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Abstract

The effects of temperature and surface roughness on the mass and viscoelasticity
of an adsorbed surfactant layer were monitored using the quartz crystal microbalance
with dissipation (QCM-D). Adsorption isotherms at 30, 40, 50 and 60°C and at two
different roughnesses on gold were measured for cetyltrimethylammonium bromide
(CTAB). All isotherms displayed an increase in mass and dissipation as surfactant
concentration was increased to its critical micelle concentration (CMC). Above the
CMC adsorption reached a peak followed by a slight decrease to a plateau at the
equilibrium adsorption value. As the temperature was increased the adsorbed mass
above the CMC decreased. The adsorbed mass decreased further by increasing substrate
roughness, while the dissipation remained statistically unchanged. Dynamic adsorption
experiments were also conducted at various temperatures for select concentrations
above and below the CMC, providing evidence of different adsorption mechanisms as a
function of both surfactant concentration and surface roughness.

Force curves collected using an atomic force microscope (AFM) in the presence of
adsorbed surfactants are often used to draw conclusions about adsorbed film packing,
rigidity and thickness. Force curves were collected from tetradecyltrimethylammonium
bromide (TTAB) films adsorbed on highly ordered pyrolytic graphite (HOPG), silica, and
silica that had been hydrophobized by functionalization with dichlorodimethyl silane.
Break-through events in the force curves from several different trials were compared to
show that the break-through distance, often reported as the adsorbed film thickness,
increased with concentration below the critical micelle concentration (CMC) but was

approximately 3.5 nm on all surfaces between 2x and 10x CMC; an unexpected result
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because of the different surface chemistries for the three surfaces. We employed an AFM
probe with a different force constant (k) value as well as a colloidal probe and the break-
through distance remained approximately 3.5 nm in all cases. Gradient mapping, a variant
of force mapping, was also implemented on the three surfaces and resulted in a new
technique for visualizing adsorbed surfactant in situ. The resulting maps showed patches
of adsorbed surfactant below the CMC and revealed that with increasing concentration,
the size of the patches increased resulting in full coverage near and above the CMC. These
results are, to our knowledge, the first-time force mapping has been used to spatially track
patches of adsorbed surfactant. Finally, layers of surfactants on an AFM tip were
investigated by collecting a force map on a single AFM tip using the tip of a separate
AFM probe. A break-through event was observed between the tips, indicating a layer of
surfactant was present on at least one, if not both tips.

Lastly, AFM force curves and nanoscale trenches and pillars were used to
investigate the effects of lateral confinement on two cationic surfactants, TTAB and
CPC. These laterally confined surfaces are model surfaces for rough surfaces; these
surfaces allow for more controlled studies regarding the effect of surface roughness on
adsorption. The trenches, formed in a PMMA layer on silica, were 50 nm and 80 nm.
Break-through distances, break-through forces and adhesion forces were calculated
from the curves on the polymer and on the silica trench floor. For both surfactants,
adsorption on the polymer reduced all break-through values. Compared to unconfined
values, TTAB in trenches had decreased break-through forces and adhesion forces but
CPC forces were unaffected, indicating that surfactant identity could vary the

confinement effect. Trench width had no effect on break-through values.
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Lateral confinement induced by pillars was studied by noting changes in break-
through event values near to the edge of the upper surfaces of pillars. Values decay or
increase according to a single exponential with distance from the edge, with decay
constants of 12.90 nm=1.84, 14.5 nm+ 0.663, and 17.07 nm+ 1.227 for the break-
through distance, break-through force and adhesion forces, respectively. The break-
through distance was found to decrease over its decay length while the break-through
force and adhesion force increased. These trends suggest that surfactant layer becomes
extended and less mechanically stable due to having to make the ~90° turn between the
upper surface and side of the pillar; the former agrees with molecular dynamic
simulations. However, decay lengths are much larger than have been found previously

in molecular dynamic simulations and we discuss possible reasons for differences
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Chapter 1: Introduction

1.1-What are Surfactants?

Surfactants are useful in almost any application where two or more phases meet,
such as mineral flotation, regeneration of carbon found in adsorption beds, detergency,
oil recovery, de-inking of paper in recycling, cleaning products for in home and
industrial use, and many others.! Their usefulness stems from being composed of two
different regions, typically a hydrophilic headgroup region and a hydrophobic tail group

region (demonstrated in Figure 1.).

Hydrophilic Hydrophobic
Headgroup Tailgroup

Figure 1. Diagram representing regions of surfactant
molecule.

1.1.1-Why Do Surfactants Adsorb at Interfaces?

The hydrophilic nature of the headgroup drives it to be in an aqueous
environment while the hydrophobic tail group (normally a carbon chain of varying
length) is driven towards non-polar phases (such as air, oils, alkanes, etc.). These
competing interactions cause the molecules to diffuse towards interfaces between

surfaces and polar/non-polar phases, allowing the molecule to orient so that the



headgroup interacts with hydrophilic surfaces or solvents while the tail group interacts

with hydrophobic surfaces, non-polar solvents, or gas phases such as air.

1.1.2-How Are They Classified?

Surfactants are normally classified by their headgroups, which can be ionic,
non-ionic, amphoteric, or zwitterionic. lonic surfactants can have positively charged
headgroups (cationic surfactants) or negatively charged headgroups (anionic
surfactants). Cationic surfactants will preferentially adsorb to surfaces with negative
charges while anionic surfactants will adsorb to surfaces with positive surfaces charges.
Non-ionic surfactants tend to have long headgroups made of chains of oligoethylene
oxide (EO) groups and will therefore adsorb at surfaces allowing it to make hydrogen
bonds.?? Amphoteric surfactants may have a positive or negative charge, depending on
the surrounding environment (pH, other ions, etc.), while zwitterionic surfactants have
both a positive charge and a negative charge regardless of environment, and can

therefore have the properties of both cationic and anionic surfactants.*
1.2-How Do They Act in Liquids?

1.2.1-CMC-Micelles
Surfactants will form 3 dimensional structures called micelles when the
surfactant concentration in the bulk liquid exceeds a specific concentration, known as
the critical micelle concentration (CMC), which varies depending on the surfactant.
While there are many factors that can influence the CMC, such as temperature, ionic
strength, and pH, a general rule is that as the surfactant hydrocarbon tail length

increases, the CMC of the surfactant decreases.’



1.2.2-Why Surfactants Form Micelles (Entropic Interactions)
The reason for the decrease in CMC with increasing chain length and indeed why
surfactants form micelles at all is a result of the hydrophobic nature of the tail groups
and their interaction with water. Taking a simple example of a cationic surfactant in
water, an entropic driving force is generated by water molecules surrounding the tail
group. More specifically, the water molecules surrounding the tail are in an unfavorable
environment (polar/non-polar interaction) and therefore form an ordered cage-like
structure.? If the tail groups are moved closer together, the water molecules are expelled
into the surrounding liquid, releasing them from the ordered state of the cage, and they
are now free to take on more random configurations and positions, thereby increasing
their entropy and making micelle formation entropically favorable.’

1.2.3-Critical Packing Parameter

Depending on the nature of the liquid and the dimensions of the surfactant molecules a
variety of micelle shapes can be formed, including spherical, cylindrical, flexible
lamellar (vesicles), planar lamellar, and inverted (reverse) micelles. The type of micelle

morphology can be roughly predicted using the critical packing parameter (CPP), which

CPP =

Equation 1. Critical

Axl Packing Parameter

is calculated using Equation 1
where V is the tail group volume, A is the headgroup area and [ is the tail group length.
The headgroup area, however, is not fixed and can change due to variation in solution

temperature, ionic strength, as well as other factors.®



1.2.4-How is the CMC Measured?

The CMC can be measured in a variety of ways but one of the most common is
to measure the liquid-gas interfacial tension (the strength of lateral intermolecular
forces at the interface) as a function of concentration of surfactant in the liquid.” As the
concentration of surfactant in solution is increased, more and more surfactant molecules

will accumulate at the interface and cause a subsequent decrease (normally linear when
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Figure 2. IFT vs. log(surfactant concentration). Fit lines
show intersection which denotes critical micelle
concentration.

the interface
reduces
molecular packing of the liquid caused by the interface. As the concentration
approaches the CMC micelles begin to form in solution and any additional surfactant
will add to or form new micelles. This causes the concentration of free surfactant
monomers at the interface as well as the concentration of free surfactant monomers in
solution, to remain relatively unchanged even if more surfactant is added to the

solution. -Researchers take advantage of this to measure the CMC by determining the



intersection between the decreasing line below the CMC and the constant line above the

CMC, demonstrated in Figure 2.

1.3-How Do surfactants Adsorb at Solid-Liquid Interfaces?

Entropy is also an important factor in considering adsorption of surfactant at a
solid-liquid interface from water. However, the energetic interaction between the
surface and the surfactant can also play a role. Adsorption at a solid interface is
controlled by several factors, including the electrostatic nature of the surfactant head
group, hydrophobic chain length, branching of the hydrophobic chain, temperature,
characteristics of the solid (i.e. roughness, surface charge, etc.) and the characteristics of

the solvent (polarity, chemical additives, pH, etc.).5!?

1.3.1-Methods Used to Measure Adsorption
Techniques to measure adsorption on a solid include gravimetric analysis such

)10,13-16

as the quartz crystal microbalance (QCM , reflectivity (neutron reflectivity,

)17,18

optical reflectometry, ellipsometry , surface or interfacial tension (dynamic contact

angle, drop shape analysis, bubble pressure tensiometry)!?, electrostatics (zeta
)22

potential)**?!, force interaction (atomic force microscopy, surface force apparatus

and a variety of other methods.

1.3.2-Regions of Adsorption
Adsorbed surfactant amount per unit of surface area is normally plotted vs. log
concentration to obtain an adsorption isotherm. The dominant driving force for
surfactant adsorption depends on concentration and is normally explained by separating

the isotherm into different regions based on concentration ranges. '°



The first region, Region I, begins at low concentrations where surfactant
adsorption has been found to increase linearly following Henry’s Law. The driving
force in this region is dominated by interactions between the charges on the headgroup
and the charges on the surface. Region II is denoted by a sharp increase in adsorption,
caused by entropic effects (water molecules being freed as previously discussed).
Surfactant aggregates on the surface begin to form, referred to as surface aggregates or
hemi-micelles. The rate of adsorption in Region III is marked by a decrease in the rate
of adsorption with increasing concentration relative to Region II and continues to
decrease up to Region IV, normally beginning at or near the surfactant CMC, where a
plateau in adsorption is found. In some cases, a maximum in adsorption at the CMC has
also been found, followed by a decrease to a plateau. This maximum is due to
impurities in solution adsorbing along with the surfactant molecules, which partition
into the aggregates on the surface. Once the concentration in the bulk solution is
capable of supporting micelles, impurities desorb from the surface aggregates and the
amount adsorbed now only represents the surfactant adsorbed without the desorbed

impurities.?*



1.3.3-Surfactant Aggregates on Solids

Surfactant surface aggregates have been found on surfaces at concentrations
lower than the CMC.% The six most common aggregates found on surfaces are
demonstrated in Figure 3. They are the flat monolayer, the hemisphere, and the
hemicylinder on hydrophobic surfaces and the flat bilayer, full sphere and full cylinder
on hydrophilic surfaces.?>* In general, what determines whether a monolayer or bilayer
structure is formed is the wettability of the surface (hydrophobic or hydrophilic
respectively). The particular shape is driven primarily by the packing factor, although
the interaction between the surfactant and the surface can also play a role. The driving
force for surface aggregation is the same as the force that causes micelles to form in
solution, the increase in the entropy of the system when ordered water molecules are

released from a cage-like structure.

Full Sphere

Figure 3. Six possible surfactant surface aggregate morphologies.
1.3.4-Change in Wettability
Obviously, tail-tail interactions (or more precisely, releasing water from a cage-

like structure) plays a substantial role in the aggregation and adsorption of surfactants.



Due to the hydrophobic nature of the surfactant tail groups they will preferentially
interact with hydrophobic surfaces, such as highly ordered pyrolytic graphite (HOPG),
and will therefore adsorb in a “tail-down” configuration, leaving the headgroups pointed
outwards towards the bulk solution. This type of adsorption leads to a change in the
apparent wettability of the surface, because although the surface was hydrophobic there
is now a layer of headgroups exposed to the surroundings causing the surface to act as a
hydrophilic surface. This wettability change can also be controlled using the charge on
the surfactant and the charge on the surface. In some cases, anionic surfactants will
adsorb on negatively charged surfaces in a tail-down configuration to change the charge
strength of the negatively-charged hydrophilic surface.

In cases where the surfactant is oppositely charged from the hydrophilic surface
or the surfactant hydrophile is uncharged, the surfactant will adsorb “head-down”.
However, because a layer of surfactant adsorbed head-down would leave the
hydrophobic tail groups exposed to the solution, a second layer of surfactant adsorbs
tail-down to the first layer, interdigitating their tail groups with the tail groups of the
first layer and exposing the headgroups of the second layer to the bulk solution. The
“tail-tail” interactions of these two layers segregate the tail groups from the water and
allow the hydrophilic interaction between the headgroup and the bulk solution.

Altering the wettability of a surface has large implications in areas such as oil
recovery and surface cleaning. Wettability is usually measured and reported as the angle
that a drop of liquid, normally water, forms on the surface at the point of contact. High
contact angles (>90°) are taken as hydrophobic while low contact angles are taken as

hydrophilic. For a surfactant-based cleaning method to remove liquid from a surface it



must increase the contact angle between the soil and the surface to which it clings.
Surfactants facilitate this increase by adsorbing at the interface between the surface and
the water as well as at the interface between the oil and the surface. This action lowers
the interfacial tension between the surface and the oil and enables the “roll-up” of the
oil from the surface and sequestration into micelles, allowing the oil to be washed
away. 52530

1.3.5-How Does Temperature Affect Adsorption to Surfaces?

The effect of temperature on surfactant adsorption has been studied in the
literature. These studies show that for ionic surfactants the adsorption process is
exothermic.’!** Several published works discuss the inverse temperature dependence
of ionic surfactants, i.e. as the temperature is increased the maximum equilibrium
adsorption for ionic surfactants decreases.'!2%3440 This behavior is thought to be
caused by an increase in the entropy loss upon adsorption at high temperatures, caused
by the higher entropy of the surfactants in solution vs. the adsorbed species. '*#374!

In terms of experiments at different temperatures, the Krafft temperature and the
CMC changes are both important to consider. The Krafft temperature is the temperature
at which surfactant solubility matches the CMC.* The Krafft temperature of aqueous
CTAB lies between 20°C and 25°C, and varies because of the presence of other

compounds or contaminants in solution.**#*

1.3.6-How Does the Surface Roughness Affect Adsorption?
Typically, what one thinks of as surface roughness can be thought of as random
lateral confinement, with variations in the size and shape of the area available for

surfactants to adsorb. Studies using ellipsometry, quartz-crystal microbalance (QCM),



and atomic force microscopy (AFM) have demonstrated that increasing roughness can
decrease the final amount adsorbed at equilibrium and alter the final surfactant
morphology on various surfaces like gold and silica.!%!31417:28:45.46

Regular (or controlled) lateral confinement has been investigated primarily
using simulations, where the surfaces can be confined on surfaces with dimensions on
the order of a few surfactant molecule lengths. Work performed by Tummala et al.
showed that the aggregate morphology of surfactant adsorbed on carbon nanotubes was
dependent on the diameter of the nanotube, which agreed with neutron reflectivity
experiments.*’ Tummala also investigated surfactant adsorption on graphene nano-
sheets and nano-ribbons, which showed that as the diameter of the graphene decreased
the effects of the lateral confinement became more pronounced, specifically at the edges
of the confined area where the headgroups of the adsorbed surfactant oriented
themselves radially towards solution.*®

Simulations by Suttipong et al. were performed using trenches of varying depth,
which demonstrated that the morphology of the aggregates adsorbed within the trench
varied with trench depth and in some cases multiple morphologies could form within
the same trench.*’ Also, when the floor of the trench was changed to a surfactant
repellant material, the morphology of the aggregates closest to the floor shifted to
accommodate the new, less optimal interactions. Suttipong et al. then performed
simulations involving surfactant adsorption to stripes and steps, which had varying
widths and heights, respectively.’® On stripes, decreasing the width led to an increase in
both the curvature of the aggregates and the density of head groups at the stripe edges.

On steps, the edges were noted to cause the surfactant layer to be deformed, thinned

10



(less dense), and stretched as it traversed from the upper surface to the sides. However,
if the height of the step was increased it was found that the surfactant layer would not
adsorb to the upper surface of the step to avoid an energy penalty associated with
bending the layer from the side to the upper surface. These findings agree with the
conclusion drawn by Tummala, in that the effects of confinement appeared to be most
apparent at the edges of confining structures. However, any effects beyond a few
surfactant lengths (~7 nm) were not observed.

The effects of lateral confinement were observed experimentally at much larger
distances in the work of Marquez et al., who used nanosphere lithography on highly-
ordered pyrolytic graphite and template assisted admicellar polymerization to create
nanostructures with polystyrene nanospheres of different sizes, inducing confinement
both laterally and vertically.’! Continuous honeycomb structures formed when using
spheres larger than 500 nm while smaller spheres yielded discontinuous spikes; in all
cases the polymer film was not completely filling the interstitial void space. A simple
geometric argument revealed that the polymer-sphere separation distance varied
between 4 nm and 250 nm, depending on nanoparticle size. By contrast, adsorbing
polymer will completely fill the interstitial spaces up to the thickness of the polymer
film. Surface roughness can affect surfactant adsorption by disrupting the interaction
between tail groups in the adsorbed film. The increase in the thickness of the adsorbed
layer has been shown via ellipsometry. Because surfactants are used in many surface-
based applications, understanding how roughness affects adsorption is an important area
of research. Studies have been performed using QCM, ellipsometry, AFM, and other

apparatus to show that when the roughness of a surface changes the surfactant aggregate
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morphology, amount adsorbed and packing of the film can change. The question is what

is it about a rough surface that causes these changes?

1.4-The Purpose of This Investigation and Hypothesis

This work proposes to add to the understanding of how surface roughness
affects surfactant adsorption. First, the effects of temperature and random lateral
confinement were simultaneously investigated using the quartz crystal microbalance
with dissipation (QCM-D) using the cationic surfactant CTAB on gold.

Then, atomic force microscopy (AFM) force mapping was used to gather break-
through distance, break-through force, and adhesion force values using different
surfaces, AFM probes, surfactant concentrations, and surfactant introduction methods.
The precise meaning of the break-through distance as measured by AFM was then
investigated and compared to the trends observed in the break-through force and
adhesion force values, and the utility of AFM in collecting and analyzing this and other
properties is reviewed.

Lastly, the force mapping methods developed in the previous section were used
to investigate the effects of controlled lateral confinement, induced using nano-scale
trenches and pillars, with the cationic surfactant TTAB on silica.

Based on the data presented in the literature, we hypothesize that the surface
roughness will lead to a change in the amount of surfactant adsorbed and an increase in
the thickness of the adsorbed layer, which was observed previously in simulation and
neutron reflectivity studies. We also hypothesize a change in the morphology of the

surfactant aggregates, as was observed visually in AFM studies.
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What follows in this section is a brief introduction to the primary equipment
used in this investigation: a quartz crystal microbalance and an atomic force

microscope. More details are found in Appendices B and C respectively.

1.5-Quartz Crystal Microbalance

The quartz crystal microbalance with dissipation (QCM-D) has proven to be a
useful tool for probing the mechanics of surfactant adsorption on a variety of surfaces at
different temperatures and concentrations and by collecting this information over time
the rate of adsorption can also be investigated.!!%" This apparatus has two key
advantages over previous methods: (1) its versatility and (2) the acquisition of
viscoelastic data. Although QCM-D cannot be used to determine the exact structures of
adsorbed molecules, the viscoelastic information collected from dissipation data has

been correlated to the basic morphology of the adsorbed films. '%->2

1.5.1-QCM Surfaces

Under ambient conditions, gold surfaces are made hydrophobic by the
physisorption of organics.>> However, the gold substrates used in our experiments have
been found to have a surface that is primarily hydrophilic, as measured by both contact
angle and x-ray photoelectron spectroscopy, a surface type which has been shown to
induce CTAB and TTAB adsorption in the form of cylindrical aggregates.>*>¢ Other
studies have shown that gold and various other hydrophobic surfaces have supported the
formation of bilayer films characteristic of a hydrophilic surface, although in some
cases this was done purposefully by the addition of co-solutes.'*!”>” The hydrophilic
nature of the surface used in our experiments was found to be caused by the high

concentration of oxygenated sites and the adsorption of halide ions, which have been
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reported previously by ours and other groups to create a negative charge on the
surface.!®>%%° The gold surface provided by the manufacturer displays hydrophilic
character even on the uncleaned surface, although further oxygenation and
hydrophilicity is caused by the recommended cleaning procedure (RCA-1 solution),

which has been shown to increase the hydrophilicity of silicon as well.!>60-62

1.5.2-QCM Roughness

Several publications reported the difference between QCM-D and optical
methods for measuring the amount of surfactant adsorbed from bulk solutions. !43%:62:63
Although QCM has been found to report higher adsorbed masses than optical methods,
there is some debate as to whether solvent entrapped in the adsorbed layer is the cause.
Macakova et al. hypothesized that entrapped solvent, specifically “hydration” solvent
surrounding the surfactant head groups, was negligible when the cationic surfactants
CTAB and two closely related analogues were used, but solvent trapped in the cavities
caused by surface roughness (mechanically trapped) must be considered. The presence
of trapped water had no effect on the dissipation of adsorbed layers unless the
organization of the surfactant layer on the surface of the substrate changes.!* Our group
postulated that the over-estimation of the adsorbed mass sensed by QCM-D is not
caused solely by trapped solvent, but also by a difference between the roughness of the
surfaces used by QCM and other techniques which causes a significant underestimation
of the surface area available for adsorption.!* Our hypothesis stems from the fact that
the typical substrates used in optical methods are extremely smooth when compared to

those used in QCM experiments, as assessed by root-mean square roughness

measurements, and therefore by using the nominal (non-roughness corrected) surface
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area there would appear to be a greater amount adsorbed per unit area, leading to the
misconception of entrapped solvent.®* Following our interpretation, when the
roughness corrected surface area was used, the mass adsorbed per unit area actually
decreased vs. a smooth surface.!%!465

Surface roughness could cause other phenomena as well. For example, Fragneto
et al. found that CTAB formed a bilayer on both smooth and rough silicon surfaces, but
that the surfactant film on the rough surface displayed an increase in the bilayer
thickness and a decrease in surface coverage and degree of packing between adjacent
surfactant molecules when compared to the smooth surface.!” These and other surface
roughness effects are attributed to the disruption of the hydrophobic interactions
between surfactant tails which reduces their ability to exclude water, as well as a

decrease in the number of surface sites favorable to adsorption.'%13:17:66

1.6-Atomic Force Microscopy

The use of the atomic force microscope (AFM) in surfactant research has helped
make significant contributions to the understanding of adsorbed surfactant
morphologies, dimensions, and orientation. Of specific interest to this study are soft
contact imaging and force curves that are used to explore the characteristics of adsorbed
surfactant layers,26-27:67-69

Early seminal papers in AFM studies of adsorbed surfactants concerned
surfactants adsorbed on highly-ordered pyrolytic graphite (HOPG) explored by Manne
et al.>>7® These studies were possible due to the production of an electrical double-layer

(EDL) at the surface generated by the surfactants and counter ions adsorbed to the

surface. This type of imaging, known as “soft contact imaging”, is accomplished by
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increasing the force applied by the AFM tip until it begins to register a response due to
the presence of the adsorbed micelle layer. At this point, any lateral variations in the
morphology of the aggregates become distinct. These variations are used to determine
the morphology of the adsorbed surfactant aggregates before the tip breaks through the
layer and images the underlying substrate. However, this technique lacks accurate
information regarding the surfactant layer in the z-direction because the probe does not
contact the surface beneath the surfactant during imaging. Therefore, the initial
publication of Manne et al. included a force vs. distance curve and a thorough
explanation of the details of such curves, which was necessary to achieve the required
mechanical stability over the adsorbed surfactant necessary for sustained imaging.
Others have imaged surfactants and supported lipid bilayers adsorbed on a
variety of substrates using soft contact imaging and force curves with a spectrum of pH,
ionic strengths, and temperatures.?®?%"1"7> The force curves initially used to determine
the required force for imaging are now also used to study other aspects of the surface
and adsorbed species, such as the stability and electrostatic nature of the adsorbed
surfactant and lipid layers.?>»?%46.7677 Typical properties obtained from force curves are
the break-through force, break-through distance, and adhesion force. The break-through
force is the force at which the probe will penetrate the micelle layer to the underlying
substrate during scanning and is manifested as an instability point in the force curve.
The break-through distance is the distance between this instability and the point of
contact with the underlying surface, and is often taken to represent the thickness of the
adsorbed film.26-2%:6369.73.75.77-81 However, this assumption is questionable since

compression is occurring during the measurement, and some have assumed that the
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distance where the force curve deviates from zero is a more accurate representation of
the adsorbed film thickness.?® The number of publications which utilize the break-
through distance as well as the much higher degree of accuracy in the automated
determination of the instability point was the reason that the break-through distance is
investigated here. Lastly, the adhesion force is the force required to pull the AFM tip
off the surface during retraction of the probe.

These properties (although primarily the break-through force) were used by
Pera, Franz, Butt, Loi, and others to develop and test theories related to the energetic
interactions between the approaching AFM tip and an adsorbed lipid DOTAP or DOPS
layer.”®32%% The events leading to the instability are thought to start at the point the
AFM tip begins to interact with the repulsive portion of the EDL, giving the curve its
initial exponential increase with decreasing separation. At a certain distance the tip
physically contacts the micelle layer; with increasing force surfactant is displaced from
beneath the tip, and the film ruptures. Kiinneke et al. expanded on these studies and
correlated topography, stiffness, and the adhesion force, and did so using the enhanced
data collection method known as pulsed force mode (PFM), which increased the speed
at which force curves could be collected.”

The histogram-based analysis implemented by these and other authors has since
been used with several different adsorbed layers of lipids and surfactants, including
cetyltrimethylammonium bromide (CTAB), tetradecyltrimethylammonium bromide
(TTAB), sodium dodecylsulfate (SDS), and biological lipid layers with varying pH,
concentrations of added surfactant and tail lengths.”>””7>83-%7 From this short overview

it is clear that many investigations use the break-through and adhesion forces primarily,
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while the break-through distance values are commented on but are less used in analysis.
If these distance values are mentioned or shown in force curves, they are often very
similar (normally around 3.5-4 nm), even for different surfactants or concentrations, and
there has yet to be a substantial investigation into their comparability and physical
origin,26:65.75.77-80

As the prevalence of combination instruments implementing AFM continues to
grow (e.g. combination AFM/ellipsometer and AFM/quartz crystal microbalance), the
use of force curves to verify thickness models could become more and more useful,
making the determination and understanding of the break-through distance more
necessary. However, there seems to be some discrepancy in the literature as to whether
force curves obtained on adsorbed layers includes some compression distance prior to
the instability point and whether the AFM tip used during force curve collection is
‘naked’, in the sense that adsorbed layer thicknesses can be found without considering if
there is surfactant adsorbed on the tip. In fact, there have been few in-depth studies

performed to determine the effects of the tip or probe used to collect the force curves as

opposed to the number of studies that make use of break-through events.
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Chapter 2: Materials and Methods

2.1-QCM Investigation of Random Lateral Confinement and Temperature
Cetyltrimethylammonium bromide was purchased from Sigma Aldrich at
approximately 99% purity. CTAB was purified by re-crystallization three times in
HPLC grade ethanol to remove impurities before using it to prepare a 15 mM stock
solution with Milli-Q H20O (18 MQ cm), purified using an arrangement of Milli-Q ion-
exchange and activated carbon filters. Surfactant solutions were diluted in glass vials,

which were previously cleaned in sulfuric acid containing Nochromix ©.

2.1.1-CMC Determination
The CMC of CTAB was measured at various temperatures using a Mettler
Toledo Seven Multi conductivity meter and plotting specific conductivity vs.

concentration to find the break point in the slope.®®*° The CMC data, shown in Table 1,

CTAB
Temperature CMC Error
U9) (mM) | (mM)
30 0.93 0.03
40 1.02 0.07
50 1.15 0.11
60 1.33 0.13

Table 1. CMC of CTAB measured at
various temperatures

report the value and fitting error collected from the specific conductivity method and
agree well with values found in literature.®>! As shown in Table 1, an increase in bulk
solution temperature led to a modest increase in the CMC for CTAB in water as
expected due to a decrease in the entropic driving force of micellization as temperature

increases, as described in more detail in Chapter 1.
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2.1.2-QCM-D Crystals
Quartz crystals were purchased from Q-Sense. Smooth crystals (termed smooth
but as will be shown are not molecularly smooth) (QSX 301) are layered with ~100 nm
of gold and have a nominal frequency of 5 MHz. A set of specially prepared rough

crystals (QSX 999 Au Rough) with the same nominal frequency were also purchased.

2.1.3-Roughness Characterization

Roughness measurements on the crystal surfaces were performed with the
Agilent 5420 Atomic Force Microscope. Images were obtained in air using the
NSC15/ALBS silicon nitride cantilevers from MicroMasch, with a force constant of
46 N/m , a resonant frequency of 325 kHz, and a normal aspect ratio. Scan sizes were
2 um x 2 um and the pixel resolution was 512x512 pixels, taken at scan frequencies <
1 Hz. Root-mean square (RMS) roughness values are reported as the average for 3
independent areas on either a single smooth or rough crystal. The reported RMS data
are averaged over two similar crystals and the error reported for each crystal below was
found as the standard deviation. Before undergoing any washing procedures, the RMS
roughness of the smooth crystals was found to be 0.9+0.07 nm using the program Pico
Image, which agrees well with the manufacturer’s reported value of 0.9 + 0.2 nm. *?
Following the cleaning procedure the roughness of the smooth crystal had increased to
2.13 £0.19 nm. The rough crystals (QSX 999 Au) had an RMS value of 5.72 £ 0.16 nm
before the cleaning protocol; following a cleaning procedure the roughness increased to
6.17 £ 0.23 nm. The roughness increase following cleaning is likely due to the RCA

solution attacking high energy sites on the surface of the crystal more than the low
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energy sites causing the creation of additional “peaks and valleys” and creating a
rougher surface with each washing.

All data presented in this paper were obtained assuming the nominal, not the
actual surface areas of the sensing elements. Previously an RMS of 5.8 nm was
considered to represent a surface area of 10.12 um? (compared to a nominal 4 pm?),
using a fractal approach to calculate the surface area based on roughness

measurements. '’

2.1.4-Cleaning Procedures
QCM-D crystal washing protocols are divided into smooth and rough crystal

sections for clarity, although both procedures follow similar steps.

2.1.4.1-Smooth Crystals
Crystals were used a maximum of four times because adsorption did not change

significantly during the four runs; in a few cases crystals gave results very different than
the results from the previous trial; in this case the crystal was discarded even if four
runs had not been completed. The crystals were placed in a Harrick Plasma Cleaner
(PDC-32G) and cleaned using the medium setting (10.5 W applied to RF coil) in air for
10 minutes. The crystals were then transferred to a Q-Sense sensor Teflon® holder and
immersed in an 80°C RCA-1 cleaning solution (1:1:5 solution of NH4OH:H>0,: Milli-Q
H,0) for 5 minutes.®*%!*3 The sensors were removed from the solution and rinsed
individually with Milli-Q H>O and dried under a nitrogen stream. The crystals were
then immediately moved to the plasma cleaner for 5 minutes on the low setting (6.8 W
applied to RF coil). Finally, the sensors were moved from the plasma cleaner directly

into a QCM module for immediate measurement.
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2.1.4.2-Rough Crystals
Rough crystals were removed from the box and placed directly into an RCA-1

cleaning solution at 80°C for 5 minutes. Afterwards the crystals were removed and
individually rinsed and dried using the same procedure employed on the smooth
crystals. They were then placed into a fresh RCA-1 solution at 80°C for another

5 minutes, then rinsed and dried. This procedure was repeated once more before placing
the crystals in their modules as in the smooth crystal procedure. Rough crystals were
only used once because the adsorption changed with subsequent cleanings. No plasma
cleaning was performed on the rough crystals as it was found to alter the crystal surface

area.'”

2.1.5-QCM-D Data Collection and Experimental Protocol
The interpretation of QCM data is explained extensively in the literature.!>%6%
% During our measurements we observed that the data gathered from the first and third
overtones for the oscillation frequency were routinely erratic and therefore were

discarded; the 5%- 13" overtones were used to determine mass and dissipation values.
Changes in mass adsorbed and dissipation were measured for CTAB at, 30° C, 40° C,
50° C, and 60° C using the Q-sense E4 microbalance. The temperature was controlled
within £0.05°C of the desired setpoint.

A peristaltic pump using Tygon® tubing was used to draw surfactant solutions
through Teflon® tubing into the modules at a rate of 0.1 mL/min. At the beginning of
each experiment the cleaned sensors were placed in their modules and pure Milli-Q
water was used to obtain stable baseline frequency and dissipation values, (noted by a

change in frequency of less than 0.03 Hz/min). The pump flow direction was toggled

22



periodically during equilibration to dislodge bubbles that sometimes formed on the
crystal and tubing surfaces.

Once a stable baseline was acquired, the pump was stopped long enough to
remove the tubing from the pure water and immediately placed in the vial containing a
CTAB solution. Just prior to injection, each new concentration increment was sonicated
for 10 minutes and then heated to within 5°C of the desired temperature, while being
sparged with helium to remove dissolved gas.

In one set of measurements, adsorption isotherms were measured. During each
isotherm the surfactant concentration was increased in increments of 0.1xCMC of
CTAB until 0.6xCMC was reached. From there the concentration was increased by
0.2xCMC up to a bulk concentration of 2.0xCMC and then increased in one step to a
bulk concentration of 2.5xCMC. All QCM measurements are susceptible to drift over
time, which can introduce error and make the determination of equilibrium difficult.
Equilibrium was considered achieved when the change in frequency for all crystals fell
within 0.03 Hz/min.*?> The time needed to reach equilibrium ranged from 15-

20 minutes for the higher concentrations to 30-45 minutes for the lowest concentrations.
After equilibrium was reached, a new concentration was drawn through the apparatus
by stopping the pump and moving the tubing as described above.

In separate kinetic experiments, mass adsorbed on gold as a function of time was
recorded. In these experiments, the bulk concentration was increased from zero directly
to the desired final concentration, without intermediate steps. A space-time calculation
was used to determine when the surfactant solution was actually introduced into the

QCM module and that time was set to zero in all graphs. The residence time of a QCM
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cell was calculated to be roughly 25 seconds using the QCM module volume of 40 pl
above the crystal and the volumetric flow rate. The slopes of adsorption in the different
regions were averaged over four crystals in the smooth surface trials and two crystals in
the rough surface trials.

At the end of an experiment, a 2% sodium dodecylsulfate solution was drawn
through the tubing and modules for 1 hour followed by pure water for 3 hours, to
remove adsorbed CTAB from the tubing and crystal surfaces. Subsequent experiments
showed stable baselines with pure water, indicating adequate removal of any residual

surfactant from the equipment.®’?

2.2-AFM Force Curve Characterization of Adsorbed Surfactant on Flat Surfaces

2.2.1-Surfactant Preparation
Tetradecyltrimethylammonium bromide (TTAB) was obtained from Sigma-
Aldrich and recrystallized three times from ethanol before use. The CMC was found to
be 3.52+0.43 mM using pendant drop shape analysis. No minimum was detected in
surface tension, which indicates a relatively pure surfactant. This surfactant was used
over the more commonly studied CTAB due to a lower Krafft point (0°C for TTAB
versus ~23°C for CTAB), which made working around room temperature less likely to

induce a phase change.*

2.2.2-AFM Probes and Probe Cleaning
Two types of probes were used throughout the investigation: PPP-BSI
(NanoAndMore), standard silicon, and MSCT “f” probe (Bruker), silicon nitride. The

PPP-BSI probe had a nominal force constant of 0.1 N/m, a resonant frequency of
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28 kHz and tip radius of less than 10 nm (normal aspect ratio) and the MSCT probe “f”
had a nominal force constant of 0.6 N/m, resonant frequency of 125 kHz, and tip radius
of 10 nm (normal aspect ratio). Prior to use, the probes were cleaned in a UV Ozone

chamber for 30 minutes.

2.2.3-Colloidal Probe Preparation

The colloidal probe, which was an AFM probe with a spherical glass bead on
the end, was prepared by first taking a clean microscope slide and applying a small drop
of UV curing glue and using a disposable needle to create glue streaks that were thinner
than the initial drop. Around 25 mm away on the same side of the same microscope
slide, a small quantity of glass beads (Polysciences, Inc.) were added by quickly
inverting and righting the closed bottle containing the beads, removing the cap and
tapping it on the glass slide. This procedure provided an array of separated glass beads
from which to choose. A PPP-BSI AFM probe was loaded onto the JPK Nanowizard I11
AFM head and the laser was aligned on the back side. The head was moved towards the
surface of the microscope slide using coarse steps until a streak of the UV curing glue
was in roughly the same focus as the cantilever of the probe (as viewed through the
viewing screen of the optical microscope used with the AFM). Using the AFM as a
micromanipulator, the AFM tip was moved over the glue streak (using the optical
microscope) and then lowered in small increments (5 pm or less) until the measured
deflection value changed, indicating to contact with the glass bead. If contact with the
glue was made, then retracting the probe from the surface would not occur until a few

retraction steps were taken because the glue caused the probe to deflect adhesively.
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Once the glue was applied to the cantilever/AFM tip, the tip was moved to a
glass bead, chosen based on visual inspection of cleanliness and separation from other
beads. The cantilever was lowered using small steps until the deflection deviated from
zero and in some instances one additional approach step was taken to ensure good
contact. A blue handheld laser with a wavelength of 405£10 nm and a max output lower
than 5 mW was then directed towards the AFM probe covered in UV curing glue which
was now in contact with the chosen glass bead. The light for the optical microscope
used on the AFM was turned off and the blue laser was turned on and positioned so that
the reflection of the blue laser could be clearly seen on the viewing screen attached to
the optical microscope indicating that the laser was in the right spot to cure the glue.
The laser was held here for 1 min and then the optical microscope light was turned back
on and the AFM probe retracted 50 um. If the glass bead went out of focus with the
AFM probe then it was successfully attached, otherwise glue was reapplied to the AFM
probe and a new bead was found. In most instances, between 1 and 3 attempts were
necessary; this lack of consistency likely resulted from the limited contact area of the
cantilever tip, which may inhibit effective sticking of the bead. Use of tip-less

cantilevers would likely alleviate this issue.
2.2.4-Surface Preparation

2.2.4.1-HOPG
Force maps were obtained on highly oriented pyrolytic graphite (HOPG), UV

ozone treated silica, and silica reacted with dichlorodimethyl silane (DCDMS). HOPG
surfaces were obtained by cleaving the upper layer of a ZYH-grade planchet from
Momentive Performance (Strongsville, OH) using double-sided tape. No further

cleaning treatment was performed to this surface.
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2.2.4.2-Silica
The silica used was cleaved into 1cm x 1 cm surfaces from a 4-inch diameter

ellipsometry standard (J.A. Woolam) with a 60 nm thermally grown oxide layer using a
diamond tipped scribe. The cleaved surfaces were then cleaned using a methanol soak
with sonication to remove any particles present on the surface from the cleaving
procedure. DI water was used to rinse the samples, which were then dried in a nitrogen
stream. Next, the silica surfaces were placed in a Harrick Plasma Cleaner (PDC-32QG)
and cleaned using the ‘medium’ setting (10.5 W applied to RF coil) under vacuum for
10 minutes. The surfaces were then transferred to an 80°C RCA-1 cleaning solution
(1:1:5 solution of NH4OH:H,0»: Milli-Q H>0) for 25 minutes in a Teflon® sample
holder. Next, the surfaces, removed from the solution, were rinsed individually with
Milli-Q H>O and dried under a nitrogen stream. Then they were immediately moved to
the plasma cleaner for 5 minutes on the ‘low’ setting (6.8 W applied to RF coil) and
finally removed to fluoroware for storage until use. Before a silica surface was used
from storage it was exposed to UV ozone for 45 minutes and then placed at the bottom

of the dish before adding surfactant solution.

2.2.4.3-Silanated Silica
To obtain a silanated silica surface, a silica surface cleaned in the manner

described above was exposed to dichlorodimethyl silane vapor post UV ozone treatment
by holding the silica surface inverted in the mouth of the silane bottle for 30 seconds.

No further cleaning treatment was performed on the silanated surface.
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The contact angles of water on the three surfaces post treatment were measured

using the sessile drop

Silanated Silica 96.1
method and are given in HOPG 62.0
Table 2. The results UV Ozone Silica ~0 (completely wetted)

agree well with Table 2. Contact angle of 18 MQ water on silanated

) ] silica, HOPG and UV Ozone cleaned silica.
literature values using

the same surfaces.®*** The results showed that the silanated silica had the most
hydrophobic character of the three surfaces used followed by HOPG. The UV ozone
cleaned silica sample was completely wetted by water and was therefore the most
hydrophilic.
2.2.5-Surfactant Soft Contact Imaging

Soft contact imaging on HOPG and silica was performed using a JPK
Nanowizard III (Berlin, Germany) AFM and PPP-BSI probes. To image surfactant
assemblies on these surfaces the probe was approached and then image collection
begun. The setpoint was decreased during scanning until the tip came fully away from
the surface, overcoming adhesion forces, and then the setpoint was increased until
surfactant was observed. An easy verification that surfactant is being imaged and is not
an artifact is by changing the scan angle and size. If changing these parameters
produces no apparent variation in the image, then the image features are most likely

either artifacts or caused by feedback due to inaccurate tuning parameters.
2.2.6-Concentration and Probe Switching Methods

2.2.6.1-Batch Method
The simple setup of the batch method (a dish and surfactant solution) and the

potential for combining data from several trials makes the batch method an attractive
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means of collecting force curve data with surfactants. The surface was placed (double-
sided tape was only used in the case of HOPG) at the bottom of a clean glass dish large
enough to accommodate the AFM head and then approximately 12mL of surfactant
solution at the proper concentration was added. The probe then approached the surface
and force maps were collected. Then the probe was retracted and the solution and
submersed surface were removed before a separate dish with a separate surface in a
separate aliquot of the surfactant solution was put in its place. The probe was also
removed from the AFM head, UV Ozone cleaned and then put back in the AFM head
(or a different probe also UV Ozone cleaned was placed in the AFM head) before
approaching.

2.2.6.2-Perfusion Method
The perfusion method, although having a more complicated setup than the batch

method, ensures the collection of data from the same location between trials and
removes the effects of tip cleaning and concentration switching. The perfusion method
was carried out using the same glass dishes as used in the batch method, but syringes
connected to Teflon® tubing were used to inject the solutions into the cell on one side of
the dish and withdraw it from the other, removing the need to move the AFM tip
laterally allowing for force maps and imaging to be performed in the same exact spot at
different surfactant concentrations. First, water was injected into the cell and force maps
were collected before retracting the AFM probe by 5 um. Then the syringes placed in
the dish were used to remove the solution in the dish at the same rate that the new
solution, in this case 0.2XxCMC TTAB, was injected. When twice the volume of the dish
had been perfused, the system was left unperturbed for 10 minutes to allow for

equilibration and then the AFM tip was approached, and mapping or imaging was
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performed. Each map took approximately 20 minutes to collect and in some cases a
map was collected immediately following another map. Comparing subsequently
collected maps allowed for following the time evolution of adsorption or location of
specific patches of surfactant. This procedure was repeated for the whole concentration
series, which began with water and was increased by 0.2xCMC until 0.8xCMC and
then the concentration was further increased to 2xCMC and then 5xCMC and finally

10xCMC.

2.2.7-Force Mapping on Various Surfaces
The force mapping feature of the
Nanowizard software was used to obtain a
32x32 grid of force curves in desired areas
with varying map sizes on HOPG, silica,

and silanated silica using both the PPP-BSI

probes and the “f” cantilever on a MSCT
probe. However, the aspect ratio of the
PPP-BSI tips varied between normal stock
aspect ratio, upper image in Figure 4, for

the flat HOPG, silica, and silanated silica

300 nm

force mapping and a much higher aspect S

Figure 4. (Upper) Normal aspect-
ratio probe, (Lower) High aspect-
ratio probe

ratio tip , shown in the lower image in
Figure 4, used for characterizing and force
mapping the trench and pillar structures. Before use, each probe was calibrated to

determine the deflection sensitivity and the force constant by obtaining a force curve on
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a clean microscope slide and fitting the gradient (slope) of the line where the probe was
in contact and then by using the thermal method, respectively.

The probes were used only if the measured force constant fell within the
specification parameters (~ 5 percent of the probes did not meet this criterion). The
deflection sensitivity was measured again in solution on the substrate prior to any other
measurements. Note that the cantilever shape for the PPP-BSI probe is rectangular
while the MSCT cantilever is triangular; although this could cause a difference in the
lateral bending of the cantilever, we are only using the vertical deflection for analysis
and therefore the difference in shape should not be an issue if the force constants are

known.
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of AFM force curves.
Following the instability, the Top: water. Bottom: surfactant solution.

with an instability at ~4 nm.

probe is in contact with the substrate underneath the surfactant layer. The force at which
the instability occurs is taken to be the break-through force while the distance between
the instability point and the substrate is taken to be the break-through distance. Each
force curve within a force map was obtained with a tip velocity of 700 nm/s and over a
range of 500 nm. The relative force setpoint (the force at which extension of the probe
was stopped and retraction begun) was varied based on the force required to obtain a

sufficient number of points post break-through, usually between 3 nN and 8 nN.
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Once the probe reached this setpoint, it was retracted from the surface. Due to
adhesive forces between the surface and the probe there was a distance during which the
probe remained on the surface past the point of zero deflection. A snap-off the surface
occurred once the force necessary to overcome adhesion was applied and resulted in a
minimum in the force curve, which was taken as the adhesion force. In a force curve, a
negative force is attractive, however, we will discuss both the break-through force and

adhesion force as positive values given the conventions typically used for both forces.

2.2.8-Automated Analysis Post Collection (Python and Gaussian Fitting)

Post collection, the JPK data processing software was used to convert the
gathered deflection and distance data into force and tip—sample separation before
exporting each curve as a separate text file. The force curves were then analyzed using
scripts developed in Python, which first separated the data into approach (extend) and
retract curves and then identified the break-through points to obtain break-through
distance, break-through force, and adhesion force. The data obtained from each force
map was used to create histograms, which summarize the break-through distance,
break-through force and adhesion force acquired from the force maps. Our analysis
operates under the assumptions outlined by Butt and Franz, specifically that there is a
probability distribution which describes the point at which the tip will break through the

surfactant layer, and therefore a range of values are possible for any trial.”® The

202 Distribution

histograms were then fit to a normal distribution using Equation 2, where A is the

y=A-exp (_ (x — '“)2> Equation 2. Normal

normal distribution peak maximum and p and o are the mean and standard deviation

respectively.
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The fitted values were then compared using a variety of concentrations,
surfactants and surfaces. In the event of multiple peaks, Equation 3, which uses the
same variable designations

as Equation 2, was used to fit the histogram data,

(x — y)? (x — uy)? E .
=A, cexp|l ———T V4 A4, rexp| ——20 quation 3. Two Peak
y 1 p < 20,2 z P 20,2 Normal Distribution

2.3-Fabrication of Laterally Confining Structures
2.3.1-Trench Fabrication

2.3.1.1-Polymers Used in Trench Fabrication
Polymers and development solvents used in the electron beam lithography

process were obtained from Microchem Corp. The positive resist polymers were
poly(methyl methacrylate) (PMMA) dissolved in anisole and two copolymers of
PMMA/Methacrylic Acid (MAA) dissolved in ethyl lactate. All polymer and co-
polymer solutions were received as 9wt.% dilutions and further diluted to various
concentrations using the pure forms of their respective solvents. Silica was cleaned as

described in the main text prior to spin coating.

2.3.1.2-Polymer Spin Coating and Curing
Cleaned silica pieces were placed on a Laurell Technologies WS-400-NPP spin

coater using the instrument suction stage and 3-4 drops of one of the prepared polymer
or co-polymer solutions was applied to the silica surface via pipette. The sample was
spun at 4000 rpm for 40 seconds and then removed from the coater. This process was

repeated for each silica sample in a set and the set was then cured in a vacuum oven for
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Figure 6. Thickness of polymer layer on silica vs.
polymer dilution concentration for PMMA,
PMMA/MAA(8.5), and PMMA/MAA(17.5).

were obtained by varying the wt.% of the polymer in the dilution. Calibration curves for

polymer on the silica

polymer layer thickness vs. polymer concentration are shown in Figure 6. The resulting
polymer thicknesses, which were measured by removing an area of the polymer on the
silica with a razor blade and imaging with AFM, displayed linear trends at this spin
speed and spin time. In this work the desired thicknesses were between 40-50 nm on the
silica, which were respectively obtained using 1.35wt.% and 1.6wt.% with PMMA,
2.15wt.% and 2.5wt.% with PMMA/MAA(8.5), and 2wt% and 2.32wt% with

PMMA/MAA(17.5).

2.3.1.3-Electron Beam Lithography and Metal Lift-off
Electron beam (e-beam) lithography was performed in an FEI Helios DualBeam

scanning electron microscope equipped with the NanoPattern Generation System
(NPGS). The scope was optimized and operated at 4 mm WD, 30 kV and 21-23 pA,
verified by Faraday cup prior to each exposure session. Accurate measurement of the
working electron beam current was necessary when using the NPGS to get reproducible

exposure line widths between samples and exposure sessions. To prepare a sample for
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e-beam lithography, first the polymer surface was scratched with a razor blade to make
registration lines, which were used later to find the exposures with SEM or AFM post
development. The sample was then exposed to the electron beam, which moved the
beam over the surface to create patterns with different electron beam doses. The areas
exposed to the beam were then soluble in the developer solvent (1:3 methyl
isobutylketone:isopropyl alcohol solution) which the sample was immersed in at -5°C
for 30 seconds. Once time had elapsed the samples were moved directly from developer
to chilled IPA for 20 seconds and then room temperature water for 15 seconds. The
samples were then dried in an N> stream and stored.

The resulting trench widths and depths were characterized by metal lift-off and
AFM, respectively. Metal liftoff was performed by sputter coating a sacrificial sample
with Ptld to a thickness of 20 nm and then removing the polymer by soaking in a series
of three 20 ml baths made up of the following. The first two contained NanoRemover
PG at 50°C (10 minutes each) and the third was isopropyl alcohol at room temperature
(10 minutes). Lastly, the sample was rinsed in a DI water stream and then dried under a
nitrogen stream. The width of the deposited metal left behind was measured using SEM

and showed the width of the floor of the trench where it meets the trench wall. This
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values for each data set are also provided.
trench characteristics using high
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aspect ratio probes was performed in both intermittent contact (tapping) and constant
contact mode. To make sure that the trench characteristics were unaltered by AFM
imaging, a series of images and line profiles were taken of a trench in tapping mode,
then contact mode and then again in tapping mode. The tapping mode images before
and after showed the same trench width even through contact mode showed larger

widths, indicating any polymer stretching during scanning was elastic and temporary.

2.3.2-Trench Characterization

E-beam lithography was 75

used to form trenches in

~N
(=]

~50 nm thick spin-coated

Contact Angle (Deg)
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(8]

(o))
o

polymers. Polymers used

were poly(methyl > Pure PMMA  PMMA MAA(8.5) PMMA MAA(17.5)
methacrylate) (PMMA) Polymer

Figure 8. Contact angles of DI water on PMMA,
homopolymer and two PMMA/MAA(S8.5), and PMMA/MAA(17.5),

measured using the sessile drop method.
copolymers with

methacrylic acid (MAA), an 8.5 wt.% acid number (PMMA/MAA(8.5%)) and a 17.5
acid number (PMMA/MAA(17.5%)). The acid number is the weight fraction of acid
comonomer units in the polymer. The sessile drop method was used to obtain contact
angles of DI water on the spin-coated polymer surfaces and the results are given in
Figure 8. PMMA had the most hydrophobic surface at 71.9°+1.2°, followed by
PMMA/MAA(8.5) at 67.4°£1.0° and finally PMMA/MAA(17.5) with a contact angle of

64.3°+1.3°. These results show that an increase in the MAA content caused an increase
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in the hydrophilicity of the polymer layer as expected; which in turn varies the

hydrophilicity of the walls for the trenches.
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Figure 9. Results of electron beam lithography on PMMA. Images are AFM
phase images collected in air, a 3D model of the 500 nm scan and a line profile
from the height image of the same scan.

The results of AFM imaging a wheel array produced via e-beam lithography,
wheel 12 of that array, and a spoke of that wheel are shown in Figure 9. The imaging
was performed in tapping mode using our high aspect ratio PPP-BSI tips. The array
(Figure 9a) was found by positioning the AFM cantilever with the registration scratches
made in the polymer prior to e-beam exposure. The array itself was not visible with an
optical microscope but was found with a large area AFM scan and then imaged further.

The array has varying dosage for each wheel, with wheel 1 having the lowest dose
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(lines with lowest width) and wheel 12 (Figure 9b) having the highest (lines with
highest width). In fact, wheel 1 was given a dose that was too low to fully remove the
polymer down to the substrate and is therefore difficult to see in the array. An example
image of a spoke from wheel 8 is given in Figure 9c, and a 3D model and line profile
are given in Figure 9d and Figure 9e, respectively. Other wheels with smaller line doses
were investigated but only the floors of wheel 8 and higher, which had metal-lift off
widths of 50 nm, was able to be reached even when using the high aspect ratio AFM

probe.

2.3.2.2-AFM Force Mapping of a Single Trench
The trench was then investigated using contact mode force mapping and the

results are shown in Figure 10 in the form of an adhesion map collected using the high
aspect ratio PPP-BSI tip. It is possible to distinguish the upper surface of the polymer,
the edges, and the lower surface of the trench. Due to the finite size of the tip, the exact
nature of the polymer wall-silica floor intersection
could not be precisely determined. Unfortunately,
PMMA and silica without surfactant adsorption

display similar snap-to-contact and adhesion values

Slow Axis (nm)
M~
o
o

so this could not be used to distinguish the identity of 100

the bottom of the trench. However, the widths of the

Ox

Figure 10. Slope map
collected on a trench in air.

upper mouth of the trench (~50 nm from the line
profile in Figure 9¢), which should not be affected by
tip convolution, were statistically the same as the widths determined by metal lift-off
experiments for each trench. This suggests a mostly vertical trench wall and square

wall-floor intersection.
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The lower surface of the trench spans 2-3 map indices in the x-dimension which
over the length of the map provides 50-60 points to analyze. Given the width of the
trench and the resolution of the tip, the 2-3 map indices indicate that only the center of
the trench is being imaged and this statement is true for all trench measurements.

Hence, we considered all points imaged in a trench to be equivalent and clearly points at

or very near the center of the trench are being sampled.

2.3.3-Pillar Fabrication
Pillars were fabricated by reactive ion
etching (RIE) of a surface coated with metal
that had been selectively evaporated through
the interstitial sites of 200 nm polystyrene

microspheres. RIE left pillars in the areas

! 100 nm
i

where the metal was on the surface and the
original silica surface was obtained by etching
the metal with CR 9051 chrome etchant

(obtained from Transene Co.). For further

details regarding the preparation of the pillar
Figure 11. Results of 30 second
surfaces, please see the Appendix. etching trial performed with
200 nm diameter polystyrene
nanospheres. Upper image is SEM
and lower image is AFM.

41



2.3.4-Pillar Characterization

The results of a 30 second etch trial are shown in the SEM image in Figure
11 (upper), collected in a Zeiss Neon SEM using an accelerating voltage of 10kV. The
etch rate was found to be 1.5 nm/sec, resulting in pillar heights of approximately 45 nm.
The images in Figure 11 also shows a distribution of nano-structure types, including
dumbbell shapes, stretched zig-zag patterns and peninsula like formations extending
from larger islands. The wide variety of shapes were caused by the nanosphere mask
having defects due to agglomeration during layering. SEM images were difficult to
collect because the features were mostly edges and therefore highly sensitive to
electrons scattered within the silica surface leaving from the structures resulting in a
decrease in edge contrast. There were also issues with “double vision™ at the edges,
which is believed to be caused by the electron beam interaction volume traveling deeper
than the structures were wide, causing the edges to look somewhat transparent further
from the etch floor. However, vertical side walls are apparent, indicating a mostly
anisotropic etch.

Further characterization of the pillars was performed using AFM, the results of
which are given in the lower image in Figure 11. This 3D rendering of the surface
demonstrates the high-resolution capabilities of the higher aspect ratio AFM tips. An
imaging artifact, striated walls, appears on the right side of the nanostructures.
However, all the structures show this same feature on only the right side indicating that
the feature is not real. The AFM imaging supports the conclusions drawn from SEM
micrographs regarding the vertical nature of the substrate sidewalls as well as showing a

flat upper pillar surface. The diameter of the top of pillar structures had diameters
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between 35 nm and 15 nm, respectively, measured using SEM and confirmed with
AFM. The RMS roughness of the upper surface (previously masked by metal) was
measured and found to be 0.181+0.017 nm while an unprocessed silica surface was
found to be 0.170 + 0.00866 nm, indicating the surface was well protected during
etching. For a more in-depth explanation of the processes used, as well as results of the
fabrication performed using 100 nm polystyrene nanospheres and longer etching times,

please see the Appendix.
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Chapter 3: Results and Discussion

3.1-QCM Investigation of Random Lateral Confinement and Temperature

3.1.1-Equilibrium Adsorption on Smooth Surfaces
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Figure 12. Top Row - CTAB adsorption per unit of nominal surface area vs. bulk
concentration normalized by the CMC at, 30, 40, 50, and 60°C on smooth (a) and
rough (b) gold surfaces. Bottom Row - Dissipation vs. bulk concentration
normalized to CMC at each temperature and roughness.

The amount of CTAB adsorbed per unit of nominal surface area vs. bulk
concentration normalized to the CMC of each temperature on the smooth surface is
shown in Figure 12a. Below the CMC, as the bulk concentration increased the amount
of surfactant adsorbed per area increased for all temperatures, with no statistical
difference between the results obtained at different temperatures. Once the CMC was
reached all results shown in Figure 12a at temperatures 30°C and above show a slight

maximum in adsorption, followed by a decrease to a plateau as the concentration was
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increased further. The highest amount adsorbed at the plateau was obtained at 30°C
(3.1x10% ng/cm?). As the temperature increased, adsorption decreased, with the
minimum obtained at 60°C (~ 2.1x10% ng/cm?).

The maximum in adsorption at the CMC is associated with the formation of bulk
micelles at the CMC. Maxima in adsorbed mass have also been noted by others,

,24,26,35,36,95-97 In our case. we
3

although explanations for the phenomena are varied.
believe that surface-active impurities were adsorbing within the supported film below
the CMC. Once the CMC is reached, these impurities and some surfactant desorb from
the film and partition to the newly formed micelles, yielding a decrease in the mass
adsorbed. Impurities could be isomeric variations of the primary surfactant, which have
been suggested to yield the maximum seen for mass adsorbed below the CMC."” A
study by Furst et al. also supports the possibility that the maxima were caused by non-
surfactant associated impurities.?* These authors found that maxima in amount adsorbed
occurred most often when their silicon surface was exposed to concentrations below the
CMC before being increased above the CMC, leaving trace amounts adsorbed following
a rinsing step. For surfaces exposed to concentrations above the CMC only, nothing was
left on the surface after rinsing, which suggested that any impurities were completely
solubilized by micelles in solution. The impurity in question was later determined as
being caused by the poly(vinyl chloride) tubing used in the experimental set-up.%¢

Our group reported maxima in adsorbed amount near the surfactant CMC
previously.’” Maxima reported in our previous work were much more substantial than

those shown here, although the same surfactant and similar surfaces were used. '°

However, previously sonication and helium sparging of the surfactant solutions were
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not used. We conclude that the sonication/sparging removed impurities from the
solutions. Even though we recrystallized three times, a comparison of the amount of
surfactant adsorbed to the amount present in solution for adsorption experiments on our
relatively flat surfaces suggests that the ratio of impurities to surfactant must be on the
order of 1 x107 or less to fully exclude the possibility of impurity adsorption; obtaining
this level of purity based on recrystallization alone is very difficult.

Dissipation data as obtained on the smooth surface are shown in Figure 12¢. The
dissipation, and consequently the morphology, of the adsorbed aggregates were not
strongly affected by temperature within the tested temperature range. The greatest
dissipation measured was roughly 0.44 x10°° at 30°C at 2.0xCMC, which is below the
criteria reported in the literature for a rigidly bound film (<1.0 x10°).% This low value
for the dissipation supports the use of the Sauerbrey equation to determine mass
adsorbed from frequency data. As the concentration increased, the dissipation increased
for all isotherms. A slight decrease in slope for the dissipation vs. concentration curve
was observed once the bulk concentration reached the CMC, but unlike mass adsorbed
there was no maximum, suggesting that desorbing impurities had a negligible influence
on the flexibility of the supported films. The very slight dissipation increase above the

CMC with increasing surfactant concentration is attributed to an increase in the
viscosity of the bulk fluid.
3.1.2-Equilibrium Adsorption on Rough Surfaces
The adsorption isotherms obtained on rough surfaces followed the same trend
observed on the smooth surfaces. As the bulk concentration increased mass adsorbed

per unit area on the rough surface increased, as shown in Figure 12b. In this Figure the
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nominal surface area is used for estimating the amount adsorbed from the QCM data
instead of the actual surface area; the latter requires an assumption such as a fractal
surface. ' When comparing the isotherms above the CMC in Figure 12a and Figure
12b, on average the equilibrium values were lower on the rough surface than the smooth
surface, a result our group reported previously.'®” This decrease in adsorption is
caused by disruption of surface aggregates and intermolecular tail-tail interactions by
surface roughness.!” Since nominal surface areas were used in the calculation of the
surface area, the actual decreases in adsorption densities were larger than shown in the
graphs.

On the rough surface, below the CMC mass adsorbed at 30°C was less than for
40°C and 50°C. However, mass adsorbed at 30°C becomes greater than at 40°C and
50°C near the CMC. The only peak in mass adsorbed occurs in the 50°C isotherm,
while the other isotherms display rather monotonic transitions to their plateau values.
The largest amount of mass adsorbed in the plateau region on the rough surface is
2.8x10% ng/cm? and occurs at 30°C at 1.4xCMC, while the smallest value is
1.6x10% ng/cm?, found at 60°C for 1.6xCMC. As with the smooth surface, an increase
in temperature led to a decrease in mass adsorbed above the CMC. Data collected on the
rough surface shows a greater separation between the 50°C and 60°C isotherms, which
may be an effect of extra washing cycles increasing the surface roughness, as three
extra washing cycles were necessary to repeat the 60°C trial following the failure of the
first trial from bubble formation in the tubing.

Dissipation data collected using the rough surface can be found in Figure 12d.

The data are again consistent with a rigidly bound surfactant film on the surface of the
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crystal. The data did not show any statistical difference between temperatures, except
for 50°C, which showed greater dissipation near the CMC. No observable maximum in
dissipation was found. Above the CMC, there was a slight increase in the dissipation
with concentration, attributable to a slight increase in bulk viscosity. Although we
expected that the dissipation would show some evidence of a change induced by an
increase in the surface roughness, no statistical distinction between dissipation values
gathered on the two surfaces was observed. This suggests that the films formed on
rough substrates were of similar morphology to those formed on the smooth substrates,
although they were present in lower amount, as suggested by the lower amount
adsorbed. This result also implies that some portions of the rough surface are not

covered by surfactants.
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3.1.3-Time Dependence of Adsorption

3.1.3.1-Adsorption at 0.1xCMC
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Figure 13. Mass CTAB adsorbed per unit of nominal surface area as a function of
time on both smooth (a, ¢) and rough (b, d) surfaces at 0.1xCMC.

Figure 13 shows the adsorption per nominal surface area from a 0.1xCMC
solution at different temperatures on both smooth and rough surfaces as a function of
time. Mass adsorbed increased quickly until a plateau was reached for both the smooth
and rough surfaces. The plateau in adsorption on the smooth surface decreased with
increasing temperature. Surprisingly, on the rough surface the effect of temperature on

adsorption was not consistent. The 60°C isotherm yields the lowest adsorption
equilibrium value; the 40°C and 50°C curves nearly overlapped and showed greater
adsorption than results collected at 30°C. Based on smooth crystal data the 40°C and

50°C equilibrium values should be lower than the 30°C value. A likely cause is that
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slight variations in the activity of available surface sites, caused by the cleaning
procedure, became more apparent at low surfactant concentrations.

When the kinetics results are viewed on a large time scale, Figure 13a and
Figure 13b, there appear to be only two regions of adsorption, a region of fast
adsorption (~0-200 seconds) and a region of slow adsorption (time>200 sec), which
were characterized previously through the use of kinetic models.!%* When the fast
region is viewed on a smaller time scale (Figure 13¢ and Figure 13d) it becomes
apparent that there were actually three regions. These regions have been quantified as 0-
10 ng/cm? for the first region, 10-50 ng/cm? for the second region and above 50 ng/cm?
for the third region. The first region represents the time interval where the concentration
in the cell is changing with time; the residence time of the fluid in the cell is consistent
with the time interval characteristic of this first region. At low concentrations, single
molecule adsorption can be assumed in this first region. The second region also likely
represents primarily single molecule adsorption. Some cooperative effects could be
present, although at 0.1xCMC the number of adsorbed molecules where cooperative
effects are significant is probably small. The third region is dominated by a plateau,
indicating that the equilibrium adsorption is being reached.

To examine the differences between adsorption rates in the first two regions a
one-step adsorption model, q; = q;_; + m;t;, was used.*’ In the equation, qi, m; and t;
are the mass adsorbed, slope of mass adsorbed over time and time elapsed values for the

i region, while ;.1 is the final mass adsorbed value of the preceding region.
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Figure 14 reports the average
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Figure 14. Average slopes of adsorption in crystals and 1 trial (2 crystals per trial)

areal mass per time and percent of
equilibrium coverage in the first region for
30, 40, 50, and 60°C isotherms (left to right
respectively) for a bulk concentration of
0.1xCMC on the smooth and rough gold
surfaces.

for the rough crystals. As shown in the
top portion of Figure 14, no change in
slope of mass adsorbed over time was
found in this region by varying
temperature between 30°C and 60°C or by changing the surface roughness.

A higher temperature should lead to faster adsorption in the low concentration
region since the surface is not completely covered and the diffusion constant increases
with temperature. Adsorption occurs through single molecule adsorption via
electrostatic interactions between the polar head group and charges present on the

surface, which are negative from the adsorption of bromide ions. % However, any
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expected increase in the kinetics of adsorption is lower than the uncertainty in the
measurements as represented by the error bars in Figure 14.

Slopes of adsorption (amount

B Smooth N Rough

vs. time) in the second region are

shown in Figure 15. On the smooth

surface the slope was greatest at 30°C

Slope: (hng/cm?/sec)

and decreased with increasing

40°C 50°C 60°C temperature. For the rough surface,
Temperature

the slope at 30°C was the largest and

m Smooth § Rough there was statistically no difference

between 40, 50, or 60°C. On an

absolute mass adsorbed basis, the
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slope on the smooth crystals was

- 60°C higher than that for the rough crystals;

Temperature

Figure 15. Average slopes of adsorption in this trend was reversed in some cases

the second region for 30, 40, 50, and 60°C
(left to right respectively) for a bulk
concentration of 0.1xCMC on smooth and
rough gold surfaces.

when taken on a basis of percentage
of equilibrium value. The decrease in
slope with increased roughness follows the same trend as was found above the CMC.
As adsorption in the second region for 0.1xCMC is primarily an enthalpically-driven
(i.e. non-cooperative) process, these results indicate that the effects of roughness extend
even to regions of adsorption not entropically controlled. A similar finding was
expressed previously where adsorption was slowed on a rougher surface by surface

rearrangement, even at concentrations well below the CMC.!° The fact that the kinetics
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of adsorption decreases with an increase in temperature suggests that the heat of
adsorption becomes less exothermic at higher temperature,®® which counteracts

increases in rate due to a diffusion constant increase. However, in one study with
cetylpyridinium chloride, increasing temperature has been shown to lead to more

exothermic processes, even though the amounts adsorbed were decreasing.*
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Figure 16. (a) Mass of CTAB adsorbed as a function of time on a smooth gold
surface at 30°C and 60°C. (b) Average slopes of adsorption in the 1st, 2nd and
4th regions (left to right, respectively) at 30°C and 60°C for a bulk
concentration of 1.8<CMC on a smooth gold surface.

3.1.3.2-Adsorption at 1.8xCMC and Two Different Temperatures
To better explore characteristics of other regions at higher concentrations, data

for the step increase from pure water to 1.8xCMC were collected at 30°C and 60°C on a
smooth surface and the associated slopes of adsorption for the different regions are
shown in Figure 16. Five regions of adsorption are identified, with the first region
beginning at time zero and ending where mass adsorbed is ~10 ng/cm?. The second and
third regions are designated as 10-50 ng/cm? and 50-75 ng/cm?, respectively. The fourth
region spans from 75 ng/cm? to where mass adsorbed begins to transition to a plateau.
The fifth region is where the adsorption slowly approaches a plateau value. Here the
monomer concentration is in such excess that region I is thought to have an effective

concentration of 1.0xCMC almost immediately. The slope of adsorption in this first
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region appeared to increase with an increase in temperature, whereas at low
concentrations there was no observable trend with changing temperature. This behavior
is possibly an effect of micelles in solution at high concentrations, even though Region I
is still single molecule adsorption.!*®* The slope of Region II was three times higher
than that of Region I, where the 60°C slope is greater than the 30°C slope. These results
support a diffusion controlled adsorption mechanism in Region II, where the increase in
temperature caused an increase in the coefficient of diffusion.!%

The third region observed at the higher concentration is a transition region
between the different adsorption mechanisms characteristic of the second and fourth
regions. The 30°C slope in the fourth region increased slightly compared to the second
region but was much higher than the 60°C slope. The decrease in slope of adsorption
with temperature indicates that the decrease in driving force for adsorption with an
increase in temperature occurs in the same manner as the decrease in the entropic
driving force observed for micelle formation in solution. Adsorption is entropically
driven at high concentrations, where adsorption in the fourth region is driven by
cooperative lateral interactions between surfactants adsorbed on the surface (analogous
to region II of the four-region explanation for isotherms as a function of
concentration).!®® The lateral interactions are a result of the entropic driving force
which occurs as a result of the increase in the entropy gained by water molecules
surrounding surfactant tail groups.®®!°! Upon adsorption and organization into a
structure where the hydrocarbon chains associate with one another, these water
molecules are released from their cage-like structure surrounding the surfactant, which

increases the system entropy because the entropy loss due to the association between
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the hydrocarbon tails is insignificant compared to the entropy gain of the water.'%> At
higher temperatures the entropy gain is lower because the cage-like structure formed by
water molecules around a surfactant tail is already less organized at higher temperature.
Figure 16 shows that the overall decrease in adsorption of ionic surfactants with
increasing temperature at high surfactant concentration occurs primarily because
adsorption is less in the fourth region, where cooperative interactions dominate, due to a
decrease in the entropic driving force for adsorption with an increase in temperature.
The gradual approach to a plateau seen in the fifth region (analogous to region
IIT of the four-region explanation for isotherms as a function of concentration) is
characteristic of rearrangement of adsorbed surfactant aggregates and filling of
remaining surface sites.!*’
The regions described here show similarity to the four-region isotherm developed by
Somasundaran and Fuerstenau, with the main difference being the currently presented
analysis has a kinetic basis instead of concentration.>” The most notable effect of this
difference is the absence of a diffusion controlled region in the four region model which
is self-evident since the four-region model is an equilibrium model. The Region I1
results for 0.1xXCMC in this work do show agreement with the conclusions of
Somasundaran et al. and their respective Region Il regarding adsorbed single molecules

nucleating increased adsorption.
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3.2-AFM Force Curve Characterization of Adsorbed Surfactant on Flat Surfaces
3.2.1-AFM Force Mapping of an AFM Tip

Unless explicitly stated, throughout this paper the terms monolayer and bilayer
refer to the number of layers forming the structures on the surface (e.g. monolayer refers
to flat monolayers as well as hemi-cylinders and hemi-spheres, while bilayer refers to a
flat bilayers as well as full cylinders and spheres). We have no reason to believe that our
methods can distinguish the various types of single-layer type structures from one
another, nor the various types of multilayer-type structures from one another.

Many previous publications interpret the break-through distance as the thickness
of the adsorbed surfactant layer directly, which assumes there is no surfactant adsorbed
to the probe. However, Ducker et al. investigated the surfactant adsorbed to the tip by
collecting force curves, however without collecting a force map, on a silicon nitride
surface using a silicon nitride probe with the zwitterionic surfactant dodecyl dimethyl
ammoniopropanesulfonate.!®® They assumed that using the same material would yield
similar structures on both the tip and the surface and determined that the thickness
measured using force curves was based on the applied load. The latter conclusion is a
result of designating thickness as any point between the point of initial increase in force
and the instability point and not the break-through distance. In our work, this method of
using a probe and surface of the same material is taken a step further by mapping an AFM
tip using another AFM tip in 10xCMC TTAB solution, which provides not only the same
material, but also the same surface geometry. Only single force curves could be obtained
at the tip-tip interaction as compared to 1024 curves we could obtain for flat surfaces;

therefore, similarly robust statistical data-sets were not possible. However, our data
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demonstrate the concept of force mapping on an AFM tip, and they permit to draw
conclusions based on the presence and appearance of break-through phenomena.

The mapping probe was positioned over the to-be-mapped probe using a top-
down optical microscope. The to-be-mapped probe was prevented from deflecting away
from the mapping probe by positioning it over the chip portion of a separate AFM probe
(see Figure 17a), which, by design, was at the same height as the underside of the AFM
cantilever. Prior to mapping the tip, a 32x32 force map was collected on the cantilever
of the probe being mapped. This was obtained as a benchmark comparison to a flat
surface of the same material at the same time and with the same probe being used to
map the tip surface. The break-through distance, break-through force, and adhesion
force were found to be 3.39 nm + 0.61 nm, 0.33 nN =+ 0.04 nN and 0.05 nN £ 0.007 nN
on the cantilever, respectively.

Next, the tip itself was mapped using a 16x16 force mapping grid. The smaller
grid size was used on the tip because a 32x32 grid experienced significant drift during
the experiment. Even with the smaller map there was still a fair amount of drift, likely
due to mechanical coupling within the complex arrangement of cantilevers and chips,
but it was less of an issue because of the increased speed of collection with the smaller
grid. Of the 10 maps collected, 3 were successful in collecting a force curve at the apex

of the two tips.

57



The maps and a representative force curve are shown in Figure 17. The curves

collected at the maximum height of the maps did display break-through forces above

zero, indicating the presence of a repulsive force near the surface. The break-through

distances, break-through forces, and adhesion forces for the three maps were found to

be (3.3 nm, 0.28 nN, and 4.76 nN), (4.29 nm, 0.18 nN, and 2.23 nN), and (5.05 nm,

0.65 nN, and 0.33 nN), respectively.
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Figure 17. (a)-Scheme
showing the AFM tip to
be mapped positioned
over the chip of another
AFM probe to prevent
deflection during

mapping.

(b), (c), (d)-the three
(separate) successful
force maps of a PPP-
BSI probe in a 10xCMC
TTAB solution. the
black boxes in the
images are the point of
maximum height
measured value, taken
to be the interaction
between the two tips.

(e)-Example force curve
(with a split y-axis)
from between the two
AFM tips at the
maximum height.

Although there is substantial variation in these measurements, our results

indicate that there is adsorbed surfactant with some thickness present. The symmetry of

the system strongly supports the possibility of an adsorbed layer on both tips. This layer
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is assumed to be a monolayer, since it has
been previously stated that AFM tips
should be incapable of supporting the
formation of a bilayer without chemical
modification.'” To investigate surfactant
adsorbed to a different type of probe, a
colloidal probe was used on a flat HOPG
surface.

3.2.2-Colloidal Probe Trials

A 58 pm colloidal sphere attached
to PPP-BSI AFM tip was used and the
results of a 32x32 force map obtained in
10xCMC TTAB using this colloidal probe
on the TTAB layer on HOPG are shown in
Figure 18. The force curve shown, Figure
18a, had a low gradient region at 3 nN,
which was taken to be the break-through

event. The break-through force was found

to be ~3 nN 1in this curve and the retraction

curve had noticeable bowing leading up to
a flat region at 6 nN. This flat region was
caused by the measured value exceeding

the limit of the measurable deflection (12
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Figure 18. Example force curve (with
split x-axis) and histograms of break-
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and adhesion for a colloidal probe on
HOPG with 10xCMC TTAB



V, which corresponds to 6 nN after accounting for deflection sensitivity). The break-
through distance obtained from the histogram in Figure 18b was 3.57 nm & 0.17 nm,
which is in the same range as values found in literature using various surface
geometries. 258719 As with the force curve, the histograms in Figure 18c and Figure
18d demonstrate how the measurable deflection limit affected the break-through force.
Below the instrument limit of 5 nN the break-through force histogram shows what
appears to be half of a normal Gaussian curve.

The low gradient at the break-through event resembles the curves found by
Donaldson et al. when using a surface force apparatus (SFA) to study azo-TAB on
mica.?? In their work, there was a distinct difference in the appearance of the force
curve and the break-through force for a light-switchable surfactant monolayer or
bilayer. In the case of the bilayer, the break-through force was greater, and the force
curves had a much lower gradient at the break-through event. Compared to the force
curves found here, there is a resemblance between our colloidal probe curve profile and
the azo-TAB bilayer, which would suggest hemifusion is occurring here, as was

concluded in theirs and other work. '
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Hemifusion, represented in the scheme given in Figure 19, describes what
happens when two hydrophilic surfaces, each supporting a bilayer, come into close
contact. The repulsive forces generated by the bulk-facing headgroups lead to disruption
of the opposing bilayers, resulting in the compression and rearrangement of the two
separate aggregate layers to form a single layer between the two surfaces, with the
simultaneous ejection of some surfactant.??1%-1% Hemifusion also implies that adsorbed
surfactant morphologies may change through interaction with another surface (two
bilayers initially and one bilayer after interaction). Visual inspection of the force curves
presented in the work of Donaldson et al. suggests a break-through distance (jump-in),
which is approximately equal to the hemifusion distance, suggesting the possibility that
the break-through distance represents the hemifusion distance rather than the surfactant
layer thickness. However, previous work differs substantially from the work described
in this section. Since HOPG has been shown to support the formation of a monolayer

surfactant structure; i.e. instead of two bilayers with two mica SFA surfaces the
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expected situation with HOPG and our colloidal probe is a monolayer and a bilayer.

However, the measured break-through distance is characteristic of bilayer thickness, not

monolayer plus bilayer. 600 800
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The mean and standard deviation from fitting the break-through distance, break-through
force and adhesion force histograms were found to be 3.25+0.31 nm, 1.18+0.18 nN and

2.49+0.2 nN, respectively. Imaging at this concentration showed parallel rows of
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surfactant arranged in different orientations caused by grain boundaries on the HOPG
surface, which agrees with imaging found in previous investigations.?* The parallel
alignment and even spacing of the rows are due to the surfactant adsorbing conformally
with the symmetry axes of the graphite substrate.®®>!% Fast Fourier Transform (FFT)
analysis (overlay in the lower left of the soft contact image in Figure 20) was used to
determine the period (rationalized as the sum of the width of a micellar aggregate and
distance between aggregates), which was 4.7 nm, matching values found in the
literature.”®

Comparison of several surfactant break-through distance values on HOPG
shows a similar range of values as observed in our work, suggesting that a future force
mapping/histogram study involving surfactants of various chain length and headgroup
charge would be beneficial in verifying the nature of the break-through
distance,23-25:27:81,103

For the purposes of this paper, it is noted that the HOPG break-through values
obtained using the regular AFM probe here are like those found on HOPG using a
colloidal probe discussed above. It is well accepted that ionic surfactants form
monolayers or hemi-spheres/hemi-cylinders on hydrophobic surfaces (e.g. HOPG) and
bilayer or full sphere/cylinder aggregates on form on hydrophilic surfaces.”:!7-6%110
Therefore, this agreement is surprising; for the case of a colloidal probe and HOPG a
bilayer and a monolayer are expected while in the case of an AFM tip and HOPG a
monolayer and a monolayer are expected. Therefore, we expected a greater break-

through distance for the colloidal probe vs. the normal AFM tip. This curious

discrepancy will be elaborated upon in the “further discussion” section.
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same concentration. In these images the scan direction is
found to be from bottom to top.
3.88+0.37 nm, 0.09+0.012 nN, and 1.06+0.17 nN, respectively. The break-through
distance obtained at 0.5xCMC is about 0.5 nm higher than that obtained at 10xCMC
TTAB, while the break-through force is 10% that obtained at 10xCMC. The large
difference in break-through force was expected, given that SFA experiments showed a

drop in break-through force below the CMC to 15% of the value measured above the

CMC.¥" Given the patchy nature of adsorption that will be proven later in this paper,
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the low break-through force is likely a result of surfactant being more easily moved by
an approaching AFM tip.

With soft contact imaging, scanning ‘above’ the surfactant layer without
breaking through to the underlying substrate was difficult below the CMC. The typical
indication of break-through during scanning was the disappearance of surfactant from
the image (either in height or error signals) mid-scan, or a sudden change in the lateral
deflection signal (i.e., increased friction once the probe contacts the surface). Also,
there was very little resolution of surfactant in the height or error images until post
break-through, after which the parallel lines of surfactant are observable, albeit with
rougher edges between the rows of surfactant when compared to images obtained above
the CMC.

The ability to image surfactant aggregates below the CMC indicated that the
surface concentration where cooperative interactions are responsible for adsorption of
TTAB was less than 0.5xCMC, which is not surprising given that SDS has been imaged
at 1/3 of its CMC.? As the surfactant assemblies on the surface are patchy below the
CMC, the approach of an AFM tip could cause dynamic surface reconfiguration, a
process which is expected to be much faster than scanning timescales (individual
surfactant adsorption-desorption times tend to be on the order of milliseconds).
Therefore, a probe at the hard surface could be scanning within the micelle layer, which
could yield a variation in the friction sampled by the probe, accounting for the similar

imaging in the friction signal post break-through (bottom right image in Figure 21).
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3.3.3.3-HOPG Concentration Gradient
Next, a concentration gradient

was performed using the batch method
of data acquisition. The data in Figure
22 show break-through distance, break-
through force, and adhesion force for
TTAB on HOPG for concentrations
between 0.5xCMC and 10xCMC using
two different PPP-BSI probes,
nominally with the same
characteristics. The break-through
distance did not change appreciably
over the concentration range from
0.7xCMC to 10xCMC, remaining
between 2.8 nm and 3.4 nm. Ignoring

the data at 0.7<xCMC, the break-through
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Figure 22. Break-through distance (a),
break-through force (b) and adhesion (c)
results for various concentrations of
TTAB on HOPG. Different colors
represent different probes.

force does seem to increase with concentration through the CMC. This result differs

from a previous SFA investigation for lipid bilayers, in which the break-through forces

below the CMC varied and achieved a plateau above the CMC.*” However, the

behavior of the break-through force with concentration was also measured with

different results in perfusion experiments, which will be detailed later. Comparing

different concentrations in perfusion experiments is expected to yield better results vs.

comparing different concentrations in batch experiments as will be discussed more

completely below.
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The clear difference in break-through force and adhesion force values for trials 1
and 2 of the 0.5xCMC and 0.7xCMC indicates a variation not previously reported in the
literature. This difference in break-through force between different trials using
conventional AFM probes with nominally the same characteristics is attributed to
differences in probe geometry at the nanometer scale, a conclusion supported by the fact
that the break-through forces obtained with the colloidal probe were substantially
different not only in value but also in appearance (a very low positive gradient in the
force vs. distance curve, which was instead high when using the regular AFM probes).
However, the break-through distance values between a regular AFM probe and a
colloidal probe were unchanged which indicates that the probe shape and size had no
effect on the break-through distance measurements. The effects of using a probe with a

different force constant on the break-through values were investigated next.

3.3.4-MSCT Probe “f” Trials

To study the effect of probe characteristics on break-through behavior, an f
probe of the MSCT cantilever which had a stiffness ~6 times greater than the PPP-BSI
probes was used. The results from force maps obtained using the PPP-BSI probe and
the f probe of the MSCT cantilever for HOPG, silica and silanated silica in 10xCMC
TTAB are shown in Figure 23. Break-through distances did vary moderately beyond
experimental error for some samples, but the unvarying nature was maintained between
all surfaces and probes used.

Comparison of break-through force and adhesion force shows more substantial
variations between surfaces and between distinct types of probes. It was found that the

MSCT probe yields higher values in all cases, except for the adhesion force on silica.
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However, no consistent proportional
relationship between the data
collected with the different probes
was observed. Overall, these results
support our conclusion that the

cantilever type does not strongly

affect the measurement of the break-

through distance; the average values
of all three surfaces is about 3.65
nm for both probes. Conversely,
both the break-through force and
adhesion force are strongly

probe/cantilever dependent.
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3.3.5-Perfusion Experiments
The following section will present data collected using the perfusion method on HOPG,
silica and silanated silica. Visual data will be compared using gradient maps and then

quantitative data will be obtained using the histogram analysis.
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Figure 24. TTAB on HOPG-32x32 gradient maps. (a) Water
(0)0.2xCMC (c) 0.2xCMC Scan 2 (d) 0.4xCMC (e) 0.6xCMC (f)
0.8xCMC (g) 2xCMC (h) 5xCMC (i) 10xCMC. All images are

Spm % 5 pm. The force curves explain the difference between the areas
of high absolute (i.e. more negative) gradient (light color on gradient
map) and low absolute gradient (dark color on gradient map).

During perfusion experiments the same area of adsorption can be studied as the
concentration varies, reducing the opportunity for any change in the cantilever
properties to occur. Our results are described below, starting from a discussion on the
qualitative features of the micrographs. Discussion of the break-through force, adhesion

force and break-through distance will follow.

69



Figure 24 shows the results of perfusion experiments for pure water and TTAB
at concentrations between 0.2 and 10xCMC of TTAB on HOPG. In the bottom right of
Figure 24 are shown force curves, which differ from those shown previously in that
there is no adjustment for deflection of the AFM cantilever and therefore the trace does
not become vertical at zero on the x-axis. By calculating gradient values in the approach
curve between ~ zero on the x-axis and the maximum value before retraction was
begun, it was possible to distinguish force map indices with and without break-through
events during map collection. The light-colored areas in panels b—e are those in which a
small or no break-through force was detected (the absolute value of the gradient is high)
while the darker areas have yielded larger break-through forces (lower absolute
gradient). The former is representative of little or no surfactant adsorption while the
latter is representative of significant surfactant adsorption. Speckle patterns indicate
insignificant variation in break-through force across the entire area of the image and are
representative of little or no surfactant adsorption over the entire imaged area or a
surface fully covered with surfactant (a and f-i, respectively).

In pure water (Figure 24a) the gradient image has no values that stand out
appreciably from any of the others. When the surface is exposed to 0.2xCMC TTAB
(Figure 24b), areas of largely differing gradient appear. The presence of areas of
varying gradient suggests patchy adsorption of TTAB on HOPG. The map collected
using 0.2xCMC was repeated immediately, and the second dataset is shown in Figure
24c. A similar patchy structure was observed, but additional patches appear in the
second scan suggesting either additional adsorption over the course of one scan

(20 min.) on areas previously without break-through events or rearrangement of already
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adsorbed surfactant (i.e. adsorbed surfactant outside the field of view moving to inside
the field of view). A more in-depth kinetic argument will be provided later in this
section.

The height and lateral deflection maps (not shown) displayed no correlation with
the gradient map, indicating that the break-through force heterogeneity was not caused
by surface topography. As the bulk surfactant concentration was increased, the area of
surface covered with high break-through forces also increased, as can be seen at 0.4 and
0.6xCMC (Figure 24d and Figure 24e, respectively). When 0.8xCMC was reached,
Figure 24f, almost all the force curves displayed a break-through event which caused
only small differences in gradient throughout the 5x5 pm region, resulting in the same
speckle pattern noted previously, indicating the layer was complete in the observed
region. Further increases in surfactant concentration, Figure 24g-1, do not change the
appearance of the layer, supporting the conclusion that the layer was complete and

unchanged above the CMC.
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3.3.5.2-Silica
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H Figure 25. TTAB on Silica-32x32 gradient maps. (a) Water
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10xCMC. All maps are S pm X 5 pm. (j) S00 x 500 nm soft
contact image of 2xCMC TTAB on silica (obtained
separately using batch method) using the normal aspect
ratio probe.

Despite the difference in surface chemistry and wettability, the gradient maps

obtained on silica (results shown in Figure 25) were like those observed on HOPG. For
both pure water and 0.2xCMC TTAB, the appearance of the gradient maps (Figure 25a
and Figure 25b, respectively) is the random speckle pattern, indicative of no variation in
adsorption across the area of the surface. At 0.4xCMC, shown in Figure 25c¢ and Figure
25d, small dark areas indicative of surfactant patches began to appear between
subsequent scans. The fractional area covered by these patches increased between Scan
1 and Scan 2, although in this case the size of the patches was relatively constant with
time. Conversely, on HOPG the size of the patches increased without an increase in

their number. In fact, on HOPG the nucleation probability seems to be much less than
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the growth rate (compare 10c, 10d and 10e vs. 9b and 9c). Such a result is not surprising
given the templating effect of the bottom layer of adsorption on HOPG. Larger patches
of adsorbed surfactant appeared upon increasing the concentration to 0.6xCMC on
silica, Figure 25e. Increasing the concentration to 0.8xCMC, Figure 25g, further
increased the surface coverage to completeness, which remained complete for
concentrations above the CMC.

None of the temporal experiments showed a lower fraction of patch-covered
area with increasing time, indicating that increases in the fraction of covered area with
increasing time are primarily due to increases in adsorbed amounts. In fact, our
quantitative results for the fraction of covered area suggest that AFM images could be
used to quantitatively measure adsorption isotherms.

Soft contact imaging of 2xCMC TTAB on silica was performed to investigate
the structure of the adsorbed aggregates. The image in Figure 25j was scanned from
bottom to top and the force set-point was increased until disorganized bundles of
wormlike micelles became visible at around the 150 nm mark. Some difficulty occurred
in acquiring images of these surfactant aggregates on silica as the probe did not remain
stably above them long enough to obtain complete images, despite the several attempts
we made. The reason for this difficulty is thought to be that the force required to image
the surfactant aggregates was too close to the break-through force to allow for sustained

soft contact imaging.
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3.3.5.3-Silanated Silica

Figure 26. TTAB on Silanated Silica-32x32 force maps

(a) Water-5 pm (f) 0.6xCMC-50 um (:()ooésxxccl\l/\[/lcc-lsso pm-Scan 2
(b) 0.2xCMC-5 pm (2) 0.6xCMC-50 pm-Scan2 D MXENEIS M
(¢) 0.4xCMC-5 pm (h) 0.6xCMC-15 pm (m)2>;CMC 5(; pm-Scan
(d) 0.6xCMC-5 pm (i) 0.6xCMC-15 pm-Scan 2 ™ -9 pm

(0) 5XCMC-25 pm

(e) 0.6xCMC-5 pm- Scan2 ; )
(j) 0.8xCMC-50 um (p) 10XCMC-50 um

Gradient maps obtained on the silanated silica surface are shown in Figure 26.
Although no break-through events were observed in the force curves obtained in water
(Figure 26a), there was some variability across the map, likely caused by a bubble on
the surface. Introduction of 0.2xCMC TTAB also displayed some differences in the
gradient of the curves over the 5 um area investigated, which again were likely caused
by a bubble present on the surface, which moved during the collection of the force map.
Surprisingly, increasing the concentration to 0.4xCMC showed a featureless surface,
which appeared unchanged even when exposed to 0.6xCMC, as seen in Figure 26¢ and

Figure 26d, respectively. However, the second 0.6xCMC map shown in Figure 26 did
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show two areas with break-through events in areas previously without such a feature
(upper and lower right corners).

To investigate these low gradient areas further, the map size was increased to
50 um for the two subsequent maps shown in Figure 26f and Figure 26g. Acquiring
these datasets correspond to adsorption times of 70 minutes and 90 minutes at the end
of each scan, respectively. The maps we collected showed non-uniform patterns, which
were dynamic, as demonstrated by the slight differences in appearance between the two
maps. The fractional area covered by surfactant corresponding to Figure 26f and Figure
26g was not statistically different, indicating that the different patterns were due to
slight rearrangement of the patches. The resolution of the observed area was increased
by decreasing the map side length to 15 um for Figure 26h and Figure 261, which were
also collected immediately following the map in Figure 26g and hence correspond to
adsorption times of 110 and 130 minutes, respectively. Again, differences between the
two maps are present, which establish the dynamic nature of the features displayed in
the maps and supporting the conclusion that these were patches of adsorbed surfactant.

It was also noted from Figure 26h and Figure 26i that the distance from the left
most edge of the map to the left most edge of the patch in Figure 26h is larger than the
distance between the two patches in Figure 261, by ~2 map indices. In our opinion, this
result not only supports the conclusion that the changes observed between maps are not
caused by the lower resolution of the larger maps, but also that the appearance of
movement by the surfactant patches is not caused by AFM drift. Our reasoning is that if
the apparent movement of the patches was caused by drift of the area being mapped

then the distance between the two patches would not change between maps.
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Furthermore, since all movement of the AFM probe near the surface is vertical, the
changes with time and concentration noted here are almost certainly not caused by
lateral migration induced by the AFM probe.

The concentration was increased to 0.8xCMC and two subsequent scans were
acquired with a size of 50 pm, shown in Figure 26j and Figure 26k. The area of lower
gradient has grown to include almost the entire map area and the size of the only
remaining area without an elevated break-through force shrinks from the first to the
second scan, as can also been seen in Figure 261 and Figure 26m. Further, the relative
change in the fraction of covered area at 30 and 50 minutes is smaller at higher
concentrations as would be expected. Further increasing the concentration to 2, 5 and
10xCMC, displayed in Figure 26n, Figure 260 and Figure 26p, led to the disappearance
of the areas with lower break-through forces, again supporting the conclusion of a fully
developed layer at concentrations above the CMC.

The data displayed on HOPG, silica and silanated silica in the perfusion
experiments clearly demonstrate patchy adsorption (patchy adsorption was not imaged
in batch experiments because the image area was much smaller in those experiments),
which has been commented on in literature, usually as a part of an overall adsorption
scheme involving multiple regions.! At low concentrations, adsorption occurs via
electrostatic interactions and the fraction of surface coverage begins to rise linearly,
analogous to Henry’s law used with gas adsorption. Further increases in concentration
yield continued adsorption to the substrate, and lateral interactions between adsorbed
molecules begins to occur, promoting the aggregation of adsorbed molecules and

adsorption has a dependence on the concentration. Finally, near the CMC, adsorption
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begins to reduce its dependency on concentration and eventually plateaus as an
equilibrium between adsorption and desorption from the surface is reached.

The data obtained in this work agrees well with this phenomenological
description, in that low concentrations displayed the expected patchy adsorption and
those patches appear to grow with increasing concentration. Slightly below and above
the CMC the maps become featureless which denotes the final region. We believe that
this transition from patchy to featureless adsorption as concentration increases is the
first time AFM force mapping has been used to show this behavior.

A kinetic argument can be used to determine whether changes in the maps on
silica are due to adsorbing surfactant or to the migration of already adsorbed surfactant.
Prior investigations studied the rate at which the similar cationic surfactant CTAB
adsorbs to silica at different concentrations.!!!"''# These studies agree that for
concentrations above the CMC, adsorption reaches equilibrium within 30 seconds.
Below the CMC the kinetics are varied, with reports of equilibrium being reached in
seconds at concentrations below 0.5xCMC and the rate slowing significantly at
concentrations near 0.6 mM (0.67xCMC). Both Pagac et al. and Atkin et al. observed
equilibrium requiring between 11 and 3 hours at concentrations of 0.56xCMC and
0.67xCMC, respectively. As the concentration was further increased to 0.9xCMC, 90%
of equilibrium was reached in only 25 minutes. In other words, the rate began
decreasing at ~0.5xCMC and then increased as it was raised above 0.6xCMC.

Therefore, if we assume that TTAB behaves similarly to CTAB, we can infer
that at low concentrations changes between maps are caused by surfactant migration

rather than continued adsorption because each individual map was begun at least
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10 minutes after surfactant was added and according to literature equilibrium is reached

much more quickly. At 0.6xCMC, because equilibrium may not be reached for several

hours, we cannot discriminate whether changes between maps were caused by

surfactant migration or continued adsorption (although because the differences are in

patch shape and not patch size, migration is more likely). At 0.8xCMC, changes were

most likely due to migration rather than adsorption since 25 minutes were required for

equilibrium for CTAB at 0.9xCMC in literature. For concentrations above the CMC,

equilibrium should have been reached long before the maps were begun. Unfortunately,

to our knowledge, no detailed kinetic studies have been reported on HOPG with a

tetramethylammonium surfactant.

3.3.6-Histogram Analysis of Perfusion Experiments

A typical break-
through distance,
break-through force
and adhesion force
histogram for a force
map on silanated silica
is shown in Figure 27.
As expected from the
gradient maps, two
peaks are found in the
break-through distance

and break-through
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Figure 27. Break-through distance, break-through force
and adhesion force histograms shown with gaussian fit
results (red dotted line) for 0.6xCMC TTAB on
silanated silica (Figure 26f, map shown here for
reference).
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force histograms, Break-Through Break-Through Force

) Distance (nm) (nN)
representing the

Peak 1 Peak 2 Peak 1 Peak 2
two distinct areas.

il 3.48 5.62 0.08 0.91

Equation 2 was 5 0.17 0.73 0.03 0.13

used to fit the two Table 3. Break-through distance and break-through force

J means and standard deviations for two peak fitting for
means an 0.6xCMC TTAB on silanated silica (Figure 26f)

standard deviations for the break-through distance and break-through force, and these
values are given in Table 3. Note the break-through distances in batch experiments only
showed one break-through distance and force peak because only areas with surfactant
that could be soft contact imaged were mapped.

The presence of two distinct peaks in the histograms and areas in the gradient
maps are consistent with the dark areas (low gradient) being those with a surfactant
layer capable of resisting the probe while the light areas (high gradient) have a layer
which repulses the probe very little or not at all. Because the break-through force in
these areas was not zero (as it was for force curves in water) the presence of an
adsorbed surfactant layer adsorbed in a flat configuration was considered. However, a
flat layer does not make sense with a break-through distance larger than 3.48 nm
because the break-through distance should be very small (i.e. the width of a surfactant
molecule). The small break-through force could result from the surfactant present on the
tip generating a weak and long-ranged electrostatic double layer. Although force
interactions between surfactant on a tip and a lightly-covered surface has not been

shown before, a weak, long-ranged electrostatic double-layer would explain the small
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repulsive force between the tip
and the substrate in areas with
large break-through distances and

makes more sense than a surface

without some surfactant adsorbed.

The adhesion histogram
had one main peak with mean
0.32+0.05 nN, which represents
the dark (surfactant-rich) areas in
the gradient map. Looking
carefully at the adhesion force in
Figure 27, the adhesion force in
the light areas is represented by a
spread of adhesion values greater
than the main peak, demonstrated
by the histogram bins between
0.4 nN and 0.65 nN. This spread
of values occurs due to the fewer
number of points in the areas
without a substantial break-
through force being spread out
compared to the main peak,

indicating the adhesion force was
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with surfactant on HOPG, silica and silanated
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more uniform in the dark areas compared to the light areas. Qualitatively, the adhesion
force plots for the other two surfaces resembled those in Figure 27, as did the break-
through distance and break-through force.

Using histogram analysis, the break-through distances, break-through forces and
adhesion forces for the dark regions of the maps below the CMC and the entire map
area above the CMC in Figure 24-Figure 26 were obtained and plotted in Figure 28.
Values for the adhesion and break-through forces obtained across the three different
surfaces should not be compared qualitatively because the same probes were not used.
However, information obtained on one surface will be discussed as a function of
surfactant concentration, as the tip was the same during each of these experiments.

The trend of the data on each surface shows that the break-through distances
increased with increasing concentration until the CMC and then plateaued between 3.5
and 4 nm. The error associated with each value was greater below the CMC and
decreased above the CMC, which we interpret as indicative of the micelle layer
becoming more tightly packed above the CMC. We note that although isotherms in
literature have also reported reaching the plateau region below the CMC, by far the
most common result is that the start of the plateau region corresponds to the CMC. 3115

Break-through forces increased with increasing concentration until just below
the CMC, where the values then decreased to a plateau for each surface. This is not the
first time that the break-through force has been shown to increase using AFM force
curves. Liu et al., Lokar et al. and Rabinovich et al. demonstrated increases in break-

through force, with Liu et al. observing these increases over time at a constant
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concentration and the other groups observing these results using with mixed surfactant
systems 25116117

In our work, a temporal explanation for the increase is less likely as the values
showed no increasing trend over the course of a single map. However, the works of
Lokar and Rabinovich suggest that adding a second component to a surfactant solution
led to the changes in break-through force, which lends support to the theory of adsorbed
impurities as the cause for the increase in the break-through force seen here. Such
impurities would adsorb below the CMC and then above the CMC partition to micelles;
hence a larger break-through force just below the CMC. QCM results in our laboratory
demonstrated the same qualitative type of behavior that were also caused by impurities
at a very small level. Similar synergistic adsorption has been noted by Shi et al., who
demonstrated increased adsorption and packing by using a co-solute.’’

Above the CMC, the adhesion values for HOPG and silanated silica were

constant with an increase of approximately 0.5 nN for the silica sample between

5xCMC and 10xCMC. We do not know the source of the increase.

3.3.7-Further discussion
Break-through distances between 3.5 and 4 nm are often found in literature
using AFM and these values agree well with bilayer thicknesses found using other
techniques such as neutron reflectivity and ellipsometry.!”-1826118 Soft contact imaging
has revealed spherical or cylindrical micelles on silica both here and in other
publications and as previously mentioned it is accepted that monolayer thickness
structures (monolayers and hemi-cylinders/spheres) form on hydrophobic surfaces and

bilayer thickness structures (bilayers and full cylinders/spheres) form on hydrophilic
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surfaces. 203977 Why then do the break-through distances differ only slightly between
the hydrophilic and hydrophobic surfaces? Compression via the AFM probe was
considered as to why the break-through distance values are so similar. However, using
compression to explain the equivalence seems unlikely because other techniques

involving no physical contact have been used to show a difference in the thickness of

adsorbed
Figure 29. (Upper) Two AFM
surfactant when tips each with an adsorbed
monolayer interacting and
AFM could not, hemifusing to make a bilayer

break-through distance.
even when using  (Lower) AFM tip with adsorbed

monolayer interacting with
similar cylindrical layer on hydrophilic
silica surface. Hemifusion
between the upper part of the
cylinder and the layer on the
While our  probe leads to bilayer break-

through distance.

surfaces.!”-18:64

results alone are
not irrefutable
proof, the fact that

the break-through

distance of a

surfactant layer on an AFM tip was found to be like those found on flat surfaces using
colloidal and regular AFM probes increases the doubt that the break-through distance is
a reliable measure of an isolated surface adsorbed surfactant layer thickness. Rephrasing
our question, why is the break-through distance the same for two hydrophobic surfaces,
two hydrophilic surfaces or one hydrophobic and one hydrophilic surface? Figure 29

addresses these some of these points.
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First, we take the case of two monolayers, such as would be found between two
AFM tips or between an AFM tip and a hydrophobic surface. In the case of an AFM tip,
little is known about the orientation/packing of this layer, but we hypothesize that due
to geometry and surface conditions the layer is not well packed and there are possibly
molecules adsorbed in multiple orientations (although a majority will be tail down). As
the two surfaces come into contact, there will be repulsion from molecules whose
headgroups are facing the layer on the other surface and once the layers are in contact
the tip breaks through both layers simultaneously to yield a bilayer thickness break-
through distance.

Second, we consider the cases which have a bilayer present. Figure 19 and the
associated discussion describes what happens when two bilayers are present as
determined via SFA studies; the upper layers from each bilayer diffuse to the
surrounding solution or reorient so that the tails of the surface adsorbed layers may
interact and again a bilayer break-through distance results.

Next, the situation visualized in Figure 29, wherein a hydrophilic silica surface,
which would have a bilayer, is approached by an AFM tip with an adsorbed monolayer.
Reorientation of the bilayer (or perhaps desorption of surfactant from the tip given the
likely disordered nature of the monolayer on the tip) results in a single bilayer between
the probe and the surface prior to break-through. The same argument can be made in the
case for a colloidal probe (adsorbed bilayer) and HOPG (hydrophobic flat surface);
however, complete desorption of surfactant from HOPG seems unlikely as literature has
shown that the monolayer on HOPG is irreversibly adsorbed due to the strong

interaction between the tails of the surfactant and the graphene rings of HOPG.!"’
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We were surprised in the case of one bilayer and one monolayer that the break-
through distance matched that of a single bilayer because of the difficulties suggested
by Figure 29. If correct, then this hypothesis regarding the hemifusion of surfactant
between the surface and tip layers would explain why bilayers measured using contact
free methods agree so closely with surfactant layers measured using AFM. It would be
interesting to use a chemically-modified tip such as Pera et al. used to study lipid
bilayers using force curves.®* In their work, if the tip or surface were independently
modified (so that only one bilayer was present) there was only one break-through event.
However, if both the tip and the surface were modified then two break-through events
were observed. Their chemical modification was thought to strengthen the adsorption of
the lipid and produce bilayers on their AFM tips, which, along with the typical
differences between adsorbed layers of lipid and surfactant, is most likely why we saw
no double break-through events in our work. Also, we only studied the case where the
surfactant was of opposite charge from the flat surface and tip; the case of like charge
would be interesting to study although the surfactant/surface interaction would be
decreased due to same charge repulsion.!?

The ability to distinguish adsorbed patches using AFM gradient mapping has
several implications for future research. For example, surface chemistry could be varied
in a regular manner and adsorption as a function of surface chemistry could be
measured. Once this is accomplished, the dimensions of the surface variation could be
altered. Such a study would allow one to determine the length scale over which surface
chemistry variation is important. This type of study would have relevance for corrosion

since non-adsorption of a corrosion inhibitor at a very local area could be distinguished.
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Real surfaces are very rarely molecularly smooth or chemically homogeneous; the
techniques described in this paper are ideal for exploring how variations in topology or
surface chemistry affect adsorption, providing experimental validation for recent

simulation results.*>°

3.4-Surfactant Under Lateral Confinement

3.4.1-Soft Contact Imaging of Surfactants on Unconfined Silica
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Figure 30. AFM images collected using the soft contact imaging method with
(a) 2xCMC TTAB, (b) 10xCMC CPC at 20 minutes surfactant immersion
and (c) 35 minutes surfactant immersion on silica. The TTAB image was
collected using the JPK Nanowizard III while the CPC images were collected
using an Asylum Cypher.

Soft contact imaging was used to collect images of 2XxCMC TTAB on
unconfined silica (meaning the surface was cleaned only and had no fabricated

structures) using the JPK Nanowizard III. The image in Figure 30a is a deflection signal
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and was scanned from bottom to top and the force setpoint was increased until
disorganized bundles of wormlike micelles became visible at around the 150 nm mark.
There was some difficulty in acquiring images of these surfactant aggregates on silica
as the probe did not remain stably above them long enough to obtain complete images,
despite several attempts. The reason for this difficulty is thought to be that the force
required to image the surfactant aggregates was too close to the break-through force to
allow for sustained soft contact imaging.

An Asylum Cypher with blueDrive technology was used to collect phase images
of 10xCMC CPC aggregates on silica, shown in Figure 30b and Figure 30c. After
20 minutes immersion in CPC the aggregates were spherical, noted by the circular dots
in the scan in Figure 30b. However, after 15 more minutes in solution the aggregate
morphology had changed to worm-like micelles, seen as the disorganized rod like
structures in Figure 30c. The morphology remained unchanged after another hour of
imaging, suggesting the worm-like micelles were the equilibrium structure. Given that
the surfactant concentration was significantly above the CMC, evaporation should not
have caused this result. We are unsure of the reason for this shift in morphology, but
one possible explanation could be that the hydrophilicity of the silica acquired from the
UV Ozone cleaning was changing with time to an equilibrium value, causing the
morphology on the surface to shift as well. Force maps were collected after a minimum

of 35 minutes in solution to eliminate any temporal effects on the surface aggregates.

3.4.2-Force Curve Comparison and Validity
Force maps on unconfined silica were collected and analyzed at 10xCMC

TTAB using a procedure described in a previous publication by our group.'?! The UV-
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Ozone cleaned silica had break-through distance values between 3.5 nm and 4.0 nm,
while the break-through force values varied from 1.1 nN to 0.1 nN and the adhesion
force values varied from 2.2 nN to 0.18 nN. Previously we showed that break-through
distance varied with concentration below the CMC but did not vary with concentration
above the CMC and was independent of surface and or tip characteristics. The break-
through and adhesion forces, however, did vary with tip characteristics and should only
be compared when the tip is precisely the same, i.e. no tip cleaning between trials.
Therefore, values on single surfaces (polymer, trench, and wheel center values) can be
compared, but unconfined clean silica values cannot be quantitatively compared except

with respect to breakthrough distance.
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In this section the force
mapping characterization is
applied to surfactant adsorbed
on the floor of trenches
fabricated in polymer with
different surface chemistries.
The break-through event
values are compared for
different trench widths and
polymer content and a
discussion on various aspects
of the interactions between the
surfactant solution and the

polymer is provided.

3.4.3.1-10xCMC TTAB-
PMMA
A concern was that the

polymer would not remain
stable immersed in the

surfactant solution. However,

PMMA showed no noticeable effects of being in solution during data collection. Longer

3.4.3-Trenches

Approach
a Retract ——

. Force (nN)
(=]

0 20 30 40 50
Tip-Sample Separation (nm)

60

0.5

Force (nN)
o

-0.5

A

Approach ——
Retract ——

10 20 30 40 50
Tip-Sample Separation (nm)

60

Break-Through Distance (nm)

PMMA
(unconfined)

(o]

Trench

Trench

10xCMC TTAB s

Silica

(unconfined)  (unconfined)

Break-Through Force (nN)
o o o o =
o V‘\) £ o - P‘-‘ N £

]

80 nm
Trench

PMMA
(unconfined)

(=9

]

50 nm
Trench

10xCMC TTAB ez

1

Wheel Center Silica
(unconfined) (unconfined)

Adhesion (nN)

o
wn

0 [ =]
PMMA
(Y (unconfined)

=s=n
80 nm
Trench

==

50 nm
Trench

10xCMC TTAE memm

I

‘Wheel Center Silica
(unconfined)  (unconfined)

Figure 31. Force curves using 10xCMC TTAB
on (a) unconfined PMMA and (b) in a 50 nm
PMMA trench and (c) break-through distance,
(d) break-through force and (e) adhesion force
values collected from force maps in various

locations

times in solution were tested and it was found that at ~5 hours small bubbles would

develop at the surface of the polymer. However, even there were no observable effects
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of swelling or polymer deformation, the data shown here was collected in less than
3 hours of sample immersion.

Example force curves from the unconfined PMMA and at the bottom of the
50 nm trench are shown in Figure 31a and Figure 31b, respectively. Break-through
events occurred in both locations, indicating adsorbed surfactant with a stable structure
able to resist the force of the AFM probe. The break-through values obtained from
multiple force curves on unconfined PMMA, at the center section of the PMMA wheel
(serving as an unconfined silica surface which was previously covered with polymer)
and from the 80 nm and 50 nm wide trenches are shown in Figure 31c-e. The values
from unconfined PMMA and PMMA wheel centers were obtained using a full 32 x 32
grid while the values confined at the bottom of the trenches were obtained from all
viable curves collected on the floor of the trenches, typically between 40 and 50. A
clean unconfined silica surface (which had never been in contact with polymer) was
also measured at the same surfactant and concentrations used for the confined surface
trials.

Comparing just the trench-related surfaces (PMMA, in trenches and in wheel
center) it was found that the break-through distances did not vary except on the PMMA
surface. In our previous paper, we examined 3 surfaces with 3 different types of tips and
found no difference in break-through distance above the CMC even though surfaces
were chosen to encompass both monolayers and bilayers.'?! The unconfined PMMA
breakthrough force suggests only a monolayer is being probed, which means that
surfactant was either not adsorbing on PMMA (break-through of the layer on the tip

only) or surfactant was lying flat on the PMMA.
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The break-through distance did not vary between the 80 nm trench, 50 nm

trench, and the unconfined wheel center. The values in those locations were like those

found on clean silica as well. The break-through forces, however, did vary with

location. Force maps collected on the
unconfined PMMA surface had the smallest
break-through forces, about 2 of the 0.4 nN
collected for the 50 and 80 nm trenches. The
unconfined wheel center had break-through
values of ~1.1 nN. Similar but inverse trends
were found in the adhesion values, which
decreased from the wheel center to the trench
values and then increased slightly on the
unconfined PMMA surface. We found
previously that an increase in break-through
force was observed with an increase in
concentration below the CMC; consistent
with this observation, these results indicate
confinement caused a reduction in ordering
of the adsorbed layer which in turn was
responsible for the reduction in adhesion and

break-through force.!?!

3.4.3.2-10xCMC TTAB-PMMA/MAA
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Figure 32. Force curves on (a)
unconfined PMMA/MAA(8.5), (b)
in the center of a PMMA/MAA(8.5)
trench and, (c¢) in the center of a
PMMA/MAA(17.5) trench.

When polymer containing MAA was used there was no clear break-through

event on either the PMMA/MAA(8.5), demonstrated in the force curve in Figure 32a, or
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the PMMA/MAA(17.5) polymers. However, force curves collected on the exposed
silica of the PMMA/MAA(8.5) sample, shown in Figure 32b, had clear break-through
events. Force curves on the exposed silica on the PMMA/MAA(17.5) samples,
represented in Figure 32¢, did not have a sharp break-through event, but rather a
repulsive force and then a “pseudo break-though™, i.e. a region where the distance
between the tip and sample was constant and at a certain point began to gradually
decrease to zero.

Possible explanations for the resulting break-through event characteristics are
that the MAA destabilizes the surfactant layer while also leaving behind a thin residue
with some MAA content on the silica. This residue would have to be very thin because
metal remained on the silica surface where the trenches were, which we would not
expect if polymer remained at the bottom of the trench after e-beam lithography
development. However, as this is a form of contamination we cannot account for the
accuracy of the break-through event values and therefore have instead drawn
conclusions regarding the interaction between the surfactant and the surface chemistry
based on the location and occurrence of break-through events.

Destabilization of the surfactant layer by the MAA would explain why there is a
sharp break-through event on the PMMA but not the PMMA/MAA polymers and if the
MAA content of any residue left by the polymer was dependent on the polymer acid
number it might explain why there are sharp break-through events in the
PMMA/MAA(8.5) trenches but not on the PMMA/MAA(8.5) polymer itself (some
MAA character on the silica but not enough to destabilize completely) and why the

break-through event sharpness is decreased in the PMMA/MAA(17.5) trenches (more
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MAA character on the silica so some destabilization but not enough to prevent
generation of a repulsive layer).

The difference between the pure PMMA and PMMA/MAA polymer is also
suggested by the interaction with the surfactant solution. While the pure PMMA was
unchanged by immersion in solution, both types of the MAA containing polymer began
to display bubbles on the surface after ~2-2.5 hours and within another 90 minutes
noticeable swelling and some dissolution occurred. Therefore, all force curves shown
here were collected prior to any signs of bubbles on the polymers. Also, as these effects
appear to be isolated to the MAA containing polymers the same influences are not
expected in the data collected using pure PMMA, hence why quantitative conclusions

could be drawn.
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3.4.3.3-10xCMC CPC-
PMMA
When the

PMMA wheel array was
submersed in 10xCMC
CPC there was no
noticeable bubble
formation until ~4 hours
of exposure to the
surfactant, slightly
quicker than with
TTAB. However, as
with TTAB, even
though there was no
noticeable swelling even
with the bubble
formation, all data was
collected at less

than 3 hours after
sample immersion.
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Figure 33. Force curves using 10xCMC CPC on (a)
unconfined PMMA and (b) in a 50 nm PMMA trench
and (c) break-through distance, (d) break-through
force and (e) adhesion force values collected from
force maps in various locations.

events, shown in Figure 33a and Figure 33b, occurred on the PMMA surface, indicating

the presence of a stable layer on the surface of the polymer. Break-through events were

found in all locations, and results are shown in Figure 33c-e. On the PMMA surface the
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break-through distance was like that found for TTAB on the PMMA surface,
approximately 2.1 nm. Again, as seen with TTAB, the break-through distance increases
on surfaces where the polymer was removed, displaying values between 3.7 nm and

3.5 nm for the trench floors and wheel center. The break-through force and adhesion
values showed increases from the PMMA to the trenches (0.8 nN to 1 nN for break-
through force and 1.5 nN to 3 nN for adhesion, respectively) but the value remained
roughly the same between the trenches and the wheel center for the break-through force.
Adhesion force values were smaller for the unconfined surface. The force behavior is
markedly different for the CPC vs. the TTAB; the latter showed substantially higher
forces for the unconfined wheel center than for the trenches. These results indicate that

the identity of the surfactant can affect the confinement effect.
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3.4.3.4-10xCMC CPC-PMMA/MAA
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Figure 34. (a) PMMA wheel array at

5 hours, (b) PMMA/MAA(8.5) wheel array
at 2 hours and (¢) PMMA/MAA(17.5) wheel
array at 2 hours in 10xCMC CPC at

2 hours of immersion in surfactant.

The swelling and dissolution
appeared to be related to the beam
dose, with the lowest beam dose

(wheel 1) having bubbles on its
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surface while high beam doses do not have bubbles but do experience swelling and
dissolution. Dissolution is shown between the last two rows of wheels (wheels 5-8 and
wheels 9-12) indicating that dissolution of the polymer is affected by e-beam exposure.
Specifically, a higher beam dose extends dissolution further from the intended exposure
points. The PMMA/MAA(17.5) polymer, shown in Figure 34c, had similar results in
that swelling occurred within 30 minutes of immersion in surfactant but did not
dissolve. After 2 hours, however, the polymer had not dissolved away from the surface
as it did with PMMA/MAA(8.5).

The speed at which swelling and dissolution occurred was an unexpected
outcome of increasing the MAA content of the polymer and did not allow for any
measurements to be obtained in the trenches. The PMMA/MAA(8.5) and the
PMMA/MAA(17.5) polymers dissolved and swelled while the pure PMMA
experienced neither, suggesting that CPC is helping to dissolve the copolymer via
interaction with the MAA units. Because the results appear to be dose dependent, CPC
solution may act as a developer, i.e. removing the e-beam exposed polymer from the
silica surface. Why the polymer dissolved for PMMA/MAA(8.5) and only swelled for

PMMA/MAA(17.5) is unknown.
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The following section will demonstrate the effects of changes in surface

topography on adsorbed surfactant using the break-through event characterization

method used in the previous sections. The goal is to develop a method for

characterizing controlled changes in surface topography in order to better understand

how the random changes in surface topography imposed by surface roughness affect

adsorbed surfactant.
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First, the JPK software was used to create height measured and gradient maps

(Figure 35a and Figure 35b) while
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Figure 36. Break-through distance, break-

through force and adhesion force values vs.
distance from the nearest edge. Solid black
line is exponential fitting.

through and adhesion forces are
significantly decreased (0.15 nN

and 0.1 nN, respectively). Lastly,
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the edge was determined by the erratic nature of the curve and the low gradient value in
the map.

The curves were separated into curves on flat spots (colored squares), curves on
edges (white circles with black edges), and curves where the break-through values
could not be determined, possibly due to an error in the curve caused by debris or
proximity to an edge, (black filled in circles). From the height map in Figure 35a, it is
possible to distinguish between the upper surface of the nanostructure (light area),
which was covered with metal mask during etching, and the lower surface which was
etched (dark area). The gradient map (Figure 35b) shows the edges between the upper
surface and lower surface but there is otherwise no variation in gradient across the
surfaces.

The break-through distance map in Figure 35f shows values between
approximately 2.5 nm and 5 nm, which are typical values found on silica in this paper
and other literature.?®’>"7 Near the edge the break-through distance values are higher
than those farther into the interior of the structure. In the case of the break-through force
and adhesion maps, Figure 35g and Figure 35h, respectively, there were also differences
between curves near to and far from the edges (points go from yellow and light green to
dark blue on the colormap scale), as previously noted.

To more quantitatively investigate the relationship between the break-through
event values and the distance to the nearest edge, the distance between a given force
curve location and the closest edge was determined. Briefly, the procedure for finding
the distance to an edge from a specific map index was to iteratively draw a series of

circles on the index, each having a radius of 0.1 nm larger than the last and determining
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the minimum radius where at least one edge point was touched by or encompassed in
the circle. Break-through event values from these minimum radii were binned into 2 nm
increments and the average and standard deviation of this binning are shown in Figure
36. All the data was clearly exponential in shape and therefore each break-through value
was fit with the increasing or decreasing form of the exponential equation (given below)
where y is the break-through value, x is the distance from the edge, 1 is a decay length
constant, and C and A are constants.
y = Ce It + A Decrease
y=C1- e /) Increase

The results of the fit for the break-through distance are shown in Figure 36a as the solid
black line, where the values of C, T and A were found to be 0.992+0.0941, 12.90+1.84
and 3.11£0.0126, respectively. Using these values, the maximum break-through
distance, which occurs at the edge (x=0), is 4.10+0.0950 nm and the minimum (A) is
3.11£0.0126 nm.

The break-through force and adhesion force values, shown in Figure 36b and
Figure 36¢, were fit using the increasing form of the exponential equation. The values
of C, which in this case is the value of y as x approaches infinity, and t for break-
through force were found to be 0.481 £ 0.00295 and 14.5 + 0.663, respectively, and for
adhesion force 0.615 + 0.00651 and 17.1 £ 1.23, respectively. It would be interesting to
determine if the parameters fitted here were dependent on not just the distance from an
edge but also the structure dimensions, i.e. sizes on the order of the decay length
distances. However, because there was some difficulty gathering data from the

circular/ellipsoidal pillars, which were the smallest structures investigated, we were
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unable to make definitive conclusions regarding the fitting parameter values as a
function of structure size from the data collected.

However, a second sample was characterized using a second high aspect-ratio
probe and the difference between the decay lengths was on the order of ~3-4 nm. As
stated by the manufacturer and confirmed by SEM in our laboratory, the radius of
curvature of the tip is ~10 nm but because the tip is expected to be irregular (rough) on
the nanometer length scale, the actual part of the probe that contacts the surfactant is
likely much less than 10 nm. Therefore, although some convolution of the tip with the
measured decay lengths is likely occurring, its effects are minimal as evidenced by the
relative reproducibility of the decay lengths between the two probes. For further
discussion related to the AFM probe as well as the presentation of the data from the
second sample refer to Appendix B.

In our experimental work on flat surfaces there was a change in the break-
through values only by changing the surfactant concentration below the CMC and in
that case the break-through values all increased as the concentration increased as
expected.!?! With the invariance of the break-through distance measurement above the
CMC to the underlying morphology of the surfactant layer (e.g. monolayer vs. bilayer),
we concluded that the break-through distance was not a reliable measure of the true
surfactant layer thickness but instead represented the thickness of a hemifused bilayer.
Here, the break-through distance increase and decrease of the break-through force and
adhesion force indicates a shift to an extended, less-dense hemifused layer with

decreasing distance from the edges of nano-pillars.
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In the previously mentioned molecular dynamic simulations of Suttipong,
surfactant was shown to both form an aggregate that “turns the corner” of a step as well
as forms only a single, slightly flat layer on the side of the step leaving the upper
surface bare, depending on the height of the step.>’ The conclusion for both
arrangements was that there is an energetic penalty to be paid in order to bend the
surfactant layer around the edge, a conclusion also reached by Liu et al., Fragneto et al.,
and Macakova et al. using rough surface experiments. #1728

Qualitatively, our results are consistent with the former arrangement in
Suttipong’s simulations; a less dense and stretched surfactant layer was formed on the
corner of a step, rather than a layer which is less extended near the edge. However,
quantitatively our results are quite different than simulations because the effects extend
over much larger distances as indicated by the decay length 1. From the FFT of the soft
contact image of TTAB on silica the repeat distance representing the worm-like micelle
diameters was found to be 6.62 £+ 0.699 nm, which is similar to the values for TTAB on
quartz found by Berr.*> Comparing our FFT dimensions with the decay length from the
fitting means that the edge effects extend for 2-3 micelle diameters, much farther than
the values suggested in simulations.

This work also shows that the type of confinement matters. Specifically, large
changes in adhesion force for the trenches are much larger than the ~25% drop that
would be expected based on pillar results. However, as noted earlier, with trenches
collecting data at different distances from the wall is not possible; for the 50 nm trench

we are mapping only the center which is ~25 nm from each wall.
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Chapter 4: Conclusions and Recommendations

Firstly, the gravimetric data presented here agreed with our hypothesis that
increasing surface roughness would lead to a decrease in the amount of surfactant that
adsorbed. In terms of surfactant morphology, the force mapping characterization also
agreed with our hypothesis, which stated that the controlled lateral confinement would
affect the adsorbed surfactant layer in thickness. However, our investigation was unable
to reveal any changes in the surfactant aggregate shape (e.g. transitions from cylindrical

to spherical).

4.1-Quartz Crystal Microbalance with Dissipation

Surfactant adsorption increased with an increase in bulk concentration below the
critical micelle concentration (CMC) on both smooth and rough surfaces. At the CMC,
on the smooth surface peaks in mass absorbed were found for all temperatures
investigated, while on the rough surface a peak was found only at 50°C. The cause of
peaks in mass adsorbed is the adsorption of surface-active impurities below the CMC,
which we previously found to be much more significant.'® However, here the peaks
were almost eliminated due to helium sparging removing the apparently volatile
impurities. To our knowledge, this work represents the first-time surfactant adsorption
was studied using QCM at different temperatures, and we found that for this surfactant
an increase in temperature caused a reduction in the final equilibrium adsorbed amount
on both smooth and rough surfaces. As has been found previously, a reduction in

amount adsorbed was observed due to roughness.!%!’
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Time dependent experiments revealed that at short times after a surface is
exposed to surfactant concentrations far below the CMC there were 3 regions of
adsorption. In the first region adsorption was diffusion controlled and occurred as the
concentration is transitioning from zero (pure water) to 0.1xCMC within the
measurement cell. Adsorption in the second region was enthalpically controlled, as the
mechanism is single surfactant molecule adsorption via electrostatic interactions. The
third region showed slow adsorption to a plateau representing the maximum adsorbed
amount under the conditions far below surface saturation. The effect of increasing
temperature and roughness was indistinguishable in the first and second regions of
adsorption, while both reduced adsorption in the third region. To our knowledge, this
kinetic behavior for temperature has never been published previously, while the
roughness result is consistent with the room temperature result published previously by
our group. '’

At higher concentrations there were five observable regions, supporting three
adsorption mechanisms. In the first and second regions adsorption occurred via a
diffusion-controlled mechanism. The third region was the transition to an entropically
controlled cooperative fourth region, which was then followed by the fifth region,
where surface rearrangement occurred. This interpretation has been presented
previously.!> However, the interesting contribution made by this work is using the time
based regional analysis of a single concentration increment at multiple temperatures.
This analysis technique led to the unique conclusion that the decrease in mass adsorbed
above the CMC with an increase in temperature was attributable to less adsorption in

the cooperative fourth region.
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4.2-AFM Force Curve Characterization of Adsorbed Surfactant on Flat Surfaces

Force mapping between two negatively charged silicon AFM tips verified the
presence of a cationic surfactant layer on an AFM tip using a set-up which did not use a
flat surface. Results from force mapping with a colloidal probe and a probe with a
different force constant, respectively, demonstrated that the probe geometry and force
constant influenced the break-through force and adhesion force but not break-through
distance. Very slight differences, such as tip cleaning between trials, can alter force data
values.

Gradient mapping was performed on flat HOPG, silica and silanated silica
surfaces and the data showed patches of adsorbed surfactant below the CMC. While the
results are consistent with others available in the literature, this is the first time AFM
force curves with mapping are used to observe adsorbed surfactants at different times,
which in turn gives information about the spatial nature of adsorption. Evidence of
changing adsorption density with time is reported. Even at long times, where adsorption
density did not change, spatial distribution of adsorbed surfactant patches continued to
shift shape/position. With increasing concentration below the CMC, the break-through
distance and break-through force increased while the adhesion force decreased.

Break-through force was maximum at the CMC, which was attributed to the
well-known impurity effect found in some surface tension plots although further studies
would be needed to confirm this conclusion. Very surprisingly, above the CMC the
break-through distance did not depend on whether the surface was hydrophilic or
hydrophobic. A qualitative phenomenological theory was developed analogous to a

theory previously developed to explain surface force apparatus results from two
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hydrophilic surfaces. Based on our interpretation, break-through events can be
interpreted as a measure of the coverage or stability of the adsorbed layer although the
quantitative values will depend on probe tip characteristics and the applied force.
Further, the break-through distance does not necessarily represent the thickness of an
isolated adsorbed bilayer due to hemifusion. In the case of a bilayer on a charged flat
surface and a similarly charged AFM tip with an oppositely charged surfactant, the
break-through distance corresponds to a bilayer but in the case of an uncharged flat
surface with a monolayer covering of surfactant the break-through distance is not a

monolayer.

4.3-Investigating the Effects of Lateral Confinement on Surfactant Adsorption

The effects of lateral confinement on adsorbed surfactant were investigated
using AFM force mapping at the center of nano-scale trenches and on the confined
upper surfaces of nano-scale pillar structures. With trenches, the cationic surfactant
TTAB showed substantial reductions in break-through force and adhesion force with
confinement while the cationic surfactant CPC showed a slight increase in these two
forces with confinement indicating that the effects of confinement can vary depending
on the surfactant. The break-through distance was not affected by any changes in
confinement dimension but was smaller on polymer vs. silica, indicating the break-
through distance was affected by surface chemistry but not confinement.

Pillar nanostructures revealed the interesting result that with increasing distance
from the edge of the nanostructure the break-through distance decreased while the
break-through force and adhesion force increased. In all cases the data was well-

described with a single exponential model, with decay lengths (t) varying from 12.9-
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17.1 nm. These distances are much larger than expected, given the characteristic 2-3 nm
length of a typical surfactant molecule, and may suggest why no strong confinement
effects were observed with trenches (distance between wall and surfactant ~25 nm
minimum). Trends observed on the pillars indicate that an edge induces an extension of
the surfactant layer due to the micelles having to form at the corner between the upper
and side surfaces of the nanostructure. A decrease in break-through force and adhesion
force close to the edge indicates that this extension is coupled with a reduction in layer
density, a conclusion that agrees well with molecular dynamic simulations.

The work presented here, to our knowledge, is the first quantitative evidence of
the effect of edges on an adsorbed surfactant layer and confirms that edges can affect
adsorbed surfactant for tens of nanometers, or several micelle diameters, from the edge
itself. This supports the theory that roughness leads to an extended, more poorly packed
surfactant layer as the surfactant attempts to traverse the “peaks” which make up the
rough surface and in the most severe case of a topography change, surfactant adsorption
will be reduced when that change occurs within a distance of ~50 nm.

Taken from a simulation perspective, this work indicates that the molecular
dynamics modelling qualitatively was correct, but quantitatively the predictions grossly
underpredicted the length scale while from an applications perspective, roughening a
surface is a way to reduce adsorption. Continued development of the methods and
analyses developed here could potentially be used to predict surfactant layer properties
on surfaces of different roughness if the scale of the features induced by the roughness

are known.
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Recommendations

These recommendations seek to inform about possible future experiments that could be
performed using the methods implemented as part of this work and further the
understanding of surfactant adsorption on rough surfaces and surfaces of different

surface chemistry.

1. The first recommended study would be to examine the break-through distance
using a negatively charged surfactant, a negatively charged surface and a positively
charged AFM probe. If there is a break-through event, then the layer on the tip is the
most likely source of the stable layer and the value of the break-through distance will
further investigate the hypothesis of layer dependent hemifusion.

2. Because the force values depend on tip characteristics, force values could not be
compared between different surfaces. A simple experiment that would help further
elucidate on the matter of random roughness would be to use multiple different surfaces
in the same surfactant solution dish using the same probe and see how the roughness
and surface chemistry affects the break-through forces. For example, placing a gold
surface, silica surface, and etched silica surface (to vary the roughness) in the same dish
filled with surfactant solution and performing a force map on all three. This would
allow for the same solution conditions and probe, to remove the effects of tip cleaning,
while varying the sample roughness for comparison.

3. Next, study break-through events collected with a chemically modified tip, then
a chemically modified surface, then both chemically modified. The work of Pera et al.

showed that when various combinations of chemically modified tip and/or samples
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were used the force curves displayed corresponding changes in the number of break-
through events.®* Using force mapping, a much larger data set could be collected and
compared using the automated method in the force mapping of flat surfaces work.
Comparison of the break-through distances of the individual break-through events
would be very interesting in the context of compression and the hypothesis of layer
dependent hemifusion.

4. The topic of surfactant on the AFM tip could also be investigated using neutron
scattering to confirm surfactant orientation and organization. In principle, one could
contrast match out the tip-surfactant solution contrast. The examination of surfactant
adsorbed to the surface of a carbon nanotube has been performed and demonstrated
experimentally the effects of lateral confinement on a curved surface. Examining the
surfactant adsorbed on an AFM tip with neutron scattering would allow the study of the
orientation and organization of the surfactant. Whether enough signal could be
obtained with the very small beam required is very unlikely however.

5. Moving towards patterned surface experiments, an extremely interesting
experiment would be to investigate how surfactant adsorbs to hydrophobically patterned
surfaces. Nanopatterning has been accomplished using OTS on a silica surface and has
been shown to have little effect on the surface topography (i.e. a flat surface is
obtained).!?? This patterning would be very interesting with both soft contact imaging
and force mapping, especially the transition region from hydrophobic to hydrophilic
surface areas. Soft contact imaging would potentially demonstrate differences in

morphology while force mapping would provide changes in layer packing, layer
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thickness/hemifusion occurrence, and the distance over which the change affects the
surfactant layers.

6. Another avenue that should be pursued is the “half-distance” found on the
PMMA surface compared to other surfaces. In the beginning when the effects of layer
dependent hemifusion were not known it was expected that a break-through distance on
a hydrophobic surface would be half that on a hydrophilic surface. However, that was
not found to be the case. Therefore, it is especially interesting that out of all the flat
surfaces studied in this work, PMMA was the only one which should a distance roughly
half that found on other surfaces.

The proposed experiment would essentially involve covering a silica colloidal
sphere in PMMA and then performing a force curve against a flat PMMA covered
surface and a plain silica surface, respectively. If the PMMA covered sphere and
surface have no surfactant adsorbed, then likely the force curves will have a snap to
contact instead of a repulsive force. Conversely, if there is surfactant adsorbed then
there should be a repulsive force. However, it would be difficult to say whether the
repulsive force was generated by surfactant lying flat or the presence of an electrical
double layer present due to adsorption of counter-ions. Either way, it would be a first
step in explaining if the half-distance on the polymer was caused by surfactant on the
tip or a variation of the surfactant layer on the PMMA surface.

7. Lastly, the trench experiments could be repeated using trenches not made of
polymer; the use of the polymer was both beneficial and detrimental. The benefits were
that the trench walls were a different material with a different surface chemistry than the

trench floor. This allowed for the testing of two surface chemistries under the same
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conditions. In addition, the polymer was also softer than the silica, thus tip contact with
the walls was less abrasive and easier on the tip retaining its high aspect ratio nature
longer. However, the use of polymer was also detrimental because as the polymer began
to swell, it provided a source of contamination as well as an uncontrolled source of
trench width variability.

In a future experiment the trenches could be made completely out of silica by
using electron beam lithography in the same manner used to create the polymer trenches
in the first place. E-beam lithography would be used to create the mask in the PMMA
and then reactive ion etching would be used to etch the exposed silica floor. Using the
Teflon coated sample holder should ensure that the effects of undercutting are
minimized. The vertical sides of the pillars have already demonstrated the effectiveness
of this fabrication method. Then, removal of the polymer would be accomplished using
the PG remover, similar to the metal lift-off experiments.

This method would undoubtedly alter the roughness of the trench floor, as the
etched silica used in the pillar experiments was rougher than unetched. Reducing the
roughness however could be done by growing an oxide layer on the etched surface.
Also, it would be simple to clear a larger portion of the polymer on the same sample or
use the wheel centers as the unconfined surfaces. These areas would theoretically have
the same history and roughness as the floor of the trenches and provide a good surface

for comparison to the confined trench floors.
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Appendix B: Pillar Fabrication Methods

B.1-Polystyrene Latex Microsphere Preparation

Polystyrene latex microspheres with diameter 200 nm were received as a
2.5wt% dispersion in water from Alfa Aesar. Aliquots of the solution were rinsed by
first centrifuging 3 mL (2 Eppendorf tubes each with 1.5 mL of the suspension) at
20,817G for 20 min in an Eppendorf 5430 centrifuge to create a pellet. Then 1.5 mL of
the supernatant was removed from each tube and replaced with the same volume of
Milli-Q H>O. The microspheres were dispersed via vortex shaker and the centrifuging
and supernatant replacement process was repeated once more. The microsphere
dispersion was then diluted to 1.5wt% and stored in a sealed container to prevent

evaporation.
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B.2-PDMS Mask Fabrication and Sphere Deposition

The method for depositing the spheres on the surface was adapted from the work
of Taylor et al.'?* Poly dimethyl siloxane (PDMS) was prepared in a plastic dish using a
10:1 weight ratio of Dow Corning silicone:curing agent which was cured in an oven
overnight. Thinner layers were preferred over thicker layers and showed no noticeable
difference in masking efficiency. The cured PDMS layer was removed from the dish by
razor blade and cut into 1 cmx1 c¢cm squares before a 3 mm hole was cut into each
square using a leather punch. Prior to each use, the PDMS mask was rinsed with
methanol and water and then set onto the surface of a silica sample (which had been
stored for a minimum of 24 hours after being cleaned). Care was taken not to let any
liquid leak into the center of the mask and contact the area not covered by the mask.
The masked sample was then placed in the Harrick Plasma Cleaner (PDC-32G) for
30 seconds on the ‘low’ setting before being removed. The area in the hole of the
PDMS mask was exposed to the plasma and became hydrophilic while the rest of the
sample underneath the PDMS remained hydrophobic. Then the PDMS mask was
removed from the silica surface and 3 uL of the microsphere solution was applied via
pipette to the hydrophilic area on the silica surface, confined to this area via the
surrounding hydrophobic area. The process was repeated for each sample in a set and
the samples were placed in a closed container and allowed to dry overnight at

approximately 4°C before being removed and stored.

B.3-Nanosphere Heating, Metal Evaporation and Nanosphere Removal
Following the drying process, samples were stored for 48 hours at room

temperature to allow further evaporation before heating in a vacuum oven at 112°C for
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3 hours. This heating step caused the shapes of the interstitial apertures between the
microspheres to go from triangular to circular and decreased the aperture diameter. The
samples were removed from the oven once their time elapsed and were allowed to cool
to room temperature.

Thermal evaporation into the interstitial spaces was performed as follows. A
standard chrome coated tungsten rod (R.D. Mathis Vacuum Evaporation Sources) was
installed as the metal source in the evaporator and the apparatus bell jar was put in
place. The chamber was pumped down for 24 hours before performing a 20 minute
degas to clean the source and further decrease the pressure before bringing the source to
operating current to begin the evaporation. During evaporation, the metal thickness on
the sample was monitored using a quartz crystal microbalance (QCM) crystal inside the
chamber and for an evaporation time of 40 seconds the metal thickness was ~20 nm.
The samples were removed from the evaporator and placed in toluene and sonicated for

1 hour to remove the nanosphere mask, leaving behind a metal masked silica surface.

B.4-Teflon® Covered Aluminum RIE Sample Holder Fabrication
The Teflon® covered RIE sample
holder was proposed and developed for
reactive ion etching (RIE) by Kawata et
al.'?* Our version of their sample holder was
104 mmx104 mm and 6.35 mm thick. A

square recess was milled in the center of the

holder to be 2 mm deep and 15 mm x

Figure 37. Teflon tape covered
aluminum plate with glass stub in
center hole.

15 mm. The recess was made using a 1/8”
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drill bit. Plate glass 3 mm thick was cut to 15 mm x 15 mm with a glass cutting tool.
The corners were rounded to the same radius of curvature as the recess in the aluminum
plate (formed from the drill bit) using a grinder. Extruded 4 mil brown Teflon® tape
(obtained from Grainger Inc.) was applied to the aluminum plate and any air bubbles
were removed by hand before pressing the cut glass stub into the tape covering the hole
to first weaken the tape and make sure it covered the edges of the hole completely. The
glass stub was removed, and the tape was cut away from the hole with a razor blade.
Cool grease thermal paste was applied to the bottom of the hole and the glass piece was

fitted into the hole, held in place by the paste. The final product is shown in Figure 37.

B.5-Reactive Ion Etching of the Metal Masked Silica Sample

Recipe RIE (W) | ICP (W) | Gas I(sccm) | Gas 2(scem) | Gas 3(sccm) | Pressure(mT)
De-scum 40 100 02=50 N/A N/A 25
Etching 75 300 Ar=75 SFe=25 CHF3=25 15

Table 4. De-scum and etching recipes for metal masked silica surfaces attached to
Teflon coated aluminum sample holder

The RIE procedure and recipes were also adapted from Kawata et al.,'**
although RIE power, inductively coupled plasma (ICP) power and etching times given
here were determined experimentally using our etching equipment. The sample was
affixed to the glass stub on the RIE sample holder using Cool Grease™ thermal paste.
The sample holder was fixed to the RIE platen using the same thermal paste and the
platen was placed in a Trion Mini-Lock II reactive ion etcher. A de-scum recipe was
performed for 30 seconds once the etching chamber had pumped down and the RIE
recipe was used to etch the silica surface immediately after. The recipes used for the de-

scum and RIE processes can be found in Table 1.
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The advantage of using the Teflon® coated sample holder was etching could be
performed without the need of a switching process to introduce etching and passivation
gases. Argon and the etch gases, SFs and CHF3, were introduced to the chamber
simultaneously. The recipe gas flowrates and power settings and etch time were kept
constant for each sample respectively, but the etch time was varied between 30 seconds
and 2 minutes to vary the etch depth between samples.

After the time had elapsed the sample was removed from the chamber and
placed in toluene to remove the thermal paste and then the metal mask was removed
using CR 9051 chrome etchant (obtained from Transene Co.), at 50 °C. The sample was
immersed in the etchant overnight and then moved to a room temperature water bath to
stop the etching process before a final rinse using a water stream and then drying under

a nitrogen stream.
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B.6-Pillar Fabrication Step-by-Step Results

B.6.1-Sphere Deposition

Figure 38. Low magnification micrograph of silica surface layered with 200 nm
and 100 nm polystyrene nanospheres (a and b, respectively). High magnification

micrograph of patch of single layer of 200 nm and 100 nm nanospheres (¢ and d,
respectively).

The bead layer resulting from using the hydrophobic confinement technique
with 200 nm and 100 nm nanospheres are shown in Figure 38a and Figure 38b,
respectively. These are low magnification SEM micrographs, displaying a ring of
material around an area of mono- and multi-layer polystyrene nanospheres on the
respective samples. The lightest colored areas (~10% of the surface within the ring) are
those of silica not covered with spheres while the lightest grey areas (~80% of the
surface within the ring) have a sphere monolayer. Areas with the even darker shading

(~10% of the surface within) are those with 2 or more layers of spheres.
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The micrographs in Figure 38c and Figure 38d are high magnification images of
the same surfaces with their respective nanosphere sizes and are representative of the
appearance of the nanosphere monolayers found on each surface. Although the layers
are disconnected in areas, with slightly less connectivity between the 100 nm spheres,
each surface still has significant hexagonal packing present, which was all that was

necessary for the formation of the apertures used as the metal deposition mask.

B.6.2-Sphere Heating
Heating caused the

apertures between hexagonally
packed spheres to become circular
as the spheres grew larger in the
direction parallel to the surface
plane, as shown in Figure 39. The
apertures had diameters between
20 nm and 40 nm for the 200 nm
spheres and between 12 nm and
20 nm for the 100 nm spheres.

Varying aperture size indicates the

Figure 39. (a) Monolayer of 200 nm
heating of the sphere layer and nanospheres on silica surface post heating in
oven for 2 hours at 160°C. (b)

oven provided non-uniform

there may have also been a

gradient effect caused by sphere patches with different configurations (spheres on the
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outer edge of a patch heating differently than those in the center). The presence of
various aperture sizes was beneficial to these experiments (variation in final
confinement dimensions) but if the need arose it has been shown in the literature that
the use of microwave pulses has led to more a uniform and precise reduction of aperture

sizes.'®

B.6.3-Chrome Deposition and PS Sphere Removal

. '« . @ . .

Figure 40. SEM micrograph of (a) 200 nm nanosphere and (b) 100 nm
nanosphere layers covered in chrome post evaporation. There is metal into the
interstitial spaces between the beads. The resulting metal dots serving as the

etching mask post nanosphere removal in toluene (¢ is 200 nm nanosphere
sample and d is 100 nm nanosphere sample.

SEM micrographs showing the results of the metal mask application and sphere
removal are shown Figure 40. Due to the directionality of the thermal evaporation the
metal coated only the upper half of the spheres and the unmasked silica (upper
micrographs in Figure 40). Toluene sonication was able to effectively remove the

spheres while leaving the secondary chrome mask on the surface for RIE (lower
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micrographs in Figure 40). This secondary mask displayed chrome dots with sharp
interfaces at the silica surface with the dots arranged in the expected hexagonal pattern.
There were also areas of metal lace (large, connected metal islands resulting from the
open areas between sphere patches) and other larger areas of metal where the silica was
not covered by spheres. Some areas which were covered by multilayers spheres also had
chrome dots, but they were not the clean circular dots obtained in areas covered by a

monolayer.

B.6.4-Teflon ® Covered Aluminum Sample Holder Results

Figure 41. Silica surface masked by chrome post etching with (left) and
without (right) the Teflon® covered sample holder.

A single silica surface masked by chrome dots was cleaved in half and the two
resulting surfaces underwent the same RIE etching procedure for 30 seconds, in two
separate etching trials, but one surface was placed on the glass stub on the Teflon®
coated sample holder while the other was placed directly on the etcher platen. The
results of this experiment are in Figure 41 and show that the surface produced using the
passivating sample holder (left micrograph in Figure 41) has pillar and plateau features
one would expect from a vertical etch while the surface etched directly on the platen

(right micrograph in Figure 41) has features that have been etched down to small
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200 nm Nanosphere Sample

100 nm Nanosphere Sample
|

Figure 42. 200 nm Nanosphere Sample: (a) Metal masked silica surface post
RIE. (b) Silica surface after exposure to CR9051 metal etchant overnight.
(c) Silica pillars side on showing vertical sidewalls (d) Plan view of
nanostructures 100 nm Nanosphere Sample: (e) Plan view of metal masked
silica surface post RIE. (f) Silica surface after exposure to CR9051 metal
etchant overnight

pointed cones. This comparison demonstrates the quality of structures that can
be produced using this simple sample holder which is able to achieve the similar effects

as a gas switching process. The Teflon® coated aluminum plate was employed to
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fabricate all the samples used in this work, without ever having to replace the Teflon®

tape.
B.6.5-Metal Mask Removal and Pillar Characterization

Nanostructures resulting from 30 seconds of RIE are shown in Figure 42. The
chrome mask is still in place in Figure 42a (200 nm nanospheres) and Figure 42¢
(100 nm nanospheres), which gives the upper surfaces a rounded appearance. The
CR9051 etchant was used to remove the mask, after which flat upper surfaces were
obtained, shown in Figure 42b and Figure 42c using 200 nm nanospheres and Figure
42f using 100 nm nanospheres, which also shows the vertical side walls, indicating a
mostly anisotropic etch. The plan views in Figure 42d and e show pillars with diameters
between 15 nm and 35 nm for the 200 nm nanosphere sample and between 20 and
40 nm for the 100 nm nanosphere sample. From the height of the structures, ~45 nm,

the etch rate was found to be 1.5 nm/sec.
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Figure 43. AFM characterization of nanostructures. 3D rendering and line
profile confirm vertical sidewalls and heights from SEM.

The results in Figure 43 show a 3D rendering of a surface covered with
nanostructures, a 500 nmx500 nm section of the same sample, and a line profile of a
pillar. These images support the conclusions drawn from SEM micrographs regarding
the vertical nature of the pillar sidewalls as well as showing a flat upper pillar surface.
The left edge of the pillars shown in the 3D rendering show an image artifact caused by
the shape of the tip used to image the pillars. A measurement made using the line
profile from where the upper surface meets the sidewall showed an upper surface
diameter of 14 nm, although there is most likely some convolution of this measurement
by the AFM tip. Similar measurements made from different sections of the same sample
revealed dimensions as large as 35 nm, which agrees with the measurements taken from
SEM micrographs.

The nanostructures shown here, and others produced using the same procedure,
were used to characterize surfactant adsorbed under lateral confinement, induced on the

upper surfaces of the nanostructures via the structure edges. Break-through force maps
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for several different nanostructures are shown below, demonstrating the same edge

effects were obtained, even with varying shapes and sizes.
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Figure 44. AFM Break-through force map on nanostructures of various shapes
and sizes. White circles are edge point and black circles are indices where a

value could not be measured (either due to an error or edge proximity).
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B.6.6 Second Pillar Sample and Data
A second pillar sample and tip were characterized with 10xCMC of TTAB to confirm
the trends observed as a function of distance to the nearest edge. The results are shown

below using break-through force maps.
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Figure 45. Break-through force maps collected on a second pillar sample and a
second high-aspect ratio AFM probe.
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The maps shown in Figure 45 show the same trend of decreasing break-through force
with increasing distance to the nearest edge as was found on the first sample. The same
method of determining the distance to the nearest edge was used and the break-through

event values were plotted against distance and are shown in Figure 46.
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nanoscopic level or perhaps slight variations of the edge shapes between samples that
decreased the distance over which the edge effects extend.

The former is
possible because two
different AFM tips were used
between the two
characterization sessions and

we have showed that slight

100 nm
variations in tips can cause a i,

difference in break-through ~ Figure 47. SEM image of high aspect-ratio AFM
tip and annotated circle with comparable radius

force and adhesion force of curvature of the AFM tip (radius=10.145 nm)
values. However, due to the size of the tips (~20 nm diameter of curvature as verified
by SEM and shown in Figure 47) the distance over which the distance effects extend are
larger than the diameter at the very tip (more than twice this value on the first sample)
and therefore the tip size may have a slight effect but, in our opinion, does not call into
question the source of the edge effects but only suggests what is already know: that
AFM tip sizes can convolute data to a certain extent and accounting for the tip size can
increase measurement accuracy.

As for the second possibility related to the angle of the edge, these samples were
two halves of a larger sample and were therefore fabricated under the exact same
conditions, and therefore the latter possibility seems unlikely. That said, a more in-

depth investigation into the response of these values for edges with different angles

between the side wall and upper pillar surface would help to clear up the issue.
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In either case, however, the trend with decreasing distance from an edge was the
same for both samples. Again, it was found that as distance from the nearest edge
decreased the break-through distance values increased, indicating an extended
hemifused layer, while the break-through force and adhesion force values decreased,

which suggests a decrease in packing or stability.

B.6.7-Longer Etching Times and Pillar Bending

Figure 48. 200 nm nanosphere sample after (a) Sixty second RIE, (b) 90 second
RIE and (¢ and d) 120 second RIE. The micrograph in (d) also shows pillar
bending caused by SEM scanning.

The structures in Figure 48 are the result of RIE for 60-120 seconds on a silica

surface where the primary mask was 200 nm nanospheres. The structures still have their
metal mask in these images but have clean sidewalls with a slight slope (wider at the
base than the top). Using the height of the plateaus the etch rate of the silica was found
to be roughly 1.5 nm/sec, the same as that found for the 30 second etch, indicating etch

times longer than 30 seconds did not affect the etch rate. It was noted that the number of
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pillars on the surface is decreased as the etch rate was increased, most likely due to
etching of the chrome masks. A slight dip in the surface between the open silica floor
and a surface feature side wall suggests faster etching occurs on sloped surfaces not
protected by the mask or at the very least at the intersection between the etched floor
and a sidewall.

Another interesting note is the deformation of the pillars during electron
microscopy imaging, shown in Figure 48d. The pillars in the upper left of the figure
were vertical until a reduced size SEM scan was performed there for image focusing.
After the larger size scan was resumed it was found that the pillars had bent inwards
towards one another. The cause of this phenomena is unknown but might be related to
the bending induced when EBD produced platinum nano-rods are deformed through
high temperature annealing.!?'?” Although interesting the cause of the bending was

deemed outside the scope of this research.
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Appendix C: How OCM Works

The QCM sensor is made of a thin quartz crystal coated with the desired surface
such as gold, silica, HOPG, metals, polymers, and many others.'?® The quartz is
piezoelectric, which means that it will expand and contract very quickly when an
electric current is applied, causing the crystal to oscillate. The oscillation frequency and
amplitude can be measured to determine if the mass applied to the crystal is changing,
such as if a surfactant is adsorbing or desorbing to the surface. If the mass on the crystal
increases (due to surfactant adsorption) the frequency will decrease, and amplitude will
increase while if the mass on the surface decreases (due to surfactant desorption) the
frequency will increase, and the amplitude will decrease.

QCM can also be used to monitor the viscoelastic characteristics of the adsorbed
film by measuring a property known as dissipation, D. Dissipation is often described

using the equations below

_ _FEaissipate 1 Equation 4. QCM
2+T* Egtoreq T*[*T Crystal Dissipation

Equation 5. QCM

Ut) = Ape /T xsin2xmxf xt + o) Oscillation Decay

where Edissipated and Estorea are the energy dissipated by the crystal-film system and the
energy stored by the crystal-film system during one oscillation period, f'is the frequency
of the oscillation and t is the decay time constant.®*!?° To measure dissipation the
circuit providing the quartz crystal with current is opened briefly, causing the crystal
oscillation to stop oscillating. The oscillations dampen out through energy loss to the
film and the surroundings and the resulting signal is fit to Equation 5,

where Ay is the amplitude at time=0 and ¢ is the phase. '*°
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The faster the dissipation occurs (smaller 1) the more viscoelastic the response and the

larger the dissipation value.

C = Af
n

Equation 6. Sauerbrey Equation

Am = —

If the adsorbed material is rigidly bound to the substrate, meaning there is a
small dissipation, there is a linear relationship between the change in frequency and the
mass adsorbed to the crystal, given in the Sauerbrey equation
where Am is the change in areal mass (mass per unit area), C is a constant with value of
-17.7 ng-em2-Hz! for AT cut crystals with a nominal frequency (f°) of 5 MHz, and n is
the overtone number (1,3,5,7,9,11, or 13).%* The overtone numbers are related to the
frequencies achieved by the oscillating crystal, such as a note played on an instrument
will also have overtones. The fundamental frequency is at overtone n=0 while higher
frequencies are at n=3,5,7... etc. The frequency of each overtone is found by
multiplying the overtone number by the fundamental frequency, e.g. for an £ of SMHz
the n=3 overtone will have a frequency of 15 MHz, the n=5 will have a frequency of 25
MHz, and so on. The higher frequencies are useful for a few different reasons, the first
being that higher frequencies probe farther above the crystal surface, which helps to
investigate different heights above the crystal. Higher overtones are also less prone to
noise and are more often used for analysis that the fundamental frequency.'?®

However, the film adsorbed to the crystal is not always rigidly bound to the
surface. Long surfactants, surfactants that form loose aggregates, or solutions with high
viscoelasticity can have large dissipations and in these cases the frequency change does
not scale linearly with the overtone number!>. Using the Saurebrey equation with highly

viscoelastic films will lead to overestimated surfactant film masses.®* In these instances,
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a multivariable viscoelastic model such as the Voigt model must be used.'*° Estimates
of the film thickness, density and viscosity are input into the model and the data from

various overtones are used to determine the correct mass of the film on the surface.

Appendix D: How Atomic Force Microscopy Works

Combined Potential
Attractive Potential - - -
Repulsive Potential -------

Modes

NC= Non-Contact
IC=Intermittent Contact
| C=Contact

Interaction Potential
Between Probe and Surface
o

Probe-Sample Separation

Figure 49. Interaction potential between two atoms and the regions of the curve
utilized in the different AFM imaging modes

When two atoms (one on an AFM tip and one on a surface, for instance) are
brought close together in air (separation of a few nanometers or less) there will be an
interaction potential between them, demonstrated in Figure 49. The potentials in this
figure were generated using the Lennard-Jones potential equation, given in Equation

7 131

12 6
U(r) = 4+ ¢ % ((f) _ (E) ) Equation 7. Lennard-Jones
r r Interaction Potential
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i 12 6 .
Force = i(U(r)) _ e, (2 % (Z) _ (Z) ) Equation 8. Force
ax r r r Between Two Atoms

The interaction potential is the more common way AFM and force interactions
in air are described but the force equation can be obtained by taking the derivative of
the interaction potential, given in Equation 8. This force has both attractive (Van der
Waals) and repulsive (Pauli exclusion) portions. AFM takes advantage of this force by
using piezoelectric micromanipulators to position the tip/cantilever assembly (hereafter
referred to as the probe) within a few nanometers above a surface desired to be
characterized. The probe is then moved in the x and y directions over the surface and
changes in the surface topography will push or pull the tip, which turn will deflect
(bend) the cantilever (e.g. increases in surface feature height bend the cantilever
upwards and decreases bend the cantilever downwards). The cantilever deflection is
measured by positioning a laser on the backside of the cantilever and registering the
distance the reflected laser moves using a photodetector. Tip shape and dimensions can
be very important in AFM because the tip size typically limits the size of the surfaces
features which can be imaged while the tip shape can distort the surface features in the
scanned image.

In liquid, the imaging mode are the same but there are other forces that may
need to be addressed, especially if surfactant or charged species are present. In this case
the tip and surface are treated as one would approaching colloidal surfaces. The
attractive force is still the Van der Waals force but now the repulsive force may now

arise from the ‘electrical double layer’ (EDL).?*!*? The force interactions involving
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ey
4kgT
Equation 9. DLVO Force Between Sphere and Plate Normalized by
Radius

Force/Radius = 128nckzTk ™! tanh ( ) e *P — A, /6D?

EDL are well described using DLVO theory and the equation for the force between a
sphere (often used to model an AFM tip) and a flat plate is given in Equation 9,
where Radius is the radius of the AFM tip, kg is the Boltzmann constant

(1.38x10%%), T is the temperature, c is the concentration of the surfactant or charged
species, k! is the Debye screening length, o is the surface potential, e is the electronic

charge (charge of the surfactant headgroup or other ionic species) and Ay is the
Hamaker constant (dependent on the materials of the two approaching surfaces).”’ This
all that will be covered on DLVO theory in this text but if the reader is interested they
are referred to the chapter on colloidal interactions in Berg et al and the works of Paria
et al.!"” The three main AFM imaging modes are non-contact, intermittent contact and
contact. Each mode accesses a different region of the potential curve between two
objects or surfaces, demonstrated in Figure 49. The first two modes, non-contact and
intermittent contact, are achieved by oscillating the tip with a specific frequency and
amplitude. To accomplish this, the probe is first ‘tuned’ by oscillating the AFM head (to
which the probe is attached) at a range of frequencies and recording the resulting probe
oscillation amplitude and phase. The resonant frequency (fo) of the probe is found where
the phase between the head and probe are approximately zero, which is also where the
amplitude in the probe oscillation amplitude will be a maximum. A very good

explanation of this process is given by Haugstad et al.'*?
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Once fj is known, the operating frequency of the probe can be set to be either
above, at, or below this frequency. Setting the operating frequency above or below fo
(usually a few hundred Hz) will result in a decrease in the oscillation amplitude as you
move farther from the maximum in either direction. However, if the operating
frequency is set below fy then the phase of the probe oscillation will increase, while
setting the operating frequency above fo will move towards a lower phase value.

Therefore, by choosing the operating frequency above or below fo will determine
whether the AFM is operating in non-contact or intermittent contact mode, respectively.
In non-contact mode the probe will only access the first part of the force curve and
therefore will not touch the surface. In intermittent contact mode the probe will have
access to the first two regions of the force curve, contacting the surface only briefly at
the bottom of each oscillation of the probe.

Once the mode is chosen, setting the operating frequency will determine the
probe ‘free amplitude’” which is the amplitude the probe achieves without interaction
with forces from the surface. As the probe gets closer to the surface the amplitude will
increase slightly due to the initial attractive forces from the surface pulling the probe
downwards (analogously increasing the mass of the probe leading to a decrease in
oscillation frequency but an increase in amplitude). As the probe is scanned over the
surface the surface features increase or decrease the amplitude of the probe oscillation,
which, again, is registered by the laser reflected on the backside of the cantilever. The
amplitude is normally what is used to set the operating distance between the probe and
the surface. If the user increases or decreases the setpoint the AFM head will move the

probe away from or closer to the surface. In most cases the largest amplitude available
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which still allows for the collection of the desired height information from the surface is
chosen because there is less damage to the probe and/or surface. Lastly, the phase of the
oscillation can also be used as an imaging tool because the phase will vary based on the
material being scanned. It can therefore be used for determining areas on the surface
made of or covered with different materials.

The last imaging mode in AFM is contact mode where the tip is initially
positioned a specified height, ‘h’, above the surface and the objective is to maintain ‘h’
by moving the AFM head up or down using the AFM piezoelectric manipulators. The
surface feature heights are then calculated by determining how far the head had to be
moved to maintain ‘h’. Contact mode is simple and is less susceptible to oscillation
interference found in non-contact and intermittent contact modes, such as feedback
from imaging elastic samples or when imaging in liquids. The drawbacks of contact
mode are that the tip is in more or less direct contact with the surface and the action of
scanning can damage the tip causing it to change size or shape over time. Tip damage
can also occur if the AFM head attempts to move the tip over large height changes over
short distances and therefore knowing the relative height of the surface features may
help in determining if contact mode should be used. Another drawback is that in normal
humidity at atmospheric conditions a meniscus of water can form between the tip and
the surface, leading to a decrease in image resolution. Therefore prior to non-contact
and intermittent contact modes AFM was typically performed under vacuum to reach
atomic resolution.

Another useful aspect of AFM is the ability to collect force curves, which were

demonstrated in the main text previously. AFM force curves are collected by lowering
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the probe towards a surface at a set speed and recording the deflection (not force) of the
cantilever as the tip comes close to and eventually contacts the surface. The AFM head
continues to move towards the surface for a set distance and then retracts, while still
recording the cantilever deflection, until the tip is removed from the surface and the
AFM head returns to its starting height. The cantilever deflection and AFM head height
must then be converted into force and tip-sample separation using the AFM probe force
constant, which is how much force is takes to deflect the cantilever a certain distance,
and the deflection sensitivity, which is the change in voltage registered by the
photodetector for a certain distance deflected.

While the force constant is nominally known from the dimensions of the
cantilever, it is good practice to measure the force constant prior to using an AFM probe
for force measurements. The deflection sensitivity is a property of the cantilever, laser
and photodetector and therefore must be measured for each AFM setup used. Most
commercial AFM software will have methods for converting raw cantilever
deflection/AFM head movement into force vs tip-sample separation (distance) curves.
However, the user must provide the measured force constant and deflection sensitivity
for accurate conversion and therefore these values must be measured at the time of the
force curve collection. For a more thorough explanation of the math required to obtain

force and tip-sample separation distance please see the work of Butt et al.!%
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