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The Role Of Sliding Contact In Nanoscale Tribochemistry
Abstract

In this dissertation, the results of experimental and theoretical studies exploring friction
and adhesion at the nanoscale are presented. Using a customized in situ transmission
electron microscopy nanoindentation methodology, it is observed that cohesion of silicon and
adhesion of silicon and diamond are strongly modied by the sliding speed and the normal
stress applied during sliding. This indicates that shear stress modulates the reactivity of the
surfaces. This is the rst time that tunable adhesion of hard contacts has been demonstrated
in situ.
If sliding experiments are performed in ultra-high vacuum and the interfacial shear stress
is low enough to avoid surface modication, the Multibond model of friction predicts that
adhesion will decrease with increasing sliding speed in experiments with simultaneous sliding
and retraction. Results from sliding of nanoscale silica asperities against highly-oriented
pyrolytic graphite (HOPG) and hydrogen-doped tetrahedral amorphous carbon (a-C:H) surfaces
are consistent with this model. This contrasts with the directly-proportional adhesion-speed
behavior observed in the in situ transmission electron microscopy experiments of
silicon and diamond.
When the number of available bonding sites increases with stress and speed, adhesion
will increase. This is the case for the silicon-silicon and silicon-diamond work. However, if
the number of available sites is constant, sliding faster will further reduce adhesion. This
is the case of the work of silica sliding against HOPG and a-C:H.
Existing popular reduced order models for friction, the Prandtl-Tomlinson with temperature
model and the Multibond model, are frequently used to explain the observed nanoscale
phenomena of friction increasing logarithmically with sliding speed. However, both models
contain overgeneralizing or unphysical assumptions. A new model, the modied Multibond
model, was developed and is consistent with experimental results. This dissertation
provides strong evidence that damping is a critical parameter and that the Fokker-Planck
equation is more suitable to describe friction-speed behavior than the Prandtl-Tomlinson
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with Temperature and Multibond models. The modied Multibond model also predicts the
decrease of adhesion with increasing speed observed experimentally in the silica-HOPG and
silica a-C:H experiments.
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ABSTRACT
THE ROLE OF SLIDING CONTACT IN NANOSCALE TRIBOCHEMISTRY
Zachary B. Milne
Robert W. Carpick
In this dissertation, the results of experimental and theoretical studies exploring friction
and adhesion at the nanoscale are presented. Using a customized in situ transmission
electron microscopy nanoindentation methodology, it is observed that cohesion of silicon and
adhesion of silicon and diamond are strongly modified by the sliding speed and the normal
stress applied during sliding. This indicates that shear stress modulates the reactivity of the
surfaces. This is the first time that tunable adhesion of hard contacts has been demonstrated
in situ.
If sliding experiments are performed in ultra-high vacuum and the interfacial shear stress
is low enough to avoid surface modification, the Multibond model of friction predicts that
adhesion will decrease with increasing sliding speed in experiments with simultaneous sliding and retraction. Results from sliding of nanoscale silica asperities against highly-oriented
pyrolytic graphite (HOPG) and hydrogen-doped tetrahedral amorphous carbon (a-C:H) surfaces are consistent with this model. This contrasts with the directly-proportional adhesionspeed behavior observed in the in situ transmission electron microscopy experiments of
silicon and diamond.
When the number of available bonding sites increases with stress and speed, adhesion
will increase. This is the case for the silicon-silicon and silicon-diamond work. However, if
the number of available sites is constant, sliding faster will further reduce adhesion. This
is the case of the work of silica sliding against HOPG and a-C:H.
Existing popular reduced order models for friction, the Prandtl-Tomlinson with temperature model and the Multibond model, are frequently used to explain the observed nanoscale
phenomena of friction increasing logarithmically with sliding speed. However, both models
contain overgeneralizing or unphysical assumptions. A new model, the modified Multibond model, was developed and is consistent with experimental results. This dissertation
v

provides strong evidence that damping is a critical parameter and that the Fokker-Planck
equation is more suitable to describe friction-speed behavior than the Prandtl-Tomlinson
with Temperature and Multibond models. The modified Multibond model also predicts the
decrease of adhesion with increasing speed observed experimentally in the silica-HOPG and
silica a-C:H experiments.
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CHAPTER 1 : Introduction
Tribological phenomena such as friction, wear, lubrication, and adhesion, have a large
economic impact tied to energy efficiency [7, 8]. Addressing this issue requires better understanding of the fundamental processes of interacting surfaces or surfaces and lubricants.
There is a concerted research effort on multiple length scales, from macro to nano, to narrow the knowledge gap. Moreover, research into tribological interactions at the nanoscale
are advancing the understanding of mechanisms and enabling important nanoscale applications like micro/nano-electromechanical systems [9], hard disk drives [10], probe-based
nanolithography [11], and manufacturing of flexible electronics [12].
A growing body of research is demonstrating that nanoscale tribological phenomena such
as friction and wear are intimately tied to chemical reactions that occur at the interface
between contacting and sliding surfaces [13]. In particular, multiple studies have shown that
nanoscale friction can be substantially modulated by speed, contact stress, and temperature,
in a manner that can be well-described by stress-activated chemical kinetics models [14, 15,
16, 17, 6, 18, 19, 20, 21, 22, 23, 24]. Additionally, in some cases, nanoscale wear has been
shown to depend strongly on the contact stresses, a phenomenon attributed to the effect
stress has on the energy barrier to forming and removing chemical bonds [25, 26, 1, 2, 27].
Based on these studies, both nanoscale friction and wear behavior stem from the statistics
of thermal and mechanical activation taking place in the contact.
The last few decades have witnessed a commercial explosion in micro- and nano-technologies.
In such devices the high surface-to-volume ratio ensures that surface and interfacial forces
and phenomena pelay a dominant role. A key example of this with widespread commercial application lies in microelectromechanical systems, or MEMS. MEMS pressure sensors,
gyroscopes, accelerometers, microphones, and a vast list of other devices, are increasingly
being used in a wider range of applications, providing end users with state of the art control and sensing capabilities. Despite this success story, a set of MEMS technologies have
faced major challenges. At the turn of the century, the buzz surrounding MEMS devices
extended to micromotors, gear arrays, and, other design that include sliding contact. How1

ever, these designs rapidly encountered a major obstacle to their reliability and industrial
scaling: adhesive, frictional, and wear-related failure.
Devices that have rubbing surfaces commonly fail due to stiction and wear and, despite
efforts to mitigate wear and adhesion in them [28], to date there are no MEMS devices
which have rubbing surfaces. Only a few have contacting surfaces, one of which is the Texas
Instrument Digital Micro-mirror Device [29]. In order to better understand the mechanisms
of wear and adhesion in these micron-scale devices, researchers have focused their efforts on
studying wear, friction, and adhesion phenomenon on the nanoscale since contact between
rough surfaces occurs at nanoscopic bumps, or single asperities. Incidentally, the scanning
probe microscopy industry benefits from the deeper understanding of these failure mechanisms since it involves nanoscopic probes rastering either very close to a surface or against
it, and the stress due to adhesion and friction often leads to probe wear which lowers the
spatial resolution of the scanning microscope.
The scope of this dissertation spans three areas: adhesion, friction, and wear. These phenomena are known to be strongly interdependent which often makes it difficult to separate
one effect from another in a given tribological system. Using cutting-edge microscopy tools
and in situ nanotribological methodology, these phenomena are explored in silicon-silicon
and silicon-diamond contacts at the nanoscale. Silicon is the most important material for
the semiconductor and MEMS industries in addition to being the most abundant element
in terrestrial rock, and yet its tribological characteristics are not studied or understood as
thoroughly as many other materials, largely because it has not been used as a tribological material in macroscopic applications. Diamond provides an appealing counter surface
as it will not wear from silicon sliding against it, making the tribology experiments as
well-controlled and fundamental as possible.
The goals of this dissertaion are to
1. provide strong experimental evidence for the governing roles of normal stress and
sliding speed on adhesion of silicon and diamond (chapters 3, 4, and 5),
2. provide a reduced-order chemical kinetics framework for adhesion which is consistent
2

for the extant friction and wear chemical kinetics models (chapter 4),
3. and to provide a more fundamental numerical and atomistic framework for friction
and adhesion rooted in statistical mechanics (chapter 6).
Section 1.1 reviews the scientific foundation that motivates this work, provides proper
context to discuss the results, and poses open questions to be explored in future work. The
novel experimental methods used in this work are described in chapter 2. Results are discussed in chapters 3 through 6, including an original theory regarding the impact of sliding
speed on adhesion, a phenomenon which has never been experimentally confirmed before.
The results section also contains an in-depth discussion addressing several problems with
the well-known theories for nanoscale friction: the Prandtl-Tomlinson with Temperature
(PTT) and multibond (MB) models.

1.1. Nanoscale wear, friction, and adhesion, are problems in mechanochemistry
1.1.1. Nanoscale Wear
The most popular macroscale wear law, Archard’s law, fails at the nanoscale
under certain conditions

Wear involves changes in the physical and chemical makeup of solids induced by either
the sliding of one material over another or by contact without sliding. Abrasive wear, wear
that is dominated by plastic deformation and fracture, is the most common wear mechanism
on the macroscale. A commonly used macroscale wear model is the Archard wear law, which
is expressed as

W =

cFN d
H

(1.1)

where W is the total volume of material removed, c is a dimensionless constant called the
wear coefficient, FN is the normal load, d is the sliding distance, and H is the hardness of
3

the wearing surface. Although this equation has successfully described wear in macroscale
systems, and even on the nanoscale for a few studies of fracture, it is an empirical relation.
Furthermore, it assumes multiple-asperity contact. A major question in wear research is if
and how the Archard Wear Model extends to single asperity contacts at the nanoscale.
Because macroscopic measurements do not resolve atomistic processes which occur at the
asperity level, they cannot show the gentle wear that occurs due to chemical interactions
in the contact so, until recently, the atomic-scale physical mechanisms controlling wear
have been unexplored. However, recent nanoscopic observations have shown that wear can
be atomistic in nature i.e., removal of material can occur one or two atoms at a time
in a discrete nature analogous to a chemical reaction [1, 30, 2]. The effect of stress and
temperature on the rate of reaction in a tribological system is best observed in the nanometer
or sub nanometer length scale. Finding more accurate and fundamental models of nanoscale
wear that consider stress and temperature has been the driving force behind an emerging
body of research. A major result is that wear on this scale is not generally consistent with
the macroscale Archard wear law. The following section will focus on those studies that
have demonstrated deviations of nanoscale wear from Archard’s law, rather finding that
their wear rates were consistent with Arrhenius chemical kinetics.
Atom-by-atom wear is a chemical rate process

Several studies of nanoscale wear have demonstrated that matter can be worn in an
atom-by-atom fashion. One of the first research teams to show this was Gotsmann and
Lantz [1]. They performed wear tests in an atomic force microscope (AFM) with silicon tips
slid against polyaryletherketone which was spun-cast on silicon substrate. Because it forms
single-asperity contact, AFM is a powerful tool to probe the basic physical mechanisms
behind wear since wear fundamentally occurs at the single asperity level.
Gotsmann and Lantz ran their wear tests for hundreds of meters of sliding distance.
The authors found that their rate of volume loss could not be described by the Archard
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wear law, even if modified to account for the conical shape of the AFM tip. They deduced
that a chemical wear process takes place at the stressed interface between the two sliding
bodies and proposed the following model, derived from Arrhenius chemical kinetics, for the
rate of height loss of their conical tip with respect to time:
dh
= bfa exp
dt



−∆E + τ ∆Vshear
kB T


(1.2)

where τ is the interfacial shear stress, h is the height of the tip, b is the lattice parameter
of silicon, ∆E is the energy barrier to removing a Si atom at the interface by wear (i.e., the
activation energy), kB is Boltzmann’s constant, T is the temperature, and fa is the attempt
frequency of the bond-breaking wear process.
This equation reflects the hypothesis that bond stretching and rotation caused by stress
at the contact reduces the activation energy, similar to stress-driven catalysis. They assume
that the energy barrier an atom must overcome in order to bond to an atom on the counter
surface is lowered by the work input of the shear stress such that the energy barrier for
atom removal is ∆E − ∆Vshear τ . Here, ∆Vj is the activation volume for a specific stress
component (indexed by j), a material property that has been described as the volume which
multiplies the strain energy density for each strain component to arrive at the strain work,
or equivalently, the stress work. Gotsmann and Lantz showed that the showed that this
model fits experimental results well (Figure 1.1), and extracted values for the energy barrier
and activation volume of 0.98 ± 0.04eV and 55 ± 35Å3 (Table 1).
The explicit form of the shear stress Gotsmann and Lantz used is from a work on the
study of friction in Langmuir-Blodgett layers performed by Briscoe and Evans[18]. The
Briscoe and Evans shear stress model is

τ = τ0 +

v 
v 
kB T
∆E
∆Vnormal FN
kB T
ξFN
0
0
−
ln
=
+
−
ln
2
Area ∆Vshear
v
∆Vshear
∆Vshear πa
∆Vshear
v

(1.3)

where the normal load, FN , is the sum of the adhesive and applied loads: FN = Fapplied +
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Figure 1.1: [1]Wear data for a tip sliding on a polymer surface with a load force of 5 nN:
a SEM image of the tip before and b after testing. A contour of the fresh tip is overlaid to
visualize the volume loss (1:5 ? 104 nm3). c Plot of adhesion force and contact radius versus
sliding distance. The data are fitted using the equation tipradiusm FNn with m = n = 13
(corresponding to Archards wear law) and a fit with free m yielding m = 0.18.
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Fadhesive . Here, τ0 =

∆E
∆Vshear

and ξ =

∆Vnormal
∆Vshear .

v0 is a characteristic speed that has been

used inconsistently in the literature, despite being a critical fit parameter. This and other
issues are discussed in depth in section 8.4.
Later wear experiments by Jacobs and Carpick also showed consistency with an Arrhenius picture of atomistic wear [2]. In that work, the authors developed a novel procedure
whereby they could induce and visually document the wear process simultaneously, i.e., in
situ. They performed all sliding tests with a flat diamond (111) indenter tip sliding against
four different silicon AFM tips with spherical apexes, all under observation in a JEOL (Akishima, Tokyo, Japan) 2010F R transmission electron microscope (TEM). They assumed a
continuum contact mechanics model called the Derjaguin-Muller-Toporov (DMT) theory,
which gives the contact area of an adhesive sphere on a flat surface in terms of the force
and radius as

Area = π

3RFadhesive
4Ec

2/3
(1.4)

and the interfacial normal stress as

σN =

Fadhesive
Area

(1.5)

where R is the radius of the spherical tip, Fadhesive is the adhesive force calculated using
the in situ wear test videos (which show the pull off distance) and knowledge of the AFM
cantilever spring constant such that Fadhesive = kcantilever dpo where dpo is the distance the
indenter must be retracted to separate it from the silicon AFM tip, the ’pull-off distance’.
2 )/E
2
−1 where
Ec is the composite elastic modulus Ec = [(1 − νtip
tip + (1 − νsurf ace )/Esurf ace ]

νj , Ej denote the individual Poisson’s ratio and individual elastic modulus respectively.
Jacobs and Carpick proposed an atomistic wear equation

Natoms−worn
Natoms−in−contact time


= Γatom−loss = Γ0 exp
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−∆Ewear + σN ∆Vnormal
kB T


(1.6)

Figure 1.2: When the data from [2] for the wear of pure silicon are plotted in accordance
with stress-assisted chemical reaction kinetics (equation 1.6, dashed line), the four data sets
collapse to a single curve that is fit well by the exponential relationship. Inset: the same
data collapsing to a straight line on a log-linear plot.
where Natoms−worn is the number of atoms worn off, Natoms−in−contact is the number of
atoms in the contact area, Γatom−loss has units of s−1 , ∆Ewear is the energy barrier to
driving an atom from unworn to worn, σN is the normal stress, ∆Vnormal is the activation
volume component for the normal stress, and Γ0 is the attempt frequency. The rate of atom
loss is normalized by the number of atoms in contact to make a fair comparison between
different tip-sizes. As shown in figure 1.2, this model fits the data well, producing a energy
barrier of 0.90 ± 0.06eV and an activation volume of 6.7 ± 0.3Å3 .
In their analysis, the authors assumed that the normal stress work σN ∆Vnormal dominates the work input which lowers the activation barrier, rather than the shear work as
Gotsmann and Lantz proposed. It is possible that the shear stress is the stress component
8

Table 1.1: Activation energy and activation volume results for several atomic-scale wear
studies
System
Activation Energy Activation Volume
Atomic-scale wear of calcite sample [25]
Atomic-scale wear of NaCl sample [26]
Atomic-scale wear of Si tips [1]
Atomic-scale wear of Si tips [2]
Atomic-scale wear of SiO2 -containing DLC tips [31]
a
b

Cannara, R. unpublished results. Assumes ξ ≈ 0.5
Calculated

c

Measured

0.80 ±0.2eV b
0.34 ±0.17eV c
0.98 ±0.04eV b
0.90 ±0.06eV b
1.0 ±0.1eV b

37 ±3Å3
86 ±6Å3
55 ±35Å3 (110Å3 )a
6.7 ±0.3Å3
340 ±200Å3

affecting the barrier; the good fit to the experiments could then be explained if the interfacial shear stress is proportional to the normal stress, which is a dependence that has been
reported in experiments and simulations. Because normal stress is not hypothesized to be
affected of sliding speed, there is no explicit dependence of wear on frictional shear stress
in Jacobs’ and Carpick’s model, and only two speeds were tested with no speed dependence
observed. This raises the question of whether there may be a dependence of the wear rate
on sliding speed. Answering this crucial question may clarify whether the normal or shear
stress dominates in the wear process or, as equation 1.3 suggests, they are coupled stresses.
Even prior to these wear experiments, a few studies had been performed to probe the
dependence of atom-by-atom wear on stress [31, 25, 26, 30]. Author of those works used
different stress as the activation-energy-lowering stress. For example, Park et al. [25] used
the continuum radial shear stress and Bhaskaran et al. [31] proposed the interfacial shear
stress. Despite the differences in the form of interfacial stress in those works, the activation
energies and activation volumes they found are of a magnitude which suggests that there is
indeed an atomistic wear process occurring. Table 1 lists the activation energies found in
each experiment.
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This research is motivated by a potential dependence of the wear rate on sliding
speed

This work was initially motivated towards exploring the hypothesis that the atom-byatom wear rate of silicon on diamond depends on shear stress. Numerous in situ wear
experiments were performed with the same methodology as Jacobs and Carpick et al.,
with the introduction of varying the sliding speed. The reason for varying the speed is
because the in situ methodology is incapable of measuring the friction force, and thus the
shear stress cannot be measured directly. However, inferences can be drawn from wear or
(to foreshadow) adhesion data taken from tests with varying speeds in the context of the
Briscoe and Evans shear stress model, which claims that the shear stress depends on sliding
speed.

1.1.2. Nanoscale friction

As discussed above, theories for wear have assumed that different stress components
lower the activation barrier to wear, and one of those theories, the Gotsmann and Lantz
Arrhenius wear theory, assumes the barrier is lowered by a speed-dependent shear stress.
The work in this thesis was initially motivated by potentially confirming this with the high
resolution in situ experimental methodology developed by Jacobs and Carpick.
Because the shear stress is directly related to the friction force, and because the Briscoe
and Evans shear stress has a similar form as a highly popular theory of friction called the
Prandtl-Tomlinson with Temperature (PTT) model, the following sections cover a brief
comparison of the two models.
The following comparative analysis of the similar but different friction models will solidify which shear stress model should be used in future discussions both here and perhaps
in the future literature. Crucially, the following comparison should be seen not only as a
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review, but as a fundamental insight which makes this work consistent with the most descriptive model and clarifies some nuances of the models which have so far gone unnoticed,
leading to inconsistency between some of the articles which have adopted them to describe
their results.
Nanoscale friction studies have shown a logarithmic dependence of friction on
sliding speed, but did not probe how normal-force affects this dependence.
In their description of wear, Gotsmann and Lantz assumed a form of the shear stress,τ ,
which originates in work by Briscoe and Evans which explored the shear properties of
macroscale Langmuir-Blodgett films. The shear stress they proposed is given in equation
1.3. This equation reflects that the friction, or shear stress in the contact, increases logarithmically with sliding speed. It also implies that the slope of the friction versus logarithm
of speed plot will not depend on the normal force. However, all of the friction-log(speed)
studies which varied the normal load show that the slope of the friction versus logarithm of
speed curve increases linearly with the applied force [32, 5, 6]. It appears that the stress
term

kB T
∆Vshear

is actually dependent on the normal stress i.e., a normal-stress factor should

multiply kB T . Thus, a more descriptive model which takes this normal force dependence
of the slope of the friction-log(speed) curves into account is given as

τ = τ0 + ξσN − φσN

v 
kB T
0
ln
∆Vshear
v

(1.7)

or, lumping terms together for brevity,

τ = τ0 + ξσN − γσN kB T ln

v 
0

v

(1.8)

where γ has units of J −1 . Equation 1.8 will hereafter be referred to as the Briscoe and
Evans model 1 .
Of the two analytic models used to describe the dependence of friction on the logarithm
1

This argument for a normal stress factor anticipates the discussion in section 8.4.2 which shows that
other researchers multiplied kB T by a normal force factor.
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of speed, the Briscoe and Evans model is less prevalent in friction literature. The more
common model is the Prandtl-Tomlinson with Temperature (PTT) model which, depending on the article, is expressed in one of two forms: the full transcendental model or the
approximate model.
The dependence of the friction force on speed in an AFM experiment was first shown
around the turn of the century by Bennewitz et al. for a silicon tip on Cu (111) and later
reproduced by Gnecco and Bennewitz for silicon tips on NaCl [21, 22]. Later, Riedo et
al. [5], following Sang et al. [33] and Kurkijarvi et al. [34], derived an expression for the
average friction force, Ff , in terms of the sliding speed v:

−1

(βkB T )

(Fc − Ff )

3/2



Ff
v0 1
− ln 1 −
= ln
v
2
Fc

(1.9)

where Fc is the athermal friction force (the friction force at 0K, i.e., in the absence of
thermal excitations), v0 =

2f0 kB√
T
,
3kseries Fc

where f0 is the attempt frequency and kseries is the

spring constant of the contact. The parameter v0 is sometimes misleadingly called the
”critical” speed and may even be assumed to be the speed at which the friction-speed trend
transitions from logarithmic to flat. However, v0 has no real physical relationship to speed
and does not mark the speed at which this friction-speed transition occurs. Further issues
with v0 are discussed in section 8.4. The coefficient β is a parameter which depends on the
shape of the periodic potential of the surface. For a sinusoidal potential, Sang et al. derived
=

√
3π√ Fc
2 2a

[33], where a is the periodicity of the potential.

This transcendental equation is referred to as the full PTT model or the full transcendental model. As discussed in the SI (chapter 8, section 8.4), the Fc and β terms depend
on the applied force, so the transcendental nature of the full PTT model makes piecing
apart the effects of sliding speed and applied force FN difficult. The approximate PTT
model, which will be referred to here as the approximate model, provides a less accurate
but fully explicit form of the friction force by assuming it is much less than the athermal
friction force Fc such that the second term on the right-hand side of the transcendental
PTT model, equation 1.9, is zero, or
12


 v 2/3
0
Ff = Fc − βkB T ln
v

(1.10)

The logarithmic dependencies of wear and friction on speed strongly suggest that chemical kinetics govern interfacial interactions. However, full testing of these models will require
also testing adhesion. The next section reviews the fundamentals of nanoscale adhesion and
puts them ion the context of the wear and friction results discussed above.

1.1.3. Nanoscale adhesion

A major result of the work presented in this dissertation is that there are physical parameters which change adhesion from theoretical van der Waals (vdW) values. This section
will provide context and background for the discussion of the adhesion results presented in
chapters 3 through 6.
Adhesion is a general term for the various attractive forces between materials. Some of
the more commonly known adhesive forces are capillary (from water condensation), electrostatic (from potential differences between the materials), and van der Waals. The latter,
van der Waals forces, are very relevant to the micro device and semiconductor industries
as these industries typically manufacture small devices; as the scale of a device decreases,
the surface area decreases as the square of the size, while the volume decreases as the cube
of the size. As stated earlier, this means that surface forces, like adhesion, decrease less
rapidly than inertia from volume×density, so adhesion can resist movement more easily on
small scales and contacting parts can become stuck more easily. This fact has prevented
the commercialization of micro electromechanical systems (MEMS) which have contacting
and sliding parts.
Despite being a barrier to creating useful sliding-contact micro machines like gears,
adhesion has great potential to be useful in certain applications where the stickiness of
small things is desirable. A machine which could climb on walls and ceilings like a Gecko
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would be useful in many situations such as crime and fire fighting, surveillance, and maintenance/repair of space craft.
The work of adhesion, Wadh , is an important physical parameter commonly used in
studying adhesion since it expresses how much work, per unit area, is required to separate
adhered materials. Specifically, it is a thermodynamic and system property defined as the
work done to separate two unit areas of the materials comprising the system. Figure 1.3
illustrates this concept. Normalizing the work by the area in contact takes into account the
fact that more surface area leads to higher adhesion since adhesion is a surface phenomenon.
The work put into separating the materials is normally measured through an indentation
test, which measures force and displacement of one material approaching, contacting, and
being pulled away from the other material.

Figure 1.3: The work of adhesion is defined as the energy difference between the initial, in
contact system, and the separated system (final), per unit area.
Figure 1.4 illustrates a typical indentation or ”force-separation” test. The approach of
the probe to the countersurface (green line) starts at zero force and progresses closer until
the gradient of the attractive forces reaches the spring constant of the AFM cantilever and
the probe snaps into contact with the countersurface. This moment is called snap-in and
the corresponding force (measured from the deflection of the cantilever) is the snap-in force.
This force is solely dependent on geometry and the contact materials. The countersurface
is then retracted from the probe until the spring force of the cantilever overcomes adhesion.
The work is the integration of the force with distance, starting in contact at zero applied load
and integrating through the retraction portion of the curve until separation occurs. With
the work and knowledge of the contact area (assuming slab geometry), one may calculate
the work of adhesion for that material pair by dividing the work by the area.
While nanoscale adhesion between solids is closely related to friction and wear, theo14

Figure 1.4: A typical indentation test used to measure the work of adhesion.
ries and experiments probing its dependence on sliding history, sliding speed, and applied
stress during sliding are lacking. Most nanoscale adhesion studies have considered adhesion
between solids where there is no modification of the interface (i.e., wearless contact), and
particularly for non-polymeric materials, studies frequently consider the underlying controlling physical parameter, the work of adhesion Wadh , to be a single-valued property of the
interfacial materials. Some studies of polymer adhesion have explored adhesive viscoelastic
responses, e.g.

[35, 36], where the rate dependence of adhesion is strong due to the vis-

coelastic properties of the materials themselves. However, for systems where the mechanical
response during the separation process is purely elastic (which applies to a wide range of
metals and ceramics), the work of adhesion is normally considered as a fixed, thermodynamic property of the two materials given their surface orientations and the surrounding
medium [37]. In one of the few works to explore adhesion as a function of temperature,
Schirmeisen and co-workers studied sliding of several material pairs in ultrahigh vacuum
(a silicon tip with a native oxide in contact with: a silicon substrate with a native oxide;
gold(111); NaCl(001), silicon carbide, and highly-oriented pyrolytic graphite). While they
observed a temperature dependence [15, 16, 17] of friction, they stated that the trends
shown for the associated adhesion-temperature results were not strong enough to confidently draw conclusions regarding the effect of temperature on adhesion in these systems.
In other work, nanoscale adhesion has been shown to depend strongly on the roughness of
various hard carbon-based material systems [38], and on the sliding history in experiments
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with silica asperities on aged few-layer graphene [39] and for silica on hydrophilic silicon
nitride surfaces [40]. However, these phenomena are still attributed to van der Waals (vdW)
interactions, and the unique behavior is governed by contact geometry rather than chemical
bonding.
Nature has found a way to control adhesion for her own purposes. The unique ability of
Geckos to climb walls and walk on ceilings has been known since antiquity, but researchers
have only recently discovered the mechanism behind this impressive feat. The gecko foot
is a multi-scale, hierarchical system which starts with arrays of setae branching from the
feet, at the end of which are nanoscale, spatula-like fibers composed of beta-keratin. These
spatulae stick to surfaces by vdW forces. Researchers including Gravish et al. and Puthoff
et al. have shown an unexpected speed dependence of adhesion [41, 42]. Knowing that
vdW forces are not affected by wearless sliding, they explain this speed dependence of
adhesion by two competing effects: a viscoelastic contribution to adhesion and friction which
results in a logarithmic increase of adhesion with speed, and the effect of the reduction of
the number of spatulae in contact at any given time at higher speeds due to stick slip
(discussing this aspect here is beyond the scope of this report). That the friction and
adhesion increase logarithmically with sliding speed in the low speed regime suggests that
viscoelasticity has a similar effect on friction and adhesion as thermally assisted potentialbarrier hopping, as seen in the PTT work. Viscoelasticity is a temperature and strainrate-dependent resistance to deformation due to stress. The PTT model describes the
speed dependence of friction as such: thermal energy allows for atoms near the peak of an
energy barrier to transition over it earlier than without the thermal energy, but fast sliding
reduces the amount of time that thermal energy can do so, and so more force is needed at
higher speeds for the atom to transition between adjacent energy minima. Viscoelasticity
is normally discussed as occurring within the bulk and uses very similar arguments for the
rate of internal molecules transitioning between energy minima, but the argument can also
explain the speed dependence of interfacial traction, whether shear (friction) or normal
(adhesion).
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These same studies showed that friction decreased with temperature above a critical
temperature for most materials, even the amorphous materials, consistent with the PTT
model. Friction also increased logarithmically with sliding speed for the one material tested
as a function of sliding speed, which happened to also be an amorphous material, SiO2 .
Crystalline samples are often used in PTT studies and discussion since they produce stickslip events due to the periodic nature of their surface. In fact, the derivation of the PTT
model only requires an energy barrier between one low-energy contact position to the next
which repeats itself along the direction of sliding such that subsequent transitions see barriers of similar magnitude (so friction has a low-scatter average), and that the barriers are
surmountable with thermal and mechanical assistance. The generality of the PTT derivation is manifested in the results of the logarithmic dependence of friction on sliding speed
for amorphous contacts, at least at low temperatures.
There are a few general mechanisms by which bonding between tips and flat substrates
is driven. One mechanism is that bonding is driven by the tip-substrate potential energy
well. If it is larger than the energy well between tip atoms, then bonding occurs from tip to
substrate as the tip atoms seek out a lower energy configuration. This is not generally the
case (consider the self-mated contact), but it is very common. A second mechanism is the
smaller number of nearest neighbors that the atoms on the curved parts of the tip surface
have, which is true for the edges for a power-law profile or flat tip or the entire apex for
a spherical tip. When contact occurs, their coordination number suddenly increases, and
they find a lower energy state. A flat surface will have more nearest neighbors on average,
so the tip atoms which were previously undercoordinated will prefer to stay on the flat, and
not vice-versa, unless the interatomic potential of the flat is weak enough for material to
transfer from the flat to the tip. A third mechanism stems from the roughness of the tip
and substrate. Applied stress will bring atoms separated from the surface due to roughness
closer to contact, and the atoms on the peripherals of the already contacted regions will
more easily find the energy minimum (attached to the surface). The same flattening effect
of stress will also apply to spherical tips or power-law tips which are mainly flat in the
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middle of the apex but have edge curvature: the edges will come closer to the substrate
under applied compressive stress. The amount of bonding from this edge flattening and
subsequent increase of adhesion is probably a small effect since even large stresses cause
small deformations.
This description captures the initial formation of bonds, and if no further evolution of
the energy landscape in the contact happens after this moment, then there would be no
hysteresis in the force-distance curves i.e., the work done by vdW forces to cause the snap-in
would equal the work needed to pull off, a reversible process. Such reversible behavior is
seen in tip-surface contacts with low reactivity such as the hydrogen-terminated, carbonbased tips in a molecular dynamics study by Ryan and Harrison [43]. However, more
often than not, relaxation occurs over the contact time: atoms (relatively) slowly find lower
energy states through the assistance of thermal energy and stress-work. The fact that the
force-sensing apparatus, the AFM cantilever in this case, does not respond with deformation
to these shifting internal degrees of freedom, means that more external work is required to
separate the contact than work was done by vdW adhesion to create the initial contact
region. This process is echoed in the simulations from Ryan and Harrison [43] of the same
carbon tips but without hydrogen termination: the reactivity from the exposed surface
carbons and lack of mechanical shielding from the surface that the hydrogen previously
imposed means that covalent bonds can form and even the energy landscape of the contact
from vdW potential alone evolves to a lower average energy state. They showed that these
bonds can increase the pull-off force by several orders of magnitude.
Regarding the stress dependence of adhesion, recently researchers Yang and Vargonen et
al. showed in their molecular dynamics simulations of a Dzugutov (DZ) glass that the value
of Wadh of their spherical tip grows exponentially with normal contact stress [44, 27]. This is
because the number of bonds increases exponentially with normal stress. Yet, perplexingly,
this system displays no gentle, atom-by-atom wear, which could be reasonably expected
from a system which shows a stress dependence of the number of atoms bonded. Atoms
which are worn off must bond first after all. Similarly, an MD study of a Tersoff-potential
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DLC tip by Sha [45] displayed only Archard scaling of wear, and found that, while the
friction and the number of bonds were closely correlated, friction and wear, and the number
of bonds and wear, were not. To complicate the matter further, an MD study by Yang
[27] of an LJ glass succeeded in observing atom-by-atom wear, which is characterized by
an exponential dependence of the reaction rate on normal stress. These studies hint that
the situation is not as simple as bonding and wear being one-to-one functions, which means
further thought and experiments are needed to understand the connection.
This section discussed some of the mechanisms which supplement vdW adhesion. Emerging research is starting to show that mechanical energy is able to affect adhesion. Along
those lines, the results (chapters 3 through 6) show that stress and sliding speed have a
significant effect on adhesion in a variety of material pairs. The unique and cutting-edge
instruments used in this work are described in the next chapter.
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CHAPTER 2 : Methods
This chapter briefly covers the three main techniques used to produce the results discussed in this thesis. Each results section provides further detail of the experimental methods, while this chapter provides an overview of the instruments and techniques.

2.1. Transmission Electron Microscopy

As its name suggests, transmission electron microscopy (TEM) is an electron microscopy
where the working principle revolves around firing electrons through an electron-transparent
sample. The transmitted electrons which are detected contain a wealth of information
about the morphology, crystallinity, thickness, composition, and bonding configurations of
the sample; to name just a few of the material characteristics it is commonly used for. Due
to the small wavelength of high energy electrons compared to high energy photons such as
X-rays, the spatial resolution of TEM is much greater than light microscopy. Therefore,
much better detail of the structure of the specimen can be obtained with TEM.
There are many varieties of TEMs used in industry and research, and each is made
to meet specific demands. However, there are some common characteristics to all TEMs.
Electrons are extracted from a gun consisting of either a tungsten needle or a single-crystal
lanthanum hexaboride filament by applying a high voltage, usually between 100 and 300
kV, but sometimes less than 100 kV is used. The electrons are extracted with the help of
heat (thermionic emission) and/or an electron field. Figure 2.1 shows an illustration of a
common TEM setup.
Electrons are roughly focused into a columnar beam with lens situated immediately
after the gun. The electrons are then passed through a series of electromagnetic coils which
are either two pairs (quadrupole) or three (hexapole). Hexapole lenses provide further
symmetry to the magnetic field and enhance resolution. The purpose of the coils is to
deflect the incoming beam to a desired angle which depends on the application. Lenses
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Figure 2.1: A typical TEM setup.
above the sample are used to either condition the beam so that it is columnar (TEM)
or focused to a very small spot (scanning TEM, or STEM). These pre-sample lenses are
often called condenser lenses. The electron beam interacts with and transmits through the
sample and again, depending on the application, are either detected with a camera, a film,
or a fluorescent screen, or they are further deflected with a lens assembly called objective
lenses. The primary use of objective lenses is for magnifying the transmitted beam and, if
running high-resolution TEM (HRTEM, also called phase-contrast TEM), redirecting the
diffracted portion of the beam to interfere with the transmitted beam. After the objective
lens assembly, the beam may be detected by a conventional pixelated electron detector
which transduces the intensity of the electron interacting with each pixel into a signal that
a computer can process into a light image. Another option is for the electron beam to be
directed to a magnetic prism that separates it based on energy for use in electron-energy-loss
spectroscopy (EELS), after which the energy-sorted beam is detected, providing a spectrum
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of the energies associated with the electron-sample interaction. To avoid electrons being
absorbed by gaseous species, the TEM chamber is pumped to a vacuum of around 1 × 10−5
Pa using a combination of oil rotary, oil diffusion, and sputter ion pumps.
The next sections will cover a select few of the TEM techniques that are most relevant
to in situ nanotribology in more detail.

2.1.1. Conventional Transmission Electron Microscopy
Conventional TEM (cTEM) describes image formation from the detection of electrons
that have transmitted directly through the sample. This is in contrast to other methods,
such as high-resolution TEM (HRTEM) and diffraction which also detect the diffracted
portion of the electron, the portion which changes direction after the sample interaction.
Since the probability of an electron interacting with an atom in the sample increases with the
atomic number of the atom and with the thickness of the specimen, cTEM gives information
about the average Z and thickness of the specimen. When high-Z atoms are present, the
cTEM image is usually darker since those atoms easily diffract the beam, and the diffracted
beam is not detected. If a specimen has varying thickness, a phenomenon called ”thickness
fringes” occurs. Thickness fringes look like alternating dark and light stripes within the
specimen. The reason for the alternating pattern is that electrons are diffracted away from
the beam axis and then diffracted back to being parallel to the beam axis, a process which
repeats a number of times which depends on the local thickness of the specimen. If the last
step the electron takes before exiting the specimen is to diffract back to being parallel to
the beam axis, it will hit the detector and thus appear bright. However, if the last step is
to be diffracted away from the beam axis it will not be detected and therefore it will appear
dark.
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2.1.2. Diffraction
When an electron interacts with a specimen, the complex wave function exiting the
specimen will have amplitude in not only the direction parallel to the focal axis of the
lenses (the beam axis), but also in directions radiating away from that axis. These off-axis
portions of the transmitted wave function are the diffracted beam. This principle is most
elegantly observed when a crystalline specimen is oriented such that the wave function
contains sharp amplitude peaks in off-axis direction corresponding to specific crystalline
planes. In cTEM, the diffracted beam is wasted along with the rich information it contains.
In diffraction, the direct beam AND the diffracted beam are directly imaged and, if the
specimen is crystalline, they appear as distinct spots on the detector. As one can surmise,
these spots contain information about the structure of the specimen. Another common
example is polycrystalline samples, which appear as distinct spots which are situated in a
circle corresponding to the lattice spacing of that specific crystalline plane. Among other
applications, diffraction is a useful tool for identifying crystalline phases.

2.1.3. High-Resolution Transmission Electron Microscopy
High-resolution transmission electron microscopy (HRTEM), also known as phase contrast TEM, is a technique which relies on information contained in both the transmitted
and diffracted portions of the beam. Both portions of the beam are focused into the focal
plane but, because the diffracted portion of the beam takes a longer path to get there, it
takes on a different phase than the transmitted beam. The phase of the diffracted beam
also contains more information about the structure and composition of the sample than
the direct beam alone. Due to superposition, the phases of the direct and diffracted beams
combine and the amplitude and phase of the resulting beam collapse into an intensity measurement via the detector. The added information and superposition of phases results in an
image with greater resolution than obtainable with cTEM. Crystalline specimens imaged
with HRTEM appear crystalline where they would not with cTEM.
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2.1.4. Scanning Transmission Electron Microscopy
Though crystalline specimens appear crystalline when HRTEM is used, the image is
not actually representative of individual atoms or even atomic columns, and is instead a
gross average of the wave function interacting with the entire specimen. If seeing individual
atoms or atomic columns is desired, scanning TEM (STEM) is required. STEM operates
by using the condenser lens assembly to focus the beam to a spot size that is smaller than
the interatomic spacing of the specimen. The beam is rastered along the specimen. This
way, the beam will only interact with the specimen when it is rastering over a column of
atoms and, when the beam is in between columns, the detected beam is at its brightest
since it travels directly through the specimen. In bright field STEM, the image is formed by
averaging the intensity of the direct beam at each position of the scan. In dark field STEM
modes, a diffracted portion of the beam is detected by averaging intensity in an annulus at
each scan position.
In fact, individual atoms can only be detected if the specimen is a single atom thick e.g.,
graphene. For detecting individual columns, even specimens that are more than 20 atoms
thick pose major problems for their ability to be interpreted as single columns of atoms.
This is because, just as in the case of cTEM, the thicker the specimen (the more atoms in
the column) the more likely it is that the electron beam will be diffracted to a neighboring
atomic column.

2.1.5. Electron Energy-Loss Spectroscopy
Electron energy-loss spectroscopy (EELS) is a spectroscopic technique using TEM. If
the electron source is fabricated well, electrons that are extracted from the gun have only
a small range of energies distributed around their nominal energy. Some of those electrons
lose energy upon interacting with the specimen. The energy loss spectrum provides information about the composition, bonding structure, and plasmon and phonon activity of the
specimen, among other characteristics. Electrons of different energies are separated from
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each other with a magnetic prism, and are directed to detector which detects the angle by
which the prism deflected them. The angle directly depends on the energy of the electron.
Higher energy electrons i.e., those that undergo minimal to no energy loss, are deflected
by a greater amount while electrons with lower energy due to energy loss are deflected less.
Electron can lose energy by interacting with either the nucleus of an atom, with plasmons,
with phonons, or with the core electrons of an atom. Because of these numerous ways of
interacting, EELS is one of the most powerful spectroscopic techniques available.

2.2. In Situ TEM Nanotribology

Due to the difficulty of experimental sample preparation and the high risk of damaging
samples in the process, far more attempts at in situ TEM nanotribology tests than have
been attempted than have been published. This section provides a brief overview of just a
few of the in situ TEM nanotribology experiments. A more comprehensive overview can
be found in Ref. [46].
Up until very recently, the development of nanoindentation and nanotribological in situ
TEM capabilities has historically been slow and sporadic. The first in situ TEM indenter
was created in the 1960s by Gane and Bowden [47, 48, 49]. THe next major developments
took place in the 1980s when Spence et al. created the first in situ TEM nanotribology capability [50, 51, 52]. Recently however, companies such as Bruker-Hysitron (Eden Prarie, MN,
USA), Hummingbird (Lacey, WA, USA), and Nanofactory have pioneered new commercial
in situ TEM nanotribology technology, with Hysitron developing the PI-95, Hummingbird
the in situ TEM Nano-Manipulator, and the now-defunct Nanofactory developing the indentation holder. Researchers at the University of Tokyo have developed a MEMS tribology
holder with double-tilt capabilities and very low noise [53, 54].
Nanotribologcial in situ TEM research of metals has revealed their contact mechanism
with visual observation for the first time very recently. Lu et al. observed cold welding of
gold [55], while Sato et al. observed cold welding of silver using their MEMS nanoindenter
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[56]. Notably, their MEMS holder is capable of observing force drops corresponding to slip
from one lattice site to the next. Wang et al. performed in situ TEM tensile experiments
on gold nanowires with angstrom-scale twins [57].
Layered materials, such as M oS2 , graphite, and W S2 , have long been used as friction
modifiers in lubricants and greases, but recently they have garnered interest as stand-alone
solid lubricants for low-vacuum applications such as in space. The requirement of low
vacuum makes in situ TEM nanotribology research of these materials an ideal method
for understanding their lubricating mechanisms. Some recent works have explored this
subject in great detail. Lahouij et al. studied indentation and sliding of fullerene-like M oS2
nanoparticles [58]. One of the most impressive in situ TEM nanotribology experiments to
date was by Oviedo et al. who showed single-layer removal from a sheet of M oS2 [59].
Merkle et al. [60] slid tungsten on highly-oriented pyrolitic graphite, showing that graphite
transfers to the W probe.
In the realm of hard materials there has been some recent demonstration of interesting
mechanochemistry using in situ TEM nanotribology. Jacobs et al. showed the first direct
evidence for a newly-discovered gentle wear regime called atom-by-atom wear using silicon
AFM probes in sliding contact with a flat diamond substrate [61]. Bernal et al., using
the same technique, showed that the stochastic nature of covalent bond formation governs
the adhesion in diamond-like carbon on diamond contacts [62]. Liao et al. explored the
geometry dependence of wear of an alloy of CoCrM o in contact with a silicon AFM probe.
They observed a different wear mechanism which depended on the direction of sliding, with
crack propagation occurring in one direction and plowing in the other. Anantheshwara et
al. studied the wear and deformation mechanisms of a W probe sliding against an Al − M g
alloy [60], observing subsurface defect and crack activity in high resolution.
This section reviewed only a small portion of the available literature on in situ TEM
nanotribology. The technique is still in its infancy and the experimental work presented
in this thesis comes very early in its development. Research is moving towards developing
capabilities to measure forces with even higher fidelity, with the work by the University
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of Tokyo group as the vanguard of the journey towards measuring noise-free forces with
piconewton resolution in both the indentation AND sliding directions. However, their holders are limited in the types of samples that can be used, have a maximum force sensing
capability of 100 nN and a maximum indentation displacement of 100 nm, and have no capability to actuate along the beam axis, making aligning samples in that direction impossible.
Bruker-Hysitron offers the capability to measure lateral forces with any TEM-compatible
sample, but the force resolution is still not good enough to measure the small lateral forces
in low-friction contacts. The future will certainly see the advantages of both holders merged
into the state of the art in in situ TEM nanotribology capability.

2.3. Atomic Force Microscopy

Atomic force microscopy (AFM) is one of the cornerstones of nanoscale surface science.
The number of fundamental discoveries made with AFM is staggering. The work presented
in this thesis uses a novel combination of AFM and in situ TEM. This section presents a
brief review of the operating principles of AFM.
Most AFMs consist of an AFM chip, a substrate, a LASER, a stage position manipulator,
and a 4-quadrant photodetector. The AFM chip has a small cantilever positioned at one
of its edges. Near the end of the cantilever resides the sharp, pyramidal spike of a chosen
material whose apex contacts the substrate of interest. The apex is usually on the order of
tens of nm in radius, though some ultra-sharp AFM probes are made with radii less than
10 nm. The resolution of the image produced by AFM is first and foremost a function of
the sharpness of this apex with sharper probes providing the best fidelity. Figure 2.2 shows
an illustration of a common AFM setup.
In some AFMs, the manipulator, usually a piezo assembly, is mounted to the AFM chip
while in others it is attached to the substrate stage. A LASER is directed towards the
backside of the reflective AFM cantilever whereupon it reflects and the LASER splash hits
the 4-quadrant photodiode. The intensity of the LASER splash is converted to a voltage for
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Figure 2.2: A typical AFM setup.
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each quadrant and the ratios of the voltages correlate directly to the position of the splash
on the diode. Thus, normal deflection of the cantilever (up and down) and torsional (left
and right) can be detected. Normal deflection corresponds to topographical features of the
sample while torsional deflection corresponds to friction between the apex of the probe and
the surface. A feedback loop is normally used to ensure the probe maintains a constant
normal.
Other modes of AFM are frequently used for a variety of applications. One of the more
common modes is tapping mode where the cantilever is excited in a periodic fashion and
rastered very close to the substrate. Phase and amplitude changes of the vibration can reveal
much about the properties of the sample. AFM can be used to test adhesion by performing
one or more indentation test on the substrate. The force-indentation displacement curve
obtained with this test can reveal much about the composition of the substrate. Peak-force
AFM operates by performing indentation tests at several spots on a substrate, revealing
the mechanical and adhesive properties with spatial resolution. These are only a few of the
many AFM techniques used in AFM research.
The in situ TEM/AFM hybrid experimental methodology used in this thesis utilizes
only the AFM chip and cantilever while the LASER is not used. Therefore the deflections
are measured by directly observing them with TEM. This is a distinct advantage over AFM,
but a major disadvantage of the hybrid technique is that lateral deflections are difficult to
resolve since the torsional and buckling stiffnesses of AFM cantilevers are usually very large
compared to their normal stiffnesses, by design. The hybrid AFM/TEM technique can be
greatly improved upon by custom manufacturing probes with low stiffness in these three
main modes so that displacements are large with small applied forces for all directions of
the applied force. However, displacement in the focal direction of the TEM will always be
difficult to resolve.
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CHAPTER 3 : Silicon-Silicon adhesion studies
1

In this chapter, it is demonstrated that adhesion of silicon-silicon nanocontacts is modified substantially by the sliding history. Experimental measurements were obtained using a
customized in situ transmission electron microscope (TEM) nanoindentation methodology,
permitting direct observation of the contact, sliding, and separation process, and enabling
precise measurement of the contact geometry, observation of any change in asperity shape,
and avoidance of artifacts such as contact involving surface irregularities or contaminants.
Clean adhesive separation of the two asperities is repeatedly observed, but the force required to separate strongly increases when any sliding takes place before separation, with
the increase roughly linearly correlated with the sliding speed and the applied normal stress
during sliding. It is hypothesized that frictional shear stress, which increases with sliding
speed and normal stress, removes passivating hydrogen and/or hydroxyl groups, allowing
Si-Si covalent bonds to form across the interface. With no sliding, adhesion is often unobservable and, when adhesion is measured, it is well within range expected for pure vdW
interactions i.e., adhesion is significantly smaller than adhesion measured when sliding was
induced. Even when adhesion from an experiment with sliding is high, after separating the
interface, adhesion measured in the very next test without sliding has reduced back to the
low value expected for pure vdW interactions. This reversible effect is attributed to repassivation of the reactive silicon surface, exposed through shear and normal-stress-induced
bond-breaking due to sliding, by residual hydrogen and/or water in the TEM chamber.

3.1. Si-Si Methodology
Contact-separate and contact-slide-separate tests were conducted in situ in a JEOL
(Akishima, Tokyo, Japan) 2010F TEM using the Bruker-Hysitron (Eden Prarie, MN) PI1

A portion of the text in this chapter has been submitted for publication consideration to Nature Materials.
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95 ECR PicoIndenter (Figure 3.1) [63, 64]. The Picoindenter has a displacement noise
floor that is less than one nanometer [63]. Figure 3.1 shows several magnifications of
the working end of the Picoindenter. The indentation-direction displacement (labeled in
Figure 3.1 d as the z-direction) is controlled by a 3-plate capacitive miniature transducer,
and the x and y-directions are controlled by a piezoelectric actuator. The x-direction is
the sliding direction and is also labeled in Figure 3.1 d. Prior to each TEM insertion,
two AFM cantilever probes with integrated single crystal Si tips (Mikromasch CSC37;
Matterhorn, Switzerland) were mounted into the holder; the tips are manufactured with
the h111i direction along the tip axis. The lower AFM probes were glued (high temperature
UHV compatible epoxy, Accu-Glass Products, Inc.; Valencia, CA) to a flat, stainless-steel
truncated-cone indenter manufactured by Synton (Lyss, Switzerland) which was attached to
the PicoIndenters positioner (Figure 3.1 c). Since the cantilevers of the lower probe tips were
glued to the blank indenter, their stiffnesses were effectively rigid in comparison with the
N
free cantilevers of the upper tip, which have stiffnesses in the range 0.30 N
m ≤ kn ≤ 0.91 m .

A small amount of conductive, UHV-compatible silver epoxy (H20E, Epo-Tek, Billerica,
MA) was applied to bridge between the protruding cantilever and the side of the indenter,
ensuring they were grounded to the same ground, avoiding any charging of the lower probe.
The upper AFM probes were mounted by gluing their chips to a flat copper block with
an adhesive (Crystal Bond 509-3, Armeco inc.; Quebec City, Canada) and the copper block
fastened to the Picoindenter with two small screws. Prior to mounting, the upper chips were
cleaved with a diamond scribe to about half their original size (to approximately 1.7 mm
length by 1.6 mm width) so that they fit within the Picoindenter front end [2, 38, 62, 65].
The cantilevers of the upper probes are undisturbed by the mounting process, so their
stiffness is not affected and the total compliance of the system is due to that of the upper
probes.
After inserting the Picoindenter into the TEM, the probes are aligned to each other.
This consists of carefully moving the lower probe in the z-direction towards the upper probe.
Once they are separated in the z-direction by a few nanometers, they are aligned in the
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Figure 3.1: The experimental setup. a The Hysitron PI-95 Picoindenter. b The magnified
front end of the Picoindenter showing the AFM chip (right) facing the indenter with AFM
cantilever attached (left, the cantilever is too small to see in this image). c A schematic of
the AFM chip and cantilever across from the cantilever on the indenter. d TEM view of
the upper compliant AFM probe (top) above the indenter-mounted AFM probe (bottom).
e TEM view of the apex of the upper probe in d showing that it was terminated with the
crystalline phase. TEM images and videos were taken with the (110) zone axis orientation
for the upper probe. The orientations of the lower probes were not controlled.
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focal plane by carefully changing the y-displacement of the lower probe until the upper and
lower probes have equivalent contrast.
Figure 3.2 provides a flow chart of the experiments. Note that a group of experiments
refers to a collection of multiple contact-separate and contact-slide-separate tests that are
conducted between inserting and removing the probes from the vacuum of the TEM. After
inserting the probes, the native oxide is removed by either pressing the two tips in contact
until both apexes fracture, or by wearing it off of both tips through sliding. Removal of the
oxide is readily apparent due to its substantially brighter appearance in the TEM image
compared to Si, when it is present. Figure S1 in the supplementary information (SI) section
8.1 shows low and high magnification TEM images of the tip pairs for all six groups of
measurements. As Figure 3.2 illustrates, an individual contact-separate test consists of
approaching the upper silicon probe to the lower probe, making contact, and pushing to a
variety of chosen distances (applied forces), and then pulling off with no intentional sliding.
An individual contact-slide-separate test consists of approaching the upper silicon probe
with the lower silicon probe, making contact and pushing to a variety of chosen distances,
sliding at a predetermined speed, and then finally pulling the tips apart.
The CSC37 AFM chips have three cantilevers of different lengths all on the same side
of the chip. The upper probes used in the first two groups of tests were the long and
short cantilevers, respectively, of the same chip. The third through sixth groups were from
the medium-length cantilever of a different chip; this tip was purposely fractured again
during the fifth group of tests. The cantilever stiffnesses kcant , calibrated using the Sader
method [66], are (in respective order) 0.30 ± 0.03, 0.91 ± 0.09, and 0.33 ± 0.03

N
m.

Over

two hours of video comprising six groups of experiments, totaling 433 contact-separate and
contact-slide-separate experiments, were captured at 29 fps from Digital Micrograph using
the screen capture software CamStudio. They are compiled in the supplementary video
and clearly illustrate the well-defined geometries of the experiments, and the clean contact,
sliding, and separation events measured. The videos play in the chronological order that
the tests were performed. They can also be found here, https://youtu.be/CE1ROm rmXg.
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Figure 3.2: Flow chart depicting the experiments conducted. *Initializing a group consists
of approaching and aligning the upper and lower tips in the same focal plane so that contact
can be made.
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A custom MATLAB script was used to track the positions of the upper and lower
tips in the videos using cross correlations between the first and subsequent frames. Since
Fnormal = kcant d (where d is the displacement of the upper tip), the displacement tracking
enables measurements of the normal force between the tips. By tracking the movement of
the bottom tip, the position-tracking algorithm also provides the total sliding distance and
sliding speed. The sliding speed and sliding distance were varied randomly to ensure that
observed trends were not influenced by the order in which the experiments were conducted,
i.e., did not arise from possible cumulative effects like drift, beam exposure, or progressive
tip wear. The applied normal force (determined by the distance each upper probe was
displaced in the z-direction by the lower probe) was also varied randomly, with a mean
value (±standard deviation) of 28.7 ± 26.8nN .

Code availability
All codes used for analysis in this work are available at [67] along with a sample video
for testing and detailed usage instructions.

3.2. Si-Si Results and Discussion

Figure 3.3 shows sequential images of typical contact-separate and contact-slide-separate
experiments one video frame (35 ms) before pull-off and 10 frames (350 ms) after pulloff. The adhesive pull-off force, Fpull−of f , is directly proportional to the pull-off distance
through Fpull−of f = kcant dpull−of f . Figure 3.4 plots histograms of the 433 different pull-off
force measurements from the contact-separate and contact-slide-separate experiments. The
six groups are plotted separately since the probe sizes and shapes differ between groups
due to the deliberate pre-group tip fracture/wear to remove the native oxide (see the SI
section 8.1 for more information about the experimental history of the tips used for each
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groups). The probe size and shape in turn affects the interfacial contact stresses, and this
can strongly affect the extent of the removal of surface hydrogen atoms, damage to the Si,
the number of bonds formed, and thus the magnitude of adhesion.
The pull-off forces for the contact-slide-separate tests were significantly larger than the
majority of the pull-off forces from the contact-separate tests. As Table 8.1 in the SI
shows, an average of 53.5% of contact-separate tests showed zero adhesion (i.e. below
the instrumental detection limit of 5.2 nN; see SI 8.1 for a discussion of the pull-off force
uncertainty). This is further illustrated by the cumulative distribution functions (CDFs)
of all pull off forces from contact-separate and contact-slide-separate tests which are also
plotted in Figure 3.4. As reported in Table 8.1 (8.1), an average of 60.3% of all pull-off forces
from contact-slide-separate tests in a given group had a greater magnitude than the highest
pull-off force measured during a contact-separate test in that group. The normalized factor
slide
σF
hFpull−of f islide
pull−of f
± no−slide
(angled brackets denote the
of increase in adhesion, defined as F
h pull−of f ino−slide σFpull−of f
mean and σ denotes the standard deviation) and averaged over all groups, isa factor of
19.2 ± 10.7.
The videos also show that adhesion from contact-separate tests is most often undetectable even if this contact-separate test is performed as quickly as possible (i.e., within
five seconds) after a contact-slide-separate test which had displayed high adhesion. Thus,
the high adhesion behavior seen when the surfaces are separated after sliding does not
persist with a subsequent contact-separate measurement; instead, low adhesion behavior is
recovered1 . This point is discussed further in the SI 8.1.
This analysis demonstrates three findings: (1) with no sliding, adhesion forces often
below the detection limit of 5.2 nN occur between nanoscale Si − Si contacts; (2) sliding
affects the contact interface, resulting in greatly increased adhesion but with typically no
observed change in tip shape; and (3) that the increased adhesion from sliding disappears
after the first separation event, even if the time elapsed between that separation and the
1

For approximately 10% of the contact-separate and contact-slide-separate tests, particles with contrast
matching that of the Si tips were observed on the surfaces of the upper and/or lower tips after the test
(for example, see Figures S3 and S4). For reasons explained in the SI 8.1, the wear particles had negligible
influence on the adhesion measurements.
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Figure 3.3: Sequential images of typical contact-separate (top left and right) and contactslide-separate (bottom left and right) experiments right before pull-off (left) and right after pull-off (right). Contact-slide-separate tests typically have much higher adhesion than
contact-separate tests.
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Figure 3.4: Statistics for the adhesion experiments. Shown are the cumulative probability
of the pull-off forces (gray solid and dashed lines, right axes) versus pull-off forces and
the counts (black solid and dashed lines, left axes) of the pull-off forces versus pull-off
force, all demarcated by whether sliding was induced. For all histograms in this article, the
number of bins was calculated using the Freedman-Diaconis rule to more closely resemble
the underlying distribution.

38

next contact-separate test is as small as five seconds. Observations (1) and (2) suggest that
increased chemical reactivity and interfacial bond formation occur due to sliding. Observation (3) suggests that the chemical modification caused by sliding can heal or be reversed
after separation.
Initially, the freshly fractured or worn silicon surfaces will possess dangling bonds, and
potentially some undercoordinated atoms due surface reconstruction. Such bonds are highly
reactive and can be rapidly passivated by many species including molecular hydrogen, which
is the most prominent species in the residual gas of any typical vacuum chamber including
the TEM chamber (the vacuum pressure in the JEOL 2010F TEM, which is pumped by
oil rotary, oil diffusion, and sputter ion pumps, is approximately 10−5 Pa; under such
conditions, based on information from other TEM experiments and the typical residual gas
composition of vacuum systems pumped to this pressure range, there is still ample molecular
hydrogen or water to passivate the silicon surfaces within seconds [68]). There is a dearth
of literature with residual gas analysis of TEM chambers, but those studies that do include
such analysis [69, 70] show that molecular hydrogen and water are the most abundant
species and that molecular oxygen and hydrocarbons are far less abundant. This has also
been confirmed in a personal communication with several experts on the subject [71]. The
process involves dissociative adsorption of H2 or H2 O from the residual gas vapor followed
by barrier-free formation of monohydride Si − H or hydroxyl Si − OH species.
While atomically-resolved tribology studies of the process of hydrogen and/or water
chemisorption onto silicon are lacking, diamond surfaces have at least been observed to display different magnitudes of adhesion depending on its surface termination (though slidingmodulated and reversible adhesion has not been observed) [43]. Indeed, dangling C bonds
on cleaved or annealed surfaces can be passivated to form a monohydride through dissociative adsorption of H2 [72]. Thus, comparisons to the results for diamond and other
carbon-based systems are valuable. van den Oetelaar et al. observed that adhesion between an annealed hydrogen-free diamond sample and a silicon (oxide terminated) AFM
tip in UHV was orders of magnitude higher than against hydrogen-terminated diamond
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[73]. Similarly, Ryan et al., using reactive molecular dynamics simulations, found that Htermination of the surfaces of various strong carbon-based materials (ultra nanocrystalline
carbon, amorphous carbon, and diamond) significantly lowered adhesion over smooth unterminated surfaces [43]; surfaces without hydrogen termination showed the tendency to
form covalent C − C bonds during contact, leading to increases in pull-off forces by factors
of 20-25.
Figure 3.5 illustrates the proposed mechanisms behind the history-dependent adhesion
observed. As mentioned above, molecular hydrogen and H2 O can dissociate and chemisorb
to dangling bonds or undercoordinated atoms on silicon [74]. This will prevent Si − Si
covalent bond formation across the interface. It will also lower the resulting vdW forces,
and help keep the two surfaces separated by steric repulsion, even with partial coverage of
hydrogen or hydroxyl groups [75]. Harrison and co-workers have shown with experiments
and reactive molecular simulations that AFM nanoscale tips, including silicon tips (typically
with a native oxide in experiments) can remove chemisorbed hydrogen atoms from diamond
surfaces [76] due to the interfacial contact forces, exposing the reactive, unpassivated
C dangling bonds and leading to the rapid formation of C − C covalent bonds across
the interface. It is proposed this occurs in our silicon tip-on-tip experiments as well; the
kJ
for H − Si at 298K
Si − H bond is significantly weaker than the C − H bond at 293 mol
kJ
for H − C at 298K [77]. These dangling bonds can form covalent bonds
versus 339 mol

with dangling bonds on the countersurface, increasing the force required to subsequently
separate the surfaces. Such interfacial bonds will break as sliding continues, but new ones
can readily form when two reactive sites subsequently encounter one another, as seen in
classical molecular dynamics simulations by Harrison and co-workers [78]. Pegurion et
al. showed a similar wear-induced covalent bonding process for DFT simulations of silicadiamond and diamond-diamond surfaces [79]. Some atomic-scale wear likely occurs in
the experiments, though it is undetectable from test to test within the resolution limit of
< 1nm2 in the image plane.
It is important to emphasize that these results and the proposed mechanism are unique
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to hard materials. Soft metals, such as gold and silver, have been observed to cold-weld
with similar asperity-asperity methodologies [80, 56, 55]. However, the drastic change in
the shape of the apexes due to the plastic flow of the materials means that the adhesion
will not be fully reversible i.e., contact-separate adhesion will be different before and after
an intervening contact-slide-separate test.
Due to instrumental limitations, at least five seconds elapsed between the pull-off separation of each contact-slide-separate test until the next contact. It is proposed that the
subsequent contact-separate (i.e., without sliding) adhesion is force low due to the newly
hydrogen- or hydroxyl-passivated surfaces of dangling bonds on the Si surface. Using the
kinetic theory of gases, for a 1cm2 surface containing an estimated 5 × 1014 exposed atoms
with a sticking coefficient of one, that it will take roughly eight seconds to establish a
monolayer in 105 Pa of pressure at 295K [68]. Some degree of dangling bond passivation
may occur through surface reconstruction; it is well-known that the cleaved Si(111) 1x1
surface will reconstruct to remove dangling bonds through formation of trigonally-bonded
Si atoms; the full process involves kinetic barriers requiring 10s of minutes of annealing
at temperatures above 900C in ultrahigh vacuum. Partial reconstruction may happen to a
limited extent in these room temperature experiments.
The Derjaguin-Mller-Toporov (DMT) approximation for contacting hard spheres [81]
can be used to estimate the work of adhesion, Wadh =

Fpull−of f
2πR ,

where R is the composite

radius of the probe pair. The average Wadh value from all contact-slide-separate tests (see
Table 8.1) is 145.5±92.7 mJ
while the average from all contact-separate tests is 8.7±13.6 mJ
;
m2
m2
the large relative uncertainty reflects the small magnitude of these forces compared to the
instrumental detection limit.
For identical materials, Wadh is equal to twice the surface energy of each material. The
value of 8.7 ± 13.6 mJ
corresponds to a surface energy of 4.4 ± 6.8 mJ
, somewhat lower
m2
m2
than values reported in Ref.

[82] of 20 mJ
, in which adhesion was measured between
m2

H − Si(100) wafers prepared by submerging them in solutions with varying degrees of
HF concentration, a treatment that is common in the semiconductor industry. Though
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it is likely that the termination of the apex in these experiments is h111i, Zhang et al.
estimated with first principles calculations that the difference in surface energy between
H − Si(100) and H − Si(111) is less than 5% [83], with H − Si(111) being the lower
energy and thus more energy favorable termination. The low surface energy measured
in these experiments suggests that adhesion for the exposed (H-terminated) Si surfaces
can be entirely attributed to van der Waals forces, with the lower mean value seen in the
experiments compared to that of Ref. [82] attributable to deviations from a parabolic tip
shape, including atomic-scale roughness of the silicon probes. Residual roughness values
of only 1 nm rms have been shown in experiments and molecular dynamics simulations to
reduce the apparent work of adhesion values determined from experiments using the DMT
model between a flat diamond surface and diamond or amorphous carbon tips nearly tenfold
[38]. Some difference may also be attributed to the fact that in Ref. [82], hydrogen bonds
may have formed between the surfaces due residual exposed Si dangling bonds. Incomplete
hydrogen termination of diamond surfaces is observed to significantly diminish adhesion
since the total van der Waals interaction is lowered for each missing hydrogen until enough
hydrogen is removed such that the equilibrium surface separation is reduced [74].
from contact-slide-separate tests far exIn contrast, the Wadh value of 145.5 ± 92.7 mJ
m2
ceeds the value expected for pure van der Waals interactions. Thus, it is hypothesized that
the separation process involves breaking covalent silicon bonds. The measured value is less
, measured
than the cleavage surface energy of Si(111) reported by Gilman [75] of 1, 240 mJ
m2
in quantitative cleavage experiments. The total separation energy involves the additive
contribution from each interfacial Si − Si covalent bond, suggesting that only a fraction
of the Si sites have formed covalent bonds due to the sliding process. The large spread of
pull-off forces measured is consistent with the stochastic nature of covalent bond formation
and bond-breaking.
Figure 3.6 plots the pull-off force, Fpull−of f , against the sliding speed for all groups
of experiments. Results for the contact-separate tests are included in Figure 3.6 and are
plotted at zero sliding speed. As in Figure 3.4, the data set for each group of experiments
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Figure 3.5: Illustration of the hypothesized adhesion mechanism.
is plotted separately in Figure 3.6.
Based on the proposed mechanism, adhesion should increase with increasing sliding
speed since, per the Prandtl-Tomlinson with Temperature (PTT) model of nanoscale friction
and numerous experimental studies of interfacial friction (see section 1.1.2), greater sliding
speed leads to higher shear stress [84, 19, 23, 20, 33, 6, 24], which can lead to a greater
degree of removal of hydrogen and hydroxyl and thus associated exposure of reactive silicon
sites. Indeed, results from all six groups of experiments indicate a growth of Fpull−of f with
sliding speed.
The observed trend of a roughly linear dependence of adhesion force on sliding speed
requires further work and extensive modeling to understand, but a simple explanation can
be derived from combining the PTT models prediction of a nearly logarithmic dependence
of friction on speed (see section 1.1.2 and chapter 6), and the observation that atomic
scale wear of silicon nanoasperities can be well-described by stress-assisted transition state
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Figure 3.6: Fpull−of f vs. speed for all contact-separate and contact-slide-separate tests
with one plot per group. Dash-dotted lines are linear fits and black markers denote the
contact-separate tests.
theory, whereby the rate of atom removal (and thus dangling bond production) depends
exponentially on the shear stress [1] (see section 1.1.1). Combining the logarithmic speed
dependence of friction with the exponential dependence of atom removal gives a linear
relationship of dangling bond formation on sliding speed, in general agreement with the
observations. The role of sliding speed is discussed further below.
Since the geometry of the probe apexes is neither perfectly spherical or power-law,
nor perfectly symmetric about any axis, modeling the contact stresses requires making
significant assumptions to use continuum contact mechanics approaches like the Hertz or
DMT models [81]. Analyzing the stresses is further complicated by the fact that the
contact interface does not remain in the same place on either of the tip apexes throughout
the sliding tests due to the curvature and small width of both tips. This is not the case for
a sphere on a flat surface.
Nevertheless, for a rudimentary estimate, the apexes are modeled as round and the
DMT contact mechanics model is applied to obtain a rough estimate of the stress. Figure
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F

po
Figure 3.7: Average speed
vs. average DMT stress for all contact-separate and contact-slideseparate tests. The dashed line is a linear fit. The error bars are standard deviations of the
means.

3.7 illustrates that the dependence of adhesion on sliding speed taken from the best-fit slope
for each plot in Figure 3.6 clearly increases significantly with this average DMT stress, and
does so in a roughly linear manner.
The linear Fpull−of f − speed trends in Figure 3.6 have different slopes which can be
attributed to the different contact stresses experienced in each group. In their molecular
dynamics simulations of contacting Dzugutov glasses, Vargonen and Yang et al. showed
that adhesion from chemical bonds grows exponentially with applied normal stress [27, 44].
Applying normal stress lowers the energy barrier to forming a bond by increasing the strain
on interfacial atoms as well as making more bonds available through the increase of contact
area. Sliding faster magnifies this effect by increasing the removal of hydrogen and further
damage through larger shear stress, per the PTT model. In studies of the dependence of
nanoscale friction on sliding speed, Riedo et al. and Briscoe et al. demonstrated that their
friction-speed trends were increasingly positively and roughly linearly offset by increasing
the applied normal stress [19, 18]. In a related manner, as mentioned above, stress-assisted
transition state theory posits that shear stress increases linearly with normal stress and
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thus, through the exponential dependence of the rate of atom removal (and thus dangling
bond production) on shear stress, dangling bond formation increases exponentially with
normal stress [1]. Though general linear increase is observed rather than a clear exponential increase, either the rudimentary nature of the analysis of the results, the fact that the
stresses achieved in these experiments are relatively low compared to silicon atom-by-atom
removal studies [1, 2], and/or the scatter in the data may preclude observation of exponential growth of the slope of adhesion forces vs. speed with DMT normal stress. A linear
trend in nanoscale wear of diamond-like carbon AFM probes scanned at low normal stresses
has also reported by Liu et al. [85] and in molecular dynamics simulations by Sha et al.
[86].
The Si − Si adhesion results presented in this chapter motivate several questions. What
role do normal and shear stresses play in determining the adhesion of silicon tips against
other materials? How does the counterface material affect adhesion? What is the chemical
mechanism behind the speed dependence of adhesion? The following study of silicon sliding
on diamond provides evidence which begins to address these questions.
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CHAPTER 4 : Silicon Diamond adhesion studies
4.1. Introduction and Background

Diamond is the hardest known material and is an important surface to study to further
develop applications where high strength and wear resistance is crucial such as machining
tools [87, 88] , mechanical seals [89], MEMS switches [90], and atomic force microscope
probes [91, 92]. Contact between diamond and silicon can occur in these applications,
including the case of diamond AFM probes and for precision manufacturing of silicon-based
materials. This motivates the need to have a deeper understanding of the tribological
behavior of diamond and silicon. This work is the result of collaboration with Dave Schall,
Judith Harrison, and Rob Carpick.
In this chapter, results from in situ transmission electron microscope (TEM) nanoindentation of silicon nanoasperities sliding against a flat diamond surface are presented. The
measured adhesion depends strongly on the normal contact stress and the sliding speed.
Molecular dynamics (MD) simulations using silicon probes with varying degrees of roughness in normal and sliding contact with diamond surfaces provide atomic-level insights into
the tribochemistry that is likely taking place in the experimental studies.

4.2. Experimental Methodology
As in the work presented in the Si−Si chapter 3, a PI-95 Picoindentor (Bruker/Hysitron,
Eden Prairie, MN, USA) was used for contact and sliding experiments inside a JEOL
(Akishima, Tokyo, Japan) 2010F TEM. The experimental methodology followed here is
identical to the methodology in Ref. [61].
The normal spring constants of the Si AFM cantilevers, which were purchased from
µMasch (CSC37 Matterhorn, Switzerland) were calibrated with the Sader method [66] .
The spring constants ranged from 0.20 to 1.51 N/m. Of the more than 200 Si-diamond
sliding tests conducted, in 39 tests the end of the Si tip maintained a nearly spherical
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profile during and after the tests, and these were used in the analysis discussed here. These
come from 22 different probes.
Two flat diamond indenters (Synton, Nidau, Switzerland; Bruker-Hysitron, Eden Prarie,
MN) approximately 3 µm wide were alternately used as the lower surface in these experiments. Both were argon plasma cleaned before experiments to remove any thin layers of
contamination present. Each indenter was occasionally milled to an extremely flat area
using a gallium focused ion beam (FIB) (FEI Strata DB235 from Thermo Fisher Scientific,
Waltham, MA, USA). The FIB Ga+ ion beam current was progressively lowered after each
etching pass to finish the polishing process as gently as possible, reducing both roughness
and the depth of beam damage significantly. The experimental setup is illustrated in Figure
4.1.

4.3. Simulation Methodology
To better understand the experimental results and gain insights into the atomistic processes that control the adhesion, MD simulations were conducted by Prof. David Schall
(Oakland U) and Prof. Judith Harrison (USNA), working in close collaboration with the
author and Dr. Robert Carpick. While it is not computational feasible for the simulations
to match all experimental variables, such as sliding speed, it is possible when designing
the simulations to have a correspondence between many variables, such as material type,
applied load, contact size, and roughness. Using this approach, the simulations provide
insight into the observed experimental trends and the mechanisms at play. This approach
has been successful in a number of previous comparisons between experimental nanocontact
experiments and MD simulations of adhesion [93, 74, 38, 43, 94, 95, 62].
A representative simulation set up is illustrated in Figure 4.2. A hydrogen-terminated
diamond surface, 10 nm by 10 nm in the contact plane, and 1.8 nm deep, was used as the
contacting surface. The diamond used in the simulations was terminated with hydrogen
because prior measurements indicate that the experimental diamond indenter, like typical
diamond crystals, is largely passivated with hydrogen due to ambient exposure to air [93,
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Figure 4.1: The experimental setup. a) The Bruker-Hysitron Picoindenter. b) A magnified
view of the Picoindenter front end, showing one of the two diamond indenters (left) across
from a silicon AFM probe (right). c) An illustration of the indentation system, showing the
AFM probe (top: mounted on a copper mount) across from the diamond indenter (bottom).
d) A TEM image of an AFM probe (top) across from a diamond indenter (bottom). e) A
magnified TEM image of an AFM probe.
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Figure 4.2: A sample simulation starting configuration with a smooth Si tip situated above
a fully hydrogen-terminated diamond substrate. Rigid layers (blue), thermostated regions
(red), all other atoms are free from constraints. The size of the atoms corresponds to their
vdW radius.
74, 38, 43]. This termination may not be complete and may include defects, which is known
to affect adhesion [38, 43]. The presence of defects in the experiments was modeled by
changing the percentage of hydrogen termination in the simulations. Terminations ranging
from 50% to 100% were obtained by randomly removing hydrogen from a fully H-terminated
diamond (111) surface.
The method used to generate tips for use in the MD simulation has been described
previously [38]. Briefly, the tip is modeled as an axisymmetric punch with a power-law
profile. The power-law profile is described in cylindrical coordinates as:

z=

rN
N RN −1

(4.1)

where z is the vertical coordinate or height, r is the radial coordinate, N is a number equal
or greater than 2, and R is the effective tip-radius. The tips used in this study used values
of N = 5 and R = 2.5nm to carve a tip from a block of Si oriented such that the tip axis
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is along the [111] crystallographic direction. The experimental AFM tips are also (111)
terminated but best fits of the power law profile land at either N = 2 or N = 3. The as-cut
tip has a flat, atomically smooth (111) crystal facet at its apex. After cutting, the tip was
annealed to promote surface reconstruction particularly on the sides of the tip. To allow for
the possibility of more reactions between tip and substrate the tip surface was roughened
using a method similar to that developed by Jacobs et al. [38] and Ryan et al. [43]. In this
method, roughness is generated by randomly removing 25% of the atoms within 0.5 nm of
the original as cut tip surface. The roughened tip was again annealed to promote surface
reconstruction.
The tip radius chosen for the simulations, while somewhat smaller than tips used in typical experiments, offers a reasonable compromise between size and computational efficiency.
The surface roughness and geometry of the tips were determined as done in previous work
[43] by rastering a hydrogen atom probe over the tip surface. The probe atom interacts
with the surface through a 12-6 Lennard-Jones potential. The Lennard-Jones parameters
for C and H are taken from Stuart [96] and the parameters for Si are taken from Lorenz
[97]. Standard mixing rules were used to determine interactions between dissimilar atom
pairs. At each raster position, the height of H atom is adjusted such that it encounters a
repulsive force of 10 nN. The surface roughness was determined by finding the root mean
square of the tip height over a 4x4 nm area at the apex of the tip while neglecting any
curvature.
The simulations were carried out at 300K using the MD code LAMMPS. Atomic interactions were calculated using the ReaxFF interatomic potential parameterized for Si, C,
and H interactions [98, 99, 100]. One of the primary advantages of the ReaxFF potential
is its ability to model reactive chemistry with similar accuracy as quantum mechanical calculations but with a much lower computational cost. A typical simulation starts with the
lowest atom in the tip set at 0.5 nm above the highest atom on the substrate. The tip is
moved toward the substrate by moving the rigid layers of the tip at a constant velocity until
a preset target normal load is reached (5, 10, or 20 nN). Once the target load is reached,

51

the tips were either held fixed at a constant separation distance or at a constant load for
25ps. In the case of constant separation (CS) the load on the tip decays slightly as the
tip-substrate contact relaxes to a steady value over the holding period. Under constant
load (CL) the tip-substrate separation is adjusted dynamically such that the average load
on the tip equals that of the desired target load. At this point in the simulation, the tip is
either retracted from the substrate or the tip is slid across the substrate and then retracted
following an additional hold step. While indenting or retracting a constant velocity of 0.02
nm/ps (20 m/s) is used. During sliding, a constant load is maintained on the tip (5, 10, or
20 nN) as the tip slides a total distance of 10nm across the substrate surface. The tips are
slid in the h120i crystallographic direction on the underlying diamond substrate. To investigate the effect of sliding speed on the simulation results three different sliding velocities
(0.01, 0.02, and 0.04 nm/ps) were applied.

4.4. Results and Discussion
As discussed in section 1.1.3, the work of adhesion between two materials, Wadh , is the
work required to separate a flat, unit area of the materials from their equilibrium contact
separation (often denoted as z0 in contact mechanics) to infinite separation distance. For
a given perfectly stable contact pair (i.e. with unchanging surfaces), Wadh is a constant
value representing the work to overcome all attractive forces to separate them. Typically,
for such a perfectly stable case, only van der Waals (vdW) or other weak bonds would be
involved in adhesion because covalent or metallic bonding during contact often leads to
changes in surface bond arrangements during the separation process. Absent those effects,
Wadh ≡ WvdW , where WvdW is the work of adhesion from van der Waals interaction.
For real contacts, many deviations from this ideal situation occur. These deviations
can come from bonding, roughness, non-slab geometry, capillary formation, and plastic
deformation and wear during contact, to name just a few. For this study conducted in high
vacuum with nominally spherical silicon AFM probes on a nominally flat (slab) diamond
surface, the relevant parameters are bonding, non-slab geometry, and plastic deformation.
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The force required to separate two materials which are adhered can heuristically be written
as a linear combination of these effects

FM EAS = FvdW −ideal + FBON D − FSU P P .

(4.2)

Here, FM EAS is the measured force to break the contact (often denoted in other literature
as Fpull−of f , the pull-off force), FvdW −ideal is the ideal van der Waals force e.g., for the
closest matching continuum geometry to the experimental geometry but without influence
of the various factors such as atomic steps or other sources of roughness. The supplementary
force, FSU P P , though not actually a real force, accounts for these deviations from the ideal
geometry. This heuristic supplementary force can only vary from zero in the case that
ideal geometry is achieved (this is impossible in reality) to FvdW −ideal . The latter case is
also unachievable experimentally since no amount of roughening or deviation from ideal
geometry can completely counteract the ideal vdW force calculated for the assumed ideal
geometry.
In the same heuristic sense as equation 4.2, the measured work of adhesion between a
tip and a surface can be written as

WM EAS = WvdW −ideal + WBON D − WSU P P .

(4.3)

1.

It should be emphasized that, while WvdW is a constant property of the material system,
WvdW −ideal is a property of the material system with idealized (non-slab) geometry. In
contrast, WM EAS , the actual measurement obtained in most adhesion experiments, is an
empirical quantity that may vary with the stress applied during sliding prior to the adhesion
force measurement. In this work, it is shown for silicon-diamond contacts that additional
1
More accurately, bonded atoms at the interface will have different polarizability than unbonded atoms,
thus altering the contribution of bonded atoms to the vdW adhesion. Because the vdW adhesion diminishes
rapidly with the separation distance of atoms of one surface from the other, this effect may be significant for
the atoms in the contact region. Therefore, WvdW −ideal in Equation 4.3 for an interface with bonded atoms,
and its contribution to the pull-off force, may be different than the value for an interface that contains has
van der Waals interactions.
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forces FBON D arise from covalent bonding at the tip-sample interface which are induced
by sliding and which increase with applied stress, and that corrections FSU P P occur due to
wear-induced smoothing of the tip.
In this chapter, the contribution to WM EAS of interfacial silicon-carbon bonds, WBON D ,
as well as plastic deformation, which changes the geometry of the tip and is thus accounted
for by the terms FSU P P and WSU P P in equations 4.2 and 4.3 respectively, are investigated.
Experimental evidence is presented that suggests bonding occurs between atoms in the sliding contact and that the number of bonds that form is governed by the interfacial shear stress
arising from sliding. In past experimental literature relevant to this study, several adhesionaltering variables that contribute to FSU P P and WSU P P have been observed, specifically
regarding the effect on adhesion of capillary force [101, 102, 103, 104, 105, 106, 107] , tip
shape [108, 109], and roughness [101, 38, 110, 111]. Supplementing the experimental results,
the MD simulations suggest that plastic deformation induced by shear stress during sliding
as well as compressive stress alter the geometry of the contact by flattening it, and thus
increase FSU P P and WSU P P by bringing more material closer to contact wherein the vdW
contribution is increased beyond that expected for a sphere.
The measured work of adhesion for these tests, WM EAS , is plotted in Figure 4.3 against
the normal contact stress during sliding before separation, σ. The measured work of adhesion, WM EAS , was numerically calculated using the algorithm developed by Jacobs et
al. [65]. This algorithm takes as inputs the actual traced profile of the tip, the pull-off force,
FM EAS , and the snap-in distance. The normal contact stress, σ, was calculated using the
contact stress model for power-law profiles under the Dugdale traction law proposed by
Zheng et al. [112]. All tests were conducted with adhesion as the only normal force i.e.,
with no externally applied force.
For an idealized spherical tip in contact with an idealized flat countersurface, where the
system obtains a Maugis elasticity parameter approximately 0.1 or less [113] (i.e., small,
stiff contacts with small attractive forces that are long range), the Derjaguin-Mller-Toporov
(DMT) limit describes the adhesive force, Fpull−of f [114]. Using the same parameters for
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Si-diamond contact as in Ref.

[2] a Maugis parameter of 0.17 is calculated. The DMT

model is therefore used here because a Maugis parameter of 0.17 only leads to a 3% deviation
of the calculated parameters such as stress and work of adhesion [115].
In the DMT limit [114], for perfect spheres, the relationship between the ideal pull-off
force and the intrinsic vdW work of adhesion, WvdW , grows linearly with the radius R of
the sphere i.e.,

FvdW −ideal = 2πRWvdW

(4.4)

Figure 4.4 plots FM EAS versus the radius R of each probe (assuming a paraboloid for
each). The results are consistent with the expected functional dependence of FM EAS on
R for the bond-modified DMT limit FM EAS = 2πRWvdW + FBON D − FSU P P (i.e. all
measured forces fall above the line FM EAS = πRWvdW since bond forces, FBON D , are
greater in magnitude than the adhesion-reducing effect of roughness catalogued by FSU P P .
The van der Waals work of adhesion for silicon (111) on diamond (< 1% relative humidity) was previously measured by an interfacial-force microscope in Ref. [3] and found to be
WvdW = 0.20 mJ2 . Though useful for qualitative comparison, direct or quantitative comparisons with this work are not possible because the silicon in that study was likely terminated
with a native oxide and additional adsorbates (like water or hydrocarbon contamination)
as the experiments were performed in air. The molecular dynamics simulations show that
WvdW for Si (111) on 50% hydrogen-terminated (111) diamond is close to 0.16 mJ2 (see Figure S6). Figure 4.3 demonstrates that WM EAS is close to the 0.20 mJ2 and 0.16 mJ2 values for
the lowest stresses, but greater for higher stresses. One possible explanation for this is that
the scattered increase in FM EAS from the bond-free DMT limit (the dashed line in Figure
4.4 that uses the value of 0.20 mJ2 ) is due to the force required to break the Si − C bonds
and plastic deformation in the form of smoothing; the latter mechanism will be discussed
along with the discussion of the MD simulations results. If the actual bond-free DMT limit
in Figure 4.4 is greater than 0.20 mJ2 such that the dashed line runs through the experimental data rather than almost exclusively below it, the data below that dashed line could be
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Figure 4.3: The measured work of adhesion, WM EAS , plotted against the DMT normal
contact stress, σ, for the speeds 2, 20, and 200 nm/s. Estimates of the ideal vdW work
of adhesion, WvdW −ideal , from the MD simulations and from Houston and Moore [3] are
included. Theoretically, these do not change with changing stress.
attributed to roughness and would be accounted for in equation 4.2 with the FSU P P term.
Jacobs et al. found a strong correlation between adhesion and roughness using the same
experimental methodology but with diamond-like materials [38].
Interestingly, from Figure 4.3 it is seen that WM EAS increases exponentially with normal
stress, σ. It is worth recalling that an exponential increase in WM EAS with σ was observed
in a molecular dynamics (MD) study of a Dzugutov glass by Vargonen [44, 27] and can
be attributed to lowering the energy barrier to bonding for the atoms at the interface and
also to increasing the number of possible bonding sites by increasing the true contact area.
Additionally, in chapter 3 it was shown that the adhesion of self-mated silicon nanoasperities increased with normal stress, although the trend was more consistent with a linear
dependence of adhesion on stress. This strongly suggests that stress-induced covalent bond
breaking and reformation at the interface is induced by sliding.
In addition to the normal stress dependence, WM EAS increases with sliding speed at a
given normal stress, as also seen in Figure 4.3. It was also shown in 3 that silicon nanoasperities experienced a dependence of adhesion on sliding speed. The adhesion dependence in
that study is consistent with a linear increase with speed while in this study the trend
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Figure 4.4: The measured adhesive force FM EAS versus tip radius R.
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is more consistent with a logarithmic increase. The Prandtl-Tomlinson with Temperature
(PTT) model describes the increase of friction with sliding speed often observed in nanoscale
friction studies [14, 15, 16, 17, 6, 18, 19, 20, 21, 22, 23, 24]. The model predicts that, over
a range of speeds, friction, and thus interfacial shear stress, increases logarithmically with
sliding speed. It may be expected that increases in interfacial shear stress correlate directly
to increases in shear-induced covalent bond breaking and formation at the interface, leading
to a concomitant logarithmic increase of adhesion with sliding speed. Increasing the normal
stress may also increase the shear stress; both of these changes in stress may decrease the
energy barrier to forming a bond. Increasing the normal stress also increases contact area,
making more sites available to participate in bonding. These combined effects result in
increased covalent bond formation at the interface.
The number of bonds cleaved during pull-off is estimated with the formula

NBON D =

Fef f − 2πRWvdW
FBON D
=
FSi−C
FSi−C

(4.5)

and plotted as a function of tip radius in Figure 4.5. Here WvdW is taken as 0.20 mJ2 . When
plotted this way, the data seem to indicate that more bonds are generally formed at faster
sliding speeds. It is not possible to estimate a value of the force to break a single Si − C
bond, FSi−C , where the bonded C and Si are also bonded to three other C and Si atoms,
respectively, from the experimental measurements alone. However, simulations are capable
of obtaining this force; FSi−C was calculated from the simulations by retracting a bonded
Si in a linear path parallel to the Si − C bond while the C atom was fixed. The value of
FSi−C obtained in this way is 3.1 nN.
The molecular dynamics simulations performed by collaborators Dr. Dave Schall and
Dr. Judith Harrison are used to provide insights into the complex phenomena occurring at
the sliding interface between silicon and diamond that cannot be resolved in experiments.
Though the sliding speeds attainable in MD simulations are orders of magnitude larger
than the experimentally achievable speeds, comparisons of phenomena that take place over
short-time scales like the effects of covalent bonding, plastic deformation, and wear are
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Figure 4.5: The estimated number of bonds formed (calculated using equation 4.5 plotted
against tip radius R for the nanoindentation experiments. Note that the x-axis was chosen
purely for clarity of presentation and no dependence between effective number of bonds and
radius is expected.
readily tested with MD. For this study, simulations with varying amounts of diamond
hydrogen termination, applied force, and silicon tip roughness were performed. Figure
4.6 shows snapshots of a simulation of a rough silicon tip sliding on 100% H-terminated
diamond at three separate times. Figure 4.6 shows that the initially rough surface of the
tip in the contact region is smoothed out through plasticity and wear of tip atoms. Similar
behavior was observed for other degrees of H-termination. Relative to indent-only tests,
the mechanism of smoothing during sliding tests increases adhesion. Smoothing can be seen
qualitatively when comparing post-indent and post-slide surfaces in Figure 4.7, which also
provides the changes in the roughness values and their corresponding FM EAS . The forcedistance curves from these tests during retraction are shown in Figure 4.8 for (a) no-sliding
tests and (b) sliding tests for different applied forces.
Adhesion from no-sliding and sliding tests, which is the most negative normal force
value, increases in magnitude when applied force increases. This increase is the result
of wearless and atomic-level plastic deformation or, in other words, due to irreversible
compressing of protruding atomic asperities. Rough tips on a rough surface experience stress
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Figure 4.6: Snapshots from a simulations of a rough silicon asperity indenting or sliding
against 100% H-terminated diamond at 10 nN normal load. The top row contains bottomup views of each of the, initial, post indent, post slide (before retract), and post-retract
(after sliding), surfaces. The bottom row contains side-on views of cross-sections of the
probe in the same column. The color scale corresponds to the displacement of the atom in
the horizontal direction within the plane of the view and changes from red (-2.5 Å) to blue
(2.5Å).
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Figure 4.7: Rough silicon nanoasperity surface profiles a) before contact, b) after indent,
and c) after sliding on 100% H-terminated diamond (111). d) The measured pull-off
force, FM EAS , as a function of the change in roughness from each test. Each marker is an
individual target applied force.
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Figure 4.8: : Force-displacement curves during retraction only for a rough silicon tip (111)
against 100% H-terminated (111) diamond from MD simulations for a) indent-hold-retract
(no-sliding) and b) indent-hold-slide-retract (sliding). Adhesion is greater in the case of
sliding and also increases with increased applied force.
concentrations that induce plastic deformation and effectively smooth the tip such that its
adhesion approaches the van der Waals work of adhesion. Following the mathematical
convention expressed in equation 4.2, FSU P P is decreased by smoothing.
The adhesion force is plotted against the percent change in the root-mean-square roughness after each simulation test in Figure 4.7 (d). Note that the metric of the percent change
in roughness corresponds mathematically and linearly to the roughness of the tip after
separation. This fact makes the percent change in roughness a convenient metric as any
discussion pertaining to it also pertains to the actual roughness. For the initially rough
silicon tips in contact with 100% H-terminated diamond, the adhesion force increases with
decreasing percent change in roughness; in other words, smoothing of rough tips leads to increased adhesion. Notably, for the initially rough tips the magnitudes of roughness changes
and adhesion forces differ somewhat when comparing whether sliding was induced, with
sliding inducing greater reductions of roughness and thus greater adhesion. As was already
discussed, higher applied forces also lead to higher forces due to greater reductions in rough62

ness from atomic-level plasticity. In contrast to the initially rough tips, for initially smooth
tips, the inset of Figure 4.7 (d) illustrates that the adhesion force and percent change in
roughness increase in tandem, albeit to a much lesser degree than the negative correlation
seen between the adhesion force and the percent change in roughness in the case of the
initially rough tips. The mechanism of increasing roughness and increasing adhesion for
the initially smooth tips originates in plastic deformation of atoms at the edge of the contact, where stress concentrations permanently move periphery atoms closer to the substrate,
increasing the overall vdW attraction and roughness.
Figure 4.9 shows the adhesion force, FM EAS , versus the change in roughness for all
in situ experiments. The roughness changes are calculated by subtracting the roughness
measured after contact from that measured before contact. It is notable that there are
no conclusive trends in FM EAS versus roughness for the experiments, in contrast to the
MD studies. Roughness can increase or decrease. Hence, it is not possible to conclusively
attribute trends in experimental adhesion to changes in roughness. This is in part also
because the addition of covalent bonding has an effect. Figure S7 in the SI shows the
WM EAS is not dependent on RMS roughness. However, even with higher resolution it may
be very difficult to tie any trends in adhesion to trends in roughness because TEM images
cannot resolve the 3-dimensional profile of the apex. Thus, subtle atomistic deformations
may not be observable. TEM tomography is a promising technique that may potentially
overcome this hurdle but was not available at the time these experiments were conducted.
Covalent bonds formed during both IHR and IHSHR simulation tests. The number
of covalent bonds that formed upon contact in the simulation studies depended strongly
on roughness and applied load. However, the number of covalent bonds that still remained
between the contacting surfaces at the moment that retraction was initiated did not depend
on the applied load or sliding speed if the tip was slid (see Figure 4.10). Thus, the influence
of covalent bonding on adhesion in simulations does not extend to the adhesion-load trends
seen; these trends are primarily due to the effect of greater smoothing at higher loads which
is a phenomenon that experiments cannot resolve as well as simulations. Importantly, since
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Figure 4.9: Experimental measured adhesion force FM EAS versus change in roughness Notably, the change in roughness can be positive, indicating roughening.
experiments display works of adhesion too large to be from vdW interactions alone, the
adhesion trends seen in experiments are likely due to covalent bonding under the influence
of shear and normal stress.
Although the simulations do not capture the covalent bonding mechanisms undoubtedly
dominating the higher WM EAS in experiments, there are several reasons to apply caution
when comparing the effects of bonding between simulations and experiments. The time
duration of experiments, ranging from seconds to minutes, is many orders of magnitude
greater than the few picoseconds that simulations are limited to due to computational
power constraints. Covalent bonding is stochastic and as such requires time to have a
statistically-relevant influence; time not readily available to simulations but easily achieved
in experiments [62]. Additionally, the lack of speed dependence of adhesion in simulations
should not be concerning as simulations, due to the time constraints previously mentioned,
are necessarily many orders of magnitude faster than in experiments. The experimental
methodology employed in this study is not capable of achieving the speeds, on the order of
meters-per-second, used in simulations. Since it is entirely reasonable that such high speeds
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Figure 4.10: Pull-off forces from simulations for different sliding speeds, H-terminations,
and roughnesses.
results in a different regime of the speed-dependence of adhesion, it is not advisable to
extrapolate from simulation results to conclusions about speed dependence in experiments
at high speeds.
The simulations identify another mechanism that modulates FSU P P : stress and slidinginduced smoothing of the tip surface. This modulation likely only has an effect on the
lower values of WM EAS . Importantly, the true Wadh i.e., WvdW , must then lie somewhere
between the lowest value reported in Figure 4.3 and the highest, with all changes of WM EAS
smaller than WvdW with stress and speed occurring because of smoothing and changes
in WM EAS larger than WvdW with stress and speed being dominated by stress-activated
covalent bonding.
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4.5. Further Discussion: Arrhenius theory and shear stress

Arrhenius kinetics has been used to describe the rates of many chemical phenomena
and has recently been used to explain solid-solid tribochemical reactions such as nanoscale
friction and wear [2, 21, 20, 22, 24, 23, 116, 117, 5, 1, 18, 32]. The exponential dependence
of WM EAS on normal stress suggests that an Arrhenius chemical rate process describes
the chemical reactions occurring at the interface of the contact pair. The reaction leading
to an interfacial bond is Si3 H + C3 H → Si3 C3 + H2 . The debonding reaction is Si3 C3
→ Si3 + C3 , which may either leave these species unterminated and highly reactive or, if
molecular hydrogen reacts with either, they will become passivated again i.e., Si3 H and
C3 H.
For this work, which focuses on adhesion, the Arrhenius theory may provide a predictive,
mechanochemical model to quantify the number of bonds in the contact region. Knowledge
of this number of interfacial bonds, NBON D , is needed to compute the total force to cleave
the bonds formed under the influence of stress since FBON D = FSi−C NBON D , where FSi−C
is the force to cleave a silicon-carbon single bond. The ratio of number of bonds occurring
at the interface to possible bonds [118], N BON D , is the ratio of the rate of forming bonds,
T OT AL

ΓBON D , to the sum of the rates of bonding and debonding ΓBON D + ΓDEBON D , i.e.,

N BON D =
T OT AL

ΓBON D
.
ΓBON D + ΓDEBON D

(4.6)

The number of possible bonds in a contact is the total number of atoms in contact
NT OT AL . This is just the product of the area of contact A (from DMT contact mechanics)
and the areal density of silicon: NT OT AL = AρSi .
The rate of bonding is estimated with the Arrhenius equation

ΓBON D =

D
ΓBON
0


exp

−∆EBON D + τ ∆VactBON D
kB T
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[s−1 ]

(4.7)

D is on the order of the lattice vibrational frequency of silicon atoms. ∆E
where ΓBON
BON D
0

is the athermal energy barrier to forming a Si − C bond. For the studies of stress activated
systems (e.g. friction and wear) discussed in depth in chapter 1, it has been theorized that
this energy barrier is lowered by an amount proportional to the mechanical work applied
through shear stress to the atoms in the interface, or τ ∆VactBON D . Such a description
applies to these results if the shear stress is a function of normal stress, which has been
shown for several tribological systems [18, 31, 1]. This is a mean-field approach to replacing
the intractable true work which is F̄ · r̄, and even this neglects second-order effects [119].
Therefore, with this mean-field approach, the total energy barrier for bonding is ∆EBON D −
τ ∆VactBON D .
Analogous to the rate of bonding is the rate of debonding, or

ΓDEBON D =

D
ΓDEBON
0


exp

−∆EDEBON D + τ ∆VactDEBON D
kB T



[s−1 ].

(4.8)

Putting terms together, the total number of bonds is

NBON D = NT OT AL N BON D = AρSi N BON D .
T OT AL

(4.9)

T OT AL

The total force from the bonds is the product of the number of bonds and the force from
a single Si − C bond:

FBON D =
FSi−C AρSi

D exp
ΓBON
0



D
ΓBON
exp
0



−∆EBON D +τ ∆VactBON D
kB T

−∆EBON D +τ ∆VactBON D
kB T



D exp
+ ΓDEBON
0





−∆EDEBON D +τ ∆VactDEBON D
kB T

.

(4.10)

Substituting this expression into equation 4.3 gives the full Si-diamond WM EAS equation.
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WM EAS =
WvdW −ideal +

FSi−C AρSi


2πR 1 +

D
ΓBON
0
D
ΓDEBON
0

exp



∆EBON D −∆EDEBON D −τ (∆VactDEBON D −∆VactBON D )
kB T

 − WSU P P
(4.11)

where the DMT approximation FvdW −ideal = 2πRWvdW −ideal has been used.
For this equation to be consistent with the WM EAS versus σ data shown in Figure 4.3,
both ∆EBON D − ∆EDEBON D and ∆VactDEBON D − ∆VactBON D must be positive. Thus
∆EBON D > ∆EDEBON D and ∆VactDEBON D > ∆VactBON D . Additionally, the shear stress,
τ , must be an increasing function of both the normal stress, σ, and the sliding speed v.
Equation 4.11 was provided as a general mechanochemistry-based adhesion model which
is consistent with the other mean-field approaches to describing friction and wear currently
in the literature 1. However, practically speaking, equation 4.11 has numerous fit parameters and it is not clear how the shear stress varies with speed and normal stress. Also,
as previously mentioned, the mean-field approach means that atomic details such as the
stochastic nature of bond residence times and the effect of bond stretch lengths on shear
stress are abstracted to the overall shear stress. In other words, the mean-field approach
replaces the cause of the rate of debonding (a larger stretch length increases that bonds
likelihood of debonding) with the effect of the rate of debonding, i.e., shear stress, in the
functional form of rate of debonding (equation 4.8). Indeed, interfacial shear stress is a
consequence of the effect of all bond stretch lengths on friction. Therefore, it is valuable for
the discussion to turn to the Multibond (MB) model since it captures these atomic details
by approaching the Arrhenius kinetics of bonding and debonding in a non-mean-field way
and through numerical simulation rather than relying exclusively on analytical models.
The MB model is at present the most advanced model for interfacial tribochemistry. It
was developed by Schirmeisen, Barel, Urbakh, and others [15, 16, 17] to explain the nonmonotonic trends seen in friction when temperature is varied. At very low temperatures
(typically below 100K for the materials tested and modeled so far) friction increases with
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increasing temperature. It then reaches a peak, and further increases in temperature result
in a decrease of friction. The MB model incorporates the chemical kinetics of both breaking
bonds (under shear-stretching) and forming bonds. It predicts how many bonds are formed,
and how long the bonds reside on average when temperature and speed are involved. Since
adhesion is sensitive to the number of interfacial bonds and their residence times, it is
this residence-time prediction which offers insights into the potential relationships between
temperature, speed, and adhesion.

4.6. Comparing results to the Multibond model
In the Arrhenius framework of equation 4.11, the fact that ∆EBON D > ∆EDEBON D
means that it is easier to debond a Si − C bond than to create the bond in the absence of
stress; unbonded atoms are more stable than a bonded complex. Figure 4.11 illustrates the
relative strengths of the bond and debond energy barriers in a typical reaction coordinate
diagram. The reaction coordinate, the x-axis in Figure 4.11, is an abstract representation
of how the reaction proceeds, while the y-axis represents the energy at each point along the
reaction coordinate. Proceeding from left to right, the initial state represents an unbonded
atom, with low energy, surmounting the energy barrier ∆EBON D to arrive at another local energy minimum which is the bonded state. Similarly, proceeding from right to left
represents a bonded atom, initially in the locally low-energy minimum, surmounting the
energy barrier to debonding ∆EDEBON D , ending in the unbonded state. Note that this
figure does not capture the other option of a bonded atom wearing off of its native surface
after overcoming the energy barrier to cleave it entirely. This process is discussed in detail
in reference [120].
Another interesting result is the relationship between energy barriers: ∆VactDEBON D >
∆VactBON D . This is a statement that the shear work has a greater effect on reducing
the energy barrier of debonding than on reducing the energy barrier of bonding, at least at
room temperature as was the case in the experiments. Therefore the model and experiments
taken together suggest that not only is it easier to debond without the assistance of shear
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Figure 4.11: The energy barrier diagram for bonding and debonding, as predicted by applying the Arrhenius model to the adhesion results. The energy barrier for bonding, ∆EBON D
is greater than that for debonding ∆EDEBON D , meaning that bonded atoms are less stable
than unbonded atoms.
stress but, when shear is involved, it facilitates debonding more strongly than it facilitates
bonding.
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CHAPTER 5 : Sliding while Pulling: Dynamic Dependence of Adhesion on Sliding
Speed

5.1. Introduction and background
In this chapter, it is shown that adhesion is affected by lateral sliding speed, a phenomenon which can be attributed to some of the same mechanisms that regulate friction
e.g., the number of interfacial interactions and the average time spent interacting (residence
time). In MB studies, the rate of forming an bond (which corresponds to the inverse of the
time spent not interacting) was shown to govern the friction-temperature behavior in many
material systems [16]. In the present study, atomic force microscopy (AFM) was used to
measure adhesive forces of silica probes on highly-oriented pyrolytic graphite (HOPG) and
hydrogenated tetrahedral amorphous carbon (a-C:H) as a function of speed. This work
is the result of collaboration with others. The author devised the speed-adhesion predictions with input from Kathryn Hasz and Dr. Rob Carpick, all devised the experimental
methodology, and Kathryn Hasz performed the experiments.
The PTT model is often used to describe nanoscale friction, but it has limitations. In the
PTT model there is only a single interaction at the interface or ”bond”-a static corrugated
tip-sample potential energy- and it is always present. The MB model differs from PTT in
that it accounts for situations in which multiple bond sites are available and, critical for this
work, the MB model allows for bonding sites to spend some time unbonded, thus changing
the energy landscape. Figure 5.1 helps to explain the key aspects of the MB model and the
resulting speed dependence of adhesion that can occur. The columns differentiate between
fast and slow sliding speeds while the rows represent small time increments.
Referring to Figure 5.1, the speed dependence that emerges can be explained as follows:
during sliding, in the time increment t + ∆t, faster strain rates coupled with thermal kicks
force more of the highly strained interfacial bonds to break. In subsequent times t + 2∆t the
broken bonds can remain unbonded as they seek out new bonding sites while more bonds
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Figure 5.1: Comparison of bond dynamics between sliding experiments with fast (left column) and slow (right column) speeds. Bonds are represented by lines connecting the probe
(gray rectangles) and the substrate underneath. For the same time increment, t + ∆t, fast
speeds experience more debonding events. Since site can spend time not interacting, there
are less total bonds at time t + 2∆t for the fast speed and indeed less bonds on average over
time for the fast speed case.
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remain intact in the slow-speed case. Thus there are less bonds over time on average for
fast speeds. For brevity, the decrease in time-averaged bonds with increasing speed will be
referred to as dilution. As mentioned, the PTT model assumes there is a single bond and
that it is always present, so there would be no difference in the number of time-averaged
bonds in that model.
Two experiments can test how adhesion is affected by dilution in the MB model. In the
first experiment, an AFM probe is retracted from the sample surface while also scanning
laterally. As just discussed, because there are fewer bonds on average (dilution) the model
predicts that the probe and sample will separate sooner at fast speeds than at slow speeds.
In the second experiment, instead of pulling off while sliding, the probe is programmed to
come to rest after sliding. The stationary probe is then retracted from the sample with no
further programmed lateral motion. This latter approach is how most previous experiments
testing kinetics and speed are conducted [14, 15, 16, 17, 6, 18, 19, 20, 21, 22, 23, 24]. In such
experiments, if the thermal noise is large enough and the probe is at rest for long enough,
any highly strained bonds that remain in the contact will break since there is enough time
for thermal fluctuations to help break the bond. In the time after this while the tip is still
in contact there are two possibilities: a) all of the non-interacting sites form new bonds,
or b) none or only some of the broken bonds form new bonds because the normal stress
and surface energy are not large enough to force them to interact. In both cases there
would be no difference in the pull-off force between the high and low-speed tips. In case
a the adhesion would be the same as a conventional stationary test i.e., a test in which
contact is made and broken without interim sliding. Case b suggests that pull-off force will
decrease relative to a stationary test if sliding is imposed. To summarize, the MB model
predicts either a decrease of adhesion with sliding speed as in the first experiment, or either
no change at all as in the second experiment, case a, or a speed-independent decrease in
adhesion relative to stationary tests when sliding is imposed1 .
1

The predicted decrease in adhesion in these experiments only occurs if the number of sites available to
interact does not depend on the sliding speed. This assumption may not be upheld if wear occurs during
sliding: wear usually dulls and smooths the probe leading to larger contact area and more available bond
sites, such as discussed in chapter 4, or removes passivating species which increase the reactive site population
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5.2. Methodology
In this study, several iterations of experiment 1 were performed. Experiment 1 was
described briefly in the previous paragraph and is described in more detail below. All
experiments were conducted in an RHK 750 AFM (RHK Tech, Troy, Michigan). The experiment materials consisted of a silicon tip with native oxide layer (Mikromasch, ETC)
sliding on either a highly oriented pyrolytic graphite (HOPG) sample or amorphous hydrogenated carbon (a-C:H). Both materials are very flat, with RMS roughness values around
0.5 nm. Six of the HOPG experiments were performed in an ultrahigh vacuum (UHV)
environment below 5 × 10−9 torr, while one was in an inert nitrogen environment. There
was no discernible qualitative difference in the results when comparing between different
environments. All a-C:H experiments were conducted in UHV.
Figure 5.2.a shows a typical normal force scan using this method, where dark value is
low load and light value is high load. The scan proceeds from bottom to top. The same
initial load was applied at the beginning of each experiment. The load was incrementally
decreased line-by-line, which shows up as the progressive darkening in the image. At some
point in the middle of the scan, there is an abrupt value change. This is the point of
pull-off. The constant value above the pull-off point is the region where the probe was out
of contact; this persists until data acquisition is halted (gray region at the top). Each is
taken at a single scan speed, providing one pull-off force measurement. At least 12 pull-off
force measurements were performed for each speed. The pull-off force, FM EAS , is equivalent
to kcant × dM EAS i.e., the product of the AFM cantilever spring constant, kcant , and the
pull-off distance dM EAS . The speed was varied randomly between scans and ranged from
6

Å
s

to 8

µm
s .

No overall upward or downward trend in adhesion was observed as the tests

progressed and no changes in the topography, indicating that wear did not occur. Five of
these experiments were performed on HOPG, each with a different tip. Two were performed
on a-C:H. In order to nullify the effect of the sudden acceleration during switching from
trace to retrace, the small percentage of pull-offs that occurred at the edge of the scan were
such as in chapter 3.
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Figure 5.2: Typical a normal force scan and b friction force scan. Scanning proceeds from
bottom to top and pull-off occurs at some point within the scan.
neglected in the analysis.

5.3. Results and discussion
Results for all seven experiments are shown in Figure 5.3. HOPG experiments are
plotted as diamond symbols, while a-C:H experiments use square symbols. Forces are
normalized by the mean of each experiment to collapse all results onto a single curve for each
substrate material. Results from both samples show that adhesion decreases logarithmically
with increasing speed. A p-value is annotated, showing the result of a t-test of the slope of a
linear fit to FM EAS against log (speed). Following convention, p-values below 0.05 indicate
that the slope is statistically non-zero, and smaller p-values are stronger indications of
non-zero slopes. The very small p-values of the slopes in Figure 5.3 clearly show that the
pull-off force decreases with increasing sliding speed. These results are consistent with the
predictions of the MB model—faster sliding speeds lead to bond dilution.
Discussions of the PTT and MB models in the literature can be vague about the nature
of the bond and the terms bond and interaction have been used interchangeably to highlight
the fact that either would show similar speed-adhesion behavior. In the PTT model, the
abstract picture of the elastic energy interaction alluded to earlier not only differs from
the true nature of an isolated bond, it neglects the many consequences of having multiple
bonds. In the case of the MB model, proponents have claimed that the bond is a ”chemical
interaction”, a term which could suggest several possibilities. It could describe actual atomic
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Figure 5.3: Normalized adhesion force versus speed for silica against HOPG (diamonds)
and silica against a-C:H (squares). Dashed lines are fits.
bonds such as ionic, covalent, or polar bonds, or it could describe multi-atom elastic asperity
interactions as described in Kim et al. [121] For silica on HOPG, it is safe to assume the
interaction is not covalent as such strong forces would surely wear the HOPG; no evidence
of wear has been observed. There is no evidence of wear in the a-C:H results either. It
is hypothesized that the primary interactions are van der Waals and polar hydroxyl group
(C − OH) interactions between points of nanoscopic or even atomic-scale roughness of the
silica tip; the a-C:H substrate will also have nanoscopic roughness that can contribute to
such local interactions. The stronger negative trend in the silica-a-C:H results may indicate
a stronger interaction or a higher energy barrier to bond formation. Nanoscopic protrusions
can act like local elastic sites while also having some other salient characteristics of a bond
i.e., a rate of forming strong enough bonds with the surface to affect friction and, critically
for this work, adhesion. Having a rate of forming a strong bond is equivalent to having
an amount of time spent not interacting, and thus an amount of time not contributing to
adhesion. The experimental results suggest that faster speeds lead to less bond time on
average, and thus less adhesion. Future works should explore this dynamic with Multibond
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simulations.
To summarize this chapter, UHV-AFM experiments were performed of a silica probe
laterally scanning over a-C:H and HOPG substrates while simultaneously decreasing the
normal force until contact is fully separated. The measured adhesion forces decrease with
increasing sliding speed over a large range of scanning speed (1

nm
s

to 9

µm
s ).

The Multibond

model provides an explanation for the speed-adhesion correlation which was referred to as
bond dilution. Bond dilution occurs due to faster sliding speeds breaking bonds more
frequently, allowing for more time unbonded. The longer times unbonded at faster sliding
speeds lead to decreased adhesion. The next chapter develops the theory in greater detail.
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CHAPTER 6 : Limitations of the Prandtl-Tomlinson with Temperature and
Multibond models

6.1. Introduction

The discussion in the previous chapter, centering on the hypothesis that the decrease
of the average interaction time with increasing sliding speed, leads to decreased adhesion,
is physically reasonable. However, the theoretical and numerical models to explain the
sliding speed-dependence of adhesion still need to be improved and should avoid mean-field
approaches if possible and should instead rely on atomistic models. Over the course of this
research investigation, it was realized that PTT (mean-field) and MB (atomistic) are not
accurate and rely on flawed assumptions. This chapter explains the flaws and addresses
them with a new fundamental, statistical mechanics approach.This work is the result of
collaboration with Brandon McClimon, Kathryn Hasz, Juan Castro, and Rob Carpick.
Nanoscale friction has been studied experimentally using atomic force microscopy (AFM)
since the late eighties and has enjoyed theoretical exploration for far longer. One of the
main results distinguishing nanoscale friction from macroscale is that temperature and
sliding speed influence friction in certain cases. Several researchers have observed and documented a logarithmic increase of friction with increasing sliding speed [122, 123, 124, 20,
5, 22, 6, 23, 24, 16, 15, 17, 125]. Some of those researchers, along with others, have observed
a decrease in friction with increasing temperature, leading to very low friction at elevated
temperatures which has been dubbed thermosuperlubricity [24, 16, 15, 17, 125, 126]. These
speed and temperature effects have been postulated to originate in the ability of thermal
fluctuations to cleave bonds (or general interactions), the arbiters of friction.
Multiple models have been employed to explain the temperature and speed dependent
behavior seen in the experiments and simulations. As discussed in the previous chapter, the
thermal Prandlt-Tomlinson (PTT) model is the most widely used of the models [127, 128].
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The model treats the AFM system as a point mass being pulled at a constant speed by
a rigid puller attached to the mass by a spring. The tip also interacts with a corrugated
countersurface representing the (assumed) periodic energy landscape of the sample. As
the puller moves at a constant speed, energy builds up in the spring and the substrate
interaction (the ”stick” in ”stick-slip”) until the system no longer resides in a potential
minimum, forcing it to slip to the next local minimum. Thermal energy helps to assist this
transition. The mathematical analytical model predicts the logarithmic increase of friction
with speed and decrease of friction with temperature. It has been used to fit experimental
and simulation data across a range of sliding speeds and agrees well for experimental results
presented in Refs. [122, 123, 124, 20, 5, 22, 6, 23, 24].
Barel and Urbakh have presented a different model, one that utilizes numeric simulations
[16, 15, 17, 125]. In their model, multiple interactions occur across the tip-sample interface,
which could come from covalent bonds, van der Waals interactions, polar bonds, or nanoscale
roughness; the specific physical source is not specified. Each of those interactions has a
statistical chance of breaking and then a statistical chance re-forming at any timestep.
Their model qualitatively agrees with experimental data on a variety of surfaces. It shows
the same sort of logarithmic dependence of friction on speed as the PTT model and a
non-monotonic change of friction with temperature, with friction first increasing at low
temperatures until a critical point, after which it decreases again.
In this chapter, the physical origins of the modeling techniques used in the PTT and MB
frameworks are discussed and some of their limitations and overgeneralizing assumptions are
addressed. A new theoretical model is introduced accompanied by numerical simulations
that address these concerns and limitations. This new model is shown to replicate the
speed dependence often observed in AFM experiments. One unique aspect of this approach
is to enforce a critical stretch length, which gives a hard cutoff for the bond (interaction)
stretch length for bond breaking. Though a critical stretch length is implicit in the PTT
model, the MB model does not utilize one. The approach also incorporates the effects of
damping within the system, which is ignored in the PTT derivations used in Refs. [122,
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123, 124, 20, 33, 34, 5]. Most notably though, a new theoretical foundation for nanoscale
friction-which relies on the Fokker-Planck (FP) equation rather than the traditionally used
Master Equation method (MEM)-is explored. It is shown that the numerical simulation
results are supported by solutions to this fundamental statistical mechanics equation.

6.2. Previous Models
Both the PTT and MB models aim to describe the role of noise on friction. Though they
approach this problem in unique ways, their conceptual explanations of the speed dependence of friction that is often observed in nanoscale friction experiments are similar. Here it
is argued that in both model frameworks, their microscopic description of the interactions
controlling friction are incomplete.
The essential elements of a model to describe the interactions controlling friction in
AFM experiments are depicted in Figure 6.1. This system comprises a mass m, two springs
- one each for the cantilever, kcantilever , and the tip/sample bond(interaction) at the contact,
kbond 1 , and two dampers - one each for the cantilever ηcantilever and the interaction ηbond . In
the MB model, there are arbitrarily many copies n of the spring and damper components
labeled ”bond (interaction)” in Figure 6.1, each with a unique history-dependent x. The
simplest case of n = 1 will be the focus of discussion here. The mass with position X
vibrates from thermal and mechanical noise while being strained by a puller with position
x = vt attached to it via kbond and ηbond . Due to the vibrations, the interaction will be
broken with the help of large-amplitude, low-probability vibrations earlier than the pulling
alone would break it. The faster the straining, the less likely one such vibration will occur
in a given sliding distance and thus kcantilever will stretch farther before breaking than at
slower speeds. After breaking the interaction, kcantilever relaxes and thus a slip occurs.
Framing this explanation in the context of the atomic force microscope experiments used to
test this prediction, the puller is analogous to the moving substrate in relation to the fixed
cantilever base and the interaction to the collective attraction across the interface between
the tip and substrate. Since higher speeds lead to higher cantilever stretch (torque), the
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Figure 6.1: The dynamic friction system. The tip-substrate interaction is modeled as an
integer n number of copies of a spring (with elastic constant kbond ) and a damper (with
damping constant ηbond ). Modeled this way, the substrate can describe n bonds or local
interactions. The cantilever is modeled as a spring (with elastic constant kcantilever ) and a
damper (with damping constant ηcantilever )
measured friction is greater than at slower speeds.

6.2.1. PTT
The PTT model is perhaps the most widely used model for interpreting nanoscale friction
results that show a correlation between friction and sliding speed. Many studies exploring
the speed dependence of friction have referred to it in an effort to explain their results
[122, 123, 124, 20, 5, 22, 6, 23, 24]. The PTT model abstracts the behavior of many (n
copies) interfacial interactions into a single interaction: the interfacial potential. In the PTT
model, the mass always resides somewhere along the interfacial potential, so the interaction
is always present, even after slip. This is one of the characteristics of PTT that distinguishes
1

In the PTT model analysis presented by Refs. [34, 22, 33, 5] (later referred to as PTT-MEM), the bond
potential is periodic (sinusoidal) rather than harmonic (spring) as Figure 6.1 shows. The general analytical
approach presented in this chapter applies to any bond potential, but a harmonic potential is used to be
consistent with MB model literature [16, 15, 17, 125].
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it from the MB model. The analytical approach taken by several of the original proponents
of the model [122, 123, 124, 20, 5, 22, 6, 23, 24] is to use the Master Equation method
(MEM ) as a differential equation describing the probability that the interaction has not
broken. However, the MEM approach has some issues.
The derivation of Ff = Ff (v) in the PTT model begins with the Master Equation for
the probability that an interaction has not broken, P . Following the conventions of Refs.
[33, 34], the Master Equation is, generally
dP (vt)
= −γ (vt) P (vt) .
dt

(6.1)

where v is the stretching speed of the puller (the speed of the substrate in Figure 6.1) and
t is the time where t = 0 corresponds to the beginning of a stick. The position of the
puller is given by vt. Very generally, equation 6.1 prescribes that the time-rate-of-change
of probability of a bond existing decreases proportionally to the probability that it exists,
both of which depend on the puller position vt.
Since the MEM is a probability problem, it should describe the behavior of a large
sample with initial population N0 and P =

N
N0 .

Thus

dN (vt)
= −γ (vt) N (vt) .
dt

(6.2)

where N is the independent random variable representing the number of interactions in the
statistical sample that still have not slipped or broken. The first problem with the MEM is,
because it assumes one rate of breaking, γ, per puller position, vt, there is a single position
of the mass, X, for every position of the puller/substrate, vt. If the rate of breaking is a
one-to-one function of the puller position, the actual position of the mass does not matter.
In reality, noise in the system will induce Brownian motion and the position of the mass
can only be described statistically i.e., with a probability distribution. The second problem
with MEM-PTT is one that has already been mentioned: it neglects damping of any form;
in PTT ηcantilever = ηbond = 0. Both problems- the lack of influence of the position X of the
mass and the lack of damping- are readily addressed with the Fokker-Planck (FP) equation
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[129] which describes the probability distribution of a Brownian particle’s position in a force
field with damping. Brownian motion, the seemingly chaotic but statistical diffusion of a
particle under the influence of a potential energy landscape, arises from noise applied to
the particle by internal (thermal) or external (mechanical) sources.
The FP equation is


F (X, vt)
∂P (X, t|X0 , t0 )
P (X, t|X0 , t0 )
= ∇ · ∇D −
∂t
β

(6.3)

where β is a general damping term, D is the diffusion coefficient which is a function of
the noise characteristics, F (X, vt) is the position and time-dependent force field the mass
experiences, and X0 is the initial position of the mass samples at the initial time t0 . This
is the equation for the probability distribution, P (X, t|X0 , t0 ), of mass positions X at time
t, given the initial position X0 . Further manipulation of equation 6.3 provides a differential
equation for the number of samples that remain, at time t:
∂N (t|X0 , t0 )
=
∂t

Z

X=Xc −vt

X=vt−Xc



F (X, vt)
∇ · ∇D −
P (X, t|x0 , t0 ) N0 dX,
β

(6.4)

where the limits correspond to the maximum length an interaction can stretch in either
direction before breaking at the critical stretch length, Xc . Using divergence theorem, this
becomes:
∂N (t|X0 , t0 )
=
∂t



F (X, vt)
∇D −
N (X, t|X0 , t0 )
β

X=Xc −vt

(6.5)
X=vt−Xc

where Xc is the critical stretch length at which the interaction is broken. Comparing
equations 6.2 and 6.5, both profess to describe the number of interactions that remain at
time t, but their forms are clearly different. The MEM is a flawed approach when there
are simultaneously many possible positions X since it does not even model the variable X.
The FP analysis is more appropriate since it does model X and it represents the statistical
nature of the interaction position X. The FP approach also incorporates the effects of
damping, which the MEM does not address but is present in real systems. Furthermore,
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distinguishing the probabilities from each analysis as PF P and PM EM for the FP and MEM
respectively, the resulting analytical expressions for the average friction can be compared:

FfF P

1
=
t

Z tZ

X=Xc −vτ

kcant XPF P (X, τ |X0 , τ0 ) dXdτ
0

(6.6)

X=vτ −Xc

for FP and

FfM EM

1
=
t

Z

t

kcant f (vτ ) PM EM (vτ ) dτ

(6.7)

0

for MEM. Here the mass position function f (vt) is purposefully left vague since it is either
unspecified in previously published MEM-PTT literature, is spuriously set equal to the
substrate position x, or is approximated as a linear function of x. All of these forms
are imprecise since the mass position is required to calculate the instantaneous or average
friction.
Another issue with the MEM-PTT approach comes from the use of Kramer’s rate.
The variable γ in equation 6.2 has been specified as the Kramer’s rate in all past PTT
literature that uses MEM. However, the assumptions involved in deriving the Kramer’s rate
are violated in the frictional system described. Specifically, the Kramer’s rate is derived
assuming that the interaction is far from the local maximum of the potential (in the case of
a sinusoidal substrate potential; the Kramer’s rate does not directly apply to an aperiodic
harmonic substrate potential) such that there is negligible diffusion of interaction past the
barrier [130, 34]. This assumption is violated in PTT where diffusion takes place when the
energy barrier has been significantly reduced by strain. The Kramer’s rate derivation also
assumes that the potential is time-independent, but this is never true in a kinetic friction
experiment which has a constantly-evolving potential and a complete analysis should not
impose this limiting condition.
A final concern that arises when using the Kramer’s rate in juxtaposition with the flawed
MEM is how to interpret f0 , the attempt frequency. More than one issue surrounding f0
arises and, as is discussed in the SI, f0 is not well defined when using MEM. However, for
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the discussion in this section, it will be assumed that f0 describes the frequency of the noise
imposed on the mass, for the sake of making the clearest argument.
As the puller stretches the interaction it becomes more likely that the interaction will
vibrate to an amplitude large enough to reach its critical stretch length and break the interaction. If the vibration frequency is high regardless of the stretch length and, assuming
the tails of the stretch-length probability distribution do not go to zero before the critiR vt+X
cal stretch length (mathematically: vt−Xcc P (X)dX > 0 ∀ t, v), then even with a small
noise amplitude envelope the interaction will break at small puller positions because the
high noise frequency means the low-probability/high-amplitude stretch-length fluctuations
happen frequently. Since the stick portion of stick-slip friction is readily observable in experiments, this very-early breaking is not experimentally justified. This experimental fact
suggests that the stretch length must be relatively large before the percentage of interactions
that debond in ∆t is significant. Yet at the experimental speeds of nanometers per second
to tens of micrometers per second, once the stretch length reaches this regime, the vibration
frequencies from atomic thermal movement are still so fast that the puller will have very
little time to stretch the interaction further before breaking occurs. These arguments favor
the relevant vibration frequencies being significantly lower than atomic thermal vibration
frequencies.
This is of course not to say that atoms are not vibrating at such high frequencies,
but that thermal atomic vibrations are not the source of the speed dependence of friction.
Indeed, if the attempt (vibration) frequency is much smaller (kilohertz or megahertz instead
of the terahertz for atomic thermal vibrations), the puller can stretch by a significant
amount before a breaking attempt is made. The smaller frequency spreads these additional
vibrational stretches out in time so the dependence on them is clear in the friction. Several
authors have suggested that atomic vibration frequencies are likely not the source of thermal
activation in friction experiments [6, 131, 5]. Sang et al. treated f0 as Kramer’s i.e.,
originating from mechanical resonances. Riedo et al. [5] found that the attempt frequencies
obtained from a fit to their friction-speed data put the attempt frequency in the kilohertz
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range. Additionally, Dong et al. explored the effect of kilohertz frequencies on friction
using the MEM in a simulation setting [131]. However, because all these studies use the
MEM-PTT model and because of the issues with the MEM discussed previously, their
interpretations should be taken with appropriate caution.

6.2.2. MB model
The MB model was developed more recently as a means to describe the non-monotonic
dependence of friction on temperature seen in several studies including ones conducted by
Schirmeisen, Jansen, Barel, Urbakh, and others [16, 15, 17, 125]. This non-monotonicity
is a result of incorporating a rate of formation of the interaction. This is accomplished by
allowing for time not interacting after a slip has occurred, in contrast to the PTT model
in which the interaction always exists. Since in MB the rate of forming the interaction
increases with temperature, the time spent interacting increases and thus friction increases,
up until a critical temperature at which the interaction essentially forms instantly after a
slip. In the case of a single MB interaction site, the PTT behavior is recovered above this
critical temperature and friction accordingly decreases with further temperature increases.
The MB model also distinguishes itself from the PTT model in allowing for as many interactions as desired and in a sense it more closely resembles reality in that there are multiple
interacting atoms in a contact; the MB model can explore more complex collective behavior
(such as uncorrelated stick-slip) that the PTT model cannot. Though the proponents of
the MB model provide analytical expressions for friction-speed and friction-temperature dependencies in the different friction-temperature regimes, the full potential of the MB model
is realized through the numerical MB simulation algorithm (MBa) disseminated by Barel
and Urbakh [125, 16, 15].
Very briefly, MBa simulates F = mẌ for one or more linear-elastic interactions (bonds).
If a site has not formed an interaction, the time it has spent not interacting is compared to a
random number chosen from an exponential distribution where the mean is the temperaturedependent rate of bonding and, if the time spent not interacting is greater than this random
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number, the interaction forms. The interaction is subsequently governed by the force equation until it is broken. The random number is sampled at every time step. Experimental
results have been compared to such simulations and have shown consistent trends. However,
this model too has some problems.
The problem with MBa comes when determining the interaction-breaking condition.
The algorithm compares a temperature and stretch-length dependent number (what they
propose as an Arrhenius debonding rate) to a random number between zero and one taken
from a uniform distribution; this is a Monte-Carlo approach. The Monte-Carlo approach
is meant to simulate the effect of noise, but it instead creates the unphysical situation of
the interaction breaking before its critical stretch length, Xc . While the bond will stretch
and contract in response to noise, it cannot break until it is stretched that critical amount.
Recall from section 6.1 that a critical stretch length is implicit in PTT-MEM.
One practical motivation for adopting the MBa Monte-Carlo approach is related to
the relevant vibration frequencies in nanoscale friction. If the interactions are vibrating at
atomic thermal frequencies (1013 Hz), capturing the detailed dynamics of the system would
require powerful processors, unphysically fast sliding speeds, and experimentally-irrelevant
short time durations to simulate an experimentally-relevant number of interactions. Here
the arguement will be made that the relevant vibration frequencies are not atomic thermal
vibrations, but externally-imposed mechanical vibrations on the order of kilohertz or megahertz. The detailed dynamics at these frequencies can be accessed by commercial machines
and will be implemented in the proposed algorithm, discussed below.

6.3. Simulation methodology of the modified Multibond model of nanoscale friction
6.3.1. The modified Multibond (mMB) simulations
In order to demonstrate the ability of an improved algorithm to produce reasonable and
experimentally-supported friction results, a MATLAB program based on the MB model
was developed, with modifications. This algorithm and the program are referred to as
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the modified Multibond (mMB) model. Figure 6.1 illustrates the dynamic system that it
simulates numerically. This can be represented with the Langevin equation:

mẌ =
n
X



kbond (xi − X) − ηbond Ẋ − v − kcant X − ηcant Ẋ

(6.8)

i=1

+ζ

p
p
2ηcant kB T cant + ζ 2ηbond kB T bond

where kB is Boltzmann’s constant,  is a random Gaussian noise sample with µ = 0 and
σ = 1, n is the number of presently active interactions and ζ is the noise multiplier parameter
which changes the average amplitude of the mechanical noise. For a single interaction i.e.,
n = 1, the dynamics are almost identical to those addressed by Reimann et al. [4, 132], who
was the first and only investigator to identify and explore the Fokker-Planck connection.
Unlike Reimann’s work however, in the mMB algorithm 1) the noise amplitude is not always
set to that described by the fluctuation-dissipation theorem and is a tunable parameter ζ,
2) there can be multiple interactions instead of one, and 3) the interactions are linear
springs whereas Reimann employed a sinusoidal potential in line with several PTT studies
[33, 131, 22, 124, 133, 5, 4, 132, 6, 23, 122].
As noted, the interactions are represented by linear springs; this differs from the periodic
potential employed in PTT studies [33, 131, 22, 124, 133, 5, 4, 132, 6, 23, 122] but is
consistent with MBa simulations [16, 15, 17, 125]. The simulations methodology can be
modified to incorporate different potentials, including a periodic potential (see SI section
8.3.3). The dampers, ηbond and ηcant , represent dissipative phonon modes in the substrate
and cantilever, respectively, that occur in real experiments.
In the mMB simulation algorithm the fourth-order Runge-Kutta method was used. At
each time step, Ẋ is given an additional





p
p
ζΓ µ = 0, σ = 2ηbond kB T + ζΓ µ = 0, σ = 2ηcant kB T .
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(6.9)

Here, Γ is a normal distribution with mean µ and standard deviation σ. The procedure
for determining when an interaction is formed is identical to the original MBa algorithm
detailed previously. A bond-forming activation energy of 1.5 × 10−20 J is used to match
the previous work [16, 15, 17, 125] and can be tuned as needed. However, for comparison
with the FP theoretical framework proposed in this article (which may be improved upon
to incorporate n > 1 as well as the effect of having a rate of forming the interaction), there
is no effect of forming an interaction in the FP theoretical framework as it is only concerned
with first passage times and not with what happens after the interaction is broken. The
breaking condition occurs when the interaction reaches the critical stretch length Xc , which
is set to two angstroms. This critical stretch length can be tuned for different materials and
interactions.
Though the idea of an attempt frequency only has palpable context in an Arrhenius
analysis, which is purposefully being avoided due to its mean-field nature, the effective
attempt frequency can arbitrarily but heuristically be taken as 0.16/∆t where ∆t is the
simulation time step and the factor of 0.16 is chosen as the tail of the first standard deviation.
For the mMB time steps, which range from of 5×10−9 to 5×10−10 s−1 , the effective attempt
frequency is on the order of tens or hundreds of MHz, at least four orders of magnitude
smaller than the attempt frequencies discussed in most prior PTT analyses.

6.3.2. Fokker-Planck (FP) PDE numerical solutions
The Fokker-Planck equation is relevant when the force from damping is much greater
than inertia i.e., β Ẋ  mẌ (recall that β represents a general damping coefficient). For
most cases involving AFM friction, this is true. Otherwise the speed-dependence of friction
would result from inertial effects, which by assumption is not the case.
For the case where n = 1, and (ηbond + ηcant ) Ẋ  mẌ , equation 6.8 reduces to
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and the Fokker-Planck equation representing the mMB simulations with these same conditions is



∂P (X, t|X0 , t0 )
kbond (vt − X) + ηbond v − kcant X
P (X, t|X0 , t0 ) . (6.11)
= ∇ · ∇D −
∂t
ηbond + ηcant
together with the moving boundary conditions P (X = vt − Xc , t) = P (X = Xc − vt, t) =
0.
To compare the Fokker-Planck equation to the mMB results, equation 6.11 was solved using MATLAB’s partial-differential equation solver pdepe.m with the probability at the edges
of the spatial domain set to equal zero at all times. The initial normal distribution of mass
positions P (X, 0|0, 0) is given a standard deviation of 0.01 Å to approximate a delta function. After each iteration of the pdepe.m solver, the puller position is moved ∆x = v∆t (∆t
is the time step) and the boundary conditions P (X = vt − Xc , t) = P (X = Xc − vt, t) = 0
are enforced by redefining the spatial domain to only include the region meeting the condition vt − Xc ≥ X ≥ vt + Xc , i.e., an intact interaction. Figure 6.2 shows several snapshots
in time of the Fokker-Planck solver algorithm.
Code Availability Codes for the mMB and FP numerical algorithms can be found on
GitHub.com [134, 135].

6.4. Simulation results of the modified Multibond model of nanoscale friction and
comparison to the Fokker-Planck numerical solutions, with discussion
The friction force immediately before the first slip, M axFf , from mMB simulations is
plotted against the sliding speed in Figure 6.3. The reason the friction immediately before
the first slip, M axFf , is plotted instead of hFf i is that, when damping is present, the friction
can continue to evolve to greater or lesser values after the first slip. In such situations, the
Fokker-Planck model, as it has been presented up to this point, is insufficient as it describes
only one iteration of starting, pulling, and slipping. Notably, the MEM-PTT model is also
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Figure 6.2: Row a: Mass position probability distributions at different times. Row b:
−18 , η
Corresponding temporal average friction force. v = 100 µm
bond = 6 ×
s , D = 8 × 10
kg
kg
N
N
−6
−8
10 s , ηcant = 0 s , kbond = 1.3 m , kcant = 1.0 m , time step= 3 × 10 , Xc = 2Å, and
T = 300K.
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incapable of describing such behavior. While modifying the FP numerical simulations to
account for further evolution would be interesting, for this thesis work the focus is solely
on the first slip of the mMB simulations.
Figure 6.3a plots mMB and FP results for ηbond = 6 × 10−6 , ηcant = 0. As the solid
markers in Figure 6.3 a illustrate, friction from mMB simulations increases with increasing
sliding speed with a range of noise multipliers ζ. The FP results, plotted with open markers,
demonstrate consistent trends. Note that to obtain similar M axFf -v trends to the mMB
results the magnitudes of the noise multipliers ζ and the diffusion coefficients D had to be
changed in tandem. The supporting information (section 8.3.2) includes a discussion of the
correlations between the noise multipliers ζ and the diffusion coefficients D.
While friction-speed behavior with no cantilever damping (Figure 6.3 a) exhibits the
expected logarithmic increase of friction with speed, the friction-speed behavior when cantilever damping is present deviates at high speeds (Figure 6.3 b). Friction increases until
a certain speed, after which a plateau or decrease in friction occurs as speed continues to
increase. At fast speeds the relative effect of the cantilever damping is enhanced and it
counteracts the motion of the mass due to kbond and ηbond , decreasing the position of the
mass X and thus the friction force Ff = kcant X. Such a plateau has been seen in previous
experimental work [5, 6] and in modeling work [4]. A downturn has not been decisively
observed experimentally, but it could occur at speeds higher than those commonly reached
with nanoscale AFM. The AFM dynamics at high speeds would be an interesting experiment and further test of this model, though there are numerous difficulties associated with
scanning at such fast speeds, not the least of which are avoiding scanner resonances and tip
wear.
This new model allows for theoretical and numerical investigation into systems not
probed by other models. Specifically, the ability to independently tune both damping and
noise fills a gap in understanding nanoscale friction. As shown in Figure 6.3, damping
and thermal noise counteract each other, with higher damping leading to higher friction
and higher noise leading to lower friction. By adjusting these parameters, systems that
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have larger or smaller noise effects from mechanical vibrations and/or different damping
behavior, such as is experienced in fluids or other viscous and thermally-sensitive media,
can be simulated more accurately. While this research has not yet identified an analytical
relationship between the diffusion coefficient, D, the noise multiplier, ζ, and the simulation
time step, the three are clearly correlated (see SI Figures S8 and S9).

6.5. Application of the modified Multibond model to adhesion as a function of speed.
Chapter 5 presented experimental results showing that adhesion decreases with increasing speed. The mMB algorithm presented in this chapter produced simulation results which
are consistent with the explanation promulgated in chapter 5: bond dilution occurs due to
faster sliding speeds breaking bonds more frequently, allowing for more time unbonded.
This will lower adhesion in experiments which retract and slide simultaneously. Figure 6.4
shows the time not bonded, normalized by the total time of the simulation, from mMB
simulations. Clearly, the time not bonded increases with increasing sliding speed. This
aspect of the work is ongoing.

93

Figure 6.3: M axFf , the friction immediately before the first slip, versus speed for both
Fokker-Planck and modified Multibond simulations. Open symbols are for Fokker-Planck
numerical PDE solutions and filled symbols are for mMB numerical simulations. All parameters were chosen to be consistent with Ref. [4], which chose similar parameters as best-fits
to experiments from Ref. [5]. a ηbond = 6 × 10−6 , ηcant = 0; friction grows boundlessly
with speed. b ηbond = 6 × 10−6 , ηcant = 6 × 10−6 ; friction levels off at high speeds. The
shaded and colored regions correspond in color to the mMB data points and are the first
standard deviation of at least five runs of the algorithm at the corresponding parameters.
N
−10 , X = 2Å, and T = 300K.
kbond = 1.3 N
c
m , kcant = 1.0 m , time step= 5 × 10
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Figure 6.4: The time not bonded, normalized by the total time of the simulation, as a
N
function of puller speed v. ηbond = 6 × 10−6 , ηcant = 0, kbond = 1.3 N
m , kcant = 1.0 m , time
step= 5 × 10−10 , Xc = 2Å, and T = 300K. The noise multiplier, ζ, was randomly varied
between 2 × 103 and 5 × 104 .
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CHAPTER 7 : Conclusions and Future Directions
7.1. Conclusions

The work detailed in this thesis represents a new perspective on adhesion of hard materials as well as significant theoretical and modeling work to understand the mechanochemistry
of adhesion and to provide a link between several of the major nanotribology subjects: adhesion, wear, and friction.
By directly observing making and breaking of contacts with and without sliding using
in situ TEM nanoindentation of opposing nanoscale asperities, it is shown in chapter 3
for the first time that adhesion of silicon-silicon nanocontacts in vacuum depends strongly
on sliding history; sliding before separating greatly increases adhesion, by approximately
20-fold on average and often more. This increase is attributed to the wear-induced removal
of dangling bonds by removal of surface passivating species that permits Si − Si covalent
bonds to form across the interface in a stochastic fashion. This strong adhesion does not
remain after a few seconds of separation; when the contact is again made and separated
with no sliding, adhesion is low, consistent with purely van der Waals interactions. This
is attributed to repassivation of the Si surface through dissociative adsorption of residual
molecular hydrogen and/or water in the vacuum of the TEM instrument.
The sliding-induced adhesion enhancement increases with higher sliding speed and higher
estimated normal contact stress. The normal stress dependence is attributed to the increased rate of atomic −H or −OH removal from both surfaces on the applied contact
stress, leading to more subsequent interfacial covalent Si − Si bonds. The sliding speed
dependence is attributed to friction-induced removal of hydrogen or hydroxyl terminating
groups and further mild (atomic-level) damage of the pristine surfaces, making reactive sites
available for forming covalent bonds across the interface. The sliding-speed dependence of
the adhesion increase is attributed to the increase in shear stress with speed as predicted by
the PTT model and observed in many sliding nanocontacts,leading to a higher probability
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of removing hydrogen or hydroxyl groups from the surfaces.
This work has implications for nanotribology in general and may be useful for implementing nano- and micro-technologies in the future such as MEMS with sliding or contacting
interfaces, mechanical transistors, and pick-an-place printing; all of which rely on understanding the mechanochemistry in sliding silicon contacts. Future work can further test
the proposed mechanism by isolating the effects of temperature, surface chemistry, time in
contact, and applied load, which may affect the sliding-history dependence of adhesion. In
addition, spectroscopic studies using TEM capabilities such as electron energy loss spectroscopy (EELS) can be explored to confirm the role of changes in the surface chemical
structure and composition.
In chapter 4, experimental and simulation evidence was presented for two mechanisms
influencing the speed and normal-stress dependence of adhesion of silicon nanoasperities
against flat diamond countersurfaces. At the lower end of adhesion, simulations suggest
that smoothing of the rough silicon surfaces through irreversible plastic deformation of
individual interfacial atoms results in increasing the van der Waals interaction closer to the
maximum value expected for smooth surfaces in contact with all atoms at their equilibrium
spacing. Experiments suggest that measured work of adhesion values greater than the ideal
(vdW) work of adhesion are achievable because of the ability of shear stress from increasing
sliding speed and normal stress to increase covalent bond activity. A greater tensile spring
force is required to cleave the greater number of covalent bonds, and thus higher adhesion
is measured.
In chapter 5 the role of sliding speed in governing bond kinetics, and thus adhesion, was
investigated. By working off of the premises of the MB model, it is predicted that dilution
from a lower probability of any given bond or local interaction being in contact at any time
lowers adhesion with increasing sliding speed, and the experiments show a 16% decrease
of the pull-off force FM EAS over a speed range of 1 µm
s for silica on HOPG and a 53%
decrease over the same speed range for silica on a-C:H. While fundamental, this heightened
understanding in bonding at the nanoscale provides valuable information towards achieving
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the ability to control friction and adhesion using specific materials and conditions.
In chapter 6 inconsistencies in the common models for nanoscale friction, the Master
Equation method PTT model (MEM-PTT) and the Multibond algorithm (MBa), are emphasized. Particularly, the Master Equation method and implementation of Kramer’s rate
create problematic assumptions for the PTT model, and the Monte Carlo approach to bond
breaking is unphysical in the Multibond model. Instead, a new model is developed: the
modified Multibond algorithm (mMB). The mMB model represents a more realistic picture
than either MEM-PTT or MBa. It includes the independent effects of damping and noise
on the cantilever and the substrate and enforces a critical stretch length for bond breaking. Furthermore, through physical arguments supported by numerical FP simulations, it
was shown that the Fokker-Plank equation is a more physically reasonable approach to
theoretically describing friction results.
AAll of these studies are connected by a distinguishing feature of the interfacial interactions: the dependence of the number of interacting sites on sliding speed, where it is
either (1) increasing with speed or (2) decreasing with speed. The silicon-silicon work of
chapter 3 and the silicon-diamond work of chapter 4 represent adhesion from case 1. In
those studies, speed (and stress) were observed to increase adhesion, which requires that
the number of available bonding sites increases. The UHV AFM experiments of silica on
HOPG and a-C:H of chapter 5 represents adhesion from case 2. In that study, sliding faster
reduces the average time that an available site interacts with the countersurface, thus reducing the adhesion in an experiments where retracting and sliding are done simultaneously.
Significantly, the mMB algorithm, with support from the fundamental statistical approach
of the Fokker-Planck numerical simulations detailed in chapter 6, is a powerful new tool
introduced during the course of this research to explain the many complex friction, wear,
and adhesion phenomena that occur in sliding contact.
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7.2. Future Directions

The experimental and theoretical work explored in this thesis opens up new avenues
for exploration and poses many questions whose answers would greatly elucidate the fundamental role of bonding on friction, wear, and adhesion. This last section will briefly propose
future directions for experimentation and modeling which represent a natural progression
of the work detailed herein.

7.2.1. Si-Si atomic force microscope investigations in ultra-high vacuum

The reversible sliding-induced change in adhesion observed in the silicon-silicon adhesion work of section 3 was hypothesized to originate in the shielding or passivating effect
of surface termination from reactive molecular hydrogen or water in the vacuum of the
TEM. Conclusively characterizing surface monolayers of low-Z atoms, even with TEM, is
an exceedingly difficult task and would take significant effort to accomplish with significant
risk of failing. Therefore, taking a more indirect, but comparably revealing approach is
desirable.
The work proposed is to conduct silicon-silicon AFM tests in ultrahigh vacuum (UHV).
Ultrahigh vacuum ensures that most gaseous species, even H2 and H2 O, are greatly reduced.
High adhesion should occur when fresh exposed silicon comes into contact with fresh exposed
silicon, regardless of whether sliding is induced or not. If this occurs, it would provide strong
evidence that covalent bonds have formed since there are not enough passivating species to
shield the silicon surfaces within a few seconds of exposure; under good UHV conditions,
the residual partial pressures of water would require minutes to hours to substantially
passivate the surface. A further test would be to slowly introduce H2 or H2 O through a
leak valve. If the reversible adhesion phenomenon returns, this is the strongest evidence
that the passivation theory is correct.
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The main difficulty with the proposed UHV AFM experiment lies in creating the fresh,
exposed silicon. There are at least three ways to potentially accomplish this. The first is
perhaps the simplest: the oxide on the surface of the substrate can be completely removed
by heating to sufficiently high temperatures in the UHV chamber. However, this may not
be an option.
The second proposed method to remove oxide is to custom fabricate a multi-cantilever
AFM chip where one of the cantilevers is terminated with a very hard material like silicon
nitride, diamond-like carbon, ultra nanocrystalline diamond, or single-crystal diamond, and
the remaining cantilevers are silicon. The hard probe can be used to wear away the oxide
layer and a monolayer or two of silicon. The silicon probes can be fractured in the chamber
or their oxides worn off.
The third proposed method to expose fresh silicon is to fracture a silicon probe in the
UHV chamber. The fracture debris will have fresh silicon on the fracture plane and, if the
fracture is done carefully, that fracture plane will face the fracture plane of the probe. This
will require some luck, but one way to increase the chances of success could be to heat the
system (in aerobic conditions) while in (silica-silica) contact so that the interfacial silica
bonds form and later, after pumping down, fracture the probe by moving it laterally very
rapidly.

7.2.2. M oS2 in situ TEM nanoindentation

As a part of the research leading up to this thesis, a collaboration developed with the
Air Force Research Laboratory to study the nanotribology of M oS2 with the in situ TEM
nanoindentation methodology. Dr. Rodrigo Bernal and the author of this thesis performed
several tests with M oS2 on DLC and, recently, M oS2 on M oS2 . Figure 7.1 shows a recent
test of self-mated single asperity on single asperity M oS2 completed by the author.
The goal of the study is to understand the fundamental lubricating mechanisms of M oS2 ,
with a special aim of observing single-layer delamination. Though this goal has not yet
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Figure 7.1: TEM images from an in situ TEM nanoindentation study of self-mated, single
asperity M oS2 . a A frame from the video capture of a contact test. b A series of images
from consecutive contacts. The tests progress from left to right and top to bottom.
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been achieved, there has been significant development in the sample processing techniques
as well as in the experimental methodology. Recently, colleagues at the National Chung
Cheng University in Taiwan led by Dr. Yeau-Ren Jeng, who have become experts at the
in situ TEM nanoindentation methodology, joined the collaboration. Dr. David Schall of
Oakland University, an expert in molecular dynamics simulations, joined the collaboration
to help reveal and understand the fundamental mechanisms with atomic detail. Future
work in pursuit of observing and understanding the lubrication mechanisms and mechanics
of M oS2 sheets deposited on AFM probes will be undertaken.

7.2.3. Extending the modified Multibond model to include post-slip and multiple interaction
sites

In the mMB simulation results section 6.4 it was discussed that, though the mMB simulations can handle a wide range of parameters, the FP equation developed in that section to
verify the mMB results only applies to a very limited situation. That is, the Fokker-Planck
formulism currently only works 1) when there is one site n, and 2) for predicting the lateral
force of the first slip if the system does not come to a quasi-equilibrium before the first slip
or for all slips if it does; this latter case allows the FP formulism to estimate the average
friction force, hFf i. It was noted that, even if the PTT-MEM formulism was based on valid
assumptions, it also could not be used for anything but this limited situation. It is proposed
for future work that the FP formulism be generalized to 1) arbitrary number of sites, n,
and 2) for cases where quasi-equilibrium might not be established before the first slip.
The modeling work required to extend the FP numerical solution algorithm to address
issues 1 and 2 may be fairly straightforward or exceedingly complex, but further investigation is needed to determine the difficulty. The simplest case could solve both issues 1 and
2 by coding in a process by which probability is added at the position of the puller (vt)
at a rate equivalent to the rate of bonding i.e., a rate which depends on the time that the
interaction has not been bonded as well as the temperature. The magnitude of probability
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added at a given rate must depend on the amount of probability which has been taken out
at the boundaries due to debonding. However, it may be that this method is insufficient
to characterize the conditional probability that an interaction will debond due to a sudden jerk of the mass due to another interaction debonding at a previous time. If it truly
is the case that prior debonding events strongly effect current likelihoods of debonding,
more sophisticated statistical tool must be used. These may include Bayesian statistics,
conditional probability, covariance, and Markov chains with memory (where the current
transition probability may depend on events from several time steps prior).
A further improvement to the FP and mMB analysis will be to derive an analytical
expression for the relationships between the diffusion coefficient in the FP model, D, the
noise multiplier in the mMB algorithm, ζ, and the time step in the mMB algorithm. Figures
S8 and S9 hint at a strong relationship and are a good jumping-off point for such inquiry.
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CHAPTER 8 : Supporting Information
8.1. Supplementary Information for the Si-Si work

8.1.1. Statistical values from individual groups of experiments
Table 8.1 provides relevant statistical information sampled by group and over the whole
set of data.

8.1.2. Probe images for each experiment

Figure S1 shows TEM images of the probes used in the six groups of experiments
conducted in this work.

1
2

C-S refers to Contact-Separate tests
C-S-S refers to Contact-Slide-Separate tests

Table 8.1: Statistical values from individual groups of experiments and from the data set
as a whole
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Figure S1: Images of the probes used in the 6 groups of experiments (columns labeled
by experiment number) taken before all experiments in that group (first row), during a
representative experiment in that group (middle row), and after a representative experiment
in that group (bottom row). Down arrows indicate whether the oxide was removed via wear
or fracture and right arrows indicate when a different probe from the previous probe was
used.
8.1.3. Statistics of the first contact-separate tests immediately after contact-slide-separate
test

Figure S2 shows adhesion (Fpull−of f ) histograms for all contact-separate tests that were
the first tests done after a contact-slide-separate test. The time elapsed between the contactslide-separate test and the next contact-separate test ranged from 5 to 60 seconds. Results
for contact-slide-separate tests are included for comparison (this is also shown in Figure 3.4).
The low adhesion values for such contact-separate tests indicates that the sliding-induced
removal of passivation is short-lived, and therefore generally only observable immediately
after sliding.
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Figure S2: Fpull−of f histograms for all contact-slide-separate tests as well as for all contactseparate tests that were the first ones performed after a contact-slide-separate test. The
histogram for all contact-separate tests is included, showing that its subset of the contactseparate tests that were the first ones performed after a contact-slide-separate test is statistically similar to it.

8.1.4. Discussion of the role of wear particles

As mentioned in the main text, while most posterior surfaces remained particle-free,
after some contact-separate and contact-slide-separate tests, particles 5-7 nm in size were
observed on the surfaces of the upper and/or lower tips. Figure S3 shows two instances of
pristine upper tip surface, and one of a surface decorated with a few particles, all taken after
contact-slide-separate tests. A close inspection of TEM images and videos reveals that these
particles had no effect on the adhesive process. The videos clearly show that in all tests
there was intimate contact between the two tip surfaces without particle interference; the
particles were outside of the contact zone. For three contact-separate tests, particles at the
edges of the contact were transferred from one probe to the other. Adhesion coinciding with
these cases was less than 5 nN, which indicates that the particles did not increase adhesion
substantially. Figure S4 shows one example of this. Since the surfaces were initially pristine,
the particles were possibly created by large adhesion forces pulling out damaged material
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Figure S3: Selected images of the upper probe with and without particles. a, b,: Low and
high magnification images of the upper probe from the third group after a contact-slideseparate test. c, d,: Low and high magnification images of the upper probe from the third
group after another contact-slide-separate test. The apex in these images is also crystalline.
e, f : Low and high magnification images the third probe after one contact-slide-separate
test showing particles or wear debris on the apex. The large dark particle on the left shank
are Si fracture debris. Dashed boxes in low magnification images in the top row indicate
the region where the high magnification images of the bottom row were taken.
from the opposite surface. Thus, particles are symptomatic of adhesive interactions between
the tips, rather than causing such adhesion.
Figure S3 (e) and (f) show debris in the contact region, which suggests they were pulled
out of the lower surface. The videos show that intimate contact is made during sliding, thus
particles must be swept aside so that the contacts were always free of material other than
pure silicon.
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Figure S4: Frames from a contact-separate test from the third group which had a particle
in contact that was transferred from the upper surface to the lower surface with negligible
adhesion. a Making contact with the particle sandwiched between the surfaces. b Pulling
the upper and lower probes apart. c Several frames after contact separation. The particle
is now on the lower probe. This test is between 41:47 and 41:51 in the video. Adhesion
from this contact-separate test was below the detectable limit.

8.1.5. Pull-off force uncertainty

Since the pull-off force depends linearly on the pull-off distance i.e., Fpull−of f = kn ×
dpull−of f , the uncertainty in the pull-off force, ∆Fpull−of f , is

∆Fpull−of f =

q
(kn ∆dpull−of f )2 + (dpull−of f ∆kn )2 .

(8.1)

The uncertainty in the spring constant from the Sader method is estimated to be ten
percent of the spring constant [66, 2]. The uncertainty in dpull−of f is the sum of the
uncertainties from the finite frame rate, finite pixel size, and from the image-correlation
code i.e., ∆dpull−of f = ∆df rame−rate + ∆dpixel−size + ∆dcode .
The frame rate uncertainty ∆df rame−rate is no greater than the product the maximum retraction speed, 13

nm
s ,

and the inverse of the frame rate,

1
s
2.9 f rame

i.e.,

13 nm
2.9 f rame

nm
= 4.48 f rame
.

This means there was at most 4.48 nm of travel in between the frame before pull-off apparently started and the frame at which it apparently started, so ∆df rame−rate = 4.48nm.
The pixel size uncertainty is no greater than the distance per pixel at the lowest magnifinm
cation used in all experiments, 50,000x. For our JEOL 2010F TEM, this is 0.27 pixel
. Since

there is at most one pixel of uncertainty, ∆dpixel−size = 0.27nm. This is comparable to the
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Figure S5: The uncertainty in the pull-off force, vs. the pull-off force, demarcated by
whether sliding was induced.
point-to-point resolution of the JEOL 2010F of 0.19 nm. The uncertainty in the pull-off
distance from the image-correlation code is no greater than 1 nm.
The largest source of uncertainty comes from the cantilever calibration. Per Refs. [66,
2], the uncertainty is within ten percent of the nominal spring constant i.e., ∆kn = 0.1 × kn .
Since dpull−of f =

Fpull−of f
,
kn

the second term in parentheses in the equation for the pull-off

uncertainty is 0.1 × Fpull−of f . As the first term in parentheses is small in comparison to
the second term for all but the smallest pull-off forces, it can be generally said that the
uncertainty of the pull-off force stems mostly from the uncertainty in the calibrated spring
constant of the cantilever, so the uncertainty is 10% of the pull-off force. Figure S5 is
a plot of the uncertainty of the pull-off force against the pull-off force, illustrating that
∆Fpull−of f ≈ 0.1 × Fpull−of f
Though an upper limit of 5.2 nN for the pull-off force from tests where adhesion was
nominally zero was estimated, the actual uncertainty in pull-off force from such tests is
probably much less than this upper bound as there is no indication, such as increased
blurriness in the upper probe, that it adhered strongly enough to the lower probe to be
retracted slightly as the lower probe was actuated away from it.
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Figure S6: Molecular dynamics results from Silicon against H-Diamond van der Waals work
of adhesion measurements. a Illustration of the slab geometry. Blue atoms are rigid, red are
thermostated, yellow are silicon, cyan are carbon, and white are hydrogen. b Force-distance
curves for the Indent-Retract tests of the slabs with diamond hydrogen terminations of 50%,
70%, and 100%. Integrating force-distance curves with respect to distance provides the work
performed. c A table of the work of adhesion measurements.

8.2. Supplementary Information for the Si-Diamond work
Figure S6 shows a snapshot of a video taken from an MD simulation of a silicon flat
slab indenting and separating from a 100% H-termimnated diamond surface. The values of
WvdW measured were estimated using the method detailed in Ref. [74].
Figure S7 shows the experimental WM EAS plotted versus the RMS roughness. Though
the highest WM EAS is seen at a relatively low roughness, there are also low WM EAS data
at low roughness, indicating that roughness is not a major factor in determining WM EAS .
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Figure S7: The measured work of adhesion versus the RMS roughness.

8.3. Supplementary Information for the Issues with PTT-MEM/MBa
8.3.1. Discussion of the interpretation issues surrounding the attempt frequency f0 when
used in the MEM
When used in the correct situations, there is nothing overtly unphysical about the
Kramer’s rate and the interpretation of the attempt frequency there. However, the meaning
of the Kramer’s rate, which is derived from first principles, is unclear when incorporated
into the phenomenological MEM. Assuming for the moment that equation 6.2 does not have
the flaw associated with disregarding diffusion discussed above, we can look at it as
dN (vt)
= −f0 φ (vt) N (vt) .
dt

(8.2)

where φ (vt) takes the place of the exponential in the Kramer’s rate. Since it is accepted that
f0 has units of s−1 , φ actually represents the percent of samples that will meet the breaking
condition. This depends on the position vt of the puller. Ultimately, this line of reasoning
highlights the vagueness of the meaning of f0 ; does it represent how often in dt that φ holds
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true? It is not possible to say what f0 actually represents. The phenomenological nature
of the MEM eventually leads to interpretation issues such as this.

8.3.2. Discussion of the correlations between the noise multiplier ζ, the diffusion coefficient
D, and the time step.
Figure S8 plots the diffusion coefficient used in FP numerical PDE solutions with the
matched noise multiplier ζ used in mMB simulations. Note that the match is a qualitative
judgment the authors made regarding the similarity in the trends between FP and mMB
simulations. Figure S9 plots a fit parameter describing the steepness of the trends seen in
Figure S8. The parameter is a from the equation D = a × ζ e where e is Euler’s number (this
was chosen for convenience). More powerful processors are necessary to determine whether
D diverges as the time step limits to zero. Note that divergence of the force applied by
external noise sources as the time step limits to zero is an unavoidable aspect of the FP
formalism and may relate to the divergence of the diffusion coefficient D as the time step
limits to zero.

8.3.3. Comparing mMB and FP simulations with a periodic potential
As mentioned in the main text, the mMB algorithm can be modified to incorporate
any interfacial potential. Figure S10 illustrates that the FP theoretical foundation can
also predict the mMB algorithm results which use a periodic potential. The fact the firstprinciples formalism of the FP model matches the mMB results highlights the usefulness of
the mMB algorithm to help understand or predict nanoscale friction in many contexts.

8.4. Issues with the approximate form of the transcendental PTT equation

Though a major subject of this dissertation is to address the flaws with the assumptions
driving the MEM-PTT and MBa models, it is worth documenting issues with the final
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Figure S8: The diffusion coefficient from FP simulations D versus the noise multiplier from
mMB simulations ζ for the different time steps used in the mMB simulations.

Figure S9: The prefactor a in the fit to D = a × ζ e versus the timestep.
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Figure S10: Friction versus time for two speeds comparing the mMB algorithm (dashed
lines) to the FP numerical solution (solid line) when a periodic potential is used. (a)
v = 1 × 10−5 m/s. (b) v = 1 × 10−4 m/s. For both figures ζ = 1 × 104 , D = 9 × 10−17 ,
ηsub = 6 × 10−6 , and ηcant
 = 0. The
 substrate force term ksub (xi − X) in equation 6.8 is
vt−X
N
−9
replaced by 1 × 10 sin 2π Xc . The values ksub = 1.3 N
m and kcant = 10 m were used.
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results of the flawed line of reasoning: the approximate PTT equation. The main motivation for documenting these further issues is to hopefully ensure researchers are aware of
them. Some have already used the flawed approximate PTT equation. It is important to
disseminate this information to prevent further incorrect use of the model. The issues are
enumerated below.

8.4.1. PTT issue 1: the magnitude of v0 depends on which form of the PTT model is used.

The magnitude of the parameter v0 is agreed upon by some authors [5, 6] but orders
of magnitude larger in another work [24]. This is because the magnitude of v0 depends on
which form of the PTT is used, the approximate or full. When fitting data to the full PTT
equation to extract the fit parameters, the critical speed, v0 , can take on a value within the
range of sliding speeds of the experiment. Some authors used the full PTT model, while
others the approximate model. The authors that used the full PTT model found a range
for v0 from 0.1 to 3.0

µm
s

[5, 6] while those that used the approximate model found it to

be much larger, around 300

µm
s

[24]. The reason they found such large values is because

v0 in the approximate model is forced to be larger than all speeds in the experiment since
 2

the first derivative of ln vv0 3 is discontinuous at v = v0 . To clarify, when v < v0 , ln vv0
 2
is negative and ln vv0 3 is positive but decreasing with increasing v. As v approaches
 2
v0 , ln(v0 /v) approaches zero and further increasing the speed above v0 increases ln vv0 3 .
 2
Therefore, ln vv0 3 is non-monotonic if v0 is within the range of experimental sliding
speeds. In contrast, Ff is always found to be monotonic and increasing with increasing
speed, a trend which only occurs in the approximate model if v0 is larger than all speeds.
Additionally, some authors allow Fc to be a free fit parameter and others fix it as the
friction force at which the friction begins to plateau i.e., the friction force at which the
logarithmic growth of friction with sliding speed stops. Each of these methods produces
different results for β and v0 which is a source of inconsistency in the magnitude and
interpretation of those values from one work to another.
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In short, there is no agreed upon method to extract the parameters Fc , β, and v0 , and
the magnitude of v0 one obtains depends on which model is used, the approximate or the
full one, and which parameters (if any) are assumed prior to the fitting.

8.4.2. PTT issue 2: the form of β for a sinusoidal corrugation potential leads to incorrect
scaling of Ff with FN

Jansen and Riedo [24, 5] assumed that the athermal friction force Fc scales with normal
force FN as

Fc =

πηFN
a

(8.3)

where η is a scaling parameter that has units of nm, and a is the lattice constant. They
also provided arguments for the relationship between surface potential shape parameter β
and Fc , assuming a sinusoidal potential:
√
3√
3π Fc
3π 2 ηFN
β= √
=
√ 3
2 2a
2 2a 2

(8.4)

Substituting these expressions into the approximate PTT model, equation 1.10, results
in
1

1

πη 3 FN3
πηFN
Ff =
−
a
a



v 
3
√ kB T ln 0
v
2 2

2
3

(8.5)

The problem with this form of β is that the slope of Ff vs ln (v) increases linearly with
1

FN , not with FN3 , as the equation states. An equation with the correct scaling would be

 v  2
3
0
Ff = ξFN − γFN kB T ln
v

(8.6)


 v  2
3
0
τ = ξσN − γσN kB T ln
v

(8.7)

or, equivalently
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2

2

where β 3 = γFN , γ has units of J − 3 , and ξ is unitless.
This equation is very similar to the Briscoe and Evans model of equation 1.8 but differs
since that equation has an extra additive term, τ0 . In the following section it will be shown
that the results in the literature require the presence of this term in the approximate model
to fully represent the nuances of the friction results. It will then be shown that the Briscoe
and Evans model captures all of the characteristics of the relationships between shear stress
τ , normal stress σN , and sliding speed v.

8.4.3. PTT issue 3: curves using approximate PTT model do not collapse to a master curve.
This model leaves out a critical term that the Briscoe and Evans model includes
Figure S11 (a) is a plot of data taken by Riedo (red markers) for SiO2 on mica and Liu
(green markers) for SiO2 on gold. All curves are at different applied normal forces, with the
slope and intercept of a curve increasing with the normal force, consistent with equation
8.7. The other studies are not included since they do not vary the normal force.
Clearly

Ff
FN

from equation 8.7 is dimensionless, and each curve should collapse onto a

single master curve. Figure S11 (b) plots their data for

Ff
FN ,

plainly showing that the curves

do not collapse onto a master curve. There is therefore a missing constant parameter which
should be added to equation 8.7. This parameter is denoted as F0 for the friction equation
and τ0 for the shear stress equation. Then the full approximate PTT model with the correct
normal force scaling and with the correct parameters becomes

 v  2
3
0
τ = τ0 + ξσN − γσN kB T ln
v
Figure S11 (c) plots Riedo and Liu’s quantities

Ff −F0
FN

(8.8)

versus ln (v). The curves for

different normal forces now collapse onto a single master curve for each material system,
reflecting that equation 8.8 describes all aspects of the friction data. It should be noted
that the friction data in the plateaus in Liu et al.’s data set do not align. However, the
trend region which the theory is concerned with does collapse onto a master curve.
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(a)

(b)

(c)
Figure S11: Friction versus speed plots for references [5, 6]. These studies varied the

(Ff −F0 )
Ff
µm 
applied force FN . (a) Ff vs. log speed[ µm
]
(b)
vs.
log
speed[
vs.
s
FN
s ] (c)
FN

µm
0
log speed[ s ] . The best-fit F0 s are .68 and .20 nN for Riedo and Liu respectively
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This form of the PTT model is very similar to equation 1.8, the Briscoe and Evans
model. The two models differ in that the speed term in the PTT model is raised to the
two-thirds power. Additionally, the v0 , ξ, and γ parameters have differing interpretations.
Regardless, the similarity in the models suggests that the form of equation 8.8 is descriptive
of many different systems and on different scales like the macroscale for Briscoe and Evans
and the nanoscale for Riedo, Liu, and others. Gotsmann and Lantz used this Briscoe and
Evans model (equation 1.8) to describe the shear stress in their wear system as opposed to
using a form of the PTT model (equations 1.9 and 8.7), perhaps because they were derived
under the assumption that the system is wearless.
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[15] Itay Barel, Michael Urbakh, Lars Jansen, and André Schirmeisen. Multibond dynamics of nanoscale friction: The role of temperature. Physical Review Letters, 104(6):
1–4, 2010. ISSN 00319007. doi: 10.1103/PhysRevLett.104.066104.
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Dependence of Atomic-Scale Stick-Slip Friction. Physical Review Letters, 104(25):
256101, jun 2010. ISSN 0031-9007. doi: 10.1103/PhysRevLett.104.256101. URL
http://link.aps.org/doi/10.1103/PhysRevLett.104.256101.
[25] N S Park, M W Kim, S C Langford, and J T Dickinson. Atomic layer wear
of single-crystal calcite in aqueous solution scanning force microscopy. Journal
of Applied Physics, 80(5):2680–2686, 1996. ISSN 00218979. doi: 10.1063/1.
363185. URL http://reichling.physik.uos.de/download{_}paper.php?paper=
JApplPhys80p2680(1996){_}Park.pdf.
[26] P. E. Sheehan. The wear kinetics of NaCl under dry nitrogen and at low humidities.
Chemical Physics Letters, 410(1-3):151–155, 2005. ISSN 00092614. doi: 10.1016/j.
cplett.2005.05.060.
[27] Yongjian Yang, Liping Huang, and Yunfeng Shi. Adhesion suppresses atomic wear
in single-asperity sliding. Wear, 352-353:31–41, 2016. ISSN 00431648. doi: 10.
1016/j.wear.2016.02.002. URL http://linkinghub.elsevier.com/retrieve/pii/
S0043164816000351.
[28] Roya Maboudian, W. Robert Ashurst, and Carlo Carraro. Tribological challenges in
micromechanical systems. Tribology Letters, 12(2):95–100, 2002. ISSN 10238883. doi:
10.1023/A:1014044207344.
[29] Mark N. Horenstein, Seth Pappas, Asaf Fishov, and Thomas G. Bifano. Electrostatic
micromirrors for subaperturing in an adaptive optics system. Journal of Electrostatics,
54(3-4):321–332, 2002. ISSN 03043886. doi: 10.1016/S0304-3886(01)00159-0.
[30] Tevis D. B. Jacobs, Bernd Gotsmann, Mark A. Lantz, and Robert W. Carpick. On
the Application of Transition State Theory to Atomic-Scale Wear. Tribology Letters,
39(3):257–271, jul 2010. ISSN 1023-8883. doi: 10.1007/s11249-010-9635-z. URL
http://link.springer.com/10.1007/s11249-010-9635-z.
[31] Harish Bhaskaran, Bernd Gotsmann, Abu Sebastian, Ute Drechsler, Mark A. Lantz,
Michel Despont, Papot Jaroenapibal, Robert W. Carpick, Yun Chen, and Kumar Sridharan. Ultralow nanoscale wear through atom-by-atom attrition in silicon-containing
diamond-like carbon. Nature Nanotechnology, 5(3):1–5, 2010. ISSN 1748-3387. doi:
doi:10.1038/nnano.2010.3. URL http://dx.doi.org/10.1038/nnano.2010.3.
[32] B J Briscoe, D C B Evans, and D Tabor. Influence of Contact Pressure and Saponification on Sliding Behavior of Stearic-Acid Monolayers. J Colloid Interface Sci, 61
(1):9–13, 1977. doi: Doi10.1016/0021-9797(77)90411-8.
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