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Abstract

This thesis features experimental work done to fabricate and characterize silicon surfaces patterned
using photolithographic techniques, both standaand novel, to produce a variety of surfaces with
roughness of controlled geometric propertiefn specific, one set of the surfaces fabricated had pillars
with vertical sidewalls to explore the effects of feature size on contact angle, and anothdrssefares

had pillars with undercut geometry to test for superoleophobicitgbntact anglesvere measuredon

these surfacesising three different test fluidswater, ethylene glycol, and hexadecane. This allowed for

a broad range of surface tensions lbe examined and thus for a variety of behaviors to be observed
during characterization.In analyzing the data new complexities already seen in the literature but not
fully explored became apparent. In order to understand these complexities a new frakevas
developed to empirically describeow liquids behave on rough surfaces such as the ones that were
fabricated. This new framework has provided considerable insight and has greatly improved
understanding of the behavior afontact angles orthe fabricated surfaces and other surfaces in the
literature. The framework has allowed us to better understand how drops on textured surfedes/e

and howmeasurementgelate to various methods of understanding contact anglesch as the Cassie

and Wenzel equ#ons. This is particularly important when assessing surfaces with novel texturing
featuressuch as the overhanging cap structumed comparingheir behaviors with that of surfaces
better characterized in the literatureuch assurfaces withvertical sigwall pillars,and being able to

more accurately and precisely determine what the strengths and weaknesses of these new surfaces

really are.
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Chapter 2 of this thesisvith minor modificationshas beenaccepted for publicationn the Journal of
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Chapter 1. Introduction

1.1¢ Background

This thesis details our experimental studies on the contact angles of liquids with varying properties,
most notably surface tension, on surfaces given miaod nanescale texturing via the use of
microfabrication techniques originally pioneered by the semiconductor industry. The fabrication of
these surfaces allowed for the investigation of questions surrounding how the geometry ofsnam
patterns affect contact angle and contact angle hysteresis. drfopning the measurements and
analyzing the data, new complexities already seen in the literature but not strongly commented upon
became apparent. In order to address these complexitiespew conceptual framework for
understandingcontact angles was deloped. In order to give context, a brief summary of the history
and current state of affairs of the science of contact angles, contact angles on rough surfaces, and

microfabrication as it relates to creating rough surfaces follows below.

The scientific teidy of contact angles begins with Young in T8@Gerein a force balance between the
surface tensionsy, of interfaces between solidj liquid,L, and vapory gives rise to the Young contact
angle,—, at the line where all three phases meet, the so called contact line, and was described in words

by Young in the form of Equationll
r AT-© ¢ I [1-1]

The Young contact angle represents the equilibrium contact angle on an ideal flat surface. As surfaces
become norideal,i.e. are not chemically heterogeneous and/or have surface roughness, Equafion 1
becomes lesselevant but still important. The Young contact angle, also called the equilibrium or

intrinsic contact angle, is an input value for the equations describing contact angle on rough surfaces,



and thus a change in the contact angle on a smooth surfaceau#ie changes to the contact angle on
rough surfaces made of the same material. The most typical cause of a change in contact angle is a
change in the surface tension of the liquid, such as going from a high surface tension liquid like water
(71.99 mN/mat Standard Ambient Temperature and Pressure (SAT?®pn intermediate liquid like
ethylene glyol (47.99mN/m at SATPpw surface tension alkane such as hexadecane (27.87 mN/m at

SATPYJ.

In 1936 a paper by WenZehade a large step towards understanding contact angles and wetting on
rough surfaces. Applying to surfaces where the liquid é®@mplete contact with the threelimensional
roughness, a situation called either homogenous wetting or the Wenzel state, the Wenzel equation

gives the apparent macroscopic contact angle (or Wenzel contact angl@s:

A6 1AT-0 [1-2]
where the Wenzel roughness, is the total three dimensional surface area in contact with the drop
divided by the projected surface area bounded by the contact line of the drop. As can be seen, when
the surface is smooth the Wenzel roughness becomes equal to 1 and the Wenzel equation gives the
Young contact angle as its result. Also, as can be seen, Equatisertes to amplify the behavior of a
liquid on the surfaces. Because there is a changggim atA | @ 1t &nd the cosine function cannot
exceed a value of 1 or go below a value;df sufficiently large values ofshould serve to cause drops

with intrinsic contact angles below 9@ go to @, and those with contact angles above®30 goto

180°.

Next in the development of the science of contact angles was the contribution of Cassie and Baxter
1944, who developed a method for predicting contact angles on heterogeneous surfaces. While

generally applicale for any sort of chemical heterogeneity, in particular it has been used for surfaces



where the drop is partially in contact with the surface and partially in contact with air, a situation called

either heterogeneous wetting or the Cassie state, in wis@se the form of the Cassie equation is:
AT-©6 QAT-6 Q [1-3]
where f; is the ratio of solidiquid contact area to the projected contact area of the drop bounded by
the contact line, and, is the ratio of liquidair contact area to the projected contact area. Shdulgo
to 0 then Equation B reduces to Equation-2 andf; is the same as. In the literature, particularlyn

cases with weltlefined twodimensional cross sectional geometry at the point of contact between the

drop and the surface, it is assumed tliat f,= 1 and the Cassie equation is reduced to:

AT-©6 AT-© pQ p [1-4]
wheref =f; and is typically called the Cassie fraction. Because the Cassie state minimizes contact with
the solid surface, if the intrinsic contact angle of the material is abovea@0 the Wenzel roughness is

large, the Cassie state becomes more favorable than the Wenzel state. For intrinsic contact angles

around the sign change of 9he situation becomes more complex, as shall be explored.

The Wenzel and Cassie equations form the foundation of the studpmifict angles and wetting on
rough surfaces. However, they are only the foundation of understanding and there are many
complexities they do not capture. Their biggest issue is that they only capture the equilibrium contact
angles, which are not the caatt angles typically observed in experiments. Experimentally what is
observed are the advancing and receding contact angles, which are the highest and lowest possible
contact angle configurations and they depend on the motion of the contact line. Kdhtact line is
moving the drop to wet an area that has not yet been wetted by the drop, it is the advancing contact
angle that is observed, while if the contact line is moving to unwet the drop from an already wetted
area, it is the receding contact angdteat is observed While this definition includes both drops on level

surfaces that are having their volumes increased and decreased, respectively, and drops on tilted



surfaces with the advancing and receding contact anpeing at the leading and traitig edges,
respectively, the two methods of measurement do not necessarily give analogous results to each other.
As shown by Johnson and Deftia 1964, Equations-2 and 13 are only valid for equilibrium contact

angles and not for the advancing and receding contact angles.

The difference between the advancing and receding contact angles is called the contact angle hysteresis.
The theoretical origis of this phenomenon has been extensively explored, with a significant
examination beginning with Joanny and de Geriie4984. They proposed contact angle hysteresis as
arising from micreor nanascale local energy defects that would catise contact line moving across

them to pin on the defect, creating resistance to the motion of the contact line.

In terms of pinning, further developments to thisay of thinkingwere made by Pomeau and
Vannimenu8 in 1985, who explored contact angle hysteresis as it might arise from weak
heterogeneities, andy Rapha& and de Gennésin 1989 when the single defect problem was more
thoroughly explored. More recently Tadmbexplored the relationship beteen advancing, receding,

and Young contact angles in 2004. Thea®rks are in depth theoretical explorations of
thermodynamics and force, but to summarize, line pinning occurs when there is some sort of
heterogeneity on a surface where it is more energetically favorable for the contact line to stay in one
place locally rdner than move with the rest of the contact line, leading to a distortion in the contact line
until the force caused by surface tension becomes so great as to move the contact line off the

heterogeneity.

By the 1990s, several developments brought signific@newed interest in the science of contact
angles. While it would take some time to be available outside the semiconductor industry, the
development of deep reactive ion etching procedures, such as the Bosch etch process first patented in

1994 would eventually allow for surface scientists to begin fabricating surfaces with microscopic



feature sizes designed tmave specific Wenzel roughness and Cassie fractions. Other methods that are
available include seHissembly of aggregate nasmarticles:” replication of existing natural structures

via polymer moulding? the chemical treatment of textile fioré$,the functionalization of carbon
nanotubes'” spray cast coating$,and anodization of metals such as alumintirtg give a brief sampl

of the myriad processes The biggest advantagabat the reactive ion etching methods and
photolithography have, for our purposes, is that they allow for very precise definition of geometric
factors, allowing for values such as the Wenzel roughness and Cassie fraction tedafiqed. Such
methodsare employedypically by first using a CADogram to develop a pattern that is then etched

into a mask design via lasers or electron beams, depending on the resolution required. This mask then
selectively protects a resin film from exposure to ultraviolet radiation, either breaking down or curing
the film depending on chemistry such that the desired design is present on a silicon surface. This
patterned film then protects parts of the silicon from various forms of chemical and plasma etching,
transferring the pattern to the silicon. This allows both production of precisely defined textured
surfaces, and for easy replication of the same patterned surfaces, allowing for much more controlled

experimental design and repetition of experiments.

In 1998 Wolansky and Marmdiscussed how on rough surfaces microscopic conformation to intrinsic
contact angles can give rise to a different apparent macroscopic contact angle. This is an early
demonstration of a focus within the literature upon attempting to discermotigh theory and
experiment the microscopic effect of various changes to geometry and chemistry on contact angle.
More recently Buttet al. have written numerous papers on the subject of the microscopic interactions

that give rise to high contact angl&¥2#+#

In 20000ner and McCahy?® used reactive ion etching to manufacture surfaces in silicon with various
geometric arrangements and different chemical treatments to create chemical hydrophobicity to
examinethe effects of different length scales and geometric configurations upon contact angles, and

5



found that the length scales were more important for determining the stability of a drop in the Cassie

state than for determining its actual contact angle.

In 2009Reyssat andQuéré” used this sort of fabrication technique to produce surfaces with silicon

pillars to examine whether or ndhe contact angle hysteresis formulation proposed by Joanny and de
Gennes previously could be used on such surfaces, with each pillar representing a single defect. Their
formulas showed good agreement for surfaces with a Cassie fraction below approyifatél3 but

divergence for the few surfaces they had that had higher Cassie fractions than that, indicating a
ONBIF{1{R26Yy AYy OGKSANI AYAGALFE | aadzyLliAzyas LI NIAOdz |
contributed to contact angle hystesis additivelyather than having any interactions with each other.

Other similar studies on surfaces micropatterned with varying length scales have been done by Cansoy

et al.® Dorrer andRihe,?® and Priestet al.?’

which have ambiguous results when taken as a whole.
Some of the studies indicate that there is no dependency of contact aipgle feature sizédeyond the
control of the Casie fraction, while others do find changing contact angles with changing feature sizes
even while maintaining the same Cassie fraction. The use of Equaicdio ienerate predictions to
which results can be compared is also uneven as well. This isleaxdmerkby the use of Equationdlas

if it were the original form of the Cassie equation rather than Equati@nl¢ading to general confusion

in the field of study of contact angles on textured surfafes.

One particular point that entges from the examination of textured surfaces is that for surfaces with

hydrophobic pillarg>?%*’

the advancing contact angle will reinaat a geometnjinsensitive high contact
angle while the receding contact angle will vary with varying Cassie fraction and other gedauttnis.
This behavior habeen observed by Johnson and Dettesnd Morraet al® on oxygen plasma treated

poly(tetrafluoroethylene). fe study by Priestt al?” studied not just hydrophobic pillars, but also pits

and defined surface patches treated with hydrophobic or hydrophilic chemicals and surrounded by



chemicals with the opposite treatment, and it was found that whether the advancing or receding
contact angle was more responsive depended on the type of siged. This shows that not only is
contact angle determined by more than just the equilibrium value predicted by equatégnbilit that

both the advancing and receding contact angles contain important information.

While they have received less attention the literature, drops in the Wenzel state also show the
importance of examining both the advancing and receding contact angles. A study by Dorréhafld R

in whichthey changed hydrophobic pillars to hydrophilic ones by changing the chemical coating on the
pillars showed systems with large advancing contact angles andingcedntact angles at®0when the
contact angles predicted by Equatiof2were 0. This phenomenon has also been seeZawodzinski

et al®* while characterizing perfluorosulphonic acid membranes, where some of the membranes
showed advancing contact angles in excess of #0@ receding contact angles of.0 Work done by

|32

Forsberget al”* on surfaces of S8 photoresist patterned with pillars showeadvancing contact angles

of 140 and receding contact angles of.0 Even more extreme cases of thishavior have been

observed by Balet al,** Penget al.'? and Fenget al.**

with advancing and static contact angles
exceeding 150and the drops having either receding contact angles°ajrino rolloff angle, the drops
beingcapable of being suspended from an inverted surface.

Maintaining a drop in the Cassie state over the Wenzel state has been another area of intense research,

with various discussions over the years by Marfili,and Amirfazlf and Buttet al.

to give a sample.
This interest in the stability of the systemashto do with the numerous practical applications of

superhydrophobic and superoleophobic surfaces.

Superhydrophobic surfaces are textured surfaces with water contact angles exceedihgwibie
superoleophobic surfaces are similar to superhydropobicased but also applying to low surface

tension oils as well. These are particularly useful fordetning surfacé§®*® and are of interest as anti



icing surface™***° and for use in the print indust{l. The largest issue for these surfaces, particularly
superoleophobic surfaces, is maintaining the drops in the Cassie state rather than tleeMgtate as

the Wenzel state is often thermodynamically more favorable.

One solution to create thermodynamically stable superoleophobic surfaces is the overhanging cap
geometry widely explored by Tutegt al**** Using differences in the chemistry of etching between
silicon and silicon dioxide, surfaces where silidxide caps sit on top of silicon pillars of lesser cross
sectional diameter can be created. As explored by Fang and Arfiiflaglisharp edge created by the

caps imposes an energy barrier that can help maintain a metastable Cassie state and thus allow for the

creation of superoleophobic surfaces where they might not otherwise be favorable.

1.2- Scope of the Thesis

This thess seeks to explore three major questions in the area of surface science: i) how to reconcile
contact angle equations being for intrinsic contact angles while observations are for advancing and
receding contact angles; ii) how geometry affects the stahilftthe Cassie state over the Wenzel state,

and; iii) how to combine together ideas about contact angle hysteresis with ideas about textured

surfaces.

Chapter Two provides details of an experimental study examining the effects of feature size and Cassie
fraction in combination on contact angle and contact angle hysteresis. It also introduces a new pinning
force framework that provides an empirical way to describe the relationships between predicted
equilibrium contact angles and observed advancing awgding contact angles for drops in the Cassie

state, for water and ethylene glycol.

Chapter Three is an extension of the research done in Chapter Two, using hexadecane, a lower surface
tension liquid, on the same surfaces. This extends the pinning franeework to include the Wenzel

state and explores unexpected behaviors of surfaces with strong pinning in the Wenzel state, as well as

8



showing that hexadecane drops in the Cassie state have the same observed behaviors as water and

ethylene glycol drops ithe Cassie state.

Chapter Four features a successful attempt to produce a new procedure for creating surfaces featuring
overhanging cap structures for superoleophobicity that afider near arbitrary control of cross
sectional geometry and height of thmllars. Since water, ethylene glycol, and hexadecane were used as
the test liquids, comparisons were also made between pillars with similar cross sectional geometry. This
allowed for an examination on the effect of the overhanging caps on the statfilibe Cassie state over

the Wenzel state and the effect of the observed pinning forces.



Chapter 2 Modeling and Measurement of Contact Angle Hysteresis
on Textured HighContactAngle Surfaces

2.1 ¢ Introduction

Superhydrophobic and superoleophobiarfaces are a group of textured surfaces that show extreme
repellency towards water and oils, respectively. They are a commercially and industrially significant
class of materials for their uses in seléaning materiaf§ and antiicing surface$®*’ Current
fabrication techniques include spray coatitf§® polymer imprint moulding? electrochemical etching of
metals® the hydrophobization of fibres in textilés, plasma treatment of Teflo® and
photolithographic patterning of silicon and silicon dioxtdeOf these, perhaps the most important from

a theoretical standpoint is photithographic patterning as it allows for nearly arbitrary control of
geometry, allowing for a deeper exploration of how geometric factors affect the wetting of such
surfaces. In photolithographic patterning a t@omensional pattern is transferred to dison surface

and used to create an array of pillars via selective etching of the silicon.

Wetting, on either textured or smooth surfaces is described by contact angle (CA). On ideal smooth

surfaces the equilibrium contact angle is the Young contact anhgldefined by
o AT-©O 7t I [2-1]

where! ,[ ,and’ are the interfacial tensions of the liqujdapour, solidvapour, and solidliquid
interfaces, respectivelyThe Young equation can be thougiitas an energy equation or a force balance
and it should be recognized that these two ways of thinking are equivalent. The conditions for
equilibrium from the thermodynamic perspective are found by minimiZireg energy subject to
constraints, includingonstant entropy, with interfacial tensions being introduced as surface excess

internal energies per unit ared The resulting conditions for equilibrium include thermal equilibrium,

10



chemical equilibrium and mechanical equilibriunihe mechanical equilibrium conditions, such as the
Young equation, can also be found editly from force balances where surface tensions are
conceptualized in terms of force per unit of contact line lengthroughout this chaptewe use force
per-unit-length and energyer-unit-areaconceptsinterchangeablyo better contextualize ideas

Moa i adzNFI O0OSa LkraasSaa Oz2ydl O Fy3atsS kKeadsSnparaxz
' YR NB G Rdnwd angles. When contact angles are measured from a drop with changing
volume, the advancing contact angle is measured when thédcbbp contact area is increasing, and

the receding contact angle is measured when the gdiidp contact area is decreasing. When
measured from a tilted drop, the advancing contact angle is the angle measured from the surface of the
leading edge of the rdp just as it begins to slide and the receding contact angle is the angle of the
trailing edge. While these two methods of determining the advancing and receding contact angles have
been treated as synonymous in the past, more recent research by Rieat:€® suggests that this is not

necessarily true.

One method of approximating the equilibrium Young contact angle on surfaces with contact angle

hysteresis is the method of cosineeamging’’

AT-0 [2-2]

This method has limitations, and for some surfaces an unequal weighting between advancing and
receding contact angles produces a bettertibut for many smooth surfaces with hysteresis Equation
2-2 serves as a good method for finding the equilibrium contact atighsiso in the literaturé®® one

can find a simple averaging ef and— to estimate—. For smooth surfaces, this study will use
Equation 2-2, however. These averaging methods are also empirical relations, obtained from

experiment, and not from any theoretical backing.

11



There are two primary wing modes on textured surfaces: penetrated wetting or the Wenzel state,

and nonpenetrated wetting or the Cassie state.For surfaces with roughness and penetrated wetting,

the Wenzel equatiof 3 A @Sa G KS | LI NBy il Ya&@BNRPaO2LIAO O2yil Ol
AT-© 1AT-9 [2-3]

where r is the Wenzel roughness factor, defined as the actual area of solid in contact with the liquid

divided by the projected contact area of the drop boundwsdthe contact line.
For surfaces with roughness and mpenetrated wetting, the Cassie equatfBrgives the apparent
YI ONP&aO2LIAO LBy GlF Ol Fy3tsSz

Al-© QAT-O0 Q [2-4]
where f;is the ratio of the solidliquid contact area to the projected area of the drop bounded by the
contact line, andf, is the ratio of the aitliquid contact area under the drop to the projected contact
area of the drop bounded by the contact line. In genétéhr nonplanar or partially engulfed pillars
"Q "Q p, but for most photolithographically defined surfaces with flat topped pillars it can be
assume&that f, +f, = 1, which yields the simplified Cassie equation

Al-©6 AT-© pQ p [2-5]
wheref =f; andis called the Cassie fraction, defined in the cases of interest (see Section 3) here as

g [2-6]

It is to benoted that, like the Young equation, the Cassie and Wenzel equations are equilibrium
equations, so they need to be altered in some way to deal with the complexities of advancing and
receding contact angles. The use of advancing and receding contact dingtaly within equilibrium
equatiors has been seen in the literature all the way back to the pagpaper by Cassie and BaXfén

1944 but was shown to bimcorrectas early a 1964 (see Johnson and Deftfeandthere has been
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confusionin applicability and use within the literature ever since. It is a primary goal of this work to

provide a general framework to move forward

The effects of patterned geometry on contact angle and contact angle hysteresis have been previously
studied, buta full exploration of geometric effects has yet to be dofmer and McCarthi performed

a series of experiments with arrays of pillars of square and circular-sez$i®ns with vaying sizes and
spacing of the pillars. They found no significant variation in contact angle with changing pillar size, but
they did not vary the Cassie fraction, keeping it constant over all of the surfaces. They also did not

make any comparison to thequilibrium contact angles predicted by theory. Cansogl®°

performed
experiments with varying pillar sizes, spacing, and Cassie fractions and made comparisons wauath cont
angles predicted by Equatidh5, but there was only one data set where size and spacing of the pillars

were varied to produce similar Cassie fractions, with all other surfaces having only one combination of

Cassie fraction and pillar size examined.

Perhaps most significantly, Dorrer andtR®’ performed experiments on patterned surfaces where the
spacing and sizes of thpdllars were varied, but the Cassie fractions were also kept constasbfoe of

the cases studied. Thedtudy showed two important features that are useful for further discussion.
The first is that the advancing contact angle was mostly insensitithe Cassie fraction, a surprising
result considering Equatio5. Secondly, the receding contact angle did change with changing Cassie
fraction, a behavior seen in other literature such as that of Dettre and Jofhaod Morraet al>® Also

seen was that the larger the pillaize and pillar spacing, while maintaining the same Cassie fraction, the
lower the receding contact angle. No attempt to compare these values with theoretical models such as
Equation2-3, Equatior2-4, or Equatior2-5 was madé/ but a subsequent paper by Dorrer andHe®®
examined contact angles on the same surfaces but altered their surface chemistry to make them fully

wetting. In that study they found that for high roughness surfaces with a hydrophilic coating there was
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a deviation from value predicted by Equatio2-3 for advancing contact angles while the receding
contact angles followed the predicted behavior of complete wetting.

Another work by Priestt al?’

studied square pillars, holes, and patches of altered chemistry that were
hydrophilic or hydrophobic, all of which had square geometry with dimensions 20 oasa@and Cassie
fractions varying from 0 to 0.80. They found that the form of the surface and whether a drop was
advancing or receding influenced whether it agreed or not with the predictions of the Cassie equation.
For example, with chemically hydrophio patches they found that when the drop was in the advancing
state its measured contact angle disagreed with the predictions of the Cassie equation but that in the
receding state its measured contact angle agreed with the Cassie equation. In partaulieif
hydrophobic pillars, they found that advancing contact angles did not agree with the predictions of the

Cassie equation, and in fact remained near constant, while the receding values only qualitatively agreed

with the predictions of the Cassie eafion.

Considering that for these prior studies there is a marked trend towards the advancing contact angle
being invariant and the receding contact angle changing with changing pillar geometries, this means that
the contact angle hysteresis will changehwchanging geometry and thus a better understanding of

contact angle hysteresis on textured surfaces is needed.

For surfaces with contact angle hysteresis, Joanny and de Gémneposed a theoretical framework

that looks at contact angldysteresis as arising from energy defects on an ideally smooth and
homogeneous surface. They began by proposing that an energy defect was a patch of arbitrary
dimension on a surface that had a different surface energy from the surrounding materiahgead
deformation of the contact line. For a macroscopic system, they proposed for a drop sitting upon an
array of such energy defects, each with an individual defect enakgyhat contact angle hysteresis is

explained by Equatio®-7.
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r AT Ai-O g0 [2-7]
where
g — [2-8]

One of the assumptions of Joanny and de Gennes was that the defects were in a dilute regima,

defects are sufficiently far apart that the emgr contributions from each defect are simply additive and

that defects do not influence one another. While the argument was primarily about chemical defects,
the discussion was generalized by Joanny and de Gennes to include surface roughness defects and
included a brief discussion about apparent contact angles on surfaces with roughness determined by a

continuous topographical functiod, ¢fto , suggesting that apparent contact angles would be given by
r AT-© 7 I Q [2-9]
whereh was defined as
Qo AT-6— [2-10]

We will not be building directly from the work of Joanny and der@sn It is included here to give a
complete picture of the previous literature. Rather, we are taking a macroscopic viewpoint in which a
complex surface gives rise to additional forces that alter the advancing and receding contact angles from
the expectedequilibrium contact angles. The aggregate effect of these forces will be captured from
experiment in our work. ®&ating the details of microscopic energy defectantacroscopicbhehavioris

beyond the scope of this worlalthoughReyssat & Quéféhave examined contact angle hysteresis on
micropillar arrays assuming each pillar represents a single strong defect as envisiooadry ahd de
Gennes. They found good agreement when the system was dilbig at Cassie fractiomabove0.3

their experimental results started to diverge from their theoretical model, and the majority of their
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experimental data points were at Cassie fraas below 0.2. The studyere, however expands the

range forf as a majority of our experimentdhta isat Cassie fractiosiabove0.3.

Although these previous works made important contributions, there is still ambiguity as to whether or
not changing tk size of surface features while keeping the Cassie fraction constant has an effect on
contact angle, and there is currently no way to predict, theoretically or empirically, the contact angle

hysteresis of a textured surface based on geometric factors.

Inthe study reported herein, we fabricated a set of surfaces with a range of pillar geometries that result
in both surfaces with a range of Cassie fractions, and surfaces with different pillar diameters and spacing
combinations but the same Cassie fractioWe then measured the advancing and receding contact
angles of both water and ethylene glycol on these fabricated surfaces. The first objective of this work
was to determine if varying pillar diameter while keeping Cassie fraction the same produceasasigpif
different advancing or receding contact angles. The second objective was to develop a new theoretical

framework for understanding the advancing and receding contact angles that were measured.

2.2 - Governing Equations

2.2.1 Pinning Force Framevkdior Smooth Surfaces

Following a similar line of thinking to Joanny and de Gennes, we propose the inclusion of an extra
AdzNF I OS SySNHeé& LISNI dzy A | NB tB explaindheldiffeyeicy Betwde NO S €
equilibrium and norequilibriumstates. Unlike in Equatia®9, we shall not make the assumption that

R stems from variations in topography but allow it to include both topography and chemistry in totality.

The proposed form for the receding contact angle on a smooth surface is thus

r AT-©6 7 I O [2-11]
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Inserting the definition of the Young contact angle from Equatit into Equation2-11 and

rearranging, yields:
AT-S A6 — [2-12]
For the smooth sidace making the assumption that the naiimensional pinning force.—, is equal and

opposite when the contact line is advancing rather than receding gives

Al-© Al-6 — [2-13]
Adding Equation2-12 and 2-13 together yields

Ai-© Al-0 cAi-© [2-14]
giving theoretical justification for the cosine averaging formula in Equ&ai@nfor smooth surfaces.
Subtracting?-13 from2-12 gives

r AT-6 A1-O O [2-15]
which is similar in form to the equation proposed by Joanny and de Génhfegiation2-7. We have
noted above that the concepts of force per unit length @For energy per unit area (ny) are
interchangeabldn mechanical equilibrium equations, so in that way the two equations appear similar.
However, in contrast to the thinking of Joanny and de Gennes who considered specific, dilute defects,
since for a realistic surface the pinning force can be affectecheynical heterogeneity, roughness, and
interactions between defects, the purpose of this work is to include pinning forces in a more global
FNIYSG2N)l FYyR (2 200GFAYy GKS LAYYAYy3d F2NOS&E FNBY VY
force, it neednot arise from actual pinning. As has been shown éphst by Wolansky and Marmtit,

apparent contact angle changes on rough surfaces can be shown to arise from a local conformation to

intrinsic contact angle. As ducit is important to understand that the term— , which is called the
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pinning force here, is an empirically determined, macroscopic descriptor of all microscopic interactions
that give rise to deviations between the equilibrium contact angle and the advancingeaeding

contact angls.

Now two important limits that this formulation imposes emerge, owing to the fact that contact angles

cannot be greater than 180° or less than 0°
AT-6 — »p [2-16]
AT — »p [2-17]
2.2.2 Propose®inning Force Framework for NBrenetrated (Cassie) Wetting Rough Surfaces

Here we generalize the pinning force framework from a smooth surface to a rough surface in the case of
Cassie wetting by replacing the Young equilibrium contact angle in Eq@ati®nvith the Cassie contact

angle. Thus, itis proposed that for receding contact angles on rough surffaggs,ys one can write:
AT-0 ; A6 — — [2-18]

¢ K S NJS, as in Equatio®-5, the predicted Cassie contact angle, arg—"— is the nondimensional

pinning force specifically upon the rough surface when a drop is in the Cassweit-penetrated) state.
For rough surfaces we relax the assumption that the pinning force is equal for advancing and receding
O2y il OG y3atSa RdzS (imentdl kvidéhdel séairNdo® .4 Thisythe advaimidg S E LIS NA

02y (| O lawbuy Hefp®pose*
AT-0 j A6 —I [2-19]

which has its own nodimensional pinning force value—"—— Again notinghat the advancing

contact angle cannot be larger than 180°, Equafédl® implies:
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A6 —" —  »p [2-20]

With these equations and limits it thus becomes possible to begin analysis of the behavior of rough
surfaces with contact angle hysteresis in an experimental setting to examine the validity of this

framework.

2.3 - Materials and Methods

To minimize the effects of asymmetrical expansion across the surface, the geometry used in this study
consisted of circlein a hexagonal packing arrangement, the unit cell of which is seéigime2-1,
whered is the pillar crossectional diametersis the edgeto-edge separationx is the centreto-centre

separation (equal ta + $; andf is the Cassie fraction.

Figure2-1 ¢ Top-view diagram of the packing geometryf the pillars and relevant dimensionsSolid straight lines define the
boundaries of the unit cell

For this system of circular pillars in a hexagonal jpacarrangement can be calculated as

Q = [2-21]

To evaluate a broad range of pillar sizes and Cassie fractions and to examine for any interaction between

0KS Gg¢2 LI NIYSGSNEE M1 RAFTFSNBYG adaNFIF OSaz a
three different series of near constant Cassie fraction spread out over five different pillar diameters,
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with two additional interseries Cases that have common diameters but different Cassie fractions. Also
included in the fabrication were several flat secsahat were protected from etching for the purposes

of providing smooth surfaces on which to measure intrinsic contact angle data.

Fabrication began with the cleaning of organic residue from the surface of a fresh silicon wafer via
immersion in a 3:1 raticolution of 96% sulfuric acid and 30% hydrogen peroxide. Once all organic
residue was removed the silicon wafer had a layer of hexamethyldisilazane (HDMS) applied to allow
better cohesion between the wafer and photoresist. A layer of HPR 504 photofesistFujifilm
approximately 1.25um thick was applied via spin coating and then soft baked on a hot plate aiCl15

for 90 seconds before being allowed to sit for 15 minutes to reabsorb moisture from the surrounding air.
Once the photoresist stabilizetiwas patterned with UV light and a mask aligner from ABM Inc., and the
exposed photoresist dissolved via Microposit 354 developer. The wafer was then etched using the
Bosch etching proceSsusing a Surface Technology Systems Advance Silicon Etcher High Resonance
Magnet (STS ASE HRM).thim Bosch etch, sulphur hexafluoride {S&nd octafluorocyclobutane (&)
plasmas alternate, with the S§erving as an isotropic silicon etchant while thB;@eposits and forms a
passivation layer on the sidewalls of the substrate being etched, ptiepretching except in the
direction of plasma bombardment, creating vertical, scalloped sidewalls. This proassased to
ONBIFIGS LAtEEFINAR on >Y Glfftx gAGK aoltt2Lla 2y GKS
deemed to be small enough that they would not significantly contribute to the behaviour of the fluids on
the surface, especially since wur experimental Cases and theoretical formulation of the liquid
behaviour the liquid sits on the tops of the pillars and thus does not interact with the scallops. Once the
etching was finished the photoresist layer was removed with sequential washasetafne, isopropy!
alcohol, and deionisedater, and then had a final removal of remaining process polymer contaminants

via oxygen plasma in a Branson 3000 barrel etcher for 10 minutes.
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The wafers were then examined in a LEO 1430 scanning electron miceo&BM) from both a top

down angle (@ and an oblique angle (7bso that the surface area of the tops of the pillars and the
sidewall geometries could be examined, respectively. Top down SEM images of Case 1 through Case 5
can be seen irFigure2-2-A throughFigure2-2-E, respectively, showing the increasing size of pillars
while maintaining the same Cassie fraction. One of the oblique images can be déiguraR-2-F,

whicha K2ga LIAfEI NB nn >Y -th-gdgeFsaparatini SN 6 AGK ¢ >Y SR3S

Figure2-2 ¢ SEM image of micropillars viewed aB500X magnification for all images. A through E show Case 1 through Case
5, respectively, at a Dangle and tte increase in pillar diameter from 20 pm to 40 pm while maintaining the same Cassie
fraction of approximately 0.69. For exact Cassie fraction values Ealgle2-1. F shows the 40 um pillars, the same as in E, at
a 78 angle

After initial examination by SEM, it was noted that the actual pillar diameters for all Cases were
FLIINPEAYFGStE&@ w >Y fFNABSN 6Ky RS&AA3IYySR F2NE LINRY
RIE Phantom system etch machine and a second measuringeopillar dimensions. The final

dimensions are presented fable2-1.
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Table2-1 ¢ The measured parameter values for each of the fabricated Cases after final etch in the Trion RIE

Case 5A1 YSGOSIEdheto-SRIS &S LJ M Cassie Fraction

Case 1l 22.4+0.3 2.0+0.3 0.762+0.002
Case 2 25.8+0.7 2.9+0.5 0.732+0.004
Case3  30.8+0.2 4.7+0.3 0.684+0.001
Case4  35.7+0.7 5.3+0.3 0.689+0.003
Case5  42.3+0.3 6.1+0.4 0.692+0.001
Case6  26.0+0.6 7.1+0.6 0.560+0.005
Case 7 21.2+0.3 12.0+£0.5 0.371+0.004
Case8  25.7+0.3 15.5+0.3 0.353+0.003
Case9  30.5+0.4 18.7+0.5 0.349+0.004
Case 10 34.7+0.8 22.8+0.5 0.331+0.006
Case 11 40.0+0.3 26.0+0.3 0.333+0.002
Case 12 25.0+0.2 32.7+0.2 0.170+0001
Case 13 20.9+0.4 45.5+0.5 0.090+0.002
Case 14 25.6+0.2 56.9+0.3 0.087+0.001
Case 15 30.2+0.2 68.9+0.2 0.084+0.001
Case 16 35.2+0.2 80.54+0.3 0.084+0.001
Case 17 40.0+0.4 91.7+0.2 0.084+0.001

Next, the surfaces were treated to make them chieally hydrophobic. To produce an even,
hydrophobic chemical coating the wafer was exposed to vapour phase trichloro(1H,1H,2H,2H

perfluorooctyl)silane from Sigmaldrich while under house vacuum pressure conditions in a bell jar.

Once made hydrophobithe advancing and receding contact angles of water and ethylene glycol were
measured. The contact angle on each Case was measured a minimum of three times using a custom
optical goniometer that captured images of the drops so that they could be analygieg kmaged and

the Drop Snake profile tracing plugii® The goniometer was mounted on an optical table to minimize
external vibration, and any other effects of minor sources of vibratimuld be accounted for in the
experimental error of measurement. All measurements were taken from the same orientation so that
any dependence of contact angle on direction of motion across the surface (although anticipated to be

minor due to the geometryof pillars chosen) would not confound the measurements. For each
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formation and that the drop did not risk moving off the edge of a particular Case. $atiséed that

GKS RNRLJ 61 & | LILINPLINAIF GSfe F2NX¥YSRI AGa @2ftdzyS o1 a
AYlF3Sao ' FG4SNI NBFOKAYy3 | @2fdzyS 2F 1p >[3X (GKS 0O
@2t dzYS 2F wmn  >[ © suretl khatdhe diéps &Bais2réntided in $hy advancing or

receding state, with these states being determined by constantly checking that the radius of the contact

line was moving before accepting a measurement as vdgiure2-3 shows an example of these drops

in the advancing and receding states. After removal of the drops, no fluid was observed to have

remained within the roughness, demonstrating that the drops remained in the Cassie state the entire

time.

Figure2-3 ¢ Images of a water drop on Case 5. A shows the advancing state and B shows the receding state

One issue is that when contact angle approaches #i88wing a proper tangent line becomes diffi¢tilt

and it has been determined by Extrand and M&othat for drops of microliter sizes gravitational
flattening can further obfuscate high contact angles, introducing uncertainties in measurement on the
order of 10. However, the recommended maximum size given by Extrand and Mobhundreds of
picolitres to avoid the effects of gravitational flattening is impractical for our purposes since such

droplet sizes: cannot capture the macroscale effects of our roughness, are not representative of droplet
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sizes in many applicains, and would not be amenable to the standard methods of examination such as

ours, which generally use drops ranging from in volume from®6t@200 pL>®

2.4 ¢ Results and Discussion

2.4.1 Water Results

Table2-2 shows he raw data for water, organized by Case.

Table2-2 ¢ Advancing and receding contact angles for water

Advancing Contact Angl&)( Receding Contact Angl® (

Case 1 168+3 99+1
Case 2 169+1 102+1
Case 3 16745 104.1+0.5
Case 4 171+1 102+1
Case 5 171+1 102+1
Case 6 171+1 109+1
Case 7 171+1 122+1
Case 8 171+1 119+1
Case 9 171+1 121+1
Case 10 170+1 121+1
Case 11 172+1 120+1
Case 12 170+2 132+1
Case 13 169+2 141+1
Case 14 170+1 140+1
Case 15 168+2 139+1
Case 16 169+1 141+1
Case 17 172+4 140+1
Smooth 113+1 91+2

Figure2-4 shows the raw data for advancing and receding contact angles for water versus the pillar
diameter. The intesseries Cases 6 and 12 were excluded as they cannot be used ttigateshe
independence of receding contact angle from pillar diameter, and would thus only clutter the figure.

Through statistical analysis via ANOVA it can be shown that within seeie®r( Cases with the same
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Cassie fraction) the pillar diameter $1ao influence on advancing or receding contact angies>(0.05
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Figure 2-4 ¢ Experimental advancing and receding contact angles for water plotted against pillamdiar, with Cassie
fraction kept constant within each set of Cases. Error bars are either within the symbols or are shown

Figure2-5 shows the raw data for all Cases for measured advancing and receding contact angles for
water pbtted against Cassie fraction, with the measurements from the smooth surface reporfediat

with cross symbols. The Young contact angle is determined by Equafipand then input into
Equation2-5 to obtain the predicted equilibrium Cassie contaogk (solid line irFigure2-5). The

other two lines inFigure2-5 were drawn by using experimental advancing and receding contact angles
from the smooth surface directly in the Cassie equation, Equaibnin place of the Young contact
angle, a method that has been used in literature in the #a3t’ but has no theoretical support. As
expected thesead hocpredictions do not provide a better framework for understanding both advancing

and recedingontact angles.
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Figure2-5 - Experimental advancing and receding contact angles for water compared with three predictions. Cassie contact
angle is predicted with Equation,5wvhile the dashed lingredictions are made by using theeasuredsmooth advancing or
receding contact angles directly in Equation 5 in place of the Young contact angle

The nondimensional pinning force observed from the receding contact angles can be calculated from a

rearrangement of Equatio®-18:

=

AT-0 AT-O [2-22]
Equation2-19 can be similarly rearranged to calculate the advancing pinning forces:
—f _ Ai-©6 Ai-H [2-23]

Applying Equatior2-22 to all the measured receding contact angles and Equa?i@d to all the

measured advancing contact angles generates the values sééguire2-6

26



o
~
1

@ Advancing Pinning Force
O Receding Pinning Force

o
o
i@
HOH

Ao

[}
2
L
(@]
£
£ U
804
©
c
2
é 03 + ® g @
02 | o QEED il
2
0.1 ¢ ®
®
0 1 1 1 1 1 1 1 1 )
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9

Cassie Fraction

Figure2-6 - Comparison between thecalculatedadvancing nordimensional pinning forcesﬁ-w5 bnd the receding non

dimensional pinning force%ﬁ for water. Error bars are either withithe symbol size or shown

Figure2-6 demonstrates the existase of a nearly constant observed pinning force for the receding
contact angles and a steadily changing observed pinning force for the advancing contact angles. It also
shows that for Cassie fractions greater tHan0.33, the observed nedimensional pining force during

advancing is greater than the observed pinning force during receding. In particular, it is clearly shown

that i R . For some of the Cases, specifically those with a Cassie fraction less than

0.2, if the limit seen in Equatid20 has been reached it would be impossible to detect the full gfifen

of the pinning force, and it is possible that i i

However, for the rest of the Cases

this is not the situation and thus the discrepancy cannot be explained by use of thedisgiibed by

Equation2-20.

There are important consequences resulting from advancing and receding pinning forces not being

equal. Of particular importance is the fact that cosine averaging cannot be used for these rough
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surfaces, since as shown in thevd®pment of Equation2-14 for smooth surfaces, equality of

advancing and receding nafimensional pinning forces is a requirement for cosine averaging to be

valid. The inequality of advancing and receding-domensional pinning forces on rough surfagées

consistent with the observation that cosine averaging that gives equal weight to advancing and receding

contact angles is known to work only for macroscopically homogenous surfaces.

The average value of—— T1®& 711 18T acan be substituted into Equatio?-18 less the uncertainty,

resulting in an empirical equation for the Cases studiecth

Al . . AT-0 ™ [2-24]
or alternatively

Al . . AT-©0 pQ [2-25]

h h

A linear regression of the advancing pinning forces gives
— P ) wdomipTu [2-26]

which can be substituted into Equati@dl9 to produce the empirical equation

AT-O ; Al-O0 pQ ™ wdD T@IpT UL [2-27]

In Figure2-7, the cosines of thexperimentally measured receding contact angles are shown together

with Equation2-25 and the cosines of the experimentally measured contact angles are shown together

with Equation2-27, with all plotted against Cassie fraction.
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Figure2-7 ¢ Cosines of gperimental contact angles compared with their empirical predictive equations and plotted against
Cassie fraction for water

Restricting interpolation from Equatio2-25 and 2-27 to only the same geometric or chemical
configuratiors as were used in this studyigure2-7 provides evidence that the advancing and receding
contact angle can be empirically captured with a high degree of confidence across a broad range of

Cassie fractions.
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2.4.2 Ethylene Glyt®esults

Table2-3 shows the raw data for ethylene glycol, organized by Case.

Table2-3 ¢ Advancing and receding contact angles for ethylene glycol. *Cases 9 and
10 were damaged during testing did not givconsistent results after and so were
excluded from consideration

Advancing Contact Angl® ( Receding Contact Angl® (

Casel 136+4 86+1
Case 2 146+4 88+1
Case 3 152+3 91+3
Case 4 14042 92+1
Case b 154+2 87+4
Case 6 161+1 99+2
Case 7 162+5 111+1
Case 8 157+2 112+1
Case 9 * *

Case 10 * *

Case 11 170+3 111+1
Case 12 169+3 124+1
Case 13 171+1 133+2
Case 14 170+4 131+1
Case 15 171+3 132+2
Case 16 171+1 1332
Case 17 17015 133+2
Smooth 90+1 761

Figure2-8 showsthe raw data for advancing and receding contact angles for ethylene glycol, excluding
the inter-series Cases 6 and 12. For the f=0.69 Series when performing ANOVA for advancing contact
angles of all Cases there is a statistical difference between Caseslifféerent pillar diameters (p <

0.05) but Cases 1 and 2 have Cassie fractions considerably larger than Case$ 3 @75 @nd 0.73
compared tof = 0.69). When considering Cases 1 and 2 and Cases 3 to 5 as being separate series both
show no statistial dependence upon pillar diameter (p > 0.05) for the range tested. For all Cases in the
f=0.69 series the receding contact angles are independent of the pillar diameter (p > 0.05). The f=0.35
series shows a statistical dependence for advancing anddiegeontact upon pillar diameter, but the

7 A v A
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over the range tested and thus insignificant in comparison to the dependence upon Cassie fraction. For
the =009 series both the advancing and receding contact angles show no statistical dependence upon
the pillar diameter (p >> 0.)05 Based on this analysis for these surfaces, we conclude that ethylene

glycol advancing and receding contact angles show no deperedupon pillar diameter at a fixed Cassie

fraction.
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Figure2-8 ¢ Advancing and receding contact angles for ethylene glycol plotted against pillar diametéh Cassie fraction
kept constant within each set of Casegrror bas are either within the symba or are shown

Figure2-9 shows the raw data for measured advancing and receding contact angles for ethylene glycol
plotted against Cassie fraction, with the measurements from the smooth surfaceteepatf = 1 with

cross symbols. The solid line represents the predicted Cassie contact angle generated from Bguation

5.
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Figure 2-9 ¢ Experimental advancing and receding contact angles for ethylene glycol compared withetpglibrium
prediction generated by Equation 5. Error bars are either within their symbols or are shown

The nondimensional pinning forces for ethylene glycol were determined for the receding contact angles

using Equatior2-22 and for the advancing comtaangles using Equatio®23, and the results are

plotted versus Cassie fraction Figure2-10. As with water, For the Cases

where f < 0.33 it is possible the discrepancy can be explained by the system reaching the limiting value
of ¢ 1 in Equatior2-20 and being unable to express thel fstrength of the pinning force. However, for
Cases witli > 0.33 the limit in EquatioR®-20 cannot explain the discrepancy and the results clearly show
the advancing pinning force to be larger than the receding pinning féssecan be seen, the pinning

force values for the receding contact angles all fall within the same range, with the average value of

—h being 0.23 £ 0.02, which can be used to create the empirical equation
Al-6 . AT-© pQ 1 X [2-28]

h h
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Linear regression of the advancing contact angle pinning forces produeesrpirical equation
AT9 AT© pQ mu T8¢ 0¢p [2-29]

The empirical Equation-28 and2-29 are plotted together with the experimental data versus Cassie

fraction inFigure2-11.
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Figure2-10 ¢ Comparison between the determined advancing nelimensional pinning forces@5 bnd the receding

non-dimensional pinning forces%;#ﬁ for ethylene glycol plotted versus Cassie fraction
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Figure 2-11 ¢ Cosine eperimental contact angles compared with empirical predictive equations plotted against Cassie
fraction for ethylene glycol

2.4.3 Comparison between systems

When comparing between water and ethylene glycol, for the receding pinning forces we have

T8 and 1 gwhich brings up the possibility that the naliimensional values are

in fact statistically the same. Performing dest on the different values showthat there is a
statistically significant difference (p < 0.05) and thus the-dionensional pinning force values are

indeed different for different liquids.

The data of Priestt al*’ for their hydrophobic pillars show general agreement with our experimental
results. Our work agrees strongly with their advancing results butauriitatively with their receding
results; although we note that Priest al. were using a significantly different measurement technique

that involved sliding their surfaces beneath a pinned drop of constant volume until the leading and
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trailing edges assned constant contact angles. This methodology is more analogous to a tilted plate
experiment than to the volume increase and decrease methodology we used, and it has been previously

shown that tilted plate and volume change methodologies do not alwaydywe the same resulfs.

In recent papers Butt et df?! discuss different mechanisms contributing to contact angle and how
liquids can pi and impale upon surface roughness from a microscopic perspective. They argued that
the apparent advancing and receding pinning forces would be related to contact angle in different ways,
as we also found. There the receding contact angle was found ttependent upon geometric factors

(in our nomenclature, a high ratio of x/d is desired rather than a low Cassie fraction) and the intrinsic
receding contact angle. However, the calculated advancing contact angle was so high that it could only
form an uppe bound. This is because it was unlikely this value could ever be reached before outside
interference such as thermal or mechanical fluctuation moved the contact line forward and created a
lower apparent advancing contact angle. This is similar to opererental findings, in particular that

the advancing contact angle is mostly independent of geometry and is simply very high for these
surfaces. Théndings of Butt et alare primarily of a theoretical, microscopic scope in contrast with our
primarily experimental, macroscopic scope although their work with confocal microscopy is of interest

to advancing how the two modes of thought can be bridged

2.5 ¢ Summary

Photolithographically patterned hydrophobic surfaces were fabricated with various pillaettas and

pillar spacing for three different values of Cassie fraction. Advancing and receding contact angles of
both water and ethylene glycol were measured on each of the riextured surfaces. For the surface
geometry and chemistry chosen, and footh liquids, there was no appreciable difference in contact
angle between Cases of similar Cassie fraction but different pillar size and spacing, for both advancing

and receding contact angles. A theoretical framework has been developed by which agvandin
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receding contact angles are understood as being different from the equilibrium Cassie contact angles
due to the presence of additional pinning forces. The framework gives new insight into the behavior of
contact angle hysteresis on such texturedfages. For the surfaces fabricated, it has been shown that
the pinning forces for two different liquids (water and ethylene glycol) behave similarly, in that the
advancing and receding pinning forces are different functions of Cassie fraction, withngoeditact

angles having a constant nalimensional pinning force while the advancing rdimensional pinning

force increases with increasing Cassie fraction. Since we have shown that advancing and receding
pinning forces would need to be equal for coseneraging to be theoretically justified, these results
show that cosine averaging cannot be used for any of these systems, not even a cosine averaging
scheme incorporating different weights for advancing and receding contact angles, since advancing and
receding pinning forces are different functions of the Cassie fraction. While the empirical formulas
found in this work are only applicable to systems of our geometry and chemistry and the developed
framework can only be applied to systems where the Cdsaation is already known, further research

into other systems, including systems with disordered defects, such as those studied bst BUft

should be motivated by this work.
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Chapter 3: Wetting of Rough Surfaces by a Low Surface Tension
Liquid

3.1 ¢ Introduction

In the context of the study olvetting behavior textured surfaces are those surfaces that have three
dimensional features that alter the behavior of liquid contact angle. Ability to define contact angles is
important in numerous fields to achieve properties such as-adelining and atirfouling surfaces’
where extremely high or extremely low contact angles are frequently desired over intermediate values,
or for potential sensor applications where changing concentrations of surfactants can be predicted on

defined surface$?

In Chapter Twowe examined with both theory and experiment the applicability of introducing
additional nondimensional pinning forces to edibirium equations of contact angle for smooth and
non-penetrated wetting surfaces, i.e. the Young and the Cassie equations, respectively. This allowed for
capture of the behavior of rough, higtontactangle surfaces with contact angle hysteresis. the
difference betweenii KS | R4 ORA YR K& T6nkast fridlesp ‘We began with the Young

equation for contact angles on smooth, chemically homogeneous surfaces
o AT-©O 7t I [3-1]

wherel ,[ , andl are the interfacial tensions of the liquigapor, solidvapor, and solidliquid
interfaces, respectively. These interfacial tensions are in units of force per unit length or energy per unit
surface area, the equivalence allowing for useful thermodynamic argtsnerhe Young contact angle,

dy, is the equilibrium contact angle and does not describe either the advancing or receding contact
angles. To this force balance we introduced an additional pinning force term to account for opposition

of motion of the contact line across a surface,msteing from all possible sources and combination of
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sources. The sign of the pinning force term accounts for the direction of motion. For example, for
receding contact angles on a smooth surface when pinning force per unit leRgtivds added, we

proposd:
r AT-© 7 [ O [3-2]
Rearranging and substituting in the definitionfoi -©from Equatior3-1 yields:
Al© AiI-©6 — [3-3]
Assuming for smooth surfaces a pirgiforce for advancing contact angles that is equal in magnitude
but opposite to that for receding contact angles gave:
A6 Ai-©6 — [3-4]

Adding Equation8-3 and3-4 results in:

AT-0 [3-5]
Equation3-5 is the formula for cosine averaging, a method found in literaftife¢o approximate the
equilibrium Young contact angle from advancing and receding contact angles from experi@asine
averaging has experimental validation, although sometimes equal weighting cannot be given to
advancing and receding states on some surfatesid some authors prefer to use averages of angles

rather than cosines of anglé%. From our theoretical and experimental wétkve find preference for

Equation3-5 when dealing with smooth surfaces.

We then expanded the theoretical framework to rough surfaces with-pemetrated wetting states,
also known as Cassie wetting. For systems where the liquid does not penetat®iighness, the
F LI NBy Gz YI ONR a Og ardh ddscriber! Yy theQlassié gfjdafid®xpEssed here for

textured surfaces with planar tops 4%:
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AT©6 AT-© pQ p [3-6]
wheref is the Cassie fraction, which for flat topped feature geometry is the area in contact with solid

surface divided by the total projected area of the drop in contact with the solid and with air.

We found fran the experimental evidencén Chapter Twpthat the advancing and receding pinning
forces are not equal in magnitude for surfaces with roughness; thus for advancing and receding contact

angles in the Cassie state we proposed the following equations:

Ai-O ; A6 pQp —i— [3-7]

AT-0 ¢ A6 pQp —0L — [3-8]

For the surfaces and ligls examined in Chapter Twior receding contact angles we found that the
empiricallydetermined receding pinning force was constant with changing Cassie fraction, while the
empiricallydetermined advancing pinning force increased linearly with increasing Cassie fraction. The
net effect of this is that the receding contact angles show a constant shift below their predicted
equilibrium Cassie value, while the advancing contact angles remained at large values and did not
change with changing Cassie fraction. These behaviors, a nbasfzncing contact angle and a shifted

receding contact angle, have been observed in past literaftffé?’

LG Aa G2 o06S SYLKIFAATSR GKIG GLAYYAYy3IE A& Yy SYLRAN
of contact angle hysteresis combined into a single msawpic term. From the energy defects proposed

by Joanny and de Genhé local microscopic conformation of contact angle producing a different
apparent macroscopic contact angle as detailed by Wolansky and M#&rouedge pinning, all

possible sources of deviation from expected behavior are simultaneously captured withinitihe-te

As the surface tension of liquids decrease, the Cassie state becomes increasingly unfavbukable.
area of research in maintaining the Cassie state for low surface tension alkanes such as hexadecane to

39



produce superoleophobic surfaces has received considerable attention recently. A significant

contribution to this field was done by Tuteg al.;**®

who showed that one particular design of surface
texture, acap on top of a pillar of lesser diameter, can allow for liquids such as hexadecane to remain in
the Cassie state. This geometry is however not necessary for superoleophobicity, as the main

determining factor is the pinning at the edge of the pill&rs.

While the behavior of liquids on surfaces when they are wetting in the Cassie state is typified by very
high contact angles andw contact angle hysteresis, if the liquid penetrates fully into the roughness of
the surface then it enters into the Wenzel state, where the liquid is in full contact with the surface and
there is no gas underneath the bulk of the drop. When this happbe Wenzel equaticris used

A6 1AT-0 [3-9]
wherer is the Wenzel roughness factor which is defined as the actual area of solid in contact with the
liquid divided by the projected contact area of the drop bounded by the contact line. While the contact
angles in the Wenzel state c#éimeoretically range between®Oand 180, for very high intrinsic contact
angles the Cassie state becomes more favorabland thus the Wenzel state is most associated with
intermediate and low intrinsic contact angles. In particular, for a surface with a smooth camiglet
less than 90, a sufficiently high roughness should produce an apparent contact angte éfdvever, in
experiments with hydrophilic surfaces with texture, Dorrer arithé®® found that for the advancing
contact angles they can obtain values exceeding E2@n when the Wenzel equation predicted values
much less than thaincluding values of 0 However, they also found that the receding contact angles
were at 0. In characterizing perfluorosulphonic acid membranes Zawodznski*' found that for
intermediate water contents the receding contact angles trended tovBereas the advancing contact
angles remained above 100 For such behavior, there is little comprehensive discussiothen

literature.
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been observed wherein drops withdvancing contact angles greater than 1%0so display extreme

contact angle hysteresis and low mobility, such as in the work byeBall?® At the greatest extent of

this phenomenon a drop with a contact angle of 18@n be suspended from an inverted surface, such

as in the work of Pengt al’* Sometimes called the petaffect, it has been theorized by Feagal*

that this phenomenon arises from penetration of microscopic features by the liquid, as in the Wenzel

state, while nanoscopic features retain a small amount of air trapped within, as with the Cassie state.

While themechanisms at work for various forms of extreme contact angle hysteresis systems may not
be the same, the pinning force framework from our previous study does offer a possible explanation.
Since the pinning forces act in opposition to the motion of thetact line, an extremely rough surface

with the liquid in full contact would present a highly convoluted path to advance across. This should

manifest as an increased advancing pinning force and thus an increased advancing contact angle.

In our prior work,in which we studied contact angles and contact angle hysteresis on textured surfaces
we used water and ethylene glycol as our test fluids, with both remaining in the Cassie tdtes
chapterwe shall examine the behavior of hexadecane on the samtuted surfaces. With a lower
surface tension and thus a lower intrinsic contact angle, the use of hexadecane allows for wetting
behavior in the Wenzel state, enabling us to examine the expanded validity of the previously developed
pinning force frameworkand extending the concept of an empirically determined pinning force to
systems in the Wenzel state. Using the newly expanded framework, we will also examine if there is a

relationship between high roughness surfaces and extreme contact angle hysterbaigor.
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3.2 - Proposed Pinning Force Framework for Wenzel Wetting

Herein, our framework will be extended from smooth and fmEmetrated wetting surfaces to fully
wetting surfaces where the equilibrium contact angle behavior is described by the Wesmzation.
Adding the pinning force terms for advancing and receding liquid fronts, we propose the following

equations for the observed advancing and receding contact angles:

Ai-©

¢
;.
b

[3-10]

Ai-o iAl6 —F [3-11]

%

One important point that emerges from such pinning force arguments is that since the cosines of
contact angles cannot obtain values aboVeor below-1 (contact angles below°Cor above 180,
respectively), the addition of pinning forces can generate unexpected beHavlarparticular, for the
Wenzel extension proposed herej i 1 -©> 1, it means that the advancing pinning force can generate
contact angles greater than°Qvhen completewetting at @ is expected from the original Wenzel
equation. As previously mentioned, this behavior was observed by Dorrer @nef’Fon textured

surfaces fabricated using photolithography and made hydrophilic via polymer coating.

3.3 - Materials and Methods

The surfaces used in this study were the same ones used for the istwalying water and ethylene
glycol and a detailed description of the fabrication process can be found in our previous pubfitdtion.
brief, the surfaces were fabricated in silicon using industry standard photolithography techniques to
produce 30 pum tall pillars of circular cressctional area. The geometryads consisted of cylindrical
pillars of diameterd, and edgeto-edge separations, arranged in a hexagonal packing arrangement to

maximize symmetry and reduce the effects of sharp corners, which results in a Cassie fraction of
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Q = [3-12]

Seventeen different Cases were fabricated, each with a different combination of pillar diameter and
Cassie fraction. While we designed for specific Cassie fractions, another value that is determined from

the geometry is the Wenzel roughss, which for surfaces with the above described dimensions, pillar

height, h, and the assumption of smoothness of all features, is calculated as:

[3-13]

In Equatior3-13, the 1 represents the contribution of the tops of the pillars and the floor of the surface,
while the component that is dependent upon the dimensions represents the contribution of the
sidewalls 6 the pillars. However, after inspection with a scanning electron microscope (SEM) of the
surfaces, the equation used had to be adjusted, as the as the pillars were etched using the Bosch etch
process-' which produces scalloped sidewalls. Taking an idealized geometric approach that treats the
sidewalls as being a series of stacked, bisected tori gives a sdafiipandnumber insensitive

increase in the roughness of the sidewalls being increaseqd Wwile the roughness contribution from

the tops of the pillars and the floor remain constant, modifying EquadidB to instead be:

[3-14]

The SEM images of 5 Cases are showkigare3-12, and the dimensions for all Cases, including both

the Cassie fraction and Wenzel roughness for each Case calculated from the measured dimensions are
given inTable3-4. Using EquatioB-14 to calculate the Wenzel roughness gives values that should be
treated as maximum values, with the true values likely being somewhere between what would be given
by Equations3-13 and3-14. Figure3-13 shows a closexamination of the scallops on the sidewall and

that the true value of the roughness is likely somewhere between the two extremes of smooth sidewalls

and the semucircular troughs of bisect tori. Fortunately, the Cases with the largest possible variance
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between the value calculated using Equati®i3 and the value calculated using Equat®h4 all fall
within regions where the predicted Wenzel contact angle has already reached a minimum valuasf 0

seen inFigure3-16, and thus the variation has minimal effect on our calculations.

Table3-4 ¢ Measured final dimensions of the fabricated Cases

Case 5 Al YS{ & Edgeto-edge Cassie Fraction Wenzel Roughness
aSLJ NI G
Casel 22.4+0.3 2.0+0.3 0.762+0.002 7.37
Case 2 25.8+0.7 2.9+0.5 0.732+0.004 6.34
Case 3 30.8+0.2 4.7+0.3 0.684+0.001 5.18
Case4 35.7+0.7 5.3+0.3 0.689+0.003 4.63
Case b5 42.3+0.3 6.1+0.4 0.692+0.001 4.08
Case 6 26.0+0.6 7.1+0.6 0.560+0005 5.06
Case7 21.2+0.3 12.0+0.5 0.371+0.004 4.30
Case 8 25.7+0.3 15.5+0.3 0.353+0.003 3.59
Case9 305+04 18.7+0.5 0.349+0.004 3.15
Case 10 34.7+0.8 22.8+0.5 0.331+0.006 2.80
Case 11 40.0+0.3 26.0+0.3 0.333+0.002 2.57
Case 12 25.0+0.2 32.7+0.2 0.170+0.001 2.28
Case 13 20.9+0.4 455+0.5 0.090+0.002 1.81
Case 14 25.6+0.2 56.9+0.3 0.087+0.001 1.64
Case 15 30.2+0.2 68.9+0.2 0.084+0.001 1.53
Case 16 35.2+0.2 80.54+0.3 0.084+0.001 1.45
Case 17 40.0+0.4 91.740.2 0.084+0.001 1.40
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Figure3-12. Panels A through E show Case 7 through Case 11, respectively, ‘atop @own angle, with pillar diameter
increasing from 20 um to 40 pm while maintaining the same Cassie fraction of apprately 0.35, viewed at a magnification
of 3500X. For exact Cassie fraction values $able3-4. F shows 25 um diameter pillars from Case 12, at & &igle with a
5000X magnification
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Figure 3-13. SEMimage of the sidewall of a single pillar, taken at 10000X magnification and & affgle, showing the
nanoscale scallops

Contact angles of hexadecane were measured on these surfaces a minimum of three times using a
custom optical goniometer that capturechages of the drops that were then analyzed using InfdgeJ

and the Drop Snake profile tracing plu§ii® For eab measurement set a drop was grown to an initial
volume of 25 pL on a surface to confirm that it was situated correctly, and then grown to a final volume
of 75 uL at a rate of 0.5 pL/s while taking images. Once at this final volume, the volume was then
decreased to 10 pL at the same rate of 0.5 pL/s. Thus we obtained the advancing and receding contact

angles, respectively.
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3.4 ¢ Results

Of the Cases examined with hexadecane, three were in the Cassie state and the rest were in the Wenzel
state. The detanination of whether a system was in the Cassie state or the Wenzel state comes
primarily from a qualitative examination of drop behavior on the surfaces. For surfaces with Cassie
behavior the drops were spheroidal in shape and there was a minimal anofuessidue left on the
surface after removal. For surfaces with Wenzel behavior the drops spread into the surface texture and
conformed to the shape of the unit cell, in this case hexagonal, and required washing to remove not just
trace residue but the big of the remaining liquid, due likely to the penetration of liquid into the
roughness of the textured surfaces. If the drop never had its contact line move while receding then it

was considered to have a receding contact angle’of 0

Because of the diffences in behavior we shall separate our discussion of these two states. Which
states exhibit Cassie and Wenzel wetting are important as the ones in the Cassie state are all the

smallest pillar diameters with Cassie fractions below 0.4.

34.1- Cases inhte Cassie State

Figure 3-14 shows the experimental advancing and receding contact angles for the Cases in the Cassie
state, along with the contact angles from the smooth surface and the predicted equilibriunme Cassi
contact angles. The predicted values were generated by estimating the Young contact angle via
Equation3-5 and then using that value in Equati@6. As seen in Chapter Twile Cassie state is
characterized by the advancing contact angles being \@ge] close to the maximum of 180and
independent of the Cassie fractiovhile the receding contact angles follow the Cassie equation but with

a constant shift from the equilibrium value, indicative of a constant-domensional pinning force

value.

47



180

o o o
160 +
140
N
33120 -
(@]
£ 100 + m
Q
£ 807 X
@}
© 60 - ® Advancing CA
O Receding CA X
40 - X Smooth Advancing A
20 L X Smooth Receding CA
Predicted Cassie CA
0 1 1 1 1 1
0 0.2 0.4 0.6 0.8 1

Cassie Fraction

Figure 3-14. Experimental advancing and receding contact angles for hexadecane in the Cassie state, compared to the
predicted equilibrium Cassie contact angle that shows the expected behavior for all Cases, if they were in the Sassi

The advancing and receding contact angles for hexadecane on the smooth surface are shown with cross symbols for
comparison. For the advancing contact angles, their error bars are within their symbols.

Following the methodologyntroduced in Chpter Twg we can compare the data with our proposed
framework inEquations3-8 and3-9 to determine the pinning forces. Rearranging Equati®8sand3-9

to solve for the nordimensional pinning forces, yields

AD— AT-6 pQ p [3-15]

=3

—0t  AT-©5 pQ p AI-O ;4 [3-16]

The pinning forces determined from the data and Equati®i$ and3-16 are shown irkigure3-15, a
near constant receding pinning force and an advancing pinning force that increases with increasing
Cassie fraction, confirming for yet another system the utility of the proposed frameframk Chapter

Two.
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Figure3-15. Empirically determined advancing and receding rdimensional pinning forces for the Cases in the Cassie state
for hexadecane

34.2-Cases in the Wenzel State

Figure3-16 shows the experimental advancing and receding contact angles for the Cases in the Wenzel
state, along with the predicted Wenzel contact angle calculated by taking the estimated Young contact
angle from Equatior8-5 and putting it into Equatior3-10. A seen in the studies mentioned in the
introduction, several of these Cases follow Fatuitive behavior where the equilibrium Wenzel contact
angle is predicted to be°(ut the measured advancing contact angle is not only abdvieud above

90°. With the advancing contact angle on the smooth surface being beldwH#h according to the
original Wenzel equation any increase in the Wenzel roughness should serve to decrease the contact

angle rather than increase it.
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Figure 3-16. Experimental advancing and receding contact angles for hexadecane in the Wenzel state, compared to the
predicted equilibrium Wenzel contact angle. The advancing and receding contact angles for hexadecane on the smooth
surface are shown with cross symisofor comparison

Equations3-10 and3-11 can be rearranged for the nahmensional pinning forces, yielding

>
o)
¢
>
o)

[3-17]

>
P
>
b
¢

[3-18]

Using experimental values in EquatioBd7 and3-18 gives the determined advancing and receding
pinning forces shown irrigure 3-17. FromFigure 3-17 it can be seen that as Wenzel roughness

increases the advancing pinning force rapidly grows, up to a plateau value of about 1.8.
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Figure3-17. Empirically determined advancing and receding ndimensional pinning forces for the Cases in the Wenzel
state for hexadecane

As the nordimensional pinning forces represent increased difficulty for the motion of the contact line
this makes the existence of large advancing contact angles on surfaces wétttexkpVenzel contact
angles of @understandable rather than counténtuitive. This is so as the roughness is providing such a
large barrier to the motion of the contact line that it forces the existence of a large advancing contact

angle.

While the Casethat demonstrate drops in the Cassie state demonstrate the same behavior as seen by
drops of other liquid in the Cassie state, the drops in the Wenzel state demonstrate how extremely

strong contact line pinning can generate initially unexpected results.
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3.5 ¢ Summary

In this chapterwe have examined the wetting behavior of hexadecane upon textured rough surfaces.
For cases in which hexadecane remained in the Cassie state, the behavior is similar to that seen on these
surfaces with water and ethylendygol which remained in the Cassie state. However, hexadecane
drops also wetted rough surfaces in the Wenzel state (penetrating the roughness). To understand these
results we have extended our previous framework of empirically determineddimmensionalpinning

forces to the wetting of rough surfaces in the Wenzel state. For the surfaces studied with hexadecane,
the existence of nowlimensional pinning forces gives an explanation for the existence of advancing
contact angles above 9@n rough surfacesiithe Wenzel state when contact angles 6fae predicted

by the ordinary Wenzel equation, in that the contact line pinning is so great it forces the advancing

contact angles to assume higher apparent macroscopic values.
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Chapter 4. Study of Model SuperoleophobiSurfaces Fabricated with
a Modified Bosch Etch Method

4.1 ¢ Introduction

Wettability refers tohow a liquid behaves when brought into contact with a surfa@&o primary ways

of characterizing wettability are repellency and mobility, which are deteechiby the advancing contact
angle and the contact angle hysteredihe difference between advancing and receding contact
angles)>®® respectively. Contact angld, is the anglethat the liquidvapour interface makes with the
solid surface, measured through the liquidt arises from free energy minimizatitror from a force

balance of surface tensions at the thrphase contact line, whiicgives rise to the Young equation
r AT-© 71 [ [4-1]

wherel ,[ ,andl are the interfacial tensions between the liquid, L, vapour, V, and solid, S, and
— is the Young contact angle. The Yoengation, Equatior-1, applies only for ideal smooth surfaces

in equilibrium. For nofideal surfaces, rather than the equilibrium contact angle being seen instead
what is observed are advancing and receding contact angles advancing contact angsethe contact
angle measured whethe liquid contact line is moving across a solid surface in unwetted avdake

the receding contact angle is measured wikba contact line is moving across a solid surface into areas
that have already been wettedl hedifference between the advancing and receding contact angle is the

contact angle hysteresis

In general, a surface can be characterized as being hydrophobic if itwakacontact anglegreater
than 90°, and superhydrophobic if it hasdaancing and reating contact angle greater thanl50°.
Conversely, a surface with a contact angle of approximatelgu@h as titanium oxide when exposed to

light,®” is said to be superhydrophilic. Usual hydrophilic materials are siathrials as silicon dioxide,
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with the adherence of water droplets to glass being a common example of hydrophilicity. No known
smooth materials can chemically produce water contact angles significantly above 120°, but values
approaching 180are obtainabé if a surface has additional roughness. For rough surfaces, there are
two models for explaining apparent contact angles, the Wenzel medel the Cassie modél.in the
Wenzel state the liquid has penetrated into, and is in full contact with, the surface roughness. The
roughnes,, is the surface area in contact with the liquid divided by the projected area bounded by the
circumference of the drop, such that a perfectly smooth surface has a value bf and rough surfaces

have r > 1. In the Wenzel state this roughness ceartlge intrinsic (or Young) contact angle, to the

Wenzel contact angles- , according to
AT-6 1A1-OS [4-2]
If on the other hand the liquid is not entirely in contact with the surfdacee &ir pockets are trapped in
the troughs of a rough surface) then it is in the Cassie state. The area of the drop in contact with the
surface divided by the bounded projected area is the ligeddid interface fractiori; and the area not in

contact with the surface divided by the boundpdbjected area is the liquivapour interface fraction

f,, giving rise to
AT-©0 QAT-6 Q [4-3]

where the apparent contact angle is the Cassie contact argldn the event of a flat topped surface

wheref; +f, = 1 the Cassie equation is typically reduced to
AT-©6 AT-© pQ p [4-4]
wheref =f;, referred to as the Cassie fraction.

Because the Cassie state is a heterogeneous state with gas trapped beneath the drop, it is not

necessarily a stable stafé. The Cassie state can in fact be a metastable state with an energy barrier
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existing between it and the Wenzel state, or the transition from the Cassie to the Wenzel state can take

sufficiently long that the system appears initially in the Cassie state.

If one can have surfaces that remain in the Cassie state in contact with water as well as oils and other
organic liquids of low surface tension, then many applications can be facilated, swseifelganing

surfaces that are not fouled by dil. Such surfaces are called superoleophobic surfaces, which are
surfaces that are higy repellent to oils. Unlike superhydrophobic surfaces, they are not naturally
occurring in nature due to the lower surface tensions of oils making them more likely to be in the
Wenzel state. Use of microfabrication techniques developed for the semictmdindustry allows for

the fabrication of regular arrays of pillar structures that can have unique geometries not seen in nature.
hyS LI NI A OdzZ | NJ RS aAKRy2 RR® Qi S NI ( 0INKt £ aneBABIR 6 &
arrays of micrepillars fabricated with silicon dioxide caps on top, with greateantkter than the

supporting column of silicon underneath, producing overhanging structures. These overhanging

structures can increase the stability of the Cassie state as they pin drops at the sharp edge of the cap,

requiring additional energy to penetratinto the surface texture, as shown by Fang and Amiffazli.

These micréhoodoo designs have been further explored by Zbgal.** with advancing contact angles

of 156 and 158 found for water and hexadecane, respectively. As hexadecane has a much lower
surface tension (27.87 mN/m at SATIR)comparison to water (surface tension 71.99 mN/m at SATP),
this behaviour of hexadecane having a comparable or even larger contact angle than water is
unexpected, but Zhaet al. offer no explanation for why the hexadecane should have a contact angle
higher than vater. However, such structures did demonstrate a large increase in hexadecane contact
angle, attributed to the liquid sagging into the void spaces between the pillars decreasing mobility; this
was observed by solidifying polyethylene wax on a texturefbsarand then examining the solid drop
under SEM. While Zhaat al** only consider the decrease in mobility as arising from this behaviour,
from Equation 3, if; remains constant, ant increases, then the apparent contact angle is extgd to
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increase. Any sagging would involve an increase in the ¢gaimbur interfacial area and thus increase
the apparent contact angle; however, current evidence shows that sagging behaviour increases drop
pinning and thus decreases mobilifjhis mans that even if the intrinsic contact angle decreases there

are mechanisms which can allow for increased contact angle.

Any such sagging for a system is however problematic in that if the liquid was to make contact with the
floor of a textured surface ivould likely cause a transition from the Cassie to the Wenzel &t&t&

¢t2 YAYAYAT S GKAAa FTNRY 200daNNAy3I>X GKS LAfEFNBR YySSR
is related to the geometry of the system in questiSiut in general the greater the featufeeightto-
feature-size ratio, the better. However, for supeeobhobic surfaces featuring overhanging cap
geometry limits on how tall the pillars can be made are present, as standard fabrication typically
involves isotropic etching of silicon underneath a patterned layer of silicon dioxide. The limit of this is
the point at which the etch process reaches far enough to cut the cap off in the centre, which for pillars
with a circular cross section means that the pillars are limited in height to the radius of the top cap.
Since the height has to be greater than the aegion between the pillars, this places a lower bound

upon the realizable Cassie fraction. As both height and a low Cassie fraction are desired when designing
superoleophobic surfaces, a fabrication method that can achieve both is desirable.

One reportedalternative to isotropic etching of silicon to form overhang structures is the fabrication of

|%* These structures involve the Boscttte process? which involves

nanonails reported by Ahujat a
using alternating applications of fluorine polymer and reactive ion plasma bombardment. The polymer
adheres isotropically and prevents etching of the silicon by the reactive ions, mma/ed under the
directional plasma bombardment, allowing for the reactive ions in the plasma to etch the silicon where
the protect polymer has been removed isotropically. This allows for a series of isotropic etches to
become an anisotropic etch, allovgnfor high aspect ratio features to be fabricated. The process

creates characteristic scalloped sidewalls as each etch step is an isotropic etch of a few hundred
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nanometres at the bottom of the feature. The nanonails take advantage of these scallopsiby b
silicon cap somewhat larger than twice the scallop depth. This allows for the formation of overhanging
caps on pillars with high aspect ratios, but also means that the pillar diameters cannot be designed

independently from the process and limitset pillar diameters to a very narrow range.

Our first objective for the wde reported in this chaptewas to fabricate surfaces with controlled
geometry of pillar crossectional diameter, pillar separation, and Cassie fraction using a previously
unreported modification of the Bosch etching process that will allow for the fabrication of overhanging
cap structures. The second objective was to then characterize these surfaces via imaging to confirm that
they have the desired features. The third objectiveswa characterize these surfaces with three
different liquids of varying surface tension to determine if these structures show increased contact
angles over the smooth surface and a surface with vertical walled pillars with similar Cassie fraction,
pillar diameter and surface chemistryThe final objective of this chaptevas to examine how the
contact angles on these surfaces vary according to the defined geometries and draw conclusions based

upon the defined geometries.

4 2 - Materials and Methods

4.2.1Design

For this study, we wished to perform an examination of the effects of eestonal diameter of the
pillars, pillar separation, and Cassie fraction on the wetting behaviour of water, oils, and other liquids
with varying surface tensions. Sinttee combination of pillar diameter and spacing determines the
Cassie fraction, the three parameters are intetated. To produce more symmetric drop spreading, a
hexagonal pattern with circular pillar cressctions was used to minimize variation ingsillistance and

maximize symmetry, illustrated iRigure4-1. The two primary design parameters are the pillar cross
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sectional diameterd, and the centeto-center pillar spacings, which can also be expressed as the sum

of the diameter and the edgéo-edge spacings. Also of importance is the height, of the pillars.

S

Figure4-1 ¢ Schematiof a hexagonal unit cell and design parameters

The Cassie fraction on a surface with such geometiiyés dpy

Q= [4-5]

This equation can also be rearranged to solve for a separation that will produce given values of diameter
and Cassie fraction. With this design equation, eight different Cases were designed with varying values

of d andf.

Alongside each of the eight textured Cases, a smooth section was included so that intrinsic contact angle
could be measured accurately, even if the wafer was later diced and different Cases subjected to
different chemical treatments or testing pcedures. Because the exterior edges of a silicon wafer are
prone to higher rates of damage and greater variation of processing when plasma etched, these smooth

surfaces were kept on the exterior of the wafer while the textured portions were clusteredrtbtie
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interior and thus the smooth surfaces served a secondary function of protecting the textured surfaces

from damage.

4.2 .2Fabrication

The wafer fabrication started with a silicon wafer with a layer of silicon dioxide approximately 500 nm
thick, gragy o6& | GKSNXIf 2EARIFIGAZ2Y LINROSaazr R2yS I
was cleaned of trace organic residue via immersion in a hot piranha bath for 15 minutes. Piranha is a
mixture of sulphuric acid at 97% concentration and hydrogeroxide at 30% concentration mixed at a

3:1 ratio. Once all organic residue was removed the silicon wafer had a layer of hexamethyldisilazane
(HDMS) applied to allow better cohesion between the wafer and photoresist. A layer of HPR 504
photoresist (Fujifm) approximately 1.25m thick was applied via spin coating and then soft baked on a
hot plate at 115°C for 90 s before being allowed to sit for 15 minutes to reabsorb moisture from the
surrounding air. Once the photoresist stabilized it was pattewéd UV light and a mask aligner and

the developed photoresist dissolved via 354 developer (Microposit). With the pattern from the mask
properly transferred, the exposed silicon dioxide was etched using fluoroform)(@lidéima in a Surface
Technology Sysms (STS) reactive ion etch machine. The wafer was then transferred to a STS Advance
Silicon Etcher High Resonance Magnet (ASE HRM) etcher where it underwent a variation of the Bosch
etching recipe’ In the standard Bosch etch, sulphur hexafluoridg)(8fd octafluorocyclobutane &)

plasmas alternate, with the §§erving as an isotropic silicon etchant while GF; deposits and forms a
passivation layer on the sidewalls of the substrate being etched, preventing etching except in the
direction of plasma bombardment, creating vertical, scalloped sidewalls. We started with a recipe for a
precision Bosch etchyhich applies both forms of plasma simultaneously, producing smoother sidewalls

at a cost of a slower etch rate and defects forming for etches greater than approximatelyn 16

depth. For this study we developed a custom recipe that started with agioecBosch etch for 10
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minutes, followed by a pure §Blasma for 3 minutes, followed by another 10 minutes of precision
Bosch etch. We chose these etch recipe parameters so that we could obtain pillar heights
approximately the same as the largest diaereand significantly larger than the smallest diametes,

both large pillardiameterto-height ratios and absolute pillar diameters using the same fabrication
method for superoleophobic surfaces, something not previously reported. The choice to lave t
isotropic etch occur midway through the process was so that it could burn off any excess fluoropolymer
that had accumulated; thus allowing for a further anisotropic etch. The three minute isotropic etch was
to allow for the largest possible undercutthwwut completely etching through the smallest diameter

pillars and cutting the caps off.

This process successfully created micropillar arrays of approximatelyn28 depth with a noticeable
undercut geometry, as can be seenHigure4-2 and Figure4-3. Once the etching was completed, the
photoresist layer was removed with sequential washes of acetone, isopropyl alcohol, and deionised

water, then had a final descum via oxygen plasma in a Branson 36@0 étaher for 10 minutes.

After final cleaning the surface was checked with deionized water and found to be completely wetted in
the native state. To produce an even, hydrophobic coating, the wafer was exposed to vapour phase
trichloro(1H,1H,2H,2#perfluorooctyl)silane. After silanization the wafer was checked for
superhydrophobic behavior using deionised water before and after examination under scanning
electron microscope (SEM) and no degradation of chemical passivation was observed due to exposure to

the SEM.

4.2.3Contact Angle Characterization

The coated wafer underwent initial examination for oleophobic behavior by placing drops of
hexadecane and visual examination of contact angle. Because of its low surface tension, the behavior of

hexadecane wuld determine if the surfaces fabricated can be considered oleophobic.
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With the wafer confirmed to be repellent to hexadecane, its contact angle behaviour was examined
using water, ethylene glycol (surface tension 47.99 mN/m at SAAm),hexadecane. The procedure
was consistent for all three liquids, with a drop being deposited from a comuaterolled, serve
actuated needle and syringe from a tdpwn position onto the surfaces in a custom goniometer
apparatus. The test drops were initially deposited at a volume gil2before checking that they had
formed correctly, with repositioning requideat times to ensure that the needle was in the middle of
the drop to prevent the drop from sliding off during testing, particularly during receding contact angle
measurements. Once the initial volume was established, the drop volume was increasedlica?a

rate of 0.5uL/s while images were taken at a rate of 2 frames per second. Once the maximum volume
of 75uL was attained the process was then reversed, with the volume of the drop decreasegilioat 0

the same rate while taking images at the sarate. To determine whether or not a drop was truly in

the advancing or receding states, the contact radius was also measured and only measurements for

which the radius was changing were considered valid.

4.3 ¢ Results

4 .3.1Fabrication Results

The wafes were examined from both a top down angl€)(&nd an oblique angle (70under SEM so
that the surface area of the tops of the pillars and the undercut geometries could be examined,
respectively. Of the eight patterned Cases on the wafer, six produsableimicrepillar arrays. One
Case showed defects with the tops of pillars occasionally linking together due to being too closely
packed, and the contact angle results were such that the surface was deemetlinaional and

excluded from considerationAnother Case produced a completely unusable surface that was almost
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smooth with sparse holes due to the pattern being too close together on the photomask. A full

summary of the dimensions of the six Cases available that were studied is presented in
Table4-1.

Table4-1 ¢ Measured dimensions of the tops of the pillars for the oleophobic wafer

Measured Measured Pillay Measured
Diameter Edgeto-edge Cassie
(um) Spacingi{m) Fraction
Case 1 20.6 154 0.297
Case 2 6.0 3.0 0.403
Case 3 11.1 6.9 0.345
Case 4 15.3 11.7 0.291
Case 5 20.2 5.15 0.571
Case 6 25.6 19.4 0.294

Pillar top diameters greater than 15 um tend to be within 10% of their desired values, while pillars with
diameters of 1qum and unde had significantly greater values than desired. This is primarily attributed
to the photomask design, under the assumption that there would be a reduction of diameter between
the designed mask and fabricated surfaces. This assumption held true foilldre greater than 10

pm, but not for those that were smaller, indicating a divide in fabrication regimes unknown from
previous projects utilizing these tooM/hile the loss of two Cases and the unexpected changes in Cassie
fraction (due to unexpected far diameters) for two others presented difficulties, these results also
gave valuable insight into the tools available to use and have already influenced future design

decision&' to avoid such problems.

Figure4-2 shows that there are four identifiable modes of etching along the heighte pillar. In

section A the silicon is roughly textured and slopes inward, towards the centreline of the pillars. There is
GKSY |y FoNHzLIG LAYOK F2NX¥YAY3I | WglArAaldQ F2ff26SR
centreline of the pillars in sectivB. This smooth etching eventually transitions into another rough

section of sidewall with vertically orientated jags while still sloping away from the centre, seen in section
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C. The final etching mode visible on the pillars in section D is that oftsmastical sidewalls aligned

with the caps on the pillars. These etching modes are visible for all Cases, as can bé& igpzed:3.

The exact causes of each etching regime are currently unknown, but can be speculatedvepahejr
locations. The roughness of section A occurs all within the top half of the pillars, which would be the
parts that were etched using standard methods and then exposed to pynel&dfa, so the roughness

may have been caused by uneven buifalof fluropolymer along the sidewalls that was then unevenly
etched upon exposure to pure plasma. The pinch in section B is likely the greatest extent of fully
isotropic etching before anisotropic etching resumed. The jagged features in section C actezligpe

be related to silicon grass, nanometre sized defects typically caused by excess buildup of fluorocarbon
polymer or from native silicon dioxidé.What likely occurred was that the silicon dioxitkps caused a

small amount of scattering off their edges, producing an uneven etch, leaving locations for the silicon

grass to form. Section D is clearly where normal etching took over once more.
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Figure4-2 ¢ Close up of a pidlr from Case 3 aa 70° viewing angle and taken at 5000magnification, showing the different
etching modes present

Figure4-3 shows SEM images of the undercut geometries of all of the functional Cases, and confirms
that silicongrass has formed as instances of the grass structures are visible on the surface floors in the

foreground of Cases 1, 4, 5 and 8, seeRigure4-3 panels A, D, E, and F, respectively.

All the Cases demonstrate the successfulritation of overhanging cap structures where the pillar

height and diameter are independent, unlike for TutejaalQ & & dZNddr BSr@anonails’ Of all
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the CasesCase 2, as seen kigure4-3 Panel B, shows this by far the most strikingly and prominently

with the largest aspect ratio of approximately 4:1 between height and pillar diameter.

- [ - o " o
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1 3pm 1 3pm
Figure4-3 - SEMimages of the various cases take at a°#hgle, with scale bars shown. Panels are: A, Case 1; B, Case 2; C,
Case 3; D, Case 4; E, Case 5; F, Case 6.
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4.3.2Contact Angle Results

Figure4-4 shows static hexadecane drops oretfabricated surfaces and thestevated contact angles
comparison to the smooth surfaces, demonstrating thhe textured surfaces can be considered
oleophobicin terms of repellency Of note is the fact that when rolling off the surfadee to tilting

from manual manipulatiorthe hexadecane drops left noticeable wetted trails on the textured portions,
thus demonstrating either some degree of collapse into the texture or that the hexadecane remained
adhered to the tops of the pillars even after thellbwf the drop had moved on. M@ver, once a
hexadecane dropolled off a textured portionit remained in the interstitial region between textured
surfaces despite the liquid being able to make contact with the bottoms and sides of the. p8iacse
contact with the side of the texture should theoretically allow for penetratiotoithe texture more
easily than from the tomlown direction we take this as an indication that for these surfaces the

oleophobic state was a stable one

Smooth  Case 1 Eége "

Case 2 Damaged

Case 3 Damaged

Smooth

Figure4-4 ¢ Hexadecane drops on the vatig textured segements of the waf, showing their elevated contact angle in
comparison to the smooth sections of the surface on the outer portions of the wafer. The interior columns are the textured
sectionswhile the exterior columns are the smooth sections.
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The results of the contact angle measurements for all three test liquids are summarizedle4-2 and

show the extreme increases in contact angle the textured surfacesiexhiomparison to the smooth
surface contact angles for both advancing and receding contact angles. However, the increase in
contact angles also comes with an increase in contact angle hysteresis. The increase in contact angle
hysteresis is greater folower values of liquid surface tension. This suggests that the increase in

repellency is being caused by a decrease in mobility as the contact line pins.

Table4-2 ¢ Measured alvancing and receding contact angléSA) in degreefor alltextured and the smooth surfaces

Water Water Ethylene Ethylene | Hexadecane

Cassie | Advancing| Receding Glycol Glycol Advancing | Hexadecane

Fraction CA CA Advancing C/4 Receding CA CA Receding C/
Smooth 1 126.3+0.3 90+1 98+1 61+2 81+2 44+2
Case 1| 0.297 17042 126+1 165+3 106+1 167+3 95+2
Case 2| 0.403 167+1 121.740.3 15342 95+1 155+2 89+2
Case 3| 0.345 17042 123+1 161+3 102+1 161+3 96+1
Case 4| 0.291 168+2 12242 1653 104+1 165+2 98+1
Case 5| 0.571 170+1 108+1 153+2 85+1 156+1 74+1
Case 6| 0.294 167+2 117+1 16614 104+1 165+4 97+2

Because the Cassie and Wenzel equations apply to equilibrium states and therefore do not strictly apply
to advancing and receding contact angles, the experimental results cannot be used directly in the Cassie
or Wenzel equatin. In order to make valid predictions and thus comparisons between experiment and
theory, a method of determining an equilibrium contact angle value from advancing and receding
contact angle is needed. For smooth surfaces, one such method is cosiagiaggr'®a method that

gives the Young contact angle as

AT-© [4-6]
While this method gives equal weight to the advancing and receding contact angles, it néédsnot

some surfaces are more accurately modelled by giving unequal weighting to the advancing or receding

states, but in general an equal weight model woiksrhost smooth surfaces.
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Figure4-5 shows the advancing and receding contact angles for water on the surfaces plotted against
their Cassie fractions, with the solid line showing the behaviour predicted using Eqgdatjonto whch

an approximate equilibrium Young contact angle generated using Equatidmas been substituted. As

can be seen the advancing contact angles remain near constant while the receding contact angles follow
the trend predicted by the Cassie equation buithwa near constant shift, which is consistent with
previous results for simple vertical pillars in the literaftifé® and in our own worlas seerin Chaptes

Two and Three.
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Figure4-5 ¢ Advancing and receding contact angles for all six Cases versus Cassie fraction for water. Error bars lie within the
symbols

Note that there is a trio of Cases with similar Cassie fraction of approximately 0.29, which seem to have
different receding contact angles, suggesting an additional factor at play, such as the pillar diameter or
spacing. Isolating those three points and plotting against pillar diameter showed no correlation,

however.
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The results for ethylene glycol produE&ure4-6, which is similar but unlike with water the advancing
contact angles are not constant, having a near constant shift away from the predicted equilibrium line.
The exception is for the Case with the highest Cassie fraatibith does not follow that trend and
instead remains above 180suggesting a minimum advancing contact angle. The receding contact

angles however have an even better agreement with being at a constant shift from the equilibrium line.
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Figure4-6 ¢ Advancing and receding contact angles for all six Cases versus Cassie fraction for ethylene glycol

Figure4-7 proceeds from the same methodology as was used for water and ethylene glycol, and while

the magniudes are lower, the behavior shown by hexadecane is similar to that of ethylene glycol, with

the advancing contact angles having some sensitivity to the changing Cassie fraction. While the lower
YIE3yAddzZRSa ' NB SELISOGSR R deBsion the addv@nting8niatt r§l€sinot f 2 § S N
going beneath 150is somewhat unexpected In fact by examiningable4-2, it can be seen that the

advancing contact angles for ethylene glycol and hexadecane are the same.
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Figure4-7 ¢ Advancing and receding contact angles for all six Cases versus Cassie fraction for hexadecane

Comparing all of the Cases and liquids used, of particular interest is that the advancing contact angles all
remained above 150even wth the use of a dense pillar spacing fof 0.571. This is particularly
important as the advancing contact angle is often the focus for discussion of superoleophobicity. While
the advancing contact angles did not respond to changes in surface tenstorediding contact angles

did. Examining how the advancing and receding contact angles change with Cassie fraction and surface
tension suggests that the surface roughness increases repellency at a cost of decreasing mobility. This
can be understood as ¢éhCassie state is maintained by the contact line pinning at the sharp edge of the
pillars. However, a limitation of our work is the small spread of Cassie fractions and that there are only
three Cases with similar Cassie fraction but varying pillar diemétis should motivate future work

with a more comprehensive spread of parameter values.
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In Chapter Twopwe developed a pinning force framew8tko capture empirically the deviation of the
experimental advancing and receding contact angles from the Cassie prediction; we can treat the data
for superoleophobic suaces in this work in a similar way. While the full derivation is detailed in
Chapter Twoijn short we have included pinning forces (with units of force per contact line length) as
additional terms that act in opposition to the motion of the contact linehese pinning forces serve to
change the advancing and receding contact angles away from the equilibrium value, increasing the
advancing contact angles and decreasing the receding contact angles. For drops in the Cassie state and
known Cassie fractionfi¢ values of the pinning forces can be determined from experimental advancing

and receding contact angles as

—r _ Ai-S Ai-6 [4-7]

—FP _ Ai-©0 Ai-0 [4-8]

In Chapter Twpwe have found that the receding pinning forces remain constant and the advancing
pinning forces increase linearly with Cassie fraction. By applying Equdtbasd4-7 to the data in

this paper, we find thiathe same observations hold true for the overhanging cap structures in this work.
Table4-3 summarizes the observed pinning forces for both the vertical sidewall surfaces used previously
and the overhanging cap structures udegte. We can however only compare Cases in the Cassie state
to Cases in the Cassie state, and it must be noted that for dhfaces with vertical sidewalls used for
Chapter Two and Threshen hexadecane was used only 3 out of 15 of the studied Casesinvtdre

Cassie rather than Wenzel state.

Table 4-3 ¢ Comparison of nordimensional pinning forces for vertical sidewall textured surfaces and overhanging cap
textured surfaces. Note: the vertical sidewall surfactsken from ChapterTwo and Threéhad only 3 Cases in the Cassie state
for hexadecane Surface tensions are from the CRC Handbook of Cherﬁiatrgi are all at SATP.

Vertical Sidewalls | Overhanging Cay
Water Advancing72.99 mN/m)| 0.7933 ¢ 0.0145 0.7213 ¢ 0.0265
Water Recedind72.99 mN/m) 0.20 £ 0.03 0.25 + 0.06
Ethylene Glycol Advancin@7.99 mN/m)| 0.8549 + 00232 0.8817 + 0.0447
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Ethylene Glycol Receding7.99 mN/m) 0.23+£0.02 0.41+0.02
Hexadecane Advancin@7.05 mN/m)| 1.4285 ¢ 0.0064 1.2157 + 0.0262
Hexadecane Recedin(@7.05 mN/m) 0.26 + 0.04 0.45 +0.03

The most immediately telling feature it the receding pinning forces for ethylene glycol and
hexadecane are significantly larger for the surfaces with capped pillars than for the vertical pillars.
When comparing the hexadecane results for the vertical sidewalls and overhanging caps bessegn C

only one comparable vertical sidewall Case was in the Cassie state while for the overhanging caps all the
Cases remained in the Cassie state. Taken together, this indicates that the cap structures increase the

stability of the Cassie state, but dtet expense of increasing drop pinning.

4.4 ¢ Summary

We have successfully fabricated surfaces with overhanging cap structures using a modification of the
Bosch etching technique, including structures where the height of the pillars is significantigrgheen

the diameter of the caps, allowing for a finer control of geometry in future applications. Advancing and
receding contact angles on these surfaces were studied using water, ethylene glycol, and hexadecane,
and all liquids demonstrated increasedntact angles in comparison to the smooth surface. The overall
behaviour of the liquids also conforms to prior experience, with the advancing contact angles tending to
remain high and insensitive to changing Cassie fraction while the receding contaes &mitggw the

trends predicted by the Cassie equation much more closely.
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Chapter 5: Conclusions

For Chapter Twpphotolithographically patterned hydrophobic surfaces were fabricated with various
pillar diameters and pillar spacing for three different values agsi® fraction. Advancing and receding
contact angles of both water and ethylene glycol were measured on each of the -tewtued
surfaces. For the surface geometry and chemistry chosen, and for both liquids, there was no
appreciable difference in coatt angle between Cases of similar Cassie fraction but different pillar size
and spacing, for both advancing and receding contact angles. A theoretical framework has been
developed by which advancing and receding contact angles are understood as bigrendifom the
equilibrium Cassie contact angles due to the presence of additional pinning forces. The framework gives
new insight into the behavior of contact angle hysteresis on such textured surfaces. For the surfaces
fabricated, it has been showim Chapters Two and Threhat the pinning forces fothe three test

liquids behave similarlywhen in the Cassie stateThe advancing and receding pinning forces are
different functions of Cassie fraction, with receding contact angles having a constautimensional
pinning force while the advancing nalimensional pinning force increases with increasing Cassie
fraction. Since we have shown that advancing and receding pinning forces would need to be equal for
cosine averaging to be theoretically justifigtiese results show that cosine averaging cannot be used
for any of these systems, not even a cosine averaging scheme incorporating different weights for
advancing and receding contact angles, since advancing and receding pinning forces are different

functions of the Cassie fraction.

In Chapter Threave haveextended the work in Chapter Twio include the behavior of hexadecane
drops in the Wenzel stateequiring that weextendedthe framework of empirically determined nen
dimensional pinning forcedevebped in Chapter Twéo the wetting of rough surfaces in the Wenzel

state. For the surfaces studied with hexadecane, the existence eflmeensional pinning forces gives
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an explanation for the existence of advancing contact angles abdverffugh surfaes in the Wenzel
state when contact angles of @re predicted by the ordinary Wenzel equation, in that the contact line

pinning is so great it forces the advancing contact angles to assume higher apparent macroscopic values.

Finally, in Chapter Four wete successfully fabricated surfaces with overhanging cap structures using a
modification of the Bosch etching technique, including structures where the height of the pillars is
significantly greater than the diameter of the caps, allowing for a finerrobmf geometry in future
applications. Advancing and receding contact angles on these surfaces were studied using water,
ethylene glycol, and hexadecane, and all liquids demonstrated increased contact angles in comparison
to the smooth surface. The owdl behavior of the liquids also conforms to the experiences seen in
Chapters Two and Three, with the advancing contact angles tending to remain high and insensitive to
changing Cassie fraction while the receding contact angles follow the trends prebigctdae Cassie

equation much more closely.

We feel that the development of the pinning force framework will greatly improve the understanding of
contact angle behavior on rough surfaces demonstrating extreme forms of contact angle bedvavior
motivate future experiments, discussion, and analysis. In particular surfaces with different pillar cross
sectional geometries and packing arrangements and surfaces withatiffeurface chemistries provide

a rich ground for exploring how pinning forces are produc#dith the addition of the new method
developed for producing pillars with undercut geometry, this provides numerous areas to explore

experimentally.
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