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ABSTRACT

Wear is the loss or displacement of material due to contact or relative motion
between bodies. Wear plays an important role in the performance of tribological
components and is undesirable in most machine applications. Wear is also important
for small scale instruments such as the atomic force microscope (AFM). The AFM
has become one of the most widely used tools in the fields of nanoscience and
nanotechnology for the preparation and analysis of surfaces and materials. It has
been shown that AFM tip wear affects the performance and operating life of the
AFM used for applications such as nanomanufacturing, nanoscale metrology and
probe-based data storage applications. As AFM techniques advance from use in
research laboratories to industrial applications, the durability and stability of the
tip itself become more critical. However, the fundamental wear mechanisms and how
wear affects the performance of precision components at the nanoscale are not fully
understood. Thus, it is necessary to explore the qualitative as well as quantitative
nature of nanoscale wear.

In this thesis, we studied the mechanisms of nanoscale wear in contact mode
AFM and explored the effect of tip wear on topography measurement in amplitude
modulation AFM using molecular dynamics (MD) simulation. We characterized
wear in terms of the structural and chemical evolution of the sliding surfaces, which
revealed that nanoscale wear can occur through both adhesion and abrasion. Wear
during running-in was also studied and it was observed that crystalline materials
may become amorphous before they are removed from the surface. We then studied
the effects of load, adhesive strength and surface roughness on nanoscale wear, and
the results suggested that it is possible to identify optimum sliding conditions to
minimize wear. In addition, we developed a model of amplitude modulation AFM
and studied the effect of nanoscale wear on topography measurement. It was found
that the resolution of amplitude modulation AFM measurements could be correlated
to tip size and this relationship was also affected by the deformation of the mate-
rials. This research provides important insights into the fundamental mechanisms
of nanoscale wear, which will lead to a better understanding of this technologically-
important phenomenon that controls the failure of systems from the macroscale to
the nanoscale, with substantial economic, energetic, and environmental impacts.

xvii



Chapter 1
INTRODUCTION

1.1 Atomic Force Microscopy

The atomic force microscope (AFM) is one of the most important tools used
to observe surface features at the nanoscale [1-4]. The AFM consists of a cantilever
with a sharp tip at its end, which is used to scan specimen surfaces. The fundamental
concept behind AFM measurement is the relationship between AFM tip-sample
interaction force and the relative distance between the AFM tip and sample. Figure
1.1 shows the major components of a typical AFM. The operating principles of AFM
are as follows [1,5-7]: a cantilever with a sharp tip (the radius of the tip is typically
a few nanometers) is attached to a piezoelectric transducer. Light from a laser
beam is reflected by the cantilever and received by a quadrant photodiode. When
the cantilever approaches the sample, it bends due to the interaction force between
tip and surface. Thus, the position of the light on the quadrant photocell changes.
This signal can be used as the input to a servo system and become a measure of the
deflection of the cantilever due to the force between the tip and surface.

AFM has three primary operation modes [5-7]: contact mode, amplitude
modulation (AM-AFM), and frequency modulation AFM (FM-AFM). Among these
three modes, contact mode AFM is considered static while AM-AFM and FM-AFM
are considered dynamic. Figure 1.2 shows the interaction force between the tip
and substrate as a function of the distance between them. It should be noted that
contact mode AFM operates in the repulsive force region, where the total force is
positive and decreases with increasing distance. In both AM-AFM and FM-AFM,
the AFM tip is oscillated above the surface due to an external excitation force applied
on the cantilever. During tip oscillation, the tip-sample interaction force could be
attractive or repulsive in AM-AFM while it is generally only attractive in FM-AFM.
In addition to imaging the topography of surfaces under various environments, AFM
is also widely used in nanomanufacturing methods such as nanomanipulation and
nanolithography [8-11].

1.1.1 Contact Mode AFM
In contact mode AFM, the AFM tip stays close to the sample, such that
the tip-sample interaction force is repulsive. The cantilever deflection is used as the
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Figure 1.1: A simplified schematic of an AFM in which the tip scans over the
surface and the interaction force between the tip and substrate causes
the cantilever to bend, changing the position of the laser beam on the

photodiode.
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J |
/ l Distance

Attractive force

Figure 1.2: Interaction force between the tip and substrate as a function of dis-
tance, which reflects different types of interactions at different tip-
sample distances. The regime in red indicates where contact mode
AFM operates, the regime in blue indicates where AM-AFM operates
and the regime in green indicates where FM-AFM operates.



measurement of tip-sample interaction force, Fi, = k.Ax, where k. is the cantilever
stiffness and Az is the cantilever deflection. The cantilever stiffness is a critical
parameter in AFM [1]. The typical cantilever stiffness in contact mode AFM is
0.01 ~ 10 N/m. The cantilever stiffness should be smaller than the effective force
constant between the tip and sample so that the cantilever deflection is larger than
the tip/sample deformation [12]. When contact AFM is applied to measure the
surface topography, the cantilever deflection is kept constant by adjustment of the
cantilever base or sample position, which ensures that the interaction force between
the tip and sample is constant as the tip scans over the surface. The same interaction
force at every surface position implies that the distance between the tip and substrate
is the same. Thus, when the cantilever scans over the surface, it follows the surface
topography.

The application of contact AFM is also increasingly used for tribological stud-
ies of engineering surfaces at the nanoscale. For example, AFM has been employed
to measure friction with atomic-scale contrast [13-16]. In measurement of friction
force at the nanoscale, the tip is brought into contact with the sample surface. The
normal load on the tip-sample contact is measured as normal bending of the can-
tilever. When there is relative sliding between the tip and sample, the lateral force
can be recorded as twisting of the cantilever [17]. AFM has therefore provided a
means of measuring friction at the nanoscale. For instance, measurements using
contact AFM have demonstrated atomic-scale stick-slip behavior, with the tip fol-
lowing the substrate lattice periodicity [18,19]. In addition, conductive AFM, which
is operated in contact mode, can be used to measure the electric properties of the
surface. In this measurement, a voltage difference is applied between a conductive
tip and sample holder and then the current flowing between sample and tip can be
measured.

1.1.2 Amplitude Modulation AFM

AM-AFM is one of two basic methods in dynamic AFM. In AM-AFM, the
tip has intermittent contact with substrate. AM-AFM is widely used in nanoscale
imaging, manipulation, spectroscopy, and lithography [8,9,20,21]. It allows high
resolution images of sample surfaces that are easily damaged, loosely held to their
substrate, or difficult to image by other AFM techniques. In AM-AFM, the can-
tilever is excited at or near its resonant frequency by an actuator with fixed am-
plitude. When the tip is far from the sample, the oscillation amplitude is called
the free amplitude Ay. As the oscillating tip is moved toward the surface, the tip
oscillation is reduced due to energy loss caused by the tip interaction with the sur-
face. During the operation of AM-AFM, the oscillation amplitude changes with
the distance between tip and sample. Using a feedback loop, the tip oscillation
amplitude is maintained constant, which ensures the distance between the tip and
sample is the same during scanning. Thus, the topographic features of the sample



surface can be tracked. AM-AFM is preferred over contact mode AFM in some
applications because of its minimal interaction with the sample [20,22,23]. In the
operation of AM-AFM, the total amount of time that the tip interacts with the
sample is reduced. In addition, since the applied force is vertical, interfacial shear
forces between tip and substrate are significantly reduced. Thus, AM-AFM can
reduce wear by eliminating shear stresses between tip and substrate and decreasing
contact time, which are intrinsically present in contact mode AFM.

1.1.3 Frequency Modulation AFM

Similar to AM-AFM, in FM-AFM, an oscillating tip is used to image the
sample topography. However, in FM-AFM, the cantilever is driven at its resonance
frequency with a 90 degree phase shift, that is, the driving frequency is equivalent
to the current resonance frequency. Thus, the frequency shift can be obtained and
used as a direct measure of the tip-sample interaction. Most FM-AFM is operated
in ultra-high vacuum (UHV) since the attractive force between the tip and sample
is substantially weaker than the force used in AM-AFM or contact mode AFM. In
FM-AFM, the tip is usually considered not to be in mechanical contact with the
sample surface. However, this is not always true, since FM-AFM can also operate
in the repulsive tip-sample interaction regime [12]. Recently, FM-AFM has been
successfully implemented to achieve true atomic resolution of surface images [24,25].



1.2 Nanoscale Wear

As AFM techniques advance from use in research laboratories to industrial
applications, it has become more important to understand contact and relative mo-
tion between the AFM tip and surface. Many studies have been performed to
investigate adhesion, friction, and wear at the nanoscale [26-29]. In this section,
we will present a brief review of wear at the macroscale, and then introduce the
applications and atomistic mechanisms of nanoscale wear.

1.2.1 A Brief Review of Wear at the Macroscale

Wear is the surface damage or removal of material from solid surfaces during
sliding, rolling, or impact between two bodies [30]. It is unavoidable and can be
desirable in some manufacturing processes such as polishing. However, in most
areas of engineering and industry, wear is undesirable. Wear is complicated and can
occur through mechanical processes or chemical reactions. Generally, there are seven
major types of wear mechanisms, which are adhesive wear, abrasive wear, fatigue
wear, impact by erosion and percussion, chemical wear, and electrical-arc-induced
wear [30,31]. In this section, we focus on adhesive wear and abrasive wear since
they are the most important wear mechanisms during sliding in AFM [32-39].

Adhesive wear occurs when sliding surfaces under load adhere through solid
phase welding of asperities [30]. The contacts are then sheared by sliding, which
may result in detachment of a fragment from one surface and attachment to the
other surface. Adhesive wear of dissimilar pairs is generally lower than that for
similar pairs. Adhesive wear at macroscale can be described by Archard’s law,

Wa
Vaan = Kaan I (1.1)
where V, 4, is adhesive wear volume, k.4, is a nondimensional adhesive wear co-
efficient, W is the applied load, x is sliding distance, and H is surface hardness.
Kqan varies over a wide range from 1072 to 10~%, and depends on the materials and
operating conditions [30].

Abrasive wear occurs when a hard rough surface slides across a softer surface
leading to plastic deformation or fracture in the interface [30]. Ploughing, wedge
formation, and cutting are three important deformation modes in abrasive wear.
During ploughing, the material is shifted to the sides of the wear groove, resulting in
the formation of ridge without removing material. In wedge formation, the material
is displaced from a groove to the front rather than the sides. Wedge formation
usually occurs when the ratio of the shear strength of the interface relative to the
shear strength of the bulk is high. Cutting occurs when the material is removed
from the surface in the form of discontinuous or ribbon-shaped debris. The degree
of penetration and the interfacial shear strength of the interface are two controlling
factors for the three modes of deformation in abrasive wear. Equation 1.2, which



has a similar form to Archard’s equation for adhesive wear, can be applied to a wide
range of abrasive wear.

kabr Wax
H

where V,;, is abrasive wear volume, and k., is a nondimensional abrasive wear
coefficient. The typical value of kg, ranges from 1076 to 107!, and is usually two to
three orders of magnitude larger than kyqp, [30]. It should be noted that both adhesive
wear and abrasive wear have also been observed at the nanoscale [33,34,40,41].

Wear processes are usually quantified by wear rate, which is defined as the
volume or mass of material removed per unit time or per sliding distance. Wear is
not an intrinsic property of the material but a system property. Therefore, wear rate
depends on the material structures and properties as well as on surface preparation
and operating conditions [30,31]. The wear rate can also be reported in terms of
a wear factor, defined as wear volume per unit applied normal load and per unit
sliding distance (mm?®/Nm). Wear rate is a complex function of time rather than a
constant. Wear rate may start low and rise later or vice versa, and the initial period
is identified as the running-in wear stage. This running-in wear stage is followed by
steady state wear, where the wear rate typically remains constant for a period of
time. Then failure in the system may occur when the system exhibits a high wear
rate. The beginning of steady state marks the start of the working life while the
end of steady stage indicates the end of useful life [31].

‘/abr = (12)

1.2.2 Applications of Nanoscale Wear

There are many examples of Archard-like wear at the macroscale [42,43],
which is useful for characterizing wear and predicting the working life of engineering
components. However, contacts at the macroscale consist of multi-asperity contacts
[44], which means their behavior could be different from single-asperity contact,
such as that in AFM measurement. With the development of AFM techniques, the
durability and stability of the tip itself, as well as damage to the sample surface,
have become more critical. It has been suggested that, in AFM images, most of the
image artefacts are due to geometrical convolution of the surface structures with
the tip shape [3], which can be affected by wear. For example, in the measurement
of topography using contact mode AFM and AM-AFM, wear of the tip can result
in the increase of tip radius, which can directly affect the attainable resolution of
the topography image. Knowledge of the geometry and the physical characteristics
of the tip as well as the nature of the interaction between tip and substrate are of
critical importance for AFM measurement.

Nanoscale wear not only affects surface measurement, but also has an in-
fluence on the performance of nanoscale devices. Over the years, AFM has been
extended to nanotechnology such as nanolithography, high-density data storage and
nanoelectromechanical systems. In these applications, the wear of the tip is also a



serious limitation. It has been shown that, due to the strong adhesion between metal
surfaces, nanoelectromechanical switches can prematurely fail through permanent
adhesion of device components [45]. In tip-based nanomanufacturing and metrology,
in which precision components play an important role, wear needs to be avoided for
the process to be commercially possible. For nanoscale applications, wear occurs in
different ways and can have various adverse effects on device performance. Thus,
investigation of wear mechanisms at the nanoscale is necessary to enable the pre-
diction of wear trends as well as to determine the optimum interface and operating
conditions to minimize wear.

1.2.3 Atomistic Mechanisms of Nanoscale Wear

It is well known that nearly all surfaces are rough at the nanoscale [44], me-
chanical contact occurs mostly between the asperities of the surfaces, the smallest of
which are nanoscale. Due to the high surface-to-volume ratio in nanoscale contacts,
undesirable wear can be particularly critical, which can severely limit the durability
and stability of nanoscale devices. At small scales, traditional methods and models
are not always sufficient to characterize tribological behaviors [46]. Thus, experi-
ments and simulations are needed to study wear mechanisms and then determine
the optimum parameters. In experiment, transmission electron microscope (TEM)
combined with AFM is often employed to study interface properties at the naoscale.
For example, tip profiles measured with TEM can be used to estimate the volume
loss over the course of a wear test in AFM [47-49]. In simulation, molecular dy-
namics (MD) is widely used to explore the mechanical, chemical, thermal and even
electrical properties at the interface [16,41,50-52]. From simulations of nanoscale
wear, the process of removing atoms from the surface can be observed directly.

Using both experimental and simulation techniques, some previous studies
have shown that mechanical contacts at the nanoscale can obey the predictions of
continuum contact mechanics [14,53]. However, it is not reasonable to assume that
continuum models should always apply at the nanoscale. In fact, most studies have
shown that nanoscale contacts cannot be described by continuum contact models
[54-56]. This suggests that nanoscale wear may not follow continuum laws as well
[44,49,57].

Various mechanisms of wear at the nanoscale have been proposed. First,
nanoscale wear can occur through fracture or plastic deformation, as is observed at
the macroscale [33,34,36]. In this process, the two surfaces come into contact and
then fracture of the material occurs during plowing or cutting. The local tempera-
ture at the contact could increase due to the mechanical deformation, which could
further accelerate wear. Another observation from wear studies at the nanoscale is
that wear may occur by the removal of one atom at a time from the surface [49,57].
During atom-by-atom removal, two surfaces come into contact in quasi-static equi-
librium, then an under-coordinated atom from one surface can form a bond with



one or more atoms from the counter surface. With sliding, the formed bond can
break and thus the atom can transfer from one surface to another. This thermally
activated process can be facilitated by compressive or shear stresses. In addition,
amorphization of materials during sliding can facilitate the wear process at the
nanoscale [58-60]. In this process, mechanical amorphization occurs to the surface
material before it is removed. While wear has been analyzed in a wide variety of
systems and conditions at the nanoscale, wear mechanisms are still not fully un-
derstood. In addition, although different mechanisms have been proposed, wear
processes can be very complicated, in particular at extreme conditions that are of-
ten encountered by AFM tips. Thus, it is necessary to explore the applicability of
competing wear mechanisms at different conditions.



1.3 Molecular Dynamics Simulation

Molecular dynamics (MD) simulation [61], which is based on Newton’s sec-
ond law, has been introduced to complement experimental studies of tribological
behavior at the nanoscale [16]. This is because, in MD simulation, properties such
as the force, displacement and velocity of each atom in the model system can be
calculated. Thus, the collective behavior of the system can be analyzed with atomic
detail. In addition, it is easier to control some variables in simulation than in exper-
iment. For example, it is difficult to implement ultra high vacuum and extremely
low temperature in experiment. However, these variables can be controlled easily in
simulation, which can help us understand the mechanisms underlying physical and
chemical phenomenon under specific conditions.

In MD simulation, the model setup is primarily determined by the geometry,
the interaction potential among atoms and the thermostat applied to control the
temperature of the model. Figure 1.3 shows a snapshot of an MD model of AFM.
This model captures the apex of the AFM tip and its interaction with the substrate.
The choice of interatomic potential is based on material. In addition, a thermostat,
such as Nosé-Hoover or Langevin, is applied to some or all of the atoms in the
model to dissipate the energy in the system. More details about MD simulation
models are presented in the following chapters. All simulations reported in this thesis
were performed using the large-scale atomic/molecular massively parallel simulator
(LAMMPS) simulation software [62,63].

Figure 1.3: The interface formed between tip and substrate, identified by the red
square in the left image, is modeled in MD. In a typical MD simulation
of AFM, the hemispherical cap consisting of orange atoms represents
the apex of a sharp AFM tip, and the block consisting of gray atoms
represents the substrate.



1.4 Research Objectives

In this research, wear at the nanoscale was investigated using MD simula-
tions of AFM. There were three major objectives of this research. First, using
MD simulations, we sought to develop physically-realistic models of contact mode
AFM and amplitude modulation AFM. The goal of this development was to per-
form simulations that are matched to AFM experiments in terms of the geometry of
the tip apex, crystal orientation of the asperity in contact, and sliding distance, so
that the simulations can provide mechanistic insights into AFM contact and sliding
processes. Second, using these matched simulations, we aimed to study wear mech-
anisms at the nanoscale and to gain new fundamental understanding of nanoscale
wear. Specifically, MD simulations provided ways to explore the effects of sliding
distance, adhesive strength, load and tip roughness on wear. Third, by analyzing
the effect of tip size on image resolution, we attempted to characterize the resolution
loss in AFM measurement due to tip wear. In general, with a better understanding
of tip-sample interactions and wear at the nanoscale, the durability and stability of
nanoscale components can be improved, which in turn can reduce economic cost and
environmental effects by predicting and controlling the failure of nanoscale systems.
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1.5 Thesis Outline

This thesis consists of eight chapters. In Chapter 1 (this chapter), the back-
ground of AFM, nanoscale wear and MD simulations for studying these topics were
introduced. The objectives of this research were also stated. From Chapter 2 to
Chapter 5, we discuss sliding wear in contact AFM at different conditions. Specifi-
cally, we develop a sliding wear model and compare the results from simulation with
experimentally-observed wear (Chapter 2), study the effects of adhesive strength,
applied load and tip roughness on nanoscale wear (Chapters 3 and 4), and build a
physically-realistic model of AFM tip to investigate the amorphization of tip ma-
terial during sliding (Chapter 5). In Chapters 6 and 7, we present a noval MD
simulation model of AM-AFM, which captures the tip oscillation and interaction
with the sample. With this model, the effect of tip wear on image resolution is an-
alyzed. Lastly, Chapter 8 contains a summary of this work, along with suggestions
for future research.
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Chapter 2

STRUCTURAL AND CHEMICAL EVOLUTION OF THE
SLIDING INTERFACE

2.1 Introduction

It is well recognized that the shape and chemistry of the apex of an AFM
tip greatly affect the tip-sample interactions and, therefore, all AFM-related mea-
surements. Measurements involving sliding are further complicated by the fact that
the tip can undergo physical and chemical changes through nanoscale wear pro-
cesses. Consequently, characterization and prediction of the wear of the tip apex,
both in terms of its shape and chemistry, as well as that of the contacting sub-
strate are critical to enhancing our understanding of AFM-based measurements and
methods. Most experimental studies of nanoscale wear occuring at the AFM tip-
sample contact have focused on structural (i.e. shape) evolution due to sliding (see
for example [47,49,57,64,65]). These experiments have been complemented by
MD simulations that provide information about atomic bonding and rearrangement
at sliding interfaces [16] but, like the corresponding AFM experiments, have been
primarily focused on structural changes (see for example [41,66,67]). The impor-
tant topic of chemical evolution of the tip due to sliding has remained relatively
unexplored. Further, there have been no direct and quantitative comparisons of
sliding-induced nanoscale wear predicted using MD and measured using AFM.

To address this, in this chapter, we performed MD simulations that comple-
ment AFM experiments of a silicon dioxide tip sliding against a copper substrate.
Then, atom probe tomography (APT), which provided three-dimensional material
structure and chemistry at near-atomic resolution [68], was used to investigate the
chemical evolution of the AFM tip due to sliding. In this work, both AFM and APT
experiments were performed by our collaborators from Iowa State University [69].
We compared model-predicted and experimentally-measured chemical and struc-
tural evolution, and showed that transitions between wear modes at the nanoscale
were determined by both sliding distance and applied normal load.

2.2 Methods

The molecular dynamics simulation consists of a SiO, tip and a Cu substrate
with a face centered cubic structure. The tip radius is 30 nm and the height of
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the spherical cap is 2 nm. We believe that the model tip height of 2 nm, although
only a small subset of the experimental tip, is sufficient to capture the wear mech-
anisms expected under the conditions explored here; this is indirectly supported
by the observation that the atoms in the topmost 1/4th of the model tip exhibit
negligible wear and experience only minimal interactions with the substrate. The
dimensions of the Cu substrate are 60x40x2.2 nm in the x-, y- and z-directions,
respectively. Periodic boundary conditions are applied in the x- and y- directions.
The atoms of top three layers in the tip and the bottom two layers in the substrate
are fixed, forming the z- boundary. The inter-atomic interactions within the tip
are described by the Tersoff potential [70] with the parameters for SiOq reported by
Adams et al. [71]. The Cu-Cu interactions are modeled using the Embedded Atomic
Method [72] using the parameters given in recent work [73]. The long range inter-
actions between tip and substrate atoms are described by the Lennard-Jones (LJ)
potential. The LJ parameters of Cu-Si (e¢y—s; = 0.942 €V and o¢,_g; = 0.2217
nm ) are the same as that reported by recent work [74]. The LJ parameters of Cu-
O (ecu—o = 0.043 eV and o¢,—o = 0.2644 nm) are obtained via the combination
rules using previously-reported LJ parameters for Cu-Cu (ecy_co = 0.415 eV and
Ocu—cu = 0.2277 nm) [75] and O-O (ep = 0.0045 eV and oo = 0.3010 nm) [76].
The Nosé-Hoover thermostat is applied to the free atoms in the system with a target
temperature of 300 K. A constant normal load is maintained on the rigid top layers
of the tip and the system is allowed to relax for 0.01 ns. Then the tip slides along
the x-direction at a constant speed of 10 m/s through a distance of 30 nm.

2.3 Results and Discussion

We first characterize the structural evolution of the tip and substrate as
functions of load where the simulations are performed at four different normal loads:
100, 400, 700 and 1000 nN. In all cases, substrate wear is quantified by the depth
of the wear track and tip wear by the radius of tip’s apex (where an increase in
radius corresponds to more of the apex being worn away). Consistent with previous
nanoscale wear studies [40,57,77-79], we find that both wear track depth and tip
radius increase with load as shown in Fig. 2.1 and Fig. 2.2, respectively.

In addition to structural evolution, the chemical changes that occur during
sliding wear can be observed from MD simulations, where each atom is modeled
explicitly so the atomic composition and distribution are known; snapshots of the
model tip after sliding are shown in Fig. 2.3. Qualitative analysis reveals similar
trends in the simulation and atom probe tomography (APT) experiment, where
the mass spectrum provides information about the chemical composition before
and after sliding and the tip reconstruction provides information about the spatial
distribution of atoms [69]. Specifically, in both cases there is a significant amount
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Figure 2.1: Wear track depth as a function of applied load: circles with a red
dashed line represent experimentally-measured depth and triangles
with a blue solid line represent simulation-calculated depth. All ex-
perimental results in this chapter are provided by the group led by Dr.
Sriram Sundararajan.
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Figure 2.2: Radius of the tip as a function of applied load: circles with a red
dashed line represent experimentally-measured tip radii and squares
with a blue solid line represent simulation-calculated radii. Error bars
on experimental data points represent 90% confidence intervals.
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of Cu on the tip after sliding and there is more material transfer at the leading edge
(in the sliding direction) of the tip.

(b)

Figure 2.3: Side view (a) and bottom view (b) of the model tip after sliding. A
close-up view of the tip structure is shown in (b). Copper atoms are
shown in orange, silicon atoms in gray and oxygen atoms in cyan

Chemical evolution is characterized quantitatively in both experiments and
simulations by the number of Cu atoms divided by the total number of atoms in the
bottommost 2 nm of the tip. The results are shown in Fig. 2.4. In the experiments,
the amount of Cu in the tip increases as the load increases from 100 to 400 nN, but
then decreases as the load is further increased from 400 to 1000 nN. However, in
the simulations, the amount of Cu transferred to the tip increases over the entire
load range from 100 nN to 1000 nN. As discussed next, both the similarities and
differences between the simulation and experiment provide insight into the wear
mechanisms.

First, we consider our results in the context of classic wear theories where
the wear rate is a function of the material volume lost. The wear volume of the
substrate is calculated directly from the wear track depth (Fig. 2.1) as:

Viubstrate = [R5 arcsin(w/2Rg) — (1/2)w(Ry — d)]s (2.1)

where w is the width of the wear track, Ry is the tip radius before wear, d is the
depth of wear track,s is the sliding distance in simulation and the scan length in
experiment. Using this formulation, the substrate wear rate for the simulation is
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Figure 2.4: The percent of Cu atoms in the tip as a function of applied load: circles
with a red dashed line represent experimentally-measured results and
triangles with a blue solid line represent simulation-calculated data.

found to be 1.8 x 1072 mm?3/(N - m) and for the experiment to be 4.32 x 107°
mm?3/(N - m) from 100 to 700 nN and 5.17 x 10~ mm?3/(N - m) from 700 to
1000 nN. The wear rates calculated from the model and experimental substrate
wear track cannot be compared directly because they are calculated from different
sliding patterns. Specifically, in an experiment, the tip moves back and forth on the
substrate and the wear track depth that is measured after a total sliding distance of
0.24 mm is the result of many cycles of repeated sliding. The timescale limitation of
MD simulation precludes reproducing this motion pattern. Instead, the tip moves
only forward and the depth is reported after a single pass of 30 nm sliding.

Wear rate can also be characterized in terms of the change of the tip radius.
If we assume the apex of the tip is initially a perfect hemisphere, the tip volume

can be expressed as
R 2w T
Viip = / rzdr/ dgp/ sin 60d6 (2.2)
0 0 700

where (7,0, ¢) represents spherical coordinates, R is the radius of the worn tip (Fig.
2.2) and 6y = arccos(29/30) is the circumferential angle of the worn tip. The wear
volume calculated from equation (2) is verified by integrating the simulation wear
volume over a 3-dimensional domain. Although uncertainly in the APT measure-
ments precludes making this comparison for the experiments, we anticipate the error
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is systematic (similar at all loads) and so does not affect the calculated wear rate
significantly. We find the tip wear rate is 2.19x 107° mm? /(N -m) for the experiment
and 3.28 x 1072 mm3/(N - m) for the simulation. Thus the tip wear rates differs
by three orders of the magnitude. The two most significant differences between the
simulation and experiment are the sliding velocity and the sliding distance. For
solid-solid contact, wear rates have been found to be comparable in high and low
sliding velocity regimes [80]. Therefore, the observed wear rate discrepancy is likely
attributable to the sliding distance [81]: 0.24 mm in the experiment but 30 nm in
the simulation. Wear rates can decrease during continued sliding because the tip
(a) becomes blunter as it slides [47] which results in increased contact area and in
turn decreased contact pressure, or (b) can become harder due to microstructural
changes that occurs during sliding [82]. We estimate the contact pressure using
the Derjaguin-Muller-Toporov (DMT) contact model [83] to be between 5.7 and 6.2
GPa in the simulation and between 4.8 and 5.2 GPa in the experiment. The sim-
ulation contact pressure is consistently higher than that in the experiment because
the model radius is smaller after wear.

It has been proposed that classical theories may not be applicable to nanoscale
wear because, for example, wear may not increase linearly with load as in Fig. 2.1.
An alternative model has been proposed based on transition state theory (TST) to
address this issue [49,57,81,84,85]. This model is based on the assumption that
wear is gradual and occurs though atom-by-atom, stress-assisted bond formation
and breaking. According to this theory, the fundamental rate of atom loss due to
wear can be expressed as

(2.3)

AEac
katomfloss = koexp <_ t>

kT

where ky, is the attempt frequency, AFE,. is the activation energy, kg is the Boltz-
mann constant and 7 is the absolute temperature [86]. It has been argued that the
activation barrier can be reduced through bond stretching due to stress 7, where
T = Fuppiicd/Acontact if adhesion is neglected. Thus, the activation barrier can be
simplified as AFE,; = AGue — TV,et where V,; has units of volume and is referred
as the activation volume and AG, is the stress-free activation barrier. Fitting our
data to this expression leads to AG,+=0.39 eV and V,;,=1.5 A3 for the simulations
and AG,=1.33 eV and V,;=13.3 A3 for the experiments. The experimental and
simulation data fit follow the trend predicted by TST reasonably well; the average
relative error in the wear volume prediction is found to be 6.3% is the simulation and
33.5% in the experiment. In both cases, the fit parameters are comparable to the
range of values reported previously, AG,.=0.34-1eV and V,;=6.7-340 A3 (obtained
via fit to experiment) [86].

However, we are hesitant to extract too much meaning from these results
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since the TST-based wear models are based on the assumption that wear is a grad-
ual atom-by-atom process which may not be the case for the high loads applied in
this study (previous experiments fit to the TST model were performed at the 0 to
100nN load range). Indeed, Fig. 2.4 shows that more than 10% of the bottom 2
nm of the tip at any load; this translates to thousands of Cu atoms being removed
from the substrate. Particularly in the case of the simulations, this means wear is
occurring very rapidly, i.e. not through an atom-by-atom process. We further ana-
lyze the applicability of this theory to our system by adapting the model to describe
the transfer of Cu atoms from substrate to tip. Fitting our data to the adapted
model yields negative values of the activation volume V,.;, which is unphysical, and
supports the suggestion that the observed wear may be too severe to be described
by TST-based theories.

Lastly, we consider our results in terms of possible wear modes: adhesive and
abrasive. Adhesive wear occurs when the pressure between sliding surfaces is high
enough to cause plastic deformation and results in welding between the contacting
asperities. This kind of wear results in significant material transfer. Abrasive wear
occurs when a hard protuberance or particle indents and cuts a groove in the softer
material [87]. This type of wear is associated with mechanical deformation and cut-
ting. Although adhesive and abrasive wear were originally understood in terms of
their role in macroscale wear, they are very relevant to nanoscale wear as well [32].
The atom-scale data available from APT and simulations provide a unique oppor-
tunity to observe transitions between these two mechanisms in nanoscale sliding
contact.

Fig. 2.4 shows that, in the experiment, the amount of Cu transferred to the
sliding tip increases with load up to 400 nN load, after which it decreases. The data
suggests that there may be a transition from an adhesive mode (where the amount
of Cu increases with normal load) to a mode where abrasive mechanism begins to
dominate, leading to less Cu being transferred to the tip. This idea is supported
by examining the degree of penetration parameter (D,), which was introduced as a
severity index of sliding [88]. D, is defined as the ratio of the groove depth to the
radius of contact and can be calculated as

~HN\"?  (7H, 1/2
() (e 1) ”

where R is the radius of the sliding tip, W is the normal load, and H, is
the hardness of the substrate (we use 4 GPa). D, can be used to establish the
likelihood of the wear mode during sliding. Examination of sliding contacts showed
that low values of D, (< 0.06) for a material pair correspond to ploughing while
increasing values correspond to other modes of abrasion such as shear tongue forma-
tion (0.06 < D, < 0.09) and wedge formation and cutting (D, > 0.09) [82]. Using
the experimentally-measured data (Fig. 2.4), we find that D, increases with load
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such that the wear mechanisms in our sliding experiments become predominantly
abrasive (wedge formation and cutting) at normal loads of 400 nN and higher. With
an increased propensity to generate wedges and cutting debris, the amount of Cu
transferred to the tip via adhesive mechanism is reduced, as borne out in our APT
data.

Recall from Fig. 2.4 that the simulations predict the amount of Cu trans-
ferred to the tip will increase monotonically with load. This indicates that there is
no transition between wear modes. We can consider which mode is dominant by
evaluating the normal and shear forces that occur during the wear processes. It has
been proposed that the atoms involved in wear processes may adhere to a probe tip
if the normal forces are more significant than the shear forces; alternatively, if shear
forces are dominant, the wear can be regarded as abrasive [32]. In our simulations,
we find that the normal force on the tip is larger than the shear force, which suggests
that the adhesive wear mechanism dominates at all loads.

2.4 Summary

In summary, MD simulations were used to characterize nanoscale wear of
a sliding AFM tip in terms of wear track depth as well as change in tip radius
and chemical composition. The results were compared with experimental measure-
ments. We found that substrate wear increases with load in both simulations and
experiments and that the wear rates calculated using a classical wear model cannot
be directly compared due to different sliding patterns. Tip wear, characterized by
the radius of the tip apex, increases with load as well, but the rate of increase is
much larger in the simulation than that in the experiment. This discrepancy was
attributed to the significant difference between sliding distance in the experiment
and simulation and the effect of that distance on tip shape. We also considered the
wear trends we observed in terms of a model based on transition state theory, but
found that the conditions used in this study cause wear that is not gradual and so
does not meet the criteria for this theory. Finally, we evaluated the wear modes
present during sliding. Comparison of the normal and shear forces on the tip in
the simulation indicates that the model experiences adhesive wear at any load. By
the comparison between simulations and experiments, our study has shown that
nanoscale wear can occur through both adhesion and abrasion, and that the domi-
nant mode is determined by both sliding distance and load. Material transfer from
the substrate to the tip was observed during both wear modes, with the amount of
transfer being higher when adhesion is the dominant mode.
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Chapter 3

THE EFFECTS OF ADHESION AND LOAD ON
NANOSCALE WEAR

3.1 Introduction

As suggested in Chapter 2, the two primary mechanisms through which
nanoscale wear occurs are abrasion and adhesion [32-39]. The key features of abra-
sive wear are cutting or plowing of the softer surface by the harder counterface.
Typical observations of abrasive wear at the nanoscale are broken bonds and dis-
placed material. Adhesive wear evolves through the formation of adhesive junctions,
their growth, and fracture. The transfer of material, specifically atoms transferred
due to bonds breaking and reforming at the nanoscale, between the contacting solid
surfaces, is regarded as the characteristic feature of this mechanism of wear [89].
However,material transfer has been used as a means of quantifying wear in gen-
eral [69,90-97]. It is likely that both adhesion and abrasion contribute to material
transfer, with one or the other mechanism being dominant, depending on condition
such as load [69].

Previous AFM-based studies have shown that load and adhesive strength
significantly affect nanoscale wear [37,47,48,78,79,98-101]. However, it is difficult
to quantify this relationship since adhesive strength cannot be easily controlled
during the wear process. Further, AFM cannot be used to investigate wear in
terms of material transfer. To address the latter issue, APT has been used to
characterize the composition of the AFM tip before and after sliding [69, 102, 103].
APT, however, does not provide a means of characterizing adhesive strength. Thus,
previous experimental efforts have not directly shown how the adhesive strength of
an interface affects material transfer.

There are fewer MD simulations specifically focused on the role of adhesive
strength on nanoscale wear. Simulations of tip loading and unloading showed that
large adhesive strength led to substantial plastic deformation on separation and some
material transfer, while small adhesive strength resulted in separation of the mate-
rials at a critical force without material transfer or plastic deformation [104, 105].
Simulations of sliding predicted that wear increased with adhesive strength. In one
case, a simulation of sliding on graphene showed that the rate of graphene bonds
broken and the shear experienced by the tip increased as the adhesive strength

20



between graphene and substrate was increased [34]. Also, simulations of two con-
tacting, sliding asperities revealed that increasing adhesive strength resulted in more
bonding between the asperities along with more heat generation and an increase of
temperature in the contact area [41].

Material transfer wear has also been studied theoretically [90,92,93,96]. It
was found that the transfer tendency can be predicted by comparing the cohesive
strengths of the sliding components [90]. Also a lump growth model was developed
based on transfer mechanisms observed at the macroscale and it was predicted that
lump growth can be decreased by higher surface hardness of the workpiece, lower
roughness of the tool surface, or lower shear strength of the interface [92,93,96].

In this chapter, we quantitatively characterized the effect of adhesive strength
on material transfer, and the dependence of that effect on load and sliding. We used
MD simulations of a model SiOy AFM tip sliding on a Cu substrate with artificially
modulated adhesive interactions between the two. Predicted work of adhesion was
correlated to material transfer before and after sliding at normal loads between
100 and 1000 nN. The results indicated that there was a work of adhesion- and
load-dependent threshold below which no material transfer would occur. Above
that threshold, the severity of the material transfer wear increased with adhesive
strength and load. In addition, the relative contributions of adhesion and abrasion
to observed wear were analyzed in terms of the ratio of number of atoms transferred
at 0 nm to that at 30 nm. The findings shed light on the complex process by which
adhesive and abrasive mechanisms determine the load-dependent wear of nanoscale
sliding contacts.

3.2 Methods

The model in this project is similar to the one we described in Chapter
2. Similarly, the Lennard-Jones (LJ) potential is used to model the interactions
between tip and substrate atoms:

e (7))

where ¢ is the LJ interaction strength parameter with units of energy, o is the
zero-crossing distance with units of length, and r;; is the distance between a given
substrate atom i and a given tip atom j. The LJ parameters for Cu-Si (ecy_g5; =
0.942 eV and o¢y—g; = 0.2217 nm ) are the same as those reported in recent work
[74]. The LJ parameters for Cu-O (ecy—0 = 0.043 eV and 0,0 = 0.2644 nm) are
obtained via the combination rule [74] using previously-reported LJ parameters for
Cu-Cu (ecy_cu = 0.415 eV and o¢y oy = 0.2277 nm) [75] and O-O (eo_o = 0.0045
eV and 0p_o = 0.3010 nm) [76]. To simulate different adhesive strengths, the
magnitudes of e¢,_g; and ¢, are artificially changed, while the parameters o¢,_g;
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Table 3.1: Summary of the Lennard-Jones potential parameters used to vary the
adhesive strength of the interface.

LJ1 | LJ2 |LJ3 |LJ4

ecu—si (V) | 0.314 | 0.6 0.942 | 1.256

ecu—o (€V) | 0.014 | 0.025 | 0.043 | 0.057

and o¢,_o are held constant as 0.2217 nm and 0.2644 nm, respectively; the tip-
substrate interaction parameters studied are summarized in Table 1. The ratio of
Ecu_si 10 €cu_o is approximately constant across the four groups of LJ potential
parameters. Changing the interaction strength parameter of the LJ potential has
been successfully employed in the previous MD simulations to modulate the adhesive
strength between two surfaces [34,41,106]. The adhesive strength between the tip
and substrate could be affected by the tip termination, size or shape. However,
to exclude these effects, the same tip is employed in all simulations and adhesive
strength is changed using LJ parameters only. All simulations are performed using
LAMMPS simulation software [62,63] with a time step of 1 fs.

To assess the adhesive strength of the interfaces with different LJ interaction
strengths, we calculate the ideal work of adhesion W as:

W — Ey + Ey — Eqy (3.2)
AC

where A. is the contact area, Ejy is the total energy of the interface (consisting
of the tip and substrate) at equilibrium, and F; and E, are the total energies
of the tip and the substrate at equilibrium, respectively [107-109]. E; and Fj
are calculated from energy minimization after the tip and substrate are relaxed
separately. To obtain Fis, the tip is placed 0.3 nm above the substrate surface and
then the system is relaxed without applied load for 0.05 ns to allow the system to
reach a stable potential energy. Then the system energy is minimized to calculate
E15. Note that the distance between the tip and substrate is allowed to change freely
during the relaxation process, so the initial distance does not affect the calculated
energy. The area A. is calculated from the positions of contacting atoms, where
tip contact atoms are identified as those within 0.3 nm of a substrate atom; 0.3 nm
is chosen here because it is slightly larger than the equilibrium distance between
tip atom and substrate atom. Two different cross sections are used to estimate the
diameter of the circle formed by the contacting atoms from which we can calculate
contact area. These calculations are performed with the tip-substrate geometry
since that is the configuration used in the sliding wear simulations. However, we
find that calculations performed with a slab-on-slab geometry yield qualitatively
and quantitatively comparable results.
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After determining the work of adhesion for each case, MD simulations are
conducted with each model to investigate the wear behavior at various loads and
adhesive strengths. A constant normal load (100, 400, 700 or 1000 nN) is maintained
on the rigid top layers of the tip and the system is allowed to relax for 0.01 ns. This
method of applying load directly to the atoms in the rigid top layers of the tip makes
it possible to isolate the effect of load from that of adhesive strength. Then the tip
slides along the x-direction at a constant speed of 10 m s™! through a distance of
30 nm. This speed, although fast compared to an AFM experiment, is necessitated
by the timescale limitation of MD simulation, particularly for the relatively large
number of atoms in this model. The sliding distance is determined based on the
observation that 30nm is sufficiently beyond the point at which the system exhibits
linearly increasing wear (shown later). The Nosé-Hoover thermostat is applied to
the free atoms in the system with a target temperature of 300 K. It should be noted
that whether or not the thermostat is applied to the atoms near the contact has
little effect on material transfer results. The kinetic energy bias of the tip (due to
the constant lateral speed) can be ignored in our system since the number of atoms
in the tip is very small compared to that in the substrate. To confirm this, we
calculate the temperature of the system after removing the kinetic energy bias and
find it is only 1 K lower than when the bias is included, which indicates that this
bias insignificantly affects the energetics of the system.

The material transfer before and after sliding are characterized in terms of
the number of Cu atoms attached to the tip after it is separated from the substrate.
The tip is displaced in the z-direction with a velocity of 50 m/s and the number of
atoms transferred between tip and substrate is determined when they are completely
separated. Simulations with velocities from 5 m/s to 100 m/s reveal that the number
of atoms transferred decreases somewhat with velocity, but that this effect is small
compared to that of load or adhesive strength.

3.3 Results and Discussion

The work of adhesion W is calculated for each group of LJ parameters to
quantify the adhesive strength. The work of adhesion with respect to €¢,_g; and
€cu—o 18 shown in Figure 3.1. It can be seen that W increases monotonically with
interaction strength. The magnitudes of work of adhesion computed here are com-
parable to values obtained for the same material system from first-principles calcu-
lations [109] and from experiment using an indentation technique [110].

Figure 3.2 is a snapshot of the simulation during the process of pulling the
tip away from the substrate before sliding. It can be seen that some atoms are
transferred from the substrate to the tip but none are transferred from tip to sub-
strate. This is observed at all adhesive strengths and all loads before and after
sliding; the behavior is reasonable since the tip is harder than the substrate and this
unidirectional material transfer has been reported previously [92,96].

23



o (EY)
0.01 0.02 0.03 0.04 0.05 0.06
12 T T T T T T T T T T

W (J/m?)
o
[ |

1 1 1 1
0.2 0.4 0.6 08 1.0 1.2 1.4
(eV)

‘C’Cu—S\

Figure 3.1: The work of adhesion as a function of Cu-Si (¢¢,_g; on the lower
x-axis) and Cu-O (e¢y—o on the upper x-axis) interaction strength.

Figure 3.2: Snapshot of the tip being pulled away from the substrate for a simu-
lation without sliding where the load is 100 nN and work of adhesion

is W = 6.16.J/m?. Color scheme same as in Figure
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The increase of material transfer with sliding distance is shown in Figure
3.3. To confirm observed trends are statistically significant, we perform pull-off
simulations four times for all loads with different seed numbers (i.e. random numbers
used to generate an ensemble of velocities at the start of the simulation) and find
the variation from simulation to simulation is very small, with error bars being
smaller than the symbols in Figure 3.3. This figure indicates that the number of
atoms transferred increases with sliding distance and the rate of increase is nearly
constant after a distance of approximately 10 nm. Note that we do not identify this
slope as a steady state wear rate since material transfer is not expected to continue
increasing linearly (unlike, for example, wear volume). The increased wear with
sliding can be qualitatively correlated to contact area. Snapshots of the contact
area, identified as the area of the model’s smallest x-y cross-section, before sliding
and after sliding as shown in Figures 3.4(a) and (b). These images reveal that,
during sliding, substrate atoms both accumulate in the tip-substrate interface and
adhere to the perimeter of the contact.
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Sliding distance (nm)

Figure 3.3: Number of atoms transferred from substrate to tip, IV increases with
sliding distance at different loads for W = 6.16.J/m?.

Figure 3.3 also shows that, at different sliding distances, material transfer
increases with load. The number of atoms transferred before sliding and after 30
nm of sliding are plotted for different work of adhesion values in Figure 3.5. First, we
observe that the number of atoms transferred increases approximately linearly with
applied load at a given work of adhesion before and after sliding. This is consistent
with previous simulations of sliding wear, which revealed that the material loss
rate during sliding is linearly proportional to applied load [53]. The trend can be
understood by the fact that contact area increases with load such that there are more
tip atoms in contact with the substrate. Examples of contact areas that increase
with load are shown in Figures 3.4(c) and (d).
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Figure 3.4: Snapshots of the contact area under various conditions. Color scheme
same as in Figure

Figure 3.5 also shows that, for each load, the number of atoms transferred
increases with work of adhesion, W. This is reasonable because, with stronger
adhesive strength, the contact area is larger (as shown in Figures 3.4(e) and (f))
and the stronger interaction between tip and substrate will increase the likelihood
of atoms being pulled away from the substrate to adhere to the tip.

We observe from Figure 3.5 that, for some cases, there is no material transfer
if the work of adhesion is small enough. Without sliding, there is no material transfer
at any load for the smallest work of adhesion W = 2.4.J/m?; similar observations
were made in previous MD-based studies of indentation-induced wear [104, 105].
There is also one sliding case with no material transfer (W = 2.4J/m? 100 nN).
Previous work showed that there is a load threshold below which no measurable
wear occurs [111]. Here, the observations from Figure 3.5 suggest the threshold for
material transfer wear is dependent on load, adhesive strength and sliding. This
is illustrated in Figure 3.6. Using the data points from simulation as guides, we
can approximate the adhesive strength- and load-dependent thresholds for material
transfer before and after sliding. In Figure 3.6, thresholds drawn as solid lines are
those bound by simulation data and those drawn as dashed lines are estimations
based on expected limiting behavior. More data near these lines would enable the
threshold conditions to be further refined.

Adhesion and abrasion are two major mechanisms through which nanoscale
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Figure 3.5: The number of Cu atoms on the tip as a function of applied load (a)
before sliding, Ny, and (b) after sliding 30 nm, N3.
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Figure 3.6: Map of material transfer where black squares represent load and work
of adhesion combinations at which material transfer occurs before or
after sliding, blue circles represent combinations at which material
transfer occurs after sliding but does not occur before sliding, and
the red triangles represent combinations at which material transfer
does not occur before or after sliding. The lines are approximations
of the adhesive strength- and load-dependent thresholds for material
transfer.
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wear occurs [30]. Adhesion involves the detachment of a fragment from one surface
and attachment to the other surface when two surfaces are in contact. Thus, the
transfer of material is regarded as the characteristic feature of adhesive wear. During
abrasion, material removal from a surface can occur by several deformation modes
such as ploughing (ridge formation), wedge formation and cutting. The roles of
adhesion and abrasion in material transfer are illustrated schematically in Figure
3.7. Three processes are generally involved in material transfer: substrate bonds
broken due to abrasion, substrate bonds broken due to adhesion, and bonds formed
between the tip and substrate due to adhesion. At 0 nm, before sliding, substrate
bonds break and new bonds form between the tip and substrate due to adhesion only.
At 30 nm, however, it is also possible for substrate bonds to break due to abrasion
during the sliding process which means that there are more atoms available to bond
with the tip due to adhesion.

Based on this observation, the number of atoms transferred at 30 nm can be
attributed to adhesion and abrasion, while the number of atoms transferred at 0
nm can only be attributed to adhesion. Using this assumption, we can analyze the
relative contributions of adhesion and abrasion in material transfer by comparing
the number of atoms transferred at 0 nm with the number of atoms transferred at
30 nm, (i.e. No/Nsg), where increasing Ny/N3o indicates more adhesion dominated
wear. The result is shown in Figure 3.8. It can be seen that Ny/N3o increases with
work of adhesion for all loads. This is reasonable since adhesion can play a more
important role in material transfer when work of adhesion is larger. In addition,
it can also be observed from the inset of Figure 3.8 that, for the largest work of
adhesion, Ny/N3o decreases with load. This observation indicates that the role of
abrasion becomes more important with increasing load. This is consistent with the
observation that higher loads correspond to larger penetration depths which in turn
facilitates the formation of a wedge in front of the tip or a ridge on the sides of the
tip, both of which are characteristics of abrasive wear [30].

3.4 Summary

In summary, MD simulation was used to investigate the effect of adhesive
strength and load on material transfer before and after sliding, where adhesive
strength was quantified by the work of adhesion. We observed that the number
of atoms transferred from substrate to tip increased with load, work of adhesion
and sliding. These trends were correlated qualitatively to contact area. We also
identified a condition-dependent threshold below which no material transfer occurs.
Work of adhesion appears to be the most significant parameter in determining this
threshold. However, at lower adhesive strengths, the load can determine the onset of
material transfer. The wear threshold is also dependent on if the tip is sliding. Above
this wear threshold, we used the observation that there is no abrasion without sliding
to analyze the relative contributions of adhesion and abrasion to wear in terms of
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the ratio of the number of atoms transferred at 0 nm to that at 30 nm. This
ratio was found to increase with work of adhesion and decrease with load for large
adhesion. The trends indicate that adhesive wear will play a more significant role in
the wear process with increasing adhesive strength and decreasing load. Although
this behavior is expected for wear processes in general, here we have characterized it
quantitatively, specifically for material transfer. In summary, this research reveals
that both adhesion and abrasion contribute to the material transfer during nanoscale

wear and both wear mechanisms are affected by the work of adhesion and applied
load.
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Chapter 4

THE EFFECT OF ROUGHNESS ON NANOSCALE
WEAR

4.1 Introduction

At the nanoscale, the AFM tip is not ideally smooth, and the roughness
can affect the nature of the contact between tip and substrate [4,44,54-57,112—
114]. These contact features in turn affect nanoscale wear. Thus, a fundamental
understanding of the effect of nanoscale roughness on surface wear is critical to
enable reliable and precise measurements at the nanoscale, as well as tip-based
nanomanufacturing methods.

Previous studies have shown that roughness significantly affects the adhe-
sive strength of nanoscale contacts. Such studies showed that adhesive strength
decreases with increasing nanoscale roughness, due to the reduction in real contact
area between the two surfaces [115-118]. It has also been found that adhesion can
be minimized at an optimum surface roughness and that roughness can be tuned by
the size or density of asperities on the surface [119-123].

As suggested in Chapter 3, adhesive strength plays a significant role in de-
termining wear in nanoscale contacts. Studies have reported that there will be a
larger number of atoms transferred from one surface to another when there are
more interfacial bonding bridges formed between surfaces [124] or when the adhe-
sive strength is stronger [41,104,105,125]. This was corroborated by studies that
showed adhesion and wear decreased or increased together when different tips were
used in AFM measurements [99, 100]. However, although nanoscale wear increases
with adhesive strength and roughness decreases adhesive strength for small surface
roughnesses, wear has been found to increase with roughness [126]. This observa-
tion suggests that nanoscale wear is not solely determined by adhesion and, like at
the macroscale, both adhesion and abrasion contribute, and both are affected by
roughness. Although this is a reasonable assumption, it has not been systematically
studied.

To address this, in this chapter, we used MD simulation to characterize the
wear between a model Si AFM tip and a Cu substrate using tips with different
degrees of roughness at different loads. Then we analyzed the relationship between
the tip roughness and wear in terms of adhesion and abrasion, which were assumed
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to be the two major wear mechanisms during nanoscale dry sliding [32-34, 125].
Macroscale wear theories that relate adhesive and abrasive wear to sliding distance,
load and roughness were used to isolate the contributions of the two wear modes.
To apply these expressions to describe nanoscale wear, we introduced an additional
term to capture the effect of adhesion on contact and redefined the wear coefficients
in terms of atom-atom interaction energy. The resulting expression makes it possible
to predict the effect of load and roughness on nanoscale wear and to determine the
roughness of scanning probe tips that will minimize that wear.

4.2 Methods

The MD model consists of a Si tip, which has a diamond crystal structure,
and a face-centered-cubic Cu (100) surface, as shown in Figure 4.1. To model rough
tips, we superpose a spherical cap, which has a radius of 29 nm and a height of
3 nm, with a cosine wave along the x-direction and another cosine wave along the
y- direction. We artificially adjust the amplitude of the cosine wave to obtain tips
with different roughnesses. The inset of Figure 4.1 shows a schematic of the model
rough tip geometry. The amplitude of the cosine wave is varied from 0.01 nm to
1 nm while the wavelength is kept at 4 nm. Seven different tips are obtained by
setting the amplitude of the cosine wave to 0.01, 0.2, 0.35, 0.5, 0.6, 0.8 and 1 nm,
which correspond to root mean square roughnesses R, of 0.184, 0.214, 0.271, 0.352,
0.409, 0.526 and 0.638 nm, respectively. The substrate lattice orientations along
the z, y and z directions are [100],[010] and [001], respectively. The dimensions
of the Cu substrate are 60x40x2.2 nm in the 2-, y- and z-directions, respectively.
Periodic boundary conditions are applied in the z- and y-directions. The atoms
in the top three layers of the tip and the bottom two layers of the substrate are
fixed. All inter-atomic interactions within the model are described by the Modified
Embedded-Atom Method [127] with reported parameters in [128]. The Nosé-Hoover
thermostat is applied to the free atoms in the system with a target temperature of
300 K.

]

Silicon dioxide tip %
P — - Scan direction
i s Lo ubDhon L'.x S Copper substrate

Figure 4.1: Snapshot of the simulation system consisting of a Si tip and Cu sub-
strate during sliding. The inset shows the geometry of a rough tip
created by superposing a spherical cap with a cosine wave. Cu atoms
are shown in orange, Si atoms in gray.

Sliding simulations are conducted with each model tip to investigate the
effect of tip roughness on wear. A constant normal load W (10, 25, 50, 100 nN)
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is maintained on the rigid top layers of the tip and the system is allowed to relax
for 0.05 ns. Then the tip slides along the x-direction through a distance of 34 nm.
A sliding speed of 100 m s~ ! is applied on the tip during the first 14 nm sliding
to decrease the time required for the run-in stage, and then the sliding speed is
reduced to 50 m s~! for the remainder of the simulation. Both of these speeds
are fast compared to typical AFM experiments, but necessitated by the small time
step of the simulations and the relatively large model system. We observe that the
vertical position of the tip is constant after 24 nm of sliding and so identify from 24
to 34 nm as steady-state sliding.

Wear predominantly occurs on the substrate in our model, as expected since
the Si tip is harder than the Cu substrate. We therefore quantity wear in terms of
plastic deformation of the substrate during sliding. Because MD simulation makes it
possible to know the exact position of each atom in the model, we can calculate the
displacement of each substrate atom at each moment in time to quantify wear [97].
When the displacement of an atom is greater than the Cu lattice constant (0.361
nm), it is identified as displaced (worn). To characterize wear only in steady-state,
a displaced atom is assumed to be one whose position at some sliding distance
x (x >24nm) has changed by more than 0.361 nm compared to its position at a
sliding distance of 24 nm. The total number of displaced substrate atoms N at a
given sliding distance is a measure of substrate wear.

To assess the adhesive strength of the interfaces between different rough tips
and substrate, we calculate the interaction energy E between each rough tip and
substrate before sliding:

E - E1 -+ E2 - E12 (41)

where F1s is the total energy of the interface (consisting of the tip and substrate)
at equilibrium, and F, and F, are the total energies of the tip and the substrate at
equilibrium, respectively [107]. E; and Fy are calculated from energy minimization
after the tip and substrate are relaxed separately. To obtain Fjs, the tip is placed
0.3 nm above the substrate surface and then the system is relaxed without applied
load for 0.05 ns to allow the system to reach a stable potential energy. Then the
system energy is minimized to calculate E1s.

4.3 Results and Discussion

Figure 4.2 shows wear, quantified as the number of displaced substrate atoms,
increases with sliding distance for the different tips and at a range of normal loads;
recall that  and N are by definition zero at the beginning of steady-state wear.
Wear increases with sliding distance in all cases. If we take the last point on this
plot, i.e. wear after 10 nm of steady-state sliding, we can analyze the effects of
roughness and load. Figure 4.3 shows the number of displaced substrate atoms as
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Figure 4.2: Number of displaced substrate atoms /N as a function of sliding dis-
tance = at 10 nN (a), 25 nN (b), 50 nN (c) and 100 nN (d) using
different tips. The relationship between the number of displaced sub-
strate atoms and sliding distance for each tip is linearly fitted (dashed
line).

The results are replotted as a function of load for the R,=0.214 nm case in
the inset of Figure 4.3. It can be observed that wear increases with applied load,
consistent with previous observations of nanoscale dry sliding [53,69]. The increase
of wear with load is associated with an increase in contact area. Further, the contact
area is expected to be non-zero at zero externally applied load due to the adhesion
between tip and substrate [49]. To illustrate the effect on wear, a linear fit is used as
a rough approximation of the load-wear trend in the inset of Figure 4.3 and shows
that the number of atoms displaced does not go to zero. This is consistent with the
behavior observed for all model tips.

Adhesive and abrasive wear are typically the two dominant wear mechanisms
in dry sliding. Adhesive wear evolves through the formation of adhesive junctions,
their growth and their fracture. An expression for adhesive wear at the macroscale
is [30],

]{31 Wz
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Figure 4.3: Number of displaced substrate atoms /N as a function of tip roughness
R, at various loads. The inset shows /N as a function of applied load
W when R, is 0.214 nm with a linear fit shown as a dashed line.

where V, 4, is adhesive wear volume; k; is an adhesive wear coefficient which, at
the macroscale, is related to the correlation length of the surface and the effective
modulus of elasticity. Equation 4.2 predicts that adhesive wear is proportional to
applied load W, sliding distance x and the inverse of roughness 1/R,. However,
only the first two of these trends are observed in our simulation results.

The observation that simulation-predicted wear increases with roughness sug-
gests that it may be dominated by abrasion, in which the asperities of a harder
surface cut or plow into a softer counterface. Assuming that the surface consists

of an array of conical asperities, abrasive wear at the macroscale can be described
by [30]

Vopr = koW xtan @ (4.3)

where V;,. is abrasive wear volume; ko is an abrasive wear coefficient that is related
to the likelihood of cutting as opposed to ploughing of the asperities; 6 is the attack
angle and tan @ is a weighted average of the tan @ values of the individual asperities
(also called as the roughness factor). Equation 4.3 predicts that abrasive wear is
proportional to applied load W, sliding distance z, and the roughness factor tan .
Although this equation was developed for macroscale wear, it has been suggested
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that a larger attack angle will result in more abrasive wear debris at the nanoscale
as well [78,129].
We can calculate the roughness factor for our model. Though we consider
each asperity on the tip as spherical rather than conical, the form of Equation 4.3
does not change. The attack angle is measured as the angle between the tangent of
the centered asperity bottom and the straight line, which connects the bottommost
point on the centered asperity and the point at which it contacts substrate at the
front edge during sliding. During sliding, this angle is primarily determined by the
tip roughness rather than the normal load as shown in Figure 4.4. This figure also
shows that tan € is linearly proportional to the tip roughness when the roughness is
larger than 0.214 nm. The exception to this is the atomically smooth tip, that has
a roughness of 0.184 nm, but no asperities from which to calculate the attack angle.
Although the roughness factor cannot be calculated for this tip, we assume the
linear relationship between roughness and abrasion holds such that we can rewrite
Equation 4.3 as:
Vabr = keWz R, (4.4)

and apply this expression to tips of any roughness.
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Figure 4.4: Tangent of the attack angle as a function of roughness at 10 nN (black
squares) and 100 nN (red circles). The relationship between the tan-
gent of the attack angle and tip roughness is fitted linearly (dashed
lines).
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Although some of the trends predicted by the macroscopic wear equations are
observed in our simulation results, the wear coefficients, k£ and ks, are defined in the
original expressions in terms of continuum material properties and concepts which
may not be applicable at the nanoscale. Further, neither equation explicitly includes
the adhesive strength of the interface, which is known to play a significant role in
nanoscale contact. Previous simulations have shown that both adhesive and abrasive
wear increase with tip-sample interaction strength [34,125]. Here, we calculate the
interaction energy E for each tip using Equation 4.1 and the results are shown in
Figure 4.5. It can be seen that the interaction energy increases as the tip roughness
decreases. This trend is reasonable because the real contact area decreases when
the tip roughness increases, which reduces the strength of the interaction between
the tip and substrate.

The interaction energy AFE between a sphere and a flat surface can be cal-
culated theoretically as [130],

AR

AE = D (4.5)
where A is the Hamaker constant, R is the radius of the sphere and D is the distance
between the sphere and the surface. To apply this to model tips, such as that shown
in the inset of Figure 4.1, we assume the tip consists of independent asperities.
When the tip comes into contact with the substrate, the interaction energy can then
be regarded as the sum of interaction energy between each asperity and substrate.
Because the tip asperity is formed by superposing a spherical cap with a cosine wave,
the radius of curvature at the bottom of each asperity is inversely proportional to the
amplitude of the cosine wave. Further, since there is a linear relationship between
tip roughness and the amplitude of the cosine wave, the interaction energy between
the tip asperity and the substrate is inversely proportional to tip roughness. Thus,
the interaction energy between the tip and the substrate is inversely proportional
to tip roughness, i.e., AFE x Rq_l, consistent with the trend expected for adhesive
wear (Equation 4.2).

Equation 4.5 also predicts that interaction energy is a function of the Hamaker
constant that is determined by atom density and the strength of the atom-atom in-
teractions. Both adhesive and abrasive wear have been found to increase with inter-
action energy, which suggests alternative, nanoscale definitions for the coefficients
ky and ks in the macroscopic wear equations. Specifically, since both coefficients are
independent of roughness and the tip atom density is constant, k; and ko may be
determined by the strength of the atom-atom interaction strength. This then im-
plies that Equations 4.2 and 4.4 can be applied to describe nanoscale wear, but with
different coefficient dependencies. We therefore move forward using these equations
to determine the relative contributions of adhesive and abrasive wear modes in the
simulation results.
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At the nanoscale, we quantify the wear as the number of displaced substrate
atoms N, which can be related to wear volume as N = V/Vj, where V} is the volume
of each substrate atom. Thus, N can also be expressed as the sum of the number
of substrate atoms displaced due to adhesion N4, and that due to abrasion N,

N = Nadh + Nabr (46)

Based on the adhesive wear equation (Equation 4.2) and the abrasive wear
equation (Equation 4.4), as well as the fact that the number of displaced substrate
atoms increases linearly with sliding distance and that this number is not zero when
there is no load applied, the total substrate wear equation can be written

N = (Riaadh (W + badh) + Rqa'abr (W + babr)> X (47)
q

where a.q, and a,p- are coefficients, which are associated with the dependence of
adhesive and abrasive wear on tip roughness, and b,4, and b, account for the non-
zero contact at zero applied load. Based on the previous analysis, all coefficients
in this expression should be functions of the strength of the interaction between
atoms in the tip and atoms in the substrate. To obtain a.qn, Gapr, bagn and bup,
we fit the simulation-predicted data to Equation 4.7. Fitting N/z as a function
of tip roughness and load yields auqn = 0.05nN L, agy = 0.165nm 20N "L, begn =
175.8nN and by, = 2371.6nN.

This analysis makes it possible to quantify the relative contributions of ad-
hesion and abrasion to nanoscale wear. First, with the coefficients in Equation 4.7
known, we can calculate N,q,/N and Ny, /N, which are the percent of wear due to
adhesion and due to abrasion, respectively. When the tip roughness is 0.184 nm,
the adhesive wear percent is 41, 43, 46 and 50% at applied loads of 10, 25, 50 and
100 nN; when the tip roughness is 0.638 nm, this percent drops to 5.5, 5.9, 6.5 and
7.7% at the same applied loads. Thus, the relative contribution of adhesive wear
increases with increasing load and decreases with increasing tip roughness. Note
that these trends are dependent on the magnitude of the coefficients in Equation
4.7. For example, in our system byq, < by and the adhesive wear percent increases
with load, but if b,g, is greater than by, the adhesive wear percent would decrease
with load.

Figure 4.6 shows the simulation data and the wear predicted by Equation 4.7
as a function of tip roughness at 10 nN and 100 nN. The trend indicates that there
is some roughness at each load that should exhibit the least wear. This optimum
roughness can be calculated by setting the derivative of Equation 4.7 with respect
to R, to zero. So, minimum substrate wear should occur when the tip roughness is
\/ (aaan (W =+ baan)) / (@apr (W + bgpr)). This indicates that the optimum tip rough-
ness is determined by adhesive and abrasive wear coefficients as well as the applied
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load. In this case, the results indicate that, as the load increases, the roughness of
the tip that will yield minimum wear increases.

From our simulations, the optimum tip roughness is 0.154 nm, 0.159 nm,
0.168 nm and 0.184 nm when the applied load is 10 nN, 25 nN, 50 nN and 100
nN, respectively. These optimum tip roughnesses approach the lower end of the
range (0.17 to 10.5 nm) reported from previous measurement of tip roughness [115,
123]. However, in general, they are quite small and may not be obtained in some
experiments. This suggests that, while adhesion determines the size of nanoscale
contacts, the effect of roughness on wear can be expected to be determined by
abrasion in most cases.

4.4 Summary

MD simulation was used to investigate the effect of tip roughness on nanoscale
surface wear during dry sliding at different applied loads. We observed that substrate
wear increased with tip roughness, normal load and sliding distance. However,
the nonlinear increase of wear with roughness suggested that more than one wear
mechanism contributed to the process of removing atoms from the substrate surface.
To isolate these contributions, we evaluated expressions for macroscale adhesive and
abrasive wear volumes in terms of their ability to describe nanoscale wear. For both
adhesion and abrasion, the form of the macroscale expression captures the increase
of wear of load and sliding distances observed in the simulations. However, to apply
the macroscale equations to nanoscale wear, it was necessary to add a term to
account for wear that occurs at zero external load due to the contact area formed
by adhesive forces alone. Also, analysis of the form of a theoretical expression for
interaction energy implied that, for both wear mechanisms, the wear coefficients
that were related to continuum material properties and concepts at the macroscale,
were likely to be functions of atom-atom interaction strength in nanoscale sliding.
With this modification, the forms of the adhesive and abrasive wear equations could
be used to describe the total simulation-predicted nanoscale wear. The resulting
expression, with variables fit to the simulation data, enabled prediction of trends
beyond those directly observed in simulation. The equation was then used to identify
the optimum tip roughness for a tip-sample sliding system to minimize substrate
wear, where the optimum tip roughness was load dependent. This provides a way
to evaluate the adhesive and abrasive contributions to nanoscale wear as well as to
determine the optimum tip roughness to minimize surface wear at a given load.
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Chapter 5
AMORPHIZATION-ASSISTED NANOSCALE WEAR

5.1 Introduction

The quality of AFM-based measurements and manufacturing processes are
critically dependent on the reliability and durability of the AFM tip itself [100,
131-134]. However, contact between the tip and sample, and the associated high
mechanical stress and/or chemical reactions, can result in wear of the tip during
use [49,57,69,81,124,135-137]. Tip wear is undesirable because it can result in an
inability to resolve fine structures during AFM implementation [3]. These wear pro-
cesses are necessarily nanoscale, suggesting that standard macroscale wear theories
may not always be applicable to describe or predict tip wear. Thus, a fundamental
understanding of wear mechanisms at the nanoscale is a critical first step towards
ensuring the structural and chemical integrity of an AFM tip during instrument use.

Recently, a number of experimental studies have used AFM to characterize
nanoscale wear on a variety of different material systems [49, 57,81, 138]. These
studies have been complemented by MD simulation of the AFM tip apex sliding
on well-defined substrate surfaces [53,136,137]. One observation from such stud-
ies is that a crystalline-to-amorphous transition may contribute to nanoscale wear.
Experimental measurements of sliding on nanocrystalline diamond revealed that
amorphous carbon was formed by the wear process [59,60]. This observation was
explained theoretically by an MD study of a diamond-diamond interface that showed
mechanical amorphization drives wear [58]. These studies suggest that wear at the
nanoscale may not be a simple process of material removal, but rather may be as-
sisted by material change during sliding. Further complicating the issue is that wear
rate is not only a material- and condition-specific property, but is also dependent on
how long sliding has progressed. At the onset of sliding, the system is “running-in”
and the wear rate can be orders of magnitude higher than that during steady state
wear [81]. During running-in, the two sliding partners adjust to each other in terms
of stress, surface roughness or crystal orientation [139-141]. The chemical and me-
chanical processes that occur during running-in are expected to play an important
role in steady state wear [139]. This means that understanding the processes that
leads to material removal in the first tens of nanometers of sliding is critical to
understanding nanoscale wear in general.
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In this chapter, MD simulations were used to study the nanoscale wear of a
crystalline silicon AFM tip with a native oxide due to sliding against an amorphous
silicon dioxide substrate. The size, shape and crystallographic orientation of the tip
apex in the MD model were defined to be comparable to those in a corresponding
AFM experiment, where the tip was imaged before and after 40 nm of sliding using
ex situ TEM. All experiments were performed by our collaborator Dr. Virginia
Altoe from Lawrence Berkeley National Laboratory (LBNL) [142], Tip wear was
quantified in the simulation as the volume of silicon atoms removed from the tip
at intervals up to the same 40 nm sliding distance as in the experiment. We also
quantified tip amorphization as the change of amorphous tip volume due to sliding.
The amorphization process was analyzed in the context of a previously-proposed
model for sliding-induced amorphization and considered in terms of local strain
within the tip. Lastly, the wear and amorphization rates were evaluated together to
determine how these two processes are related and better understand the running-in
process at the nanoscale.

5.2 Methods

In the simulation, consistent with the materials in experiments, we modeled
a Si tip with an oxidized surface and an amorphous SiO; substrate. From the high-
resolution tip image obtained from TEM before sliding, shown in Figure 6.1(a), the
tip profile was extracted and fit with a parabola, indicated by a dashed red line in
the figure. Based on this profile, a corresponding parabolic tip was cut from a cubic
model of crystalline silicon. The radius of curvature of the tip profile was estimated
to be 1 nm, and the model tip height of 10 nm was sufficient to capture the wear
mechanisms expected under the conditions explored here. Then the tip was placed
in an atmosphere of atomic oxygen. After the reaction between silicon atoms and
oxygen atoms, unbonded oxygen atoms were removed from the simulation box. A
cross section of the oxygen-terminated tip is shown in Figure 6.1(b).

The amorphous Si0, substrate was created using Visual Molecular Dynamics
(VMD), in which crystalline silicon dioxide was annealed by increasing the temper-
ature to 8000 K and then decreasing it to 300 K [143,144]. The dimensions of the
substrate were 23.2 x 11.4 x 3.5 nm in the z-, y-, and z- directions, respectively. To
maintain computation efficiency, we did not initially create a substrate long enough
to accommodate the entire target sliding distance, i.e. 40 nm. However, when the
tip was about to exceed the right boundary during sliding, we removed the worn
part of the substrate near the left boundary and added a newly prepared amorphous
S105 block to the substrate at the right boundary. The new block of material was
added to the model when the tip was at least 5 nm away from the right boundary
to ensure there was initially no interaction between the tip and the extended block.
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The surface roughness of the SiO, substrate was 0.18 nm in the simulation, com-
parable to 0.22 nm in the experiment. A perspective-view snapshot of the entire
model system is shown in Figure 6.1(c).

In the simulated system, the top 2 nm of the tip and the bottom 1.5 nm of
the substrate were held rigid. Adjacent to the rigid layer, thermostatted layers were
created and held at 300 K using the Langevin thermostat. The Langevin thermostat
was applied only in the directions perpendicular to the direction of tip movement.
The remaining atoms in the model were free to evolve according to Newtonian
dynamics. Periodic boundary conditions were applied in the x- and y- directions.
The charge-optimized many-body (COMB) potential for Si/SiOy [145] was used
with a time step of 0.2 fs to describe all atomic interactions. This potential includes
many-body effects that allow for the breaking of existing bonds and the formation
of new bonds and has been successfully applied to model a Si/Si0, interface [145].

Indentation simulations were performed to partially validate the model. A
load of 5 nN was applied to the rigid layer of the tip in the z [1 1 7] direction. After
the potential energy of the system was stable, which indicates that the system was
at equilibrium, the tip was pulled away from the surface at a constant velocity of 20
m/s. The pull off force was identified as the minimum force during tip retraction.
The pull off force measured in the simulation was 12.4 + 4.1 nN, which was reason-
able, although somewhat larger than the 3.9341.27 nN measured in the experiment.
From the Derjaguin—Muller—Toporov (DMT) contact model [83], the work of ad-
hesion in the simulation and experiment were estimated to be 2.0 + 0.7 J/m? and
0.64+0.2 J/m?, respectively. The difference between experiment and simulation may
be attributed to the existence of water in the experiment. In a previous study, it
was observed that water adsorbed on silicon dioxide surface can change the adhesive
strength of nanoscale contacts [146].

Sliding simulations were then performed to observe tip wear due to shear. A
constant normal load of 100 nN was applied on the rigid top layer of the tip and
then the system was relaxed for 40 ps, after which the potential energy was stable.
Then, the tip was slid along either the z- or the y- direction at a constant speed of
10 m/s. Here, the y [1 -1 0] direction was the same as the sliding direction in the
experiment.

To quantify wear, the tip was pulled away from the surface at a constant
velocity of 20 m/s after sliding a given distance. Any silicon atom that was removed
from the tip was considered to be worn. Then the worn volume was estimated by
multiplying the number of worn atoms by the volume per atom, which was taken
to be 0.02 nm? for a silicon atom in a perfect lattice. The number of silicon atoms
changing from crystalline to amorphous after sliding a given distance was calculated
using OVITO [147], in which the diamond lattice of silicon is identified using an
extended common neighbor analysis [148]. By multiplying the volume per atom,
this number can be converted to the tip volume that changed from crystalline to
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Figure 5.1: (a) TEM image of the silicon AFM tip before sliding, where the dashed
line represents a parabola fit to the traced profile of the tip; (b) xz
cross section of the model tip, which represents the Si (1 -1 0) plane;
(c) Snapshot of the simulation setup. The brightness change of the
substrate indicates that the substrate can be extended along its sliding
direction. Silicon atoms in the tip are shown in yellow, oxygen atoms in
the tip in red, silicon atoms in the substrate in blue, and oxygen atoms
in the substrate in green. All experimental results in this chapter are
provided by Dr. Virginia Altoe.
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amorphous due to sliding.

5.3 Results and Discussion

The tip wear volumes from the experiment and from simulations in two differ-
ent sliding directions are shown in Figure 5.2(a). Analysis of the simulation results
shows that wear increases with sliding distance and that the sliding direction had
little effect on wear volume, as expected for an amorphous substrate. However,
comparison of the experiment and simulation results at 40 nm reveals that the tip
wear volume in the experiment was approximately four times larger than that in the
simulation. We also calculated the wear rate as the tip wear volume per sliding dis-
tance per load (sometimes called specific wear rate). From the inset in Figure 5.2(a),
it can be seen that the wear rate decreased with sliding distance, consistent with
the observed in previous AFM measurements of nanoscale wear [81]. It also can
be seen that the wear rate is nearly constant by the end of the test, indicating
an approach to steady state. The wear rate in the simulation was estimated to be
0.28 x 1072 nm3nm~nN~1 at a sliding distance of 40 nm. In the experiment, at the
same distance, the wear rate was estimated as 1.15 x 1072 nm3nm~nN~1!, larger
than that in the simulation.

We next consider possible explanations for the larger experimental wear vol-
ume and wear rate at 40 nm. One difference between the simulation and experiment
is the wear volume calculation method, which was obtained using a truncated cone
approximation in experiment and by summing the volume of removed atoms in sim-
ulation. To test this, we applied the truncated cone approximation to calculate the
wear volume in the simulation. This yielded a slightly larger wear volume estimate
than that obtained from the worn atom count, but the difference between the results
from the two calculation methods was small compared to the difference between the
simulation and experiment. Thus, the method of calculating the wear volume does
not appear to be a major factor contributing to the difference between experiment
and simulation. Another possible reason for the difference is that, in the experiment,
there may be water on the surface which can change the surface properties such as
adhesion [146,149]. Such surface properties can affect wear [150], suggesting that
the presence of water may partially explain the difference between experiment and
simulation. However, we believe the most significant factor is likely to be the sliding
speed, as discussed next.

The sliding speed in the simulation was 10 m/s, which is orders of magni-
tude larger than the speed of 2.5 um/s in the experiment. As suggested previously,
nanoscale wear may occur through a process of atom-by-atom removal, which in-
volves bond formation and bond breaking at the sliding interface [49]. Within the
framework, a smaller sliding speed would provide more time for tip atoms and sub-
strate atoms to form bonds and more bond breaking events are expected during
sliding. This is supported by observations from a recent experimental study where
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Figure 5.2: (a) Tip wear volume as a function of sliding distance:red circles repre-
sent simulation-calculated wear volume for sliding direction [-7 -7 2],
purple squares represent simulation-calculated wear volume for slid-
ing direction [1 -1 0], and the blue triangle represents experimentally
measured wear volume for sliding direction [1 -1 0]. The inset shows
the wear rate as a function of sliding distance for sliding direction [-7
-7 2].

an increase in sliding speed caused a decrease in the wear rate of nanocrystalline
Ni [151]. To investigate the effect of sliding speed on wear, we tested additional
sliding speeds of 5 and 20 m/s in the simulations. We did not observe any statis-
tically significant difference between the wear rate calculated at these speeds (less
than 2 % variation for wear rates at 5, 10 and 20 m/s). However, the speed in the
experiment was much slower than any speed accessible to the simulations, so this is
likely to be a significant factor causing the difference in wear and wear rates.

We next analyze the amorphization process exhibited in the simulation. Dur-
ing tip indentation, we observed that crystalline silicon atoms near the end of the
tip became amorphous as shown in inset (a) of Figure 5.3. Further, it can be seen
that, after contact, the amorphous silicon atoms in the tip form a shape that is
similar to the pressure profile predicted by continuum contact mechanics models.
This suggests a connection between amorphization and contact, which may also im-
ply that amorphization contributes to the sliding wear processes. Evidence of this
mechanism was seen in the fact that the worn tip material left on the substrate
surface was amorphous; an example of the removal of amorphous material from the
bottom of the tip is shown in inset (b) of Figure 5.3. This observation is consistent
with previous experimental studies which showed that the wear particles formed
from crystalline diamond sliding on diamond were mainly amorphous carbon [60].
We also observed that clusters of material were removed from the tip, consistent
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with observations from previous simulations of wear of an amorphous tip [53]. We
quantified amorphization during sliding as the change of the total volume of amor-
phous silicon atoms in the tip (including silicon atoms removed from the tip)relative
to the amorphous material volume after indentation and before sliding. As shown
in Figure 5.3, amorphous volume change increased with sliding distance, a trend
similar to wear volume. The qualitative and quantitative observations suggest that
amorphization is happening during sliding and that it may be part of the wear
process.

=y
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I ----Fitting to Equation (2) -

Amorphous volume change due to sliding (nm®)

Sliding distance (nm)

Figure 5.3: Amorphous volume change (the change of the volume of amorphous
silicon atoms in the tip relative to the volume of amorphous silicon
atoms after indentation and before sliding) as a function of sliding
distance for the [-7 -7 2] sliding direction, where the navy dashed line
represents a fit of Equation 5.2 to the simulation data. Inset are
snapshots of the (1 -1 0) plane of the tip (a) after indentation and
(b) after sliding ~25 nm, where the atom color indicates crystallinity;
crystalline silicon atoms are shown in yellow, amorphous silicon atoms
in green, and oxygen atoms in red.

In a previous study, an amorphization model was proposed to explain the time
evolution of the thickness of amorphous carbon during diamond polishing [58]. In
this model, crystalline atoms experience random collisions by amorphous atoms and
then have a probability to become amorphous. Based on this model, the thickness
of the amorphous material h (t) can be expressed as

B(t) = =B+ (B+h(to)* +2(CiPy + CaPy) avy (t — t) (5.1)

where constants o and  are dependent on the Herschel-Bulkley parameters; t, and
h (to) are the initial time and thickness of amorphous carbon, respectively; C; and Cy
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are geometry constants for two sliding surfaces; and P; and P, are the corresponding
probabilities of a successful amorphization event, which are dependent on crystal
direction.

To analyze amorphization in our simulation, we convert amorphous thickness
h(t) to amorphous volume V' using V' = Ah(t), where we assume that the contact
area A changes little with time. In addition, vy (¢ — ty) can be replaced by the sliding
distance L. Thus, we obtain

V=-pF+vy+oL (5.2)

where (', v and o are constants, which are dependent on parameters «, 3, to, h (to),
C1, P and A in Equation 5.1. From Equation 5.2, it can be seen that the change
in the amorphous volume is proportional to the square root of sliding distance. We
then fit the data from MD to Equation 5.2. The fitting curve is shown in Figure 5.3
and the R-squared value of the fitting is 0.98, indicating that the behavior predicted
by the theory agrees well with simulation observations.

Figure 5.4: The (1 -1 0) plane of silicon atoms in the tip after sliding (a) 6.4 nm,
(b) 14.4 nm and (c) 23.2 nm. The color indicates local atomic shear
strain.

The remaining question is why the amorphization rate decreases with sliding
distance. To explore this, we analyzed the strain distribution within the tip. Strain
is quantified using OVITO as the von Mises shear strain per atom [147,152-154],
where the reference atomic configuration for the strain calculation is taken to be
the configuration just before sliding begins in the simulation and the cutoff distance
for this calculation is 0.6 nm. The results at three representative moments in time
are shown in Figure 5.4. Early in the sliding process, we observe large shear strain
in the lower right region of the tip. However, as sliding continues, this strain is
gradually released. A crystalline-to-amorphous transition in silicon can be assisted
by strain [155]. Therefore, the observation that strain is released during sliding may
be associated with the decreasing rate of amorphization.

To relate the amorphization to wear, we plot amorphization rate and wear
rate as functions of sliding distance as shown in Figure 5.5. Here, the amorphization
rate was defined to be similar to wear rate, i.e., the change of amorphous tip volume
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Figure 5.5: Amorphization and wear rate as functions of sliding distance.

per sliding distance per applied load. It can be seen that both wear and amorphiza-
tion rates exhibit similar trends. That is, they both decrease during running-in and
then reach a constant value as the system approaches steady state. This implies
that wear occurs through a process in which atoms become amorphous and then are
worn away. This is consistent with our observation that worn material is primarily
amorphous and that, in steady-state, the total amount of amorphous material within
the tip remains constant over time. These observations suggest that wear processes
at the nanoscale may be assisted by amorphization, but additional simulations and
experiments performed to longer sliding distances would be needed to verify this for
steady state sliding.

5.4 Summary

We studied the running-in phase of nanoscale wear using MD simulations
and an AFM experiment of a silicon AFM tip sliding against an amorphous silicon
dioxide substrate. TEM images of the experimental tip provided a measurement of
tip material worn away after 40 nm of sliding. Simulations complement this mea-
surement with atom-scale information about the wear processes that during those
40 nm. From the simulations, we found that tip wear volume increases with sliding
distance and the wear rate decreases with sliding distance. Based on the change of
wear rate with sliding distance, the beginning of the wear transition from running-in
to steady state was observed. The wear rate in the simulation was observed to be
smaller than that in the experiment, a difference that was attributed to the possi-
ble presence of water in the experiments and the much faster sliding speed in the
simulations. The volume and rate of tip material amorphization was also quanti-
fied. The change of amorphous tip volume exhibited a square-root relationship with
sliding distance, which suggests that a previously-proposed amorphization model
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can be applied to wear of silicon. The observed amorphization behavior was related
qualitatively to a release of local strain in the tip. Lastly, we calculated the wear
and amorphization rates and found that they exhibit similar trends with sliding
distance. The similar trends suggest that wear processes may be assisted by amor-
phization of the material during running-in. Thus, our study provides insight into
the mechanisms of shear-induced silicon amorphization and nanoscale wear.
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Chapter 6
MOLECULAR DYNAMICS SIMULATION OF AM-AFM

6.1 Introduction

We have introduced nanoscale wear in contact mode AFM so far. Wear
can also occur in the imaging process of AM-AFM due to the high frequency of
the tip oscillation and intermittent contact between the tip and surface. Previous
theoretical studies of AM-AFM have explained the oscillation behavior of the AFM
tip in terms of the forces that the tip experiences [156-160]. The dynamics of AM-
AFM has also been investigated in experimental studies [22,161-165]. However,
the interactions between the AFM tip and sample that occur during oscillation
are still not fully understood. This understanding has been hindered by the fact
that the contact between the tip and sample is nanoscale, and so atomic scale
interactions between the tip and sample may not be captured by continuum contact
mechanics [22,54]. This limitation suggests the use of MD simulation, a modeling
technique that can capture atomic scale interactions and has played an important
role in the study of nanoscale contacts in general [16]. However, there have been few
MD-based studies focusing on AM-AFM. In the two recent studies where AM-AFM
was modeled using MD, it was shown that the local stiffness and energy dissipation
for a nanoscale tip and substrate under conditions relevant to AM-AFM could be
correlated to local surface topography [166,167]. In addition, several studies have
employed MD simulation and theoretically approximated equations to understand
the physics of dynamic AFM [168-170]. However, a fully atomistic MD model
of an AM-AFM experiment, including an excitation signal and multiple cycles of
oscillation, has not been performed. The development of such a model is necessary to
understand the non-linear and complex forces involved in an AM-AFM experiment
and to predict the relationship between the nanoscale features of the tip apex and
the resolution of topography measurements using AM-AFM.

In this chapter, the AM-AFM experimental setup was simulated using an
MD model of an AFM tip apex, sample and virtual representation of the cantilever
connected to the tip apex via a harmonic spring. A sinusoidal excitation signal
was applied to the virtual cantilever such that the dynamics of model tip apex was
determined both by its response to that signal and the interaction with the substrate.
This first of its kind MD model therefore captured most of the key features of an AM-
AFM experiment. The amplitude and phase shift of the tip oscillation as functions of
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tip-sample distance were measured in the simulation and compared to experimental
results, as well as analytical models of AM-AFM. The simulation predictions were
then fit to an existing AM-AFM model enabling estimation of energy dissipation,
which was then analyzed as a function of tip radius.

6.2 Methods

A schematic of the experimental AM-AFM apparatus is illustrated in Figure
6.1(a). The similarities and differences between the experimental setup and the MD
simulation depicted in Figure 6.1(b) are highlighted within the figure. The fully
atomistic MD simulation consists of a hemispherical Si tip apex and a three-layer
graphite substrate. The tip radius is 3 nm and the height of the spherical cap is
1.2 nm. The dimensions of the graphite substrate were 17.8x17.1x0.67 nm? in
the z-, y- and z-directions, respectively. Substrate atoms at the perimeter of the
graphite along the z- and y- directions are fixed. The effect of this boundary setting
on the results were found to be negligible, likely due to the relatively large size of
the substrate compared to the size of tip. The bottom layer of the substrate and
the tip are treated as rigid bodies. The AIREBO potential is employed to describe
the carbon-carbon interactions within each graphene layer [171]. The interaction
between the graphene layers is modelled by the Lennard-Jones (LJ) potential with
parameters (ec—¢c = 2.84 meV and oc_¢ = 0.34 nm) adopted from Ref. [171] as
well. For the interaction between the tip and substrate, the LJ parameters for Si-C
(esi—c = 8.909 meV and og;_¢ = 0.3326 nm) reported in recent work are used [50].
The cut-off distances of the LJ potential for the C-C and Si-C interactions are 1.19
nm [172] and 0.8315 nm [50], respectively. The NVT ensemble, where the number
of atoms (N), volume (V) and temperature (T) are conserved, is employed and the
Nosé-Hoover thermostat is applied to the free atoms in the system with a target
temperature of 300 K. All simulations were performed using LAMMPS simulation
software [62,63] with a time step of 1 fs.

A virtual atom is employed to simulate the cantilever base in an experiment.
In the simulation, the virtual atom is connected to the tip apex through a harmonic
spring with a stiffness k¥ = 40 N/m in the z-direction. The ensemble of tip and
virtual atom is placed above the graphite substrate as shown in Figure 6.1. The
initial distance between the virtual atom and sample surface is identified as z.. The
virtual atom is oscillated with a sinusoidal excitation signal, mimicking acoustic
excitation in an AM-AFM experiment. In the simulation, the sinusoidal excitation
signal has an amplitude of 1 nm with a frequency of 200 GHz. The excitation
frequency of 200 GHz was chosen to be close to the natural frequency of the tip
fo, which was determined by (1/27) \/k/m. Here, k is the spring stiffness and m is
the mass of the tip. The quality factor @, which is determined by Q = vVmk /e, is
around 7.3, where ¢ is the damping coefficient of the tip. The value of () was chosen
to be on the same order of magnitude as that in an experiment [156,157,164]. The
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Figure 6.1: (a) A simplified schematic of a dynamic atomic force microscope in
which an excitation voltage is applied to the shaking piezo, result-
ing in the tip oscillation (response); (b) Snapshot of the molecular
dynamics simulation in which a model tip apex is connected with a
virtual atom by a harmonic spring over a sample (graphite substrate).
z. is the distance between the virtual atom at rest (cantilever base
in the simplified experiment schematic) and sample surface. The dy-
namic response of the tip (black dashed sine wave) is determined by
the sinusoidal excitation of the virtual atom (red solid sine wave) and
tip-sample interactions.

damping force F' applied on the tip is given by F' = —cv, where v is the velocity
of the tip. Because most dynamic AFM experiments operate in the underdamped
regime [157], the value of ¢ was chosen to be 4.4 x 107N - s/m to ensure that the
correct damping of the tip oscillation would be reproduced in the model.

6.3 Results and Discussion

The oscillation amplitude of the tip and the phase shift between the tip
oscillation and the excitation signal are two important experimental parameters
typically measured in AM-AFM [156]. In the simulation, these parameters were
obtained from the oscillating displacement of the virtual atom and the tip. A rep-
resentative result displaying the time variation of the displacement of the virtual
atom and the tip is shown in Figure 6.2. The tip position z can be described by the
equation z = zg + Asin (wy,t — ¢), where 2 is the average tip-sample separation, A
is the amplitude of tip oscillation, which is dependent on the angular frequency of
the excitation signal w, ¢ is the phase shift compared to excitation signal, and wy;,
is the angular frequency of tip oscillation, which is determined by w, i.e., wy, = w.
A sine function was fit to the two waveforms generated by the simulation to obtain
the amplitude A and phase shift ¢. To obtain statistically relevant fits for these
values, 10 oscillation cycles for both the virtual atom and tip displacement were
acquired in the MD simulation and subsequently fit with the sine waveform. Since
2o was obtained from the fit, we report subsequent results in terms of z., the initial
tip-sample distance, since the latter was the parameter specified in our simulation.
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Figure 6.2: The time dependent vertical displacement of the virtual atom (red
solid line) and the tip (black dashed line) at z. equal to 6.79 nm. A is
the oscillation amplitude and ¢ is the phase shift between the tip and
the virtual atom oscillations.

To verify the ability of the simulation to effectively capture the AM-AFM
dynamics, the model-predicted amplitude and phase shift were analyzed as functions
of tip-sample distance. The amplitude of tip oscillation A and the corresponding
phase shift ¢ as functions of z. are shown in Figures 6.3 and 6.4. As discussed next,
these trends were found to be consistent with previous theoretical and experimental
studies.

When the tip was close to the sample, i.e., z. was less than 9.2 nm, the tip
oscillation was determined by both tip-sample interaction and external excitation.
From Figure 6.3, the amplitude was observed to linearly increase with z.. A linear
fit to the data points below 8.6 nm yielded a slope 0.989 + 0.002. This result indi-
cates that the amplitude reduction (free oscillation amplitude minus amplitude of
oscillation) is approximately equal to the change of tip-sample distance, consistent
with previous theoretical and experimental reports [156, 158, 163]. This trend was
observed when z. was approximately between 2.7 and 8.6 nm. As the tip-sample
distance increased beyond this range (z. greater than 8.6 nm) the amplitude con-
tinued to increase, but with a smaller slope; this trend is more clearly seen in the
close up in the inset of Figure 6.3. This slope change suggests a transition from the
repulsive to attractive regime, as previously observed [159,160].

When z. reached 9.2 nm, the amplitude plateaued to a value corresponding
to the free oscillation amplitude of Ag = 7.2 nm, where the tip dynamic response
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The amplitude of tip oscillation A as a function of z.. Purple dashed
line overlayed on the points shows the linear fit to the data below 8.6
nm, yielding a slope of 0.989 4+ 0.002. The horizontal blue dashed line
represents the free tip oscillation amplitude of 7.2 nm and the vertical
black dashed line at z. = 8.6 nm identifies the transition from repulsive
to attractive contact between the tip and sample. This transition is
observed more clearly in the inset.
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was only determined by the excitation signal. In the absence of tip-sample force,
the dependence of the amplitude on the excitation frequency can be calculated by
the Lorenztian expression [156],

kAg/m
[(wf = w?)® + (wwo/Q)’|

where, Ay is the amplitude of the virtual atom or the amplitude of the excitation
signal and kAy is equivalent to the excitation force in experiment, w is the angu-
lar frequency of virtual atom and wy is natural angular frequency of tip, which is
determined by \/k/m. Thus, when the excitation frequency is close to the natural
frequency of tip, the amplitude of tip oscillation can be approximated by simplifying
Equation 6.1 as A ~ AyQ). From A; = 1 nm and ) = 7.3 and in the absence of
tip-sample force, the amplitude of tip was calculated to be around 7.3 nm. This
approximated result was close to the measured value of 7.2 nm from the simulation.

Although consistent with the theoretical value, the free amplitude in the
model was smaller than that typical of an experiment; for example, a more typical
value of 10 to 100 nm [22,161-165] is usually encountered in experimental AM-AFM
measurements. The free amplitude was restricted to smaller values in this model
in part due to the very large frequency of the excitation signal (200 GHz), which
was necessitated by the timescale limitations of MD simulation. This limitation
resulted from the requirement that atomistic models must run with time steps cor-
responding to atomic vibrations, corresponding to femtosecond time steps. Thus,
a maximum simulation duration is typically on the order of nanoseconds. There-
fore, a low oscillation frequency on the order of kilohertz, more closely replicating
the cantilever oscillation frequencies encountered in experiments, would require an
enormous amount of computation time. The high oscillation frequencies are also
a result of the fact that only the end of the tip apex was simulated in the model,
rather than the entire tip and cantilever, which typically have dimensions on the
order of 10 and 100 microns, respectively. Therefore, the mass of the oscillating
body in the simulation is much smaller than that typically encountered in experi-
ments. The high frequency dictated by these simulation constraints in turn limited
the free amplitude that could be attained in the simulation. For example, driving
the cantilever at higher oscillation amplitudes resulted in an increase in the speed
at which the tip apex approached and retracted from the surface, the acceleration
at the point of contact, and thus the contact forces, which may cause instability.
We observed instability, manifested as non-sinusoidal tip oscillation, for free ampli-
tudes larger than ~ 10 nm. Thus, amplitudes were restricted to below this value to
prevent instabilities.

Phase shift is another key experimental parameter measured in AM-AFM,
and is often used to map compositional variations in heterogeneous samples [162,

A(w) = (6.1)

1/2
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Figure 6.4: The phase shift ¢ as a function of z.. The horizontal blue dashed line
represents the free tip phase shift of 93° and the vertical black dashed
line at z. = 8.6 nm identifies the transition from repulsive to attractive
contact between the tip and sample.

164,165,173,174]. Assuming that the excitation frequency is exactly the same as the
resonance frequency of the tip, it has been proposed that, for a system operating in
the repulsive force regime, the phase shift between the drive and cantilever oscillation
signal will be less than 90°, and for a system operating in the attractive regime,
the phase shift will be greater than 90° [159,161]. Based on this guideline, both
attractive and repulsive regimes can be observed in our simulation results shown in
Figure 6.4. When z, was less than 8.6 nm, the phase shift was below ~ 90° (93° in
our simulation) and its magnitude increased with tip-sample distance, due to the
inverse relationship between interaction force and tip-sample distance [164]. The
phase shift changed quickly to above ~ 90° at a distance of 8.6 nm. This indicates
a transition from the repulsive to attractive regime and is in agreement with that
exhibited by the amplitude-distance curve shown in Figure 6.3. As z. continued
increasing, the phase shift decreased until z. became larger than 9.2 nm, at which
point the phase shift reached a constant value of 93°. This is consistent with the
expected phase shift of ~ 90° when the tip oscillates near its natural frequency [156].
Since most AM-AFM experiments operate in the repulsive regime, a range for z.
of 2.7 to 8.6 nm was identified as the effective AM-AFM operating range for our
model. Data from this region will be used to perform the following analyses.
Phase shift is generally related to the local energy dissipation. Specifically,
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the sine of the phase shift ¢ is proportional to the amount of inelastic energy trans-
ferred from the tip to the sample surface. The relationship between the phase shift
¢ and energy dissipation per period Fy;s due to the tip-sample interaction has been
proposed as [162],

J A QFu
fO A() 7T]€AOA
where f is the external excitation frequency and fy is the natural frequency. By
fitting the simulation-predicted phase shift ¢ (Figure 6.4) versus amplitude A (Figure
6.3) in the repulsive regime, the energy dissipation of the system was found to be
FEy4s = 276.6 €V. This value is on the same order of magnitude, but smaller than the

510 eV previously reported for energy dissipation from experimental data similarly
analyzed and collected from a similar system [162].

sin ¢ =
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Figure 6.5: Energy dissipation as a function of tip radius. Symbols are data from
simulations and the dashed line is a linear fit.

One possible reason for the difference in the energy dissipation between ex-
periment and simulation may be the tip size. As suggested previously [164,175],
Equation 6.2 does not consider the effect of tip radius on the energy dissipation.
However, due to the fact that the total van der Waals force is proportional to the
radius of the tip, a larger tip radius suggests stronger interaction force between
the tip and substrate. The radius of the tip used in the model is 3 nm, which is
relatively small compared to that in most AM-AFM experiments. To evaluate the
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effect of tip size on energy dissipation, the radius of the model tip was varied with
the tip mass held constant by artificially decreasing the mass of individual atoms as
the radius was increased so that the natural frequency of the oscillation f; was un-
changed. As shown in Figure 6.5, the energy dissipation increased with tip radius as
expected based on theoretical predictions [173]. Although there are only a few data
points, this increase appears to be approximately linear. This trend is consistent
with our observation that the adhesive force between the tip and the surface also
increased linearly with tip radius, as suggested by the Derjaguin-Muller-Toporov
(DMT) adhesive contact mechanics model [176]. This suggests that energy dissipa-
tion is correlated to the adhesive tip-sample interactions. However, as the intercept
of the linear fit in Figure 6.5 is non-zero, an additional dissipation mechanism, i.e.
beyond adhesion hysteresis, must influence the tip-sample contact. In a previous
work, adhesion hysteresis, long-range interfacial interactions and viscoelasticity were
identified as important energy dissipation mechanisms [173,174].

Another factor that might affect energy dissipation is the number of graphene
layers in the model. The thickness of graphite in an experiment is typically larger
than that of the three-layer graphite in the model. To investigate this effect, the
number of graphene layers was increased for a simulation with a tip radius of 3 nm
and z. = 6.79 nm. When the model contained five or more layers, corresponding to
thicknesses larger than the cut-off distance for the LJ interactions between the tip
and substrate, the energy dissipation was approximately twice that of the three-layer
graphite. Therefore, similar to the tip size, the limited substrate size in this model
may also affect energy dissipation. However, a more complete understanding of the
energy dissipation mechanisms, using both experimental measurements and simula-
tion predictions, is required to understand the increased trend of energy dissipation
with tip radius as well as other parameters that may affect the energy dissipation
difference in the current comparison between simulation and experiment.

6.4 Summary

In summary, the first fully atomistic model of an AM-AFM that includes
both the tip-sample interactions and a sinusoidal excitation signal has been created.
The model was used to predict the amplitude and phase shift of the tip oscillation.
These parameters and their variation with tip-sample distance were compared with
previous experimental measurements or theoretical predictions. It was found that
the free amplitude in the simulation was in good agreement with that predicted
theoretically and, in the repulsive regime, the amplitude of tip oscillation increased
linearly with tip-sample distance with a slope near unity, consistent with observa-
tions from AM-AFM experiments. In addition, the transition from a repulsive to
attractive regime in the simulation was identified by the variation of phase lag rel-
ative to ~ 90°, as suggested by previous experiments and theories. The ability of
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the simulations to reproduce these trends indicates that the model is a reasonable
representation of an AM-AFM system.

A limitation of the model was revealed by analysis of the energy dissipation
obtained by fitting the amplitude and phase shift from the simulations to theory.
This energy dissipation was found to be smaller than that reported from similar
experiments. The difference was analyzed in terms of the possible differences in tip
radius and substrate thickness. The result suggested that model size played a role,
but the exact nature of how it affected energy dissipation could not be determined
using the simulations alone. Regardless, the ability of the model to capture the
dynamics of the AM-AFM suggests that it may be a powerful tool to complement
and provide mechanistic insight into experiments performed using this technique.
Most significantly, such simulations may be able to shed light on the complex forces
in the tip-sample interface and how they affect AM-AFM measurements.
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Chapter 7
TIP CONVOLUTION IN AM-AFM MEASUREMENT

7.1 Introduction

Different AFM modes, have been extensively used to characterize the nanoscale
structures that exist on many surfaces [4,177]. Despite advances in the control elec-
tronics and other experimental parameters that can influence the attainable resolu-
tion of an AFM, the size of the tip and associated convolution are limiting factors in
the lateral resolution that can be achieved by AFM [178]. The topographic image
obtained in AFM assuming a parabolic tip is often used as an example to demon-
strate the influence of the tip on the attainable lateral resolution [179]. More re-
cently, greater attention to the exact size and/or shape of the tip, measured through
electron microscopy after surface imaging [27], or over the course of a given AFM
measurement [22,47,49,100], has shown that AFM tips have more complex shapes
than assumed in most tip convolution algorithms. Despite this fact, relative success
has been achieved in using tip convolution algorithms, particularly when imaging
very hard surfaces with a hard tip apex in AFM. [22].

One possible way to characterize tip size in-situ is to use the well-defined
geometry of an atomic step, measure the convolved topographic image using AFM,
and then determine the shape of the tip apex from the experimentally measured
data and the known structure of the atomic step [27]. Many studies on friction at
atomic steps [28,29,180-185] have suggested that there is a correlation between tip
shape and friction at the step. However, the width of the friction peak obtained
from measurements of a relatively large tip apex radius sliding up a single atomic
step of highly oriented pyrolytic graphite (HOPG) was larger than that calculated
based on the geometries of the step and tip [27]. Based on results from atomistic
simulations, the difference between measured and calculated friction peaks at the
step was hypothesized to be a result of deformation or buckling of the step during
contact mode scanning. This fact suggests that friction measurements on steps can
be correlated to tip shape.

To avoid the influence of atomic step buckling during AFM imaging, here we
explore the correlation between topography measurements obtained using AM-AFM
and tip shape. AM-AFM has been used as one imaging mode of the AFM for soft
samples, where shearing forces between the tip and sample in contact mode can
damage the sample [158]. Rather than pressing a nanoscale tip on the sample and
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Figure 7.1: A model tip apex is connected with a virtual atom by a harmonic
spring over a HOPG substrate. Fixed substrate atoms are represented
by blue and the tip atoms colored in red are treated as a rigid body.
The inset shows that the tip oscillation (red solid line) is driven by
the oscillation of the virtual atom (blue dashed line).

sliding across the surface, as in contact mode, one oscillates the tip above the surface
and brings it into contact such that the tip makes a brief repulsive contact with the
surface at the turning point of each oscillation cycle, thus effectively eliminating
shear stresses on the tip and sample.

AM-AFM was modelled using atomistic simulation in Chapter 6, allowing
for greater insight into the buried contact between the tip and sample, as well as
the dynamics that occur during AM-AFM scanning. In this chapter, we explored
the topographic profiles of single atomic steps of HOPG acquired with AM-AFM
using both experiments and MD simulations. All experiments were performed by
our collaborators from University of Calgary in Canada [186]. The resolution of the
AFM measurements and simulations was quantified as the width of topography at
the step. The step widths of the experiments and simulations were compared to
the profile calculated from the known step and tip geometries to understand the
influence of AM-AFM on measured topographic profiles.

7.2 Methods

The atomistic model is shown in Fig. 7.1. In order to reconstruct the ex-
perimental measurement with a computer simulation, we modeled the apex of a
hemispherical Si tip with a HOPG substrate. Tips with three different radii (3,
5 and 10 nm) were modelled, all with a tip height of 1.2 nm. The atoms in the
top 0.3 nm of the tip were treated as a rigid body, allowing for the tip to be con-
nected to the virtual atom through a harmonic spring that drove the tip oscillation.
The substrate consisted of five-layer HOPG with a step edge on the surface along
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r—direction. To accommodate different tip sizes, the size of the substrate was also
varied. The dimensions of the substrate were 17.8x12.2 nm? for 3 and 5 nm tips
and 29.6x16.6 nm? for the 10 nm tip. Fixed substrate atoms are shown in blue in
Fig. 7.1. To the left of the step, the bottom two layers of the substrate were fixed
and to the right of the step the bottom most layer was fixed to ensure that the
measurement would not be affected by the number of free layers. The boundaries
were periodic in the y-direction.

The interatomic interactions within the tip and substrate were described by
Tersoff [187] and AIREBO [171] potentials, respectively. The interactions between
the tip and substrate were modelled by a Lennard-Jones (LJ) potential with pa-
rameters eg;_¢ = 8.909 meV and og;_¢ = 0.3326 nm [50]. The temperature of the
free atoms was maintained using the Nosé-Hoover thermostat in the NV'T ensemble.
Simulations were run with a 1 fs timestep [62,63].

The rigid body of the tip (red in Fig. 7.1) and the virtual atom (yellow in
Fig. 7.1), were connected by a harmonic spring with a stiffness of k£ = 40 N/m in the
z-direction. A sinusoidal oscillation with an amplitude of 0.15 nm and a frequency
of 100 GHz was applied on the virtual atom. The frequency was chosen to be close
to the natural frequency of the tip. Although this frequency is much larger than that
in an experiment due to the timescale limitations of the simulation, the simulations
still complement experiments by providing atomic-scale details about the materials
and the interactions between them. The damping coefficient ¢ was chosen to be
1.22x 10719 N-s/m to ensure that the tip would oscillate in the underdamped regime
[157]. The quality factor was determined as 8.78 from @ = Vmk /c, where m, k and
¢ are mass of the tip, spring stiffness and damping coefficient, respectively. A plot
of the oscillation of the virtual atom and tip during a representative simulation is
shown in the inset of Fig. 7.1. A more detailed description of AM-AFM modeling
approach can be found in Chapter 6.

7.3 Results and Discussion
Five tips in the experiment were used to perform the topography measure-

ment. The surface topography was fit with a sigmoidal function shown in Equa-
tion 7.1.

Z1 — 29
1+ exp (”3_“0)

T

z2 =29+ (7.1)

In this equation, z; is the height of the bottom of the step in nm, z5 is the
height of the top of the step in nm, z, is the lateral position where the step is
located, 7 is the rate of change of the topography at the step in nm. Then the
width of the topography at the step, or step width, was calculated as w = x5 — x1,
where z; and x5 are obtained from Equation 7.1 when z equal (z; — 0.02nm) and
(22 + 0.02nm), respectively. Here, 0.02 nm is chosen to be 10 times the tolerance
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used to determine constant amplitude in the MD simulations. Fig. 7.2 shows the
variation of the step width measured in AFM experiments with the radius of the
AFM tip used in imaging the surface. The associated TEM images of the tip apex
for each data point measured are shown in the insets of Fig. 7.2. The general trend of
the experimental data shows a monotonic increase of the step width with increasing
radius of the tip apex. We also calculated the step width analytically using the
known geometry of the step and that of an ideal hemisphere, assuming only hard
shell repulsion and no deformation on the tip and the surface using Equation 7.2:

z2=h—R+VR?— 22 (7.2)

where h is the step height of a single HOPG atomic step, R is the tip radius, and
(x, z) represents the tip trajectory. This calculation is shown in Fig. 7.2 as a dashed
line and, in all cases, the measured step width is larger than that calculated from
geometry and the difference increases with tip size.

One explanation for the difference between experimentally-measured step
width and the geometric calculation is that the real tips are not perfectly hemi-
spherical, as assumed in the geometric calculation. To isolate this effect, we analyze
the MD simulation results for model hemispherical tips. Fig. 7.3 shows the topo-
graphic line profile generated using a 5 nm model tip. Each data point (red filled
circles) was acquired by oscillating the tip in the MD simulation and then changing
the tip-sample separation until the amplitude ratio was 0.8 (with a tolerance of 0.002
nm). The topographic profile was then fit to Equation 7.1, as shown by the black
dashed line. The geometric profile (Equation 7.2) is shown as the blue solid line.
A green vertical line at z=0 nm marks the known location of the step edge in the
simulation. It can be seen that the total simulation step width has contributions
from both the left side and right side of the actual position of the step. This is
in contrast to the geometric model whose width is entirely on the right side of the
step. To quantify the contributions of the left and right side of the step location to
the overall step width, we define the right step width w, as the distance from the
location of the step to x5 and left step width w; as the distance from the location
of the step to ;.

Fig. 7.4 shows the variation of w, (green squares), w; (red circles), and the
total step width (blue triangles) as functions of tip radius. The step width obtained
from the geometric model is also shown as a dashed line. We observe that all
widths increase with increasing tip apex radius, as expected. Also, for the three
tips investigated (3 nm, 5 nm, and 10 nm), the geometric step width is in good
agreement with the simulation-calculated right step width. This suggests that the
overall step width is due to the geometric contribution, which is manifested as the
width to the right of the step location, and another contribution, which increases
the width on the left side of the step. The contribution on the left side of the step
will be discussed in the next section.
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Figure 7.2: Experimental measurements of step width versus tip radius measured
for five tips. The insets show TEM images of the individual tips used
to determine the tip radius on the z-axis. The black solid line in each
TEM image corresponds to 20 nm. Each TEM image has been rotated
to compensate for the tilt angle of the AFM cantilever with respect
to the plane of the sample surface. The dashed black line indicates
the step width calculated from the known geometry of the step and
an ideal hemisphere with varying radius, referred to as the geometric
profile. All experimental results in this chapter are provided by the
group led by Dr. Philip Egberts.
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Figure 7.3: The simulation-calculated topographic profile of a single HOPG step

traced with a tip having a radius of 5 nm (red circles) and an amplitude
ratio of 0.8. The sigmoidal fit of the topographic data is shown as
a black dashed line. The solid blue line represents the topographic
profile generated assuming the geometric model. For both the MD
simulation data and the geometric profile, the location of the step
edge of the surface is at an z-position of 0 nm, denoted by a green
vertical line. The step width to the right of =0 nm is denoted by
w,, and corresponds to the distance in x between the solid green line
(at position z=0 nm) and the x position where 2=0.02 nm, denoted
by the purple vertical line. The step width to the left of x=0 nm is
denoted by w;, and corresponds to the distance in x between the z
position where 2=0.32 nm, denoted by the vertical orange line, and
=0 nm.
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We first examine the origin of the difference between the simulation data and
the geometric profile, where effects of the non-ideal shape of the experimental tips or
any environmental effect (discussed later) can be neglected. As observed in Fig. 7.4,
the difference between the simulation and geometric step width is primarily on the
left side of the step. One major difference between the simulation and geometric
calculation is that the calculation assumes rigid bodies, whereas both the tip and
substrate can deform in the simulation. Indeed, we observe that the topmost layer of
graphene deflects downward by approximately 0.13 4 0.04 nm when the tip is at its
lowest position during the oscillation. However, the amount of deflection does not
increase with tip size, unlike w; which increases with tip radius as shown in Fig. 7.4.
So the substrate deflection cannot directly explain the observed step width.

We hypothesize instead that deflection indirectly affects step width through
its relationship to contact area and the associated average interaction force, which
is the sum of the repulsive and attractive forces the tip experiences at the bottom
of the oscillation cycle. The size of the contact area (number of tip and substrate
atoms that interact) when the tip is near the substrate determines the interaction
force. Near the step, the contact area is necessarily smaller and the interaction force
decreases. This will in turn affect the amplitude of the tip’s oscillation such that,
to maintain a constant amplitude ratio, the vertical position of tip will be lowered,
which will change the measured topography.

To evaluate this hypothesis, a constant height simulation (as opposed to
constant amplitude) was performed with the 10 nm tip. Fig. 7.5 (a) shows the
number of tip atoms in contact with the substrate when the tip is closest to the
surface during one oscillation cycle, where contact atoms are identified as tip atoms
that are within 3.7 A from the substrate; Fig. 7.5 (b) shows the corresponding
interaction force averaged over 10 cycles of stable oscillation; and Fig. 7.5 (c¢) shows
the amplitude of tip oscillation. The step edge is located at x = 0 nm. We observe
that between -2 and 0 nm (the same region where we measured w; in Fig. 7.3)
the number of contact atoms decreases, the interaction force decreases, and the
amplitude increases slightly. This result is consistent with previous studies which
showed that, in the repulsive regime, larger repulsive force can result in a smaller
amplitude [159,188]. Thus, a larger oscillation amplitude is observed when the tip
is closer to the step edge. Then, in order to maintain a constant amplitude, the
vertical position of the tip needs to be lowered, as shown in Fig. 7.5 (d) from a
simulation run at constant amplitude. Correspondingly, the number of contacting
atoms and interaction force will result in a decrease in z-topographic height as the
tip approaches the step under constant amplitude imaging conditions.

Further support for the hypothesis is provided by analyzing the effect of tip
size on step width. As shown in Fig. 7.4, w; increases monotonically with tip radius.
If our hypothesis is correct, the effect of the step on the interaction force should
increase with radius as well. Fig. 7.6 shows the interaction force as a function of
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Figure 7.5: From a constant z height simulation, the variation of the (a) number

of contacting atoms at the lowest point in the oscillation cycle, (b)
interaction force, and (c¢) amplitude of oscillation are plotted as a
function of x lateral translation. (d) Topography from a constant
amplitude simulation. The blue dashed line indicates where the steps
starts to affect measurements and red dashed line corresponds to the
location of the step.
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Figure 7.6: The interaction force as a function of tip lateral position at constant
height measurement obtained from MD simulations for three tips hav-
ing a radius of 3 nm (red squares), 5 nm (blue squares), and 10 nm
(black squares). The error bars represent the variation of interaction
force during 10 oscillation cycles. Dashed lines represent the interac-
tion force when the tip is on the terrace for each of the three tips. We
observe that the simulation data decreases relative to this mean value
and that the position at which the decrease begins is further from the
step (the step is at £=0) for larger tips.

lateral position for different tips. It can be seen that increasing the tip size causes
the interaction force to start decreasing further from the step (further left). This
can be correlated directly to the increase in w; with tip size.

Experimental measurements to examine the decrease in the amplitude at a
constant tip-sample separation were conducted. However, due to the small range
over which this variance occurs, the difficulty in locating the exact step edge in
comparison with the measured step edge, and the drift associated with experimental
measurements on this length scale, we were unable to conclusively experimentally
validate this simulation data. However, we do see a significant variance in the
feedback signal (the oscillation amplitude) in the region of the step edge, which
increases when scanning from a higher step of graphite to a lower one.
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It is likely that the mechanism proposed in the previous paragraphs based
on the simulation results is relevant and contributes to the step width measured
in experiment as well. However, there are expected to be other factors at play as
well, including the irregular shape of the tip, which we can only characterize in the
axis perpendicular to the cantilever beam. An additional contributing factor to the
much larger step width measured in AFM experiments compared with the geomet-
ric model may arise from the approximate 30% humidity present in experiments.
This humidity will increase the contact between the tip and sample, as a meniscus
bridge will likely form between the tip and sample [189,190]. However, the contri-
bution of a water meniscus, beyond perhaps increasing the contact area, has been
suggested to have little influence on the tip sample contacts in dynamic AFM [156].
A detailed experimental evaluation of graphite steps becomes difficult, as ultra-high
vacuum (UHV) AM-AFM images, required to evaluate the impact of water on the
acquired images, are difficult to acquire because the (-factor becomes very large,
and thus the response time of the cantilever dynamics to tip-sample interactions be-
comes unrealistically long for image acquisition. On the other hand, the measured
topographic profile convolved with the shape of the tip apex on diamond-like car-
bon films and measured in a drier environment has been shown to match well with
TEM images [22]. The lower relative humidity during those measurements was ap-
proximately 15%, possibly contributing to the greater overlap of the tip convolution
measurement and the real shape of the tip.

7.4 Summary

Experimental and simulation measurements of tip-convoluted topographic
measurements of HOPG single atomic steps were performed. Both show that the
topographic measurements are convolved with the shape of the tip, specifically influ-
encing the sharpness of the step measured in the lateral dimensions. This blurring
of the atomic step due to the finite shape of the tip was greater than expected from
simple geometric calculations. It was further shown that the difference between the
geometric calculation and the measured/simulated step widths increased with tip
size. Detailed analysis of the simulations suggested that this difference is in part at-
tributable to the deformation of the bodies, in this case primarily of the HOPG, due
to the interactions between tip and substrate. This deformation is not accounted for
in the geometric calculation that assumes rigid bodies. The effect of the deforma-
tion is that there is a finite contact area between tip and substrate. The size of this
contact is at a maximum when the tip is in the lowest position of its oscillation and
is approximately the same for any position on a terrace of HOPG. However, as the
tip approaches the step edge, the contact area decreases, causing an increase in the
interaction forces, which in turn affects the amplitude of oscillation. In a constant
amplitude measurement, this is adjusted for by shifting the equilibrium position of
the tip, which is detected as a change in the measured topography. This deviation
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occurs further from the step for larger tips, thus also explaining the observed effect
of tip size.

In general, this study has shown that, although AM-AFM does not suffer from
issues associated with step bucking like contact mode, there are still limitations to
correlating step topography measurements directly to tip size. This limitation arises
in part due to the sensitivity of AM-AFM to the interaction forces that occur dur-
ing dynamic oscillation, and deformation. Deformation is determined by the elastic
properties of the contacting bodies and the strength of the interaction between them.
Therefore, for as well-defined material system, it may be possible to relate the de-
formation of the bodies and corresponding contact area, and then deduce the tip
size from the difference between the measured topography and the combined effects
of the rigid-body tip-substrate convolution and the deformation effects. However,
this calculation would be very sensitive to the specific materials used in the exper-
iment, and also likely affected by the operating conditions. Nonetheless, AM-AFM
may be useful as a technique for measuring tip wear since normally the elasticity
and interaction strength of the materials remain nearly the same throughout a test.
Therefore, the change in the measured step width should be a reasonable reflection
of the change in effective tip size.
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Chapter 8
SUMMARY AND FUTURE WORK

8.1 Summary

In summary, we investigated the mechanisms of nanoscale wear in contact
mode AFM and the effect of nanoscale wear on topography measurement using
AM-AFM. The primary research tool used was MD simulation, where models were
designed to capture the key features of corresponding experiments. Wear was charac-
terized in terms of wear track depth, change in tip radius and chemical composition.
From comparison of the experimentally-observed and simulation-predicted wear, it
was shown that nanoscale wear can occur through both adhesion and abrasion, and
that the dominant mode is determined by both sliding distance and load. Then we
studied the running-in phase of nanoscale wear and showed that wear processes may
be assisted by amorphization of the material, that is, crystalline materials become
amorphous before they are removed from the surface. The effects of load, adhesion
and roughness of the surface on nanoscale wear were also explored, which enabled
the prediction of wear beyond that direct observable in simulation to identify an
optimum sliding interface to minimize wear. In addition, we developed a novel
model of AM-AFM in MD simulation, where the model AFM tip responds to both
tip-sample interactions and to a sinusoidal excitation signal. This model was then
used to examine the influence of wear of the AFM tip apex on the measured surface
topography of single HOPG atomic steps. The majority of the contents of this thesis
has been published in peer-reviewed journals [69,125,142,186,191,192].
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8.2 Future Work

We propose several important future research topics to further explore the
mechanisms of wear and its effect on nanoscale devices. Based on the research in
this thesis, there are four proposed research topics. First, in Chapter 2, it was shown
that atom-by-atom wear could not be applied to describe wear under the conditions
in that study. Thus, it is necessary to further explore the applicability of the atom-
by-atom wear model and factors such as the size, load, materials and environment
which may affect it. Second, in Chapter 6, we developed an MD model of AM-
AFM, which enabled the estimation of energy dissipation during the tip oscillation.
However, the wear mechanisms during AM-AFM are still not clear. Therefore,
further MD studies, which can provide direct access to the atomic structure at the
interface, are necessary to explore wear mechanisms during AM-AFM. Third, in
Chapter 7, tip wear was expressed in terms of the radius of the tip. However, the
tip does not only change in size but also in shape due to wear. Using simulation, it
would be possible to directly relate sliding wear from contact AFM with resolution
loss in AM-AFM. Fourth, nanoscale wear not only occurs in AFM measurement,
but also in other devices such as nanoelectromechanical systems (NEMS). Thus, it
is important to explore wear mechanisms in these devices and determine how wear
affects the electrical, chemical and mechanical properties of components. The details
of each proposed topic will be described in following sections.

8.2.1 Thermal Activation of Nanoscale Wear

Atom-by-atom wear, which is based on the assumption that wear occurs
gradually and through atom-by-atom, stress-assisted bond formation and breaking,
has been proposed in previous experimental research [49,57,86]. We analyzed wear
trends from MD simulation in the context of atom-by-atom wear in Chapter 2, and
showed that atom-by-atom wear is not always applicable. Thus, it is necessary to
further investigate the effects of tip size, load, materials and environment on atom-
by-atom wear, which may help define the applicability of atom-by-atom wear under
different conditions.

In the context of atom-by-atom wear, the process of atom loss is considered
to be a thermally activated process, in which the temperature plays an important
role. However, during sliding, the temperature at the interface is difficult to mea-
sure in experiments. In addition, it has been shown that, in the atom-by-atom
wear model, sliding velocity has an effect on wear rate due to contact time [49)].
Therefore, MD simulation can be used to analyze wear trends by changing variables
such as temperature, sliding velocity and surface termination. Studying the effects
of various conditions on the atom-by-atom removal process can provide insight into
the underlying mechanisms of atomic wear.

This study can then help resolve the question of whether the Archard’s wear
law or atom-by-atom wear is applicable at different conditions. A previous study
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using MD simulation showed a transition from atom-by-atom wear to plastic wear:
at low load, the atomic wear rate has an exponential dependence on the normal
stress, in agreement with the mechanically assisted bond-rupture theory; while at
high load, the plastic wear rate exhibits a linear dependency on the normal stress
[136]. This wear transition was observed to occur due to load, but may also occur due
to changes in sliding velocity, temperature and surface termination. Thus, future
MD studies combined with experimental investigations can isolate the applicability
of different wear mechanisms and the transition from one wear mechanism to another
under different conditions.

8.2.2 Nanoscale Wear in AM-AFM

In Chapters 6 and 7, we developed an AM-AFM model in MD simulation
and it was applied to investigate the effect of tip size on topography measurement.
This model can also be used to explore wear during operation of AM-AFM. Wear
during contact mode AFM has been studied widely [35, 37, 38, 40, 49, 100]. AM-
AFM was introduced in part to reduce wear during measurement by eliminating the
shearing forces between the tip and sample due to sliding and reducing the total
amount of time the tip interacts strongly with the sample. However, tip wear can
still be a limiting factor in AM-AFM due to the high frequency of tip oscillations.
Previous experimental studies have shown that tip wear can be significant in AM-
AFM imaging and wear mechanisms such as fracture, plastic deformation and atom-
by-atom removal can also exist in AM-AFM [20,22,23,161].

In contact mode AFM, the dominating wear mechanism is dependent on the
stress and tip-sample interactions at the contact interface. The mechanisms of wear
in AM-AFM are likely to be different due to the negligible shear stresses. For ex-
ample, it has been suggested that the cyclic loading and impact as well as high
compressive stresses in AM-AFM are the main factors that contribute to wear [22].
Despite the importance of wear in AM-AFM, there are limited studies on wear in
this operation mode. In addition, forces and stresses are generally calculated us-
ing simplified analytical equations in AM-AFM experiments [12,193]. Modelling
AM-AFM would provide information about the tip-sample interaction force and the
buried interface near the contact, which are not directly accessible to current exper-
imental techniques. Thus, the newly developed AM-AFM model in MD simulation
can be used to gain insight into the atomic wear that occurs during an AM-AFM
measurement.

8.2.3 The Effect of Sliding Wear on Resolution in AM-AFM

We studied the effect of tip wear on topography measurement by changing
the radius of the tip in Chapter 7. Although tip radius is a typical characterization
of wear, that is, larger tip radius indicates more wear, wear can also cause a change
of the tip shape [23,47]. In addition, in Chapter 5, we showed that materials
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can become amorphous near the sliding interface. Both tip shape and material
change can contribute to resolution loss in AFM measurement. Thus, future research
may try to understand the effect of actual tip wear on resolution in AM-AFM
measurement. A sliding simulation, such as those described in Chapter 2 or 5, can
be performed first, so that the evolution of the tip can be observed. Then tips
obtained by sliding different distances can be used for topography measurement in
AM-AFM as described in Chapter 7. This would make it possible to explore the
effect of actual tip wear on image resolution and identify the individual contributions
of tip size, shape and material to resolution loss.

8.2.4 Nanoscale Wear in Nanoelectromechanical Systems

In this thesis, we discussed nanoscale wear in AFM measurement. In ad-
dition to AFM, nanoscale wear can also affect the performance and life of NEMS
such as nanoswitches. In the application of nanoswitches, one electrode is at a
distance away from another electrode due to the balance of interaction force be-
tween them when the switch is in the off-state. When a voltage is applied between
the two electrodes, electrostatic force contributes to the interaction force, which
brings the two electrodes closer so that the tunnelling current goes through and
the switch is on. Typical nanoswitch structures require high actuation voltages and
can fail through permanent adhesion of device components [45]. Thus, a thin film
consisting of dielectrics is placed between the active metal electrodes to reduce the
adhesion [45,51,194]. However, although the increasing thickness of thin films can
reduce adhesion between active electrodes, it can also lower the electrical contact
conductance. Optimal performance of nanoswitches requires substantial contact
conductance and minimal asperity deformation, which is mainly due to adhesion
between the metal electrodes. Therefore, using MD simulation to study the rela-
tionship between deformation of electrodes and electrical conductivity can provide
insights into the mechanisms of the switching process and the materials choice for
such applications.

MD simulations have been widely used to study the adhesion between asper-
ities. However, using them to study electrical conductivity is challenging since elec-
trons are not explicitly modelled in MD simulation. A recently-developed method,
EChemDID (electrochemical dynamics with implicit degrees of freedom), which is
implemented in MD simulation, has been used to investigate nanoscale resistance
switching [51, 52]. Here we propose using this method to study the relationship
between adhesion, deformation and conductivity of electrodes in nanoswitches.

To demonstrate this approach, we applied EChemDID to an indentation
model as shown in Figure 8.1. The MD model consisted of a gold tip apex indenting
an eight-layer graphite substrate. The tip was initially placed over the center of the
graphite, where the interaction between the tip and substrate is negligible. Before
indentation, the model system was equilibrated at the desired temperature. Then
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the tip was displaced in the z direction at a certain speed, towards the substrate. To
calculate the interaction force between the tip and substrate during indentation, the
system should be relaxed. The z-component of the force on the tip was then averaged
during the relaxation. In order to calculate the conductance during indentation, an
external voltage difference was applied to the top of the tip and the right end of
the substrate as shown in Figure 8.1(a). After equilibration of the electrochemical
potential of the system, the current going through the gold-graphite interface was
calculated using EChemDID. From Figure 8.1(b), it can be seen that the current
going through the interface increases with the load applied on the tip. This method
provides a possible way to study the relationship between the deformation of contact
asperities and conductivity. Then it can further help determine optimal parameters,
such as material, size, shape and surface termination, for good conductance and
minimal deformation of contact asperities used in nanoswitches.
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Figure 8.1: (a) Cross section of a simulation system consisting of a gold tip and
graphite substrate with a step edge. The external voltage difference
was applied to the top of the tip and the right end of the substrate.
The color on the atoms indicates the electrochemical potential after
equilibration. (b) Current going through the gold-graphite interface
as a function of load applied on the tip.
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8.3 Concluding Remarks

In this work, we developed models of contact and amplitude modulation
AFM in MD simulation and studied sliding wear by varying materials, load, ad-
hesive strength and surface roughness. Some results were compared with those
observed from AFM and TEM experiments. A newly developed AM-AFM model
in MD simulation was applied to investigate the effect of tip size on topography
measurements. In this chapter, we presented future research topics. Specifically,
it is important to further explore the applicability of different wear mechanisms
and extend the study of nanoscale wear to other applications, such as AM-AFM
and NEMS. Combined with the current research, we hope the proposed studies can
provide better understanding of the mechanisms of nanoscale wear and the effect
of wear on the operation of nanoscale devices. With the advancement of experi-
mental techniques and atomistic simulations, a scientific understanding of wear at
the nanoscale can eventually enable technological progress for a variety of fields and
applications.
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