due to the atomic defects.

In the second stage of this work, the developed dynamic force microscopy and calibra-
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tion techniques were employed to examine the mechanical properties of graphene. More
speci cally, the mechanical properties of graphene were investigated to understand proposed
layer-dependent models assumed for the mechanical properties of graphene in tribological
models that had been previously published [22, 23, 14]. This employed technique allows
for an in-depth analysis of the tip-sample contact forces and their e ects on the dynamic
AFM signals. Such e orts are still required to quantify the in uence of the weakly bonded
contacting atoms on the overall measured properties determined when using dynamic AFM.
Comparison of experimental results with atomistic simulations, such as molecular dynamics
(MD) simulations, were used to gain insight into the mechanics of tip-sample contacts (simu-
lations are completed through collaboration with Dr. A. Martini's group from the University

of California Merced). Visualization of the buried interface between the tip and sample is
often impossible with the current experimental tools, and thus visualization of this interface
in simulation is the only tool available [24]. While numerous previous studies focused on the
mechanical properties of graphene are mainly nanoindentation simulation studies that lead
to divergent results, we focus on a combination of experimental and simulation methodology
to overcome the shortcomings of previous techniques and provide authentic experimental
evidence.

Finally, in the third stage, the dynamics of the AFM cantilever were measured over the
course of a typical experiment conducted with an AFM, a force versus distance curve. The
analysis of the cantilever dynamics was investigated in di erent environments, including air,
liquid, and UHV. A thorough understanding of thermal vibration of the cantilever as the ma-
jor factor in dynamics of the AFM cantilever was used to make more accurate assumptions,
calibrations, and calculations for such measurements than had been previously possible. The
time-frequency resolutions of the thermal vibration of the cantilever in di erent mediums
are investigated through continuous wavelet transform (CWT) and compared to short time
Fourier transform (STFT) and Fast Fourier transform (FFT). Consequently, the novel CWT

tool was employed in analyzing cantilever de ection in contact with surfaces at di erent



environments for mechanical characterization of the contact with a high temporal resolution

which is not achievable through current AFM techniques.

1.4 Organization

The thesis is organized as follows:

Chapter 1: presents the motivation and signi cance of this research. Then it describes
the objectives and expected outcomes.

Chapter 2: introduces an overview of AFM techniques and their reliability for nanoscale
mechanical characterization and imaging. This chapter also includes an overview of cantilever
dynamics and its thermal vibration following by the novel materials investigated through
these methods.

Chapter 3: describes the mathematical fundamental of the employed dynamic AFM
methods in this thesis for the nanoscale quanti ed mechanical characterization. In addition
to the mathematical development of the cantilever oscillation behavior in and out-of-contact,
this chapter also includes the mathematical foundations of the CWT and STFT analysis.

Chapter 4. describes the experimental apparatus employed throughout the studies con-
tained within this thesis. It also presents the normal and lateral calibration of the cantilever.
Following by cantilever and sample preparation of the HOPG and graphene. This chapter
also covers the calibration and calculations in dynamic contact AFM modes and CWT anal-
ysis.

Chapter 5: presents the variation of contact sti ness and elastic modulus over atomic
features of graphite obtained by dynamic modes AFM. The observations qualitatively indi-
cated that there was a variation in the elastic modulus over uncovered steps and no varia-
tion over covered steps. Further quantitative investigation indicated single atomic steps of
graphene with uncovered step edges showed a decrease in the elastic modulus of approxi-

mately 0:5%, which is compared with no change in the elastic modulus for covered steps.



Chapter 6: presents the variation of the mechanical properties of graphene with its
number of layers. Dynamic atomic force microscopy tracking the contact resonance frequency
of the AFM tip in contact with the graphene surface indicated a decrease in the elastic
modulus of the graphene layers with an increase in the number of layers. The MD simulation
veri ed the same variation in the contact resonance frequency over di erent graphene layers
which leads to the same trend in the elastic modulus over graphene layers.

Chapter 7: discusses the thermal oscillatory behavior of AFM cantilevers under various
measurement conditions. The CWT analysis revealed the time-frequency resolution of the
resonance of the cantilever in air, liquid, and vacuum environment. The inferred oscillatory
parameters from the CWT analysis were compared to FFT and STFT analysis for veri ca-
tion and comparison. The CWT analysis has shown its capability in detecting mechanical
properties of the contact which varies in a small fraction in time.

Chapter 8: focuses on the conclusions made from the various studies contained within
this thesis. The expected novel contributions of this research are also presented in this
chapter.

Chapter 9: discusses three areas for future work, including the probe preparation
for AFM experiments on composites, the preliminary dynamic mode AFM experiments on
carbon- ber composite, and the preliminary dynamic mode AFM experiments on graphene

water intercalated surface.



Chapter 2

Literature Review

This chapter is a literature review of the techniques employed in detecting the mechanical
properties of materials. We will discuss the necessity of the high resolution in the charac-
terization of these properties and the ability of di erent techniques to attain the desired

resolution. Following that we focus on dynamic modes AFM and their application in the de-

termination of the mechanical properties. More speci cally we focus on two dynamic modes
AFM which capture atomic resolution in mechanical properties of the surface. Since these
AFM modes rely on the cantilever dynamics we also explore the literature and techniques
investigating cantilever dynamics. Finally, we look into two novel materials of graphene and

graphite which are the main focus of this dissertation.

2.1 Introduction

Innovation in advanced materials such as nanocomposite, carbon-based nanomaterials, and
metal-based nanomaterials has recently been achieved through a size reduction of the ller
materials or other feature size (e.g. grain size, particle size, etc.) to the nanometer length-
scale. Such a reduction in feature size has also led to an expansion in the applications
possible for these materials in a variety of industries, such as biotechnology, environmental

technology, and engineering [25, 26, 27, 28, 29]. This length-scale reduction in novel materials
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has also led to a signi cant change in their properties, including mechanical properties [1].
Recent studies demonstrated a signi cant di erence in mechanical properties at nanoscale
compared to bulk materials, which has a substantial in uence on the theoretical studies
for prediction of the functionality of these materials [2]. Therefore, the study of nanoscale
mechanical properties is of great technological signi cance.

In recent years, the study of size-dependent mechanical properties, such as elastic and
viscoelastic moduli, as well as friction, of 2D materials at the nanoscale has received much
attention [3, 4, 30]. In such studies, AFM was frequently employed to measure these
size-dependent mechanical properties. Another pioneering technique used to measure size-
dependent mechanical properties is nanoindentation. Speci cally, this technique was able to
show the impact of nanoscale materials on the elastic modulus [31]. However, this technique
was not capable of providing a spatially-resolved map of the elastic modulus over the surface
of the material. Further, it is not a nondestructive test, speci cally at the nanoscale, as the
nanoindentation measurements result in surface damage to the sample. Resulting from these
limitations of nanoindentation, a new technique is required in order to detect variations in
mechanical properties of materials with su cient resolution, both in terms of spatial reso-
lution and that of the property of interest, such that variations in nanomaterials, as well as
two-dimensional (2D) materials, can be examined.

The emergence of dynamic AFM modes has inaugurated a new era of microscopy that
overcame the shortcomings of the conventional methods, such as nanoindentation. AFM is
a versatile microscopy technique employed for surface scanning which can provide nanome-
ter spatial resolution. In dynamic AFM modes, an excitation signal is superimposed to
the cantilever while scanning the surface. The resulting variation in the oscillation fre-
guency, phase di erence between the cantilever oscillation signal and the excitation signal,
and changed in oscillation amplitude can be used for detecting variations in mechanical
properties. Therefore, combining conventional AFM technique of scanning the surface with

its advanced oscillation techniques (dynamic modes) empower AFM microscopy technique
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for a non-destructive characterization of mechanical properties with desired nanoscale reso-
lution. Depending on the speci c employed AFM mode, additional data can simultaneously

be recorded using speci c control electronics or specialized probes in experiments.

2.2 Mechanical Properties at Nanoscale

To determine the mechanical properties of the materials at the nanoscale, nanoindentation
techniques have been extensively used in the past [19, 31]. As mentioned previously, these
techniques are not capable of providing the spatial resolution required for developing or
con rming new theories or models of materials, or examining the design of nano-enhanced
materials. In contrast, AFM has been used extensively and has shown to be capable of
achieving the highest resolution in the desired properties among other microscopy tech-
niques, including scanning electron microscopy (SEM) and transmission electron microscopy
(TEM). For instance, AFM has been used in high-resolution visualization of novel molecular
compounds. A benchmark of AFM resolution is the investigation on pentacene {{i4),
which is shown schematically in Figure 2.1 (a). Figure 2.1 (b) shows an AFM image of
pentacene on Cu(111) measured with a CO-terminated W tip. For these measurements, a
CO molecule was selectively picked up with the AFM tip, which resulted in an increased
interaction between the surface and the AFM tip [32]. In this example, it is possible to ob-
serve the molecular bonds that exist in the pentacene molecule, highlighting the resolution
capabilities of the AFM techniques.

As can be noticed from the Figure 2.1 while the AFM can provide extremely high spatial
resolution, new advanced dynamic modes of AFM have allowed for the detection of mechan-
ical properties. In fact, dynamic mode AFM has been introduced as a unique tool for the
detection, identi cation, and quanti cation of the mechanical properties at the nanoscale.

In dynamic modes AFM either the sample or the cantilever is excited with a sinusoidal os-

cillation in either the vertical or horizontal (twisting) directions, such that the tip oscillation
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Figure 2.1: (a) Ball-and-stick model of the pentacene molecule. (b) Constant-height AFM
images of pentacene acquired with a CO-modied tip in the frequency-modulated AFM
mode. From [32]. Reprinted with permission from AAAS.

amplitude, phase shift, and contact resonance frequency with respect to the excitation sig-
nal can be measured. These signals can then be converted into mechanical properties, such
as contact sti ness, and eventually into more characteristic mechanical property quantities,
such as elastic and shear moduli. The dynamic modes AFM have been applied to an exten-
sive range of material systems since their development, and one of the rst studies in 1997
[33] indicates the capability of these techniques to access the information that can not be
detected through the contact mode AFM or nanoindentation as can be seen in Figure 2.2.
Here, Figure 2.2 (a) shows the topography image of a tri-block copolymer. The topographic
image does not show signi cant variations, in particular the variations in the mechanical
properties resulting from the structure of the polymer. However, the amplitude response in
FMM AFM shown in Figure 2.2 (b) distinctly discloses a novel contrast in the image which

is associated with the variation in mechanical properties at the surface resulting from the
blending of the three polymers.

Such measurements, such as those summarized in Figure 2.2, demonstrates the opportu-
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Figure 2.2: (a) Height and (b) amplitude images recorded simultaneously in the force
modulation mode on the surface of tri-block (styrene-butadiene-styrene) copolymer. From
[33]. Reprinted with permission from AAAS.

nity possible for investigating mechanical properties of nanomaterials, as well as 2D mate-
rials, with dynamic AFM modes. Speci cally, the ability to access the desired mechanical
property information down to the atomic scale without permanently damaging the surface
with AFM is something that is very di cult to achieve with other microscopy or mechan-
ical property measurement techniques. While there are many dynamic AFM modes, each
targeting a speci c material property or range of properties, the subsequent discussion is
focused on two dynamic contact modes of AFM, including FMM and CR AFM modes used
pervasively in this dissertation. The experimental apparatus variation is however detailed in

the experimental chapter (Chapter 4).

2.3 Static Mode to Dynamic Mode AFM

2.3.1 Principals of Static AFM

AFM is a multifunctional imaging platform that allows visualization of materials and their
properties. Figure 2.3 provides an illustration of the basic operational principles and setups

behind the operation of an AFM using the beam de ection technique to measure forces in
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AFM experiments[34, 35].

In the AFM, a nanoscale tip attached to the free end of the cantilever operates as the force
sensor, since the cantilever tip interacts with the sample surface during scanning. While the
tip interacts with the surface, forces acting on the tip results in a de ection of the cantilever
beam. The laser beam bounces o the cantilever at the tip position, provides a signal that
is proportional to the cantilever de ection. The cantilever bends in two directions, one is
the normal bending due to tip-sample interaction in normal direction and the other is the
torsional de ection due to friction forces acting on the tip in lateral direction. These de ec-
tions are monitored by tracing the laser beam re ecting into a position-sensitive photodiode
detector (PSPD). The PSPD detector of AFM contains four quadrants, allowing for the ac-
quisition of both the normal and torsional bending of the cantilever through the variations
in the position of the re ected laser spot on photodiode [36].

The AFM can operate in a variety of scanning modes from contact to non-contact mode,
while contact and non-contact modes divide into speci ¢ sub-modes as well. Contact mode,
which is the most common mode in AFM can be used in static mode or adopted to include
a dynamic mode by modulating the normal force by a sinusoidal modulation. In static
contact mode, the tip of the AFM cantilever is pressed against the sample surface. The
interaction of the tip with the surface causes the cantilever to bend in the normal and lateral
direction. The change in the laser position on the PSPD detector that results from the
bending of the cantilever is often called the de ection signal. To obtain an AFM image of
the surface topography, a feedback loop is often used to move the sample or the tip up and
down to maintain the constant normal de ection signal (or the bending of the cantilever)
at a certain value. During such measurements, the friction or lateral force acting between
the tip and sample can be simultaneously measured. For friction measurement, the lateral
signal, corresponding to the lateral twisting of the cantilever in response to the friction acting
between the tip and sample surface as the tip slides along the surface, is recorded. Friction

force microscopy (FFM) is the most common name given to the AFM technique where such
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Figure 2.3: A schematic of the basic components and setups of an AFM. An integrated tip
at the end of a cantilever scans across the sample surface, which leads to cantilever de ection.
The laser beam bounces of the cantilever back to the PSPD. The cantilever de ection can
be detected by the change in position of the laser beam on the PSPD. Sample translation
in three-dimensions is achieved through the piezo-electric scanner supporting the sample.
Extracted from Ref. [36].
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measurements are accomplished. The calibration of cantilever and PSPD so that measured
forces in both the normal and lateral directions can be reported in Newtons is discussed in

Section 4.4.

2.3.2 Dynamic AFM; FMM and CR Modes

This study employed two atomic force microscopy methods for nanomechanical characteriza-
tion: FMM and CR AFM modes which have been developed in recent decades. This section
provides a closer look into the details behind the operation of these techniques.

In FMM AFM, a dynamic contact AFM mode, the cantilever is oscillated while the tip
remains continuously in contact with the sample surface. This oscillation can be achieved
by applying a driving frequency to either the sample or the cantilever. A lock-in ampli er
is employed to detect the signal at the frequency of the excitation signal used to oscillate
the cantilever. As the tip oscillates, the interaction force between the tip and sample surface
uctuates. Changes in the cantilever de ection amplitude and the phase shift between
the excitation and measured oscillation signals are re ective of the surface displacements,
which can change with spatial variations in the tip-sample contact properties. In principle,
FMM enables assessing surface mechanical properties, as sti materials result in a di erent
change in de ection compared to soft ones. However, acquiring the signal of the surface
displacements and maintaining a constant average normal force during scanning requires
simultaneous feedback control of the de ection. Therefore, while the cantilever is externally
oscillated at low frequenciesf( 10 kHz), the feedback control must be fast enough to
maintain the normal force at a constant average value but slow enough not to follow the
modulation signal of the normal force. In this technique, the amplitude and phase shift
between the excitation and cantilever de ection oscillations are measured. Once, the tip
approaches the surface, the oscillation parameters (amplitude and phase) are in uenced by
the tip{surface interaction. Their variations (amplitude and phase variation) as the tip is

scanned over the surface are measured along with the topography of any desired surface
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Figure 2.4: A schematic of dynamic AFM setup. An excitation signal is used to excite
the cantilever at the desired frequency and employed as the reference signal for the lock-in
ampli er. The phase, amplitude, and CR frequency of the dynamic response of the cantilever
are measured by the PSPD, and tracked using the lock-in ampli er.

area. Typically, a certain set point for the force is de ned rst, and then the feedback loop
will adjust the tip{sample distance such that the force remains continuously constant. All
the controller parameters are recorded as a function of the lateral position of the tip with
respect to the sample surface, while the scanned AFM image essentially indicates the surface
topography [37].

The FMM technique was developed by Veeco Instruments in 1989 [38], and empowered
AFM for studies of the relative di erence in surface elasticity of the sample with high res-
olution. Figure 2.4 illustrates a schematic of dynamic AFM setup for both FMM and CR
modes.

In the second dynamic AFM mode that will be discussed, CR AFM, the cantilever is
excited at its contact resonance frequency while the cantilever is in contact with the sur-
face. Imaging in CR modes can be accomplished with the apparatus the same as FMM
measurements setups [39, 40]. However, in this mode for the measurement of the variations
in the contact resonance frequency as the tip is scanned along the surface a phase-locked

loop is required. The topography and variation of the contact resonance frequency can be
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acquired as the desired AFM images. Also typical in CR AFM is to oscillate the tip at

a constant oscillation amplitude while scanning the surface. This is achieved by using a
feedback loop in the electronics to adjust the excitation signal in response to any changes in
the cantilever oscillation amplitude. The measured variation in the excitation signal is often
called the damping image. While the contact resonance and damping image show changes in
mechanical sti ness and viscoelasticity, respectively, along the surface, these variations can
provide qualitative information only. The qualitative contact resonance images and damping
images are straightforward to acquire in experiments and are often su ciently applicable in
many studies. However, for mechanical property calculation purposes, the contact resonance
frequency image is required as well as signi cant e ort in determining and interpreting the

equations of motion of the cantilever, described in detail in Chapters 3 and 4.

2.4 Cantilever Dynamics and Thermal Fluctuation

Cantilever motion as the major key part of the AFM has been at the forefront of studies
since the emergence of the AFM [41, 42]. The dynamic motion and thermal uctuation of
the cantilever have been analyzed and classi ed in numerous studies over the years [38, 43].
The thermal uctuation (or Brownian motion) of the cantilever's tip is linked to the local
mechanical compliance through the uctuation-dissipation theorem [44, 45]. The tip-surface
interaction forces alter the thermal uctuations of the cantilever. The interaction potential
can be reconstructed via monitoring the alterations in cantilever thermal uctuations to
obtain information on various kinds of surface forces even the molecular details of tip-surface
interaction [46, 47, 48, 49]. Moreover, the thermal uctuation of the cantilever provide
substantial information including the cantilever sti ness [50], and the contact sti ness [51].
Meanwhile, it was known that the tip of an excited cantilever is also sensitive to both
forces and force gradients. The cantilever response exhibits an alteration in the oscillation

amplitude, frequency, phase or damping, when approaching the sample surface. Monitoring
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the alteration in these parameters lead to information on the physical properties of the sample
with (sub-)molecular resolution [52, 32]. The cantilever vibrations at its resonance frequency
can be described by a simple harmonic oscillator (SHO) for calculation purposes. The SHO
model is established in a way that any variations in the boundary conditions and driving
setups can lead to a variation of its frequency, amplitude, or quality factor. In this regard,
a variation in the tip-surface force gradient leads to a change in the resonance frequency of
the SHO. Any variation in the driving force of the SHO result in a change in its amplitude,
and after all variations in the energy dissipation can change the quality factor [48, 53, 14].
The experimental investigations on the cantilever vibrations and a ecting factors on
its vibrations have been the focus of several studies [43, 54]. For instance, change in the
amplitude of the resonance frequency of the lateral oscillation as a function of tip-sample
distance was investigated to con rm the environmental e ect on the lateral vibration of the
cantilever [55]. This experimental study has been conducted in a liquid environment when
hexadecane was used in the sample cell. The hexadecane is straight-chain alkane hydrocarbon
which exhibits pronounced molecular layering upon con nement to gaps of a few nanometer
widths. Figure 2.5 (a) and (b) indicate the normal force, (c) and (d) indicate the change in
amplitude, (e) and (f) indicate the change in resonance frequency of the lateral oscillation
as a function of tip-sample distance. As can be seen in Figure 2.5 the lateral oscillation
of the cantilever tip is damped upon con nement to a smaller tip-sample distance in this
environment. Following with investigation of Figure 2.5, a uniform decrease in amplitude
and resonance frequency of the cantilever lateral oscillation was identi ed where molecular
layering is observed. This observation is surprising since the modeling of the shear response
of a con ned liquid (Maxwell material, i.e., a material modeled by a spring and a dissipative
dashpot in series) predicts always a positive frequency shift [56]. Their experimental results
for the amplitude dependence of the frequency shift lead to a model based on a shear-resistant

molecular structure in the con ned ionic liquid.

20



Figure 2.5: Normal force (a, b), change in amplitude (c, d), and change in resonance
frequency (e, f) of the lateral oscillation as a function of tip-sample distance. The normal
force curves (a, b) along with histograms indicating the probability to nd the tip at a
given tip-sample distance. Adapted with permission from [55]. Copyright (2019) American

Chemical Society.

In both thermal and excited oscillation of the cantilever the information reconstructed
through its uctuations obtains by means of Fast Fourier Transform (FFT) [57, 58]. Ex-
perimental data in dynamic AFM emerge as a time series. The time series data are often
transformed in the frequency domain by FFT analysis to describe their spectral content. As
can be seen in the PSD shown in Figure 2.6, the vertical de ection of the cantilever that
is acquired in time domain can be displayed in frequency domain after the FFT analysis
where the resonant frequencies of the cantilever can be identi ed [48]. This gure indicate
a typical de ection signal analysis in AFM studies for acquiring oscillatory parameters by

FFT analysis.
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Figure 2.6: A schematic block diagram of the optical beam detection system. A power
spectral density spectrum of the cantilever exural modes indicates up to fth resonance

peak. Image is extracted from Ref. [48].

Investigation of the force-distance (F-D) curves when the tip is approaching a surface can
be used for understanding the cantilever vibration during its transfer from a free cantilever
to contacting the surface. This relatively simple experiment can open a new window to
monitor the resonance frequency of the cantilever while approaching a surface. The Fourier
transform can reveal the frequency information of the F-D curve by decomposing the time
signal to complex exponential functions of di erent frequencies. Although FFT is probably
the most popular transform being used in AFM studies, it is noteworthy to remark that
the Fourier spectrum only displays an average of spectra corresponding to di erent states
without any time information of the signal. Therefore, the physical information is no more
correlated with a single state of the system at di erent time. The Fourier transform precise
analysis is restricted to the case of stationary systems, i.e., the frequency spectrum needs to
be correlated with a temporally invariant physical system. In other words, if the physical

state of the system changes in time, the Fourier spectrum indicates a full-time average of
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the time signal and can not reveal the changes in physical state of the system in the time
domain [59, 60].

The short time Fourier transform is a more advanced form of the FFT analysis. In the
STFT analysis, a xed size window function is employed and the signal is divided into sectors
with the same size. Any time variation of the signal in these small sectors are ignored or in
other words the signal is considered stationary in any of these small sectors. Then the FFT
is done for any segment of the signal in each window and therefore, a nonstationary signal
can also be transformed into the frequency domain by STFT analysis. While the STFT
has proven to be applicable and useful in many data analysis studies, the constant window
length restricts the resolution in time and frequency at once [59, 60, 48]. Recently, a new
transform, CWT, has been developed to overcome the shortcomings of both FFT and STFT
analysis[61, 48].

Continuous wavelet transformation analysis provide a simultaneous resolution in time
and frequency which makes it a powerful tool for analyzing tip-surface interaction in AFM
experiments. Since there are numerous AFM phenomena happening at a small fraction of
time along with signi cant information about the cantilever motion and the contact prop-
erties which requires time and frequency resolution, CWT can be highly practical in AFM
studies [62, 63]. CWT analysis displays the signal in a time-frequency domain in spite of
the frequency domain representation of the signal by FFT [48]. In F-D experiments the
AFM tip is slowly moved towards the sample surface and the frequency spectrum of the
AFM cantilever is monitored during the approach process with high temporal resolution.
We employed CWT and STFT tools to provide an insight into the frequency spectrum of a

normal defection signal of a force probe in di erent environment.
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2.5 Graphite and its Atomic Defects

The focus of the rst project in this work is graphite, a solid lubricant which has low friction
and wear, large Young's modulus, and high load bearing capacity [64]. The low wear and
friction of the graphite can be observed in Figure 2.7 [65]. Figure 2.7 (a) indicates the decrease
of the wear rate with applied load for the increasing graphite content in the samples, while
Figure 2.7 (b) indicate the decrease of friction coe cient under 70 N with increasing graphite
content in the samples [65]. Graphite was one of the rst materials to be resolved down to
atomic lattice resolution. The lattice-resolved AFN images were acquired simultaneously
in topography and lateral force revealing the expected hexagonal array of carbon atoms
along with several types of defects [66, 67]. The image contrast in topography and lateral
force was explained through forces acting between tip and sample. This material can be
reliably modeled using molecular dynamics simulations and straightforwardly accessed in
AFM experiments. More importantly, graphite is stable, atomically at, and ordered [30].
These properties are ideal for studying since the well-de ned atomic features of graphite can

be directly correlated to its properties such as friction patterns.

Figure 2.7: (a) and (b) The wear rate and the friction coe cient with applied load for
di erent graphite content samples. (c) The friction coe cient for the sample of 5% graphite

content. Adapted by permission from Springer Nature, [65]
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Among all novel properties of graphite, lubricating properties of graphite have a crucial
and practical importance along with scienti c interest. The explanation behind extraor-
dinary lubrication property of graphite often quoted is that; graphite is expected to have
low shear resistance because of its molecular structure with parallel hexagonal sheets. The
basal graphite planes of hexagonal arrayed carbon atoms are dense and as stated in previous
studies the weak Van der Waals inter-planar bonding leads to low friction parallel to the
basal planes [68, 69]. The lubricating mechanism of graphite rely on the rolling-up of these
basal planes to form small roller bearings [70]. However, the simulation results on the atomic
structure of HOPG concluded that the microscopic origin of low friction of graphite depends
on the honeycomb structure of each layer and does not only rely on the weak interlayer in-
teraction [71]. However, the sp2 hybridization and bonding in graphite turns it to a practical
and e ectual solid lubricants [68]. Following studies indicate that low friction of graphite in
AFM studies is due to a superlubricity e ect. This e ect can be illustrated between a small
graphite ake attached to the scanning tip of an AFM cantilever and a graphite surface while

environmental factors and atomic defects can a ect its lubricity and friction [72, 73, 74].

Figure 2.8: A schematic of covered and uncovered step edges of graphite surface.

One of the main atomic defects of graphite a ecting its novel properties is the step
edges of the graphite, which can be in two forms of covered and uncovered ones, as shown
in Figure 2.8. Previous studies indicated that covered and uncovered steps exhibit di erent
friction behavior, while the friction on either step is a ected by the direction of sliding across
the step and the bluntness of the tip [74, 75]. These ndings which include experimental

and simulation observations suggest a variation of the elasticity over the step edges for
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justi cation of their ndings and explaining the mechanism behind the friction variation.
Figure 2.9 (a) indicates a topographic image and (b) the lateral force forward on the graphite
surface where both types of steps are captured, where once can see the variation of the lateral

force on these two type of steps [76].

Figure 2.9: Measurements of step edges on HOPG obtained using a blunt tip: (a) topogra-

phy and (b) lateral force. Reproduced from [76], with the permission of AIP Publishing.

While numerous studies [77, 74, 75, 78] have been conducted on the HOPG and its
friction variation due to its atomic defects, there are di erent hypothesis about the variation
of the mechanical properties of the HOPG defects [79, 74, 80, 81]. The contradictions in
observed friction result and justi cations remained unsolved so far. Therefore, accessing
reliable experimental evidence of the variation of the mechanical properties over the HOPG

features can bene t the prediction of friction as well as the mechanical functionality of it.

2.6 Graphene and its Layer-Dependant Properties

The second project of this thesis concentrate on graphene mechanical properties. The novel
properties of graphene have been intensely studied since its initial discovery in 2004 by Geim
and Novoselov [82]. Since then graphene has been considered as an ideal material for elec-

tronic transistors, transparent touch screen, light panels, and solar cells because of its near

26



perfect two-dimensional (2D) crystal structure, high intrinsic strength, high transmittance,
thermal conductivity, and electron mobility [83, 84, 85, 86]. Alongside all the novel char-
acteristics of graphene, the mechanical robustness of graphene is the basis for promising
prediction of its structural and functional performance. Graphene exhibited to be one of the
sti est materials known, having a sti ness of 1 TPa [84] in theoretical studies. However, the
experimental and simulation studies indicate that the presence of structural defects such as
vacancy and Stone{Wales (SW) reduce Young's modulus of graphene sheets where the mod-
ulus decreases with increasing degree of these defects [86, 87]. Furthermore, recent studies
suggest that di erent layers of graphene exhibit variant band structure, which leads to the
physical, chemical, and mechanical properties of graphene to be strongly related to the num-
ber of layers [88, 89, 22, 90, 91]. For instance the layer-dependent friction of graphene has
been observed to decrease monotonically with increasing the number of graphene layers [22].
Figure 2.10 indicates this trend in both experimental and simulation ndings on graphene
friction behavior. Figure 2.10 (a), (b), and (c) indicate the optical, topographic, and friction
image on graphene surface including one to four layers of graphene. Figure 2.10 (d) indicates
friction on areas with di erent layers which indicates a decrease in friction with an increase
of the number of layers up to four layers while Figure 2.10 (e) indicates the simulation result
with the same trend in friction.

They suggested that the decrease of the friction with an increasing number of graphene
layers is associated with an e ect called puckering e ect. In this proposed mechanism the
adhesion to the AFM tip creates out-of-plane deformation of a graphene sheet or puckering
of the sheet. This sheet puckering leads to increased contact area and friction. The e ect can
be suppressed by increasing the number of the layers and create lower friction for a higher
number of graphene layers [22]. A schematic of the pucker e ect can be seen in Figure 2.10
(f).

In another study, the same trend in friction has been observed where the friction of two

layer graphene (2LG) has been observed to be reduced by a factor of 2 compared to one
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Figure 2.10: (a) Optical and AFM images of atomically thin sheets of graphen thin akes.
The red dotted squares represent subsequent AFM scan areas. Scale bar igr0 (b and

c) Topographic and friction (forward scan) images acquired simultaneously by AFM on the
same areas. 1L, 2L, 3L, etc. indicate sheets with thicknesses of one, two, three, etc., graphene
atomic layers. Scale bar is m. (d) Friction on areas with di erent layer thicknesses. (e)
The friction change as a function of the thickness based on the FEM simulation. Friction is
normalized by the obtained value for a one-layer sheet; the insets indicate the local out-of-
plane deformation of the sheets (indicated by the color) around the tip-surface contact areas
for sliding over a one-layer sheet as well as four-layer sheets. (f) A schematic illustrating
the proposed puckering e ect, where adhesion to the sliding AFM tip creates out-of-plane
deformation of a graphene sheet. This leads to increased contact area and friction. The
color scale of the atoms indicates their out-of-plane positions. From [22]. Reprinted with
permission from AAAS.
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layer graphene (1LG) [23]. They have shown that the fundamental mechanisms of energy
dissipation in friction of 1LG can be a combination of electron-electron, electron-phonon,
and electron-plasmon interactions [92]. In their friction study, they indicated evidence for a
dramatic di erence in the electron-phonon coupling between 1LG and 2LG by determining
the energy which leads to the friction contrast between single and two layer graphene. They
have employed the angle-resolved photoemission spectroscopy for detection of the electron-
phonon coupling [23]. Figure 2.11 indicates the tip slides across one and two layers area on

either side of the boundary step within a single scan line.

Figure 2.11: (a) Friction loop acquired on a boundary region of the sample with areas of
single and two layer sheets. (b) Average lateral force as a function of normal load for 1LG
and 2LG. (c), (d) Atomic stick-slip friction maps of 1LG and 2LG. (e), (f) Line pro les of
the lateral force (positions indicated in friction force maps by a black line). Reprinted with

permission from [23] Copyright (2010) by the American Physical Society.
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The stick-slip map (an important characteristic of friction: for su ciently weak springs
and su ciently slow sliding speeds, the particle will periodically be stuck in the minimum
of the potential and slip over the potential barriers when enough force has built up in the
spring [93].) and line pro le on 1LG and 2LG area can be seen in Figure 2.11 (c-f). During
the stick-slip motion, the atomic lattice is locally distorted and released by the slipping tip
which transfers the kinetic energy into lattice vibrations. For the 1LG sheet, the electronic
excitation through the electron-phonon coupling damp the associated lattice vibration, much
more so than in the case of 2LG sheets where the electron-phonon coupling is very low.
This mechanism increases the e ciency of energy dissipation during slip motions which are
responsible for frictional energy losses and consequently the observed reduction of friction
over 2LG [23].

Compared to the evaluation for physical and chemical properties of graphene, the mea-
surement of mechanical properties including elastic modulus are much more di cult due to
the limitation of the present measurements techniques. For instance, while there have been
many simulations conducted to examine the layer-dependent sti ness of graphene [22, 94],
there have been few experiments conducted on perfectly clean graphene to con rm these
simulation results. Besides the de ciency of the experimental data on mechanical properties
of graphene at the nanoscale, the current experimental data must be called into question as
the majority of these data has been conducted under ambient conditions [95], due to the fact
that several mechanical properties of graphene are strongly in uenced by the environment
[96, 30, 77]. Thus, this data may not re ect the intrinsic properties of graphene. More-
over, the simulation studies on mechanical properties of graphene report divergent results
[22, 94, 97, 95, 98, 99]. Therefore, further investigation on the mechanical properties of
graphene through a novel and exclusive experimental setups seems to be inevitable which is

crucial for its further structural and functional applications.
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Chapter 3

Mathematical Background

This chapter focuses on developing a mathematical description of the oscillations of the can-
tilever. In this thesis, the mechanical properties of materials are measured by understanding
how cantilever vibrations change when the tip is placed in contact with the surface. In gen-
eral, this contact can be described with a Kelvin-Voigt model. Furthermore, far from the
surface, the cantilever is typically described as a SHO with one xed end. When placed in
contact with the surface, the boundary conditions change as the cantilever is now xed in its
two ends. Thus, interpreting the changes in oscillatory factors (amplitude, phase, Q-factor,
etc.) in all dynamic AFM modes, and linking them to changes in the contact formed between
the tip and sample surface is critical for quantifying the mechanical properties at the surface.
In this thesis, primary branches of measuring mechanical properties of materials through
dynamic AFM modes are used: driven oscillations of the cantilever and thermal oscillations
of the cantilever. In general, the driven modes use more complex electronics to excite the
cantilever and compare the oscillatory parameters of the cantilever with respect to the drive
signal. Often, feedback loops are used in this setup to better control the cantilever dynamics.
The various signals from these electronics are recorded as the tip is scanned over the surface.
In the second case, the electronics are less complex, but the mathematical formulations used

to interpret experimental data are signi cantly more di cult. The active oscillatory modes
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used in this thesis include FMM and CR AFM modes, CWT analyses are used to analyze
the thermal oscillations of the cantilever and how they change as the cantilever is pressed
into and out of contact with the surface [14].

Thus, to quantify the mechanical properties of the surface a full mathematical description
of the cantilever in driven conditions for both boundary conditions is necessary, which is
described in this chapter. In addition, the conversion of time base oscillatory signals to time-

frequency domain, accomplished through CWT, is described after the cantilever dynamics.

3.1 Common Characteristics of the Force Modulation
and Contact Resonance Modes

FMM and CR modes are both employed in this dissertation. Both AFM modes involve
pressing the cantilever into the surface, similar to contact AFM, and subsequently modu-
lating the applied load, similar to other dynamic techniques. The CR AFM mode includes
a set of techniques such as point spectroscopy, qualitative imaging, and quantitative imag-
ing. We have employed both qualitative and quantitative imaging CR methods for di erent
projects. FMM and CR techniques involve dynamic excitation while the cantilever tip re-
mains in continuous contact with the surface. This leads to a more accurate and quantitative
characterization of nanoscale mechanical properties. The main common themes of these two
AFM methods are: (@) their operation in continuous contact, (b) cantilever oscillation at
high frequencies with low amplitude, (c) frequency-speci ¢ detection, and (d) data analysis
using contact mechanics theory [14, 100]. While there are di erences between these two
AFM modes which will be described later, in this section we elaborate on these common
subjects which lead to a similar set ups and mathematical foundation.

The rst common features of the FMM and CR AFM mode which make these two dy-
namic modes di erent than other dynamic modes (tapping mode, etc) are their operation in

contact [100]. The concept of dynamic excitation in continuous contact is deceptive, but it
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can be elaborated by considering the familiar F-D curve once the AFM tip approaches and
retracts a sample surface. Figure 3.1 indicates the F-D curve. The excitation in continuous
contact in FMM and CR modes can be compared to other excitation modes to better un-
derstand the di erence. In the common dynamic AFM modes (tapping mode, etc) the AFM
tip is partially in contact during a cycle of excitation in contrast with continuous contact

in FMM and CR modes. The dotted line in Figure 3.1 indicates that in tapping mode the
majority of the F-D curve is traversed during each cycle. During each cycle of these modes,
initially, the tip is out of contact with the sample surface, then approaches the sample and
enters the repulsive regime of interaction forces, and nally, the process is reversed when the

tip overcomes the adhesive force;,qn, and jumps out of contact.

Figure 3.1: Schematic of the dynamic contact AFM methods through F-D curve. The solid
line is the F-D curve during retraction, or as the tip is moved away from the surface from
a maximum repulsive value to one that brings it far from the surface. The applied force
Fapp (lled circle) is constant during the dynamic contact mode experiments to retain the

tip in the repulsive contact. The dashed arrow lines indicate the whole part of the F-D curve
traversed by dynamic contact methods and tapping mode. From Ref. [14]. Reprinted with

permission from AAAS.

In contrast, during operation in FMM and CR modes, the tip is held continuously in
contact with the surface by employing a static forcef,p,, on the cantilever. This constant

force is maintained throughout a feedback on the cantilever de ection (voltage setpoint).
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The short arrow dashed line in Figure 3.1 indicates that cantilever oscillation results in the
tip traversing only a small part of the F-D curve about the constant load oF,,,. Operating

in the repulsive contact regime in contact dynamic AFM modes establishes a linear force-
displacement relation between the tip and the sample. This leads to more accurately model
this linear contact compared to the highly nonlinear interaction involved in intermittent-
contact (tapping) modes [14, 101].

In FMM and CR modes, the high frequency excitation is the second main theme of
these modes. The excitation in these modes is carried out to induce relative motion of
the tip and the sample in contact. Dynamic excitation is achieved through actuation by
a piezoelectric element which can be either attached underneath the sample or clamped at
the base end of the cantilever [101, 100]. The high frequencies of the excitation (kilohertz
to megahertz) in these modes enable achieving improved sensitivity to small changes in
mechanical properties due to time averaging of the cantilever vibration response compared
to quasi-static approaches [14, 21, 15]. The cantilever response to high-frequency actuation
provides us the required data to quantify mechanical properties. The cantilever exhibits
resonant behavior when the tip is out of contact as well as when the tip is in contact with a
surface, these resonances are named free and contact resonance frequency respectively. Each
contact resonance frequency depends on contact parameters such as the applied force and
sample properties such as elastic modulus, in addition to the cantilever's speci cations such
as its material properties and geometry. This fact is the foundation in the calculation of the
mechanical properties of the surface within these AFM modes [101].

The third common feature of the dynamic contact AFM methods is frequency-speci ¢
detection which requires speci ¢ experimental setups [101, 100]. In these dynamic modes, the
cantilever is excited at a single desired frequency, and it is essential to detect the cantilever-
contact response at the same frequency. For this purpose, the dynamic AFM measurement
setup requires the lock-in techniques that use the excitation signal as a reference. The lock-in

ampli er was built-into the electronics system of our UHV AFM.
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Quanti cation of the mechanical properties through both of FMM and CR modes requires
speci ¢ data analysis for each mode, the implication of the theory of contact mechanics,
and normalization of the calculated variables against the same variable of a known sample.
The data analysis of these modes are discussed in this chapter, but we rst look into the
application of the contact mechanics in the data analysis which is common in both FMM

and CR modes.

3.1.1 Contact Mechanics

The last common part of the FMM and CR AFM mode is their data analysis to relate
the experimentally measured quantities to the sample's mechanical properties which relies
on the theory of contact mechanics [102]. The chief quantity for analysis which links the
various calculation steps is the contact sti nessk.o, that characterizes the elastic interaction
between the tip and the sample. The analysis approach in FMM and CR modes to determine
keon from the experimental data are di erent and will be discussed later. However, once the
keon has been calculated and speci ed the same model for contact mechanics and the same
approach for calculation applies to quantify the mechanical properties, regardless of the
measurement technique.

Contact stiness is de ned as the amount of required force per unit displacement to
displace an elastic contact in a speci c direction. Contact sti ness has the units of N/m, and
it is considered as the \spring constant" element of the contact [103]. A contact mechanics
model must be employed to properly relate the contact sti ness and the mechanical properties
or in particular the elastic modulus. The contact models utilized in AFM studies, such as
the Hertz [102] or Johnson{Kendall{Roberts [104] models depend on the strength and range
of the tip-sample interaction forces, as well as the modulus of the substrate [103]. A rough
estimation of the order of magnitude for contact sti ness can be obtained by employing
Hertzian contact theory [43, 102].

In the Hertzian theory [43, 102] (an elastic sphere-plane contact) the contact sti ness is:
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Keon = 2aE (3.1)

whereE is the e ective elastic modulus of sphere-plane contact, aralis the contact radius.

In AFM studies, the plane in Hertzian contact represents the sample surface, and the sphere
corresponds to the tip apex. Moreover, the sphere is attached to a cantilever which is
modeled as a spring with an intrinsic sti ness [43]. Several contact mechanic theories were
proposed after the Hertzian contact theory to overcome the shortcomings and simpli cations
of the Hertzian contact theory. Due to the neglect of the adhesive force, the Hertz theory
is not properly applicable for small-scale contacts, which is the case in AFM studies. The
adhesion was rst considered by Johnson et al. [104]. Afterward, Johnson Kendall Roberts
(JKR) theory improved the assumption of Hertz model by taking the adhesive force and
its associated elastic deformation into consideration [104]. In JKR model a tensile stress
was introduced to the Hertzian compressive stress as a result of a short-range adhesive force
[104]. The contact area versus the applied load would be di erent in any of these cases as
can be seen in Figure 3.2 [105].

The Derjaguin Muller Toporov (DMT) theory which was introduced for the rigid mate-
rials considers the normal load as the externally applied load plus the total adhesive force.
It actually assumes long-range adhesion forces, hence, it is proper to be employed for two
materials with high modulus of elasticity [106]. In our AFM experiments, we employ the
DMT model calculating the contact area since the adhesion force is not negligible and the
contact bodies are rigid.

In AFM experiments, all attractive adhesion forces between tip and sample can be
summed as force~; 5. The equilibrium condition of F; s and the Hertzian contact force

result in the contact sti ness as:

P
Keon = ° 6E 2RF¢ (3.2)
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Figure 3.2: The diagrams o contact area versus load for Hertz, JKR, and DMT models
plotted in dimensionless units. Negative loads represent attractive forces. The dependence
of contact area on the applied load varies for di erent theories. From [105]. Reprinted with
permission from AAAS.

whereR is the tip radius [43]. For modeling the tip-sample problem the cantilever and the
contact can be simply modeled as two springs in series. However, in more sophisticated
models, the Kelvin-Voigt model can represent the boundary conditions at the tip-sample
contact. Thus, the cantilever spring is in series with the contact elements which are two
Kelvin-Voigt linear elements (a spring accounting for the contact sti ness and a dashpot
describing the contact damping). Figure 3.3 illustrates two elements of a spring and a
dashpot in parallel de ning the contact at the tip of the cantilever and the sample.

This simpli ed contact model captures the normal contact sti ness and contact damp-
ing. In this ideal model the nite mass of the sensing pyramid of the tip, possible exural
deformations at cantilever apex, nite dimensions of cantilever base, lateral contact sti ness,
and lateral contact damping are not considered. Besides, the imperfections in the cantilever
geometry compared to the ideal speci cations are not considered in this model [6]. It is

noteworthy to mention that di erent combinations of the contact elements and parameters
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Figure 3.3: (a) A schematic of the physical construction of the cantilever. A piezo actuator
(blue rectangle) excites the cantilever/tip assembly, that is in contact with a sample (yellow
rectangle). (b) A Kelvin-Voigt model representing the tip sample contact in dynamic AFM
mode.

can be considered for di erent calculation purposes.
The mathematical framework necessary to extract the sample's elastic modulus from the
calculated contact sti ness is outlined in the next section alongside the normalization of the

elastic modulus.

3.1.2 Normalization of the Elastic Modulus Versus a Known Sam-

ple

The contact mechanics draw a straight link between the measured contact sti ness and the
e ective elastic modulus of the contact. However, this approach requires precise knowl-
edge of micro- and nanoscale quantities that are di cult to measure accurately. A practical
technique that indicated more promising and accurate results is a relative or comparative ap-
proach employed in di erent studies [43, 103]. In this relative approach, a sample with known
mechanical properties is also required and the mechanical properties of the test sample are
determined through a normalization against the material with known mechanical properties.
The known mechanical properties are adopted either through independent measurements
with another technique or from literature values [43]. To obtain the e ective elastic modulus

one can employ the normalization equation as below
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Bt = By — (3.3)

cal

test

In this equation, the exponentm = g denotes a Hertzian contactk, is the contact sti ness,

is the normalized contact sti ness"% of either the test surface or calibration sampleg .
is the e ective elastic modulus of the sample of unknown modulug,,, is the e ective elastic
modulus of the calibration sample, s is the normalized contact sti ness of the unknown
sample, and .4 Is the normalized contact sti ness of the calibration sample [43].

Finally, once the e ective elastic modulus of the tip-sample contact is determined from
the contact sti ness, the elastic modulus of the sample can be determined using the following
equation:

1 2,1 ¢

1
= +
E E: Es

(3.4)

whereE,, , Es, and g are the elastic modulus and Poisson's ratio of the tip and sample,
respectively [14].

So far we emphasized on the common themes and similar mathematical foundations
in both FMM and CR modes for elastic modulus calculations. In the next sections, we
continue with the common basics of the vibration of a free cantilever following by the specic

experimental setup, measurements, and mathematical basis for each of these dynamic modes.

3.2 Clamped-Free Beam Vibrations of Cantilever

In dynamic mode AFM experiments, analytical formulas can be evolved from the rst prin-
cipal to describe the cantilever vibration. The analytical approach can provide a profound
understanding of how the di erent parameters a ect the vibration. However, this analysis is
restricted to rectangular shape cantilever since they can be described by analytical models

with satisfactory precision. The micro fabricated sensor beam, cantilever, can be considered
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as an elastic beam under the assumption that its length is much larger than its width and
thickness [101, 43]. Hence, the vibrations of the cantilever can be described through the
Euler-Bernoulli beam theory [107, 43]. Let us consider a clamped-free beam, where one end
of the beam is clamped and the other end is free and act as the force sensor in the AFM
measurements. The cantilever is modeled as a rectangular, elastic beam of lerigthvidth

a, and thicknessh. We assume the beam to be clamped at the position= 0 and free at the
position x = L when it is out of contact. Asx is the coordinate in length direction of the
beam, y denotes the coordinate in thickness direction, the equation of motion for damped

exural vibrations is [107, 43]:

@y

@'*’ Air @y

@y _
et

El A a0 (3.5)

where is cantilever mass densityE is the elastic modulus of the cantileverA is cross section
area of cantilever,| is the area moment of inertia [ = (ab’)=12), and 4, is a damping
constant of the environment. Moreovery(x) denotes the beam de ection at positionx,
% de nes the slope of the beam at positiorx, EI % denotes the torsional moment of the
beam, andEl % de nes the shear force [107, 100, 43]. We have a di erential equation of
motion for the beam which can have a harmonic solution in time. If the harmonic solution
dependency on time is through the angular frequency 6f= 2 f , then the solution of the

di erential equation of motion may be written [39, 101, 43]:

y(x;t) = y(x) y(t) = (ae™ + ae ™+ agd™ + gue ™) (3.6)

By substituting the harmonic solution in the equation of motion, the dispersion relation for

a exural wave with complex wave numberg can be obtained as [39, 101, 43]:

Elq*+iA ! Al 2=0 (3.7)
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By ignoring the damping in the equation, as the measurements were conducted in vacuum,

the expression can be written as [39, 101, 43]:

S
El

A (3.9)

1
I = (qL)ZF

Now the boundary conditions for a clamped-free beam need to be checked, in fact, the general
solution must satisfy the boundary condition for the beam with nite lengthL. One obtains
a characteristic equation by substituting the boundary conditions in the general solution,

which can be found elsewhere [14, 39, 100], the characteristic equation is then as

cosg,L coshg,L +1=0 (3.10)

The gL are the roots of this equation which can be calculated numerically, where=
1;2;3;::: is the mode number. One can nd the roots for di erent wave numbers in the
literature [14, 39, 100]. The boundary conditions de nes the,L in the equation above
while the dispersion relation (Equations 3.8 and 3.9 [39, 101, 43]) links it to the resonance
frequency of the system. The resonant frequencies of a clamped free beam can be obtained
using the roots of the characteristic equation and the dispersion equation which can be
compared to the experimentally measured resonance frequency of a cantilever (when the
endpoint of the cantilever is free). Figure 3.4 indicates a three dimensional visualization of

di erent bending modes of the cantilever fom =2 13 for a rectangular cantilever [101].
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Figure 3.4: Bending modes of a cantilever made of single crystal silicon measured with an
optical interferometer in air. The frequency of the rst mode was below the detection limits
of the interferometer. Mode n = 10 was not detected for unknown reasons. From [108].

Reprinted with permission from AAAS.

3.3 The Point-Mass Model of Cantilever Vibration

While analytical formulas describing the cantilever vibration employed in dynamics AFM
modes can be slightly sophisticated, simpli ed models such as point-mass model can be
employed for straightforward illustrating of the cantilever vibration in dynamics AFM modes
[101]. This model can be used to clearly illustrate how the cantilever vibration parameters
vary when a free cantilever approaches the surface and gets in contact. In particular, it can
indicate the relation of the contact sti ness and the resonance frequency. We brie y describe
this model in this section. Usually, in atomic force microscopy, the fundamental exural mode

of the clamped-free beam is approximated by a harmonic oscillator and modeled by a point-
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mass model [101]. In this model, the constants are chosen such that the angular resonant
frequency of the harmonic oscillator! o, equals the rst angular resonant frequency of the
cantilever beam,! 1:ree

r—

! Lifree = :]—n =1o (3.11)
wherem corresponds to the mass of the simple harmonic oscillator that models the cantilever
beam [101]. For a rectangular cantilever xed at one end point, having a length &f, width
of a, and thickness ofb, the sti ness or the spring constant of the cantilever can be de ned
geometrically as [37, 101]:

3EI

ko= S (3.12)

where E is the elastic modulus, andl is the area moment of inertia which is §b*)=12
(this expression holds for rectangular beams, where the moment of inertia can be directly
calculated for any speci c geometry of the cantilever, here the most common cantilever
geometry has been assumed)[37, 101]. We can deme such that the mass of the cantilever

separated from the geometric factor of the cantilever, such that [109, 110]

m = Mem (3.13)
whereM, = m',‘—oz and m is the mass of the cantilever and de ned asbL . The M, has been
found to have a value of 0.2427 in both experiments using the mass-added method [111] and
numerically for cantilevers having an aspect ratio less than 0.2 [109].

1
m =0:2427m Zm (3.14)

Herem is the real mass of the cantilever, now tham is de ned which corresponds to the

mass of the simple harmonic oscillator that models the cantilever beam, the cantilever in
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contact can be modeled as a simple harmonic oscillator. Next thing is that, once the tip
is in contact with the surface, the contact can be represented by a second spring with the
sti ness, keont followed by a change in resonance frequency. Hence, the rst contact resonance

frequency can be written as [43, 112, 101]

r— r—

kcont + kn kCOﬂt
! = — =1 1+ 3.15
cont m 0 kn ( )

This equation clearly depicts the link of the contact sti ness to the contact resonance fre-
guency. While the point-mass model is very straightforward for deriving the mechanical
properties of the surface, it has been shown that it fails to predict quantitatively correct am-
plitudes and resonant frequencies when the contact sti ness is of the same order of magnitude
or larger than the static spring constant of the cantilever [113, 43, 112, 101]. Therefore, we
mainly employed the continuum model of describing cantilever vibrations in our calculation

de ned in previous section.

3.4 Mathematical Foundation in FMM Methods

In FMM methods an o -resonance excitation of the cantilever is employed by shaking the
cantilever with a constant vertical amplitude and at very low frequencies{10 kHz). Moving

into a low frequency allows for the determination of the quantitative mechanical properties
in this mode. The response amplitude or the surface displacement is the main measured
guantity in FMM methods for the mathematical calculation of the contact sti ness [14, 101].
The o -resonance measurements ensure that the resonance peaks do not interfere with the
measured amplitude response, and it is purely due to the variation of the mechanical proper-
ties of the contact [14]. The measurement of the tip-sample contact displacement is unique
to the FMM methods which enables us to quantify the elastic modulus. Determination of
the contact sti ness using the measured surface displacement in FMM mode is straightfor-

ward and possible through the balance of the forces in contact [14, 101]. For simplicity, let
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us consider a sample actuation case where the piezo for excitation is attached underneath
the sample. In this case for the modulation amplitude, z, of the sample, the cantilever
de ection is d and the tip-sample contact displace by the amount of = z d. The
dynamic force F acting on the material is found by F = Ko, , Wherekqo, is the contact
stiness [14, 43]. If the spring constant of the cantilevek, is known, the contact sti ness

can be determined by balancing of the forces as [14, 43].

F=k, d= Kcon (316)

Keon = = (3.17)

Determination of contact sti ness requires a calibration measurement as well. For this
purpose a sti sample is required for the same measurement where the measured surface
displacement considered to be zero. In this case there is no contact displacement occurs in
the measurements and thereforez = d and a scale factor for the measured value ofd is
obtained [14, 43]. Finally the contact sti ness of the unknown material can be determined
using the equation above and the sti sample, while the elastic modulus of the sample can
be determined as explained in Section 3.1.1.

The experimental setup, measurement techniques, and calculation procedure for the elas-
tic modulus of a graphite surface through the FMM measurements are fully described in

Section 4.5.

3.5 Mathematical Foundations in CR Methods

In CR methods the dynamic excitation of the cantilever is employed by shaking the can-
tilever with a vertical amplitude on/near the contact resonance frequency of the cantilever,

which is the major di erence with the FMM where the excitation is o -resonance. In qual-
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itative CR imaging, the response amplitude is measured which qualitatively indicates the
variation of the mechanical properties in the sample surface. However, for calculation pur-
pose, the quantitative imaging of the CR modes are required which measures the contact
resonance frequency variation on the sample surface [14, 43]. Hence, the main quantity in
CR measurement for calculation purpose is the contact resonance frequency. An insight into
the mathematical foundation in CR methods can be achieved through the investigation of
the analytical framework that describes the vibration of the cantilever in contact. For this
purpose, we need to consider the surface-coupled beam vibration which is an extent of the

free vibration of the cantilever explained in Section 3.2.

3.5.1 Surface-Coupled Beam Vibration in CR Methods

For a surface-coupled beam vibration of a cantilever, the free end of it is actually in contact
with a surface. In this case, the end condition of the beam is di erent due to the tip-sample
forces. Figure 3.5 shows the con guration schematically. For simplicity, it is assumed that
the vibration amplitudes are so small that the forces can be represented by a system of linear
springs and dashpots. To evaluate the bending modes and frequencies one can consider the
surface-coupled beam in two dimensions (normal and lateral to the cantilever surface) with
contact sti ness and damping in both dimensions. The contact sti ness represents any force
between the tip and sample under the assumptions that the elastic forces dominate in contact

[100, 43].
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Figure 3.5: A schematic of the cantilever when the tip is in contact with a sample surface.
The tip{sample interaction forces are represented by two Kelvin-Voigt elements. From Ref.

[14]. Reprinted with permission from AAAS.

In this model, the analytical approach to nd the characteristic equations and the bending
modes is evolved in two dimensions. One can divide the length of the cantilever in two at
the tip position and write the equation of motion for the two beams. Hence, two individual
solutions and eventually two mode shapes can be de ned for the two sections of the cantilever,
while these partial solutions must be coupled continuously at the tip position. With this
approach, the characteristic equations for both dimensions can be evolved (the details can be
found elsewhere) [14, 100]. However, in order to better understand the characteristic equation
of the surface-coupled beam, one needs to consider simple cases with more assumptions.
In the simplest case one can consider only a normal spring constakt,,, as a non-zero
parameter and consider the lateral spring constant and normal and lateral contact damping

to be zero and the tip to be located at the end of the beam [14]. The characteristic equation

47



for a clamped-spring-coupled beam then follows [14, 100]

kCOI’1

(Geont L )3(COSGeont L COShGeon L + 1)3 k
n

(SinQeont L coshgeontl  SiNhQgont L COSGontL) = 0

(3.18)
Where the gL in the above equation denotes the exural wave numbers of the cantilever
with its end in contact with the surface. In this model, the mode shapes change continuously
with the contact sti ness. The continuous change in mode shape as a function of contact
sti ness is accompanied by a continuous change in resonant frequency [14, 100].

For the calculation purpose in CR methods, the measured contact resonance frequency is
used to calculate the contact sti ness using a simpli ed model as above or a more complicated
one. Once the contact stiness is obtained one can calculate the elastic modulus of the
sample surface with it as described in Section 3.1.1. The experimental setup, measurement
techniques, and calculation procedure of the elastic modulus through the CR measurements

on graphene sample are fully described in Section 4.6.1.

3.6 FFT and CWT Analysis of the Cantilever Fluctu-
ations

Finally, in this section, we consider the cantilever oscillation in frequency space, and how it
varies with time. To achieve this, F-D curves, such as that shown in Figure 3.1 were acquired
with very high frequency rates ( 1 MHz). CWT was then used to process the time-based
signal into frequency-time space. Both STFT and CWT techniques take slices or segments
of the time-based signal to do this, allowing for one to observe how the frequency response
of the cantilever changes over the course of time. Thus, the thermal resonance frequency,
mode shape, and amplitude could be tracked over the course of the F-D curve.

To understand cantilever dynamics in response to thermal excitation, the basic analysis

arises from the equipartition theorem [114, 41]. The theory states that thermal energy is
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shared equally among the degrees of freedom when the cantilever is in thermal equilibrium.
In mathematical framework; for an ideal spring, the mean square amplitudey 2> of the
thermal vibrations (the root mean square cantilever displacement due to thermal motion) is

directly related to the spring constant,kc, as follows [115, 41]

1 1
ékBT = ékc < y2 > (3.19)

wherekg is the Boltzmann factor andT the environment temperature. However, this ap-
proach can not determine the cantilever spring constant due to the simpli cations of this
model. The AFM cantilevers cannot be treated as an ideal spring because of the mass dis-
tribution along the cantilever beam, and hence several corrections are required to determine
its spring constant [116]. However, while the cantilever is in contact with a surface the vari-
ations in the resonance frequency and vibration amplitude provide information about the
contact sti ness. The shape of the thermal resonance of the cantilever can be described by
Equation 3.20 below with a Lorentz function when the time series oscillations are converted

int a power spectrum [117]:

ke Tf2
QnDn(f2 f2)2+ o

A(f)= 108 (3.20)

Here, A(f) is the power spectrum of the cantilever de ection in nanometersg is Boltz-

mann's constant (1.3806485210 23 “;22}'29), T is the temperature of the experiment in K,

f, is the resonance frequency of the-th mode in Hz, Q, is the quality factor of the n-th
mode, D, is the sti ness of cantilever for then-th oscillatory mode in N/m, and f is the
independent frequency measured at every interval. An alternative method to determine the
Q-factor of the oscillatory mode is to calculate it using the following equation [118]:

Q= '—f’ (3.21)
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where ! is the full width at half maximum. The frequency spectrum of thermal uctuations

of the cantilever can be described by Fourier analysis which provides the average frequency
information over a certain time period. In fact, Fourier analysis is suitable for analyzing the
stationary signal as it averages over time, and it has been by far the most important signal
processing tool for many years [51, 57]. To analyse the variation of a signal over time we
need to employ a more recent analysis of short time Fourier transform or continuous wavelet
transform, but the Fast Fourier transform is a necessary background for understanding either
STFT or CWT analysis. Therefore, we start by elaborating on the FAST Fourier transform
(FFT) analysis. FFT decomposes a signal to complex exponential functions of di erent
frequencies, which is de ned by the following two equations [51, 57]

Z,

X(f)= x(t)e 2™ dt (3.22)
1

z
x(t) = l X ()™ o (3.23)
1

In these equationst stands for time,f stands for frequency, and denotes the signal, where
x and the X denotes the signal in the time domain and the frequency domain, respectively.
This convention de nes the two representations of the signal in the time and frequency
domain. Equation 3.22 is called the Fourier transform o%(t), and Equation 3.23 is called
the inverse Fourier transform ofX (f ). In this transform the signal x(t), is multiplied with
an exponential term, at a certain frequency of , and then integrated over the time, hence
the Fourier transform de nes whether a certain frequency component exists in the signal or
not. This information is independent of where in time this component appears in the signal,
which reveals why the FFT is only suitable for analyzing the stationary signals [119, 57]. To
analyze the non-stationary signals a revised version of the Fourier transform, the STFT was

developed. As stated earlier in Chapter 2 in STFT analysis, a window functiow with a

de ned length is selected based on the signal speci cations. The STFT analysis of a signal
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is de ned by the following equation [119]:

Z
STFT(t%f)= x(t)w (t tYe 2™ dt (3.24)

t
Where x(t) is the signal,w(t) is the window function, and is the complex conjugate. STFT
is essentially a variant of an FFT, where a window in time is multiplied by the time-based
signal to give the signal a beginning and endpoint. Often, one uses a square wave, but this
often introduces errors into the calculation of the FFT and STFT. To reduce this error,
a Hanning window was used to reduce spectral leakage of both STFT and FFT signals
[119, 120].

The issue with STFT is that the resolution one obtains in the frequency space is inversely
proportional to the length of the time series data used in each window. For example, a time
signal acquired/windowed over 1 s with a sampling rate of 1 MHz will have a frequency
resolution of 1 Hz, ranging from 1 Hz to 500 kHz. If only 0.5 s of data is used, the frequency
resolution drops to 2 Hz, while maintaining the same maximum value in frequency. Thus
optimizing the windowing in terms of the length of data is required such that there are
su cient data points in the frequency domain to resolve the mechanical resonances of the
AFM cantilever [119, 120]. Therefore, depending on the frequency of interest, one may wish
to implement di erent window sizes. CWT is a variant in which the window size varies during
analyzing a signal. Similar to STFT, in CWT a window, called a wavelet in this analysis,
multiplied with the time based data. This wavelet transform is computed separately for
di erent segments of the time-domain signal, where the shape of the wavelet impacts the
time-frequency resolution. However, the primary improvement of CWT over STFT results
from the width of the window that can be changed as the transform is computed for every
single spectral component [121].

y
CWTuS):p% xa)(lgqm (3.25)
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The above equation de nes the CWT transform vividly. One can identify the transformed
signal as a function of two variables, and s, the translation and scale parameters, respec-
tively [61, 48]. The transform is performed with a transforming function of (t) which is
called the mother wavelet. The mother wavelet is a window function of nite length in time
which is oscillatory as well. The mother wavelet is then translated and dilated in time form-
ing daughter wavelets that are later convoluted with a time series. The translation variable

, is related to time information in the transform domain. The translation variable operates
in the same sense as it operates in the STFT,; it displays the location of the window as
the window is shifted through the signal. Besides, instead of a frequency parameter, as we
had before for the STFT, we have a scale parameter 8fwhich has an inverse relation to
the frequency [48]. In this regard, one can notice that the high scales (correspond to low
frequencies) in CWT analysis provide a more full-time average information while low scales
(correspond to high frequencies) employed in CWT analysis reveals information about any
small variation of the signal.

The mother wavelet or the window function in the CWT analysis has a wide range of
shapes (e.i. step, Mexican hat, and oscillatory shape) and can be chosen based on the
application. In the case of oscillatory signals, an oscillatory wavelet is a choice for the
analysis [61, 48]. As can be seen in Figure 3.6 an oscillatory wavelet, called Morlet, is chosen
for the CWT analysis in an example of the comparison of the fast Fourier transform and the

wavelet transform.

3.6.1 Mother Wavelet in CWT Analysis

In this dissertation, the Morlet wavelet function, (t), is used as the mother wavelet for CWT
analysis. The Morlet wavelet function is modulated by a Gaussian function with time-decay
parameter, , and center frequency of C [61, 122]. The general expression for the complex

Morlet wavelet is
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Figure 3.6: Comparison between the fast Fourier transform and the wavelet transform
analysis. (a) The time signal for analysis, while indicating two daughter wavelet functions
with di erent dilations and delays for CWT analysis. (b) CWT analysis of the signal showing
the evolution of the signal frequency in time. (c) Fourier transform (power spectral density)
of the signal while only the average of the signal frequencies is observed. Extracted from
[48].

2

(t) = p1:e2 FCt g (3.26)

where is often referred to as the bandwidth parameter and controls the decay in the
time domain and the corresponding energy spread (bandwidth) in the frequency domain
[61, 122]. The value of can change by the user but does not a ect the center frequency.
When converting from scale to frequency, only the center frequency a ects the frequency
values. The energy spread or bandwidth parameter a ects how localized the wavelet is in
the frequency domain [61, 122, 123]. Figure 3.6 acquires a Morlet wavelet for the analysis
which can be seen in black color in the signal plot. We refer the reader to Section 4.7
and Chapter 7 for more details of the CWT analysis of the cantilever vibrations where we
describe the computation process and application of this transform to a thermally excited

cantilever to get insights into fundamental thermodynamical properties of its motion.
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Chapter 4

Experimental Methods

In this chapter, the experimental setup, sample preparation, cantilever selection, variations
made to the microscope setup to realize dynamic AFM modes, and calibration of the can-
tilever will be discussed in detail. The experimental procedure and details of the three main
projects in this thesis including (1) dynamic AFM on graphite under UHV conditions, (2) dy-
namic AFM on graphene under UHV conditions, and (3) thermal vibration of the cantilever
in air, liquid, and UHV conditions are fully described in this chapter. First, we describe
the UHV AFM system employed in the experiments following by sample and calibration
preparation and then the experimental setups for each project will be presented individually

in this chapter.

4.1 Ultrahigh Vacuum System

The results of the rst two projects presented in this thesis are from experiments performed
under the UHV conditions at room temperature with a base pressure less than %0 ° Torr.
The UHV environment is often required to study surfaces at the atomic length-scale, allowing
surfaces to be prepared and maintained free from contaminants, such as water and dust.
The UHV system is an RHK 7500 UHV AFM commercial system built by RHK Technology
installed at Dr. P. Egberts' lab at the University of Calgary. A photograph of the system
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