Abstract

WINDER, STEVEN MASON. Quartz Crystal Microbalance
Measurements of Sliding Friction of Inert Gas Films on Lead,
Copper, Nickel, and Graphene Surfaces. (Under the super-
vision of Professor Jacqueline Krim.) The Quartz Crystal Mi-
crobalance (QCM) has been used to record adsorption and sliding
friction data for molecularly thin inert gas films, at 77K, on metal
surfaces prepared under Ultra High Vacuum (UHV). Adsorption of
xenon was studied on nickel, carbonized nickel, copper and lead. Ad-
sorption of krypton was studied on carbonized and clean nickel. Even
sub-monolayer quantities of inert gas produce changes in QCM me-
chanical properties that may be used to estimate coefficients of sliding
friction. At 77K, these inert gases are known to adsorb on various sur-
faces, forming two-dimensional phases analogous to the solid and gas
phases exhibited by bulk substances. While previous QCM studies
have emphasized the role of two-dimensional solid and liquid phases
in damping QCM motion, this work examines the possibility that the
two-dimensional gas phase may be the dominant cause of damping at
low coverage. QCM data suggest that the sliding motion of the two-
dimensional gas phase of inert gases tends to decay within a character-
istic time approaching 10 nanoseconds. The 2D solid phase routinely
cited as a low friction phase has an order of magnitude higher friction

than the 2D gas phase.
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Chapter 1

Tribology on Large and Small

Scales

1.1 Tribology in its Broadest Sense

tri-bol-o-gy (try-ballZoh-gee) n. The science of the mecha-
nisms of friction, lubrication, and wear of interacting surfaces
that are in relative motion. [Greek tribein, to rub + -LOGY ]

—tri’bo-log’i-cal adj. —tri-bol’o-gist n.

American Heritage Dictionary, 2nd College Ed.

This tidy definition understates the difficulty inherent in the “science of
rubbing.” This dissertation, describing the labor of one humble physics stu-
dent, will have a more limited scope than the above definition suggests. A
single dissertation cannot adequately treat the three topics of “friction, lubri-
cation, and wear” in rubbing interfaces. This research has focused on friction,
the one unavoidable phenomenon common to all interacting surfaces in rel-
ative motion. Ludema gives a concise review of conventional tribology [1].
Readers interested in an exhaustive review of the current state of tribology

are referred to a hefty pair of volumes edited by Bushan [2]. Dowson has



written a thorough and engrossing history of tribology [3].

1.2 Nanotribology

As the Greek prefix “nano” implies, the work described in this dissertation
examines sub-nanometer-scale objects. Nanotribology is a broad and active
topic of nanoscale science that is partially summarized in recent review ar-
ticles [4, 5, 6]. T will describe the use of the Quartz Crystal Microbalance
(QCM) to measure the friction opposing the motion of inert gas films that
are less than one atom thick, in which the film is frequently composed of
islands or isolated, weakly interacting adatoms. In the interest of simplicity,
we have elected to study the simplest physical objects that exhibit friction.

Before delving too deeply into current theories of friction, I should point
out that the American Heritage definition of friction is still too broad for the
current work. When the definition mentions “interacting surfaces in relative
motion,” the direction of relative motion is not specified. The definition is

thus broad enough to include:

e Sliding friction, which occurs when flat surfaces move parallel to each

other. An example is skis sliding on snow.

e Damping of motion of surfaces in normal (perpendicular) motion. An
example is a hammer striking a nail, where the definition is satisfied
for the instant when the hammer “interacts” with the nail. A more
obviously relevant example would be that of steel wheels rolling on
steel rails. When used properly, the wheel is not moving (much) where
it comes into contact with the rail. Normal motion between the wheel
and the rail occurs at the leading and trailing edges of the wheel’s

footprint.

e Normal and sliding motion together. A rubber tire rolling on pavement

is a fine example. When the outer edge of a wheel is either softer or



harder than the road, the wheel slips a little, where it comes into contact
with the road.

While machines with rolling interfaces are obviously important, in the inter-
est of simplicity this thesis will be restricted to the study of sliding friction
in the absence of wear. Even apparently pure sliding friction may be caused
by surfaced joining and detaching in normal motion on a small scale, but
we will leave that topic for those researchers who specialize in the study of

adhesion.

1.3 Explaining Friction

Attempts to explain the commonplace phenomenon of friction fall into two
categories: Continuum-mechanical and atomistic. We can call these two cat-
egories the “top-down” and “bottom-up” schools of thought, borrowing the
terminology Drexler uses to classify strategies for implementing nanotech-
nology [7]. The old school attempts to explain macroscopic friction in terms
of macroscopically valid physical principles, with no explicit recognition of
the existence of atoms, or exclusively microscopic phenomena. The younger
school of thought takes advantage of modern physics and explicitly incorpo-
rates atoms governed by microscopically valid physical laws into models of

friction.

1.3.1 Macroscopic Tribology: the Top-down Approach
Amontons’ “laws”

Most scientists and engineers have a knowledge of friction that can be sum-

marized in two small mathematical expressions:
F, < usN (1.1)
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See the left side of Figure 1.4 for the standard first-year physics depic-
tion of a model tribological system. N is the normal force pressing the block
against the plane. F, and F}, are forces of static and kinetic friction, re-
spectively, with pg and py as the associated coefficients of static and kinetic
friction. The block is assumed to be a macroscopic object, and the junction
between block and plane is assumed to contain little or no lubricant. It is

routinely observed that:

® /s < pp — More force is required to set a block in motion than to

keep it in motion
e Friction is independent of apparent contact area, and

e Friction is nearly independent of sliding speed for a broad range of

speeds.

Except for the last item, all of these basic observations regarding friction
were first published by Amontons three centuries ago. Leonardo da Vinci’s
similar conclusions regarding friction (see Figure 1.1) went unpublished until
the 20th century. Until the 20th century, Amontons’ laws of friction were
purely empirical and recognized as gross approximations to poorly under-
stood physical laws. These practically important principles had no firmer
foundation than experimental observations of macroscopic bearings.

The strange observations summarized in Amontons’ laws began to appear
more plausible when microscopic continuum mechanical models of friction
arose [9]. For the purpose of explaining the behavior of macroscopic sliding
objects, the word “microscopic” will refer to features with characteristic size
ranging from several microns to several nanometers. In this size range, it is
appropriate to apply continuum models of matter. Only later, when I address
the specific details of my work, will the definition of “microscopic” change to
cover the length scale of atoms and small molecules. Under the more modern

)

definition of “microscopic,” continuum mechanics must yield to qualitatively

different physics that applies to nanometer-scale objects. This small scale

4



Figure 1.1: Da Vinci’s demonstration that friction is independent of apparent

contact area. Reproduced from Codex Atlanticus [8, 3].

relevant to my work is far removed from the most elementary theories that

make sense of macroscopic friction.

Explaining Amontons’ Laws: Continuum Mechanics
Static friction

Continuum mechanical theories of macroscopic sliding friction tend to begin
with the case of static friction. An old theory of friction recognizes that most
surfaces are rough, when viewed at a small enough scale, and attributes fric-
tion to “interlocking asperities,” illustrated by Coulomb in Figure 1.2. When
one attempts to slide one asperity over another, the asperities frequently push
the opposing surfaces apart, requiring that work be done against attractive
forces between the surfaces. The flaw with this argument is that the opposite
process is just as likely: surface forces can act to draw asperities into comple-
mentary gaps, assisting sliding motion. It is unclear how numerous randomly
placed asperities on opposing, rubbing surfaces can have a significant effect
either opposing or assisting relative motion.

In recent decades, friction theories based on interfering asperities have



Figure 1.2: Coulomb’s illustration of interlocking asperity mechanism of fric-
tion (Coulomb, 1785). Reproduced from [3].

given way to theories linking friction to adhesion. Ample experimental ev-
idence contradicts models of friction based solely on interfering asperities.
One old observation is that polishing bearing surfaces smooth frequently in-
creases, rather than decreases, friction. Smoothness promotes adhesion in
those cases, as well. Other experiments supporting adhesion theories in-
volve changing the composition of rubbing surfaces without changing surface
roughness. One early experiment of this sort demonstrated that a single
Langmuir-Blodgett film draped over a surface could profoundly affect the
friction on that surface, even when the L-B film was much thinner than
the surface roughness [1]. More recently, experiments in ultra high vacuum
(UHV) have measured high friction of magnitudes unheard of in air [1]. Good
vacuum permits the removal of oxides from metal parts, allowing those parts
to cold weld together. The recent evidence, especially the observation of cold
welding parts in vacuum, suggests that static friction results when rubbing
surfaces bond together. The force required to overcome static friction is the
force required to break physical or chemical bonds that form where opposing

surfaces touch.



Before we are satisfied with adhesion as a fundamental mechanism of
static friction, we need to explain why adhesion strength would vary with
normal load and be independent of apparent contact area. The key to this
puzzle is to recognize that the apparent area of contact between parts is in
fact much greater than the actual area of contact. This “true contact area”
depends on the measurement we use to define contact.

Numerous techniques allow us to infer and/or define true contact area
between interacting surfaces. The thermal conductance between contacting
parts is a good measure of contact area, where contact area is defined by
opposing surfaces that are close enough together to conduct heat. For joints
composed entirely of clean metal, contact area is conveniently defined by
parts close enough together to conduct electricity. Where one part of a rub-
bing interface is transparent, we can determine size, shape, and distribution
of contacts from an optical micrograph with a resolution limited to about a
wavelength of light (about 500 nm).

All of these techniques demonstrate that true contact area is a few powers
of ten lower than apparent contact area, under light normal loads. Measure-
ments of true contact area under variable normal load tend to show that
true contact area is proportional to normal load: A; < N. If we assume
the opposing surfaces deform plastically—irreversibly—where they come into
contact, we can identify the constant of proportionality as the compressive
yield stress S, = N/A;. The force required to break static friction is the
shear strength of the bonds within true contact area A;. We can identify the
shear strength per unit area as S; = F'/A;. By rearranging Amontons’ law

for static friction and substituting these expressions for N and F we get:
= — (1.3)

So the coefficient of sliding friction is simply the ratio of shear strength to
compressive strength for the softest material at the interface. Measurements

of compressive and shear strengths do tend to show that Sy < S, and that

7



Figure 1.3: True contact area between solid bodies increases with applied
pressure, even if apparent contact area does not. Da Vinci’s observation of
contact-area-independent friction is thus reconciled with modern adhesion

theories of friction, which relate friction to microscopic contact area.



the various measures of material strength are equal within a power of ten for
most materials. These material properties tend to yield predicted friction
coefficients somewhat less than one, in agreement with typical values for

friction coefficients.

Kinetic Friction

The conventional continuum mechanical explanation for kinetic friction starts
with the static friction theory outlined above. The dependence of kinetic
friction on normal load has the same origin as for the static case. The true
area of contact remains much smaller than the apparent area of contact and
proportional to the normal load. To explain the apparently weak dependence
of kinetic friction on sliding speed note that the sliding speed of the block
as a whole is an average value. Individual asperities at the sliding interface
will not generally be moving at the average sliding speed. How could they?
The speed of an individual asperity averaged over sufficient time is likely to
be the average speed of the block, but the speed of that asperity must vary
over time if that asperity is frequently bonded to the substrate. An asperity
in frequent contact with the substrate will have nearly zero speed, when
bonded to the substrate, and greater than average speed, when unbound.
The characteristic motion of an asperity on a sliding block interacting with
the substrate will tend to be random, with the asperity motionless when
stuck, then faster than the rest of the block when unstuck. This “Stick-slip”
motion of individual asperities is corroborated by Atomic Force Microscope
(AFM) experiments, in which an individual asperity is routinely observed to
move in stick-slip fashion on an atomic scale [10]. During the bonded phase of
the motion, elastic stress accumulates within the asperity until the beginning
of the unbound phase, when the stress is great enough to rupture the bond.
The asperity swiftly relaxes until it is slack enough to adhere to the substrate
at the beginning of the next cycle. For low sliding speed, almost all of the

asperities that form bonds in the case of static friction will also be bound



at any given instant in the case of kinetic friction. The difference between
kinetic and static friction lies in the degree of elastic stress within the bound
asperities. In the case of static friction, all asperities are stressed in unison
as we apply lateral force as great as the maximum allowed, Fy > usN. In
the case of kinetic friction, the asperities are not so coordinated. Individual
asperities exert forces between zero and the shear strength of the bond. All
asperities, taken together, will experience an average stress less than the
maximum allowed for static friction. For this reason, kinetic friction will
generally be less than static friction.

A more modern variant of the above theory assumes all asperities are
in nearly continuous contact with the opposing surface and that the force
experienced by each asperity is proportional to its relative speed as it rubs
the opposing surface. This concept of linear (proportional to sliding velocity)
friction is especially important for tribological systems that exhibit no static

friction.

The Problems with Continuum Mechanics

The trouble with the above results, linking friction with material strength, is
that neither friction nor material strength are well-defined material proper-
ties. Tables of friction coefficients for various material pairs are notoriously
unreliable, because the same measurement can yield different values depend-
ing on the history of the rubbing parts, and slight quantities of contaminants
between the parts.

The strength of materials is a similarly elusive quantity. The most ele-
mentary theory of material strength predicts values of material strength that
are large fractions of the corresponding elastic moduli [11]. Such predictions
overestimate real material strength by powers of ten. Just as a chain is no
stronger than its weakest link, the strength of real materials is governed by
defects. The study of material strength turns out to be as subtle and diffi-

cult as the study of friction. The same object may rupture at very different

10



stresses, depending on its history: The same part may rupture after many
cycles of low stress or one application of high stress. That material strength
is not an intrinsic material property is demonstrated by the routine observa-
tion that the yield stress of fiber samples increases as fiber size decreases [11].
Material strength, like friction, is an empirically grounded topic that resists
theoretical treatment. Any attempt to explain macroscopic friction in terms
of macroscopic material strength simply replaces one intractable problem
with another. Continuum mechanics is thus not helpful for those wishing to
predict either materials strength or friction from more fundamental physical
laws or from microscopic properties like the stiffness of individual chemical
bonds. To develop theories of friction that satisfy physicists, we may need

to build recognizable examples of friction using just a few atoms.

1.3.2 Microscopic Tribology: the Bottom-up Approach
Fundamental Philosophy of Physics

Because a physicist’s first priority is to understand nature in terms of a
minimal set of fundamental physical laws, physicists have historically ne-
glected the messy, complicated topic of tribology, leaving the study of bear-
ings, brakes and similar devices in the hands of engineers. Tribology becomes
palatable to physicists when they are allowed to study tribological systems
much simpler than practical bearings. Seeking to ground an understanding of
friction in fundamental physical law, physicists like to begin with the simplest
systems that can exhibit friction. It is fortunate that recent developments
in microscopy and surface analysis allow us to synthesize and characterize

model tribological systems with dimensions measured in nanometers.

Seeking Simplicity: Minimal Models of Friction

What is the most elementary example of friction we can study? A minimal

example of friction must involve the conversion of uniform linear motion into

11



Friction at Different Scales

Macroscopic Microscopic

Cieplak, Smith & Robbins
(Science, 26 Aug. 1994, 1209)

Amonton’s “laws”:

frictional __ friction )(normal

-, load

; frictional __ friction sliding
force coefficient - ( )(

- force coefficient/ \ speed

welopiy tmdependent Sickion friction proportional to velocity

load
o . friction velocity
friction velocity

«— | —

Figure 1.4: Contrasting microscopic and macroscopic treatments of the phe-

nomenon of friction.
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“internal energy,” or heat. The minimal example of friction must have two
rubbing parts and at least one of those rubbing parts must be large enough
to permit us to define “heat.” Arguably, the simplest tribological system we
can characterize with the tools of modern surface science would be a film
of isolated, non-interacting inert gas atoms sliding over a well-characterized

open surface.

Examples of Nanoscale Bearings

Because sliding friction involves “interacting surfaces,”

we cannot quite cite
the inelastic collision of molecules as an instance of friction. Maybe the
simplest example of “interacting surfaces” is provided by lamellar solids—
such as graphite—which are composed of stacks of single-atom-thick molecules
held together by weak physical forces. The surface properties of such solids
are accurately modelled with individual lamellae in isolation. The simplest
experimentally realizable tribological system might then be two graphene
molecules rubbing together. This situation is not as far fetched as it might
seem. In recent experiments performed under a transmission electron micro-
scope (TEM) [12], linear sliding bearings have been produced on a nanometer
scale by pulling apart multi-walled carbon nanotubes. The individual sliding
parts in these experiments are essentially severely bent graphene molecules.

Experiments performed with carbon nanotubes under TEM are currently
reserved for a few microscopists. Alternative experiments involving scanning
probe microscopy (SPM) permit researchers to study the nanometer-scale
samples of graphene rolling or sliding over open surfaces. Carbon nanotubes
prove convenient as easily identified nanometer-scale samples of graphitic
carbon. Recent experiments with an atomic force microscope (AFM)-a
force-sensitive form of SPM-have demonstrated that multi-walled carbon
nanotubes can roll like tiny gears over open graphite surfaces [13].

Many fascinating experiments have only been possible since the discovery

of carbon nanotubes in 1991 [14] and the development of atomic-resolution
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microscopy slightly earlier. Older, more conventional tools of surface science
require samples that are macroscopic in at least two of the three dimensions.
For QCM measurements, the simplest available tribological system is a layer
of inert gas about one atom thick, physisorbed on clean metal surfaces pre-
pared under Ultra-High Vacuum (UHV).

Complementary Nanotribology Tools

Before delving too deeply into existing research regarding thin films sliding
over open surfaces, two other avenues of nanotribology research should be
mentioned. Atomic Force Microscopy (AFM) provides the most obvious
connection between nanotribology and conventional tribology. AFM figures
so prominently in modern tribology that a recent review of nanotribology by
Dedkov [5] emphasizes AFM and other proximal-probe-based instruments,
relegating QCM and SFA to two paragraphs. For a more balanced view, see
the review by Carpick [4]. While macroscopic sliding parts almost always
maintain contact through countless microscopic asperities, AFM relies on
a single probe of nanometer-scale sharpness to form tactile images of open
surfaces. An AFM probe thus represents the smallest possible fragment of
a typical sliding interface: an individual asperity. AFM has already proven
useful in establishing that the motion of individual asperities over even the
smoothest available surfaces is not smooth, but of the “stick-slip” variety. A
persistent disadvantage of AFM-based friction experiments is that the shape
and composition of the probe is difficult to characterize.

The surface forces apparatus (SFA) [16, 17] may be considered an in-
strument intermediate between AFM and QCM. SFA allows the sensitive
measurement of forces between curved, crossed mica surfaces contacting over
an area a few microns wide. Mica is a uniquely useful substance for sur-
face science—particularly nanotribology—being easily cleaved to form atomi-
cally flat planes as much as a centimeter wide. SFA is suitable for studying

atomically flat, molecularly thin films between excellently characterized mica
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Figure 1.5: Atomic Force Microscope (AFM) schematic. The image at left
is a lateral force image of MoS, taken from [15]. In contact AFM mode, the
AFM tip is brought into contact with the sample surface, and then raster
scanned across the sample surface. The AFM tip maintains contact with the
sample, and the AFM cantilever moves in response to the sample’s morphol-
ogy and frictional forces between the sample and the AFM tip. A laser beam
is reflected off the back of the AFM cantilever and onto a four-quadrant pho-
todiode. In this way, small angular motions of the cantilever can be detected.
The position of the laser beam on the photodiode provides both a map of

the sample surface and a friction measurement.
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planes. Such films tend to be fundamentally different from the atomically
thin films studied on a QCM, being “confined” between mica planes. “Con-
finement” is a term we apply to films held within a tight space not much
larger than a constituent molecule of the film. Confinement routinely pro-
duces interesting effects we will not expect to see in films adsorbed on open
surfaces. A current disadvantage of SFA work is the difficulty in implement-
ing SFA under clean (UHV) conditions.

Because physical law on a nanometer scale is frequently different from
familiar macroscopic scale physics, some recently developed nanotribology
techniques have no obvious bearing on tribology, or even mechanics. The
QCM as tribometer is one example. A more striking example is work by
Schumacher, in which electrical resistance measurements are used to derive
friction coefficients similar to the ones inferred from QCM measurements [19].
The controversial relationship between electrical resistance and nanoscale
sliding friction at conducting surfaces will be addressed later. Persson treats
this topic thoroughly [20].
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Figure 1.6: Diagram of a Surface Forces Apparatus (SFA) experiment
from [18]. The coiled springs are representative of any device used to measure
the normal and shear forces between the samples. The SFA makes use of two
cleaved mica surfaces, which are among the smoothest surfaces known. In-
vestigators can place lubricant films, which can be as thin as a few molecules,
between the mica surfaces and slide them about, to see how the films affect

the friction.
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Chapter 2
Theories of Nanoscale Friction

Friction, in common experience, is the apparent loss of mechanical energy
by macroscopic objects in motion. Conservation of energy is preserved by
the concept of “internal energy,” which consists of mechanical energy that is
only evident on a microscopic scale. Internal energy is stored in the form of
thermal motion—either atomic or electronic-and the potential energy associ-
ated with the breaking of physical and chemical bonds. A complete theory
of macroscopic friction must be reducible to these microscopic phenomena.

Friction is frequently accompanied by wear, an observation that led many
generations of tribologists to attribute friction to wear, generally. Experi-
ments conducted in recent decades with SFA [16] and AFM [10] have demon-
strated that friction can occur without wear, prompting alternative micro-
scopic theories of friction. Consideration of the working lifetime of typical
machine parts also casts doubt on wear-based theories of friction [21]. Recog-
nizing that friction and wear are separate, the QCM friction studies described
in this dissertation address the simplest questions of nanotribology and at-
tempt to examine friction in the absence of wear.

In the absence of wear, friction becomes the conversion of coherent mo-
tion into incoherent motion, which we conventionally divide into oscillation

of atomic cores (phonons) or oscillation of charge carriers (plasmons). How
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does this conversion occur? In current microscopic theories of wearless fric-
tion, the macroscopic kinetic energy is converted into microscopic internal
energy through two channels: direction stimulation of phonons by uniform
sliding motion and direct stimulation of plasmons. Whatever channel medi-
ates friction, the final result is the same: the production of both electronic
and phononic vibrations near thermal equilibrium. The route to this pro-
duction of waste heat is important for those who want to understand and
control friction intelligently.

The remaining sections of this chapter focus on theories of friction relevant

to the study of molecularly thin physisorbed films.

2.1 Phononic Friction

In 1929, Tomlinson made an early attempt to ground friction in atomic-scale
dynamics [22]. His minimal model of friction considered the motion of a
chain of atoms sliding over a rigid surface with atomic-scale corrugation [20].
See Figure 2.1 for a depiction of a similar model. Periodic motion of the
sliding chain was presumed to be driven by the atomic-scale corrugation of
the substrate. Here “corrugation” refers to the amplitude of variation of
binding energy with position of an atom sliding over a surface. Because the
inertia of atoms and small molecules is small, the geometric corrugation of a
surface appears much less important than the binding energy corrugation in
determining the total mechanical energy of small sliding species. Dissipation
of energy occurs in this model when the spring forces and surface potential
governing the motion of the compliant atoms does not permit the atoms
to track the sliding surface smoothly. Friction occurs when the atoms are
unstable, being “plucked” by the passing rigid surface. The Tomlinson model
is sophisticated enough to predict that the magnitude of friction is sensitive to
commensurability between the compliant atom chain and the rigid substrate.

A prominent example of recent work on atomistic theory on sliding fric-
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Figure 2.2: The Frenkel-Kontorova model-proposed in 1938-bears closer re
semblance to modern atomistic theories of molecular film friction than the

Tomlinson model that preceded it. Reproduced from Chris Daly’s thesis [23].
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Figure 2.3: Incommensurate systems exhibit lower friction than commensu-
rate systems. For the incommensurate case, the potential energy is invariant

under translation, and thus presents no barrier to sliding motion.

tion in inert gas films is a paper by Cieplak et. al. [24], addressing friction
in systems analogous to the krypton on gold systems studied by Watts et.
al. [25]. Cieplak et. al. concluded that inert gas monolayers exhibited linear
(or viscous), no-threshhold friction, except under special conditions. In cases
where the adlayer is commensurate with the substrate (see Figure 2.3) and
the surface corrugation is sufficiently high or the temperature sufficiently low,
a finite force is needed to initiate motion. Because commensurability between
opposing crystalline surfaces is expected to be uncommon, the ubiquitous
phenomenon of static friction remained a mystery, to be addressed later in a
paper by He et. al that attributed static friction between crystalline surfaces

to contaminants [26].
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The work of Cieplak et. al. predicts a force of friction proportional to
sliding velocity, in contrast to the apparently velocity-independent friction
exhibited by macroscopic systems. It is predicted that the coefficient of linear
sliding friction should vary with the “corrugation” of the adatom-surface

potential squared:
n=1/T o Py, (2.1)

where 7 is the slip time, or time required for film motion to slow by a factor
of 1/e, f is a measure of the magnitude of surface corrugation and t,, is
the phonon lifetime of oscillations in the adlayer. The Cieplak model, like
the older Tomlinson and Frenkel-Kontorova models, assumes a rigid surface.
The periodicity and sliding speed of the adlayer determines the shape and
frequency of the motion excited in the adlayer. This motion is only dissipated
because of anharmonicity in the adlayer, given by t,,. It is assumed that
motion anharmonically coupled into other normal modes within the adlayer
is unlikely to couple back into the original excited state.

Because t,, is expected to be an adsorbate property insensitive to the
nature of the substrate, Equation 2.1 may be tested when we know both
slip time and corrugation for a particular adsorbate/substrate combination.
Table 7.1 puts the Cieplak prediction to the test.

The systems examined by Cieplak etf. al. are not entirely microscopic
in scale. While those studies concern films of atomic thickness, those films
remain semi-infinite in two dimensions. Sokoloff considers what happens to
friction within linear chains [27] and monomolecular layers [21] when the
these objects are small in all dimensions. Below a critical size, the motion
of small aggregates of atoms is predicted to become frictionless.

Sokoloff suggests that the low friction inferred from low-coverage QCM
data arises because of the reduced friction of finite-size adsorbate islands [21].
At low coverage, inert gas films may be composed of numerous nanoscale
islands. While the special properties of small islands may affect QCM friction

measurements, small aggregates of condensed adsorbates cannot explain the
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apparent low friction in QCM data below 5% of a monolayer. At such low
density, islands are not permitted for the systems considered in this thesis. A
more viable explanation for low friction at near-zero coverage will emphasize
the two-dimensional gas phase that is known to prevail at arbitrarily low
coverage [28]. Because the size and number of adsorbate islands may not be
inferred from the QCM measurements reported here, we cannot yet claim to

have a test of Sokoloff’s theories.

2.2 Electronic Friction

Within the last two decades, Persson has attempted to explain nanoscale
friction in terms of electronic excitations [20]. While this electronic model
becomes implausible for the general case of insulators sliding on insulators,
with electronic excitations with much more than the characteristic thermal
energy at ordinary temperatures, it may prove relevant for the case of metallic
surfaces, which have easily excited conduction electrons and lower corruga-
tion than insulating surfaces.

In the case of purely electronic friction, energy is dissipated when charge
carriers scatter off mobile adsorbates, or the relative motion of the adsorbed
molecules excites plasmons. There are thus two ways to measure nanoscale
electronic friction. The strategy of the QCM tribologist is to measure damp-
ing of adsorbed molecule motion. Alternatively, the experimentalist may let
the adsorbates remain still and move the charge carriers, instead. Friction
between adsorbates and charge carriers then corresponds to an electrical re-
sistance, which may be measured with an ohmmeter. The resistance of a
conductor with a clean, flat surface changes upon adsorption of molecules,

according to the expression

mny

p= mﬂeha (2-2)

where m is the electron mass, n, the surface density of adsorbate particles,

n the electron density, e the electron charge, d the conductor thickness, and
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Nen, the electronic friction coefficient of the adsorbed particles [20]. Notice
that this friction measurement technique is especially sensitive when the
conductor is thin, smooth, and clean. The careful UHV work required to
measure electronic friction has been performed by Schumacher [19]. From
resistance measurements of xenon on silver, he determines a slip time of
about 3 ns. This figure is in the same ballpark as QCM work performed by
Chris Daly [29].

Predicting the magnitude of electronic friction is difficult. Persson cal-
culates that electronic friction between metal surfaces and adsorbed atoms
varies as z71°, where z is the separation between the adatom and the effective
position of the “jellium” used to model metal surfaces.

The electronic friction predicted by Persson, like the phononic friction
predicted by Cieplak et. al., is linear in sliding velocity over a broad range.
The total friction of sliding adsorbed molecules damped by electronic and
phononic effects alone is thus given by the sum of phononic and electronic

contributions,
n="nnp + Ne (23)

over a broad range of velocities.
The possible contribution of electronic friction to the QCM measurements

performed for this dissertation will be mentioned in Chapter 7.

2.3 Topographic Effects

It is interesting to contrast QCM investigations of sliding atomically-thin
films [25], with older investigations of shearing Langmuir-Blodgett films [30].
In the QCM work, it is routine to assume all shearing occurs between ad-
sorbate and substrate, and that no shearing occurs within the plane of the
film. With Langmuir-Blodgett film viscosity studies, it has been routine to
make the opposite assumptions: all shear stress is assumed to be in plane,

with little stress between film and substrate (the substrate being an aque-
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ous solution). There is evidence that the L-B film researchers are unwise to
neglect substrate friction: measurements of in-plane L-B film viscosity are
frequently a few powers of ten larger than predicted by theory [30].

A QCM nanotribologist may worry about the effect of in-plane viscosity
on sliding film friction measurements. A finite rate of in-plane shearing is to
be expected when films slide over the not-entirely-flat polycrystalline surfaces
used in QCM friction studies. The possibility of an in-plane contribution to
the viscous friction measured in this work is disregarded, because earlier
studies of krypton sliding over gold indicate in-plane shearing is not the
dominant mechanism of dissipation. Watts observed that a liquid-solid phase
transition that would be expected to increase in-plane film friction in fact
decreased the overall friction measured for Kr on Au in QCM experiments

similar to the ones reported here [25].

2.4 Gas-phase Friction

Recent theoretical work on inert gas film friction has focussed on phononic
friction within dense films—two-dimensional condensed phases analogous to
liquids and solids [31]. In such models, it is expedient to assume metal sur-
faces are infinitely stiff and that all motion of an adsorbed inert gas film
is dissipated through vibrations within the film. If this assumption is rea-
sonable, it implies that friction should be reduced for adsorbed films in the
form of small islands. As the islands grow smaller, the lowest-energy excited
states within those islands rise, becoming inaccessible [21]. Taking this line of
thought to its logical extreme, the smallest possible inert gas “island” would
be an isolated adatom, an object with vibrational states normally character-
ized by infrared spectroscopy [32]. The data in this work may be interpreted
to suggest low-density films exhibit much lower friction than high-density

films, where “high-density” refers to adsorbed films as much as an atom
thick.
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Boutchko and Bruch have modelled the friction of dilute krypton and
nitrogen adsorbed on graphite, assuming phononic dissipation [33]. They
conclude that sliding friction of isolated molecules on graphite is highly posi-
tion sensitive, with the instantaneous value of friction varying by one or two
powers of ten within a unit cell. Recognizing that a sliding adatom or ad-
molecule will traverse a range of positions within a unit cell, any meaningful
average value of friction will be a weighted average of the local friction along
the path of the mobile particle. Boutchko and Bruch calculate average values
of friction under the assumption that molecules occupy all surface positions
with equal probability, a reasonable assumption for the temperature of 77K
employed in the QCM work for this dissertation. The friction corresponds
to a slip time of 2-3 ns for 2D gas phase krypton on graphite, with the exact
value depending on the direction of motion. Table 7.1 lists a value of 4+2 ns,
determined from QCM measurements, overlapping the theory of Boutchko
and Bruch.
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Chapter 3

The Quartz Crystal

Microbalance

The work described in detail in Chapter 5 is made possible by the availability
of tools for precisely measuring masses on a nanogram scale. With microbal-
ance techniques, it has long been possible to measure the change in mass
of a surface upon adsorption of a single layer of atoms. Modest extensions
of old microbalance techniques have recently made it possible to measure
additional subtle mechanical features of small masses. Before elaborating on
these, let’s begin with the microweighing application.

Our tool for mass measurement is an oscillating microbalance. Recall

that a simple harmonic oscillator has a resonant frequency given by

/= ﬂ (3.1)

where m is the effective mass of the oscillator and k the effective stiffness—
quantities that are generally frequency-dependent, for the typical oscillator
with more than one distinct resonant frequency [34]. If the stiffness remains
constant, we can determine the mass of some small item by attaching it to
the oscillator and measuring the change in resonant frequency. This method

requires knowledge of two of the three quantities: f, m and k. Gravity can
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(a)

Figure 3.1: Front (a) and side (b) views of a quartz crystal microbalance.
The shaded regions represent metal electrodes that are evaporated onto the
major surfaces of the microbalance. Molecularly thin solid or liquid films
adsorbed onto the surface of these electrodes (which are parallel to the x-z

plane depicted in (c¢)) may inhibit oscillatory motion of the microbalance (c).
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conveniently be neglected. When the attached mass changes the effective
mass of the oscillator by a small amount, Am, there is a corresponding
change in oscillator frequency given by

Aff S i) (3.2)
Am is an effective mass that is not necessarily equivalent to the mass of
the object we intend to weigh. The relationship between effective mass and
actual mass depends on how the object to be weighed is connected to the
oscillating microbalance, a point I will elaborate on later.

A wide variety of oscillating microbalances exists. Examples include
fiber balances—fibers held in tension for measuring both mass [35] and vis-
cosity [36]-and tapering element oscillating microbalances—cantilevers used
routinely for the measurement of density of particulate matter in air [37, 38].
The implementation used in nanotribology is the quartz crystal microbal-
ance(QCM) [39]. The design and implementation of the QCM will make the

most sense if we begin with a few words about quartz oscillators.

3.1 Quartz Oscillators

3.1.1 Properties of Quartz

The piezoelectric effect is an electric polarization that occurs when a sub-
stance is placed under mechanical stress. For small stresses, this polarization
is a linear function of stress and changes sign when the value of the stress
changes sign. Conversely, an electric field across a piezoelectric crystal causes
strain. The effect is possible for 20 of the 32 classes of crystalline solid [40]
and for many polycrystalline substances that have been “poled.” To be
piezoelectric, a substance must lack mirror symmetry in at least one direc-
tion. This asymmetry is disrupted by when the piezoelectric is heated above
its Curie temperature. This sets a ceiling on the useful temperature range

for the storage and use of piezoelectric materials.
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Quartz, or crystalline SiOo—the same substance found in sand—proves use-
ful as a material for oscillators used in timekeeping, communications, mi-
crobalance work and now tribology because it can be produced in a piezoelec-
tric form. The piezoelectric effect facilitates the use of mechanical oscillators
in electric circuits. The need for mechanical oscillators in some circuits will
be explained in the section regarding “quality factor” in oscillators used for
timekeeping circuits.

The technologically important piezoelectric form of quartz is called a-
quartz. This phase of quartz only exists at a temperature below 573°C', at
ordinary pressures. Once heated to this temperature, a piezoelectric quartz
component ceases to be piezoelectric. The quartz will revert to the a-phase
upon cooling, but will usually exhibit severe twinning—the material then con-
sists of numerous grains with random orientation. The material will still be
piezoelectric microscopically, but not macroscopically, due to random orien-
tation of the grains.

Even when quartz is maintained within a few degrees of room tempera-
ture, the material properties vary with ambient temperature to a degree that
proves significant in applications like timekeeping. The effect of variations in
temperature, pressure, and other environmental variables will be explained
during the description of quartz resonators.

Piezoelectric materials are used to produce motion transducers. In par-
ticular, we can use circuits with piezoelectric elements to both produce and
detect sound, an application that proved important during World War I when
sonar was developed for submarine warfare [40]. The most common appli-
cation for quartz doesn’t require the quartz to be mechanically coupled to
the environment at all. Billions of quartz components serve as oscillators,

existing merely to keep time.
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3.1.2 Quartz Resonators

Oscillators—objects designed to have a distinct, well-defined resonant frequency—
come in a large variety of forms: cantilevers, pendula, taut strings, tuning
forks, membranes. .. The simplest example of a quartz oscillator, depicted in
Figure 3.1 happens to be the commonplace resonator used in most QCM
work, including the work described in this dissertation. The fundamental
mode of oscillation of a thickness shear mode quartz plate is a transverse
plane wave bouncing back and forth between the faces of the plate. This
mode has a node at the mirror symmetry plane of the plate and antinodes at
the top and bottom surfaces of the plate. All motion is parallel to the elec-
trodes. The amplitude of motion is described by a sine wave with wavelength
twice the thickness of the plate. The electrodes on the faces of the oscillator
serve two essential functions, permitting an attached electrical circuit to both

sense and induce motion.

Crystallography and Oscillator Design

a-quartz crystals have trigonal symmetry. The axis of threefold symmetry
is conventionally labelled the Z-axis. Normal to the Z direction, the positive
direction of the X axis is the direction in which an applied tension will pro-
duce a displacement of positive charge. The quartz crystal is sliced into thin
blanks perpendicular to the X axis to produce a batch of “X-cut” oscillators,
which support a breathing mode of oscillation in which the crystal vibrates
in the X direction, normal to the face of the resonator. The X-cut is used
infrequently in timepieces, these days, because it efficiently radiates acoustic
waves, damping the oscillation and reducing the Q.

Normal to both Z and X axes of a-quartz is the Y axis. A quartz crystal
sliced thinly perpendicular to the Y axis will produce a batch of “Y-cut” oscil-
lators, which support the thickness-shear mode of oscillation depicted in Fig-
ure 3.2. Y-cut oscillators do not efficiently radiate acoustically into air, mak-

ing the Y cut superior to the X cut for producing high-Q resonators. The dis-
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Figure 3.2: Motion of Y-cut quartz crystal oscillator vibrating at its funda-
mental resonant frequency. When used as a microbalance, the oscillator is
most sensitive where the motion has the highest magnitude. Sensitivity is
greatest at the center of each electrode and negligible around the rim of the

crystal.

advantage of the Y cut is its temperature sensitivity of 100Hz/(M Hz)(°C),
five times the temperature sensitivity of the X-cut. This temperature sensi-
tiving does make Y-cut crystals useful as thermometers [41].

The temperature sensitivity problem is solved by “rotated Y-cut” crys-
tals. There are precisely two ways to cut quartz in parallel with the X axis
and produce thickness-shear mode oscillators with zero temperature coeffi-
cient near room temperature. The first rotated Y-cut implementation was
the “AT cut,” which remains the most common cut for thickness shear mode
oscillators. The other choice, called the “BT cut,” was popular during World
War II, but fell out of favor later, because this cut consumes 50% more quartz

to produce oscillators of a given frequency than the AT cut [40]. Because
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AT cut crystals are widely available, all work described in this thesis was
performed with AT-cut oscillators. These oscillators are actually acutely
temperature sensitive at the standard temperature of 77 K I use for the
study of inert gas adsorption and slippage. In my work, the problem of tem-
perature sensitivity is resolved by maintaining a constant temperature with

a liquid nitrogen bath.

3.1.3 Timekeeping and Communication

Soon after the first world war, quartz crystal oscillators quickly became im-
portant in communications, where good frequency standards were essential
for precisely defining carrier frequencies for radio broadcasts and making ef-
ficient use of the available bandwidth. Purely electrical frequency standards,
using coupled inductors and capacitors, are inadequate for communications
and timekeeping generally, because such oscillators have a poorly defined
resonant frequency. A common measure of the sharpness of resonance of an

oscillator is the “quality factor,” denoted Q:

Mechanical energy

Q=27 (3.3)

Energy dissipated per cycle

so Q is a measure of the number of oscillations required for an oscillator to
loose most of its energy through damping [42]. An alternative definition of
Q that is consistent with the above definition when Q is large-much greater

than one-is

_ I
Q_Af (3.4)

where f is the resonant frequency of the oscillator and A f is the width of the
resonant frequency peak, measured between the points at 1/ V2 of maximum
amplitude. This latter statement of the definition of Q points to Q as a
measure of sharpness of resonance and short-term stability of an oscillator.
A good electrical oscillator can have short-term stability of 0.01% while a

typical quartz crystal oscillator has Q around 10° [43].
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The short and long-term stability of quartz crystal resonators has im-
proved by a few powers of ten since Cady filed the first patent for a quartz
crystal oscillator circuit in 1920 [40]. To improve the performance of quartz
crystal oscillators, engineers had to reckon with properties of quartz that

make quartz resonators susceptible to changes in the environment:
e Hydrostatic pressure
e Ambient gas viscosity/damping
e Adsorption
e Temperature

The effect of hydrostatic pressure on the resonant frequency of quartz oscil-

lators is given by Stockbridge as

Ld
f(0)dp

which is a fortunately small effect [44]. The effect is measurable and obvious

15 x 1071 /Torr (3.5)

when crystals witness ambient pressure changes of an atmosphere or so, but
this effect may be safely neglected for the work described here, in which
sensitive mass measurements take place at pressures below 2 Torr.

Long term “Aging” of quartz crystal oscillators can frequently be at-
tributed to adsorption of contaminants from the air. Physisorption of species
like water and chemisorption of species like oxygen increases the mass of an
oscillator, reducing its resonant frequency. For timekeeping applications, this
effect is curtailed by the use of corrosion-resistant electrodes and hermeti-
cally sealed packages. If we dispense with the protective package, a quartz
crystal oscillator becomes useful for studying physisorption on the electrode
with sensitivity well under an atomic layer.

The presence of gas around a quartz crystal oscillator will have two pos-

sibly important effects on the mechanical properties of the oscillator. First,
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the abient gas may contribute the the inertia and/or stiffness of the oscil-
lator, changing the resonant frequency from the value we would measure in
vacuum. Second, almost any ambient fluid will have finite viscosity. The
extra damping will contribute to the change in resonant frequency—a minor
effect for most of my work—and will have a frequently large effect on the Q.
Because ambient gas at a pressure of 100’s of Torr can reduce Q by a half
or more, and because the damping is a well-known function of pressure and
viscosity of the ambient gas, bulk gas damping is useful for calibrating quartz
crystal oscillators for use in measurements of other kinds of damping. This
will be explained more thoroughly later.

Engineers have paid much attention to the effect of temperature changes
on the long-term stability of quartz crystal oscillators. Quartz crystal os-
cillator resonant frequency is generally a function of temperature, with fre-
quency sometimes shifting as much as 100Hz/(MHz)(°C). Crystals with
this sensitivity can be used as precise thermometers. Crystals prepared for
timekeeping and communication are engineered for much lower temperature
sensitivity. It is the problem of temperature sensitivity that causes engineers
to pay close attention to the crystalline orientation of quartz samples to be
used for making oscillators.

The temperature sensitivity of a QCM is beneficial to the study of adsorp-
tion and friction on QCM electrodes. Because the vapor pressure of volatile
species varies significantly for temperature changes of much less than a de-
gree, it is important to know if a QCM used for adsorption/friction studies is
even a degree warmer than its environment because of self-heating. Crystal
heating effects are conveniently demonstrated by turning off the associated
oscillator electronics briefly (for a minute) and watching for a shift in the

frequency.
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3.2 Microweighing

The use of QCRs for microweighing was foreshadowed by engineers who
realized the resonant frequency of an oscillator could be nudged downward
by making pencil marks on the oscillating surface of the resonator. Sauerbrey
suggested the use of quartz crystal oscillators for the measurement of thin
film masses in the late 1950’s [45]. Sauerbrey recognized that mass deposited
thinly and uniformly over quartz crystal oscillators is functionally equivalent
to additional quartz: the deposited mass increases the effective thickness of
the oscillator. Starting from this assumption, he showed that the oscillator
exhibits a shift in resonant frequency,A f, proportional to the area density of
adsorbed mass, Am:

Af = —2—f2Am (3.6)

YqPq

where f is the frequency of the QCM-which changes only slightly in normal
use—v, is the speed of sound in quartz, and p, is the density of quartz [46].
Because quartz is anisotropic, the value of v, depends on the direction of
propagation and thus depends on how the quartz is cut. For the AT-cut
oscillators used in most QCM work, including the work described in this
thesis, v, = 3340m/s. p, = 2650Kg/m? for all cuts of quartz. The shift
in resonant frequency can serve as a convenient measure of deposited mass
surface density, with no need for calibration. Mass surface density measure-
ment becomes more complicated when the mass is deposited non-uniformly,

thickly, or with poor adhesion.

Variable Sensitiviy of QCM

When mass is deposited over only part of the moving surface of a quartz
crystal microbalance (QCM), there are two complications that may occur. If
the mass is large, the resonance may change shape, a phenomenon frequently
referred to as “energy trapping,” in the case of oscillators with electrodes

thick enough to confine resonance to the region between electrodes [40]. This
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complication is not important for the analysis of data on films only a few
Angstroms thick.

The other complication with non-uniform mass is that the sensitivity of
a QCM is not uniform across its face. The simplest model of a thickness-
shear-mode oscillator assumes uniform motion of each face of the oscillator,
as shown in Figure 3.3. This simple model is accurate for only narrow sec-
tions of a real QCM. Figure 3.2 depicts the fundamental mode of oscillation
of a real QCM, which has maximum value at the center of the oscillator
face and tapers off toward the limb of the resonator. The shape of the res-
onance depends on the design of the electrodes and shape of the resonator.
The quartz tends to have a finite amplitude of motion beyond the area cov-
ered by the electrodes. Even if the mass is too small to significantly alter the
shape of the resonance, the mass sensitivity at any given point on the surface
of the oscillator is proportional to the amplitude of oscillation squared [47].
Sauerbrey made optical measurements of the amplitude of oscillation of AT-
cut resonators as a function of position [48]. This study of QCM amplitude,
combined with an earlier empirical study of the position-dependent sensitiv-
ity of a QCM to narrow spots of mass [45] is consistent with Figure 3.2. This
work was later extended by others, using microscopic particles [49, 50]. A
particle deposited on the center of a QCM will produce a larger frequency
shift—exhibiting a larger effective mass—than an identical particle deposited
off-center. Recent STM observations have established the local amplitude of
oscillation of a QCM with sub-Aprecision [51]. We assume in this disserta-
tion that the QCM is only sensitive to mass on the electrodes and that mass
residing on the bare quartz outside the electrodes produces no significant
frequency shift.

The non-uniform mass sensitivity of a QCM is a problem when we apply a
QCM as a rate monitor during vacuum deposition of films. Such depositions
frequently involve metals. When depositing metal onto a rate monitor we

run the risk of either depositing metal over too broad an area, increasing the
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Figure 3.3: Schematic of implementation of shear-mode quartz crystal oscil-
lator as a QCM. Note the weak force applied to adatoms by virtue of their
inertia is about nine powers of ten lower than the force typically applied

during AFM imaging.
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size of one electrode and qualitatively changing the shape of the resonance,
or depositing metal over too narrow a spot, causing us to underestimate the
area density of the deposit. A precise vacuum evaporation procedure thus
requires that we calibrate the rate monitor.

The non-uniform mass sensitivity of the QCM due to its non-uniform
vibration amplitude does not cloud the interpretation of the adsorption mea-
surements presented in this dissertation. For these measurements, the QCM
is maintained near thermal equilibrium with ambient inert gas below its sat-
uration vapor pressure. These conditions result in the condensation of a thin,
macroscopically uniform film on the QCM electrodes.

If we limit our work to the study of films deposited thinly and uniformly
over the oscillating surface of a QCM, we cannot necessarily assume we know
the sensitivity of the QCM to this mass. Recall that the mass sensitivity of
the QCM depends on the motion of the adsorbate. If our only purpose were
to measure the mass of some film or adsorbate, we would like to assume
the object we wish to weigh is rigidly coupled to the QCM surface. This
assumption is frequently false. Daley and Lundgren observed that a QCM
can be nearly insensitive to a pollen grain-typically a 10-20 micron wide
particle weighing a few nanograms—even when the particle is deposited on
the center of the QCM [49]. Particles of this size or greater possess enough
inertia to overwhelm the adhesive forces that bind them to the QCM. The
result is that such particles are decoupled from the QCM and vibrate with
much lower amplitude. When a QCM is used to characterize bulk quantities
of liquid—an adsorbate that is not only mobile, but deformable-the interpre-
tation of QCM data as a measure of mass or surface mass density becomes
unsound. QCM data regarding uniform films that are not necessarily rigid
or strongly coupled to the QCM are frequently expressed in terms of “acous-

* This term goes beyond mass measurement, referring to a

tic impedance.’
complex quantity that quantifies both inertia and damping in adsorbates on

a QCM. Acoustic impedance will be defined after a few more words about
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damping in QCM measurements.

3.2.1 Swurface Science

Before diving into the topic of damping, we should mention that the mass
measurement capability of QCM makes it useful in surface science. Its uses
include, but are not limited to, the study of sputtering, oxidation, cataly-
sis, and physical adsorption. In almost all of these cases, the surface being
studied serves an additional purpose as an electrode of the QCM.

The application that gave rise to the current use of the QCM in nan-
otribology is the study of inert gas adsorption on metals [52]. Originally,
adsorption studies were limited to adsorbent materials of remarkably large
surface area—graphite, h-BN, materials that also happen to be lubricants—in
large quantities. QCM techniques permit the study of physical adsorption on
a larger number of substances. The subject of physical adsorption deserves a
chapter of its own. For now, let us just point out that the study of inert gases
on QCM electrodes preceded the study of sliding inert gas films by several

decades.

3.2.2 Slip Time from Effective Mass Measurements

Without making explicit measurements of dissipation on a QCM, it is pos-
sible, in principle, to use effective mass measurements in combination with
a knowledge of the real mass to infer either the stiffness or the friction cou-
pling an adsorbate to a QCM. Dybwad reports that particles of barely visible
size (50 micron wide gold spheres) appear to couple to a quartz resonator
elastically, to good approximation [53]. This suggests the use of QCM to
measure adhesive stiffness. When the connection between a QCM and an
adsorbed mass is viscous to good approximation—“viscous” implying a non-
conservative force proportional to the relative speed of the adsorbate, with

no significant restoring force-the effective mass of this adsorbate is a fraction
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of the mass it would have under rigid coupling;:
B m
1+ w2r2

where m, is the effective mass of the adsorbate, m the measured mass of

(3.7)

Me

an equivalent rigidly coupled adsorbate, w the angular frequency of the
resonator, and 7 the “slip time” of the adsorbate. 7 is a measure of the
characteristic damping time for adsorbate motion. When 7 << 1/w, the
measured mass is about what we would expect from a QCM measurement.
When 7 >> 1/w, the QCM is insensitive to the adsorbate. Slip times much
greater than 100 nanoseconds—the period of a 10 MHz oscillator—can be in-
ferred from anomalously low QQCM measurements of the mass of large pollen
grains (> 10um in diameter)[49]. If we were studying such large particles,
frequency measurements alone would be sufficient for making quantitative
friction measurements with a QCM.

When we study the sliding motion of volatile adsorbates of nanometer-
scale thickness, we must measure more than the effective mass of the adsor-
bate to measure the friction restraining that adsorbate. Because the true
mass of the adsorbate is not known precisely, and the slip time is normally
much smaller than the period of oscillation [25], the friction must be in-
ferred from damping measurements—the same measurements used to mea-
sure changes in Q. The measurement of damping through changes in the Q
of oscillators is an old technique. An early example would be the vibrating
wire viscometer, developed for the measurement of cryogenic helium viscos-
ity around 1960 [54], which later evolved into a microbalance [35]. This
stands in contrast to the QCM, which evolved in the opposite direction—from

microbalance into viscometer—over roughly the same span of time.

3.3 Viscometry and Tribology

One common feature of most quartz crystal oscillator applications is that they

revolve around the precise measurement of a frequency. Whether a quartz
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crystal oscillator serves as a microbalance, a barometer, a thermometer, or
a reference for timekeeping, the crucial quantity is the resonant frequency
of the oscillator. The Q of a crystal is another important quantity that is
historically given brief attention. Q is normally only important for getting
a coarse estimate of the possible precision of the more important frequency
measurement. While engineers pay close attention to the frequency of a
quartz oscillator for use in an electronic device, demanding batches com-
ponents with frequency uniformity better than 1%, such precision is rarely
demanded of the Q.

In typical applications, a quartz crystal resonator is functionally equiv-
alent to the assembly of electrical components depicted in Figure 3.4. For
typical applications of quartz crystals, the effective mass and/or stiffness of
the component is important because these quantities determine the resonant
frequency of the oscillation, aside from a slight correction to account for the
effect of damping. The mass and stiffness are thus analogous to the induc-
tance, L1, and the reciprocal of the capacitance, C', from Figure 3.4. The
inertia and stiffness are, alternatively, summed up in the reactive impedance
of the component. Following the electrical analogy, the resistance, Ry, from
Figure 3.4 is responsible for the resistive impedance of a quartz crystal oscil-
lator. The capacitance, Cy, is the only truly electrical property of the QCM,
arising from the electrodes and attached wiring. Knowledge of the precise
value of resistive impedance has not been important until recently, with the
recognition that quartz oscillators are useful not only for mass measurement,
but for friction and viscosity measurement.

When we describe the “impedance” of a mechanical system like a QCM,
we have two ways to define this term. The mechanical impedance is an ex-
trinsic property, applying to the oscillator as a whole [25]. Because a real
QCM surface is not in uniform motion, it is convenient to use the corre-
sponding intrinsic property, or acoustic impedance, which is the mechanical

impedance per unit area of QCM surface. The acoustic impedance of a QCM
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during mass, viscosity, and friction measurements is the sum of the acoustic
impedance of the bare quartz and the acoustic impedance of the material
in contact with the QCM. For linear systems, the acoustic impedance will
be constant across the face of the QCM, in spite of the fact that the QCM

motion 1S not.

3.3.1 QCM Applied to Viscometry

QQ measurements with QCM were first used to measure the viscosity of cryo-
genic helium in the early 80’s [55]-an interesting congruence between the
QCM and the fiber balance. With varying degrees of difficulty, the QCM as
viscometer may characterize fluids of any thickness from oo to subatomic.
When the fluid around a QCM reaches atomic monolayer thickness, viscosity
as an intrinsic property of the fluid loses its meaning. If we fall back on
the standard assumptions of classical fluid mechanics, we would be tempted
to predict there is no viscosity to measure in a monolayer film adsorbed on
a QCM, citing the no-slip boundary condition. This prediction is prema-
ture. The no-slip boundary condition is not a fundamental physical law, but
an expedient approximation suitable for solving macroscopic fluid mechanics
problems. Corrections to the no-slip boundary condition become important
for flow problems with nanoscale characteristic dimensions (example: deter-
mination of terminal velocity of particulate air pollution [56]). The obser-
vation of finite slip at fluid/solid boundaries has occurred outside the QCM
community. SFA experiments involving the shearing of single-molecule layers
are an obvious example [16]. In non-confined fluids, the effect has also been
seen—example: the “blow off” experiment of Deryaguin and, later, Mate [57].
Much larger shear rates for monolayer films have been inferred from QCM
measurements. On a QCM, dissipation due to violation of the no-slip bound-
ary condition by a monolayer film is given by
mA%wir

Dx —m— .
x 1+ w27r2 (3.8)
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where A is the amplitude of oscillation, m the adsorbate mass, w the angular
frequency of oscillation and 7 the “slip-time” or characteristic damping time

for uniform sliding motion of the adsorbate.

3.3.2 Combined Frequency and Damping Measurement

With measurement of both frequency shifts and changes in damping, numer-
ous groups have recently developed diverse methods for determining acoustic

impedance, Z, of adsorbates on QCMs, where Z is the complex quantity
Z =R—1X (3.9)

Where R is the resistive, or irreversible, component and X the reactive, or
inertial, component of the total acoustic impedance. R and X are related to

changes in ) and w (angular frequency), respectively by

B P S (3.10)
Wpqtq Palq

where p, is the density of quartz and ¢, the thickness of the oscillator [25].

These expressions are applicable to continuous masses on QCM surfaces,

ranging from films of sub-atomic thickness to bulk fluids. I will focus on

work related to thin film characterization. The resistive and reactive parts

of the acoustic impedance for molecularly thin sliding films are given by

2
P2w”T paw

Ry=—"F"F—_— Xo=—""_
S I L N

(3.11)
where ps is the surface mass density of the adsorbed film and 7 the slip time
or characteristic time for the sliding film to dissipate its energy [58]. The
expressions for Ry and X, may be combined to yield the slip time [58]:

Ry
T WXQ

Because w is practically constant, and is easily measured in any case, only

(3.12)

the acoustic impedance components Ry and X5 are needed to determine the

slip time of a molecularly-thin sliding film.
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Figure 3.5: Dependence of mass sensitivity (top) and dissipation (bottom)
on slip time. The left, linear side of these plots is presumed to apply to most

QCM adsorption/friction measurements. Reproduced from [58].
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Ring-down Technique

Rodahl and Kasemo probe the impedance of QCM samples by a "ring-
down” technique, in which the QCM is first excited, then allowed to oscillate
freely [59]. Figure 5.11 shows the voltage across the electrodes of an undriven
QCM. The curve is a wave with the frequency of the QCM, bounded by an
exponentially decaying envelope. The decay time constant of the envelope is
a measure of the quality factor of the QCM, so the ring-down curve contains
enough data to determine the acoustic impedance of the QCM. By comparing
ring-down curves both before and after deposition of molecularly thin films of
water, Rodahl and Kasemo succeeded in determining the slip time for H,O
on Au in an environment of controlled humidity. Their slip time measure-
ment is of the same order of magnitude (about 1078 s) as that measured by

Krim [60] using an alternative technique, to be described shortly.

Frequency Sweep/Frequency Modulation Technique

One shortcoming of the work by Rodahl and Kasemo is that the impedance
is only measured within the vicinity of the resonant frequency of the QCM. It
is sometimes helpful to know the impedance as a function of frequency, over
a broad range of frequency. The width of resonant peaks in the impedance
spectrum is a measure of Q for each peak—(Q) may thus be determined for har-
monics of the fundamental frequency, allowing independent variation of vi-
bration amplitude and speed. The straightforward way to acquire impedance
spectra is to use an impedance analyzer. Bruschi and Mistura follow a related
approach, tracking arbitrary resonances with a modulated signal source [61].
They determine slip times for krypton on gold that are in the same ballpark
as those determined by Krim [62], but lower. Another noteworthy result of
the same work is the apparent observation of a transition from kinetic to

static friction as Kr film density is increased.
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Pierce Oscillator Measurements with Gas Damping Calibration

Krim initiated the study of inert gas film friction by adapting the classic
Pierce oscillator circuit (Figure 5.8) for the simultaneous measurement of
resonant frequency and changes in damping. Pierce oscillator output alone
does not permit the calculation of absolute 3, but such information is not nec-
essary. Output amplitude from the Pierce circuit is generally a poorly known
function of actual QCM amplitude. For sliding films that behave linearly,
ambiguous knowledge of the QCM amplitude is not a serious problem. We
only need to correlate the output amplitude with the corresponding acous-
tic impedance with a calibration. It is possible to apply a known acoustic
impedance to the QCM with hundreds of Torr of Helium (a substance which
doesn’t condense on the QCM and cause extraneous damping) and watch the
Pierce circuit output amplitude to calibrate the data gathered during inert
gas adsorption experiments.

Stoke’s equations permit us to reliably calculate the acoustic impedance
imposed upon a QCM by a known gas at known temperature and pressure.
The resistive component of this impedance derived by solving Stoke’s equa-

tions in one dimension is

R=\/mpnfo (3.13)

where p is the density of the gas, n the viscosity, and f; the frequency of
oscillation [58]. At fixed temperature, the resistive impedance of a QCM
thus varies with the square root of the pressure, as shown in the data of

Figure 3.6.
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Figure 3.6: Raw data for helium calibration of Pierce oscillator electronics.
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Chapter 4
Physical Adsorption

When atoms or molecules settle on a surface, adsorption is said to occur. This
event is distinguished from absorption, which refers to the migration of foreign
species into bulk material. Adsorption is divided into two types—physical ad-
sorption (physisorption) and chemical adsorption (chemisorption)-depending
on the binding energy between adsorbate and substrate. The boundary be-
tween physisorption and chemisorption is a fuzzy one, lying somewhere be-
tween 0.1eV and leV per adatom/admolecule. The work described in this
dissertation is limited to the study of inert gas adsorbates, which are bound
to most surfaces with an energy less than 0.3eV, making this a study of
physisorption.

There are qualitative differences between physisorption and chemisorp-
tion. Chemisorption is effected through chemical bonds, which are frequently
anisotropic, fixing both the position and orientation of bound species. Chem-
ical bonding is also sensitive to the composition of the substrate. The physi-
cal bonds involved in physisorption are, in contrast, much more isotropic and
much less chemically specific than the chemical bonds. These qualitative dis-
tinctions between physical bonding are blurred in the case of heavy “inert”
gases such as xenon, which is known to form bonds of weakly chemical nature

with surfaces and even bind with halogens to form simple molecules [63].
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Another experimentally important distinction between physisorption and
chemisorption is that the former is more apt to be reversible than the latter,
especially on flat surfaces. This property of physisorption facilitates the
use of thermodynamics in the analysis of data from QCM nanotribology
experiments. Physisorption, too, exhibits hysteresis on the surface of porous
solids, but this dissertation is limited to smoother surfaces. While friction is
a fundamentally non-equilibrium phenomenon, the sliding films that are the
subject of this dissertation are presumed to be close to thermal equilibrium.
The Kr and Xe films produced for the sliding friction experiments are volatile
at 77K—the standard temperature for my work—and must be maintained by
ambient Kr or Xe gas near thermal equilibrium with the adsorbed film. The
procedure for experimentally confirming thermal equilibrium is described in
Chapter 5.

4.1 Simple Models—Weakly Interacting Ad-

sorbates

Physisorption of a pure species on a smooth surface, under conditions of ther-
mal equilibrium, is a function of ambient pressure of the species in the gas
phase. Langmuir proposed a model of physisorption in 1918, in which adsor-
bates were presumed to bind to specific surface sites with uniform binding
energy. Another assumption of the Langmuir model is that gas molecules im-
pinging on filled sites rebounded back into the gas phase. This theory only
addresses adsorption of as much as one monolayer (atomic layer) and as-
sumes no surface diffusion or interaction between adsorbed molecules. These
assumptions yield the Langmuir isotherm, in which the fraction of a surface
covered by an adsorbate at temperature T as a function of pressure p is given
by:

o, X

E.
XDy = 0T exp A1

kT
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where (] is a constant, F, the adsorption energy and k is Boltzmann’s con-
stant [64]. The fractional coverage is proportional to ambient pressure at low
pressure and asymptotically approaches unity at high pressure.

An alternative model-Henry’s law for adsorption—assumes nonlocal ad-
sorption, with adsorbates free to wander about. This model becomes relevant
when adsorbates are bound weakly.

One step beyond the Langmuir model of adsorption is the Brunauer-
Emmett-Teller (BET) model, which recognizes the possibility of adsorption
beyond monolayer coverage. This model became useful immediately after
it appeared in 1938 for the use of adsorption measurements to determine
surface areas.

When adsorbates interact with a surface by van der Waals forces, an
expression derived by Halsey accurately describes the vapor pressure of the

adsorbed layer as a function of thickness [65]:

ln£ ¢
Py  RTO"

(4.2)

where @ and R are constants, Py is saturation (bulk) vapor pressure, 6 is
a measure of film area density, or number of adsorbed layers, and r=3 for
purely van der Waals interaction. It is easy to distinguish between monolayer
and bilayer adsorption, because adsorption energy drops rapidly as the initial
layers condense. After just a few layers, the thickening film has vapor pressure
approaching the bulk vapor pressure of the adsorbate-after a few layers of
adsorption, additional adsorbate atoms are insensitive to the presence of a
solid surface beneath the adsorbed film. One result of the Halsey equation
is that it is routinely easy to distinguish monolayer adsorption from bilayer
adsorption in isotherm data, but distinguishing 5th and 6th monolayers is
difficult. Another result is that a surface that is slightly warmer than an
environment at the saturation vapor pressure, Py, may fail to accumulate

more than a couple layers of adsorbate.
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4.2 Wetting

Multilayer adsorption on smooth surfaces is classified into three types [30]:

e Frank—van der Merwe, or uniform wetting, where atomic/molecular
monolayers condense uniformly, one-by-one, from zero coverage to bulk

condensation.

e Volmer-Weber, in which the adsorbate fails to wet the surface, pre-

ferring to condense in compact drops first, and

e Stranski-Krastanov, in which uniform wetting occurs initially, but

gives way to Volmer-Weber growth after a few layers, or even just one.

Volmer-Weber adsorption precludes the use of adsorption to measure surface
areas and complicates other procedures that depend on uniform wetting.
Frank-van der Merwe growth is most useful for studies of two-dimensional
phase transitions. The QCM studies described in this dissertation do not
routinely distinguish between Frank-van der Merwe and Stranski-Krastanov
growth modes, because condensation of more than 3 layers is infrequently
detected. ..

The occurrence of the 3 different growth/adsorption modes is explained
in terms of the surface energies of the substances involved. If the adsorbate
has surface energy density ~,, the substrate surface energy density =, and the
interface between adsorbate and substrate surface energy density 7,,, wetting
occurs where v, < 7 + Vas- The opposite condition inhibits wetting. The
intermediate case of Stranski-Krastanov growth is explained by the tendency
of many substrates to stress the initial adsorbate layer, making successive
wetting layers condense with less energy than they would on an unstressed
(bulk) layer.
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4.3 Comparing Phase Transitions in 2 and 3

Dimensions

The isothermal adsorption data reported in this dissertation and in previous
studies of clean, uniform surfaces [66, 67| exhibits striking step-like features
that are explained by considering the interactions between adsorbate atoms.
The observation of sharp, reversible steps in adsorption isotherms began
about 4 decades ago, when industry began producing exfoliated graphite
of exceptionally large surface area and uniform surface quality for use as a
lubricant. These isothermal steps are now attributed to first-order phase
changes, many of them entirely analogous to the physical phase changes

observed for bulk substances.

4.3.1 Analogs to Familiar Phases

Two-dimensional physisorbed films can exhibit phases analogous to the phases
routinely observed in their three-dimensional counterparts. Just as bulk inert
gases can exist in gas, liquid, or solid form, with a dependence on temper-
ature, pressure and density that can be mapped out in a phase diagram,
two-dimensional inert gas films can be described by similar phase diagrams
(see Figure 4.1). The reduced dimensionality of the two-dimensional systems
does distort the resulting phase diagrams from the three dimensional form.
Because the number of nearest neighbors in the thin film is less than that in
the solid, characteristic phase diagram features like critical points and triple

points are shifted downward in temperature' [67, 68]:

Teop = 0.4Thsp (4.3)

I'The number of nearest neighbors of an adatom depends on the curvature of the “two-
dimensional” film. The result is that distinct features of three-dimensional phase diagrams
yield indistinct features on the corresponding phase diagrams for monolayer adsorption on

rough surfaces.
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Figure 4.1: Xe on graphite phase diagram. From the left-most isothermal
line of this plot, the 2D gas density is 7.5% of the uncompressed 2D solid
density at 97.4K. By linear extrapolation, the 2D gas density is 6% of the
2D solid density at 77.4K (Thomy et. al. 1981). Reproduced from [68].

Tiop = 0.6T33p (4.4)

Notice that the triple and critical point temperatures in two dimensions cor-
respond to the bulk triple and critical point temperatures, but that the three-
dimensional quantities are not scaled down by the same factor, in two dimen-
sions. The two-dimensional phase diagram of an inert gas is not simply a
uniformly compressed version of the bulk phase diagram. The liquid-vapor
coexistence region in two dimensions is compressed with respect to the bulk
liquid-vapor coexistence region.

Two dimensional phase diagrams can exhibit more profound departures
from bulk phase diagrams than mere compression and distortion, but expla-
nation of the entirely new phases to be found in two dimensions requires
some attention to the nature of the surface that confines the adsorbed film

to two dimensions.
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Figure 4.2: Kr on graphite phase diagram. Using the 77.3K isotherm line at
the far left, the 2D gas density is 15% of the uncompressed 2D solid density
at 77.4K(Thomy et. al. 1981). Reproduced from [64].
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4.3.2 Uniquely Two-dimensional Phases

The foregoing description of two-dimensional analogs to three-dimensional
phases rests on the assumption that the two-dimensional film resides on a
featureless surface. The only effect of the surface, in the simplest models, is to
confine an ordinarily three-dimensional substance to two dimensions. In re-
ality, even the flattest possible surface is not featureless, but has atomic-scale

7

“corrugation.” Table 4.2 contains data and theoretical predictions concern-
ing the adsorption of krypton and xenon on (111) metal surfaces relevant
to this work (the graphite rows refer to the (0001) surface of that crystal).
“Corrugation,” Vj,in the context of nanotribology, refers to the magnitude of
variation in adsorbate binding energy as a function of lateral position. Corru-
gation normally corresponds to the activation energy for surface diffusion. At
low coverage and low temperature, adatoms will reside on minimum-energy
sites on a crystalline surface. At higher temperature, adatoms will diffuse at
a rate partly governed by the corrugation. At high coverage, the corruga-
tion permits the existence of two-dimensional phases not encountered in the
corresponding bulk substances. Depending on temperature and pressure, a
dense two-dimensional film may fall into registry with the surface, forming a
commensurate phase. One system exhibiting a commensurate phase is kryp-
ton on graphite, with the phase diagram depicted in Figure 4.2. This phase
of two-dimensional inert gases is less typical than the incommensurate phase
that forms when the adlayer is not in registry with the substrate.

Other quantities listed in Table 4.2 include heats of adsorption per adatom
at low coverage, ¢y, and monolayer number density, 0. The temperature
or temperature range corresponding to each value of ¢ is given in the next
column. The densities correspond to commensurate phases, where they exist,
or solid phases along the solid-gas sublimation curve.

Commensurate and incommensurate phases of two-dimensional gases on
flat surfaces are predicted to exhibit vastly different degrees of static and

kinetic friction.
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4.4 Characterizing Surfaces by Adsorption

With sufficient knowledge of the phase diagram of an adsorbate on a flat,
clean, crystalline surface of a particular substance, we may use adsorption
data on a real surface to make inferences about how the real surface departs
from the ideal surface. For example, a measurement of the mass of one
monolayer of adsorbate can be used as a measure of surface area of the
substrate material. This area measurement frequently serves as a measure
of metal film roughness, when the metal film in question is an electrode on
a QCM.

It is easy to mark the event of monolayer adsorption when the isothermal
adsorption data contains distinct steps corresponding to first-order phase
changes. The very existence of these steps indicates that the surface has uni-
form binding energy for the adsorbate, and, thus, few defects (grain bound-
aries, step edges, contaminants, etc.). An inhomogeneous surface would still
support the same phase changes as a “clean” surface, but not at sharply
defined pressures. The vapor pressure of a physisorbed film on a surface of
uniform chemical potential is given by

P = Pyexp k;; (4.5)

where € is the chemical potential of an adatom and P, a weak function of
temperature. In a typical case where € is much greater than kT, the vapor
pressure of an a physically adsorbed film depends sensitively on the chemical
potential (or binding energy) and the temperature. A non-uniform surface
with correspondingly non-uniform binding energy will thus support any phase
transition at different pressures for different locations. The effect is a blurring
of ideally sharp steps in adsorption isotherms.

Notice that the vapor pressure of adsorbed gas of a particular density
may be non-uniform because of variations in binding energy or because of
variations in temperature. For example: A sliding adsorbate film could con-

ceivably be warmer than the surface it slides over. Such a film could yield
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Figure 4.4: Phase diagram for Xe on graphite, with pressure and temperature
as the independent variables, showing how vapor pressure for a typical phase
is governed by an Arrhenius-style law (Equation 4.5): P = Pyexp 7 or
In P =In P — ;%. Reproduced from (Suzanne; 1975) [69].

Table 4.1: Binding energies, ¢/k, and exponential prefactors, Fp, for the
phase boundaries depicted in figure 4.4: P = Fyexp 7 or In P =In Py — 5.

phase boundary Py (10° Torr) | €/k (K)
2D gas-2D solid 400 2880
1st layer-2nd layer 26 1910
3D crystal boundary 50 1860
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Table 4.2: Adsorption parameters (* commensurate at 77K)

surf. | film ¢st(meV) V,y(meV) o temp.
theory exp. | theory exp. 1014em =2 (K)

Ag | Xe — 190 [75] - 56606, 77| 77
Cu | Xe* — 1230 120] 19 5.9 78] | 77
Ni | Kr — [ 280 [70] — — — | =
Xe 1190 [79] 14 5.9 [80] | 65-84

graph. | Kr* | 123 [81] | 110 [28] | 4.8 [82] | 2.4 [74] 6.4 [68] | 0-120
Xe | 162 [83] | 215 [28] | 4.8 [82] | 5.3 [73] 5.6 [34] | 80

step-wise isotherms with the steps shifted upward in pressure. Later in this
dissertation, isotherm data will be used to extract estimates of inert gas film
temperature. While film temperature could, in principle, provide valuable
corroborating information about film friction, the existence of large temper-

ature gradients in the environment around the QCM cannot be dismissed.

4.5 Corrugation Measurement

The binding energy of an adsorbed species on a surface is routinely measured
by thermal desorption spectroscopy (TDS) [70]. The measurement of corru-
gation in the adsorbate-substrate potential is less routine, but can be accom-
plished through helium atom scattering [71], optical measurement of surface
diffusivity [72], neutron diffraction and examination of the phase diagram in

the vicinity of a commensurate/incommensurate phase transition [73, 74].
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Chapter 5

Experimental Apparatus and

Technique

This chapter will explain how thin inert gas films are used to test elementary
theories of sliding friction in my work. This chapter describes the ultra-high-
vacuum (UHV) equipment and technique required to produce high quality
inert gas films. This chapter also describes in detail the use of the QCM to
both confirm the quality of inert gas films and measure their sliding friction.

In Chapter 2, some of the simplest theories of friction concerned the
motion of linear chains of atoms on a rigid, corrugated surface. Such an
idealized model is hard to realize in practice, but this kind of simplicity is
almost attained in the case of inert gas adsorption on a smooth surface. As
described in Chapter 4, effectively two-dimensional films can be conveniently—
and reversibly—produced by the condensation of inert gases on smooth sur-
faces. When an inert gas is adsorbed on and wets a typical metal surface at
a sufficiently low temperature, the thickness of that film may be controlled
with sub-A precision by control of the ambient inert gas pressure. Because
the vapor pressure of uniform physisorbed films varies by about 3 decades
as the thickness varies from zero to 2 or 3 monolayers, a vacuum system

with a uniformly chilled sample cell and means for controlled introduction
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of inert gas is all one needs to synthesize effectively two-dimensional objects
that are ideal for fundamental studies of nanoscale friction. There are two
qualities of inert gas monolayers on metal that make these films effectively
two-dimensional for the purpose of modelling. First, there is the obvious
thinness of such films. The second theoretical advantage of inert gas mono-
layers on metal is that the metal is much more stiff than the inert gas layer.
The comparative softness of inert gas monolayers allows modelers to assume
the films reside on infinitely stiff surfaces. The result is that a good model for
friction of sliding inert gas monolayers does not necessarily need to consider
motion of anything besides the film itself.

Inert gas adsorption studies require UHV conditions, especially when we
wish to infer the quality of films from phase changes and other subtle phe-
nomena of two-dimensional adsorbates. Nearly all work described in this
dissertation thus takes place in a vacuum system. Confirming that the con-
dition of our vacuum is really good enough for fundamental studies of friction
requires at least one tool for surface analysis. The QCM turns out to be the
ideal vacuum-compatible tool suitable for characterizing both the uniformity
and tribological properties of inert gas films. Nearly all data taken to prepare

this dissertation is thus acquired on a QCM enclosed in a UHV system.

5.1 Hardware

It is ironic that a simple tool like a QCM-which is not so different from
the inexpensive time-keeping component found in any modern alarm clock—
requires expensive hardware when applied as a surface science tool. Because
a QCM exposed to ambient conditions routinely accumulates contaminants
to a thickness well over one A, an especially clean vacuum system is required
to conduct nanoscale friction experiments that are easily interpreted. “High”
vacuum techniques are insufficient to do well-controlled adsorption studies on

a QCM. Consider the vacuum scientist’s rule of thumb for relating pressure
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to the rate of contamination: a sticky contaminant species at a pressure of
1075 Torr (760 Torr being one atmosphere) will accumulate on an exposed,
clean surface to a thickness on the order of 1 monolayer per second. In other
words, a contaminant species of high sticking coefficient in a “high” vacuum
system will accumulate thickly enough on a QCM sample to confuse the
interpretation of multilayer adsorption data within about a second. Fortu-
nately for us, we can elect to study surfaces with sticking coefficients well
under one, and keep those surfaces clean for the duration of an experiment

with existing UHV techniques.

5.1.1 Vacuum System(s)

Figure 5.1 is a schematic diagram for the most recent incarnation of the vac-
uum system where the data is taken. The vacuum system has been modified
several times, in the course of this work. One of the most recent additions to
the vacuum system was a load-lock mechanism for introducing samples into
the UHV end of the system without breaking vacuum. Consistent fixtures
of this vacuum system have been an ion pump—to maintain vacuum below
10~ 2Torr—and a diffusion pump to maintain the high vacuum end of the sys-
tem. The ion pump is essential for adsorption studies on clean surfaces. The
diffusion pump is essential for removing the large quantities of gas needed
for both adsorption/friction studies and calibration of the QCM sample and

electronics for friction measurements.

QCM Package and Manipulation Under Vacuum

It is common in surface science to clean samples under UHV with cycles of
Argon ion sputtering, annealing and Auger analysis to confirm the effective-
ness of the procedure. We followed an entirely different approach in this
work. Our routine procedure was to deposit metal in situ by vacuum evap-

oration, then take measures to keep the fresh surface clean long enough to
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perform clean experiments. As explained in Chapter 4, the cleanliness of
surfaces is confirmed by the sharpness of steps in adsorption isotherm data.

Figure 5.2 shows how we package our QCM samples for experiments in
UHV. The package is assembled from three components: a quartz blank, a
quartz crystal oscillator mount, and a stainless steel enclosure. The quartz
blanks are ground and polished commercially. The mounts are also mass-
produced and available in a variety of forms off-the-shelf. The rectangular

enclosure serves three purposes:
e to protect the QCM from physical damage,

e to serve as an evaporation mask, defining the shape of the QCM elec-

trodes, and
e to provide a handle for grasping and moving the QCM in UHV.

Because the QCM must be moved around the vacuum system through fre-
quently narrow passages, using relatively bulky magnetically coupled linear-
rotary motion feedthroughs, the steel enclosure is required to prevent the ac-
cidental destruction of the delicate QCM during moving. The keyhole-shaped
aperture on each side of the enclosure serves as a stencil during evaporation
of the electrodes onto the QCM-which is usually blank when installed in the
vacuum system. One end of the enclosure has three orthogonal tapped holes.
Screws mounted on the motion feedthroughs are threaded into these holes
to grasp the package and permit it to be rotated and translated flexibly and

with simple hardware.

Metal Evaporators

All QCM electrodes for this work are deposited in-situ by vacuum evaporation
of pure metal onto the initially blank quartz crystals. Two different styles of
metal evaporator have been used for this work. For low melting point metals,

such as lead and the noble metals, copper, silver and gold, the simplest metal
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Figure 5.2: QCM package optimized for mobility under vacuum. Reproduced
from [23].
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Figure 5.3: Lead deposition by ohmic heating. The source metal is held by a
refractory—typically tungsten—boat, heated by a current on the order of 100
Amps.

evaporator consists of a refractory metal boat—that holds the metal to be
evaporated—heated by a strong current. This kind of evaporator requires a
two-pin electrical feedthrough sufficiently robust to deliver on the order of
100 Amps of current to the boat. Tungsten boats are used for evaporating
all metals used in this work, with the exception of nickel.

For nickel and other high-melting-point metals, the basic thermal evapo-
rator is difficult to use. The high current required to heat the source metal
also puts great stress on the leads and boat. Refractory metal sources may

be selectively heated with much less current than required for even the evap-
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oration of lead. Figure 5.4 shows how this is done. The nickel evaporator
used for this work is a simplified electron beam evaporator. A thermionic
current from a glowing, resistance-heated tungsten filament is attracted to
the metal source, which is biased at 4 kV. Because the thermionic current
is accelerated across vacuum, the electrons in the current may acquire much
more kinetic energy than they could acquire in a copper conductor. The
thermionic current encounters no electrical resistance and dissipates no heat
until it impinges on the source metal. In contrast to the basic thermal evap-
orator, this simple electron beam evaporator causes nickel to sublime swiftly
enough for a quick nickel deposition with only a few milliAmps of current.
In this evaporator, a moderate current of a few Amps is used to heat the
filament strongly enough to induce thermionic emission. This design is most
useful for metals that sublime rapidly before they melt. The evaporator is

not suitable for depositing metal from molten sources.

Sample Cell

The simplest method of temperature control is usually to immerse an exper-
iment in a bath of some substance undergoing a phase change. The classic
example of this technique would be the use of ice water to maintain a con-
stant temperature of 0°C in simple experiments conducted at around sea-
level pressure. Our inert gas adsorption experiments require a much lower
temperature, so the most practical substance for maintaining a constant tem-
perature is liquid nitrogen, which is in equilibrium with its vapor at sea-level
pressure at 77.4 K.

The QCM samples prepared for this dissertation are always prepared and
characterized under UHV, so there is never any direct contact between QCM
and liquid nitrogen. It is, however, easy to chill the section of the vacuum
system surrounding a freshly prepared QCM. The experimental cell where
the QCM resides during adsorption/damping experiments is at the extreme

end of a long, flexible hydroformed bellows. This extremity of the vacuum
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system may be tucked into a dewar and immersed in liquid nitrogen.
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Figure 5.4: Nickel deposition by electron bombardment. A tungsten fila-
ment heated with moderate current (about 5 Amps, either AC or DC, for
a 10 mil wire) exhibits thermionic emission. The thermionic current of a
few milliAmps is accelerated toward the DC-biased metal source, selectively
heating the source on impact. This simple evaporator is appropriate for use

with high-melting-point metals that sublime rapidly before they melt.

Gas Handling

While a good vacuum is required to deposit clean QCM electrodes, tasks
like graphene synthesis, adsorption data taking and calibration of mechani-
cal impedance measurements require large quantities of gas in the otherwise
pristine vacuum. A variety of gases—some highly compressed—must frequently
be introduced into large parts of the vacuum at controlled pressures ranging

from 10~%Torr to 800 Torr. The gases used for this work are: Helium (and
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Figure 5.5: Schematic of sample cell for QCM adsorption/slippage experi-
ments at liquid nitrogen temperature. The QCM package is mobile, and can
be moved around the vacuum system without breaking vacuum. The toggle
serves to shield the sample from the warm parts of the vacuum system when

the sample is chilled in the cold cell.
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Figure 5.6: Schematic of sample in cold cell during a typical experiment at
77K. The sample cell, although it remains evacuated, is immersed in a dewar

of liquid nitrogen.
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occasionally nitrogen) for calibration, carbon monoxide (and occasionally
ethylene) for graphene synthesis, and xenon and krypton for the data tak-
ing. Nitrogen gas from the evaporation of liquid nitrogen is used to backfill
the vacuum system whenever the vacuum must be broken for repair, reno-
vation, or sample exchange. All other gases are administered through a gas
manifold connected to the experimental wing of the vacuum system through
a controlled leak valve. The helium and carbon monoxide are supplied from
high-pressure cylinders. The inert gases used for the adsorption/friction mea-
surements are administered from liquid nitrogen-chilled flasks. The use of
chilled flasks allows us to maintain a low pressure in the manifold and have
extra fine control over the pressure in the experimental wing of the vacuum

system.

Oven

The “oven” appendage of the vacuum system serves two purposes. Its first
purpose is to facilitate the synthesis of graphene on nickel-coated QCM sam-
ples, a process carried out well above room temperature. The second purpose
is to clean the graphene-coated samples between experiments.

The oven-like the cold cell-is located at the end of a length of hydro-
formed bellows, which serves to thermally insulate the oven from the rest of
the vacuum system. This length of bellows is short, because the oven does not
need to be inserted into a dewar. The oven itself is a series of stainless steel
components sealed with Conflat flanges and copper gaskets, which serves as
a pocket to hold the QCM sample package. Heat is provided from outside
of the vacuum by a resistance heater surrounding the oven. The resistance
heater is driven by a variable autotransformer. A type K thermocouple either
embedded in the resistance heater or bolted to the oven measures the tem-
perature. The oven and heater are insulated with several layers of aluminum

foil, permitting the oven to routinely be heated to 500°C.
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Figure 5.7: Vacuum oven for QCM cleaning and graphene deposition.

5.1.2 Electronics

The QCM is both driven and characterized, in our lab, by circuits that were

invented before the transistor [40].

Pierce Oscillator

Figure 5.8 is a schematic for the Pierce oscillator circuit used in this work.
The circuit is optimized for use with 8 MHz quartz crystals in cryogenic
environments. For low temperature work, the quartz crystal must be located
in a dewar. Because few of the other components in the Pierce oscillator are
designed to work under liquid nitrogen, the leads between the crystal and
the rest of the circuit must be unusually long, necessitating a circuit design
tolerant of the high capacitance and inductance associated with the crystal
leads.

With an appropriate DC power supply, the circuit in Figure 5.8 can keep a
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Figure 5.8: Pierce Oscillator Circuit. Reproduced from [23].
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chilled QCM sample oscillating stably at its fundamental resonant frequency.
Over the course of a few hours, the frequency drift of a sample immersed in
a constant quantity of liquid nitrogen is typically within 2 Hz out of 8 MHz.
The frequency shift caused by the adsorption of a monolayer of inert gas is
always at least a power of ten greater than the frequency shift due to thermal
drift over the course of a routine experiment.

The Pierce oscillator is not useful without a means of characterizing the
motion of the quartz oscillator. The frequency of oscillation is normally
the most important quantity, and is easily measured by connecting a fre-
quency counter to the output leads of the Pierce oscillator circuit. The term
“counter” will be used for the specialized frequency analyzer that determines
the most prominent frequency component in an electrical signal. Note that
the QCM frequency is not probed at the crystal leads, but indirectly, at
a connection on the right side of the schematic in Figure 5.8. This detail
becomes important when we want information relating to the amplitude of
QCM motion, a quantity that is not normally directly measured with this

circuit.

Instrumentation and PC Control

A Pierce oscillator circuit connected to a high-frequency counter is sufficient
for conducting simple, brief experiments with a QCM. For this work, the
instrumentation needs to be slightly more elaborate. Figure 5.9 shows how
two Pierce oscillator circuits are linked to produce a signal useful for several
hours of automated data taking. One Pierce circuit serves as a reference,
while the other drives the sample. The mixer—shown in Figure 5.10-combines
the sample and reference signals to produce a signal at a conveniently low
frequency equal to the difference between sample and reference frequencies.
It is usually possible to have a reference crystal that matches the sample
within 100 kHz. Because the sample frequency is measured with respect to a

reference frequency, both frequencies provided by nearly identical circuits, the
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signal from this arrangement is insensitive to variations in the environment
outside of the sample dewar. A long-term drift in ambient temperature,
for example, will tend to distort the output frequency of both sample and
reference boards in the same way. While the separate signals may drift, their
difference will not. The low-frequency difference signal from the mixer is thus
convenient and stable measure of changes in both frequency and amplitude

(mass and damping) in the sample QCM.

Ring-Down Circuit

It is possible to determine the absolute rate of damping of QCM oscilla-
tion, and not just changes in dissipation, if we measure the characteristic
decay time of the oscillation. The procedure is to excite the QCM with a ro-
bust oscillator circuit (Clapp oscillator), then directly view the signal across
the QCM itself with an oscilloscope. The alternate excitation and display
of the “ring-down” oscilloscope trace is accomplished by rapidly making and
breaking connections between Clapp circuit, oscilloscope and QCM with reed
relays. This technique provides a possible alternative to the helium calibra-
tion technique. The damping normally produced with hundreds of Torr of
helium (plus trace contaminants) can now be simulated with a resistor in-
serted in one of the QCM leads. The resulting drop in the Pierce oscillator
output frequency may then be directly correlated with the absolute damping
deduced from ring-down measurements.

The shortcoming of the ring-down technique, as it is now implemented
is that it probably involves QCM vibration at an amplitude much larger
than that produced by the Pierce circuit. If the dissipation is not linear,
but strongly amplitude dependent, the ring-down technique may not prove
accurate for calibration of low-amplitude Pierce oscillator data.

There are cases where we are required to rely on ring-down data to cali-
brate the Pierce electronics for friction measurement. If the Pierce circuit(s)

are disturbed between the adsorption/friction data taking and the corre-
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Figure 5.9: Identical circuits coupled to yield conveniently low-frequency
difference signal. Thermal drift common to both Pierce circuits does not

affect the frequency of the difference signal. Reproduced from [85].
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sponding calibration, or if the QCM irreversibly changes, ring-down snap
shots taken just prior to the adsorption data run can be used to get an
imprecise estimate of the calibration. Calibration is then accomplished by
taking two ring-down snapshots—see Figure 5.11 for an example-one of the
undamped QCM and the other of the QCM damped by a resistor. The re-
sistor is functionally equivalent to the damping normally produced by bulk
helium during a normal calibration run. The resistor produces a significant
change in the output voltage of the combined signal from the Pierce oscil-
lators. This change is accompanied by a change in the decay time of the
oscilloscope trace captured when we take a ring-down snapshot. The cali-

bration constant is then calculated with the following formula:

O OR _ PaVq (1/m9 —1/7)
S(LA) = 4fy (1A — 1/A)

where 7 and 7, represent decay times measured from oscilloscope traces,

(5.1)

and A; and A, represent the corresponding output voltages from the Pierce
oscillators. p, and v, are the density and speed of sound in an AT-cut crystal

oscillating at resonance at frequency fj.

STM

Microscopy provides valuable information that complements QCM adsorp-
tion and dissipation data. While adsorption data alone may be used to
measure the surface area of the QCM electrodes—one measure of the sur-
face roughness—other instruments are required to determine the degree of
crystallinity of those electrodes. Low-Energy Electron Diffraction (LEED)
provides a convenient information on surface crystallographic orientation and
coherence length (crystallite size) for flat evaporated films. For more typical
evaporated films, mesoscale surface roughness makes the interpretation of
LEED patterns difficult. Fortunately, nanometer-resolution real-space im-
ages of conductive surfaces are conveniently acquired with Scanning Tun-

nelling Microscopy (STM). The principle of the technique is illustrated in
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Figure 5.12: Principle of Scanning Tunnelling Microscope (STM). Repro-
duced from [86].

Figure 5.12. The atomic-scale shape of a conducting surface may be traced
by a sharp probe raster-scanned over the surface. Probe-sample separation
is controlled and surface elevation recorded by a feedback system that main-
tains a tunnelling current between the probe and sample.

The STM available for this work was a Digital Instruments Nanoscope 11,
a scope permitting the ex-situ examination of some QCM electrodes in air.
Most materials used for QCM electrodes don’t remain conductive for long in
air, due to rapid oxidation. It is fortunate that the nickel films used in most

of this work are sufficiently inert to permit STM imaging in air.

Auger Analysis

Auger analysis is among the oldest surface science techniques that require

UHV conditions. When a surface held under vacuum is bombarded by an
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energetic electron beam-with typically a few keV per electron-the surface
emits or reflects electrons at all lower energies. A significant fraction of the
emitted electrons have energies characteristic of the elements comprising the
sample surface. When these Auger electrons have kinetic energy on the order
of 100eV, they tend to propagate less than one nanometer through any solid
before being scattered or reabsorbed. The result is that Auger electrons with
energies in the range 100-1000eV emerge almost exclusively from a depth of a
few A or less. In a vacuum system equipped with an electron energy analyzer
and electron gun, it is thus easy to selectively characterize the chemical
composition of surfaces through energy analysis of the 100-1000eV electrons
emitted during electron bombardment of those surfaces.

Auger analysis is so surface sensitive that contaminants deposited from
the air-typically water, oxygen and hydrocarbons—tend to obscure the surface
that is the target of the analysis. Because Auger analysis could not be
performed in situ on the QCM samples in this research, the usefulness of
Auger analysis was limited. The most crucial and reliable measure of surface

quality was always the adsorption data that could be acquired in situ.

5.2 Procedure

5.2.1 Sample Preparation

All data taken for this dissertation was gathered on QCMs assembled in the
nanotribology laboratory. AT-cut overtone-polished 8 MHz quartz crystal
blanks were ordered from Colorado Crystal Corporation [87]. The deposition
of electrodes and packaging of crystals for UHV work was all performed on

site to ensure control over the cleanliness of the samples.
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In Air

Assembly of a QCM for UHV work routinely begins with a quartz blank
(frequently salvaged from a QCM package used for earlier work). The blank
is cleaned by sonication in saturated oxalic acid solution, when salvaged from
nickel-coated QCM packages. Once tenacious nickel films are removed, the
crystals are sonicated in soap for 30 minutes, then sonicated in water for 5
minutes, then rinsed in acetone, isopropyl alcohol and deionized water, in
that order. The crystals are wiped dry with Kim wipes to avoid deposition
of salts from drying water. “Dish spots” are observed to cause metal films
on QCMs to delaminate. After baking the crystals in air at over 100°C' for
an hour, noble metal tabs are deposited on the perimeter of each crystal
to provide reliable electrical contact between the crystal electrodes (to be
deposited later) and the rest of the QCM package.

Once the quartz blanks have tabs, they are seated in specialized quartz
crystal mounts, with the tabs firmly clasped by spring clips. The crystal
mounts are seated in custom-machined stainless steel packages, depicted in
Figure 5.2. These packages are sonicated and baked clean. The order of
assembly has evolved during the course of this work. Initially, mounted crys-
tal blanks were cemented into the packages (using UHV-compatible cement).
Even the best vacuum cement is porous and friable, so later work dispensed
with the vacuum cement in favor of welded joints. For later work, crystal
mounts were helium-arc welded to the stainless steel packages, which were
then sonicated and baked. Installing the quartz blanks in the spring clips
was the final step, when welded packages were used.

The QCM packages serve two purposes. First, the packages contain 3
orthogonal 8-32 threaded holes that permit the QCMs to be manipulated
conveniently under vacuum, using screws to grasp the QCM assemblies. Sec-
ond, the packages contain keyhole-shaped apertures that are used to define
the shape of the QCM electrodes that are deposited in situ, under UHV, just
prior to the QCM adsorption/slippage experiments.
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Electrode Deposition

All metal films used in this work were produced by vacuum evaporation. Sil-
ver (occasionally gold) tabs on the limb of each quartz blank were vacuum-
evaporated onto the blanks from resistance-heated tungsten boats under a
vacuum under 10~%Torr. This step requires only high vacuum, because the
tabs only need to be clean enough to establish good electrical contact be-
tween the QCM electrodes—the crucial surface for the friction studies—and
the electronics.

In most experiments, packaged quartz blanks were introduced to the UHV
system without electrodes. The electrodes are the subject of the adsorp-
tion/friction studies and must be made as clean as possible, so these elec-
trodes were routinely evaporated in situ, just before chilling the fresh QCMs
for data taking.

Early incarnations of the UHV vacuum system had resistance-heated
tungsten boats that served as sources for copper and lead. Most of the
work reported in this thesis was performed on nickel electrodes. For nickel
deposition, a home-built electron beam evaporator was assembled from off-
the-shelf UHV components (see Figure 5.4). This evaporator consists of a
resistance-heated tungsten filament alongside a 4kV-biased nickel rod. A
current of 5 or 6 Amps through the 10-mil tungsten wire filament induces
thermal emission of a few miliAmps into the vacuum. This small current
accelerates across the vacuum to strike the biased nickel source with a power
on the order of 50 Watts. The nickel rod becomes hot enough to sublime
and deposit nickel at a rate of several A per second onto a QCM package an
inch away. With care, this nickel evaporator can produce QCM electrodes at

a pressure of 10~ 1°Torr.

Carbonizing Procedure

QCM provides an alternative to experiments requiring samples of large sur-

face area. Because QCM is sensitive to masses under 1% of an atomic layer

85



thick—so long as the adsorbate covers the active area of the QCM-this tool
permits adsorption studies on essentially any surface that can be securely cou-
pled to the active area of the QCM. This requirement of a “securely coupled”
surface for QCM studies turns out to be a severe constraint. The active area
of a typical QCM experiences a peak acceleration on the order of 107m/s%.
This means we cannot normally glue an ideal surface to a QCM and expect
the QCM to be sensitive to mass and/or damping on that ideal surface. The
presence of macroscopic quantities of adhesive on a QCM usually prevents
stable oscillation.

Fortunately, we don’t need adhesives to securely attach graphene to a
QCM. Monolayer graphite may be conveniently synthesized on QCM elec-
trodes through the catalytic decomposition of carbonaceous gas. The cat-
alytic synthesis of monolayer graphite is actually common in industry, where
such reaction products are a nuisance referred to as catalyst poisoning or
coking [88]. The reaction illustrated in Figure 5.13 has been used in the
synthesis of monolayer graphite on single-crystal nickel surfaces for study by
Low-Energy Electron Diffraction (LEED) and Auger Electron Spectroscopy
(AES) [89].

Graphite has a long history in surface science, providing a convenient
subject for study by techniques ranging from volumetric physical adsorption
measurement to Scanning Tunnelling Microscopy (STM). Graphite is ideal

for surface science for many reasons:

e large surface area The commercial production of exfoliated graphite
for use as a lubricant was a boon to the study of physical adsorption.
A few grams of exfoliated graphite can have an effective surface area

of hundreds of square meters.

e chemical inertness The basal plane of graphite-the surface exposed
by cleaving—is covalently closed. Graphite is thus easy to keep clean

under UHV and convenient for studies of physical adsorption.
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e flatness Large graphite crystals are easily cleaved to produce broad,
atomically flat surfaces. This quality of graphite is essential for the
many surface analytical techniques which rely on diffraction to charac-

terize surface crystallography and other atomic-scale surface properties.

e theoretical simplicity Because the lamellae in graphite interact weakly,
through van der Waals forces, an adequate model of a graphite sur-
face only needs to consider the outermost graphene layer. The lamellar
structure of graphite thus facilitates the comparison of experiment with

theory.

The reaction illustrated in Figure 5.13 is
200 — C+CO, (5.2)

where the carbon dioxide returns to the gas phase, leaving pure carbon
chemisorbed on the catalyst. Most transition metal elements (or transi-
tion metal carbides) appear capable of catalyzing the above reaction [90,
91, 92]. Many carbonaceous gases—including ethene [92], propene [93], and
benzene [90]-react with transition metal catalysts to yield graphene. The
conversion of the surface carbide into graphene is a thermally activated, self-
terminating process. One layer of graphene seems sufficient to “poison” the
catalyst and prevent further carbide formation.

The high temperature required to graphitize, or “coke,” the surface car-
bide prevents us from using just any transition metal catalyst as the foun-
dation for graphite on a QCM. The quartz used in a QCM becomes non-
piezoelectric at 573°C. Graphene synthesis on the more refractory or reactive
transition metals is not generally QCM-compatible. Three elements which
do appear suitable for graphene synthesis on a QCM are nickel [89], iron [88],
and cobalt [94], which all permit reasonably swift graphene formation well
below 500°C. These same elements are frequently used to catalyze carbon

nanotube growth.
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Graphene Synthesis by Disproportionation
of Carbon Monoxide

feedstock: . . final product:
CO at 10 Torr intermediate products: '
NiC and CO, graphene
or
“catalyst poisoning”
CO f
\ Co,
coco ocCc cece COOCC
Nickel at 500 °'C
acting as a catalyst

Figure 5.13: Schematic illustration of one method of monolayer graphite

synthesis.

Once a QCM has a graphite-like surface, experimental results acquired
with the QCM can be compared with decades of experimental results ob-
tained on macroscopic graphite samples—for example, inert gas adsorption
measurements [66]. Earlier measurements of adsorbed inert gas proper-
ties on graphite-heat of adsorption, corrugation, diffusion barriers, lattice
constants—are essential for interpreting the results of current inert gas tribol-

ogy experiments [62, 24].

5.2.2 Data Taking

When investigating the tribological properties of inert gas monolayers and bi-
layers with QCM, the QCM must invariably be maintained at a temperature
well below room temperature. The convenient standard temperature for all

nearly all QCM data considered in this dissertation is 77K, the temperature
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of liquid nitrogen at atmospheric pressure. A liquid nitrogen bath is used
to regulate the temperature of the QCM and its immediate environment,
allowing the QCM to be near thermal equilibrium with its environment at a
constant, well-known temperature. . .

Because all friction and adsorption data is gathered at constant temper-
ature, the degree of adsorption and associated friction is governed solely by

control of the ambient pressure of inert gas.

Adsorption/Dissipation Data Gathering

Once a QCM with presumably fresh, clean electrodes is sufficiently close to
thermal equilibrium with the liquid nitrogen bath—a condition confirmed by
a constant resonant frequency—an experiment may begin. We assume any
mass adsorbed on the QCM and any damping already occurring within or on
the QCM will be constant for the duration of the experiment. Any change
in resonant frequency is attributed the the intentionally introduced inert
gas. Any change of amplitude is attributed to damping of the motion of
adsorbed inert gas. A normal inert gas friction experiment then consists of
the gradual introduction of inert gas into the initially evacuated environment
of the QCM, which produces frequency and amplitude data indicating the
amount of gas adsorbing on the QCM and the nature of its connection to the
QCM. The gas is introduced through a controlled leak valve, allowing the
pressure to vary over a few decades of pressure.

At or near the saturation vapor pressure of the inert gas, the introduc-
tion of more gas only serves to produce a puddle in the coldest part of the
experimental cell, normally some spot outside of the QCM. Starting near
saturation vapor pressure, it is possible to perform a normal data run in
reverse, pumping out the gas and recording the QCM impedance changes
as the pressure goes down. It has been a routine procedure in this work to
record QCM changes under both increasing and decreasing pressure, with

the decreasing pressure data immediately following the increasing pressure
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data. This procedure routinely reveals irreversible features in the data.

Calibration

The determination of adsorbate mass (surface density, more precisely) from
QCM frequency measurements is usually convenient, requiring no calibration
procedure. Determining the magnitude of frictional dissipation at QCM elec-
trodes is not nearly so convenient. With the Pierce oscillator-based instru-
ments used in this work, the dissipation must be inferred from “amplitude”
measurements. What is this “amplitude?” The literal amplitude of oscilla-
tion of a QCM sample—a quantity with units of length—is rarely known. The
“amplitude” recorded from routine QCM friction experiments is the mag-
nitude of an electrical signal-a quantity measured in Volts. This electrical
signal is produced by the combination of a sample and reference signal in a
mixer. The sample and reference signals, in turn, appear at the output ter-
minals of Pierce oscillator circuits. The output from a Pierce oscillator is not
the voltage across the QCM leads, but some function of that voltage. The

2

quantity we refer to as “amplitude,” in this work, is related to the amplitude
of oscillation of the QCM, but the relationship is so indirect and uncertain
that we elect to determine friction without knowledge of the literal amplitude
of the QCM.

Knowledge of the amplitude of oscillation of a QCM sometimes proves
helpful in QCM viscosity /friction studies. In those cases where a QCM is
driven by a stiff signal source of known amplitude, knowledge of the resulting
phase and/or amplitude of the QCM permits calculation of the absolute
magnitude of dissipation in and around the QCM. With the Pierce oscillator,
the crystal is not driven by a stiff, well-known signal. This is the price we pay
for using feedback to automatically drive a QCM at its resonant frequency.

Fortunately, we can relate the amplitude measured during QCM friction
experiments to the acoustic impedance through a calibration procedure—a

procedure that empirically determines amplitude as a function of acoustic
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impedance. This work uses two calibration techniques. The routinely used
technique is helium calibration. Where helium calibration is not permitted,
ring-down calibration is used.

The same acoustic impedance that causes an inert gas-coated QCM to
oscillate at a reduced amplitude may also be imposed by non-condensing
gases. For this work, the most useful non-condensing gas for the purpose
of calibration is helium. The mechanical properties of bulk gases are well
understood, permitting us to apply a known acoustic impedance (described
by Equation 3.13) to a QCM by admitting helium into the experimental
chamber at known pressure. Helium at a pressure ranging from 0 to 800
Torr produces about the same magnitude of friction experienced by a QCM
with varying amounts of adsorbed mass. The helium calibration procedure
involves recording both amplitude and pressure as helium is introduced to
the sample cell. The pressure data permit the calculation of impedance.
Each value of amplitude may thus be matched with a value of impedance.
While amplitude is not generally a linear function of acoustic impedance, the
helium calibration curve is normally adequately approximated by a straight
line, whose slope sums up the calibration in a convenient calibration constant.

The ring-down technique is depicted schematically in Figure 5.11. The
amplitude is varied by the introduction of a resistor into one of the sam-
ple QCM leads. Each amplitude may then be matched with an absolute Q
measurement—accomplished with the technique described in Section 3.3.2.
Equation 5.1 then permits the calculation of a calibration constant from
ring-down times and corresponding amplitudes.

It is fortunate that we need not be concerned with absolute frequency
and amplitude changes. Only the changes in these quantities are needed to
infer the mass of inert gas adsorbed on the QCM and the amount of damping
occurring in the adsorbed film. Even so, it is not evident at a glance how a

QCM amplitude measurement can tell us about the change of friction on a

QCM.
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STM Imaging

STM proves convenient for determining mesoscale morphology of QCM elec-
trodes (Figure 6.26) and, on lucky days, crystalline orientation of the films
deposited of the QCM. While the QCM alone can give us a measure of effec-
tive surface area of the electrodes, the STM tells us the size of the crystallites

in our films.
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Chapter 6
Experimental Results

The identification of “good” QCM adsorption/friction data is a non-trivial
problem. Inert gas film friction is likely to be sensitive to many variables: sur-
face topography; contaminants, both mobile and fixed; temperature; QCM
vibration amplitude. . . All of these variables conspire to produce some disper-
sion in the data, even among samples with nominally identical preparation. A
few tests are required to determine which data sets most faithfully represent
the systems we intend to study.

Some tests of data quality can be applied before acquiring data with the
QCM itself, but most criteria must be applied after inspecting the adsorp-
tion/friction data. We can identify two conditions that make subsequent
data either plausible or suspicious: quality of vacuum and freshness of the
QCM surfaces. When a QCM electrode is deposited or maintained under
poor vacuum (10~ Torr being very poor), doubt is cast on data generated
with that surface. Even a cleanly prepared surface is considered unreliable
when kept for a long time under good vacuum.

In most cases, qualities of the data itself distinguish good QCM data from

bad. Good data are associated with

o Flatness of the QCM surface, indicated by low density of the first

monolayer. We rely on the existence of sharp steps in the frequency vs.
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pressure data to mark the completion of monolayers. Step heights of
30-40 Hz are characteristic of flat surfaces. Step heights of 50 Hz are

interpreted as monolayers on rough surfaces [95].

e Sharpness of step-like features in the adsorbed mass vs. pressure data.
An ideal surface is homogeneous, with uniform binding energy. Such
a surface is expected to produce abrupt step edges, corresponding to
first order phase transitions [67]. Indistinct steps are attributed to
contaminants and/or defects on the surfaces, which will tend to make
the binding energy non-uniform. The result of non-uniform binding
energy is that first-order phase transitions occur over a broad range of
temperature, rather than the narrow range expected of a clean surface.
When the frequency data exhibit sharp steps, we may safely assume
any contaminants either match the sample surface in binding energy,

or have a small footprint (if not small mass) on the sample surface.

e Repeatability of the data. More than one sample should produce the

same result.

Data was gathered for six different tribological systems: xenon adsorbed
on lead, copper, nickel and graphene; and krypton adsorbed on nickel and
graphene. Except for the case of xenon on lead, two data sets are presented
for each system, with the best data—labelled “A”— presented first. Two data
sets per system are required to estimate the uncertainty in the slip times
derived from the data (shown in Table 7.1). Good data sets—data deemed
worthy of inclusion in this thesis—was acquired with a success rate of about
10%. Each data set contains a series of measurements of pressure, amplitude
and frequency. Clear presentation of the data thus requires more than one
plot. For each data set, there are three plots of the data itself and one plot of
the corresponding calibration curve derived from a separate data set. In two
cases, ring-down calibration calculations are substituted for the usual helium

calibration.
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The first plot for each raw data set is the complete series of inverse am-
plitude and frequency measurements, shown together so that the reader may
see how changes in the damping correspond to changes in adsorbed mass. Be-
cause data points are gathered at a constant rate (typically two per minute),
the combined amplitude and frequency plots also give the reader an idea of
how quickly different parts of the experiment were conducted. The experi-
ments were frequently asymmetric, with the increasing pressure phase being
quicker than the decreasing pressure phase.

Each data set has separate plots of frequency and inverse amplitude, each
quantity plotted with respect to pressure. The frequency vs. pressure plots
correspond to the conventional adsorption vs. pressure plots recognized and
used by adsorption specialists. The frequency plots frequently allow the
determination of surface areas and vapor pressures of adsorbed phases. The
amplitude plots are an unconventional contribution to the adsorption data,
giving a measure of dissipation as a function of pressure.

The inverse amplitude data alone does not tell us the magnitude of damp-
ing occurring at a QCM sample surface. The helium calibration curve pre-
sented with almost every data set tells us the ratio of acoustic impedance
to inverse amplitude. This ratio, or calibration constant, is used under the
assumption that the calibration curve may be treated as a straight line, with
the calibration constant as its slope. A glance at the calibration curves reveals
that the calibration curves are not usually straight, but are instead curved.
The curves are fit with straight lines anyway. The uncertainty in the re-
sulting calibration constant expresses the actual variability of the calibration
“constant.” A more elaborate calibration procedure involving a curve-fitting
routine would be justified if the adsorption/friction data had less uncertainty

than the calibration “constant.”
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6.1 Xenon on Lead

The xenon on lead data was gathered as part of a study of the effect of
superconductivity on friction [96]. Although less data was gathered for this
system than for copper, nickel and graphene the slip time curve calculated
from this data and presented in Chapter 7 bears a striking resemblance to
the slip time curve produced in a thorough study of xenon on silver by Chris
Daly [29].

The first monolayer in this data set is marked by a step in the frequency
data that is about 30% higher than it should be. This is normally taken to be
a sign of a rough surface. The sharpness of the steps suggests the roughness
occurs on a large scale, and that the surface is largely smooth and uniform
on a scale of several nanometers.

One noteworthy advantage of the lead surfaces over others studied in this
work is that xenon adsorbed on this surface will desorb, once the ambient
xenon gas is pumped away. For all other surfaces examined in this work, the
first monolayer of xenon is more tenacious, lingering for several hours, even
days, after the experimental cell is evacuated.

Note that xenon adsorbs on lead to a depth little greater than two mono-
layers, indicating that the films do not wet the substrate. This incomplete
wetting is observed for all systems examined in this work. A likely expla-
nation for this effect is that the sample cell is not uniformly cold and that
some part of the cell is about a degree colder than the QCM sample. To esti-
mate the temperature difference between the QCM and its environment, take
the derivative of Equation 4.5 with respect to temperature and rearrange to
obtain

AT = —k—T2AP. (6.1)

eP
Thomy and Duval provide data for multilayer krypton adsorption on graphite
that suggest the 2-layer films routinely deposited on the QCM samples in this
work have about 30% higher vapor pressure than would be expected at 77.4
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K [66]. From the slope of the near-saturation lines in Figure 4.4, we can
estimate a 2nd layer binding energy of about 2000 K. Given AP = 0.3,
€/k =2000K and T'= 80K, the above expression yields AT = 0.9K.
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Figure 6.1: Raw xenon on lead data.
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6.2 Xenon on Copper

The xenon on copper data sets were generated with data from two different
samples. Fresh copper was deposited on the QCM immediately before each
data run. Data set A has an unexplained artifact before data point number
300 that cannot be attributed to intentionally deposited xenon. All data
preceding the artifact was neglected in subsequent analysis.

The hysteresis and /or irreversibility of the adsorption data on copper may
be partly explained by the speed with which the retrace data was gathered.

The most stark difference between the copper data and the lead data is
that the first monolayer of xenon on copper does not desorb in any reasonable
length of time. Evidently, the vapor pressure of the first monolayer on copper
is lower than the vapor pressure of xenon on the surrounding walls of the
experimental cell. This is evidence that the copper surface has higher binding
energy than the experimental cell walls. This problem with a tenacious first
xenon monolayer occurs on all surfaces examined in this work, with the

exception of lead.
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Figure 6.5: Raw xenon on copper data, sample A.
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6.3 Nickel

Two inert gases—xenon and krypton—were used to produce data on freshly
evaporated nickel surfaces. All nickel data presented here originated from
nickel surfaces prepared with an electron-beam evaporator. Adsorption/friction
data was gathered on nickel to characterize surfaces before graphene deposi-
tion, to make sure any peculiar data on graphene could not be attributed to

irregularities in the bare nickel.

6.3.1 Xenon on Nickel

Data set A for xenon on nickel has an unexplained glitch similar to the one
noted in the xenon on copper data. As with the copper data, all data points
before the artifact were disregarded during slip time calculations. Data set
B suffered an irreversible amplitude shift late in the data run, requiring the
use of ring-down measurements to derive the calibration constant. Because
of this irreversible shift in amplitude data, the inverse amplitude vs. pressure

plot contains only a forward trace.
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Figure 6.9: Raw xenon on nickel data, sample A.
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Figure 6.11: Mass vs. pressure for xenon on nickel, sample A.
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6.3.2 Krypton on Nickel

The most striking difference between the data for krypton on nickel and that
for xenon on nickel is that krypton will desorb entirely from the surface after
a couple hours of pumping. For nickel, as with graphene, krypton provides

us with reversible adsorption data, in contrast to xenon on most metals.
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Figure 6.13: Raw krypton on nickel data, sample A.
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Figure 6.16: Dissipation vs. pressure for krypton on nickel, sample A.
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6.4 Graphene

We should first admit that “graphene” is the convenient label we use for
carbon-treated nickel surfaces of uncertain character. While we can be rea-
sonably sure that “graphene” surfaces are coated with carbon, it is difficult
to establish the purity, thickness and crystallinity of these surfaces.

The QCM inert gas adsorption data presented here provides strong evi-
dence that the carbon-treated nickel surfaces are at least uniform in binding
energy. Compare the frequency vs. pressure plots for “xenon on graphene”
with those for xenon on nickel. The step-wise nature of the former data in-
dicates the surface has uniform composition. This uniformity would not be
expected of other likely products of the graphene synthesis procedure. Nickel
carbide is a reactive species that would swiftly accumulate contaminants, be-
coming less uniform than any other surface examined in this dissertation [90].

An additional argument for identifying the carbon-treated surfaces in this
study as graphene samples is that graphene is a ubiquitous contaminant in
surface science. See Figure 6.24 for an Auger analysis of a nickel surface baked
at 400°C in a vacuum maintained by a diffusion pump. Even a poorly con-
trolled carbonaceous contaminant like diffusion pump oil will spontaneously
decompose to form graphitic carbon. The thinness of the graphene in this
example is evident from the presence of the nickel signal in the same Auger
scan. Considering how easily graphene forms by accident, graphene is at least
the most likely product of the intentional graphene synthesis attempted in
this work.

If we can confidently identify the top layer of atoms on a graphene sam-
ple as graphitic carbon, it is more difficult to identify what is immediately
beneath this top layer. The likeliest possibilities are more graphene, nickel
carbide, or pure nickel. While the subsurface species could easily affect the
properties of the graphene surface, identifying sub-surface phases is beyond

the scope of this dissertation.
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6.4.1 Xenon on Graphene

Data set A for xenon on graphene required a ring-down calibration. Data set
B has a large gap in the amplitude data that is the result of a glitch in the
instrumentation. The QCM itself was stable during this gap in the recorded
data.
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Figure 6.17: Raw xenon on graphene data, sample A.

This particular xenon on graphene data set must be calibrated with the
ring-down method. Using Equation 5.1 and quantities measured in asso-
ciation with two ring-down snapshots acquired just before the xenon on

graphene data run, the calibration constant is

OR
d(Ah

(1/1.58ms — 1/1.75ms)
(1/52mV —1/73mV)

= (2.8 x 1072g/cm?) =0.30 £ 0.15Vg/cm?s
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Figure 6.19: Dissipation vs. pressure for xenon on graphene, sample A.
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6.4.2 Krypton on Graphene

The data presented for krypton on graphene arises from two different surfaces
prepared on the same QCM. Because we cannot rule out unusual effects
due to the quartz itself, this pair of data sets does not securely establish
repeatability of the results. The analysis following from this data should not

be given the same weight as that for krypton on nickel.
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Figure 6.20: Raw krypton on graphene data, sample A.
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6.5 Supporting Data

Because one analytical technique is rarely sufficient to characterize a surface,
complementary techniques must be applied to any one surface before we are
confident in the results of our analysis. While QCM yields a convenient
measure of surface roughness, surface chemical composition and grain size

must be determined by other tools.

6.5.1 Auger Analysis

Auger analysis was used in an attempt to identify the products of the “graphene”
synthesis procedure. A special sample was prepared with the putative graphene
coating on one side and a fresh coat of nickel on the other. This sample was
carried through air to a vacuum system with Auger analysis capability.

The shortcoming of this procedure was evident when Auger analysis re-
vealed the same result—a thin graphene layer on nickel-on both sides of the
QCM. After carrying the sample through air, a cleaning procedure is required
to remove water and hydrocarbons from the QCM surface. Our procedure
of baking the sample at 400°C into a diffusion pump apparently causes the
formation of graphene from ambient pump oil on any bare nickel surfaces.
The conclusion of this instance of Auger analysis is that graphene is easy to

synthesize.

6.5.2 STM Images

While QCM gives a convenient measure of surface roughness, STM is required
to determine the grain size and crystallinity of the polycrystalline metal sur-
faces used in this work. The high-resolution STM image reveals a traingular
surface lattice, which is to be expected of either Ni(111) or graphene sur-
faces. The large-scale scan reveals that at least some grains in the nickel

films span scores of nanometers in width. The STM data confirm that we
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Auger Analysis on Graphene
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Figure 6.24: Auger analysis of carbon-coated nickel, courtesy of Mohamed

Abdelmaksoud [97].

have not produced glassy or other exotic surfaces during routine nickel and

graphene depositions.
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Figure 6.25: Nanometer-scale STM images that confirm (111) crystallo-

graphic orientation on at least two QCM electrodes.
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Figure 6.26: Mesoscale STM image of nickel QCM electrode.
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Chapter 7
Analysis and Discussion

The central purpose of this dissertation is to explain a routine observation of
QCM tribology that has remained unexplored for several years. We routinely
use QCM measurements of a physisorbed film to determine “slip time” for
the film as a function of the film’s density. A typical plot of slip time versus
coverage is displayed in Figure 7.4. There is one puzzling feature that appears
at the low-coverage end of slip time curves for most adsorbate-substrate
combinations. The slip time grows long as the coverage approaches zero. It
would appear that the most slippery films are those of the lowest density.
The data analysis will emphasize the effect of the 2D gas phase on QCM
measurements performed at low (sub-monolayer) coverage.

At a glance, it would seem reasonable to neglect the effect of a 2D gas
phase on QCM measurements of a film with a 2D condensed phase. If we
weigh a vessel with comparable volumes of gas and liquid on a conventional
balance, only the most precise measurement would warrant taking account
of the mass of the gas, which is typically three powers of ten less dense than
the liquid.

With QCM measurements, we cannot neglect the 2D gas phase as confi-
dently as we neglect the bulk gas phase on a conventional balance. Confining

an inert gas to two dimensions increases the density of the gas phase rela-
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tive to the condensed phases. For example, a 3D inert gas governed by a
Lennard-Jones potential that has 0.2% of the density of its solid phase at
the triple point is predicted to have a 2D gas phase with about 1% of the
corresponding 2D condensed phase density. This prediction understates the
true density of 2D inert gases, which can have over 10% of the density of
the 2D solid phase [28]. The adsorbed gas films studied for this thesis are
likely to have significant masses in the 2D gas phase. The apparatus used for
this work is sensitive to mass changes corresponding to 1% of a monolayer
of inert gas. The high 2D gas densities observed with other surface science
techniques should thus be easily measured with the QCM.

The simplest analysis of QCM data for an inert gas film is performed with
the assumption that the film is uniform, presenting the same impedance
at any spot on the QCM surface. This assumption works well enough for
uniform films governed by a linear friction law. This assumption is less
viable when the film is composed of more than one phase. It is certain
that the films studied for this thesis exhibit at least two phases during the
condensation of the first monolayer, and that these two phases—2D gas and
2D solid—must have drastically different densities. It is likely that the two
phases will also have very different slip times. Because the QCM experiments
performed for this thesis examine films varying in density from zero to two or
three monolayers, we can estimate slip times for pure gas films and pure solid
films and conclude that the gas phase exhibits much lower friction than the
solid phase. This conclusion is consistent with the assumptions of theoretical
studies that attribute friction to interactions between adatoms, interactions
that would be muted for a gas phase.

The experiments described here were performed at a sufficiently high
temperature to permit thermal diffusion of isolated adatoms. At 77K, the
characteristic thermal energy of about 6 meV is comparable to or greater
than the corrugation of most surfaces listed in Table 4.2. The corrugation

data does not account for the effects of reactive defects in surfaces, which
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may determine the friction of gas-phase films for the case of copper.
Examine the sliptime vs. coverage plot for xenon on lead, figure 7.1. At
the low-density end of the plot, there is an asymptotic spike in slip time that
occurs in the majority of gas/substrate combinations examined by QCM. The
data points in this spike originate from QCM data gathered as the 2D solid
phase of the adsorbate condenses, rapidly replacing the initial 2D gas phase.
To understand the origin of this spike in slip time, consider Equation 7.1. For
the small slip times 7 < 1/w considered in this dissertation, R is a function
of QCM amplitude and X is proportional to adsorbed gas mass. In the case
of this data set for xenon on lead, the QCM amplitude is nearly constant

when the xenon condenses most rapidly:
T = R/X — constant/m (7.1)

which at least qualitatively agrees with any “garden variety” slip time curve
at low coverage. Remember that 7 should not be taken too literally, but
should be considered a weighted average of the slip times of all phases ad-
sorbed on the QCM.

It can be argued that the slip times of individual phases in a two-phase
system should be constant during a phase change. If we can regard the slip
time of an inert gas film as an intrinsic property of the film determined by its
thermodynamic state, Gibbs” phase rule suggests all intrinsic properties—slip
time included—should be fixed during the 2D gas to 2D solid phase transition.
When the adsorbed film has just one phase, experiments conducted at fixed
temperature will leave just one degree of freedom—say, pressure. Film density
is a function of pressure. When the 2D solid phase condenses, both temper-
ature and pressure are fixed and equivalent for the 2D gas and 2D solid. The
densities of 2D solid and 2D gas should be fixed, for a system sufficiently
close to thermal equilibrium. The macroscopic density of the film will only
vary because the proportion of 2D gas to 2D solid will change. Likewise,

the effective slip time during a phase transition will only vary because the
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slip times of individual phases enter into the effective slip time with variable
weight.
Applying the above reasoning to the initial spike in the slip time plot for
a generic slip time vs. coverage curve, the apparent variability of slip time
at sub-monolayer coverage is an illusion. The effective slip time only varies
because the proportion of 2D gas to 2D solid varies as “coverage” varies from
0 to 1 monolayer. We can attribute the maximum effective slip time to a
pure 2D gas and the minimum effective slip time to a pure, uncompressed 2D
solid. For low slip times, the dissipation is related to the 2D phase densities
and slip times by
1/amplitude o< p111 + paTo (7.2)

where subscripts 1 and 2 refer to 2D gas and 2D solid quantities, respectively.
When we compare the initial dissipation to the final dissipation 7, and 7, are
related by

P1T1 = QPaTo (7.3)

where « is the ratio of initial dissipation to final dissipation during the phase
change. For a generic data set, « is not far from unity. Rearranging this

expression, we arrive at the result that

T = (0402/,01)7'2 (7-4>

Where the quantity in parentheses will usually be larger than one. For typical
data sets, the result is that 7 is larger than 7, by an order of magnitude,
corresponding to the order-of-magnitude density change between 2D gas and
2D solid phases.

It will be obvious at a glance that even the small selection of “good”
data sets presented in this dissertation produces slip time curves of great
variety. To decide which slip time curve is most representative of the system
it describes, we look for the curve that exhibits the lowest friction. When
there is more than one repeatable result satisfying the usual criteria for good

data, we are forced to recognize the possibility that small concentrations of
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contaminants can have significant effects. Assuming contaminants are more
likely to impede the flow of inert gas films than assist that flow, we attribute
high-friction data to contaminants and assume low-friction data represents
the most ideal inert gas films.

This last criterion of good data recognizes that the contaminants may
be mobile. This is demonstrated by the not-uncommon occurrence of data
sets that appear to exhibit negative friction. The plausible explanation for
apparent negative friction is that a typical data run begins with a significant
amount of dissipation due to mobile contaminants. Inert gas intentionally
adsorbed on the nominally clean QCM may then impede the motion of the

contaminants, causing the dissipation to drop.

7.1 Xenon on Lead

For want of specific data, we will assume xenon on lead is much like xenon
on graphene. Following the analysis for xenon on graphene, we assume the

2D gas on lead has 6% of the density of the uncompressed 2D solid.
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Figure 7.1: Slip time vs. coverage for xenon on lead.

7.2 Xenon on Copper

The slip time curves depart from the form of “garden variety” curves at
the low-coverage end, where the 2D gas phase is apparently stuck. Because
copper is the most reactive substance used in this work—or any QCM friction
study the author is aware of—one plausible explanation for these results is that
the evaporated copper films used in this work have many reactive sites that
sequester dilute xenon. We can then infer from the data that the reactive
sites correspond to surface defects, and do not cover the whole surface. A
xenon film thick enough to form only a 2D gas seems sufficient to fill all

reactive sites.
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Figure 7.2: Slip time vs. coverage for xenon on copper, sample A.

7.3 Nickel

7.3.1 Xenon on Nickel

For want of specific data, we will assume xenon on nickel is much like krypton
on graphene. Following the analysis for xenon on graphene, we assume the

2D gas on nickel has 6% of the density of the uncompressed 2D solid.
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Figure 7.3: Slip time vs. coverage for xenon on nickel, sample A.

7.3.2 Krypton on Nickel

For want of specific data, we will assume krypton on nickel is much like
krypton on graphene. Following the analysis for krypton on graphene, we

assume the 2D gas on nickel has 15% of the density of the uncompressed 2D
solid.
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Figure 7.4: Slip time vs. coverage for krypton on nickel, sample A.

7.4 Graphene

7.4.1 Xenon on Graphene

Using the left-most isothermal line in Figure 4.1 and using linear interpo-
lation, one can estimate that the 2D gas phase will have about 6% of the
density of the uncompressed 2D solid phase at 77.4K.
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Figure 7.5: Slip time vs. coverage for xenon on graphene, sample A.

7.4.2 Krypton on Graphene

Using the left-most isothermal line in Figure 4.2, the 2D gas phase should
have 15% of the density of the uncompressed 2D solid phase, at 77.4K.

It is tempting to attribute the near-zero sliptime at intermediate coverage—
0.10 to 0.15 A2 to the known commensurate phase of krypton on graphene.
This interpretation is unreliable for three reasons. First, both data sets
presented here came from the same QCM sample. Second, the apparent
cessation of film slippage occurs at different values of coverage for the two
data sets. Finally, commensurability should result in zero slippage at low
coverage, and not just over the narrow range seen in Figures 7.6 and B.5

the following data sets.
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Figure 7.6: Slip time vs. coverage for krypton on graphene, sample A.
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7.5 Discussion

This chapter summarizes the experimental results presented in the previous
chapter and explains what the data imply about the fundamental causes of
sliding friction. The last decade witnessed the emergence of competing theo-
ries of sliding friction for molecularly thin films on metal surfaces. The data
presented in this thesis suggest that phononic theories of nanoscale friction
are more important than electronic theories for explaining the behavior of
dense films. Electronic friction mechanisms appear most relevant for explain-
ing 2D gas friction on some conductive surfaces.

Some attention is devoted to theoretical work by Sokoloff that predicts
the near absence of friction for sliding objects of sufficiently small size [21].
While Sokoloff suggests this size-dependent friction may account for the rou-
tine observation of low friction for low-density films on QCMs, more rigorous
theoretical work by Boutchko and Bruch appears more relevant to the experi-
ments described here [33]. Sokoloff’s theory cannot be dismissed on the basis
of current QCM data, because the conventional implementation of the QCM
is insensitive to the most striking effects predicted by Sokoloff. A modest
modification of the QCM used in this work is proposed for giving Sokoloff’s
work a proper test.

Table 7.1 summarizes the results of the QCM data analysis. For each
of the six systems covered in this dissertation, slip times are listed for the
coexisting 2D gas and 2D solid phases. The ratio of gas to solid slip time is 4
for krypton on graphene, 10 for krypton on nickel, and 6 or 7 for most of the
xenon data. Xenon on copper provides the noteworthy exception, where the
2D gas exhibits much higher friction than the 2D solid. Values of corrugation
from Table 4.2 are listed in the column labelled V, and used to calculate
the values of theoretical phononic friction in the next column, labelled ;.
Following work by He and Robbins that assumes friction is phononic intra-
adsorbate dissipation [26], 7; V;Q, with the slip time expressed in arbitrary

units to yield 7 = 1 for xenon on copper. The final column gives a measure
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of agreement between the data and this basic phononic theory of friction.
The dissimilar values in the final column, at first glance, suggest that the
basic phononic theory is not sufficient to explain the data presented here.

The incomplete agreement between theory and experiment visible in Ta-
ble 7.1 may arise from uncertainty in the corrugation values. Nickel is par-
ticularly likely to have this problem, because the corrugation for that surface
was determined by surface diffusivity measurements. Cooperative diffusion
mechanisms—the diffusion of adatoms in islands, rather than individually—
is known to confuse the determination of individual atom diffusion barrier
heights [98, 99]. Assuming a correct corrugation value for xenon on nickel is
much lower than the value from Table 4.2, the elementary phononic friction
theory works more consistently than it appears to at first glance.

To explain the remaining disparity between the figures for copper and
graphene in the final column of 7.1, it is tempting to invoke electronic fric-
tion. Electronic friction on metals is caused by the scattering or excitation of
conduction electrons [20]. Friction is thus expected to be greatest on metals
with the highest density of conduction electrons. The low slip time for xenon
on copper is consistent with a large component of electronic friction in the
total friction measurements displayed here. Bulk graphite is, in contrast, a
semi-metal with a low density of conduction electrons under ordinary cir-
cumstances. The data then suggests that the friction measured in these six
tribological systems has a small, but significant electronic component. Elec-
tronic friction is not likely to be the most important component of friction
for the systems studied here, because electronic friction is not predicted to
vary by a large magnitude as an adsorbed layer changes phase. Even if we
assume 2D gas-phase friction to be entirely electronic, this electronic friction
accounts for less than 30% of the friction observed in any of the 2D solids
examined in this thesis.

We should hesitate to attribute even 2D gas friction entirely to electronic

effects, because existing phononic friction theory seems capable of explaining
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friction in the lowest density inert gas films. The work of Boutchko and Bruch
on 2D gas-phase friction is mentioned in Chapter 2. Their average slip time
estimate of 2-3 ns overlaps the value determined here [33]. This agreement is
somewhat surprising, considering the 2-3 ns quantity (exact value depending
on sliding direction) is an average over all positions an adatom may occupy.
The corrugation of the adatom-surface potential should cause adatoms to be
non-uniformly distributed on the surface, favoring binding sites with higher
energy. Boutchko and Bruch show that friction should be acutely position
sensitive, with the local slip time varying by one or two powers of ten, de-
pending on where adsorbates are bound. This suggests that the two phases
should exhibit different degrees of friction, if only because the solid phase
forces adatoms to follow paths they would tend to avoid in the gas phase.

How is the friction acting on an adatom altered by the presence of neigh-
bors that constrain its motion? The theory should be extended to address
this question. It may be easier to explain why 2D gas friction appears much
lower than 2D solid friction than it is to explain the magnitude of friction
for either phase. Weak interactions between neighboring adatoms in the 2D
gas phase tend to eliminate the intra-adlayer mechanisms of dissipation. The
remaining possible friction mechanisms are the direct radiation of phonons
into the substrate—as described by Boutchko and Bruch—or some form of
electronic friction—as described by Persson and measured by Schumacher.
Either mechanism of 2D gas friction must be much weaker than the friction
mediated by intra-adlayer interactions in the 2D condensed phases.

Before we can confidently claim to know anything about 2D gas phase fric-
tion, we must address and dispense with one competing theory of nanoscale
phononic friction. The theoretical work of Sokoloff, mentioned in section 2.1,
suggests that the 2D solid does not have a uniform slip time early during
the nucleation and growth of that phase. Sokoloff suggests that the low fric-
tion routinely inferred from QCM measurements at low coverage is due to

low friction in small islands of 2D condensed phases [21]. While Sokoloff’s
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theoretical work on this subject suggests that friction may abruptly vanish
for 2D solid islands below a critical size, such a dramatic effect is not likely
to produce equally dramatic data. To see why, consider the relation between
damping and slip time plotted in Figure 3.5. Notice that both immobile films
and frictionless films will have the same effect on QCM damping: no dissi-
pation occurs within films at either extreme of the slip time spectrum. The
nearly frictionless islands proposed by Sokoloff will only be distinguishable
from high-friction islands by their contribution to the mass measurement. In
subsection 3.2.2 the relation between the effective mass of an adsorbate and
its slip time is given. In the limit of long slip time (low friction), the effec-
tive mass of an adsorbate is proportional to the friction, or the reciprocal of
slip time. Frictionless islands will have zero effective mass. To attribute the
typical low-coverage slip time data to small, slippery islands, we would have
to assume a film composed mostly of tiny islands with slip time comparable
to the period of the QCM. The islands would have to be uniform in size at a
very particular size, in light of Sokoloft’s prediction of an abrupt transition
from frictionless to normal sliding at the critical size. Even if the hypothet-
ical nearly frictionless islands do exist in QCM nanotribology experiments,
alternative analytical techniques are probably required to even detect them.

Considering that isolated inert gas adatoms-the constituent particles of a
2D gas—are the smallest islands we could hope to produce, Sokoloff’s theory
implies that the 2D gas phase is frictionless. If this is the case, a QCM
should be nearly insensitive to the 2D gas phase. All the data presented in
this thesis would then only reflect the properties of 2D solids at or above the
critical size for regular friction.

The present work does not permit us to rule out the possibility of low
friction in the 2D solid phase and nearly zero friction in the 2D gas phase.
Exotic frictionless species may lurk within the QCM data presented here,
but only if the more mundane theories of electronic and phononic friction of

isolated adatoms greatly overestimate the magnitude of friction in the 2D
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gas phase.

Before we accept the existence of frictionless nanoscale inert gas islands
on real QCM surfaces, we need to refute any and all theories that predict
significant friction for 2D gas on a normal vacuum evaporated metal film.
Even if nanoscale friction between inert gas and metal could be eliminated
entirely, a finite amount of friction would still arise from the finite roughness
of the electrodes prepared on any real QCM. This roughness can cause friction
by at least two obvious mechanisms: 2D viscosity [30, 100] and 2D pressure-
driven phase changes within the plane of the inert gas [100]. While an island
can slide over an ideally flat surface without deforming, the island must bend
to slide over a simply curved surface and must shear to slide over a typical
compound curved surface. Unless krypton and xenon are 2D superfluids at
77K on metal surfaces, their internal viscosity will generate a component of
friction related to the mesoscale roughness of normal QCM electrodes.

Islands of finite extent will experience both elastic and inelastic forces
traceable to the mesoscale roughness of evaporated metal surfaces. The elas-
tic forces arise from the line tension within the edge of any 2D island. An
island encircling either an asperity or a pit on a surface will be drawn toward
that asperity or pit in order to minimize the edge length and corresponding
edge energy of the island. This restoring force will not be entirely elastic.
Whenever the island is displaced from equilibrium, the curvature of its edge
will be asymmetric. The island will be restored to its equilibrium partly
through a phase change, with the more sharply curved edge loosing mass
through sublimation and the less sharply curved edge gaining mass through
condensation. If a QCM does work on an assembly of islands giving them
energy in the form of elastic strain, a part of that strain energy will be lost
through strain-relieving phase changes.

Friction arising from the effects of roughness in QCM electrodes is not
reported because no correlation is observed between the electrode roughness

inferred from QCM monolayer density measurements and the slip time de-
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rived from the frequency and dissipation measurements. This does not mean
that topographic friction does not exist, but that it is smaller than competing
friction mechanisms. These competing friction mechanisms, whatever they
may be, cast doubt upon any theory predicting near-zero friction on a QCM
surface, so theories of frictionless islands should be regarded with great skep-
ticism. Recognizing that extraordinary claims require extraordinary proof,
the bulk of this thesis is written under the assumption that nanoscale friction
is finite and measurable through currently practiced QCM techniques.

For the systems studied here, friction is attributable to either electronic
or phononic effects, with the dominant effect being uncertain and dependent
on the composition of the metal surface used for the measurements. While
friction of xenon on copper appears to have a significant electronic compo-
nent, the friction of krypton on graphene appears to be adequately explained
by the phononic theory of Boutchko and Bruch.

In 2D solid inert gas films, friction appears to be mediated by interactions
between densely packed adatoms. For these dense films friction is phononic.
These films can be adequately modelled by assuming the underlying metal

is essentially perfectly rigid, with no electronic degrees of freedom.
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Table 7.1: Slip times for 2D gas and uncompressed 2D solid phases. The last
column would be constant if solid-phase friction were adequately described

by simple phononic theories of friction.

system | 7,(ns) Ts(ns) | 74/7s | Vy(meV) | 7(AU.) | 75/7
Xe/Pb | 5+3|07+04] 7 — —

Xe/Cu 0]104+£0.2 0 1.9 1 0.4
Xe/Ni | 24+1[0.3£0.2 7 14 0.018 17
Xe/Gr | 6+3|1.0£05 6 5.3 0.13 7.7
Kr/Ni | 24+1[0.2+0.1 10 — —

Kr/Gr | 4+£2|1.0£05 4 24 0.61 1.6
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Chapter 8
Suggestions for Future Work

The first suggestions outlined here pertain to outstanding questions of imme-
diate concern to all QCM nanotribology. The more long-range suggestions
revolve around the promise of monolayer graphite as a subject for nanotri-
bology research.

A QCM optimized to measure mass independently of friction would be a
valuable complement to the standard QCM. An AT-cut QCM is adequate,
where we can assume the subject of investigation is a uniform sliding film
governed by viscous friction with a finite slip time.

A valuable and convenient complement to QCM for investigations of elec-
tronic friction is measurement of the electrical resistance associated with ad-
sorbed species on thin metal films. This technique for measuring purely elec-
tronic friction has been applied to various adsorbates on silver [101, 102, 19].
Similar measurements for xenon on copper would elucidate the importance
of electronic friction in the QCM data presented for xenon on copper in this
thesis.

A fitting subject for more research, both fundamental and applied, is
monolayer graphite. Monolayer graphite on a QCM can do more than serve
as a model, portable graphite surface. The electronic, mechanical and geo-

metric properties of graphene on metal are routinely different from the prop-
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erties of bulk graphite [92]. An extreme example is the case of graphene on
Ni(111), where the graphene is stretched by over 2% of its bulk lattice con-
stant to form a commensurate overlayer. The graphene experiences changes
in stiffness and work function that are even more extreme than the change
in lattice constant. For all other metal surfaces, the graphene overlayer is
incommensurate with the metal and more relaxed [103]. When we interca-
late noble metals—like gold—between graphene and nickel, the graphene is a
much more faithful model of the bulk graphite surface [93]. The interca-
lation procedure is to deposit a few monolayers of noble metal on top of
the graphene, then anneal, causing the metal to migrate underneath the
graphene. Careful choice of catalyst or intercalating species makes it possi-
ble to tune the properties of a model graphite surface. This tunability of a
QCM-mounted graphite surface may permit modification of the tribological
properties of the graphene—properties that may be probed through inert gas
film impedance measurements [62] or through QCM-STM experiments [51].
Ability to modify the tribological properties of graphite may help us under-

stand why graphite is a lubricant and how to make improved lubricants.
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Appendix A

Supplementary Data Sets

This appendix presents data sets corroborating the best data presented in
chapter 6.

A.1 Xenon on Copper
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Figure A.1: Raw xenon on copper data, sample B.
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Figure A.2: Calibration curve for xenon on copper data, sample B. Calibra-
tion constant: 0.70 4+ 0.11V g/cm?s.
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Figure A.5: Raw data for xenon on nickel, sample B.

A.2 Nickel

A.2.1 Xenon on Nickel

This particular xenon on nickel data set must be calibrated with the ring-
down method. Using Equation 5.1 and quantities measured in association
with two ring-down snapshots acquired just before the xenon on nickel data
run, the calibration constant is

OR _ (1/1.52ms — 1/1.63ms)
——— = (2.8x107? 2
sa-n) — A0 g em ) e GV =1 /6T 5mV )

= 0.20+£0.10Vg/em?s
(A1)
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Figure A.6: Mass vs. pressure for xenon on nickel, sample B.
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Figure A.7: Dissipation vs. pressure for xenon on nickel, sample B.
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Figure A.8: Raw krypton on nickel data, sample B.
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Figure A.9: Calibration curve for krypton on nickel data, sample B. Calibra-
tion constant: 0.32 £ 0.14V g/cm?s.
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Figure A.10: Mass vs. pressure for krypton on nickel, sample B.
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Figure A.11: Dissipation vs. pressure for krypton on nickel, sample B.
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Figure A.12: Raw xenon on graphene data, sample B.

A.3 Graphene

A.3.1 Xenon on Graphene

162



;
0404 He calibration of graphene at 77K /]
(010401b,0.036) ~gU

0.35 o
0.30 -
0.25

0.20

dissipation (g/cm”2 s)

0.15

0.10

0.05 SR
28 30 32 34 36 38

1/amplitude (1/V)

Figure A.13: Calibration curve for xenon on graphene data, sample B. Cali-
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Figure A.14: Mass vs. pressure for xenon on graphene, sample B.
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Figure A.15: Dissipation vs. pressure for xenon on graphene, sample B.
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A.3.2 Krypton on Graphene
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Figure A.17: Calibration curve for krypton on graphene data, sample B.
Calibration constant: 0.33 £ 0.08V g/cm?s.
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Figure A.19: Dissipation vs. pressure for krypton on graphene, sample B.
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Appendix B

Supplementary Slip Time Plots

This appendix presents slip time plots corroborating the best plots presented
in chapter 7.
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Figure B.1: Slip time vs. coverage for xenon on copper, sample B.
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Figure B.2: Slip time vs. coverage for xenon on nickel, sample B.
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Figure B.3: Slip time vs. coverage for krypton on nickel, sample B.
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Figure B.4: Slip time vs. coverage for xenon on graphene, sample B.
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Figure B.5: Slip time vs. coverage for krypton on graphene, sample B.
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