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CHAPTER 1

INTRODUCTION

Micro- and nanoelectromechanical systems (MEMS/NEMS) define a broad and diverse
collection of devices that combine both electronic and mechanical components with feature
lengths on the order of a few nanometers to hundreds of microns. In the heart of the Digital
Age and in an era of miniaturization, MEMS and NEMS have found prominence in a vari-
ety of application areas including pressure sensors used in smartphones', airbag systems?2,
and autonomous vehicles?, piezoresistive cantilevers for atomic force microscopes4, and
lab on a chip devices for point-of-care diagnostics.> However, the lack of a robust lubrica-
tion scheme threatens the lifetimes of these devices and often restricts the design of MEMS
and NEMS to avoid sliding contact between components, increasing device complexity and
limiting their application.® As a result of the high surface area-to-volume ratios present in
these devices, the viscosity of traditional macroscale lubricants, i.e. oils, is increased by
several orders of magnitude’™, reducing effectiveness, and introducing a significant tri-
bological barrier. Further compounding this issue is the chemical makeup of the surfaces
typically found in MEMS and NEMS, which often consist of high energy silica (a result
of the oxidation of silicon, perhaps the most common material for microfabrication); the
dominance of interfacial forces in this environment can rapidly lead to surface degradation,
which threatens device effectiveness.

Surface functionalization by monolayer films has been proposed as a potential solution
to the lubrication issue of MEMS and NEMS. The typical structure of a monolayer film
in the context of lubrication features a dense packing of chains, each containing a head-
group (physically or chemically adsorbed to the surface), backbone (typically featuring
a hydrocarbon chemistry), and a terminal group (most commonly a methyl group). While

monolayer films have been shown to reduce frictional and adhesive forces between surfaces



and provide a means for surface protection, these materials have yet to find widespread use
as lubricants for MEMS and NEMS. This is primarily a result of durability issues, where
films have typically been shown to feature lifetimes on the order of hours to days under
standard operating conditions. Despite this shortcoming, the highly tunable chemistry of
monolayer films provides considerable optimism that sufficient chemical optimization can
improve the tribological performance these materials and improve their viability as lubri-
cants for MEMS/NEMS.

While experimental approaches are vital for testing monolayer films under conditions
comparable to MEMS/NEMS devices, computational techniques, such as molecular dy-
namics (MD) simulation, have found utility as a tool for understanding the mechanisms
influencing monolayer tribology with molecular-level resolution. Through direct control
over system variables, MD can help guide experiments towards the discovery of new and
promising monolayer chemistries; however, the lack of robust initialization and workflow
management tools have prevented MD from realizing its full utility in this regard, hindering
the ability to perform large-scale screening over monolayer chemical space.

The work contained herein utilizes MD to broaden the field of knowledge of monolayer
tribology and aims to advance the methods by which MD is applied to study these mate-
rials. This work can be categorized into three primary thrusts: 1. the use of MD to study
molecular-level mechanisms of monolayer friction and degradation (Chapters 3 & 4), 2.
large-scale screening of monolayer chemical space (Chapter 5), and 3. the development of
a computationally efficient model to facilitate future screening (Chapter 6).

First, in Chapter 3, MD is used to examine the degradation of conventional alkylsi-
lane monolayer films. Particular focus is given to how surface structure influences the
degradation of these films, as well as to how the chemistry of the monolayers themselves
(in particular the backbone chain length) affects this process. Here, only planar surfaces
are considered to provide a baseline understanding of this process; however, in MEM-

S/NEMS devices surfaces often feature surface irregularities or asperities (characterized by



nanoscale roughness), which may act as focal points for monolayer tribological efficacy.
To address this, in Chapter 4, simulations are performed of monolayers under contact by
a model nanoscale asperity. Particular emphasis is placed on understanding the various
friction mechanisms present in this environment, and how these mechanisms are affected
by the chemistry of both the contacting surfaces and the monolayer films.

In addition to providing an atomic level vantage point for examining the mechanisms
involved in monolayer friction and wear, MD simulations also allow for precise control
over system chemistry, affording the ability for large-scale screening of monolayer chem-
ical space. This is critical to the discovery and design of novel monolayer films that may
provide enhanced tribological performance. To date, however, the necessary computa-
tional tools have not been available to easily exchange chemical components of systems,
perform force field parameterization, and manage simulation execution for large numbers
of systems. The Molecular Simulation and Design Framework (MoSDeF) has recently
been developed to address these needs (with a portion of this development arising from
the work described in this thesis), featuring tools for the facile initialization of parameter-
ized molecular systems in a scriptable and reproducible manner. In Chapter 5, MoSDeF
is used to perform large-scale screening of functionalized monolayer films. In addition to
providing a case study for applying MoSDeF towards large-scale screening over a chemi-
cal parameter space and providing a platform for the future screening of monolayer films,
the results of these simulations are examined to uncover links between monolayer terminal
group chemistry and optimal tribological performance.

While the benefits of large-scale monolayer screening are showcased in Chapter 5,
these simulations come at a significant computational cost. Furthermore, the screening per-
formed in Chapter 5 examines monolayers attached to planar surfaces; however, the exam-
ination of monolayers under contact by asperities requires larger system sizes that further
increase the computational cost. In Chapter 6, these concerns are addressed through the

derivation of a coarse-grained force field for amorphous silica. Here, following work from



the literature, force field development is focused towards application for silica nanoparti-
cles, which themselves feature promising lubricating abilities through possible ball-bearing
effects, however, application of this force field to planar surfaces for studies of monolayer
films should be straightforward.

Finally, Chapter 7 summarizes the work of the preceding chapters and provides insights

into promising future directions.
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CHAPTER 2

BACKGROUND

2.1 Tribology in Micro- and Nanoelectromechanical Systems

The functionality of devices featuring sliding contacts may be severely impaired by
friction, which gives rise to surface degradation and wear. It has been estimated that eco-
nomic losses attributed to friction-induced wear may accumulate to more than 4% of the
Gross Domestic Product of some developed countries I with more conservative estimates
still placing this number at greater than 1%.2 While the adverse effects of friction-induced
wear are familiar at the macroscale, such as the need to regularly replace automobile tires,
this phenomenon also plagues devices with nanoscale dimensions that feature sliding com-
ponents - where these effects are magnified by high surface area-to-volume ratios. We live
in an age of rapid electronics miniaturization, where device components continue to shrink
in an effort to improve efficiency, versatility, and memory storage capacity. The ability for
device miniaturization to have considerable societal impacts across a range of application
areas has been established for over half a century, perhaps best chronicled by the physicist
Richard Feynman in his seminal talk, “There’s Plenty of Room at the Bottom”.3 These
promises, along with advances in microfabrication techniques, have led to the increasing
prevalence of microelectromechanical systems (MEMS), devices that combine mechan-
ical and electronic components with feature lengths on the microscale. More recently,
nanoelectromechanical systems (NEMS) have followed as a natural progression in minia-
turization, where devices boast feature lengths on the nanoscale. MEMS and NEMS have
found applications in a variety of areas including the automotive industry (e.g. accelerom-
eters in airbag sensors*), analytical research (e.g. piezoresistive cantilevers in atomic force
microscopes®), and the biomedical realm (e.g. lab on a chip devices for point-of-care di-

agnostics®). However, the functionality of these devices is threatened by the effects of



friction-induced wear, and as a result MEMS and NEMS are typically designed to avoid
conditions where surfaces come into sliding contact.” This imposes a significant design
constraint that reduces the scope of applications available to these devices. In response,
considerable efforts have been made to achieve a better fundamental understanding of the
phenomena of friction, wear, and lubrication (collectively termed “tribology”, or “nanotri-
bology” when nanoscale feature sizes are involved) under MEMS/NEMS-like conditions,
with the goal of resolving these issues.

The tribological barriers for devices featuring sliding components with micro- and
nanoscale feature lengths originate from the square-cube law, leading to the arisal of high
surface area-to-volume ratios. This results in the enhanced influence of interfacial forces,
which both augment the impact of surface-related phenomena, such as friction, adhe-
sion, and wear, as well as hinder the effectiveness of conventional lubricants used at the
macroscale, i.e. oils. This is a result of both confinement-induced phase transitions, where
compounds like hydrocarbons can exhibit orders-of-magnitude increases in viscosity when

confined to nanoscale dimensions®~

15 and the inability for long-chain hydrocarbons to nav-
igate their way to properly fill the interstitial space within these devices. Further compound-
ing these problems is the chemical composition of most surfaces in MEMS and NEMS. As
a result of microfabrication technology, most MEMS and NEMS devices are made from
silicon, which readily undergoes oxidation, yielding interfaces that are composed of high-
energy silica. Contact between silica surfaces, which are coated with hydroxyl groups,
yields large adhesive and frictional forces that quickly result in the degradation of the con-
tacting surfaces. By virtue of the small feature lengths of MEMS and NEMS, even modest
amounts of surface degradation can have a substantial impact on device performance. As
such, lubrication of MEMS/NEMS is essential to extending the lifetimes and maximizing

the utility of these devices, yet the lubrication schemes involved will require specialized

approaches that differ from those utilized at the macroscale.



2.2 Nanoscale Lubrication using Monolayer Films

It has been expressed that, among other properties, practical lubricants for MEM-
S/NEMS should be surface-bound, thin, and easily applied.'® One promising lubrication
approach that fulfills these criteria is surface-functionalization by monolayer films. Mono-
layer films (often referred to as self-assembled monolayers, or SAMs, due to their sponta-
neous growth process) consist of a layer of physi- or chemisorbed chains which can be con-
structed from a diverse class of molecules, united by a structure that features a chemically
adsorbed headgroup attached to an elongated, multi-atom chain. Dispersion interactions
between chains promote the formation of densely packed and well-ordered “brushlike”
structures that provide a buffer layer to direct contact between surfaces and can be utilized
to modify interfacial properties. The utility of monolayer films as nanoscale lubricants has
been recognized for several decades; for example, as early as 1989 it was observed by De-
Palma et al. that the coefficient of friction (COF) of silicon could be substantially reduced
through functionalization by monolayers of alkylsilanes. !

The tribology of monolayer films is closely linked to their chemical composition, which

can be tuned through modifying the chemistry of the individual chain constituents. The

structure of a monolayer chain can generally be subdivided into three components '8:
1. Headgroup that may be physi- or chemisorbed to the surface
2. Chain backbone
3. Terminal group

The most basic, and most commonly studied, class of monolayers for lubrication of silica
surfaces are alkylsilanes (a 2D-depiction of which is shown in Fig. 2.1), which typically
feature trichlorosilane (SiClz) headgroups that are readily hydrolyzed (the result of which
is what is shown in Fig. 2.1), along with a hydrocarbon backbone and a methyl terminal

group. While head group chemistry is typically dependent on the surface on which the
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Figure 2.1: Simplified 2D depiction of an alkylsilane monolayer. Each chain shown fea-
tures a silane headgroup that is chemisorbed to the silica surface, a hydrocarbon backbone,
and a methyl terminal group. Chains attach via reactions with surface hydroxyls; however,
due to steric hindrance, not all surface sites will be occupied. Additionally, cross-linking
between silane headgroups is expected to occur, although the extent to which this is present
remains a point of argument.

monolayer will be grown (e.g., thiol head groups are used for gold surfaces), the chemistry
of the chain backbone (e.g., number of carbon atoms, functionalization) and terminal group
can be modulated to influence the tribology of the resulting film.

It has generally been observed that increasing backbone chain length yields reduced
frictional forces. !°-2? This trend has been attributed to an increase in attractive inter-chain
van der Waals forces with longer backbones, leading to greater monolayer cohesivity and
higher orientational ordering of monolayer chains.?®> However, these more favorable inter-
actions between backbones also make it difficult experimentally to decouple the effects of
chain length from those of monolayer density, as longer chains more easily form denser
films. This is further compounded by the sensitivity of monolayer structure to prepara-
tion conditions; for example, Lee et al. showed that a “critical” temperature exists for
monolayer films, below which monolayers form well-ordered structures and above which

increasing disorder is present.?* It was also observed that this critical temperature was de-



pendent on the backbone chain length, with longer chains featuring higher critical tempera-
tures. To obtain an understanding of the interplay between monolayer chain length, density,
and tribology, Lee et al. prepared monolayers with backbone chain lengths of 6, 12, and
18 carbons at temperatures ranging from -15 to 60 Celsius (such that both ordered and
disordered films of each monolayer were formed).?* It was observed that for the tightly-
packed films formed at lower temperatures the coefficient of friction was independent of
chain length. Similarly, simulations by Chandross et al. of alkylsilane monolayers on crys-
talline silica revealed the coefficient of friction to be independent of chain length.? Thus,
the effect of chain length on monolayer tribology appears dependent on the conditions of
monolayer preparation due to a close coupling with film density.

In addition to chain length, the effects of backbone functionalization, have also received
extensive examination, most notably the effect of fluorination.'”-26-33 Despite their lower
surface energy, experimentally it has been observed that fluorinated monolayer films feature
higher coefficients of friction than hydrogenated films. !7-262731 For example, Brukman et
al., in a comparison of hydrogenated and semi-fluorinated monolayers on aluminum ox-
ide, observed that the hydrogenated films consistently featured COFs that were 40-70% of
those observed for the semi-fluorinated films.3! It is possible some these effects are again
the result of difficulties in decoupling the effect of monolayer density from other system
variables, as fluorinated chains feature larger VDW diameters which will lead to sparser
films. However, several studies suggest that the higher friction in fluorinated films may
arise as a result of tightly packed terminal groups (again due to larger VDW diameters).
While this may appear in contradiction to generally observed trends that denser mono-
layers yield lower frictional forces, in the case of fluorinated films it appears if the films
become too dense they can provide greater resistance to motion and feature collective be-
havior that yields modes of higher friction. This theory appears to be corroborated by MD
studies performed by Park et al. of monolayers where only terminal groups were fluori-

nated.?® However, other MD studies suggest density effects likely play a larger role. Lewis
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et al. observed via MD that fluorinated monolayers featured lower COFs than hydrogenated
monolayers when both were grafted to crystalline silica at a density of 4.0 chains/nm?.32
However, when the density of the fluorinated monolayers was reduced to 3.0 chains/nm?
frictional forces were found to be higher than for the denser hydrogenated films, in agree-
ment with experimental trends.

Changes to the chemistry of chain backbones have significant influence on monolayer
structure (e.g. packing density, orientational ordering of chains); however, the interfacial
properties of monolayers are more directly influenced by changes to the terminal group
chemistry. For example, bulkier functional groups have often been found to yield larger
frictional forces than smaller functional groups, such as in the aforementioned study of
CF;-terminated monolayers.?® In other work, Yu et al. found phenyl-terminated monolayer
films to yield higher frictional forces than methyl-terminated films, which was attributed
to the presence of additional energy dissipation modes (here defined as mechanisms via
which monolayers respond to shear) through the twisting of the phenyl terminal groups.3*
In a more extreme case, Tsukruk et al. observed via AFM that monolayers terminated by
fullerenes yielded higher frictional forces than those terminated by methyl groups, which
was again suggested to be the result of different mechanisms of energy dissipation.>> Ad-
hesive forces between monolyers are also strongly influenced by terminal group chemistry.
For example, the presence of both hydroxyl (OH) and carboxyl (COOH) moieties has been
shown in several studies to lead to increased adhesion as a result of the formation of hydro-
gen bonds between the two contacting interfaces. 23038 The ability for both backbone and
terminal group chemistry to have significant influences over monolayer tribology suggests
this may provide a route towards improving the lubricating ability of these materials.

The chemical space afforded by monolayer films can be further expanded when consid-
ering monolayers consisting of multiple types of chains, so-called multi-component mono-
layers. For alkanethiols adsorbed on gold, multi-component films featuring chains of two

different lengths have been observed to yield higher frictional forces than single-component

11



monolayers.3**? However, the opposite result was observed by Zhang et al. in a pair of
studies of alkylsilane films on silica, where multi-component films with chains of different
lengths were found to yield lower frictional forces than single-component films.**** In a
more recent study by Vilt et al., mixed alkylsilane monolayers of C6 and C18 chains were
observed to yield intermediate properties between single-component C6 and C18 films.>’
Thus, it appears the frictional performance of multi-component alkyl monolayers with dif-
fering chain lengths is likely influenced by other system variables, such as contact geometry
and shear velocity.

In addition to chain length disparity, multi-component monolayers have also been ex-
amined in the context of chains of different terminal group and backbone functionaliza-
tion, which provides a more promising avenue for optimizing the lubricating capacity of
these materials. For example, Rivera et al. examined monolayers of mixed hydroxyl and
methyl terminal groups via MD simulation, observing intermediate behavior compared to
the single-component films.® Friction in these systems also revealed a dependence on the
chain length of the methyl-terminated chains, whereby lower friction was observed for
longer methyl-terminated chains due to the presence of a buffer zone preventing the forma-
tion of inter-monolayer hydrogen bonds. In a similar study, Lewis et al. examined systems
of mixed fluorinated and hydrogenated alkylsilanes, focusing on both the fractional cover-
age of each chain as well as the chain length discrepency.3? It was observed that systems
featuring 75% coverage of fluorinated chains (corresponding to film densities expected
in experiment) backfilled with 25% hydrogenated chains yielded lower frictional forces
when the chain length between these two chain types differed by eight carbons (where the
hydrogenated chains were longer). This was attributed to a fluid-