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Abstract

In recent years, superhydrophobic surfaces have attracted a considerable amount of atten-
tion from the academic and industrial communities. This growing interest is mainly caused by
the fundamental physico-chemical theoretical aspects that remain obscure and the number of
promising practical applications emerging in a wide range of fields, such as textiles, self-clean-
ing coatings, and micro-fluidic systems. Superhydrophobic surfaces exhibit simultaneously
high static water contact angles and low resistance to liquid motion on the surface (i.e. low
contact angle hysteresis). These properties result from the combination of the chemical hydro-
phobicity of the topmost layers of the surface and its roughness, the latter being the dominant
factor.

In this PhD work, advantage has been taken of recent advances in micro-/nano-processing
technologies to fabricate microstructured surfaces with specific and controlled roughness. This
has enabled systematic experimental investigations to be carried out to address some of the still
unanswered questions relating to superhydrophobic phenomena.

Silicon wafers were microstructured by photolithography in order to obtain periodical dis-
tributions of well-defined flat-top obstacles. A gas-phase silanization process was used to
cover the prepared microstructured surfaces with a hydrophobic dense mono-layer of perfluo-
rodecyltrichlorosilane. Several series of samples in which each roughness parameter (distance
between obstacles, obstacle height, obstacle size, obstacle shape, etc.) was individually varied
were fabricated, and static and dynamic contact angle variations as a function of each parame-
ter were studied.

The results obtained by water contact angle measurements were compared to the classic
Wenzel and Cassie models. The first assumes that the liquid wets the asperities of the rough
substrate completely (referred to as wetted state), whilst the second describes the liquid as sit-
ting on a mixture of air and solid (referred to as composite state). By systematically varying a
given parameter, a transition between the composite and the wetted regime was observed. Sim-
ple thermodynamic considerations based on the energy minimization of the drop-substrate sys-
tem showed that Cassie and Wenzel contact angles correspond to two energy minima of the
system. Experimentally, the Cassie regime is observed when the Cassie angle is the absolute

energy minimum, while when the Wenzel angle is the absolute energy minimum, either the




Wenzel regime or a metastable Cassie state is observed. The existence of these metastable
states is explained theoretically by the energy barrier that the system has to overcome to reach
the Wenzel state when a drop is gently deposited on the surface, and good agreement with

experimental data is demonstrated.

Water and n-hexadecane dynamic contact angle measurements performed in two different
configurations, i.e. with a “negligible” and a “NON-negligible” extra-pressure exerted on the
drop-substrate system, permitted the validity of the theoretical model proposed to be con-
firmed. They clearly evidenced the region of stability of both Wenzel and Cassie regimes, and
particularly the region where the Cassie regime is metastable, which is the really interesting
one for all the potential applications of rough superhydrophobic surfaces as self-cleaning, and
non-sticking surfaces, since only the metastable composite states are those characterized by a
very high contact angle and a very low contact angle hysteresis, the two main requirements for
a good superhydrophobic surface.

With systematic reduction of the absolute size of the obstacles in the micrometer range, an
increase in the extent and robustness of the composite states was observed. Drop contact line
fragmentation seems to be the most important factor in determining the extent and robustness
of the observed composite states. Results obtained by varying the obstacle top-surface shape
demonstrate that contact line length and corrugations are only secondary factors. Studies on
the influence of asperity absolute size performed in the micrometer range, together with
preliminary but fundamental results obtained on nanostructured substrates, allow the proposal
of interesting conclusions concerning determination of roughness size where macroscopic
superhydrophobicity appears and vanishes. A typical size of ~ 50 um (where “typical size”
refers to the width of the obstacle top-surface) can be considered the upper limit of the
superhydrophobicity scale range, with a length scale of some tens of nanometers as the lower
limit. In this range, the length scale comprised between several hundred nanometers and one
micrometer can be assumed the most suitable size for obtaining superhydrophobic properties
of larger extent and robustness. The related appropriate asperity height must be sufficiently
great to prevent the drop meniscus from touching the bottom of the asperities by vibration,

inducing a transition to the wetted Wenzel state.

Key-words: Superhydrophobic surfaces; surface roughness; contact angle; contact angle
hysteresis; three-phase contact line; Wenzel model; Cassie model.




Riassunto

Negli ultimi anni, le superfici super-idrorepellenti hanno attratto un interesse
considerevole sia da parte della comunita scientifica che da quella industriale. Questo
crescente interesse € dovuto principalmente ai fondamentali aspetti fisico-chimici che restano
ancora oscuri e alle numerose promettenti applicazioni pratiche in un’ampia varieta di campi,
quali quello tessile, dei ricoprimenti auto-pulenti, dei systemi utilizzati in microfluidica. Sono
denominate “superfici super-idrofobiche” quelle superfici che poste in contatto con una goccia
d’acqua esibiscono contemporaneamente un alto angolo di contatto, e una bassa resistenza al
moto del liquido (i.e. un basso valore dell’isteresi dell’angolo di contatto). Queste proprieta
sono impartite alla superficie dalla combinazione di due fattori: la natura idrofobica della

chimica superficiale, e la rugosita superficiale, quest’ultima essendo il fattore determinante.

In questo lavoro di tesi, sono stati sfruttati i vantaggi costituiti dai recenti progressi
avvenuti nelle tecnologie di micro-/nano-fabbricazione per realizzare superfici microstrut-
turate con una rugosita specifica e controllata. Questo ha permesso di effettuare indagini
sperimentali sistematiche finalizzate a rispondere ad alcune delle questioni ancora aperte nel

campo dei fenomeni di super-idrofobicita.

Attraverso le tecniche standard della fotolitografia, substrati di silicio sono stati strutturati
al fine di ottenere delle distribuzioni periodiche di ostacoli microscopici a superficie piatta. Per
omologare tutti i subtrati ad un’unica chimica superficiale idrofobica, é stato utilizzato un
processo di deposizione di perfluorodeciltriclorosilano in fase gas. Sono state fabbricate
diverse serie di campioni, ciascuna relativa alla variazione di uno solo dei parametri di rugosita
definiti inizialmente (quali la distanza tra ostacoli successivi, I’altezza dell’ostacolo tipo, la sua
dimensione tipica, la forma della sua superficie superiore, etc.), e la variazione degli angoli di
contatto statico e dinamici (cioé in avanzamento e in ritrazione) é stata studiata in funzione di

ogni parametro di rugosita.

Tutti i risultati ottenuti attraverso misure dell’angolo di contatto con acqua sono stati
comparati ai modelli classici di Wenzel e di Cassie, il primo che assume un contatto completo
tra il liquido e il substrato (riferito come stato bagnato), il secondo che descrive la goccia di
liquido sospesa su una superficie composta da solido e da aria (riferito come stato composito).
Variando sistematicamente un preciso parametro di rugosita alla volta, € stato possibile

localizzare una transizione tra lo stato composito e quello bagnato. Semplici considerazioni di




natura termodinamica, basate sulla minimizzazione dell’energia del sistema goccia-substrato
considerato, hanno mostrato che gli angoli di contatto di Cassie e di Wenzel corrispondono a
due minimi di energia del sistema. Sperimentalmente, il regime di Cassie si osserva quando
questo rappresenta il minimo di energia, mentre, quando il minimo di energia assoluto e
rappresentato dall’angolo di Wenzel, si possono osservare o il regime di Wenzel, o uno stato di
Cassie metastabile. L’esistenza di stati compositi (Cassie) metastabili & spiegata teoricamente
attraverso I’identificazione di una barriera di energia che il sistema deve superare per
raggiungere lo stato di Wenzel, nel caso in cui una goccia delicatamente depositata sulla
superficie rugosa assuma lo stato di Cassie. In questo contesto, tutti i risultati sperimentali

raccolti hanno mostrato un buon accordo con le previsioni teoriche.

Misure dinamiche di angolo di contatto, svolte sia con acqua che con n-hexadecano, in
due diverse configurazioni dell’apparato di misura (i.e. applicando sul systema goccia-
substrato una pressione extra in un caso “trascurabile” e nell’altro “NON trascurabile”) hanno
permesso di confermare la validita del modello teorico proposto. Queste hanno evidenziato
chiaramente le regioni di stabilita di entrambi i regimi di Wenzel e di Cassie, e soprattutto la
regione di metastabilita del regime di Cassie, il quale rappresenta il solo realmente interessante
per tutte le eventuali applicazioni dove una superficie super-idrofobica sia necessaria per le sue
proprieta autopulenti e anti-adesive, in quanto soltanto gli stati compositi metastabili sono
quelli caratterizzati da un alto angolo di contatto, e da una bassa isteresi, le due proprieta

fondamentali di una superficie super-idrofobica di buona qualita.

Variando in modo sistematico le dimensioni assolute dell’ostacolo nella scala
micrometrica, si € ha mostrato che il rimpicciolimento dell’ostacolo genera un aumento
dell’estensione e della robustezza dello stato composito di Cassie. La frammentazione della
linea di contatto e risultata essere il fattore piu’ importante nel determinare I’entita di tali
tendenze. Sulla base dei risultati ottenuti variando la forma della superficie superiore
dell’ostacolo é stato possibile dimostrare che la lunghezza e la tortuosita della linea di contatto
rappresentano fattori secondari. Lo studio svolto sulle micro-strutture in funzione delle
dimensioni assolute dell’asperita, insieme ai risultati preliminari ma fondamentali ottenuti su
substrati nano-strutturati, hanno permesso di suggerire interessanti conclusioni rispetto al
problema di determinare I’intervallo di dimensioni dell’ostacolo dove la super-idrofobicita
appare e svanisce, cosiccome, all’interno di questo intervallo, la taglia ottimale per cui la

super-idrofobicita presenta le migliori caratteristiche (angolo di contatto alto, e isteresi bassa).




Una dimensione tipica di ~ 50 um (dove per “dimensione tipica” si intende I’ampiezza della
superficie superiore dell’ostacolo) puo’ essere considerata come il limite superiore
dell’intervallo di dimensioni dove si osserva la super-idrofobicita, mentre alcune decine di
nanometri il limite inferiore. In questo intervallo, dimensioni comprese tra alcune centinaia di
nanometri e un micron possono essere considerate quelle per le quali si presenta una super-
idrofobicita di maggiore estensione e robustezza. L’altezza dell’asperita piu’ appropriata si
ritiene debba essere sufficientemente grande da evitare che il menisco presente tra un’asperita
e l’altra tocchi la base delle asperita in seguito ad eventuali vibrazioni, fenomeno che
indurrebbe I’inevitabile transizione allo stato di Wenzel-bagnato.

Key-words: Superfici super-idrofobiche; superfici rugose; angolo di contatto; isteresi
dell’angolo di contatto; linea di contatto tri-fasica; modello di Wenzel; modello di Cassie.







1 Introduction

1.1 Wetting properties of solid surfaces: contact angle
measurements

The wetting of liquids on solid surfaces is a research topic of fundamental interest [1] with
a variety of technological implications. Micro-fluidics for biotechnology, thin film technology;,
lubrication, textiles, self-cleaning and anti snow-sticking surfaces are just some examples of
applications where it has a significant impact.

Experimentally, the wetting properties of solids can be investigated by contact angle
measurements of a sessile drop on the surface, which is an easy to handle technique requiring
only a small area of the surface to be studied. Three values are normally required:

- the static contact angle 0, i.e. the contact angle of the drop in equilibrium (Fig. 1.1);

- the advancing contact angle 0y, i.e. the contact angle of the drop when water is added to
the drop, corresponding to the advancing motion of the three-phase contact line (Fig. 1.2-a);

- the receding contact angle 6,, i.e. the contact angle of the drop when water is sucked out
from the drop, corresponding to the receding motion of the three-phase contact line (Fig.1.2-b).

a) b)

0N

partially wetting surface

(/]

non-wetting surface
0 > 90° 6<90°

Fig. 1.1 Static contact angle representation for a “non-wetting” surface (a), and for a “partially
wetting” surface (b).

If a surface is tilted, the drop begins to move when the lower contact angle reaches the

advancing angle and the upper contact angle reaches the receding angle (Fig. 1.2-c). The range




1 Introduction

of angle AB = 6,6, is referred to as contact angle hysteresis, and correlates with the ability of

a drop to move on the surface.

Fig. 1.2 (a) Advancing contact angle, (b) receding contact angle, and (c) advancing and receding
contact angles shown by tilting experiments.

1.2 Wetting properties of solid surfaces: chemistry and
roughness

The behavior of a liquid drop on a solid surface depends mainly on two solid properties:
the surface energy, determined by the chemical nature of the topmost molecular layer of the
studied solid, and its surface roughness. A very good example combining these two features
is offered by nature: the superhydrophobic/self-cleaning properties of lotus flower leaves (Fig.
1.3-a). This explains why liquid super-repellency is often referred to as the “Lotus effect”
[2][3]. This natural phenomenon can be ascribed to the low surface energy of the paraffin layer
covering the surface leaves and its 3-D morphology. In fact, the surface consists of a random
distribution of micron-scale paraffin crystals, which in scanning electron microscope

investigations even exhibit nano-scale sub-structures (see Fig. 1.3-b).

a) b)

Fig. 1.3 a) Superhydrophobicity of lotus flower leaves: millimeter water drops lie like spheres on
the surface, showing contact angles of 180°, or roll off the surface very easily. (b)
Scanning electron microscope image of wax crystalloids on surface of lotus flower leaf
(Nelumbo nucifera) [2].




1.2 Wetting properties of solid surfaces: chemistry and roughness

In recent years, the rapid development of microscopy and micro-/nano-processing
technologies has given a renewed impetus to research in the wide field of solid wetting
properties, with particular attention being devoted to superhydrophobic surfaces [4][5][6][7],
i.e. surfaces that, similarly to lotus flower leaves, exhibit both high water contact angles
(greater than 150°) and low hysteresis. Studies on super-repellent surfaces first appeared in
scientific literature in the 1930s thanks to Robert Wenzel [8], and ever since this subject has
received continued attention [9]-[18]. However, interest has intensified over the last ten years
[19]-[55] due to the potential of super-lyophobicity (i.e. general super-repellency to any liquid)
in a variety of applications, such as super-repellent fabrics, self-cleaning surfaces,
microfluidics devices, and drag reduction in fluid flow [56].

Chemically, the most hydrophobic flat surfaces (i.e. those with lowest surface energy) are
fluorocarbon compositions, such as Teflon-based copolymers, which exhibit water contact
angles comprised between 110° and 120° [48]. The highest reported water contact angle
measured on a “flat” surface was 120° and was obtained on regularly aligned closest-
hexagonal packed fluoromethyl- groups (-CF3) (see references in [57] or Chapter 3). The
lowest critical surface energy ever reported is y.= 5.6 mN/m, and was obtained by Hare
[58][59] on a “flat” self-assembled monolayer of perfluorolauric acid (CF3-(CF,);;-COOH)
adsorbed on a platinum foil. Much effort has been invested in the preparation of hydrophobic
coatings [60]-[63], especially by alkyl- or perfluoroalkyl-silanization [64]-[66]. However, it
was long ago recognized that surface roughness has a much more pronounced effect on
hydrophobicity than does surface chemistry [8]. Contact angles approaching 180° have been
observed and shown to be experimentally not very sensitive to surface chemistry [37].

Depending on the surface fabrication technique, roughness inducing superhydrophobicity
may be observed on irregular or random obstacles [7][14][28][31][67]-[69], regularly micro-
textured surfaces [6][35][37][44][47][53][70]-[73], fractal or hierarchical structures [27]-
[29][43][74], and nano-rod or nanotube forests [52][75]-[78][83].

The contact angle 654 that a drop of a certain liquid forms in contact with an ideally flat,

homogeneous and rigid surface is expressed by the Young equation (1805) [79]
_ Ysv~TsL
COSO¢p = —==

where ys\s vg and vy are the interfacial free energies per unit area of the solid-vapor,

solid-liquid, and liquid-vapor interfaces, respectively.




1 Introduction

Two models describe the contact angle between a liquid drop and a rough surface,
depending on the configuration adopted by the drop:

- The first model, proposed by Wenzel (1936) [8], describes the case of complete wetting
of a liquid drop on the rough surface asperities (referred to as wetted regime). The

corresponding so-called “Wenzel apparent contact angle” 0., is expressed by the equation

COSO,6i= rCOSO¢ 4 (1.2)

where r is the Wenzel roughness factor, defined as the ratio between the actual area of the
rough surface and the geometric projected area, which is always larger than 1. Thus, the
equation indicates that in the wetted regime, the surface roughness enhances the hydrophilicity
of hydrophilic surfaces (i.e. 6, > 90°) and the hydrophobicity of hydrophobic surfaces (i.e.
0512t < 90°).

- The second model, proposed by Cassie and Baxter (1944) [9], describes the liquid drop
as being suspended at the asperities’ surface, with air pockets trapped among the asperities
(referred to as composite regime). The “Cassie apparent contact angle” 8oy is expressed by

the equation

C0SO.omp= s COSOf, —(1-T) (1.3)

comp™

where f is the Cassie roughness factor, defined as the fraction of the solid-liquid interface
at the drop-surface contact base, r; the roughness ratio of the wet area, and (1- f) the fraction of
the solid-air interface at the same drop-substrate contact base.

These models, which can be derived by the surface energy minimization of a
hemispherical drop sitting on a rough surface, under a certain number of assumptions [49] (see
next section), are used in almost all scientific studies in the field, since they approximately
describe all experimental data.

Following the pioneering work of Wenzel and Cassie, many scientists have focused their
interest on the understanding of wetting phenomena on rough surfaces, proposing many
interesting experimental results together with improved and revised theories to explain them
[32][35][37][42][44]-[51]. Although much progress has been made, many points remain
incompletely understood, that should be further investigated by more systematic experimental
studies. Some examples of outstanding questions relate to: 1) a good criterion for predicting
which kind of wetting regime (composite or wetted) occurs on a selected rough surface; 2) the

relative stability of composite metastable states; 3) the influence of the main roughness

10



1.3 Thesis motivation

parameters on the Cassie-Wenzel transition; 4) the effect of the contact line on stationary and
dynamic wetting phenomena; 5) the ideal roughness size and shape of a robust
superhydrophobic surface; 6) the range of asperity absolute size where the superhydrophibicity

occurs.

1.3 Thesis motivation

The aim of this thesis project has been to focus on understanding the influence of
roughness on the wetting properties of regularly micrometer- and submicrometer- structured
substrates, hydrophobized by perfluorosilanization. The approach adopted has been to start
with rigorous experimental observations, systematically comparing the static and dynamic
contact angle values exhibited by prepared substrates as a function of each individual
geometrical roughness parameter. All the defined roughness parameters considered together
describe all the possible variations of a rough surface constituted by a regular distribution of

the same flat-top model obstacle.

The main objective has been to show experimentally the potential of existing physico-
chemical laws concerning wetting phenomena, in order to contribute to the understanding of
mechanisms that are still not fully understood and yet have considerable impact on a variety of
technological, environmental and biological processes.

At the beginning of this thesis work, the most important outstanding questions were
defined (listed in the previous paragraph), and the attempt to shine a new light on them has
constituted a strong motivation throughout the planning and development of this project.

A truly systematic and extensive experimental approach, to provide concrete and precise
answers to at least some of the above-mentioned fundamental aspects, has not yet been
conceived. Numerous valuable experimental and theoretical contribution have however been
published both prior to and during this work, confirming the continuous and growing interest
of the scientific community in the topic.

The thesis work reported here thus represents an attempt to compensate for this lack,
presenting and discussing in a systematic and rigorous way a large number of contact angle
experiments.

To conclude, it must be remembered that every experiment presented here, with the

related discussions, was conceived and performed with the aim of linking it to all the others,

11



1 Introduction

each constituting not a separate and floating “drop” in the huge “ocean” of “solid-wetting”

phenomena, but strictly adhering to the others to form a coherent ripple in this fascinating sea...

1.4 Thesis outline

In Chapter 2, a theoretical and experimental “state of the art” in the field of
superhydrophobicity is presented. The classic Wenzel and Cassie models are described,
together with variations subsequently proposed by other authors, and experimental

contributions generally considered as supporting references for these theories.

Chapter 3 presents the realization method, and the complete characterization of the
hydrophobic perfluorosilane coating deposited on all the structured substrates studied in this
work, in order to make them all comparable in their non-wetting surface chemical

composition.

In Chapter 4, the results obtained by water static contact angle measurements as a function
of each defined geometrical roughness parameter are presented and discussed on the basis of
the thermodynamic interpretation of the Wenzel and Cassie approaches. A simple theoretical
model is also described in order to predict the position of the transition between the composite

Cassie and the wetted Wenzel regime observed for each roughness parameter.

Chapter 5 describes the experimental results acquired as a function of each defined
roughness parameter, by water advancing and receding contact angle measurements performed
with a negligible extra-pressure exerted on the drop-substrate system. Here the validity of the
previously presented theoretical interpretation is emphasized. Moreover, qualitative and
phenomenological considerations are proposed to explain the observed contact angle
hysteresis tendency and the influence of the three-phase contact line features on the extent of
the composite state, both aspects being studied when absolute asperity size falls within the
micrometer- and submicrometer range. In conclusion, the optimum roughness considerations

size range of superhydrophobic pillar-like surfaces is suggested.

12



1.4 Thesis outline

In Chapter 6, the results of dynamic contact angle measurements with a NON-negligible
extra-pressure exerted on the drop-substrate system are presented and discussed in term of the
thermodynamic interpretation described in Chapter 4. The metastability region of the Cassie-
composite regime as a function of different geometrical roughness parameters is clearly shown,
by the comparing the two possible wetting regimes (composite and wetted) observed on the
same rough substrate, depending on the intensity of the pressure exerted on the drop-substrate
system.

A new wetting state, referred to as “super-wetted” state of a rough substrate, associated
with a wetted regime with hysteresis values as high as 120° (i.e. high advancing contact angle,
and particularly very low receding contact angle), is shown to be specific to the substrate that
has geometrical roughness similar to that where thermodynamics predicts the Cassie-Wenzel
transition.

As further support to the proposed interpretation, contact angle values obtained on

microstructured substrates using n-hexadecane instead of water are presented.

In Chapter 7 general conclusions are drawn, and future work suggested.

Finally, the annex section comprises:
l. Description of the method used to prepare the micro-structured substrates.
I. Extrand’s model tests applied to the experiments presented in Chapter 4.

Il. Comments on other literature data.

13
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2  Superhydrophobic surfaces:
State of the art

In this chapter, an overview on the theoretical and experimental state of the art in the field
of superhydrophobicity is presented. The chapter begins with a description of the most
important classic models (Wenzel and Cassie models), and continues the trip through the
literature, trying to discuss the fundamental aspects that should be addressed when dealing

with the considered topic.

2.1 Introduction

A little exercise, just for curiosity...

If we perform a quick bibliographic research, considering all scientific articles published
“before”, and “after 2002” (i.e. year of the reported Ph.D. work beginning), mentioning in the
abstract, or key-words list, terms as “superhydrophobic surfaces” or “wetting and rough
surfaces”, we surprisingly discover that until the end of 2002 there are about 100 publications
on the topic, in contrast to the over 200, published in the following last 4 years...

All together, they are surely far to constitute a complete and omni-comprehensive
bibliographic research on the argument, however such a result is very effective to demonstrate
the very recent growing interest in all scientific aspects related to superhydrophobicity. As
already mentioned, the main motivation may derive from the numerous applications that a
deep understanding of superhydrophobic phenomena suggests in various fields, from
microfluidics for biotechnology to textiles or self-cleaning surfaces.

Moreover, the proposed exercise helps in justifying the impossibility to make this section
fully exhaustive in the description and discussion of the whole literature in the field. Here the
reader will find information concerning a limited number of contributions, precisely those
considered the most representative in the topic by the author, also on the basis of the number of
citations they present.

Although some of the articles published in parallel to this work present experiments

similar to those performed by the author, or discuss aspects that are also considered here, it has

15



2 Superhydrophobic surfaces: State of the art

to be precised that all the presented experimental results, discussed in this report on the basis of
thermodynamic considerations, remain original. With the remarks made concerning
fundamental aspects in the topic, as the possible interpretation of the contact angle hysteresis
results, or the influence of contact line features on the extent and robustness of metastable
Cassie states, the author hopes that the results presented here could suggest interesting future

digressions especially to the theoreticians working in the field.

2.2 Classic models

It is well known that chemistry and roughness are the two main factors in determining the
wetting behavior of a surface. However, roughness has been recognized to play the most
important role already long ago [8]-[14].

In particular, a liquid drop deposited on a rough substrate can adopt two configurations:
either the liquid completely wets the asperities (referred to as wetted configuration), or the

drop is suspended over air pockets (referred to as composite configuration) (see Fig. 2.1).

a) b)

wetted composite

Fig. 2.1 Wetted (a) and composite configuration (b) of a liquid drop deposited on a rough surface.

In the following sections, these two configurations are considered, and the models
predicting the related apparent contact angle (already mentioned in the previous chapter) are

described with more details.

Wenzel’s model for wetted regime

Derived by Wenzel exactly 60 years ago [8] studying the water-proofing of fabrics, it
empirically relates the apparent liquid contact angle 6, formed from a drop in contact with a
rough surface to the contact angle 65, shown by the same liquid deposited on a flat surface

with the same chemical composition. The Wenzel contact angle is determined by the equation
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COS 0Oy = rcosOy (2.1)

where r is the roughness ratio, defined as the ratio between the actual and projected solid
surface area (r = 1 for a smooth surface, and > 1 for a rough surface) and it assumes that the
liquid completely penetrates into the roughness grooves (Fig. 2.2). Because of this, such a

situation is referred to as wetted regime.

wetted regime
S

actual

S

projected

S

r= actual

S

projected

Fig. 2.2 Definition of the Wenzel roughness ratio r related to the wetted regime.

Eq. 2.1 implies that the wetting properties of a specific chemical surface is reinforced by
roughness: increasing the roughness ratio r, a hydrophilic or partially wetting surface (i.e. with
Of1at < 90°) will become superhydrophilic, whereas a hydrophobic surface (i.e. with 6, > 90°)
will become super-hydrophobic. Actually, this tendency was demonstrated experimentally
[85], and intelligent methods for chemical [86][88] or photo-induced [87] reversible switch
between superhydrophobicity and superhydrophilicity were proposed by varying cos 655 from
negative to positive. It has to be noted that the Wenzel law looses its meaning in case of too big
roughness ratio r, since cannot be larger then 1.

The Wenzel equation was derived in a rather intuitive way, averaging the fine details of
the roughness, and defining the apparent contact angle as the angle that minimizes the surface
energy of the drop during a hypothetical displacement dx of the contact line [35] (see Fig. 2.3).
The surface energy change dE associated with the contact line displacement dx can be

expressed by the equation

dE = r (yg —vgy) dX + v, dX cosOy (2.2)

respect to the contact line unit length. Equilibrium corresponds to the minimum of energy.
If r=1 (i.e. on a flat surface) the Young equation is obtained (Eq. 1.1), whereas the Wenzel law

(EQ. 2.1) is obtained for a rough surface (r > 1).
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Fig. 2.3 Wenzel’s model: hypothetical small displacement dx of the contact line on a rough surface.

Recently, several authors, as Swain and Lipowsky [32], Wolansky and Marmur [81][82],
derived the Wenzel law by detailed thermodynamic considerations. In particular, Marmur
reveals [81] that the Wenzel equation is an approximation improving when the drop becomes
larger in comparison with the typical roughness size. The question of the limit roughness size
where it should apply has not been fully understood yet. On the basis of some simulations and
preliminary experimental results [84], it seems that such an equation applies if the considered
drop is two or three orders of magnitude larger than the roughness size. In addition, it has been
established that the Wenzel contact angle represents the most stable apparent contact angle on

a rough surface, corresponding to the global minimum of the system free energy [49][82].

Cassie’s model for composite regime

Proposed in the general form by Cassie [10] in 1948, this model empirically describes the
liquid apparent contact angle 6. on heterogeneous solid surfaces composed of two different
materials, each one characterized by a specific liquid contact angle on the corresponding flat

surface Oy, The Cassie law can be expressed by the equation
c0SO= ;0080 115t = F2C080 )4t (2.3)

where 01)f5t and 6215 are the contact angles on the flat surfaces of the two different
materials, and the factors f; and f, represent the related area fractions. Eq. 2.3 implies that the
Cassie apparent contact angle is the weighted average of the different contact angles presented
by the chemically different materials constituting the considered surface. The weighted

averaging is done according to the area fraction of each chemistry.

Also the Cassie equation results an approximation that improves when the drop size

becomes larger with respect to the typical size of the chemical heterogeneity [84], and
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similarly to the Wenzel case, the Cassie contact angle represents the most stable apparent
contact angle corresponding to the global minimum of the system free energy [49][84].

As previously reported (Chapter 1), when a rough chemically homogeneous surface is
considered, air bubbles may be trapped in the roughness grooves, under the liquid. In this case,
referred to as composite regime, the solid surface may be considered constituted by two
chemical compounds where air is the second chemistry to be considered in Eq. 2.3. Such an

equation may be thus applied in the form

oSO omp= f 1y COSOf, —(1-1). (2.4)

This law was proposed by Cassie and Baxter [9] considering 654 in Eq. 2.3 equal to
180° for water drop in air. The f parameter represents the fraction of the solid surface in contact
with the liquid, r¢ its roughness ratio, and (1 — f) the fraction of the air surface in contact with
the liquid at the drop base (see Fig. 2.4). For f = 1, then rs =1, and Eq. 2.4 turns into the Wenzel
equation.

The existence of the composite state was demonstrated experimentally: with solidification
of molten tin on a rough silica substrate [89], with impedance spectroscopy [90], using a UV
polymerized liquid monomer [52]. With these techniques, no partial filling of the roughness by

the liquid was observed.

composite regime
S

top—post

S

projected

S

f = top—post

S

projected

Fig. 2.4 Definition of the Cassie roughness factor f corresponding to the surface fraction of the
liquid-solid contact area related to the composite regime.

However, molecular dynamics studies [91] of wetting on a nanometer pillar surface as a
function of the pillar height showed some intermediate filling of the roughness by the liquid

(drop radius 2 nm, 6, =83.3°, pillar diameter 1.2 nm, height varying from 3.4 Ato61.4 A).
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2.3 Recent theoretical and experimental developments

The classic Cassie and Wenzel models were shown to empirically describe the apparent
contact angle on rough surfaces in a good qualitative way. Systematic and experimental studies
on model rough surfaces in order to investigate the bases of superhydrophobicity were initiated
more than 60 years ago [11]-[13], and saw a more or less continuous interest [14]-[26] until
about 10 years ago, when the experimental success in producing polymeric superhydrophobic
surfaces by the Japanese research group of Kao Corporation [27][28] turned on an
extraordinary growing interest for surface superhydrophobicity. In the last three, four years,

such an interest has even seen an exponential increase (see Introduction paragraph).

Recently, a rigorous and detailed theoretical analysis of the fundamental bases of the two
classic models have been independently proposed by several researchers, as Drelich [23]-[26],
Marmur [33][45][46][81][82][84], Swain-Lipowsky [32][38], Extrand [42][55][95], Patankar
[49]-[51]. In parallel, a wide range of techniques have been developed to produce
superhydrophobic surfaces in a well controlled way in the micrometer range, including
processes like photolithography and silanization of silicon wafers [37][71], siloxane sol-gel
molding and silanization [35], Si wafer dicing and silanization [44], PDMS molding
[53][70][73], molding and UV-curing of a mixture of perfluoro-/non perfluoro-acrylates [47],
photolithography with deep reactive ion etching inducing Teflon®-like polymer passivation
[72], and in the nanometer range, especially by e-beam lithography or UV-photolithography,
and etching [52]. Practically, all produced rough surfaces have been the object of experimental
wetting investigations, but only a few of the proposed theories [25][26][42][55][49][50] have
been tested by concrete experimental data, and the others remain too much complicated for

being applied to real experimental cases.

What is the model that should be applied for predicting contact angle on a
rough surface?

Already long ago, experimental variation of some surface roughness parameters showed
to induce a change of wetting regimes between composite and wetted modes [14]. As briefly
mentioned in the previous paragraph (and accurately in the first paragraph of Chapter 4),
thermodynamic analysis shows that Cassie and Wenzel contact angles are respectively
connected to two free energy minima of a drop on a rough surface [46][51][70], being the

energetically favored state between the two possible (i.e. wetted or composite) that associated
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with the lower contact angle. A thermodynamic criterion (Eq. 4.12, in Chapter 4), expressed as
a function of surface geometrical parameters, was proposed by Bico et al. [92] to predict which
regime is that thermodynamically favored. However, experience shows that drops on rough
surfaces do not always present the wetting configuration with the absolute minimum energy,
and in particular, metastable composite states have been frequently observed when liquid drops
are smoothly deposited on rough surfaces [47][51][53][93]. This metastability was associated
with the idea of an energy barrier to overcome to reach the wetted state [49][51][70][93].
Experimentally, it was proven that providing energy to the drop, either by applying a force on
it [47], or dropping it from some height [50], or dragging it on the rough surface [72], would no
longer lead to a metastable composite state but to a wetted state. It was also proven that such
metastable states are not observed when the drop is formed on the surface by condensation
from the vapor phase [47]. The reasons and details of the energetic transition from a metastable
composite state to a wetted state are unknown, but it was proposed that the energy barrier can
be estimated as the energy required to fill with water the surface asperities, keeping the
composite contact angle constant [51] (see calculations in Chapter 4). This assumption, so far
tested by Patankar [51] only on a few experimental data of Yoshimitsu [44], in Chapter 4 will
be applied to several experiment series, each one considering one selected geometrical

roughness parameter.

An approach based on considerations far from thermodynamics was proposed by Extrand
[42] to predict advancing and receding contact angles. This is based on the assumption that
contact angles manifest themselves as fractional contributions along the contact line on the
surface. He formulated two fundamental criteria that must be met in order for a surface to show
composite superhydrophobicity [55]: the first referred to as “contact line density criterion”
(obtained balancing the drop weight by the surface forces along the contact line, which was
already suggested several decades before [18]), and the second referred to as “asperity height
criterion” (obtained by assuming a meniscus curvature at the liquid-air interface among the
asperities). These criteria were tested by Extrand with reasonable agreement on experiments
selected in literature, from He [50], Yoshimitsu [44], Oner [37] and Bico [35]. However, more
systematic investigations would be needed to validate such a model, which appear
theoretically not as valuable as thermodynamic derivation, since it is based on still to be
proven assumptions. Additionally, the quantitative comparison with the experimental results

produced during this work is not so convincing, as it is shown in Appendix 2.
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How to predict contact angle hysteresis?

As briefly precised in Chapter 1, superhydrophobicy requires high contact angle and low
contact angle hysteresis, permitting the drop to roll off the surfaces for a very small tilt angle,
as recognized by several authors [42][36][94][46][52], some even claiming that the hysteresis
value is even more important than the absolute contact angle value [36][94]. Concerning this
aspect, the “rolling” motion associated with drops in composite regime on rough surfaces was
recently verified, in contrast to the “sliding” motion, at least in the case of drop radii smaller

than the capillary length [96].

The force required for inducing a drop deposited on a surface to move is related to the

hysteresis by the equation given by Furmidge [31]

sin
F = mgg—ma-) = v, (080, 4, — COS6,o.) (2.5)

where m and o are the mass and the width (parallel to the direction movement) of the
drop, a is the minimum tilt angle at which the drop will spontaneously move, g is the gravity
acceleration. Such a force F is the pinning force that the drop experiments at the contact line,

and that has to be overcome by external forces (i.e. gravity) for inducing the drop motion.

It is considered that contact angle hysteresis derives from the deviations of a real surface
from the ideal condition, and it is associated with the existence of many thermodynamic
metastable states related to the systems having three-phase (solid-liquid-vapor) boundaries,
with a different intrinsic contact angle for each metastable state. Practically, contact angle
hysteresis has been attributed to different causes, like surface roughness [8][11][13]-
[15][85][97], surface chemical heterogeneity [12][16][17][98]-[101], drop size effect
[102][103][105], molecular ri-orientation [106] and surface deformation [107][108], inter-
diffusion due to the size of the liquid molecules [109], adsorption/desorption phenomena
[110][114].

Since it is very difficult to experimentally study ideal surfaces with absolute homogeneity
and smoothness at the atomic level, hysteresis remains a strongly discussed topic. The
existence of an intrinsic hysteresis was proposed [42][115] due to the specific molecular
interactions between the liquid and the solid molecules. On the other hand, it was observed that
hysteresis does not exceed a few degrees on surfaces carefully prepared to be smooth and
homogeneous [36][105].
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The importance of hysteresis in relation to the surface roughness has been discussed in
literature since 1948 [11], but Bartell and Shepard in 1953 [13] were the first to report results
of systematic studies on the hysteresis values measured on paraffin substrates, roughened in a
controlled way. Later, Dettre and Johnson [14] studied the hysteresis behaviour observed on
wax surfaces with different r, Wenzel roughness parameter. Johnson and Dettre showed that
static contact angle and hysteresis increase coherently with the roughness parameter r of the
hydrophobic surface. But for r greater than a certain value, there is an inversion, and the static
contact angle increase occurs with a decrease of the hysteresis. This decrease in hysteresis can
be qualitatively explained by the switch from Wenzel to Cassie regime, with air trapped at the
macroscopic liquid-solid interface. By computer simulations carried out considering an ideal
sinusoidal surface roughness [15], they suggested the interpretation of the hysteresis
phenomenon as that due to energy barriers that have to be overcome when the liquid moves on
the rough surface from a metastable state to another. Although they had the merit to clearly
evidence the importance of barrier energies between metastable states, their theory presents the
two main disadvantages 1) of being applied on not very realistic surfaces, especially
considering the possibility of the current micro-fabrication techniques, and 2) of being based
on cumbersome and complicated calculations. The theories proposed later by Neumann and
Good [111], Huh and Mason [112], Cox [97], Schwartz and Garoff [113], also present the same
drawback of being obscured by mathematical complexity and rest difficult to be applied to the

nowadays available textured surfaces.

Presenting new experimental results, obtained thanks to the recently improved micro-
fabrications techniques, the most recent contributions [35][37][42][44][49][53][92]-[117] try

to be less speculative and complicated, and some of them will be shortly described below.

Bico et al. [35][92] defined a simple criterion (Eq. 4.12), derived by classic Wenzel and
Cassie laws, for predicting the advancing contact angle on textured surfaces, and emphasized
that the fraction f of the solid area actually in contact with the liquid (i.e. Cassie roughness
parameter) represents the most important parameter. They underlined that for the receding

contact angle the guestion remains open.

McCarthy’s group has the merit to have underlined for the first time [36] the strict relation
existing between the three-phase contact line characteristics, as shape and continuity, and the
hysteresis value observed on very rough surfaces. They considered three different ideal

structured surface, as those illustrated in Fig. 2.5.
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Fig. 2.5 Surface with three different roughness topologies. The dark lines describe possible three-
phase contact line: a) continuous contact line; b) separated ridges (intermediate case); c)
very discontinuous contact line connecting separated pillars [36].

The best case for minimizing hysteresis was claimed to be the case (c), where the very
high discontinuity of the contact line makes negligible the energy difference between different
states. The Oner and McCarthy contribution [37] was also the first to show the influence of
different geometrical roughness parameters on superhydrophobicity, presenting a systematic
investigation of water advancing and receding contact angles on several periodically micro-
structured and silanized silicon surfaces, with posts of different sizes, shapes and separations.
They showed that ordered distributions of square obstacles with 30 um as typical dimension,
and similar distances, present very high hydrophobicity (water 0,4, ~ 170°, water 6, ~ 140°).
They found such a behavior to be independent of the considered surface chemistry and
obstacle height. For the substrates with obstacles of a wider dimension (up to 128 um), and
similar distances, both advancing and receding angles decrease. This was interpreted by the
increase of the three-phase contact line length and by the augmented pinning of water at the
asperity edges, both aspects due to the liquid penetration between the obstacles. When the
distance between obstacles with characteristic size lower than 32 um is increased, they found
that a maximum in receding contact angle is achieved, presumably due to the water penetration
between the obstacles. Although the contribution is valuable for the many data provided, the
observations made concerning contact line continuity, length, and shape constitute an unclear
point. The receding angle increase (i.e. the contact angle hysteresis diminution) observed by
increasing the distance between the posts, and varying post shape, is in fact ambiguously
related to the contact line length and fragmentation. Other remarks about the Oner and
McCarthy approach are expressed in Chapter 4, as well as in Appendix 3.

In the experiments of Yoshimitsu et. al [44], the approach is different than that of Oner
and McCarthy. In contrast to the direct measurement of advancing and receding contact angle,
Yoshimitsu performed wetting investigations on microstructured and hydrophobized silicon

substrates by static contact angle measurements, and sliding angles measured for drops of
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different weight. By systematically varying also the height of the obstacles, he showed that for
a certain microscale roughness the liquid intrusion between the obstacles does not take place
for drop volume (i.e. weight) lower than a critical value. In this contribution, as soon as gravity
force induces the liquid sinking into the cavities, and Wenzel’s contribution becomes more
significant, the sliding angle increases for higher structures. Further comments on Yoshimitsu’

experiments are reported in Appendix 3.

The theory proposed by Patankar et al. [49][53], bases on the surface energy minimization
of the drop-substrate system, explains the multiple equilibrium wetting regimes observed on
the same rough substrate, and suggests a possible method for predicting the contact angle
hysteresis on a certain substrate, depending on the considered regime. In particular, although
the formulae proposed for predicting the advancing contact angle are shown to work properly
in the case described by Bico et al. [35], those proposed for predicting the receding contact
angle lead to a significant discrepancy from the observed experimental value. To explain such
a difference, Patankar et al. repropose the hypothesis already suggested by Roura and Fort
[118] assuming that the receding liquid leaves behind a liquid thin film on the asperity
surfaces, instead of leaving a dry surface. Always from energy consideration, Patankar derives

the equation

cosO, .= 2f-1 (2.6)

rec™

which results in agreement with the experiments of Bico [35].

As mentioned in the previous section, the model proposed by Extrand [42] for predicting
advancing and receding contact angle considers them to depend on fractional contributions
along the contact line. In particular, he defines a “contact line density” criterion, that permits to
predict if a drop will assume a composite or a wetted state, depending on the value of the
contact line density associated with the geometrical roughness of the considered rough surface.
For contact line density higher than a certain critical value, the drop will assume a composite
state, whereas for lower values the drop will completely wet the asperities. He describes the
hysteresis phenomenon on a pillar-like surface as being directly dependent on the hysteresis
measured on the flat surface with the same chemical composition, i.e. the “true” contact angle
hysteresis A9,. In this way, he interprets the high advancing contact angle shown by a
composite drop as due to the “true” advancing contact angle (i.e. the advancing contact angle

on the flat surface) assumed by the drop at the side of the asperity, i.e. respect to the vertical

25



2 Superhydrophobic surfaces: State of the art

line at the asperity edge. On the other side, the receding contact angle of the composite drop
cannot be lower than the “true” receding contact angle (i.e. the receding contact angle on the
flat surface), since, in the attempt to form it at the asperity side, the receding contact line jumps

to the next asperity. The contact angle hysteresis is finally expressed by the equation

AD= 1, (A0y + @) 2.7)

for composite states, and by the equation

AO= ABy+ 22,0 (2.8)

for the wetted states, where in both cases %, is the linear fraction of the contact line on the
asperities, and o is the rise angle at the asperity side. Although the density contact line
criterion is shown to be valid for predicting both the composite and wetted regimes observed
by Oner and McCarthy [37], and Bico et al. [35] on their regularly microstructured surfaces,
Egs. 2.7 and 2.8 are in agreement with the hysteresis contact angle values obtained only for
drops in composite regime. Concerning the discrepancies shown for drops in wetted state, the
necessity of “better accounting for contact line contours and variations in the contact angles

near asperities” suggested by the author seems not satisfying.

A theoretical model for predicting equilibrium contact angle and contact angle hysteresis
on a rough substrate has been developed by McHale et al. [116], based on the comparison
between the Wenzel and Cassie angles, in relation to their dependence on the contact angle on
the flat surface, the shape of the curves obtained for different r and f factors (i.e. Wenzel and
Cassie roughness parameters respectively), and their derivatives. The key and original point of
the proposed model consists in the consideration of the Wenzel and Cassie equations
derivatives. Referred to as “gain factors”, they determine the contact angle variation associated
with both the Wenzel and Cassie theories, for any perturbation of the contact angle on the flat
surface. In this way, McHale and colleagues emphasize that for 6y, >90° Wenzel theory
predicts both an increase in the apparent contact angle and an amplification of any changes
from that contact angle value, whereas Cassie theory predicts an increase in the contact angle
but an attenuation of any change from that contact angle value.

Assuming the advancing and receding contact angles as being the effects of the
perturbations induced by the contact line motion, the suggested method for predicting the
contact angle hysteresis on a rough surface considers the hysteresis on the flat surface, and

multiplies it by the appropriate “gain factor”. Since the gain factor is larger than unity for the
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Wenzel case, and lower than unity for the Cassie case, hysteresis will be increased for drops in

the Wenzel regime, and decreased for drops in the Cassie regime.

The most recent model for predicting contact angle hysteresis is that proposed by Li and
Amirfazli [117]. Even if it will not be tested by the experimental results described in this work,
it seems to represent a surely original and well-grounded interpretation of the Johnson and
Dettre classic model. Based on the thermodynamic approach that minimize the free energy of a
system constituted by a 3-D structured surface and a drop deposited on it, the Li and Amirfazli
theory defines the different possible stable and metastable states. The original aspect is the
significant simplification introduced representing the 3-D system in its simplified 2-D version,
which practically permits a relatively easy calculation of the energy barriers associated with
the advancing and receding motion of the contact line as a function of the pillar width, height
and spacing, in both composite and wetted contact between the drop and the rough surface. By
their method, Li and Amirfazli emphasize that Wenzel and Cassie angles calculated for defined
surface geometries correspond to minima of free energy, and in particular that, for a Wenzel
roughness ratio r lower than the value where Wenzel and Cassie apparent contact angles are
coincident, the wetted regime is that thermodynamically favored, and vice versa, for larger r
values, the favored regime is composite. Initial definition of the reference positions assumed
by the contact line during its motion on the rough surface allows to show the local minima and
maxima of the free energy curve as a function of the possible contact angles comprised
between the advancing and receding angles. In particular, the related free energy barriers
associated with the advancing and receding contact line motions can be calculated considering
the difference between the corresponding energy peak and the neighboring energy valley for
the advancing process, and between the same energy peak and the opposite neighboring energy
valley for the receding process. In this way, the values of the energy barriers associated with
the motion of the contact line, in the two possible advancing and receding directions, can be
related to a specific contact angle. The contact angle hysteresis value can be derived by the
difference between the pairs of contact angle that makes the energy barrier equal to the
vibration energy associated with the advancing and receding motion. To simplify, they
consider the case where the vibration energy is zero and the related contact angle hysteresis is
the maximum exhibited by the system. The authors conclude emphasizing that, on the basis of
their model, hysteresis of composite states clearly appears not influenced by the r roughness

parameter, since it is independent of the pillar height, differently from the hysteresis of wetted
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states. With the validation of the experimental results of Oner and McCarthy for
microstructures [37], of Lau et al. [76] and Fan et al. [77] for nanostructures, they suggest their
model to represent a good criterion for predicting wetting properties on pillar-like surfaces, the

transition between composite and wetted states, and for designing superhydrophobic surfaces.

How do gravity and contact line tension influence contact angle?

The equations of Young, Cassie and Wenzel were derived considering only the surface
tension, and assuming that the shape of the drop is hemispherical. However, two additional
possible effects can be considered that influence contact angles: they are gravity and contact
line effects. Experimentally, these effects were mainly cited to explain the experimental results
showing the contact angle variations occurring when the drop volume [102][105][119] is
changed, on both flat and rough surfaces. Although in Chapter 4 this two effects will be
neglected developing the thermodynamic analysis, it is appropriate to offer here at least a brief
description concerning the existing approaches that do not neglect the influence of these

factors.

Gravity effect
In absence of gravity, drops are expected to exhibit a hemispherical shape.
It is currently accepted that the effect of gravity on the drop shape is negligible as long as

the drop radius R is smaller than the capillary length o [120]

YLv
o= [— (2.9)
Apg

where Ap is the difference between the liquid density and the density of the surrounding
air. For water, o = 2.7 cm [47].

Another criterion proposed to verify if gravity can be neglected is to calculate the so-
called “drop shape factor” SF (referred to as shape factor [121], or Bond number [122], or

Eotwos number [123]) for the considered drop by the equation

2
pPORy

TLv

SF =

(2.10)

where Ry is the radius of curvature at the drop apex, and neglect gravity only for values

much smaller than unity.
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Usually, in literature, water drops with radius of millimeter size (i.e. with volume up to
10-12 uL) are considered to be spherical [4][42].
For drops believed to be spherical, simple geometric considerations based on the drop

height and diameter [124] permit to determine the contact angle by the equation

IT

tan (2.12)

NID
—
o

where H is the drop height and ry, the radius of the drop-solid contact area.
However, this method is not correct for drops affected by gravity, such as large drops or
drops of a high density liquid. In this case, the shape of the drop is described by the Laplace

equation (with the assumption of an axisymmetric drop)

1 1
—+—| = Apgz+ AP 2.12
TLv (Rl R) [o]8) 0 ( )

where R; and R, are the radii of curvature in two normal planes, z is the height of the
drop, and AP, is the pressure variation across the interface at the drop apex.

The numerical resolution of this equation allows to determine the contact angle value
assumed by drops affected by gravity, by fitting images of the drops. Techniques based on this
principle are referred to as ADSA (from Axisymmetric Drop Shape Analysis) [123][125]
[126]. The values of contact angles defined by this method rely on the combination of two
elements:

- an image processing method to evaluate the drop profile from a drop picture. The first
image processing method was proposed more than 20 years ago [127], and further on
improved [125];

- an algorithm to fit the drop profile obtained by the adopted image processing method
based on the Laplace equation solution [123]-[125].

Two main ADSA techniques exist, mainly developed by the Neumann’s group (review
[126]):

- ADSA-profile: permitting simultaneous determination of contact angle, interfacial
tension and drop surfaces area and volume [126][128][129]. However, this technique requires
the location of the solid substrate.

- ADSA-contact diameter: based on experimental measurements of the drop-solid contact
diameter, with liquid tension, liquid volume as input parameters (especially good for

measurements of very low angles) [130].
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For rough surfaces, Cassie and Wenzel laws do not consider gravity, and it was
theoretically demonstrated that they do not apply in this case [32].

Concerning theoretical models for the contact angle determination based on energy
minimization of the system, some authors include a term of gravity in the energy expression
[32][38][132]. However, as no analytical form of the drop shape under gravity exists, few
authors tend to propose correction for gravity, and the assumption of considering gravity
expressed by the variation of the drop body mass with respect to the contact angle, assuming a

hemispherical shape, has been recognized to be a poor assumption (see references in [105]).

Contact line tension effect

The line tension concept was proposed by Gibbs more than a hundred years ago as the
one- dimensional analog of the surface tension. It can be associated with the excess of free
energy of a solid-liquid-vapor system per unit length of contact line [133], or with the excess
of force acting along the three-phase boundary line of a three-phase system to shorten or
lengthen it [134].

Actually, the line tension o is probably the most controversial quantity in wetting science:
physical significance, sign and magnitude remain contentious. Line tension has been the object
of a lot of theoretical discussions [102][134]-[137], and several simple estimations of the line
tensions were proposed, correlating it with molecular dimensions [38][136][138].
Experimental techniques to estimate line tensions are reviewed in [136].

On an ideal flat, rigid, homogeneous substrate, the line tension influences the contact

angle according to the modified Young equation:

C0SOy,¢ = COSO_ — ﬁ K (2.13)

where K is the geodesic curvature on the three phase line, cos_, is the angle obtained for

K = 0. In case of a spherical drop, Eq. 2.13 can be written as follows:

COSOyfjt = cos6,, - —— 1 (2.14)

YLv T

where ry, is the radius of the drop-solid contact area. Eq. 2.14 was extensively applied to
estimate o and measure contact angles by varying the drop volume (therefore ry)

[102][105][139]-[141]. A huge discrepancy was obtained in literature for o values: positive or
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negative values, and values between 107 and 10 J/m, with most values around 10 J/m
(references in [33][38][102][134][136][142]). Recent scanning force microscopy investiga-
tions of the liquid surface topography of a three-phase system [133] determined contact line
tensions in the range of 1029 t0 101 I/m. With the support of theoretical analyses based on
different approaches, such a range is shown to be consistent with theoretical predictions
(references in [133][141]). Different considerations explain the discrepancy between the

experimental values and the theoretically calculated values:

- o values are extremely small quantities, therefore very difficult to estimate. Young’s
modified equation is valid for flat, homogeneous surfaces, and homogeneity and smoothness at
the atomic/molecular level are extremely difficult to be achieved and controlled [105]. It was
proposed that surface heterogeneity significantly influences the contact-angle/drop-size
relationship [102], inducing a corrugation of the contact line. Therefore, some authors
proposed to consider “a pseudo-line tension” rather than “a line tension” value for the related
experimental results [102][103]. Other authors claim that the corrugation of the contact line
(varying curvature from point to point) definitely explains the deviation of the experimental
results from the values predicted by the classic theories, respectively, of Young for ideal flat
surfaces, of Wenzel for wetted states on rough surfaces, and of Cassie for chemically

heterogeneous surfaces or composite states on rough surfaces [45][119][136][138][141].

- According to Eq. 2.14, line tension is important only for small drops. Usually,
experiments are carried out with drops showing an r, value in the millimeter range, which

gives a o value in the order of 10 J/m [103].

- o is usually assumed to be constant: however, Marmur proposes that o should depend on

the contact angle [143].

On rough and heterogeneous surface, the line tension is though to play an important
contribution if the scale of roughness or heterogeneity, and consequently of the related contact

line curvature radius, is in the order of magnitude of a few micrometers or less [33][136][144].
Two modifications of the classic laws were proposed that consider contact line effects.

- Drelich [136] proposed the equation

f f
cosO* = cosO. — L (101— 262) (2.15)
YTLv I P
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as revised Cassie’s law, where ry and r, are the contact line curvature radius on the

surfaces 1 and 2, respectively, that are different in chemical composition; and the equation

cosOy,* = cosO, — v - K (2.16)
TLv
as revised Wenzel’s law, where v is the actual length of the contact line over the apparent

length of the geometrical contact line, and K the geodesic curvature of the contact line.

- Swain and Lipowsky [32] proposed the equation

CosO* = »°r; (cosei— oG ) +Ang2 (2.17)

| TLv

as general equation for rough and chemically heterogeneous surfaces, where r; is the
Wenzel roughness ratio of the i surface, 6; the contact angle on a flat surface of the material of
surface i, and C; the curvature of the contact line on the i surface. It has to be noted that in this
expression is also included the gravity effect in the term Ang2, where z° represents the

mean square height of the surface roughness.

What is the ideal roughness shape and size to promote
superhydrophobicity?

From the literature excursus so far presented, it is clear that pillar textured surfaces can
often exhibit superhydrophobic properties. In particular, general criteria were suggested for
designing rough surfaces where composite states should be favored. For instance, Patankar et
al. [49] suggest that suitable geometrical features for a surface to show superhydrophobicity
are those associated with: 1) a spacing between pillars that makes indistinguishable the wetted
from the composite angle (i.e. that corresponding to the intersection point of the Cassie and
Wenzel curves); 2) a possibly small values of the ratio between the typical pillar size and its
height. Although the Cassie angle does not depend on the asperity height, the latter has an
important influence on its robustness. In fact, determining the horizontal position of the
Wenzel curve for example in the graph as a function of pitch (see Chapter 4), it defines the
region of thermodynamic stability of the two different regimes.

However, the best shape, size, and surface disposition of the pillars have never been
clearly indicated, even if some advises have been proposed. By their experiments on

microstructured surfaces, Oner and McCarthy [37] suggested a length of 32 um as the
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maximum size imparting composite superhydrophobicity (i.e. the one associated with high
advancing contact angle, low hysteresis, and small rolling off angle) for surfaces consisting of
square posts. Recently, a surface density comprised between 3 and 8% was proposed by Callies
et al. [72] concerning micrometer pillars in order to reach maximum contact angles and
minimum hysteresis. For robust composite states, simultaneous “shrinking” of pillar size and
spacing was theoretically previewed [95]. It has also be suggested that designing
microtextured surfaces to approach the point where Cassie and Wenzel contact angles are
coincident should guarantee a high contact angle [53], although in this case hysteresis would
depend on the wetted regime [73]. Most promising are probably bio-mimetic hierarchical
surfaces, on which a nano-roughness is added to micro-roughness [54][74][145][146].

On the basis of the experimental results obtained during this work, proposition on the

ideal asperity roughness size will be suggested in Chapter 5.

2.4 Conclusions

This chapter pointed out the main aspects that must be addressed when dealing with
wetting properties of solid surfaces, especially in relation to their dependence on surface
roughness, in all cases citing the most important contributions appeared in literature.

In the next chapters, presenting and discussing the experimental results obtained in this
work, the novelties suggested by them respect to particular approaches selected among the

many cited here will be illustrated.
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3 Flat hydrophobic surfaces

This chapter describes the method adopted in this study to chemically modify the surfaces
of all the considered samples, in order to make them all comparable in their hydrophobic
surface chemistry. The introduction motivates the choice of using a silanization reaction with
perfluoroalkylsilane molecules, and presents also the main features of the process.
Subsequently, the conceived and built gas-flow silanization apparatus is described. A complete
characterization of the obtained hydrophobic layer is presented, following a brief introduction

for each of the used surface analysis techniques.

3.1 Introduction

Hydrophobic/low energy surface coatings have attracted a considerable amount of
attention in the last decades, because of their numerous applications in many fields. Some
examples are anti-sticking coatings in self-assembly in micro-assembly [147][148], coatings
for the release of suspended-cantilever and mobile silicon devices [60][63], and hydrophobic
windshield coatings [61][62].

Several techniques exist to produce hydrophobic layers, mainly based on the deposition of
organic or perfluoro-organic compounds. Some examples are: (a) radio frequency magnetron
sputtering of polymers like polyethylene (PE) or polytetrafluoroethylene (PTFE) [149]-[151];
(b) polysiloxanes ultra-thin layer deposition by activation of Si-H bonds [152]; (c) inorganic-
organic polymer films synthesis by two steps sol-gel process [153]; (d) PFTE coatings
deposition by ion-plating [154]; (e) radio frequency and microwave plasma-enhanced
chemical vapor deposition (PECVD) of organo-silicon compounds and fluoroalkylsilanes
gaseous mixture [155][156]; silanization reaction in liquid- or gas-phase with alkyl- or
perfluoroalkyl- silane molecules. All the mentioned techniques deal with films that present
variable thickness, non-ordered molecular structure, and variable surface morphology
depending on the deposition condition and time, except the method based on the silanization

reaction. Belonging to the class of the so-called Self-Assembled Monolayers [157][158],
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organo-silane based coatings, grafted especially on silicon oxides (or even on other metal
oxides and polymeric surfaces) present the peculiarity of a highly ordered structure, with
molecules preferably oriented due to the spontaneous chemical reaction at the interface. This
aspect is considered the reason why the thickness of the deposited layer should be limited to

the order of the maximum molecule size together with its roughness.

Depending on the chosen silane, with specific “functional” and “substituent” groups (e.g.
amino-, chloro-, methoxy-, ethoxy-, and alkyl-, perfluoro-, amino-, vinyl-, epoxy-, mercapto-
respectively), different molecules can be suitable for different applications, for instance, from
adhesion promoter in liquid- and gas-phase chromatography, to surface activator in biosensors
for antibodies immobilization, from non-wetting/self-cleaning coatings for optical devices to

anti-sticking coatings for MEMS/NEMS technology.

Silanization reaction

In the last decades, many studies aimed at the fundamental understanding of the
silanization reaction [159]-[163] were performed on layers obtained with mono- and tri-
functional alkyl-silanes reacting with hydroxilated silica surfaces by a liquid phase process.
They showed that the layer properties resulting from the silanization reaction (i.e. molecules
orientation with respect to the surface, thickness, chains density) strongly depend on several
reaction conditions such as temperature [164]-[166], presence and thickness of the water
interfacial layer [163][167][168], and nature of the solvent [169]. Despite the many progresses
in the field, discrepancies still exist concerning the way all these factors influence the process

and mechanism of the film growth.

The interpretation of the final silane film implies the creation of strong covalent bonds
between the silane functional groups and the -OH groups saturating the silicon oxide surface.
Monofunctional silanizing agents give rise to a mono-molecular layer, since the single reactive
site (e.g. methoxy-, ethoxy-, chloro-) can only bind to one surface silanol group (see Fig. 3.1-a
for dimethylchlorosilane), whereas bi- and tri-functional silanes lead to more complex reaction
mechanisms, offering the possibility of multiple bonding to the surface as well as lateral cross-
polymerization between neighboring silane molecules [161][163][167]. On the other hand,
monolayers derived from monofunctional silanes present alkyl chains surface density lower
than bi- and tri-functional silanes [170], due to the steric hindrance of the methyl- groups

attached to the silicon linker. The reaction control of bi- and tri-functional silane is however
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more critic. Since they are very sensitive to both surface adsorbed water and ambient moisture,
multi-functional silane molecules can easily polymerize and generate a three-dimensional

polysiloxane network (see Fig. 3.1-b for trichlorosilane).
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Fig. 3.1 Scheme of the qualitative silanization reaction between (a) mono- and (b) tri-functional
silane molecules and the hydroxilated silicon oxide surface.

Among the factors that influence the reaction, the presence of water plays a key role. It
has to guarantee the highest concentration of surface reactive -OH groups and it hydrolyzes the
Si-X bonds of silane molecules (with X- equal to CH30-, CH3CH,0-, CI-) to form Si-OH
groups. The silane -OH groups interact through condensation reaction with the surface -OH
groups forming Si-O-Si bonds at the substrate and/or with adjacent head groups, creating a
cross-linked network at the surface. It has also been reported that the water content in silane
solutions affects the mechanism of layer formation, changing it from a continuous growing of
a homogeneously disordered layer at low moisture (due to a random and isotropic
configuration of molecules), to a heterogeneous island growth, at high water content [171]-
[174].

In the liquid process with alkylsilane, molecular aggregations due to van der Waals
(VdW) interactions between alkyl-tails should occur already before the adhesion of the silane
to the substrate, promoting the formation of a denser layer [157]. In contrast, perfluorinated
silane molecules do not experience VdW forces strong enough to be packed as dense as
hydrocarbon chains. This depends on the low polarizability of perfluorinated hydrocarbon
entities. For the same reason, however, they are the most effective reagents for preparing

highly hydrophobic/low energy surface coating [64][175][176]. This leads to their low critical
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surface energy. The lowest critical surface energy ever reported is y. = 5.6 mN/m, and
corresponds to a contact angle of 120°, i.e. the highest contact angle value obtained on a flat
surface. Such a critical surface energy was measured by Hare on compressed -(CF,);-CF3 end
chains, obtained as Langmuir-Blodgett films of perfluorolauric acid (CF3-(CF,),;-COOH)
adsorbed on an atomically flat platinum foil [58][59]. Moreover, the chemical inertness of
perfluorocarbon compounds against acids and bases, as well as against oxidation and thermal
decomposition, favor them respect to simple alkylchain coatings. Strong attachment of the
chains to the surface and longevity of the coating have to be guaranteed in order to avoid
perfluorinated molecules emanation into the atmosphere, that would not be a sustainable
solution and therefore not to be applied.

The following paragraph presents the method developed to deposit in a reproducible way
a highly non-wetting molecular coating using perfluorodecyltrichlorosilane and shows its long
term stability under normal exposure conditions. An optimized gas-flow silanization process is
described, and the results obtained by extensive characterization of the highly non-wetting
layer are presented. In particular, the use of transmission electron microscopy (TEM) for
visualizing the organic molecular layer is emphasized, supported by more standard
characterization methods, such as grazing incidence X-ray reflectivity (GIXR). As expected,
the measured thickness is similar to the molecule length and confirms that the deposition of
trifunctional-perfluoroalkylsilane molecules do not generate a multi-layer coating. The
estimation of the coating surface energy was possible by the Zisman plot [59]. Surface
homogeneity and surface roughness values were determined by atomic force microscopy
(AFM) measurements. X-ray photoelectron spectroscopy (XPS) measurements evidenced the
correlation between water repellency and fluorine atomic concentration. Weathering tests

proved the good resistance of the coating to the aging process.

3.2 Developed silanization process

A gas-phase silanization process was selected since it presents numerous advantages
compared to a solution-based process [65][177][178]. The competition between adsorption of
reagent molecules and solvent molecules can be avoided and the reaction rate is increases

overcoming the limited diffusion rate in liquid solution. Vapor-phase conditions are also
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preferred since to maintain a solvents anhydrous dipping hydrated substrate samples into the

reaction solution is not possible.

In particular, a “gas-flow” apparatus that allows the surface silanization at atmospheric
pressure by continuous evacuation of the reaction by-products and continuous reagent supply
was built. Being two separate parts, the liquid silane reservoir and the reaction chamber can be
maintained at different temperatures, and the silane molecules in vapor-phase are brought to
the substrate by a carrier gas. The substrate pre-reaction treatment constitutes a fundamental

phase of the process, especially in the essential hydration step.

Materials

The perfluoroalkylsilane CF3-(CF5);-(CH,),-SiCl; - referred to as “PF3” - [CAS: 78560-
44-8] (ABCR GmbH & Co. KG Germany) was used without any further purification (purity >
97%).

Two different substrates were used for studying each individual reaction parameter:

a) Ordinary microscope glass slides - referred to as “glass” sample - (76 x 25 x 1 mm3,

Semadeni SA, chemical composition: SiO, 72.30%, Na,O 14.30%, CaO 6.40%, MgO 4.30%,
K50 1.20%, Al,03 1.20%, SO3 0.30%).
b) Float glass discs - referred to as “silica” sample - (8-mm diameter, 1-mm thick) with a

500-nm SiO, layer, deposited by Ar sputtering (SwissOptic AG).

Substrate pre-treatment: cleaning and hydration

The substrate pre-treatment is a crucial phase of the adopted silanization process. In
particular, the cleanliness of the silica substrate must be guaranteed and verified with water
contact angle measurements (values > 5° are not acceptable). Cleaning and pre-treatment
procedures are applied as follows: after a pre-cleaning step by ultra-sonication in a mixture of
distilled water and iso-propanol (1:1) at 50 °C, and drying in a N, gas stream, the substrates are
exposed to O, plasma (Plasmaline 415, Barrel Type Asher, Tegal CorporationTM) to complete
the oxidation of all the residual organic contaminants at the surface. The O, plasma treatment
is chosen since it eliminates the risk of contamination absorption associated with wet chemical
treatments. Subsequently to the O, plasma exposure, and before the introduction in the

silanization chamber, each substrate is exposed to a water vapor flow.
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3 Flat hydrophobic surfaces

Gas-flow apparatus and silanization process parameters

There are two main advantages of a gas-flow system: first, the silane can be completely
isolated from the reaction place, and second, it can also be kept at different temperature than
the substrate. A vector gas is used to transport the silane to the substrate and to evacuate the
by-products. In this reactor, N, is used as carrier gas, flowing through a bubbler filled with

pure (97%) liquid silane (see Fig. 3.2).
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Fig. 3.2 Schematic set-up of the gas-flow system.

The substrate is placed in a quartz tube reaction chamber, which is connected to the gas
circuit. A tube furnace maintains the substrate zone at controlled temperature. Two parallel
copper gas lines converge in front of the reaction chamber and allow the operator to select
indifferently or the pure N, gas flow or the silane-N, gas mixture flow. The gas lines are kept
at a controlled higher temperature than that of the silane bubbler bath, in order to avoid the
silane condensation along the system. A mass-flow controller regulates the N, gas flow. A
condenser allows the condensation of by-products and unreacted silane molecules.

The sample is introduced in the quartz tube after the hydration step, while pure N, gas
flows through the system. The silanization reaction begins when the N, gas flow is deviated in
the silane bubbler, kept at the desired temperature, and the produced silane-N, gas mixture
reaches the substrate. When the desired reaction time has elapsed, the silane valves are closed
and the pure N, gas flow is again selected in order to complete the evacuation of by-products

and unreacted silane. Then the substrate is extracted from the reaction chamber.

The following parameters were systematically varied:

- tyrying = Pre-reaction desorption time (i.e. exposure time of the substrate to the N gas flow, at
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controlled temperature, to eliminate the adsorbed H,O excess);

- Treaction = reaction temperature (i.e. temperature in the reaction chamber);

- treaction = reaction time (i.e. exposure time of the substrate to the silane-N, gas mixture);
- Tilane = silane temperature (i.e. temperature of the silane bubbler bath);

- tdesorption = POSt-reaction desorption time (i.e. exposure time of the silanized substrate to the
N, gas flow, to eliminate the adsorbed silane molecules and aggregates);

- @y, = vector-gas flow (i.e. N, gas flow imposed by the mass-flow controller; range < 90

sccm, where “scecm” designates “standard square centimeter”).

3.3 Surface characterization techniques

Contact angle measurement

Static and dynamic contact angles were measured at laboratory environment (T=23%2 °C,
RH%=50+5) by a homemade system consisting of an optical microscope (Projectina Swiss -
Heerbrugg). The conditions of drop formation and deposition were kept constant for
reproducibility. Digitized images of the liquid drops were recorded maximum 5 seconds after
the drop deposition. All reported values represent the average of ten contact angle values per
sample, corresponding to the left and right contact angles of five drops, deposited on the
substrate maximum 24 hours after the end of the silanization process. All calculated standard
deviation values were never larger than 3°, indicating a good macroscopic homogeneity of the
coatings. A complete characterization of the wetting properties of the obtained coating, by
static, advancing and receding contact angles measurements [36][179][180], was done on the

coated substrates showing water static contact angle equal to, or larger than, 120°.

For determining the critical surface energy (i.e. the surface energy of the hypothetical
liquid that spreads in contact with the studied surface), a series of homologue n-alkanes was
used for the extrapolation at cos® =1 of the critical value yc by the Zisman plot [59]. The
following n-alkanes were used (whose surface tensions were taken from [181]): CgHg (v =
21.14 mN/m), C1oH,5 (v = 23.74 mN/m), Cq1Hoy (v = 24.65 mN/m), C1oHog (v = 25.58 mN/
m), C1gH34 (y = 27.49 mN/m).
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Transmission electron microscopy (TEM)

A copper-SiO, TEM grid was silanized in the gas-flow reactor at optimized parameters
(see Fig. 3.3-a). The grid was embedded into a polystyrene resin by an in-situ radical
polymerization of distilled styrene. The resin was then cut by ultra-microtomy using a
diamond knife to obtain 50-nm thick slices. These lasts were placed onto a TEM grid for a
direct observation by transmission electron microscopy (see Fig. 3.3-b). Images were recorded

using a Hitachi HF-2000 microscope.

Si0y
Cu

b)

Cutting plane

l Styrene resin n

4

Fig. 3.3 Schematic of the procedure used to prepare the sample for TEM observation. a) Left:
Copper-SiO, silanized TEM grid. Right: vertical section of a silanized TEM grid
fragment. b) Left: zoom of the silanized TEM grid, embedded in a polystyrene resin.
Right: 50-nm thick slices deposited on a grid for TEM observation.

Grazing incidence X-ray reflectivity (GIXR)

X-ray reflectivity measurements of the PF3 thin layers deposited on a thermally oxidized
silicon wafer (50-nm SiO,) were performed. A PF3 layer deposited on a GaAs substrate
covered with a SiO, layer, 10-nm thick, deposited by plasma-enhanced chemical vapor
deposition (PECVD), represented the reference sample. The experiments were performed at
the Swiss Light Source (SLS,) at the Material Science beam line (5-circle diffractometer in
horizontal geometry), and on a Bruker D5000 2-circle diffractometer with a special reflectivity

stage.
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X-ray photoelectron spectroscopy (XPS)

The chemical composition of silica surfaces coated in different conditions in the gas-flow
system was analyzed in an X-ray photoelectron spectrometer (Kratos Axis Ultra - UK),
equipped with a conventional hemispherical analyzer. The employed X-ray source was the
mono-chromatized Al K, line (1486.6 eV), operating at 150 W. The pass energy was 80 eV for
wide-scan, and the acquisition time was 2 min. Analyses were performed under ultra-high
vacuum conditions (10'9 Torr) on a sample area of 300 x 700 umz, at take-off angles of 90° and

20° (corresponding to different surface sensitivities). The spectra were calibrated by Au 4f;,.

Atomic force microscopy (AFM)

The topography of the substrates before and after coating deposition in the optimized
conditions was examined in a Topometrix Explorer system (SizN, cantilever with k = 0.05 N/
m), in contact-mode, at laboratory environment (T=23+2 °C, RH%=50+5). The root mean

square (RMS) roughness value was calculated from 1 pm x 1 um images.

Weathering resistance

Standard weathering tests were carried out in a Vétsch Climatic Cabinet VCL4100 MH,
where relative humidity, temperature, and UV-vis irradiation (295 - 780 nm) can be freely
varied and monitored. The applied aging cycle of 1-month duration (sub-cycles of 24 h)
corresponds to a one-year outdoor exposure. Temperature was varied between —15 °C and +50
°C, relative humidity between 15% and 70%, UV-vis irradiation intensity was kept constant at
about 500 W/m? (that is about 3 times higher than the natural sunlight in central Europe).
Water and n-hexadecane static contact angle measurements were performed before and after

the aging cycle.

3.4 The obtained hydrophobic coating

Impact of substrate pre-treatment and gas-flow silanization parameters

The state of the cleaned sample surface immediately before any chemical surface
treatment is crucial for the final process results. The surface should be completely hydrated

and free from any organic contamination.

43



3 Flat hydrophobic surfaces

The hydration phase saturates all the surface active groups create by the O, plasma,
relaxes highly excited states like dangling bonds, and efficiently completes the hydroxylation
of the silica surface. A glass slide that was plasma treated but not hydrated before the
silanization process showed a water contact angle of 85° (Fig. 3.4-A). In contrast, a plasma
treated and hydrated glass slide, subsequently subjected to the same silanization process,

showed a water contact angle of 107° (Fig. 3.4-B).

0.5mm

B)
Fig. 3.4 Water repellency of two glass microscope slides silanized during the same process. A)

Slide not hydrated after the plasma treatment, 6 =85°; B) slide hydrated after the plasma
treatment, 6 =107°.

The fundamental aspects regarding the influence of each process parameters (see the list
in “Gas-flow system and silanization process parameters” paragraph) are summarized in Fig.
3.5. In the silanization process, the reagents are silane molecules and -OH groups (belonging to
H,O molecules, or saturating the oxide surface). Therefore, the parameters determining the
amount of evaporated silane molecules per time unit, and those that influence the amount of
water in the system during the reaction are considered. The amount of evaporated silane
molecules that transit in proximity of the substrate per time unit depends on several factors.
They are: a) the silane bath temperature (Tgjjane); 0) the amount of silane in the bubbler; and c)
the N, gas flow (dDy,). Only the silane temperature strongly influences the process efficiency.
Fig. 3.5-a shows that for the selected conditions (®p, = 90 sccm, Tgypstrate = 150 °C, treaction =
60 minutes), increasing the silane bath temperature above 80 °C does not improve the final
hydrophobicity of the treated glass substrate. At temperature lower than 80°C, the reaction is
mass-transport limited, whereas for temperature above 80 °C the deposition is chemically
limited, and the selected reaction time is largely sufficient for completing the monolayer

formation.
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Fig. 3.5 Water static contact angle values for glass and silica substrates silanized in different
conditions (see each graph insert). Each graph corresponds to one selected process
parameter. Silane temperature is the parameter with the highest influence on water contact
angle. The line in a) serves as visual guide.

The excess of molecule evaporated at higher temperature do not participate to the coating

formation, and are evacuated together with the reaction by-products. Fig.3.5-b reveals that the
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“pre-reaction desorption time” does not play an important role in the efficiency of the process,
at least for the considered reaction times. Substrate temperature and N, gas flow conditions are
not sufficiently strong to eliminate the excess of physically adsorbed H,O [182][183] in a few
seconds. Since water static contact angle does not change with the drying time, it can be
hypothesized that the water molecules of the film adsorbed on the substrate, partially
evaporated, hydrolyze the chloro-silane molecules that arrive in the system with the N, vector
gas. Perfluoroalkylsilanols are bonded via hydrogen bonds to the silanol groups at the silica
surface. The condensation reaction takes place, and by continuous vector gas flowing, the
subsequent elimination of the water molecules trapped between the organic chains and the
substrate leads to the final dense molecular coating, directly grafted to the silica surface. The
ideal coating would derive from the so-called horizontal polymerization, where each molecule
is chemically linked to the substrate and to other two neighboring silane molecules by three Si-
O-Si bridges. So far, the experimental results are not sufficient for claiming to be in the
horizontal cross-polymerization ideal case. However, since the contact angle values measured
on perfluorosilanized silica substrates (i.e. static: 123°, advancing: 125°, receding: 111°) are
similar to those observed for densely packed CF3- groups [184], one can suppose to have a
dense layer of perfluorinated chains, with a high fraction of chains presumably perpendicular
to the substrate [66]. Fig. 3.5-c shows that 5-minutes exposure of the substrate to the silane-N,
gas mixture is sufficient to reach the maximum static water contact angle. With an estimated
size of the perfluorinated chain cross-section of 0.25 nm?in densely packed layers [184][185],
and a number of 4.6 -OH groups per nm? of a perfectly hydroxilated SiO, surface [182][186],
it is clear that even in the ideal case of horizontal cross-polymerization, some -OH groups at
the substrate surface must remain unreacted [187]. All the experimental results shown in Fig.
3.5 support the general interpretation that the silanization process with amphiphilic silane
molecules is limited to a monomolecular layer. After the formation of the first layer, no other
silane molecules can react with the still available reactive silanols at the surface because of the
steric hindrance due to already linked chains. The discrepancy observed comparing the water
repellency of glass and silica substrates exposed to the same silanization process (see Fig. 3.5-
b, ¢) can be explained by the difference in the initial Si-OH surface concentration, since their
initial RMS roughness values are comparable. According to the glass composition, the surface
concentration of other oxides than SiO, should be about 18%, and it is possible that the most

appropriate substrate for silanization reaction is silicon oxide.
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3.4 The obtained hydrophobic coating

Coating characterization

Determination of the coating thickness

TEM of cross-sectional cuts [188][189] and GIXR [190][191] were selected as
complementary methods for thickness determination of ultra-thin films. Whereas TEM gives
local information and offers a direct measurement of the layer thickness, GIXR averages over
large sample surfaces. AFM was not chosen to measure the height difference (step height)
between the locally uncoated substrate and the coated parts, since the measured height
difference does not correspond to the real thickness of ultra-thin coatings. The measured layer
thickness obtained by AFM in fact depends on the chemical composition of the coating
molecule (e.g. factors like backbone, terminal groups, molecule stiffness, and creation of a

dipole in -CH,-CF3 [192] chains change the interaction with the scanning AFM tip).

Transmission electron microscopy. Fig. 3.6 shows overview dark field TEM images of
the coating deposited on the embedded sample obtained by the preparation method previously

described.

polystyrene

>

Si0 + PF3

Fig. 3.6 Dark field TEM images of a slice of the resin embedded sample: a copper TEM grid with a
SiO, membrane, submitted to a silanization reaction and embedded into a polystyrene
resin.

Bright field TEM images of an ultra-thin section of the embedded sample, showing the

SiO, film, the perfluorosilane coating and the resin, are presented in Fig. 3.7 at two different

magnifications.

Fig. 3.8 illustrates how the thickness of the silane coating was estimated. The intensity

profile (Fig. 3.8-b) established from the bright field TEM image (Fig. 3.8-a) was used to draw
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3 Flat hydrophobic surfaces

the thickness of the thin layer attributed to the PF3 part. The thickness of the PF3 layer
deduced by this method is 1.82 nm.

Fig. 3.7 TEM images at different magnifications of the copper-SiO, perfluorosilanized substrate,
embedded in the styrene resin and sliced. The nanometric thickness of the perfluoro-
organic layer is well detectable.
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Fig. 3.8 Determination of the thickness of the thin layer attributed to the PF3 coating. The intensity
profile reported in (b) is established across the region of the layer marked by the white
frame in (a).

Grazing incidence X-ray reflectivity. In order to confirm the PF3 layer thickness
defined by TEM measurements, grazing incidence X-ray reflectivity measurements were
performed. GIXR probes the electronic density profile perpendicular to the surface. This
profile is normally modeled in terms of density, thickness, and roughness parameters of a
multi-slice structure. The quality of GIXR measurements depend strongly on the substrate
flatness and the contrast of the electron densities of substrate and coatings. The perfluorinated
silane coating deposited on a silicon wafer (S) covered by a thermally grown SiO, layer of ~

50- nm thickness (RMS roughness 0.2 nm), was analyzed, and compared to the thickness

48



3.4 The obtained hydrophobic coating

measured of the PF3 layer deposited on a GaAs substrate (G), covered by a SiO, layer of ~ 10-
nm thickness, obtained by plasma-enhanced chemical vapor deposition (PECVD) (RMS
roughness 0.75 nm). The presence of the organic layer could be confirmed on both S and G
substrates. The X-ray reflectivity curves are given in Fig. 3.9 (thicker lines), together with their

simulations (thinner lines).
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Fig. 3.9 GIXR curves of the perfluorosilane layer deposited on a thermally oxidized silicon wafer
(SiO, layer ~ 50- nm thick) - lower curve (sample S)-, and on a ~ 10-nm thick PECVD
deposited SiO, layer on a GaAs substrate - upper curve (sample G). Thick lines represent
experimental values, and thin line represent simulations.

The thicknesses derived from simulations are 1.3 nm and 1.6 nm for S and G, respectively,
and result in acceptable agreement with the estimations obtained by TEM observations. The
densities determinations provided 1.2 and 1.3 g/cm3 as the best values for sample S and G,
respectively. Despite the excellent resolution in real and reciprocal space obtained using
synchrotron X-rays, a partial degradation of the organic layer probably occurred with X-ray

exposure, as it is documented by previous literature [46].

a) 5 mm| b) ©) |d)

Fig. 3.10  Wetting study on perfluorosilanized SiO,-coated GaAs. a) Behavior of water drops after
synchrotron X-rays irradiation. b) Contact angle on the irradiated zone. ¢) Contact angle
on a side of the irradiated zone. d) Contact angle before any irradiation.
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Water static contact angle measurements performed on the sample regions that were
exposed to the synchrotron X-rays showed a significant decrease, indicating that the organic
layer was damaged by x-ray irradiation (Fig. 3.10).

From these TEM and GIXR results one can conclude that the optimized and controlled

silanization process deposited about a monolayer of the trifunctional perfluorinated silane.

Determination of the coating roughness

The roughness of the coating was measured by AFM. High roughness can be found if
some reaction parameters are not controlled, especially the presence of water. The RMS
roughness of the naturally oxidized silicon wafer and of a silanized wafer was the same (i.e.
0.7 nm), within the error affecting AFM measurements. The RMS roughness of the silica
substrate in the original state (1.2 nm) was higher than after the silanization process (RMS 0.3
nm). This difference can be attributed to the fact that the silane molecules forming the layer are
not all bonded directly to the substrate, since the surface density of -OH groups at the silica
surface (~ 4.6 -OH groups/nmz) is higher than the maximum density of densely packed
perfluoroalkylchains (being the perfluorinated chain cross-section in densely packed layers ~
0.25 nm2). The film homogeneity is however guaranteed by the lateral cross-polymerization.
An AFM image of the silanized glass disc substrate is shown in Fig. 3.11. The topographic

clustered character of the analyzed surface is due to the silica substrate.

nm 680 nm 1360 nm

Fig. 3.11  Contact mode AFM image of the silanized silica surface (initial RMS roughness ~ 1.2 nm;
final RMS roughness ~ 0.3 nm). The underlying characteristic clustered appearance of the
silica surface is still visible.
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3.4 The obtained hydrophobic coating

Critical surface energy and chemical composition

Static contact angle measurements performed with liquids having different chemical and
physical properties proved the general high liquid-repellency of the developed coating (see
Fig. 3.12).

H20 CH212 C16H34 CloH22

Fig. 3.12  Static contact angle images of different liquids on the PF3 coated silica substrate
(silanization performed under optimized conditions). H,O: 123°; CH,l,: 78°; C;gH34: 60°;

C10H22: 50°.
The coating is not only very hydrophobic but also only partially wetted by alkanes. This
oil-repellent character leads to a very low critical surface energy, which can be determined by

Zisman’s method using five n-alkanes (see Fig. 3.13).
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Fig. 3.13  Zisman’s plot of the PF3 coating, obtained by static contact angle measurements with five
different n-alkanes. They are. CSH18: 450; C10H22: 490; C11H24: 520; C12H26: 580;

Cq6Ha34: 60°. The value of the critical surface energy extrapolated at cos 6 = 1 is 13mN/m.

The obtained vy, value was as low as 13 mN/m. This value is intermediate between the
characteristic value of -CF,-CF,- polytetrafluoroethylene polymer surfaces (i.e. 18 mN/m),

and the value of densely packed -(CF,),-CFz end group [59][184] (i.e. 6 mN/m).

XPS analyses permitted the comparison of three PF3 coatings presenting different water

contact angles (123°, 117°, and 96°), because deposited in different conditions of N, gas flow
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3 Flat hydrophobic surfaces

and silane temperature. Each of the three considered samples was analyzed at two different
take-off angles, varying the sensitivity depth of the chemical analysis. At take-off angle of 20°,
XPS analysis is especially sensitive to the most upper molecular layer, whereas at take-off

angle of 90° the information comes from a thicker layer, but still smaller than 5 nm.

XPS || % at. conc. for 6 = 123° || % at. conc. for 6 = 123° || % at. conc. for 6 = 123°
90° 20° 90° 20° 90° 20°
F1s 28 31 24 29 18 21
C1s 14 30 18 31 14 28
Si2p 18 18 19 18 21 24
O1s 40 21 39 22 47 27
FIC 2.0 1.0 1.3 0.9 1.3 0.7

Table 3.1 XPS data of three silica samples presenting different water repellency

The obtained results (reported in Table 1) show that the sample with the highest static
contact angle also presents the highest F atomic concentration. Considering individually each
sample, and the two analyses at different take-off angle, it results that an increase in F
concentration is always associated with an increase in surface sensitivity (i.e. lower take-off
angle), and with a decrease in F/C ratio. This fact confirms that the hydrocarbon
contaminations possibly adsorbed are on the sample surface, and comparing the three samples
allows to conclude that the most repellent coating (6 = 123°) presents the lowest contaminant
concentration, since its F/C ratio is the highest for both the different surface sensitivities.

In Fig. 3.14, the C 1s peak is observed at high magnification, in order to identify the
contributions originated by different chemical groups.

The order of water repellency is coherent with the concentration of the fluorinated carbon
species. The variation of the ratio between the signal of the -CF,- backbone and that of the
CF3- terminal group (CF,/CF5 ratio), permits the assumption that denser layers present higher

concentrations of vertically upright perfluorocarbon chains.
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Fig. 3.14  C 1s XPS high resolution spectra of three samples, presenting different static water contact
angle (123°, 117°, 96° respectively), analyzed at 20° take-off angle.

Durability test

The resistance to the external environment and the durability of PF3 coatings are
particularly interesting for their potential applications. A high chemical resistance is expected,
since the bonds between the molecule and the substrate are covalent and symmetric [Si-O-Si].
A standard weathering test was performed in a commercial climatic cabinet, where a one-
month aging cycle simulates one year of outdoor exposition. The samples were continuously
irradiated with artificial sunlight, and the relative humidity and temperature were varied

between 15 and 70% and —15° and +50°C, respectively.

Water and n-hexadecane contact angle values for three different samples, measured before

and after the aging cycle in the commercial climatic cabinet, are reported in Fig. 3.15.
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Fig. 3.15  Water and n-hexadecane static contact angles for three different coated silica substrates.
The reported values are measured before and after one-month aging cycle in a climatic
cabinet that simulates one year of outdoor exposition.
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Water contact angles values decreased by maximum 10° after the weathering test. It is
possible to conclude that the perfluorinated silane layer did not significantly suffer from
temperature and humidity changes, and from UV exposure, presumably because it is linked at

the substrate by strong covalent bonds.

3.5 Conclusions

This chapter presented the method developed for depositing hydrophobic molecular
coatings on silicon oxide substrates, in a controlled and reproducible way, by a gas-flow

apparatus, using perfluorodecyltrichlorosilane molecules.

The value of 123° measured for water contact angle on a perfluorosilanized silica
substrate is similar to that found in literature for densely packed perfluorinated chains.
However, the contribution of the initial substrate roughness to the very low critical surface
energy of 13mN/m (estimated by the Zisman plot) cannot be completely excluded, and no
experimental evidence exists that permits its quantification.

It was shown that the complete surface hydration is a fundamental aspect to ensure the
success of the silane molecules grafting process. The described apparatus permitted to
investigate the influence of each individual silanization process parameter on the water contact
angle. The only parameter that showed a strong influence is the temperature at which the silane
reservoir is kept, since it directly influences the number of silane molecules reaching the
substrate per time unit.

TEM imaging was used to measure the silane coating thickness. Resulting in the order of
a molecule length, the TEM estimated thickness suggested that the coating is presumably
constituted by a monolayer of trifunctional silane molecules, and GIXR confirmed this result.

The realized coating was also proved to be aging resistant.

The developed coating presents all the properties necessary to be systematically applied
on all the structured silicon substrates used in this thesis work, in order to make them all
comparable in their hydrophobicity, due to their new perfluorocarbon based surface chemical
composition. As emphasized in Chapter 1, the hydrophobic chemical composition is, with the
surface roughness, one of the two fundamental requirements for having superhydrophobic

solid surfaces.
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4 Superhydrophobicity:
Static contact angle investigations

In this chapter, the results of water static contact angle investigations on structured
hydrophobic surfaces consisting of perfluorosilanized periodical distribution of flat-top
obstacles are presented as a function of different roughness geometrical parameters. The
chapter begins presenting the simple thermodynamic model developed to predict the transition
between the composite-Cassie regime and the wetted-Wenzel regime, observed varying each
roughness parameter. Subsequently, all the experimental static contact angle results are

described and their good agreement with the proposed model is discussed”.

4.1 Theoretical background

The equation of Young, Wenzel, and Cassie can be derived by minimization of the free
energy of the drop-substrate system under consideration at equilibrium with the following
assumptions [46][49][70]: (i) the drop is hemispherical and its contact line is circular, (ii) it is
large compared to roughness asperity size, (iii) the volume of liquid in the asperities is
negligible with respect to the total liquid volume, (iv) gravity effects and line tension
contribution are neglected, (v) the liquid-air interface below the drop is flat and at a constant
height, (vi) the surfaces delimiting the main substrate roughness (i.e. top, lateral and bottom
pillars surfaces) are considered atomically flat; and (vii) all molecular and microscopic
interactions, especially at the level of the three-phase contact line, are ignored. Such a
derivation will be presented below, adapted to the rough surface types considered in this work

and the validity of the different assumptions will be discussed.
The system is composed of a volume V of water and a surface Sy, of rough substrate.

The model surface consists of periodic distributions of identical flat-top obstacles,
perfluorosilanized by the method described in Chapter 3. For the details on the adopted
microstructuring process, see Appendix 1. The characteristic geometrical parameters of these

surfaces are the following: pitch p (minimum distance between two consecutive obstacles),

1. Ascientific article presenting the results discussed in this chapter has been accepted for publication on Langmuir, in
December 2006.
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4 Superhydrophobicity: Static contact angle investigations

disposition factor A (statistical number of obstacles per unit surface area p2), obstacle height h,

obstacle top-surface area s, perimeter of the horizontal obstacle section L. The parameters p

and A as defined here permit the description of all possible statistical regular obstacle

distributions, and are directly correlated to the number of obstacles per surface area N (i.e.

asperity surface density), by the relation N = A/p2

. The scanning electron microscope

(SEM) and optical microscope images of a typical substrate are shown in Fig. 4.1. In this work,

millimeter drops on micrometer pillars are studied, therefore it can be assumed that the

obstacles are small compared to the drop base surface, and that the water meniscus between

obstacles is practically flat. A nanometer roughness on the side of the structured obstacles

necessarily exists, due to the fabrication process, but it is neglected in this work.
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Fig. 4.1 Model rough substrates. a) SEM micrograph (tilt angle 20°) of typical micro-structured Si
surface showing the hexagonal arrangement of 10-pum diameter cylindrical pillars (h = 40
um, p = 30 um). The main roughness parameters (diameter d, height h, pitch p, obstacle
top-surface perimeter L, and area s) are shown in the inset. b) Top view optical microscope
images of three selected surface geometrical arrangements of cylindrical pillars
(hexagonal, square, honeycomb). Obstacle disposition factors values A are also reported,
corresponding to the statistical number of pillars per unit surface (i.e. p )

On the basis of the assumptions above-described, the statistical parameters r and f, Wenzel

and Cassie roughness factor respectively, can be expressed as
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r=1+2hL 4.1)
p
and
f=2s. 4.2)
p

The free energy of the system should include an interfacial energy term, a potential energy
term, and a line tension term [131], as proposed in literature [32]. The variation of the drop
potential energy depending on the position of its mass center [132] is a weak term, which will
not be considered in this work, as it only induces a variation of a few degrees in the contact
angle estimation, especially if the drop is assumed to be hemispherical. The influence of the
drop hemisphericity is a more critical aspect, and by estimation of the drop shape factor SF (for
its definition see “Gravity effect” in Chapter 2), Chatterjee [123] showed that, especially for
superhydrophobic surfaces (i.e. with contact angles up to 170°), drops with volume less than
0.15 pL should be used to induce an error due to gravity of less than 1°. Line tension was a
very controversial concept for a long time, but recent measurements confirm theoretical
predictions proving that its contribution is negligible [133]. Therefore, the free energy may be

restricted to the sum of the interfacial energies, which is expressed as

Esurf = YLvSLv * YsvSsv + TisSis (4.3)
where y;; are the interfacial energies between i and j, Sj; are the corresponding interfaces
between the phases L, V and S, for liquid, vapor, and solid, respectively. Introducing Sg (the
external drop surface), Spase (the geometric drop base surface), Siqt, (the total solid sample
surface), x (the penetration depth of water in the asperities), and y (the ratio of the true
interface vapor-liquid meniscus in the asperities to the horizontal section) - see Fig. 4.2 -, the
surface energy is respectively:

- in a composite regime
i A
Equrf(composite) = v y[Sey ¥ (1 =F)YySpee] + YLs(bease + X stase) (4.4)
P

A
+ ysv[r(stotal - Sbase) + (l - 1:)Sbas.e + p_zLSbase(h - X)J

= YLVSext + Ccompsbase + strstom

With C oo = —yLV[f(l + '-?X) cosOy + (- 1)y | (4.5)
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- inawetted regime
Esurf(Wetted) = YLVSext + VLSerase + VSVr(Stotal - Sbase)
A
+ ysv[r(stotal — Spase) T (1 =F)Spaee + —ELSbase(h - X)}
p
= VLVSext + CwetSbase + VSVrStot
(4.6)
with Cuet = —YLylCOSOs 4.7

and cosOy,; given by Young’s equation.

A: composite (x < h): B: wetted (x = h)

Hemispherical approximation:
sext(@ 1/3

Rr@)=| 2V 1
m [2 -3cos# +cos30]
Sbase(@ Sbase (a) =TT r\,2 (9) Sinze
---------------------- S,,.(8)=2m R*(6)[1-cos 6]
- Sreal/ sﬂat

Fig. 4.2 Surface energy minimization. Top images: different interfaces (liquid-vapor, solid-vapor,
liquid-solid) are highlighted, both for the composite and wetted case. Bottom image:
notations and formulae used in the hemispherical drop approximation are reported.

Consequently, the general free energy can be expressed as a function of the measured

contact angle 6 by the following equation

3 (2/3) 1
ESUrf(ea X: y) = n(—n\_/) 3 (2/3) (48)
(2-3c0s0 +(cosO)™)

. 2
[27 (1 =1c0s0)+ C(X,y)(SINO) ]+ v, yISiotal

where C(, y) is either Ceomp Or Cyer, and cos@ is in the range [-1, 1].
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Changing variable with X = cos6 and calculating the derivative of the function with

respect to X gives

8'2_;2%(, Xy) = Zn(%2/3[vaX + ng, y)](X5+/31)2 (4.9)
[(X-1)"(X+2)]

The sign of this expression is negative with increasing X until X = X, . = Lx.y) or
X = -1, and then it becomes positive. Therefore, the function Eg,+ exhibits a miniglnLuVm in 6
for cos® = X, or 6 = m, and the lower 0, the lower the surface energy. The solutions for
cosO = X,,.are presented below, but it should not be forgotten that when these solutions are
not in the range [-1,1], the derivation also gives 6 = «, as limited cases in both wetted and
composite regimes.

In the composite case, the minimum surface energy Eg,¢ (0, X, y) is obtained for
cosp Y = f(l + Ls)-() C0S 0y, — (1 - )y (4.10)

This equation is a generalized Cassie’s equation, with f from Eq. 4.2, expanded by the
liquid penetration depth x and the curvature y of the penetrating liquid. Similar equations have
already been derived [32][193] with different interpretations of the coefficients [34][46][90].

By increasing either x or y, the minimum composite contact angle ecr?]:':]p increases, which
shows that the minimum energy is obtained for x = 0, y = 1: partial filling of the roughness
structure is thermodynamically less favorable, and does not take place, which agrees with
experimental observations [20][52], although contradicts assumptions of other authors
[44][55].

In the wetted case, the minimum surface energy Eg, (0, X, y) is obtained for

wet
CosO . = rcosBgy (4.11)

which is Wenzel’s equation, with r from Eq. 4.1.

The Cassie configuration corresponds to the lowest energy state in the composite case
(Eq. 4.10), whereas the Wenzel configuration corresponds to the lowest energy state in the
wetted case (EQ. 4.11). Therefore, two energy minima are obtained for the system, one for the
composite case (Cassie), without a filling of the asperities (Fig. 4.2-a), and one for the wetted
case (Wenzel), corresponding to a complete filling of the asperities (Fig. 4.2-b). The absolute

interfacial energy minimum corresponds to the lower minimum contact angle of both.
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Therefore, a thermodynamic criterion that can be employed to define which of the two
regimes is more favored can be derived by equating the Cassie and Wenzel contact angles [92].
Defining the contact angle on the flat surface that delimits the two regimes on a rough surfaces,
the equation thus obtained
c0s0y,, = H (4.12)

expresses the condition for which the energy for both Cassie and Wenzel states are equal,
and it therefore enables to calculate the point where the thermodynamic transition between the
wetted and composite regime occurs. For instance, the Cassie state is thermodynamically
favored if cos@,,, > €0s0,,, that is, when cos6¢, < (1-1)/(f-r).

Examples of the theoretical evolution of the contact angle as a function of one geometrical
parameter, keeping the others constant, are shown in Fig. 4.3 and Fig. 4.4-A for both the Cassie
and Wenzel models.
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Fig. 4.3
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Influence of different geometrical roughness parameters. Cassie (black) and Wenzel (gray)
theoretical curves as a function of each roughness parameters: a), b), and c) correspond to
square arrangements of cylindrical flat-top pillars as a function of pillar height (h),
diameter (d), and perimeter (L) of the top-surface, respectively; d) corresponds to the
obstacle disposition factor (A) influence on Wenzel and Cassie angles. The formula giving
the parameter value of the thermodynamic transition point th is reported in each graph.

All parameters were chosen to fit the realized experiments, with a constant static contact

angle on the flat substrate 05, = 110°. Smaller contact angles in the Cassie state, i.e. smaller

total energy states, are obtained for smaller values of the variables diameter (d), disposition

factor (A), and pitch (p), until the crossing to the Wenzel curve appears (see Fig. 4.3-b, d, and

Fig. 4.4-A, respectively). In contrast, for smaller values of the variable height (h) and

perimeter (L), the Wenzel curve corresponds to smaller contact angles (see Fig. 4.3-a, and c).

The intersection of the lines, corresponding to the value where both states are energetically

equal, is evidenced in each graph by th, and the related mathematical expression (from Eq.

4.12) is also reported.
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Fig. 4.4 Thermodynamic study of composite and wetted energy states as a function of pitch. Image

A shows the calculated Cassie and Wenzel contact angle curves as a function of pitch, for
square distributions of flat-top cylindrical pillars, and the thermodynamic intersection th
between the two regimes is also indicated. B and C show energy calculations, B for a pitch
of 15 um, where Cassie is the energy minimum state, and C with a pitch of 50 um, where
Wenzel is the energy minimum state. D is a “zoom” of the “Cassie angle” region delimited
by the dashed circle in C. Graphical representations of the liquid drop states on the
structured surfaces are linked by a flash to the corresponding points in the graphs. Energy
calculations are carried out for a 3-pL drop, on a circular substrate area of 3-mm radius.
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4.1 Theoretical background

However, as already mentioned in the introduction, experience shows that drops gently
deposited on rough surfaces do not always assume the wetted configuration, even when this
represents the absolute minimum energy. This is easily understandable from a thermodynamic
perspective, as explained for one example in Fig. 4.4. This figure presents in A the contact
angle curves as a function of pillar distance (pitch), keeping all other parameters constant; and
in B and C (and D) the energy curves are given as a function of contact angles for two different
pitch values, falling respectively into the “Cassie” thermodynamic region for B, and into the
“Wenzel” thermodynamic regions for C (and D), calculated using Eq. 4.10 (with y = 1, varying
x) and Eq. 4.11. The surface energies presented in Fig. 4.4-B, C and D correspond to a “drop-
substrate” system consisting of a water drop of ~3-uL volume deposited on a circular area of
3-mm radius of a perfluorinated silicon microstructured substrate. The related interfacial
energies values are y;\, = 72 X 1012 mJ/pmz, Ysv = 13 X 1012 mJ/um2 (i.e. the critical surface
energy of the developed perfluorosilane coating estimated by the Zisman plot -see Chapter 3-),
and ygy = 37.6 X 10712 mJ/um2 (derived by Young’s equation with 0g, = 110°). The above
precised values are those considered in all the thermodynamic analyses presented in this work

for water contact angle investigations.

With the fixed geometrical roughness parameters, from Fig. 4.4-A the isoenergetic pitch
would be ~ 26 um, with a contact angle of 157° (solution of Eq. 4.12). Smaller pitch values,
i.e. 15 um as presented in Fig. 4.4-B, results in an energy difference of about 100 nJ between
the favored Cassie composite state and the corresponding wetted state, for the reference drop of

3-uL volume.

When Wenzel is the thermodynamically favored state, like for example at 50-um pitch
(see Fig. 4.4-C), the energy curves show that, from the initial spherical drop in air to the
smoothly deposited drop on the substrate (right part of Fig. 4.4-C), the system can easily enter
into the metastable composite state shown in the zoom in Fig. 4.4-D, and associated with a
local energy minimum. Moving from this state to the thermodynamic favored Wenzel state
requires that an energy barrier is overcome, due to the filling of the asperities with water (see
Fig. 4.4-C and D). A transition energy barrier of about 1.5 nJ between the Cassie and Wenzel
state is obtained for the reference 3-uL drop by calculating the energy required to fully fill the
asperities, assuming that the contact angle (here the Cassie contact angle corresponding to the

metastable lowest energy state) remains constant in this transformation [51] (see Fig 4.4-D).
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4 Superhydrophobicity: Static contact angle investigations

Using Eq. 4.8 to evaluate the surface energy ECSOUTfp, the barrier energy can be estimated
by the expression

comp _ ~comp

comp
surf surf (ecomp’

AE surf (ecomp=

X = h)-E X = 0) (4.13)

As the variations of surfaces we are dealing with are extremely small, it is convenient to
correct for the liquid volume in the asperities for this energy calculation. The corrected drop

radius R (0, x) is found solving the 3 polynomial equation

§(2—3cose+(cose)3)R(e, x)> + (1-f)n(sin0)’x -V = 0 (4.14)

and the corrected volume can be introduced in Eq. 4.8.

4.2 Measuring static contact angles

In this work, all contact angle measurements have been performed by the sessile drop
method in a Digidrop apparatus (GBX, Romans-sur-Isére, France), under a controlled
atmosphere of water vapor almost saturated of N, (relative humidity ~ 90%), at controlled
room temperature (23°C + 1 °C). Puriss. p.a. water (Fluka, Switzerland) was used as probe
liquid. For static contact angle measurements, water drops are formed at the tip of homemade
perfluorosilanized glass capillaries. They detach from the tip, and fall onto the substrate, when
they reach a precise volume comprised between 2.5 uL to 6 pL, depending on the tip size.
Different capillaries (i.e. different drop sizes) were used especially on samples with structures
around the metastable to stable Cassie-Wenzel transition. The distance of the specific capillary
from the substrate was kept constant and at a value as to minimize the kinetic energy of the
falling drop. Digitized images of the drop-substrate system were recorded when the drop
external surface stopped to vibrate (i.e. ~ 3-5 seconds after the drop-substrate contact occurred,
depending on the drop size). Each reported static contact angle value is obtained averaging at
least six measurements, corresponding to the left and right angles of three drops deposited at
different spots on the same substrate. Static contact angle estimations were performed by a
computer program for drop shape analysis method based on the Laplace equation
[126][128][129]. All the reported static contact angle measurements are within £ 3 ° of the

averages.
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4.3 Static contact angle results

4.3 Static contact angle results

“SCA” hereafter designates “static contact angle”.

Influence of p, spacing between consecutive pillars
Fig. 4.5 presents the results of water SCA measurements performed as a function of the
spacing between consecutive pillars (pitch p = 15 um to 150 um), for cylindrical pillars (d = 10

um and h =40 um) in a square arrangement (A = 1).

Wenzel

100 - o static CA
O advancing CA (NON-negligible extra-pressure)
90 T T T T T T T
10 30 50 70 90 110 130 150
pitch () m)

Fig. 4.5 Pitch influence on SCAs. Water SCAs values of ~ 3-uL drops softly deposited on the
microstructured surfaces as a function of pitch, for square distribution (A = 1) of
cylindrical pillars (d = 10 um, h = 40 um). Cassie and Wenzel theoretical curves are also
reported. Cassie-Wenzel transition position is indicated by the dashed double arrow. (o)
Advancing contact angle values measured exerting a NON-negligible extra-pressure on the
drop-substrate system™.

The reported SCA values (full dots) are in good agreement with the Cassie and the Wenzel
models. With increasing pitch, a sharp transition from the Cassie to the Wenzel regime appears
when passing from p = 100 um to p = 110 um, for drops deposited softly on the surface. The
sharpness of the transition clearly shows that no state with partial filling of the asperities with
water is observed, but only the extreme cases of the Cassie (x = 0) or Wenzel regime (x = h) are
possible. When pushing the drop into the structures keeping the needle close to the substrate
(i.e. exerting a NON-negligible extra-pressure on the drop-substrate system), dynamic contact
angle measurements (in Fig. 4.5 open squares represent advancing contact angles) show the
Cassie-Wenzel transition for p ~ 30 um, which corresponds to the thermodynamic transition,

given theoretically by the intersection of Cassie and Wenzel curves-. Therefore, the composite
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4 Superhydrophobicity: Static contact angle investigations

states observed after soft deposition of the drop on the substrate for 30 um < p < 100 pum are
metastable composite states, corresponding to the theoretical situation depicted in Fig. 4.4 (C
and D). To predict the limit of stability of these composite states, the energy barrier from the
Cassie state to the Wenzel state was calculated considering a complete filling of the asperities

[51], according to Equation 4.13. This thermodynamic analysis is reported in Fig. 4.6.
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Fig. 4.6 Pitch influence on system thermodynamic energy. Black line (left scale) represents the
energy difference between Cassie and Wenzel states as a function of pitch, and gray line
(right scale) represents the energy barrier to fill the asperities, keeping the Cassie angle
constant, in the range where the Cassie regime is metastable (Eq. 4.13). Symbol (m)
represents the energy barrier at Cassie-Wenzel equal energy point. The lowest energy
barrier, marked with (X), falls in the range where the experimental transition occurs.

While the difference between the free energy of the Cassie and Wenzel states (black curve
referred to the left axis, and calculated by Eq. 4.8, 4.7, and 4.5) increases with increasing the
pitch, the estimation of the energy barrier that a drop in the metastable composite regime has to
overcome in order to reach the thermodynamically favored wetted state (gray curve referred to
the right axis, and calculated by Eq. 4.13) decreases with increasing p, from 1.26 x 10° mJ at

the equal energy state, to even negative values at the experimental transition, and presents a

1. As it will be shown and discussed in Chapters 6, at p = 30 um there is a large discrepancy between
the contact angle hysteresis values measured applying a “negligible” or a “NON-negligible” extra-
pressure on the drop-substrate system. In the case of a “negligible” extra-pressure, the Cassie-Wen-
zel transition falls practically in the same range of the static one, and the corresponding hysteresis is
very low, whereas with a “NON-negligible” extra-pressure hysteresis passes from values in the order
of 20° for p = 20 um, to a value as large as 120° for p = 30 um. The corresponding very low receding
angle confirms the complete liquid penetration among the asperities. This proves the wetted regime
for the drops formed on the samples with p > 30 um, and the composite regime for smaller pitches,
and consequently the Cassie-Wenzel transition localized at the Cassie-Wenzel curves intersection
(i.e. the thermodynamic equal energy point).
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4.3 Static contact angle results

minimum marked with X for p = 99 um. The precision of the calculated values should not be
over-interpreted, in view of the large number of assumptions used, especially the neglecting of
gravity, both in terms of drop distortion from a hemispherical cap and of potential energy.
However, qualitatively, the graph shows that the stability of the metastable regime decreases
with increasing pitch, and in particular, the experimental transition belongs to a pitch range
(delimited by the two vertical dashed lines) in agreement with the minimum value position of
the energy barrier curve.

In the literature, it has been proposed that the transition occurs when the gravitational
energy compensates the energy barrier [51][194]: the author would rather think that the
gravitational energy should be taken into account in the calculation of free energy and contact
angle, and that the transition occurs when the drop vibration energy at the moment of the drop-
substrate contact balances the energy barrier. For comparison, an energy barrier of 1 x 10° mJ
corresponds to the kinetic energy of a 3-uL water drop falling freely from 340 um, whereas an
energy barrier of 1 x 107" mJ is balanced by the kinetic energy of the same drop falling from
3.4 um. Although this aspect is still under investigation, it can be already affirmed that a first
estimation of the energy associated with the performed SCA measurements appears in
agreement with the order of magnitude of 107" mJ. Such an observation is based on the
assumption that any contact angle investigation is inevitably associated with an even though
small, but always present energy, for instance perceivable in the drop vibrations.

A water drop size effect on the transition from the metastable composite state to the wetted
state was not observed for drop volumes between 2.5 ul and 10 ul (see Fig. 4.7), contradicting

published assumptions [44], but supporting recent experimental results [47].

I1mm

Fig. 4.7 Images of different volume drops (V = 3.5, V =5.5and V = 10.3 uL) showing the stability
of the composite metastable regime on the microstructured sample with p = 100 pum.
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4 Superhydrophobicity: Static contact angle investigations

The flattening of big drops due to gravity changes the ratio Sp,ee/Seyt With respect to the
hemispherical drop, but maintains the drop in the composite regime, with high contact angle,

even on the substrates showing the composite state that delimits the Cassie-Wenzel transition.

Fig. 4.8 shows water SCA measurements as a function of the pitch for the three defined geo-
metrical arrangements: honeycomb “Hc” (A = 0.770), square “Sg” (A = 1) and hexagonal

“Hex” (A = 1.547).
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Fig. 4.8 Geometrical disposition influence on SCAs. Experimental SCAs measured on samples
with three different geometrical arrangements (hexagonal, A = 1.547; square, A = 1;
honeycomb, A = 0.770) of cylindrical pillars (d = 10 um, h = 40 um) as a function of pitch
for a water drop of ~ 3-uL volume are presented. The corresponding theoretical Cassie and
Wenzel curves are also reported (Hex: black line; Sq: gray line; Hc: dashed line). Arrows
indicate the Cassie-Wenzel transition for the different dispositions.

The transitions from the Cassie to Wenzel regimes are observed at slightly different pitches:
first, for the honeycomb arrangement between 90 and 100 um, then for the square arrangement

between 100 and 110 um, and finally for the hexagonal arrangement between 110 and 120 um.
The corresponding energy barrier between the metastable composite state and the thermody-
namically favored wetted state (Eq. 4.13) is reported in Fig. 4.9 as a function of the pitch, for
the three disposition factors A under consideration, together with the observed experimental
range for the transition. The experimental transitions are observed in the pitch order predicted
by thermodynamics calculations, being the minima of the three energy barrier curves all in the

region of the experimental transition range.
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4.3 Static contact angle results

Presentation of these results as a function of the asperity surface density N (i.e. N = A/ p2)

(as it reported in Fig. 4.10) reveals that the different Cassie-Wenzel transitions evidenced in

Fig. 4.8 fall into the same asperities surface density range.

Fig. 4.9

Fig. 4.10
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Energy barrier diagram for different disposition factor A, as a function of pitch. The
energy barriers minima (full dots), derived from Eq. 4.13 for the different A values, result
in agreement with the experimental observation. They fall in the right order, and in the

region of the experimental Cassie-Wenzel transition, delimited by the two vertical dashed
lines.
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All the data obtained for the different dispositions are reported as a function of the pillars
surface density (N = A/p™). The dashed rectangle evidences the very narrow range of
N where all transitions fall (comprised between 0.77 and 1 pillars per (100 x 100) umz).
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4 Superhydrophobicity: Static contact angle investigations

This similarity in the N values at the experimental Cassie-Wenzel transition confirms that
the drops are not sensitive to the distribution of micrometer obstacles (provided these obstacles
are homogeneously and regularly distributed on the surface), and supports the validity of the
axis-symmetric drop-shape assumption. Even though the drop may sit only on a limited
number of pillars (calculations give between 5 and 6 pillars of 10-um diameter with pitch of
100 wm under a 3-ul drop with a contact angle of 170°), no effect was observed on the static
wetting regime (i.e. if composite or wetted) that potentially could be attributed to the different
three-phase contact line distortions caused by different obstacles surface arrangements.

To summarize, both pitch and disposition factor influence the Cassie-Wenzel transition, in
agreement with thermodynamic models. The different geometrical arrangements considered in
this study are sufficiently regular and symmetric to avoid observable differences in the drop
wetting behavior. Consequently, the Cassie-Wenzel transition can be analyzed in terms of
asperity surface density N. In the case presented here (cylindrical pillars of 10-um diameter,

40-pum height) the transition is observed for 0.77 < N < 1 pillar per (100 x 100) umz.

Influence of d, cylindrical pillar diameter

The influence of pillar diameter in case of cylindrical obstacles is presented in Fig. 4.11.
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Fig. 4.11  Diameter influence on SCAs. Water SCAs of a ~ 3-uL drop on square dispositions (A = 1)
of cylindrical pillars as a function of pillar diameter (constant p = 50 um and h = 20 pm).
Cassie and Wenzel theoretical curves are also reported. Wenzel regime corresponds to
small diameters and Cassie regime to pillar diameters larger than 4 um. The experimental
Cassie-Wenzel transition is marked by the dashed double arrow.
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4.3 Static contact angle results

The samples series under consideration present square arrangements (A = 1) of cylindrical
pillars with constant height and pitch (h = 20 um, p = 50 um), and pillar diameter comprised in
the range 3 um < d < 20 um. Since all values are again close to one of the two curves, classic
Cassie and Wenzel models confirm their validity. Also in this case the transition composite-
wetted regime appears far away from the theoretical position (calculated for d = 40.3 um),
therefore it can be affirmed that all the observed Cassie angles correspond to metastable
composite states. In Fig. 4.12, representing the thermodynamic analysis of the system as a
function of the diameter increase, the experimental Cassie-Wenzel transition (appearing
between 4 and 5 um) falls in the region close to the energy barrier minimum (calculated for d =
3.4 um).
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Fig. 4.12  Diameter influence on system thermodynamic energy. The black line (left scale) represents
the energy difference between composite and wetted state as a function of the pillar
diameter, whereas the gray line (right scale) the energy barrier to fill the asperities in the
range where the Cassie regime is metastable (from Eq. 4.13). The symbol (m) represents
the energy barrier at the Cassie-Wenzel equal energy point. Again the experimental
transition (delimited by the two dashed vertical gray lines) occurs close to the calculated
energy barrier minimum (X).

Influence of h, cylindrical pillar height

In Fig. 4.13, water SCA values are reported as a function of the pillar height, for a series
of samples with square distribution (A = 1) of 10-um diameter cylindrical pillars with constant
pitch p = 30 um, and height h comprised between 1 and 40 um. For this whole height range,
the Wenzel wetted state is calculated to be the thermodynamic favored regime; however,

almost all measurements show SCAs corresponding to metastable composite states.
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Fig. 4.13  Height influence on SCAs. Water SCAs of ~ 3-uL drops, and theoretical Cassie and
Wenzel curves, for samples with square disposition (A = 1) of cylindrical pillars as a
function of pillar height (constant p = 30 um and d = 10 um). The double arrow indicates
the Cassie-Wenzel transition.

In particular, being the composite case independent of the pillar height, the Cassie curve
results a straight line at about 160°. Thermodynamic estimation of the energy barrier to
overcome the metastable composite states, and to reach the thermodynamically favored wetted

states, shows that this energy decreases to zero with decreasing pillar height (see Fig. 4.14).
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Fig. 4.14  Height influence on system thermodynamic energy. The energy barrier estimated (from Eq.
4.13) to pass from the Cassie metastable composite state to the Wenzel wetted state is
reported as gray line (right scale), proving that the experimental transition occurs in a
region where this energy is very low. The symbol (m) represents the energy barrier at the
Cassie-Wenzel equal energy point.
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4.3 Static contact angle results

The transition to the Wenzel regime is observed for the minimum considered asperity
height (h = 1 um). However, this observed transition should be related to the unavoidable
vibrations of the liquid-vapor menisci among the asperities at the macroscopic liquid-solid
interface associated with the drop deposition. Due to such vibrations, the liquid can possibly
touch the bottom of the asperities, thus generating the thermodynamically stable Wenzel state.
To illustrate this, Fig. 4.15 shows a real scale image of the situation of a water drop in, and on
top of, the asperities (Fig. 4.15-a and b, respectively). In such a figure, the distance between
two consecutive obstacles, to be correlated with the maximum meniscus curvature, is the
largest distance z for a regular square arrangement of obstacles, and is given by the expression
z = J2p-d.

a) b)
water
I
h=1pum h=1.8 pum
-> wetted contact -> composite contact

Fig. 4.15 A side schematic view of the contact between water and the structured surfaces at scale,
for the two smallest considered heights (h = 1 um and h = 1.8 um), showing the wetted and
the composite regimes observed respectively for h =1 um and h = 1.8 um. For the square
arrangement, the largest distance z between two consecutive obstacles, to be correlated
with the meniscus curvature, is given by z = /2p—d.

The composite state observed for a pillar height of 1.8 um (Fig. 4.15-b) shows that the
meniscus in the cavities presents a radius of curvature larger than that calculated assuming a
contact angle at the asperities edges equal to the advancing angle on the flat silanized surface
(116°), as proposed by Extrand [55], and other authors [44][50]. As a matter of fact, a
minimum pillar height of 3.7 um would be required in this case in order to keep the drop in the
composite state (assuming a spherical meniscus shape). However, in Chapter 5 (“Influence of
pillar height on Cassie-Wenzel transition” paragraph), experimental evidences will be shown
to support the validity of Extrand’s assumption in the case of dynamic contact angle

measurements.

Influence of L, top-surface pillar perimeter

To investigate the influence of pillar top-surface perimeter, samples were prepared with

square distribution of obstacles, with constant height (h = 40 um), and constant pillar top-
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4 Superhydrophobicity: Static contact angle investigations

surface area (s = 78.5 umz, which is the area of a 10-um diameter cylindrical pillar) but with
varying obstacle section shape, which results in different top-surface perimeters L (see Fig.

4.16).
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Fig. 4.16  Different obstacle section perimeters for same top-surface area. Schematic top-view of the
six selected shapes of the pillar surface, with constant area S and different perimeters L. In
the two rows, from left to right, the shape is circular, square, triangular, 4-edged star, 6-
edged star, and 8-edged star. Each shapes can be associated with an unique term “a” for
deriving analytical expressions of both perimeter and area.

Fig. 4.17  Asanexample, a SEM image (tilt angle 15°) of a 6-edged star pillar is reported.

Maintaining a constant pillar surface while varying the pillar perimeter is necessary to

rigorously determine whether the contact-line length and corrugation play a role in the
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4.3 Static contact angle results

robustness of metastable composite states, a control that was unfortunately not carried out in
previous studies documented in literature [37]. Fig. 4.17 shows the scanning electron
microscope tilted (15°) image of the 6-edged star structure as an example. Three selected
pitches, p = 100 um, 110 um, and 120 um, are chosen in the Cassie-Wenzel transition range
observed for square distribution of cylindrical pillars (see Fig. 4.5), and the resulting SCAs are

reported in Fig. 4.18 as a function of the perimeter length L.
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Fig. 4.18  Water SCAs of ~ 3-uL drop obtained on substrates with square distribution (A = 1) of
pillars with same surface area and height (s = 78.5 x 1012 m2, h =40 um), and different
section shapes, as a function of the top-surface perimeter L. Results are presented for three
different pitches p = 100 um, 110 pwm, 120 um, which all belong to the pitch region where
the Cassie-Wenzel transition occurs when the square distribution of cylindrical pillars with
identical S and h is studied as a function of the pitch (see Fig. 4.5).

For p = 100 um, all contact angle values correspond to the metastable composite regime,
as expected from Fig. 4.5., whereas for p = 120 um, all drops are observed in the wetted
thermodynamically favored state. Only for the intermediate p = 110 um, a transition between
the metastable Cassie regime into the Wenzel regime is observed between the triangular shape
to the 4-edged star shape. This results demonstrates that the increase of the contact line length
and corrugation associated with the asperity top-surface perimeter increase, has the effect to

increase the extent of the composite metastable regime.
The experimental transition range, delimited by two gray dashed lines in the energy
analysis of Fig. 4.19 for p = 110 um, corresponds again to a low value of the estimated energy

barrier with increasing perimeter, to pass from the Cassie metastable composite state to the
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thermodynamically favored Wenzel wetted state.
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Fig. 4.19  Obstacle top-surface perimeter influence on system thermodynamic energy for p = 110
um. The curve of the energy barrier to pass from the Cassie metastable state to the
thermodynamically favored Wenzel state is in agreement with the experimental tendency.
We can observe that the energy barrier increases with increasing the obstacle perimeter.
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Fig. 420  Calculation of the energy barriers for the three selected pitches as a function of the
obstacle perimeter, showing that the barrier energy is lower for lower pitch value.

The energy barrier calculation for the three considered pitches as a function of the
perimeter (Fig. 4.20) shows that the Cassie-Wenzel transition should occur at a smaller
perimeter for a smaller pitch and at a higher perimeter for a larger pitch. However, it has to

pointed out that the experimental Cassie-wenzel transition occurs at the change of the pillar
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4.3 Static contact angle results

top-surface shape from a convex to a concave structure. Although the presented
thermodynamic interpretation seems in agreement with the experimental results without
considering this aspect, a possible influence on the Cassie-Wenzel transition position of the
contact line shape variation cannot be excluded a priori. Further investigation in this direction

would be very useful.

It can nevertheless be concluded that the shown experimental results support the idea that
increasing the complexity of the pillar shape enhances the robustness of composite metastable
states. The implication of the mentioned contact line length and corrugation influence on such

a phenomenon will be discussed in more details in Chapter 5.

Influence of pillar absolute size

The influence of obstacle absolute size, keeping f and r parameters constant, was also
studied. Five series of samples were prepared varying simultaneously diameter and height of
cylindrical pillars in square distribution, using the relations: d = i and height h = 2i, for i = 3, 5,
10, 14, and 20 um. Each samples series, one for every i value, consisting of eight different
pitches, was selected to have the same series of r and f parameters, using the following
relations: f = '%t(g)z andr = 1+ 2An(§)2. Fig. 4.21 reports a scheme that explains the
criterion adopted to prepare these samples, referred to as “scaling criterion”.

Scaling criterion

g (P/d)q (p/d)2

h|
series dy

SERIES
d1=3|.1m d2=5].1m d3=10].1m d4=14|.1m d5=20|.1m

WITH h=2d;
AND (p/d)1=1.5 (p/d)y=2.5 (p/d)3=5 (p/d)4=7.5
(p/d)s=9  (p/d)g=12 (p/d)7=15 (p/d)g=20

Fig. 4.21  ““Scaling criterion”. Scheme illustrating the criterion adopted to prepare the samples with
different pillars absolute size in the micrometer range.
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4 Superhydrophobicity: Static contact angle investigations

Keeping the f and r roughness factors constant means that Cassie and Wenzel theoretical

models predict exactly the same series of contact angle values for all the five samples series as

a function of p/d, and therefore the identical energy value for the Cassie and Wenzel
_ ) _ ) (P An(1-7co0s05,)
intersection point, given by the expression ( ) =

th

d , from Eq. 4.12.
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Fig. 422  SCA measurements of ~ 3-uL drop as a function of p/d for five different pillar diameters
(3 um < d < 20 um), keeping constant h = 2d and varying p. Cassie and Wenzel theoretical
curves are also reported. Arrows show the Cassie-Wenzel transition position observed for
the different samples series. The larger the diameter, the lower the p/d value at which the
Cassie-Wenzel transition occurs.
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Energy barriers calculated for the five samples series as a function of the p/d ratio. The
energy barrier minimum falls at smaller p/d when d is higher, and vice versa, which is in

agreement with experimental results. The minima of the energy barriers are marked by
Crosses.
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4.3 Static contact angle results

Fig. 4.22 presents the experimental SCAs, as well as Cassie and Wenzel theoretical
curves. The Cassie and Wenzel curves fit correctly the data, and again, transitions from
composite to wetted regimes are observed at pitch/diameter values much larger than the equal
energy state at the Cassie-Wenzel intersection. Concerning the Cassie-Wenzel transition, it can
be observed that the smaller the pillar diameter, the higher the p/d value at which it occurs, and
vice versa. Calculation of the energy barrier according to Eq. 4.13 shows a good correlation
with these data, as all the energy barrier minima approximately correspond to the experimental
transition regions (see Fig. 4.23). This constitutes a valuable proof that, for identical r and f
values, reducing the pillar size in the micrometer range increases the extent of the metastable

composite state.

Influence of f, Cassie roughness parameter

Summarizing all the experimental SCA values of this work in Fig. 4.24 as a function of
the Cassie roughness factor f (i.e. the surface fraction of the liquid-solid contact at the drop-
substrate interface, from Eq. 4.2) reveals that the transition between the metastable Cassie
regime and the Wenzel regime always occurs for low and similar values of f, all comprised
between 0.0035 and 0.0140 (apart from the transition as a function of h, which mostly depends

on another phenomenon, i.e. meniscus curvature due to drop vibration, as discussed earlier).
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Fig. 4.24  Water SCAs values as a function of Cassie roughness parameter f. Summary of all results
presented in the previous graphs. Cassie theoretical curve is also reported for the series
with square distribution of 10-um diameter pillars. All the experimental transitions take
place in the range (delimited by the dashed rectangle) 0.0035 < f < 0.0140, for values
much smaller than those thermodynamically predicted, all lying in the range 0.0873 < f <
0.1939, represented in the graph by the two vertical dashed lines.
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4 Superhydrophobicity: Static contact angle investigations

This means that metastable composite drops can sit on 99.6% of air, or, otherwise said,
that only 0.4% of the macroscopic drop-solid interface holds the drop in a superhydrophobic

state!

The calculated thermodynamic transition between Cassie and Wenzel states for the
surface geometries realized in this work lies in the range of f between 0.0873 and 0.1939
(vertical dashed lines in Fig. 4.24), corresponding to a solid-liquid interface fraction at the
drop-substrate contact surface between 8.7 and 19.4%, consequently far away from the

observed transitions, and comprised in a much larger f range.

Dynamic contact angle measurements performed on the same samples series considered
in this chapter will be presented in Chapter 5 and Chapter 6, depending on the adopted
measurement configuration, and interesting considerations especially concerning the extent

and robustness of the metastable composite regime will be suggested.

4.4 Conclusions

In this chapter, superhydrophobic surfaces with a periodic controlled flat-top roughness in
the micrometer range were considered, and the influences of six different geometrical
parameters (minimum distance between pillars, pillar geometric distribution mode, cylindrical
pillar diameter, pillar height, pillar shape, and absolute pillar size) were investigated by water

SCA measurements, at room temperature.

All the measured SCA values (one series for each considered geometrical parameter) were
in good agreement with the behavior predicted by a simple thermodynamic interpretation,
based on the surface free energy minimization of the considered drop-substrate system. In
particular, a transition between the Cassie and the Wenzel regime was experimentally
evidenced for a well-defined range of each geometrical parameter. It was shown that when
millimeter water drops were softly deposited on the prepared surfaces, the transition did not
correspond to the thermodynamic one (i.e. to the point where the Cassie-composite and the
Wenzel-wetted regime present identical contact angle values, and consequently the same
energy level), but to a point where the system has enough energy to overcome the energy
barrier between its initial metastable composite state and the thermodynamically favored

wetted regime.
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4.4 Conclusions

Although the details of the Cassie-Wenzel transition remain unknown, its position
correlates nicely with a calculation of the energy required to fill the asperities, keeping the

Cassie angle constant.
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5 Superhydrophobicity:
Adv- and Rec-CA investigations with a
negligible extra-pressure

This chapter presents the results of water advancing and receding contact angle (in the
title referred to as “Adv- and Rec-CA” for brevity) measurements performed on
microstructured hydrophobic substrates consisting of perfluorosilanized regularly distributed
flat-top pillars, as a function of different geometrical roughness parameters. These dynamic
contact angle measurements are conducted exerting a negligible extra-pressure on the system.
The Cassie-Wenzel dynamic transition position evidenced for each roughness parameter is
discussed in relation to the corresponding static transition (see Chapter 4). The contact angle
hysteresis results are shown and discussed in terms of the associated wetting regime.
Arguments concerning the influence of the three-phase contact line features, such as its length,
fragmentation and corrugation, are proposed with a discussion regarding the results obtained
from the study of the Cassie-Wenzel transition position and the contact angle hysteresis as a
function of the asperity absolute size. The water dynamic contact angle results obtained on a
series of nanostructured and perfluorosilanized samples allow determination of the asperity
size range where superhydrophobicity appears and vanishes, and the most suitable size for

designing superhydrophobic surfaces of good quality g

5.1 Measuring dynamic contact angles with a negligible
extra-pressure

Advancing and receding contact angle measurements were performed using the same
apparatus as indicated in Chapter 4 (paragraph 4.2). Here, a stainless steel needle (500-um
external diameter) is kept at ~ 1 mm from the sample surface. A water drop was formed at its
apex by turning a micrometric screw directly connected to the syringe piston. Further turning
increased the drop size to a maximum of 7 uL, and turning in the opposite direction again

decreased the drop size, both processes being executed at speeds comprised between 0.6 and

1. Ascientific article presenting the results discussed in this chapter is in preparation.
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5 Superhydrophobicity: Adv- and Rec-CA investigations with a negligible extra-pressure

0.8 uL/sec. When the drop-substrate contact occurred, a video started to record drop variation
during the complete dynamic process (acquisition rate of 25 frames/sec). The contact angle
that the drop forms during liquid supplying, from the moment when the drop-substrate contact
base starts to increase, represents the advancing angle. Conversely, the contact angle formed
during liquid withdrawing, from the moment when the drop base starts to decrease, represents
the receding angle. All the advancing and receding angle values reported in this chapter
correspond to the average of at least five measurements performed on at least five frames
recorded during drop volume increase and decrease, respectively. Fig. 5.1 shows a sequence of
images selected from a video of a typical dynamic contact angle measurement process. From
image 2 of the sequence, it can be noted that a certain extra-pressure is exerted on the system
by this method: in fact, the liquid drop is somehow squeezed between the substrate and the
needle apex. The pressure exerted on the curved liquid-air interface of the squeezed drop is the
same as that exerted on the substrate in this initial phase of the drop volume increasing process.
For Laplace, such a pressure is quantifiable by considering the radius of curvature of the
liquid-air interface x, and the surface tension of the liquid y,, and substituting in the equation
AP = 2y, /X . In this case, such an equation will be expressed in the equivalent form
AP = 2y lcos®'| /x , where |cos®'| is the corrective term for considering the specific
contact angle formed by the drop at the substrate at the moment when it is squeezed [47]. In

this case, x corresponds to half of the distance between the needle apex and the substrate.

liquid supplying
1) l 2)
liquid withdrawing
5) 6) 7) 8)

Fig. 5.1 Dynamic contact angle measurements exerting a negligible extra-pressure on the drop-
substrate system. Image sequence selected from a typical video recorded for advancing
and receding contact angle measurements by the sessile drop method (typically 200 frames
taken with an acquisition rate of 25 frames/sec). The drop volume total variation related to
a typical dynamic measurement corresponds to ~ 6-7 pL.
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5.2 Dynamic contact angle results

By considering x ~ 0.5 mm, and an overestimated contact angle of 180° for image 2 - Fig.
5.1, the related extra-pressure is overestimated by ~ 300 Pa (corresponding to ~ 3 cm of water).
Such a pressure can be considered negligible in this systematic dynamic study, since no
significant difference was evidenced in comparing the Cassie-Wenzel transition positions,
recorded for each considered geometrical parameter by dynamic measurements, to those
recorded by static measurements (further comments on this aspect are presented in the
following paragraph). In conclusion, during dynamic measurements, it must be borne in mind
that the liquid supplying and withdrawing, even if performed in a quasi-stationary regime (i.e.
with a very low volume variation rate), are always associated with a perturbation of the system.
These perturbations induce wetting transition from metastable composite states to wetted states
more and more easily when the energy barriers between the states are lower (see references
[47][49][501[51][53][701[72][93]).

5.2 Dynamic contact angle results

“SCA” hereafter designates “static contact angle”; “DCA” “dynamic contact angle”;
“ACA” “advancing contact angle”; “RCA” “receding contact angle”; and “CAH” “contact
angle hysteresis”.

Influence of pillar spacing on Cassie-Wenzel transition
The results of water ACA and RCA measurements performed on microstructured
perfluorinated silicon surfaces, with periodical distribution of identical flat-top obstacles
differing in pitch size (with p comprised between 15 um and 150 um) are presented in Fig. 5.2.
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Fig. 5.2 Pitch influence on DCAs. a) Water ACA and RCA values measured on samples with
square disposition of cylindrical pillars (d = 10 um, h = 40 um) with different pitch, and
comparison with the related SCA values, and with Wenzel and Cassie models. b) Images
of ~ 3-ul water static drops in contact with surfaces presenting three different pitches (1, 2,
3 correspond to p = 15, 100, 120 um, respectively). The values of the f Cassie roughness
factor for each surface are also indicated.

For details concerning adopted methods of silicon microstructuring and
perfluorosilanization see Appendix 1 and Chapter 3 respectively. The SCA values (already

presented in Chapter 4, Fig. 4.5) are also reported for comparison.

Cassie and Wenzel curves, calculated considering the water SCA on the flat silanized
SiO, surface (054 = 110°), are reported on the same graph as continuous lines. The measured
static values and the values calculated by the two models result in good agreement. As
expected, all the static values are comprised between the corresponding DCAs. Composite
states are observed for a much wider pitch than that of the thermodynamic transition point
between the two regimes, represented by the intersection between the two curves. The energy
analysis of the position where the static Cassie-Wenzel transition effectively occurs is reported
in Chapter 4, where a rough estimation of the energy barrier that metastable composite Cassie
states have to overcome to be transformed into Wenzel wetted states is in agreement with the
experimental results. Static and dynamic transitions from the Cassie to Wenzel state appear
within a narrow range of pitch. The last observed Cassie state increasing the pitch is found at p
= 10d and p = 9d, respectively, for static and dynamic measurements. This represents a further
validation of the model proposed in Chapter 4, since the estimated extra-pressure of ~ 300 Pa,
associated with the dynamic measurements technique adopted in this work, is sufficient to
induce the Cassie-Wenzel transition only for the static composite state observed at minimum
asperities surface density (i.e. p = 100 um). Subsequently, in this chapter, an interpretation of

the possible shift direction observed by comparing static and dynamic Cassie-Wenzel
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5.2 Dynamic contact angle results

transition positions, as a function of a precise roughness parameter, will be formulated and
associated with the relative robustness of the related composite states. Contrary to what is
proposed by other authors [35][44][51][55], the drop gravity effect is excluded as possible
significant factor in determining the transition from the composite Cassie to the wetted Wenzel
state. Static and dynamic contact angle experiments, repeated varying the water drop volumes
in the range from ~1 ul up to ~12 pl on the two substrates limiting the Cassie-Wenzel
experimental transition, showed the same composite or wetted wetting regime. If the drop
volume is increased, the water-air interface shape deviates from a sphere cup according to the
Laplace equation, due to the gravity effect contribution. For very large volumes, drops are

flattened in the upper part, and the equation

k = 2asing (5.1)
where a = m represents the capillary length, and 6 the contact angle that the
drop forms with the considered surface, gives the maximum drop thickness of large drops (see
reference [80] and references therein). Being the capillary length for water ~ 2.7 mm (at 20°C,
1 atm.), k ~ 5.4 mm corresponds to the maximum possible thickness for a big water drop with
a maximum ideal contact angle of 180°. The associated maximum pressure acting on a surface,
due to the gravitational energy of a water drop deposited on it, is estimated as being ~ 50 Pa,
substituting Kpax ~ 5.4 mm in P = pgk . Such a value is far lower than P = 300 Pa, i.e. the
pressure associated with the initial phase of the adopted DCA measurement technique,
previously defined as negligible in determining the transition from the composite to the wetted
state (see Paragraph 5.1). This confirms the good stability of the observed metastable
composite states in the considered pillar size range, even at high pitches, and thus the Cassie-
Wenzel transition phenomenon may be interpreted as being mainly influenced by variations of
the system surface free energy and three-phase contact effects (the former associated with the
thermodynamic considerations presented in Chapter 4, and the latter associated with aspects
that will be discussed later in this chapter - “Influence of pillar absolute size on Cassie-Wenzel
transition” section of this paragraph).
Concerning the hysteresis trend, two main regions of A6 are evidenced in Fig. 5.3 by the
two dashed lines, corresponding to the two possible composite and wetted regimes. Basically,
there are two substantially different phenomena. In the composite states part (p < 90um ), the

minimum measured hysteresis is 8°, and the rapid A® diminution when the pitch is increased
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corresponds to an enhancement of the so-called “self-cleaning properties” of the surfaces, for
which the ideal hysteresis limit value is 0°. The low hysteresis values recorded for such
composite drops on surfaces with wide pitches is associated with a practically spontaneous

drop rolling on the same surfaces, just slightly tilted.

80 | ¢ CAH d=10um, h=40um
e ® CAH flat
R
[%]

pitch (um)

Fig. 5.3 CAH values (i.e. the difference between ACA and RCA) related to results shown in Fig.
5.2. The value on the perfluorosilanized flat substrate is also reported for comparison. The
dashed lines serve as visual guides.

This phenomenon can be represented as involving both the solid-liquid contact surface at
the substrate-drop interface and three-phase contact line. During the demonstrated “drop
rolling” [96] on a regularly structured surface, they can be assumed to change position but
remain constant in area and length respectively, since during the rolling process the drop
contact angles can be considered constant. The practically spontaneous drop displacement (i.e.
for ~ 0° substrate tilt angle), observed independently of the drop volume for Cassie drops
deposited on the structured surfaces with wider pitch, can be ascribed to the low energy barrier
between the neighboring positions assumed by the drop on such a surface. The “total pinning”
phenomenon that opposes the motion of the rolling drop is smaller for surfaces with larger
pitch since the related number of pillars in contact with the drop is lower. In this case, both the
total solid-liquid contact area at the drop-substrate interface and the total three-phase contact
line length decrease. In other words, when the pitch is increased, the number of obstacles in
contact with composite drops of the same volume is lower, and the energy barrier to the

movement of the related smaller total contact area and shorter contact line is lower.

Rough estimations of the “total contact line” length CL;y, and the related number of

pillars Ny (or “total contact line fragments”) per unit planar surface of the structured
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5.2 Dynamic contact angle results

substrate, are calculated and reported in Fig. 5.12-a for square distributions (A = 1) of pillars
with three different diameters (d = 3um, 5 um, 10 um), as a function of the pitch in the region
where composite states were experimentally observed (see the section “Influence of pillar
absolute size on Cassie-Wenzel transition” for detailed definition and calculation of the CL

and Ny parameters).

Different observations can be made concerning the hysteresis trend observed for
p >100um, i.e. in the region of the Wenzel regime. Here the hysteresis phenomenon involves
only an external three-phase contact line since water wets asperities completely. The recorded
hysteresis diminution is again due to a decrease in contact line length, but in contrast to the
composite regime, here the three-phase contact line is continuous. During the liquid
withdrawing from the drop, it is pinned to the asperities, and obliged to follow their whole
contour in the three directions. Energy barriers between consecutive configurations during the
drop volume variation are higher, and for comparable speeds of supplying and withdrawing,
the liquid pinning is more significant for surfaces with lower pitch, which present a larger
number of obstacles per unit area. The pitch increase induces a slow hysteresis decrease, and
ideally, for pitches tending towards the diameter of the deposited drop, water drops should
behave as on flat surfaces (where hysteresis measures ~ 12° - see Chapter 3). With these
experiments, the f value range, comprised between 0.0065 and 0.0097 (corresponding to p =
90 and 100 um, respectively), has been associated with the Cassie state that presents the
minimum hysteresis for surfaces with regular distribution of cylindrical flat-top 10-um
diameter pillars, and identified with both the static and dynamic Cassie-Wenzel transitions. In
Fig. 5.2-b the optical microscope lateral images of water drops are related to the top-view
microscope images of the corresponding pillar-like surfaces for selected pitches. The
immediately visible differences in the surface density of the asperities is underlined by the
values of the related f Cassie roughness factors. Image 2 of Fig. 5.2-b represents a ~ 3-ul water
drop suspended on a surface composed more than 99% of air! It should be emphasized here
that the best self-cleaning properties (i.e. minimum hysteresis values) experimentally observed
are associated with metastable composite states at the limit of the minimum asperity surface
density where composite states are allowed, and which, because of this, are predisposed to
easier transformation into the corresponding Wenzel state (i.e. for which the energy barrier that

has to be overcome for the Cassie-Wenzel transformation is minimum - see Chapter 4).
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Influence of pillar diameter on Cassie-Wenzel transition

The influence of the pillar diameter on the DCA investigations in the presence of a
negligible extra-pressure is shown in Fig. 5.4, together with the SCA values, for a samples
series composed of a square distribution (A = 1) of cylindrical pillars, 20-um height, with pitch

p =50 um, and diameter comprised between 3 um and 20 um.
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Fig. 5.4 Diameter influence on DCAs. SCA and DCA values measured for water drops deposited
on samples with square dispositions (A = 1) of cylindrical pillars (h = 20 um, p = 50 um)
with different diameters, and comparison with Wenzel and Cassie models (decreasing and
increasing continuous curves, respectively).

Again, the metastability range of the static Cassie state is confirmed by the DCA
measurement technique adopted. In particular, the experimental position of the Cassie-Wenzel
transition exhibited by both static and dynamic measurements is the same, corresponding to a
range delimited by the values 4 and 5 um. This result signifies that in all considered cases the
energy associated with an extra-pressure of ~ 300 Pa was insufficient to overcome the energy
barrier necessary to induce the Cassie-Wenzel transition. Even the 5-um-diameter pillar
substrate, corresponding to the first composite state found in the direction of the diameter
increase, and associated with the considered minimum energy barrier between Cassie and

Wenzel states, requires a pressure higher than ~300 Pa to induce the transition.

Fig. 5.5 shows the contact angle hysteresis results derived from Fig. 5.4. In this case also,
the evident change in the CAH value as a function of the pillar diameter increase can be
associated with the change from wetted to composite in the wetting regime. In particular, the
two different hysteresis tendencies related to the two different regimes in the considered

diameter range give rise to some interesting observations. While for the wetted regime a
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decrease in the hysteresis value is observed when the pillar diameter is increased, for the

composite regime an increase is observed.
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Fig. 5.5 CAH values related to DCA results of Fig. 5.4. The value on the flat substrate is also
reported for comparison. The dashed line serves as a visual guide.

In the first case, the three-phase contact line can be imagined continuous and moving on a
3-D surface. On top of the pillars it presents a larger curvature radius for larger diameter. As
mentioned in Chapter 2 (see Eg. 2.16 in “Contact line tension effect” section), a lower
discrepancy from the Wenzel calculated contact angle is theoretically justified if the contact
line curvature is larger [136]. In practice, a larger contact line curvature radius can be
associated with a lower pinning of the contact line, and consequently its easier motion during
dynamic measurements. In the case of composite regimes, the arguments are different. Here
the three-phase contact line is discontinuous and moves on a 2-D surface. Since the samples
considered in this study present the same pitch, the contact line fragmentation can be
considered constant, but the difference in pillar diameter implies a longer contact line for a
larger diameter. A composite state related to a longer contact line can be associated with a
more significant pinning phenomenon at asperity edges. An increment of pinning during DCA
measurements causes an increase in the related CAH values. The observations made
subsequently, under “Influence of pillar absolute size on Cassie-Wenzel transition”, will
complete and clarify the basis for the proposed interpretation to hysteresis variation as a
function of pillar diameter. Finally, it can be noted that the CAHs of composite states cannot
increase indefinitely by increasing the diameter. For a diameter close to pitch width, the

hysteresis value should presumably be close to the value on the flat substrate.
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Influence of pillar height on Cassie-Wenzel transition

Some authors [44][49][50][55] have clearly mentioned obstacle height as being one of the
fundamental parameters that must be optimized to obtain robust composite superhydrophobic
substrates. Despite the fact that no experimental evidence exists describing liquid penetration
among the asperities of a rough surface due to an extra-pressure acting on the liquid drop,
initially suspended in the composite regime, and that the Cassie-Wenzel transition mechanism
is still not understood, the concept that the greater the asperity height, the more robust the
composite state remains intuitive. This originates from the assumption that the irreversible
collapse of the composite drop into the wetted regime can be considered the consequence of the
contact between the liquid and the bottom surfaces of the asperities. However, here the
influence of the asperity height on the dynamic wetting properties of microstructured surfaces
is studied in the presence of a negligible extra-pressure acting on the drop-substrate system (as
described in Paragraph 5.1).

A series of samples presenting a square distribution (A = 1) of flat-top cylindrical pillars
of identical diameter and pitch (d = 10 um, p = 30 um) but different height (h ranging from 1
um to 40 um) were considered. In particular, the selected p = 30 um lies in the region where
surfaces with square distribution of 10-um diameter pillars should present the Wenzel regime
as the thermodynamically favored state (see Cassie and Wenzel theoretical curves in Fig. 5.2).
The Cassie composite states possibly observed are thermodynamically metastable (see Chapter
4).
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Fig. 5.6 Height influence on DCAs. SCA and DCA values measured for water drops deposited on
samples with square disposition of cylindrical pillars (d = 10 um, p = 30 um) of different
height, and comparison with Wenzel and Cassie models (decreasing and increasing
continuous curves, respectively).
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5.2 Dynamic contact angle results

In Fig. 5.6 the experimental water SCAs, ACAs and RCAs are reported as a function of
pillar height, together with the Cassie and Wenzel theoretical curves calculated for 054 = 110°.
The dynamic Cassie-Wenzel transition falls at a slightly greater height than the static
transition. This again validates the theoretical model proposed in Chapter 4, being the exerted
extra-pressure sufficient to shift the transition for the least stable metastable states as
evidenced by static measurements. The dynamic measurements show a wetted regime for the
two lowest considered asperity heights of 1 um and 1.8 um, while composite states are
observed for h = 4.6 um. The pressure of ~ 300 Pa, associated with the DCA measurements, as
limit effect can provoke a deformation of the meniscus between consecutive asperities until its
curvature at the asperity edge forms a contact angle equal to the advancing contact angle on the
flat surface (0 5qy f1at = 116°), with a related maximum penetration depth z ~ 3.7 um (given by
the relation z = ./2p —d). This interpretation is confirmed by the observation of the wetted
state on the two considered substrates with h <3.7um (i.e. h =1 pum and 1.8 um) and the
composite states for h > 3.7um. On the substrate with h = 4.6 um, the maximum meniscus
penetration z = 3.7 um would in fact not be sufficient to provoke the liquid-solid contact at the
asperity base level, causing the wetted contact. This is why on samples with h > 3.7um , drops

maintain the composite states even during dynamic measurements.

On the basis of such results, we can firstly exclude any partial liquid penetration among
the asperities associated with both static composite and dynamic composite states where no
significant extra-pressure is applied. As shown in Chapter 4, hypothetical states associated
with partial liquid penetration among the asperities are never energetically favored. Secondly,
the flatness of the meniscus between two consecutive obstacles associated with static drops in

composite contact with rough surfaces can be confirmed, as suggested in Chapter 4.

The images shown in Fig. 5.7, recorded using an environmental scanning electron
microscope (ESEM) during a water condensation process, support this interpretation, although
related to a surface with a very small pitch (p = 15 um). Thus, the flatness of the menisci in
Fig. 5.7 could be interpreted as an effect of a consistent line-tension contribution, due to the
visible deviation from a sphere portion of the liquid-air interface, especially in the solid-liquid
contact region. The differences between the ACAs and RCAs in Fig. 5.6, i.e. the hysteresis
values, are reported in Fig. 5.8, again as a function of the pillar height. All values

corresponding to composite states belong to the same horizontal line, a clear demonstration
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that the “non-forced” dynamic properties of drops in the composite states are independent of

the height of the asperities on which they sit.

Fig. 5.7 Environmental scanning electron microscope images recorded during observation of a
water condensation process on a rough surface with square disposition of 10-um diameter
pillars and h = 40 um, p = 15 um. The a) b) c) sequence represents the same small water
drops during their growth process. In a) they lie on top-surfaces of single obstacles; in b)
and c) they collapse into bigger composite drops, suspended partially on top-pillar surfaces
and partially on flat liquid-gas menisci.

As for the values related to the only two observed wetted cases, it can reasonably be
affirmed that they are aligned only because the difference in height of the pillars on the two
related substrates is not great enough to show significant differences in the actual substrate

area (i.e. in the Wenzel roughness factor r), and consequently in the contact angles.

90

¢ CAH d=10um, p=30um

e an (2] ~
o O o o
1 1 1 1

| Wenzel
.“..

w
o

o2 *.
A g

Cassie

contact angle hysteresis(°)
o
*

=N
o
I

o

5 10 15 20 25 30 35 40 45
height (um)

o

Fig. 5.8 Hysteresis values related to the DCA results shown in Fig. 5.6. The dashed lines serve as
visual guides.

For the wetted regime, however, the contact angle hysteresis related to the asperity height
increase is expected to augment. While the advancing contact angle should remain practically
constant, the receding angle should decrease due to the augmented pinning phenomenon of the

liquid among the taller asperities.
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5.2 Dynamic contact angle results

Influence of pillar absolute size on Cassie-Wenzel transition

Several series of samples, each with a square disposition of cylindrical pillars with a
specific diameter d and height h = 2d, are prepared in order to study the influence of asperity
absolute size on the position of the Cassie-Wenzel transition. Five series of samples are
prepared for five selected diameters (i.e. d = 3, 5, 10, 14, and 20 um), each series composed of
eight different pitches, the latter selected using the relations f = %(:—DZ and
r=1+ 2An(g)2 in order to obtain the same series of r and f roughness factors.

Fig 5.9 shows a scheme explaining the criterion adopted to prepare these samples, referred
to as “scaling criterion”, with details concerning pillar diameter, height and pitch of the

prepared rough substrates.

Scaling criterion

g P (p/d)2

h|
series dy

series dy

SERIES

dy=3um do=5pm d3=10um ds=14pm ds=20um

WITH h=2d;

AND (p/d)1=1.5 (p/d)2=2.5 (p/d)3=5 (p/d)4=7.5
(p/d)s=9  (p/d)g=12 (p/d)7=15 (p/d)g=20

Fig. 5.9 *“Scaling criterion”. Scheme illustrating the criterion adopted to prepare samples with
different pillar absolute sizes in the micrometric range.

Both roughness factors (r and f) were kept constant to enable Cassie and Wenzel
theoretical models to predict precisely the same series of contact angle values for all five
series. In Fig. 5.10 the experimental values of the p/d ratio where the Cassie-Wenzel transition
takes place are reported as a function of pillar diameter, for both static and dynamic regimes. In
particular, for each diameter, two p/d values are reported: one corresponding to “the last Cassie
state”, and a second corresponding to “the first Wenzel state”, both observed in the direction of

the pitch increase. Thus, full and empty symbols (circles for the static and squares for the
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dynamic regimes) represent the limit where the Cassie-Wenzel transition has been observed,

for static and dynamic measurements respectively.
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Fig.5.10  Values of the p/d ratio delimiting the static and dynamic Cassie-Wenzel transition
positions for different diameters (3um <d<20um). Linear trend-lines are reported
simply to underline the differences in slope between static and dynamic wetting properties.
The horizontal dashed line indicates the theoretical p/d value of the Cassie-Wenzel
transition, identical for all the considered sample series.

The first observation is that in the considered micrometer range ( 3um <d<20um),
reducing the absolute size of the model obstacle causes an improvement in both static and
dynamic superhydrophobic properties, since the static and dynamic Cassie-Wenzel transition
gaps fall at smaller surface asperity density (i.e. larger p/d ratio) than that predicted by theory.
This is expressed by the negative slope of all the linear trend-lines added to the experimental
values in Fig. 5.10, in contrast to the theoretical static transition point, unique for all
considered series, corresponding to the intersection point between the Cassie and Wenzel
curves [35] (see also “Theoretical background” paragraph in Chapter 4) and represented in Fig.
5.10 by the dashed horizontal line. The second main observation is that the trend-line
associated with DCA measurements presents a more negative slope than the corresponding
SCA line. In fact, in the studied range of d, the static and dynamic Cassie-Wenzel transitions
are observed for the same p/d values (full and empty symbols are concentric) with the
exception of the two extremes of the considered diameter size interval, i.e.d =3 umand d = 20
um. For the largest diameter (d = 20 um) the dynamic Cassie-Wenzel transition falls at smaller
pitch than the static one; inversely, for the smallest diameter (d = 3 um), it falls at larger pitch.

The vertical shift in p/d observed comparing static and dynamic transition positions for
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substrates with the same pillar size indicates a difference in the robustness of the metastable
composite states delimiting the experimental Cassie-Wenzel transition. During dynamic
measurements, although performed in a quasi-stationary regime, the less robust the system the
greater the effect of the perturbations. On the surface with 3-um diameter pillars and p = 15d,
the metastable composite regime is more robust than on the surface with 20-um diameter
pillars and p = 7.5d, assuming that the perturbations induced by the dynamic measurements are
comparable in both cases. This confirms the previous results (shown and discussed in Chapter
4) concerning SCA investigations on microstructured substrates. Moreover, the dynamic
results presented here support the idea of an increase in stability and robustness of the

composite states associated with reduced asperity size.

These experimental results represent a first step towards answering the essential question
of defining the most convenient asperity size, corresponding to metastable composite

superhydrophobic states of higher robustness.

Attempting to interpret the SCA and DCA results from a more phenomenological point of
view leads us to focus more closely on the contact line, and the individual weight of its specific
features, such as its length, fragmentation and corrugation. In particular, contact line can be
defined differently, depending on the considered composite regime, whether static or dynamic.
On the one hand, static composite drops involve a contact line that can be considered
determined by the sum of the top-surface perimeter of all the pillars in contact with the drop at
the drop-substrate interface, all of them participating in suspending the drop in the Cassie state.
This contact line is referred to as stationary “total contact line”. On the other hand, dynamic
composite drops, i.e. related to advancing and receding contact angle measurements, involve a
contact line composed of the top-surface perimeter of only the pillars belonging to the
perimeter of the drop-substrate interface, i.e. the external pillars. To be precise, it corresponds
to the sum of the external fragments of the external pillar perimeters. This definition is based
on the no-slip boundary condition of fluid mechanics, which, considering a liquid flow in
contact with a solid surface, associates a zero velocity with the liquid molecules at the surface.
Consequently, the movement of a water drop on a surface can be associated only with the
motion of the water molecules belonging to the more external contact line. This is why this

contact line is referred to as dynamic “external contact line”.

Fig. 5.11 shows the schematic representation of the contact line in both static and dynamic

cases (i.e. “total” and “external” contact line definition).
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Fig.5.11  Schematic representation of the contact line for a composite drop on a flat-top pillar-like
periodically structured surface. A) Drop top-view; B) zoom of a portion of the “total”
contact line at the drop-substrate interface, in the case of a static composite drop; C) zoom
of the portion of the “external” contact line at the drop-substrate interface, in the case of a
dynamic composite drop.

Based on such assumptions, we can approximately estimate the fragmentation and length
of the contact line for one planar square millimeter of the structured substrate, in the two

“total” and “external”” configurations. The following are considered:

A
NtOt = —2 (52)
p
A
CLiot = L Ny = = (5.3)
P
A
Newt = = (5.4)
Y
L LA
Cley = P Next = EB (5.5)

where Ny represents an approximate estimation of the number of pillars per unit area at
the drop-substrate interface surface, CL;y; the corresponding “total” contact line length, Ngy
the number of pillars at the drop-substrate interface perimeter, and CL,y; the corresponding
“external” contact line length. Thus, Niy and Ngy; are equivalent to the number of contact line

fragments for the “total” and the “external” contact lines, respectively.
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Fig. 5.12  Contact line length and fragmentatlon Estimation of the contact line’s main features with
respect to the unit area (mm ) as function of the p/d ratio, for a composite drop in contact
with microstructured surfaces where flat—top pillars of three different diameters (d = 3, 5,
10 um) are distributed in square arrangement (A=1). a) “Total” contact line fragments Ny
and related total length CL;. b) “External” contact line fragments N, and related length
CLeyt It should be noted that for the “total contact line”, both fragmentation and length
increase when pillar diameter is decreased, as opposed to the “external contact line”,
which increases in fragmentation but stays constant in length, independently of pillar
diameter.

In Fig. 5.12, fragmentation and length values are reported as a function of the p/d ratio,
calculated respectively for the “total” and “external” contact lines (N, and CLy in Fig. 5.12-
a, and Ngy and CLy in Fig. 5.12-b), for all the substrates with 3-, 5-, 10-um diameter pillars
where water drops have assumed the Cassie state. Such estimations are of course based on

several quite significant assumptions, mainly affecting the evaluation of the “external” contact
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line features (Ngyt and CL,). These are: 1) the circularity of the macroscopic drop-substrate
interface, rather than an irregular polygon whose sides in most cases are longer than the simple
pitch; 2) the fact that the typical fragment of the contact line has been considered equivalent to
half the pillar top-surface perimeter. Despite the approximate nature of the proposed
calculations, the obtained results appear to be sufficiently well founded to permit a qualitative
discussion of the previously shown experimental results. For such a discussion, the graphs in
Fig. 5.10 and Fig. 5.12-a-b, together with the experimental results summarized in Table 1, have
to be considered. In the latter, the observed “last Cassie” and “first Wenzel” states delimiting
the Cassie-Wenzel transition are reported in terms of pitch p, p/d ratio and f roughness

parameter, for both static and dynamic measurements.

Static measurements Dynamic measurements

d{[pLC|pFW][p/d LC|p/d FW ]| fLC | fFW [|p LC|p FW]p/d LC|p/d FW[fLC [fFW [LC A0

3| 36 | 45 12 15 |0.0055|0.0035|| 45 | 60 15 20 |0.0035|0.0020f 2

5| 60 | 75 12 15 |0.0055|0.0035}| 60 | 75 12 15 ]0.0055(0.0035, 4

10{| 90 | 120 9 12 |0.0097|0.0055|| 90 | 120 9 12 |0.0097{0.0055| 4

14|( 126 | 168 9 12 |0.0097|0.0055|| 126 | 168 9 12 |0.0097|0.0055| 10

20| 150 | 180 | 7.5 9 0.0140(0.0097|| 100 | 150 5 7.5 |0.0317|0.014 | 15

Table 5.1 Cassie-Wenzel transition positions evidenced by the *scaling experiments” for
different pillar sizes, in both static and dynamic cases.

The p, p/d and f values delimiting the Cassie-Wenzel transition region are reported for each consid-
ered sample series (i.e. one for each pillar diameter d). “LC” and “FW” designate “last Cassie state”
and “first Wenzel state” respectively, observed by measuring the contact angle as function of pitch
increase. “LC AO” designates the hysteresis of the last Cassie state.

As already discussed, the negative slopes of all trend-lines shown in Fig. 5.10 exemplify
the main observation made above regarding the increased extent of the superhydrophobic
composite regime that occurs when asperity size is reduced, for both static and dynamic cases.
This means that for smaller model asperities, a lower fraction f of solid-liquid contact at the
drop-substrate interface is able to support the drop in the composite state. Referring to Fig.
5.12-a, regarding in particular the composite static regime, it may be noted that for a specific p/
d ratio value, (i.e., same f value) the “total contact line” is estimated as being longer and more

fragmented for smaller asperity sizes. For example, for p/d = 7.5, passing from a surface with
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square distribution of 3-um diameter pillars to one with 10-um diameter pillars, fragment
number per unit area Ny, and contact line length per unit area CL;; vary considerably, ranging

from Ny ~ 1975 mm™ to ~ 177 mm2, and from CLiot ~ 19 mm™to~6 mm™ respectively.

With regard to the enhanced robustness of composite states obtained by decreasing
asperity size, represented in Fig. 5.10 by the more negative slope of the lines associated with
the dynamic measurements, reference is made to Fig. 5.12-b. A general increase in the
“external contact line” fragment number N, can again be associated with a decrease in pillar
diameter at any precise p/d ratio value, but in contrast to the static case, estimation of contact
line length CL,y; for different pillar diameters produces a unique curve, i.e. the same series of
values for the same series of p/d ratios. In particular, focusing on the three different p/d values,
associated with the last dynamic Cassie states observed in the direction of the pitch increase for
the three different diameters considered (i.e. d = 3, 5, 10 um corresponding respectively to p/d
=9, 12, 15), it can be noted that the “external contact line” decreases in length CLgy; but
increases in fragment number N, In other words, by reducing model asperity size, composite
states suspended on a shorter but more fragmented contact line are obtained. Despite the
significant level of approximation relating to the proposed estimations of “external contact
line” fragmentation and length, especially overestimated in the case of large pitches (where
drops sit on a small number of pillars), it may be concluded that the fragmentation of the
contact line at the drop-substrate interface (which is clearly associated with a similarly
fragmented liquid-solid contact surface) should be the most relevant factor influencing the
relative stability of the dynamic composite states observed at the minimum allowed asperity
surface density (i.e. for larger p/d values). For asperities of smaller pillar diameter, the last
dynamic composite state observed in the direction of the pitch increase is related to a possibly
shorter but especially more fragmented external contact line, and consequently a shorter length
of each contact line fragment. Such contact line characteristics should facilitate its motion
because 1) a shorter contact line would be related to a lower total line tension, and 2) a more

fragmented contact line would present lower energy barriers between its consecutive positions.

The f value corresponding to the last dynamic composite state recorded for the minimum
considered pillar diameter d = 3 um (i.e. f ~ 0.0035, in Table 1) represents the lowest f value
ever reported for flat-top structured surfaces able to suspend dynamic composite drops and

associated with an extremely low hysteresis value (A0 = 2°, in Table 1).

101



5 Superhydrophobicity: Adv- and Rec-CA investigations with a negligible extra-pressure

Regarding the hysteresis phenomenon related to variation of asperity absolute size,
reference can be made to Fig. 5.13, where the hysteresis values for all the composite states

observed during the “scaling experiments” are reported.

diameter (um)

Fig.5.13  Scaling effect on hysteresis of composite states. The hysteresis values recorded for all the
composite states observed with the “scaling experiments” are reported as a function of p/d
ratio. It should be noted that when the size of the model obstacle is reduced, composite
states are observed for larger p/d values, and related hysteresis values decrease.

The tendency for hysteresis to diminish more rapidly with asperity absolute size and pitch
increase is evident and is further proof of the influence of contact line fragmentation on the
extent and robustness increase of metastable composite states observed when the asperity size

is decreased.

If the measured contact angle hysteresis values are plotted as a function of estimated
number of fragments Ngy and length CL,, of the external contact line for the observed

composite states, the graphs shown in Fig. 5.14 (a and b) are obtained.

Both graphs validate the remarks previously made concerning the fundamental influence
of contact line fragmentation on improved superhydrophobic properties (associated with a

decrease in CAH), observed when asperity absolute size is reduced.

In Fig. 5.14-a, comparison of the minima hysteresis values obtained for all the reported
sample series (one for each pillar diameter) shows that the absolute minimum corresponds to
the surface with the maximum number of external contact line fragments per unit surface Ngy;.
On the other hand, Fig. 5.14-b shows that for each sample series, the related hysteresis

minimum is lower for a shorter external contact line length CLgy.
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Fig.5.14  CAH values of composite states observed in scaling experiments, as a function of
estimated number of fragments N, (2), and length CL,, (b) of the “external contact line”.

Summarizing, it can be concluded that for the same “external” contact line length (Fig.
5.14-b), the decreased hysteresis observed when asperity size is reduced is caused by an
increase in its fragmentation (Fig. 5.14-a) and the related reduction of each individual fragment
length. In other words, reducing the size of the model asperity allows metastable composite
states to be achieved for smaller f values, and in parallel decreases the related hysteresis
values.

Based on the experimental results already presented and discussed, the principle of
improved superhydrophobicity associated with the decrease in asperity absolute size can

certainly be considered valid for surfaces with a roughness in a micrometric range.
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In this context, the questions that spontaneously arise are: 1) Can f values corresponding
to composite states be significantly reduced below 0.0035 by further “shrinking” of the model
obstacle? 2) If so, how does the tendency displayed in Fig. 5.10 evolve when model obstacle
size is reduced? 3) At which lower and upper asperity size limits does significant
superhydrophobicity occur?

New series of appropriate experiments would obviously be helpful in answering these
questions, but based on the presented results on microstructured substrates, and with the help
of new results obtained on nanostructured substrates, possible answers are suggested in the

next section.

Superhydrophobicity: a macroscopic property of micro- and nano-meter
structures

With regard to the asperity size upper limit at which superhydrophobicity occurs, Fig.
5.10 may be reconsidered, and an extension of the ideal straight line between the two
continuous lines representing the static Cassie-Wenzel transition may be imagined, until it
intersects the x axes (in the graph corresponding to p/d = 1). Such an intersection point can be
interpreted with good approximation as the asperity size upper limit where the term
superhydrophobicity, as used until now (i.e. associated with rough surfaces with contact angle
larger than 150° and low hysteresis), no longer has any sense. Such intersection would in fact
correspond to the rough surface where asperity size equals the spacing between consecutive

asperities, and consequently where only the wetted regime is possible.

These arguments are in good agreement with the experimental results of Oner and
McCarthy [37], Yoshimitsu et al. [44], and Nakae et al. [34]. The proposition of Oner and
McCarthy to consider 32 pum as the maximum length scale of roughness imparting
superhydrophobicity for surfaces consisting of periodically distributed posts is especially
confirmed here. Their experiments performed varying the asperity size x between 2 and 128
um, keeping constant the spacing p = 2x between consecutive asperities, and height h = 40 um,
show the Cassie-Wenzel transition comprised between 32- and 64-um asperity size, and the
wetted regime related to 64-um side asperities characterized by a much lower ACA than that

observed for smaller asperity sizes, and a much higher CAH value.

Regarding the asperity size lower limit where superhydrophobicity should vanish, two

cases should be distinguished: one associating the minimum asperity size suspending
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composite drops with an f roughness factor comparable to that evidenced by this work in the
micrometric range, and another associating the minimum asperity size with the absolute
minimum f corresponding to composite drops. Returning to Table 1, and the f values delimiting
the observed Cassie-Wenzel transitions for different pillar size in the micrometric range: as
already emphasized, the minimum f value of ~ 0.0035, still associated with composite states
for square distribution of 3-um diameter pillars, corresponds to an actual solid-liquid contact at
the macroscopic drop-substrate interface equal to 0.6%! Is it really reasonable to hypothesize
that such a value can be further reduced by reducing the size of asperities? More concretely:
for example, to reduce f by an order of magnitude (i.e. 0.0004), 100-nm diameter pillars (i.e.
pillars 10 times smaller than those considered in this work) should be spaced of approximately
40 times their pillar size. This seems quite improbable, and the preliminary static and DCA
results on nanostructured surfaces (prepared by the method described in reference [195])

confirm this (see Fig. 5.15).

e static CA
m advancing CA
O receding CA

O T T T T
0 500 1000 1500 2000
pitch (nm)

Fig. 5.15  Pitch influence on nanostructured surfaces. SCA and DCA values measured on samples
with square disposition (A = 1) of square pillars (side = 60 nm, h = 600 nm) as a function
of pitch, and comparison with Wenzel and Cassie models (decreasing and increasing
curve, respectively). Values of f are reported for pitches where static and dynamic Cassie-
Wenzel transitions are observed. The dashed vertical lines show hysteresis values.

The f range corresponding to the dynamic Cassie-Wenzel transition evidenced for square
disposition (A = 1) of square pillars with ~ 60-nm side, ~ 600-nm height (see Fig. 5.16, where
as examples, SEM images of two substrates at different pitch are reported), is delimited from
the values fi,st cassie = 0-011 and first wenzel = 0.0028. This f range, although quite broad (due

to the limited number of considered pitches p = 200, 500, 1000, 2000 nm), and although
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obtained on surfaces not precisely fulfilling all the requirements of the previously presented
“scaling experiment”, excludes that a further significant asperity size “shrinking” can be
associated with a limit composite f value lower than 0.0035, evidenced by the experiments in

the micrometric range.

Fig. 5.16  Nanostructured substrates. Tilted scanning electron microscopy images (38.5° tilt angle)
of two nanostructured substrates where square pillars of ~ 60-nm width, ~ 600-nm height,
are distributed in square arrangement: a) substrate at pitch ~ 200 nm; b) substrate at pitch ~
500 nm.

Looking at Fig. 5.15, it should be noted that the Cassie-Wenzel transition observed for
dynamic measurements falls at a shorter pitch than that for the static measurements, in contrast
to the results obtained for the series with cylindrical pillars of 3-um diameter. This result is
assumed to be due to the very low energy barrier between the metastable Cassie state
associated with p = 1000 nm and the favored Wenzel state. The unavoidable perturbation
associated with the dynamic measurement process is effective in obtaining the
thermodynamically stable wetted state. This observation is also supported by the
thermodynamic model presented in Chapter 4 applied to this case.

In Fig. 5.17, the energy barriers between the Cassie and Wenzel states estimated by the
developed model (see Chapter 4 for details) are represented as a function of the p/d ratio, for
the sample series with square distribution of cylindrical pillars with 10-um diameter and 20-
um height (considered as reference in the micrometer range), and compared to the series of
nanostructured samples described above. It is immediately clear that the experimental
transition ranges for the two sample series, delimited by the two pairs of vertical lines, fall very
close, while the minima related to the theoretical transition in the two cases (represented by the
crosses) are significantly far apart. In particular, in contrast to the good agreement between
theoretical prediction (black cross) and experiments (black vertical dashed lines) in the

micrometric range, for the nanostructures the experimental transition is observed for a much
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smaller p/d value (gray vertical dashed lines) than the value where the energy barrier minimum

falls (gray cross).
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Fig.5.17  Energy barrier for two selected sample series: one corresponding to square surface
distribution of cylindrical pillars with 10-um diameter (20-um height), and the second
corresponding to square surface distribution of square posts with 60-nm side (600-nm
height), as a function of the pitch/diameter ratio. The minima of the two theoretical curves
are represented by the crosses, and the two pairs of vertical lines delimit the ranges of the
observed experimental C-W transitions.

This supports the idea that the micrometer range is definitely the one presenting the
maximum extent of the composite Cassie states (i.e. composite states at lower f values), and
consequently, the most convenient for designing superhydrophobic surfaces.

Recent literature shows that surfaces with periodic [6][196] or random [76][197]-[199]
nanometer roughness present composite superhydrophobic states. But none of these
contributions present any systematic study that shows either how dense nanometric asperities
have to be in order to steadily support water drops in the composite state, or the limit of
asperity surface density where the Cassie-Wenzel transition occurs. It is not surprising that the
rough surfaces considered in such contributions all present composite superhydrophobic
wetting properties, since the f value roughly estimated for all cases is never lower than 0.01.
The low hysteresis measured on such surfaces, and the stability of the observed composite

states, would simply be the effects of increased contact line fragmentation.
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Influence of pillar top-surface perimeter on Cassie-Wenzel transition

In order to systematically investigate the influence of contact line length and corrugation
on the Cassie-Wenzel transition position, DCA measurements were performed on series of
samples with square distribution (A = 1) of obstacles, constant height and asperity top-surface
area (h =40 um and s = 78.5 umz, that is the same as of 10-um diameter cylindrical post) but
different obstacle section shape, and thus different top-surface perimeter L (Fig. 5.18).

L=314pm  L=35.5um

L= 40.4pm

L=49.4pm  L=63.6um  L=70.3um

Fig. 5.18  Optical microscope images of the different top-pillar surface shapes (i.e. circle, square,
triangle, 4-edged star, 6-edged star, 8-edged star), with corresponding perimeter lengths L
(h = 40 pm).

The first series of DCA measurements was performed on 18 samples, corresponding to
the selected six obstacle shapes, for three different pitches (p = 100 um, 110 um, and 120 um),
chosen around the Cassie-Wenzel transition range observed for square distribution of
cylindrical pillars (see Fig. 4.5). Since all measurements showed wetted states, Fig. 5.19
simply reports the static and DCA values related to the series with the smallest pitch (p = 100
um), and only the static values related to the series with the intermediate pitch (p = 110 um),
the one where SCA measurements presented the Cassie-Wenzel transition (see Fig. 4.18).

To discuss the results of Fig. 5.19, Fig. 5.2 must be recalled, where SCA and DCA values
are reported as a function of pitch for square distributions of 10-um diameter cylinders. In such
a case, the exerted extra-pressure of ~ 300 Pa proved sufficient to show the metastability of the
last observed static Cassie state, i.e. the one with pitch p = 100 um. This is why it is not
surprising that all dynamic measurements performed on differently shaped pillars with pitch

p>100um similarly evidenced only wetted states.
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Fig. 5.19 Influence of the obstacle top-surface perimeter on DCAs. Contact angle values measured
on square distribution (A = 1) of obstacles presenting the same top-surface area (s = 78,5
umz), the same height (h = 40 um), but different top-surface perimeter L. SCA and DCA
values are reported for pitch p = 100 um, while only SCA values are reported for p = 110
um.

In particular, since no significant difference was shown by dynamic measurements on
different pitch series, only the dynamic results related to the smallest pitch are reported. The
latter correspond to the pitch where all SCA values as a function of L showed composite states.
Such values are reported in Fig. 5.19 for comparison with the corresponding dynamic wetted
cases, and to the SCA values related to the pitch p = 110 um, which is the one where the static

Cassie-Wenzel transition was observed.

In line with the presentation of the results obtained for all previously considered cases, the
CAH values corresponding to the advancing and RCAs in Fig. 5.19 are represented in Fig.
5.20. Such results again demonstrate that the hysteresis of Wenzel wetted states depend on the
actual area of the considered rough surfaces. Increasing the perimeter of the obstacle top-
surface, keeping constant the top-surface area, increases Wenzel roughness ratio r, by an

increased contribution of the obstacle’s lateral surface to the total area of the rough surface.

As already mentioned when discussing the hysteresis tendency observed as a function of
the pitch increase (see Fig. 5.3), the liquid pinning at the asperities, associated with the motion
of a drop in the wetted state, is more significant compared to the composite regimes, since it
involves a continuous “external three-phase contact line”, which has to follow the whole

contour of all the asperities in the three space directions.
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Fig. 5.20  Hysteresis values related to the sample series with different obstacle top-surface perimeter
L and pitch p = 100 um (from Fig. 5.18).

The hysteresis increase recorded with the perimeter increase for drops in the wetted state

presumably derives from the increase in contact line length and corrugation, which can be

considered a direct consequence of the increased contribution to the actual surface area of the

augmented obstacle lateral surface area.

The second series of experiments involves dynamic measurements performed on two
series of samples, corresponding to two pitches (p =30 um and 70 um) belonging to the region
where static and dynamic measurements on square disposition of 10-um diameter cylinders
present the composite states. In this case, there are only four considered obstacle top-surface
shapes (i.e. cyl, tr, 6-edged star, 8-edged star).

The following were expected to be recorded: 1) a significant hysteresis increase, caused
by increasing the asperity top-surface perimeter, due to an augmented pinning especially
during the water withdrawing process for the related contact line corrugation increment (based
on the interpretations proposed by Oner and McCarthy [37]); and 2) an hysteresis decrease,
caused by increasing the spacing between consecutive pillars, based on what had hitherto been

observed for cylindrical pillars (Fig. 5.3 and Fig. 5.13).

Conversely to what was expected, the measured DCAs (reported in Fig. 5.21 as a function
of obstacle top-surface perimeter) do not display any really significant tendency. In fact, only
the expected hysteresis decrease with the pitch increase was observed (in Fig. 5.21 the

hysteresis curve related to p = 70 um is always lower than that related to p = 30 um).
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Fig.5.21  Water ACA and RCA values plotted as a function of different obstacle top-surface
perimeters for two different pitches (p = 30 and 70 um). The hysteresis values are also
reported (lower part of graph). All points represent drops in composite state, as can derived
by the derived by the reported theoretical Cassie and Wenzel curves.

On the other hand, the slightly decreasing hysteresis recorded for both pitches, increasing
the asperity top-surface perimeter, actually contradicts the supposed tendency. The analyzed
structured surfaces present the same constant asperity top-surface and same level of
fragmentation for the same pitch, but different contact line corrugations and different lengths
for each fragment. The small differences in contact angle values, measured on substrates with
the same pitch but different asperity perimeter, suggest that the contact line length of each
specific fragment, and its corrugation, are second-order effects on the wetting properties of
structured surfaces. These probably result in differences comprised in the error usually
associated with contact angle measurements. The aim here was not to observe possible shifts in
the Cassie-Wenzel transition position, but significant tendencies in contact angle values. In
fact, the presented dynamic results show the effective secondary importance of the analyzed
parameter, in contrast to the SCA measurements presented in Chapter 4, where a significant
influence of the contact line fragment length and corrugation on the static Cassie-Wenzel

transition position is documented.
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5.3 Conclusions

In this chapter, wetting properties of superhydrophobic surfaces with a periodic
controlled roughness in the micrometer range are studied as a function of different geometrical
roughness parameters, by water SCA, ACA and RCA measurements, in the presence of a
negligible extra-pressure acting on the drop-substrate system.

Comparison of the positions of the Cassie-Wenzel transition (i.e. transition from the
composite state to the wetted Wenzel state) shown by SCA and DCA measurements confirms
the validity of the model developed in Chapter 4 proposed for predicting the transition
observed by the static measurements. In particular, all the observed dynamic transitions fall at
a value of the selected geometrical parameter that either coincides with or is slightly different
from that corresponding to the static transition. This shows how the ~ 300 Pa exerted on the
drop-substrate system by the adopted dynamic measurement technique can in some cases be
sufficient to transform the static metastable composite state at lower stability into the
corresponding favored wetted state.

The CAH values have also been discussed, analyzing the associated experimental wetted
or composite states in relation to the studied geometrical parameter.

Dynamic wetting measurements as a function of asperity height confirmed the very large
radius of curvature of the liquid-air menisci among the asperities for composite drops,
proposed in Chapter 4, together with the assumption of no partial liquid penetration. They also
the idea of discussing the experimental occurrence of composite states, and their transition to
wetted states, preferably in terms of the contact surface at the drop-substrate interface, and
especially of the related two dimensional contact line, since no significant external force is
active on the considered drop-substrate system.

The static and dynamic wetting studies, performed as a function of absolute asperity size,
clearly showed that reducing the size of the model obstacle firstly improves the extent of
superhydrophobic composite states, allowing them to be obtained for smaller f factors, and
secondly increases their robustness, shifting the dynamic Cassie-Wenzel transition to an even
lower f value than the static transition. The proposed qualitative interpretation of such results,
and of the deduced hysteresis tendencies, mainly considers the effects of different three-phase
contact line features, such as its length and fragmentation. In particular, 1) the reduced contact
line length and its augmented fragmentation are indicated as the most important factors in

determining the extent at low f values of stationary Cassie states, decreasing pillar size; 2) the
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increased fragmentation for smaller asperities is referred to as the essential factor in reducing
the associated hysteresis, improving the related dynamic superhydrophobic, self-cleaning
properties of rough surfaces.

Length and corrugation of the single fragment are shown to be parameters of second-
order effect on dynamic composite superhydrophobic phenomena, by the dynamic wetting
measurements performed on structured surfaces differing only in the length and shape of the
asperity top-surface perimeter, keeping constant its area and asperity surface density.

Based on of preliminary wetting results obtained on superhydrophobic nanostructured
substrates (briefly described in the text), the minimum f value of 0.0035, associated with
composite states recorded for square distribution of 3-um diameter pillars, is proposed as the
absolute minimum f factor at which the composite Cassie regime presents its maximum extent.
Additionally, this suggests that, for surfaces consisting of periodically distributed pillars, the
length scale comprised between several hundred nanometers and one micrometer can be

considered as the most suitable asperity size imparting superhydrophobicity.
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6 Superhydrophobicity:
Adv- and Rec-CA investigations with a NON-
negligible extra-pressure

This chapter presents the results of advancing and receding contact angle (in the title
referred to as ““Adv- and Rec-CA” for brevity) measurements performed on structured hydro-
phobic substrates, consisting of perfluorosilanized regularly distributed flat-top pillars, for
selected samples series. These dynamic contact angle measurements are conducted exerting a
NON-negligible extra-pressure on the drop-substrate system. The obtained results are
compared to those presented in Chapter 5 (where the exerted extra-pressure was negligible),
and the validity of the classic Wenzel and Cassie models for predicting the wetting properties
of hydrophobic rough surfaces is again demonstrated. Static and dynamic contact angle
investigations are performed on the reference microstructured sample series (square
distribution of 10-xm diameter pillars, 40-um height, varying pitch) also using a wetting liquid
(n-hexadecane), rather than water. The obtained results are presented in terms of the classic

theories, and some interesting elements of discussion are suggested o

6.1 Measuring dynamic contact angles with a NON-
negligible extra-pressure

The apparatus is the same as that described as in Chapter 4 and used for all contact angle
investigations in this work. The main difference with respect to the method adopted in Chapter
5 (i.e. with a negligible extra-pressure acting on the drop-substrate system) is the distance
between the substrate and the needle apex, before and during the complete process of drop
volume increase and decrease, necessary for measuring advancing and receding contact angles
(i.e. the “dynamic contact angles”, as referred above). In this case, the stainless steel needle
(500-um external diameter) is kept at a distance of ~ 100 um from the sample surface (see Fig.
6.1), instead of ~ 1 mm (see Fig. 6.2). Also in this case, the water drop is formed at the needle

apex by turning the micrometric screw directly connected to the syringe piston. The drop size

1. Ascientific article presenting the results discussed in this chapter is in preparation.
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is increased to a maximum of 7 uL by further turning the screw, while turning in the opposite
direction decreases drop size again. Both processes are carried out manually, and the estimated
speed is comprised between 0.6 and 0.8 uL/sec. In this case, the video begins with the
sequence preceding that where the drop-substrate contact occurs. As soon as the drop is
formed, each frame where the drop volume increases corresponds to the advancing contact
angle, while the contact angle formed during the liquid withdrawing, from the moment when
the drop base starts to decrease, represents the receding angle. All the advancing and receding
contact angle values reported in this chapter correspond to the average of at least five
measurements performed on at least five frames recorded during the drop volume increase and
decrease, respectively. Contrary to the method referred to in Chapter 5, here the initial phase of
the drop formation at the needle apex is the really crucial point of the whole process. As shown
in image 2 of Fig. 6.1, the first phase of the liquid supplying with the needle close to the

substrate has the effect of squeezing the small drop between needle and substrate.

liquid supplying

liquid withdrawing

6) 7) 10)

Fig. 6.1 Dynamic measurements ““with a NON-negligible extra-pressure” exerted on drop-substrate
system. Image sequence selected from a typical video of advancing and receding contact
angle measurements performed using the sessile drop method. Each video is usually
composed of 200 frames taken with at an acquisition rate of 25 frames/sec). The selected
configuration presents a needle-substrate distance ~ 100 um. The images relate to a square
distribution of cylindrical pillars with d = 10 um, h = 40 um, p = 50 pum.

As already proposed in Chapter 5, the extra-pressure applied on the system at the moment
of the drop-substrate contact can be approximately estimated by the Laplace equation
AP = 2y ylcos®'| /x  where |[cos@' is the contact angle formed by the drop at this moment,
and x is half the distance between needle apex and substrate [47]. With a needle-substrate
distance of ~ 100 um, and an overestimated contact angle of 180°, an overestimated extra-

pressure of ~ 3 kPa is obtained (corresponding to ~ 30 cm of water). As will be discussed when
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the experimental results obtained by this method are presented, such a pressure can definitely
be considered “NON-negligible”, since it is sufficient to show significant differences in relation
to static measurements, and dynamic measurements “with a negligible extra-pressure” (see
Fig. 6.2).

liquid supplying

1) l 2)
liquid withdrawing
5) I 6) 7) 8)

Fig. 6.2 Dynamic measurements “with a negligible extra-pressure” exerted on drop-substrate
system. The only difference in relation to the case in Fig. 6.1 is the needle-substrate
distance of ~ 1 mm. The image relates to the same substrate as that in Fig. 6.1

Fig. 6.2 (see Chapter 5) is shown here once again for easy comparison of the two dynamic
contact angle measurement methods used in this systematic study. Performing the
measurements in both configurations on each substrate allowed the experimental identification
of all substrates where the Cassie regime is metastable, i.e. the range of the considered
roughness parameters where both composite and wetted regimes are observable depending on

the extra-pressure applied.

6.2 Introduction

Several researchers have dealt with the question of defining the robustness of
superhydrophobic composite states, as shown by their recent publications [47][50][51][55]
[93][95][200]. In such contributions, they focus on the Cassie-Wenzel transition, and propose
criteria for defining its features as a function of the surface’s geometrical roughness
characteristics. However, the experimental validation of such methods still seems inadequate.
The model recently developed by Extrand [95] is based on the assumption, already proposed
several decades ago [18], that for surfaces to suspend liquids (and exhibit super-repellency) the
liquid surface tension acting around the perimeter of the asperities must create a *“suspension

pressure” greater than, or equal to, any downward directed hydrostatic pressure. As in his
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previous contributions [42][55], he focuses on the role of the contact line linear fraction lying
on the asperity edges. In conclusion he suggests that the most effective way of minimizing
suspension pressure is the simultaneous decrease of asperity size and spacing. The practical

cases indicated do not however correspond to really effective experimental proof.

Zheng [200] on the other hand presents the results of numerical simulation of the Cassie-
Wenzel transition process when driven by a hydraulic pressure increase. He proposes a simple
form of the maximum pressure sustainable from a pillar-like surface as a function of the
geometrical characteristics of the rough surface. His method is compared only with the
experimental results of Yoshimitsu [44], and to explain the unusual contact angle of 138°
observed by Yoshimitsu on pillar-like surfaces with 50-um pillar width, 100-pum spacing, and
10-um height (obtained by dicing flat silicon wafers), he introduces the hypothesis of a mixed
wetted mode. Despite the limited experimental proof provided, his approach seems interesting,
and the assumption of the mixed wetted mode especially could be useful for better

understanding the effect of double roughness structures, such as those observed in nature.

In the following paragraphs no theoretical digression for quantifying the pressure
necessary to induce the Cassie-Wenzel transition will be proposed, and the validity of the two
approaches described above will not be discusses further. Instead, extensive experimental
results will be described in order to prove the fundamental validity of the principle clearly
expressed for the first time by Bico and Quere [92] five years ago (see Chapter 4, “Theoretical
background” paragraph). Such a principle, later supported by other authors [50], identifies the
intersection point between the Cassie and Wenzel curves, plotted as a function of cos6y, (or
similarly, as a function of one geometrical roughness parameter), as the only position of the
thermodynamically predictable transition between the two regimes possible on a rough
substrate. In this context, the results presented in the next paragraphs will all support the
validity of the thermodynamic interpretation proposed in Chapter 4, and will clearly confirm

the reliability of the classic Wenzel and Cassie models.

6.3 Dynamic contact angle results

Note: “SCA” hereafter designates “static contact angle”; “DCA” “dynamic contact
angle”; “ACA” “advancing contact angle”; “RCA” “receding contact angle”; and “CAH”
“contact angle hysteresis”.
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ACA and RCA measurements applying a NON-negligible extra-pressure on the drop-
substrate system were performed on two series of perfluorosilanized microstructured silicon
substrates differing, in asperity size and aspect ratio in the micrometer range. For details of the
adopted methods of microstructuring and perfluorosilanization, see Appendix 1 and Chapter 3
respectively. The first sample series consists of 13 samples with square distribution of 10-um
diameter pillars, of 40-um height (i.e. h = 4d), and pitch varying between 15 um and 150 pum;
the second sample series consists of 10 samples with square distribution of 4-um diameter
pillars, of 40-um height (i.e. h = 10d), and pitch varying between 6 um and 52 um. Through
the selected sample series, it has been possible to study and compare the influence on wetting
properties of microstructured hydrophobic surfaces (especially on the Cassie-Wenzel transition
position) of several geometrical parameters simultaneously. These parameters are the spacing

between consecutive pillars (pitch), pillar diameter, pillar height, and asperity absolute size.

Sample series with 10-um diameter pillars (h = 4d)
Fig. 6.3 shows ACA and RCA values measured by applying a NON-negligible extra-
pressure (~ 3 kPa) on substrates presenting 10-um diameter cylindrical pillars, of 40-um

height, and pitch varying between 1.5 um and 150 pum.
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Fig. 6.3 DCA values obtained by exerting a NON-negligible extra-pressure on drop-substrate
system, as a function of pitch. The considered samples consist of square arrangements of
10-um diameter cylindrical pillars, of 40-um height. SCA values measured with ~ 3-uL
volume drops are also reported to illustrate the metastability region of the Cassie
composite regime.

119



6 Superhydrophobicity: Adv- and Rec-CA investigations with a non-negligible extra-pressure

As highlighted by the dashed vertical lines, the CAH values change suddenly, passing
from ~ 25° on pitches smaller than that corresponding to the Cassie and Wenzel curve
intersection, to a value as high as ~ 120°, for the first considered larger pitch. This
phenomenon indicates that the ~ 3 kPa applied during the initial measurement phase enables
the energy barrier to be overcome between the metastable Cassie state and favored Wenzel
state on the sample with 30-um pitch, i.e. the first pitch larger than that corresponding to the
Cassie-Wenzel equal energy point. The very small RCA recorded on such a substrate
represents clear proof that the Wenzel regime has been attained. The liquid that has penetrated
among the asperities meets strong resistance to the retracting process, due to the increased
pinning at asperity edges of the continuous contact line during its retraction movement in the
three directions. To demonstrate the particular “liquid trapping” phenomenon observed on the
substrate with p = 30 um (designated “super-wetted” state), the different phases of the
corresponding CAH measurements performed with an extra-pressure of ~ 3 kPa are reported in
Fig. 6.4. From the very low RCA identified in image 11, and especially the liquid trace
remaining on the substrate at the end of the process in the region delimiting the drop-substrate

contact area (image 12), it can reasonably be deduced that the drop is in the wetted regime.

liquid supplying

A1

liquid withdrawing
7) ‘ 8)

Fig. 6.4 “Super-wetted” state. Image sequence representing hysteresis measured on sample with p
= 30 um, in the configuration “with a NON-negligible extra-pressure”. The wetted regime
is proved by the very small RCA (image 10), and by the liquid trace resting on the
substrate at the end of the process.

In Fig. 6.5, the DCA results obtained by applying ~ 300 Pa are shown again to facilitate
the comparison between the case of a “negligible” extra-pressure and results obtained by

applying a “NON-negligible” extra-pressure. In Fig. 6.3 and Fig. 6.5, it can be noted that the
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first two pairs of values, corresponding to the ACA and RCA on the first two samples of the
series (p = 15 um and 20 um), are coincident in the two graphs, proof that in both cases the

same composite wetting regime exists.
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Fig. 6.5 DCA measurements performed exerting a negligible extra-pressure on drop-substrate
system, as a function of pitch. The considered samples are the same as those in Fig. 6.3
(square arrangements of 10-um diameter cylindrical pillars, of 40 um height). SCA values,
measured with drops of ~ 3-uL volume, are also reported, to illustrate that, contrary to Fig.
6.3, this measurement configuration shows no significant difference in relation to the static
Cassie-Wenzel transition position.

Despite the fact that the solid-liquid interface at the drop base cannot be observed in
detail, it is reasonable to assume the drop in the composite regime, since ACA and RCA values
are nicely disposed around the Cassie curve. Millimeter- size drops of a volume up to ~ 10 uL
have been seen to stick on these surfaces even for a 90° tilt angle. This signifies that such
surfaces cannot be defined as “self-cleaning”. The liquid pinning at the edges of the asperity
top-surfaces is still significant due to the long contact line associated with small pitches, i.e.
high asperity surface densities (see estimations of CL,; “total contact line length” as a function
of pitch for composite states in Chapter 5).

For a larger pitch than corresponding to the point where Cassie and Wenzel states present
equal energy, the two graphs differ significantly. In particular, in Fig. 6.3, the composite regime
persists for a pitch p = 9d, while in Fig. 6.5, for pitches larger than 27 um, corresponding to

p>3d (i.e. the Cassie-Wenzel intersection point), the only regime observed is the wetted
one. Especially, in the whole pitch range between 27 um and 150 um, ACA values are in good

agreement with the Wenzel curve trend, while RCA values are far lower, particularly in the
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first part (i.e. the region of higher asperity surface density). Assuming that the adopted liquid
withdrawing speed can also influence the above described liquid trapping phenomenon, the
measured CAH tendency suggests two considerations. Firstly, it is proof of the constant liquid
withdrawing speed maintained during all measurements. Secondly, by decreasing such a speed
indefinitely, it should be possible to record RCAs that follow the theoretical Wenzel curve,
possibly shifting below it by a slowly decreasing number of degrees, when the pitch is

increased.

To summarize, DCA measurements performed with a NON-negligible extra-pressure,
applied by positioning the needle apex close to the substrate before any liquid supplying phase,
permitted identification of the region corresponding to the thermodynamically predictable
Cassie-Wenzel transition. For pitches smaller than those corresponding to the intersection
between Cassie and Wenzel curves, CAH values measured “with” and “without” forcing the
drop in the asperities are practically coincident. For these samples, no water penetrates into the
cavities. For pitches larger than those corresponding to the intersection between the Cassie and
Wenzel curves, the significant discrepancy between CAH values recorded in the two possible
configurations corresponds to the two different regimes: high CAH for the wetted regime, and
very low CAH for the composite regime. For the two smallest pitches, the constant and low
hysteresis values prove that the extra-pressure exerted in the “needle close to substrate”
configuration is not sufficient to cause liquid penetration among the asperities. Such an extra-
pressure permits liquid intrusion among the asperities however for all the metastable composite
states observed for pitches larger than those corresponding to the thermodynamic transition
point. For pitches larger than p = 9d, independent of the distance between needle apex and

substrate (i.e. independent of the exerted extra-pressure), only the wetted regime is observed.

The results described so far can be represented by reporting the CAH values obtained in
both measurement configurations as a function of pitch, as in Fig. 6.6, referred to as the
“hysteresis loop”. In this graph, the region of pitches where composite states are metastable is
clearly shown. For pitch p<3d , the two curves are coincident and demonstrate that the
composite state is that experimentally and theoretically favoured. For p>9d the two curves
are again coincident and represent wetted states that are experimentally and thermodyna-
mically favored. In the pitch range comprised between 3d and 9d the two curves separate, the
lower representing composite states experimentally favored but thermodynamically unstable,

observable with a negligible extra-pressure exerted on the system, and the upper representing
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wetted states experimentally and thermodynamically favored, observable with a NON-

negligible extra-pressure exerted on the system.
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Fig. 6.6 Contact angle ““hysteresis loop”. Summary of water CAH values recorded for square
distributions of 10-um diameter cylindrical pillars, of 40-um height, with pitch varying
between 15 and 150 um, as a function of pitch, for the two considered DCA measurement
configurations.

Sample series with 4-um diameter pillars (h = 10d)

Fig. 6.7 shows the experimental results obtained from DCA measurements applying a
NON-negligible extra-pressure (~ 3 kPa) related to substrates consisting of square distributions
of 4-um diameter cylindrical pillars, of 40-um height, and pitch varying between 6 um and 52
um. Whereas for 10-um diameter pillars, of 40-um height (see Fig. 6.3), the metastable Cassie
state region corresponds to pitch p > 3d , in the case of 4-um diameter pillars it corresponds
to pitch p>4.25d , due to the relative increase in pillar height (here h = 10d, instead of h =
4d, as was the case in Fig. 6.3). The abrupt change in CAH values observed at the Cassie-
Wenzel intersection point, represented by the dashed vertical line reported only for

p >4.25d , proves that the thermodynamically predictable Cassie-Wenzel transition can also
be revealed experimentally.

Fig. 6.8 again shows the results obtained exerting a negligible extra-pressure on the same
sample series to illustrate the differences between the two measurement configurations. Also in
this case of a pillar relative height increase, a pressure of ~ 3 kPa permits the experimental

localization of the thermodynamic Cassie-Wenzel transition.
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Fig. 6.7

Fig. 6.8
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DCA measurements performed exerting a NON-negligible extra-pressure on 4-um diameter
pillars. The considered samples consist of square arrangements of 4-um diameter
cylindrical pillars, of 40-um height, with pitch varying between 6 um and 52 pum. Cassie
and Wenzel theoretical curves are reported, together with SCA values measured for drops
of ~ 3-uL volume, to illustrate the metastability region of the Cassie composite regime.
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DCA measurements performed exerting a negligible extra-pressure on 4-um diameter
pillars. The considered samples are the same as in Fig. 6.5 (square arrangements of 10-um
diameter cylindrical pillars, of 40 um height). SCA values measured with drops of ~ 3-uL
volume are reported, to emphasize the fact that, in contrast to Fig. 6.5, this measurement
configuration does not significantly differ from the static case.
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6.4 Super oil-repellent microstructured substrates

6.4 Super olL-repellent microstructured substrates

The sample series of 10-um diameter cylindrical pillars, of 40-um height, with pitch
varying between 15 um and 150 um, and distributed in square arrangements, was used for
testing wetting properties with respect to a liquid with different chemical and physical
properties than water (i.e. lower surface tension, due to its non-polarity and the absence of
hydrogen bonds). The chosen liquid is n-hexadecane (C1gH3,), the linear hydrocarbon chain of
16 completely hydrogen- saturated carbon atoms. On perfluorinated, naturally oxidized silicon
surfaces, this liquid presents an SCA, ACA and RCA of 65°, 69°, and 60°, respectively. Again,
the wetting property characterization of the whole sample series was made using SCA and

DCA measurements, the latter performed in both pressure configurations.

The results obtained by the DCA measurements exerting a negligible extra-pressure,
compared to the related SCA values, are presented in Fig. 6.9. First, the surprisingly significant
extent of the experimental composite regime can be noted (see image 2 in Fig. 6.9-b,
corresponding to pitch p = 40 um), and the decreasing CAH value associated with the pitch
increase. This latter aspect indicates that the observations made in Chapter 5 concerning the
influence that contact line length and fragmentation can have on the pinning related to
hysteresis phenomena observed for water on rough surfaces are also valid for “wetting
liquids”.

Since the Cassie contact angle curve is always higher than the Wenzel curve, for wetting
liquids the Cassie composite states must correspond to higher thermodynamic energy. This is
represented in Fig. 6.10 by the monotonically decreasing curve associated with the difference
between the energies of the Cassie and Wenzel states, calculated using the approach presented
in Chapter 4 (Egs. 4.4 and 4.6). In the same figure, the gray curve represents the energy barrier
between a possible metastable Cassie state and the corresponding Wenzel stable state,
calculated using the method described in Chapter 4 (Eq. 4.13). For this thermodynamic
calculation, a “drop-substrate” system consisting of a 2-uL n-hexadecane drop, and a 3-mm
radius circular area of a perfluorinated silicon microstructured substrate was considered. The
related interfacial energy values are vy, = 27.5 x 10712 mJ/umZ, Ysv = 13 X 1012 mJ/um2 (i.e.
the critical surface energy of the developed perfluorosilane coating estimated by the Zisman
plot -see Chapter 3-), and yqy = 1.4 X 1012 mJ/um2 (derived by Young’s equation with B4 =
65°).
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Fig. 6.9 Oil-drop behavior on hydrophobic microstructured substrates. n-Hexadecane ACA and
RCA values measured in the configuration “with a negligible extra-pressure” on square
arrangements of 10-um diameter pillars, of 40-um height, with pitch varying between 15
and 150 um. Vertical dashed lines, representing CAH values, are reported for wetted states
only. SCA values, measured with drops of ~ 2-uL volume, are reported to show that this
measurement configuration localizes the Cassie-Wenzel transition in the same region of
static measurements. Cassie and Wenzel theoretical curves are traced, considering
B52=65°. In (b) side view images of n-hexadecane drops are reported that correspond to
the substrate indicated by 1, 2, 3 in (a).

For liquids that on the flat surface form contact angles lower than 90° (i.e. wetting
liquids), the energy barrier estimated considering the energy necessary to fill the asperities,
keeping the Cassie angle constant, represents a monotonically increasing curve. In particular,
the range corresponding to the experimental Cassie-Wenzel transition appears in the region
where the energy barrier curve approaches zero. The transition should occur when the energy
barrier between the metastable Cassie state and the Wenzel thermodynamically favored state is
lower than the drop energy, associated, for example, with the drop vibrations. In the
interpretation proposed in Chapter 4, drop vibrations would constitute the main reason for the
Cassie-Wenzel transition observed in equilibrium conditions (such as those corresponding to

static and dynamic measurements with a negligible extra-pressure).
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Fig. 6.10  Pitch influence on thermodynamic analysis of system composed by a 2-uL oil-drop on a
perfluorosilanized microstructured substrate. The black line (left scale) represents the
energy difference between Cassie and Wenzel states as a function of pitch, and the gray
line (right scale) represents the energy barrier estimated as the energy necessary to fill the
asperities keeping the Cassie angle constant. The experimental transition range is also
reported by black dashed lines.

The order of magnitude of the energy barrier estimated for pitch p = 45 um (i.e. a pitch
arbitrarily considered in the middle of the experimental transition range) is 10° mJ. Such a
value can be associated with the kinetic energy of a 2-uL hexadecane drop falling freely from a
distance of 130 um, and seems acceptable as possible extra-energy associated with the SCA
measurements (see Chapter 4). Although the quantitative reliability of this estimation still
remains to be rigorously proven, the proposed arguments can be accepted as a first attempt to

intuitively describe the Cassie-Wenzel transition mechanism.

Although the classic Wenzel and Cassie models do not predict any thermodynamically
stable composite state for wetting liquids, the possibility of experimentally observing
metastable composite states is unquestionable. Moreover, the coincidence of the Cassie-
Wenzel transition position determined by static and dynamic measurements respectively is
further proof that metastable composite states on microstructured perfluorosilanized surfaces
are also possible for wetting liquid, such as hexadecane. Additionally, the experimental
composite states found for pitch p <40um are proved to be resistant to an extra-pressure of ~
300 Pa.

In Fig. 6.11, the hexadecane SCA values are compared to the results of DCA

measurements obtained by applying an extra-pressure of ~ 3 kPa, which, in all the cases
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previously considered of water drops on microstructured perfluorosilanized substrates, has
always been sufficiently significant to reveal the Cassie-Wenzel transition in the region
defined by thermodynamic analysis.

As expected, all samples present drops in the wetted state, and the vertical dashed lines
traced to represent hysteresis variation as a function of pitch increase clearly confirm this. In
particular, especially for smaller pitches, the experimental CAH is very large (~ 120°) due to

very low RCA and the nonetheless relatively high ACA.
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Fig.6.11  Oil-drop behavior on hydrophobic microstructured substrates. n-Hexadecane ACA and
RCA values measured exerting “a NON-negligible extra-pressure” on the samples series
with square distributions of 10-um diameter pillars, of 40-um height and pitch varying
between 15 and 150 um. SCA values are also reported for drops of ~ 2-uL volume.
Vertical dashed lines representing CAH values measured in this configuration show that
all considered cases correspond to drops in the wetted regime.

However, in contrast to Fig. 6.9, ACA values for pitch p <40um are lower than SCA
values. This confirms the complete wetting of such substrates, and the different regime
associated with SCA measured on them (i.e. composite regime).

An interesting aspect regarding the results presented in Fig. 6.11 is the way they vary
when the pitch is varied. The curves that would ideally connect all ACAs and RCAs
respectively, apart from being a clear sign of the wetted regime on all considered samples,
present a tendency that cannot be associated with any of the classic laws, at least for pitch

p <75um . In particular, in the pitch range comprised between 10 and 30 um, where Wenzel
law predicts apparent contact angle of 0°, on the one hand the ACAs are very high, close to the

value predicted by Cassie law, and on the other hand the RCAs are very low, close to 0°. When
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the pitch is increased, for both the ACA and the RCA, experimental results slowly approach
the Wenzel curve, and delimit a range around it that seems “normal” only for pitch
p>75um . As already proposed when discussing the results obtained on the same sample
series using water, such tendencies are probably due to the effect of the imposed liquid
supplying and withdrawing speeds. The hypothesis of a partial liquid penetration among the
asperities, often proposed in literature as a possible explanation for contact angle values not
predictable by Cassie or Wenzel models, or by improved theories, seems less probable, at least

for the flat-top microstructures considered in this work.

Summarizing, the experimental results presented in Fig. 6.9 and Fig. 6.11 suggest that,
since the wetted regime is the only thermodynamically stable one for wetting liquids, whatever
the asperity surface density on microstructured substrate, a relatively small extra-pressure (in

the order of a few kPa) should always suffice to achieve the wetted Wenzel state.

6.5 Conclusions

In this chapter it has been shown that, for substrates structured in the micrometer range, a
relatively low extra-pressure of ~ 3 kPa is sufficient to experimentally confirm the position of
the Cassie-Wenzel transition predicted by thermodynamics, i.e. at the level of the Cassie-
Wenzel curve intersection. It has been possible to validate such a prediction by experiments
carried out on two sample series with different asperity size and different asperity aspect ratio.
This suggests that the generally accepted principle [50][51][55][95] relating “higher asperities
to more stable composite states” derives rather from the increased extent of the
thermodynamically stable composite regime. In fact, in graphs of Cassie and Wenzel angles as
a function of pitch, a larger asperity height implies a shift at larger pitch of the intersection
between the two curves, extending the region where composite states are thermodynamically

stable (at small pitch) and reducing the region where they are metastable.

Considering these results, together with those presented in Chapter 5 (where an extra-
pressure approximately 10 times smaller than that applied here confirmed the Cassie-Wenzel
transition position found by static measurements, and predicted by the simple approach
developed in Chapter 4 -see Eq.4.13-), it seems reasonable to assume that to induce the Cassie-
Wenzel transition for pitches smaller than that corresponding to the thermodynamic Cassie-

Wenzel transition, a much larger pressure than the highest used in this work, probably even
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several orders of magnitude larger, would be necessary. For this purpose, further systematic
DCA investigations, varying the exerted extra-pressure over a much larger pressure range
would be appropriate.

Systematic experimental investigations concerning the static and dynamic wetting
properties of microstructured substrates respect to a so-called “wetting liquid” (such as n-
hexadecane) have been reported for the first time. All the presented results confirm the
hypothesis that for wetting liquids it does not seem possible to show composite states on
microstructured substrates with sufficient robustness for eventual practical applications, since
even the relatively low extra-pressure of ~ 3 kPa (corresponding to ~ 30 cm of water) is
sufficient to push the liquid drop among the asperities for all the considered substrates, in
accordance with thermodynamic arguments.

To conclude, the adopted dynamic measurement techniques permitted the experimental
identification of the asperity surface density range where composite-Cassie state are metastable

for both non-wetting and wetting liquids.
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7 Conclusions

7.1 Results summary

At the beginning of this thesis work, attention was drawn to certain outstanding questions
relating to the understanding of superhydrophobicity phenomena, such as:

1) Is it possible to formulate a criterion for predicting which kind of wetting regime
(composite or wetted) will occur on a selected rough surface?

3) What influence do the main roughness parameters have on the Cassie-Wenzel
transition?

2) How stable are composite metastable states?

4) What is the effect of the three-phase contact line on stationary and dynamic wetting
phenomena?

5) What is the ideal roughness size and shape of a robust superhydrophobic surface?

6) What is the asperity absolute size range delimiting the field where superhydro-

phobicity appears and vanishes?

During this work, systematic experimental results describing the static and dynamic
wetting properties of hydrophobic microstructured substrates, presenting regular distributions
of flat-top obstacles with different geometrical characteristics (such as distance between
consecutive obstacles, obstacle typical size, obstacle height, obstacle top-surface shape, etc.)
have been produced. Analysis of the obtained experimental results has allowed theoretical and
phenomenological arguments to be proposed to answer the above-mentioned questions.

The general validity of Cassie and Wenzel theoretical models in predicting the contact
angle on a surface of known flat-top roughness has been demonstrated for all the considered
roughness parameters. In the hypothesis of liquid drops several orders of magnitude larger than
the typical asperity dimension, the measured macroscopic contact angle was always close to
one of the two values calculated by the classic laws. In particular, the thermodynamic analysis

developed on the basis of system surface energy minimization has been shown to be an
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efficient tool for predicting which model will describe the considered drop-substrate system.
The validity of the proposed thermodynamic interpretations has been confirmed by water and
hexadecane dynamic contact angle measurements performed in two different configurations,
i.e. with a “negligible” and with a “NON-negligible” extra-pressure exerted on the drop-
substrate system (corresponding to pressures of ~ 300 Pa and ~ 3 kPa, respectively).
Depending on the method adopted to create contact between the liquid and the rough surface,
the system can in fact present one of the following wetting regimes: Cassie thermodynamically
stable, Wenzel thermodynamically stable, or Cassie metastable. For each geometrical
roughness parameter, the different regions related to each possible wetting state have being
clearly delimited. In particular, the composite metastable states (i.e. those of practical interest
for their very high contact angle, with a very low contact angle hysteresis) present a stability
that varies as a function of each roughness parameter such as the energy barrier calculated as
the difference between the energy of the composite Cassie state suspended at the asperities’
top-surfaces and the energy of the hypothetical composite state with the same Cassie contact
angle, but with the space between the asperities almost completely filled by the liquid. For
non-wetting liquids (i.e. 05, > 90°), thermodynamically favored composite states of a certain
robustness (i.e. resisting extra-pressures of up to 3 kPa) are predicted and experimentally
observed. For wetting liquids (i.e. 054 < 90°), although some composite states are observable
at an extra-pressure of 300 Pa, a pressure of ~ 3 kPa suffices to reach the Wenzel wetted state
for all the considered cases, confirming the theoretical prediction that wetting liquids do not

admit any thermodynamically favored composite state.

Studying the effect of asperity absolute size and top-surface perimeter on water static and
dynamic contact angles, especially in relation to the Cassie-Wenzel transition position and
contact angle hysteresis value allowed the effect of each contact line feature (i.e. its length,
fragmentation, corrugation) on superhydrophobic phenomena to be distinguished. In
particular, the results obtained by varying the obstacle top-surface shape demonstrated that
contact line length and corrugations are second-order factors, whereas the increase in extent
and stability of the composite metastable state, experimentally observed with a decrease in
asperity absolute size, could be interpreted as being mainly due to the effect of contact line

fragmentation.

These last experiments in the microscale range, with those investigating the water contact

angle on nanostructured substrates as a function of the spacing between consecutive pillars,
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constituted the consistent experimental basis allowing the possible asperity size limits where
superhydrophobicity appears and vanishes, with the most suitable size within this range, to be
suggested. For rough substrates, a maximum asperity size of ~ 50 um was finally indicated that
where superhydrophobicity of a certain practical interest can be observed, and some tens of
nanometers was considered the minimum size. Below 10 nm, the roughness of molecular
dimension is approached, where composite states like those observed on microstructured
substrates have never been reported. In the range delimited above, a size scale comprised
between several hundred nanometers and one micron has been proposed as the optimum
asperity size for designing superhydrophobic surfaces of good quality, since it is in the region
of this value that the maximum extent of the composite regime associated with a good stability
has been observed.

The asperity height, which in principle does not influence the thermodynamic energy of
Cassie states (since the Cassie roughness factor f is independent of h), has a considerable
practical impact on the energy barrier between such a state and the associated Wenzel state
(since it strongly influences the Wenzel roughness parameter r). This is clearly shown, for
instance, in the shift of the theoretical Cassie-Wenzel transition position observed by varying
the asperity height h in the contact angle prediction as a function of the pitch. For taller
asperities a larger region of stability of composite states is obtained, and vice versa. In general,
it seems intuitive to consider that taller asperities should maintain a drop in the composite state
under the action of external forces more efficiently, even in the region of metastability, as in
the presence of a hypothetical state of partial liquid penetration among the asperities due to the
action of an external force. However, it can be affirmed that none of the experiments
performed in this work with extra-pressures in the order of several kPa maximum have ever led
to the assumption that this situation was possible. The Cassie-Wenzel transition has been
interpreted as a phenomenon occurring at the top-surface of the asperities, probably due to
drop vibrations. For this reason, it is suggested that the asperity height must be slightly greater
than the maximum liquid penetration among the asperities due to the maximum menisci
curvature at the asperities’ surfaces. Such a maximum menisci curvature would be attained
only in dynamic situations, when the contact angle at the asperity edges equals the advancing

contact angle on a flat surface.
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7.2 Future work

Strictly in relation to the theoretical discussion presented in this work, it would be
interesting to investigate to what extent the rough approximation of the energy barrier value
between the metastable composite Cassie state and the stable wetted Wenzel state,
demonstrated here to be qualitatively good, is also quantitatively correct. For this purpose, the
use of a powerful computational method that minimizes drop energy [201] with fewer
assumptions, and more realistic parameters, could be considered.

The maximum extra-pressure of ~ 3 kPa considered here has shown the validity of classic
models for predicting the region of thermodynamic stability and metastability of both wetting
regimes. However, no systematic investigation has been performed that might suggest a
relation between the Cassie-Wenzel transition and a quantified extra-pressure necessary to
induce it. As mentioned, in the region of metastability of Wenzel states, such an extra-pressure
could be imagined as at least several orders of magnitude greater than the ~3 kPa used in this
work. It would be interesting to conduct experiments where water drops of different volumes
are launched at high speed onto the structured surfaces. Estimation of the pressure involved at
impact, together with detailed analysis of drop deformations due to impact, possibly
combining high speed video acquisitions with recently developed methods for contact angle
determination of drops of any shape [202], would permit the study of the Cassie-Wenzel
transition position as a function of the applied force, in relation to specific geometrical
parameters. This would be a situation where varying asperity height over a wide scale range,
and for different asperity surface densities (i.e. different pitches) would be really useful for
elucidating the influence of asperity height on the robustness of the composite stable and
metastable state. Such experimental evidence would constitute a fundamental step towards the
concrete possibility of the practical exploitation of superhydrophobic surfaces.

More detailed investigations concerning the optimum asperity size where
superhydrophobicity presents the best qualities would be possible by “shrinking” asperity size
within a scale ranging from 3 um to the minimum size permitted by available structuring
techniques. In this context, special studies devoted to finding new experimental results
supporting the interpretation proposed in this work regarding height influence on

superhydrophobicity would be valuable.
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As indicated in the title of this work, and emphasized on many occasions throughout the
text, the roughness typology considered here consists of discrete flat-top surface asperities.
Such a rough surface is the one most studied from both the theoretical and experimental points
of view, since it is easier to model and produce it. This means that a systematic experimental
study performed on a roughness other than the periodical distributions of flat-top discrete
asperities is lacking. Possible interesting roughness typologies for in future studies could be: a)
those corresponding to the negative version of the structures studied here, i.e. grids presenting
a periodical distribution of cavities, differently shaped (e.g. honeycomb structures, or square
holes); or b) those showing rounded or conical roughness top-surfaces. As far as the grids are
concerned, a study of structures presenting the same r and f parameters considered by the
systematic “scaling criterion” adopted in this work could be imagined, and the results obtained
for both kinds of structures with respect to the Cassie-Wenzel transition and hysteresis values
could be compared to illustrate the effect of contact line continuity and discontinuity. As for
structures presenting rounded shapes, the systematic study of their wetting properties would
have a significant immediate impact especially with a view to possible applications. A suitable
method for producing such structures could be the hot-embossing of polymers. This would be
a convenient replication technique due to its relatively low cost (especially if compared to
those used for silicon microstructuring), and it would also be the most appropriate one for the
production of polymeric microfluidics devices for labs-on-chips, or general biological
applications. Another interesting roughness typology that would have to be studied in a more
systematic way, from both the experimental and theoretical points of view, would be that of
hierarchical structures, similar to those observed in nature on certain plant leaves. Although
their modeling would involve significant difficulties, they seem to be the most promising

structures nowadays with really good superhydrophobic properties [54][74][145][146].

Last but not least, in order to complete the overview of wetting properties on rough
surfaces, contact angle investigations carried out by systematically varying the temperature of
the system and the liquid would be helpful. The variation of surface energy due to changes in
the thermodynamic conditions of the system, when chemistry is constant, should imply
variations in the transition position that may not be experimentally detectable. However,
measurements made using different liquids and liquid mixtures should show not only
differences in the Cassie-Wenzel transition position, but also significant discrepancies in

relation to the classic laws. Unlike what was demonstrated in this thesis work for water, when
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the probe liquid chemistry is changed, factors such as gravity, capillarity, and liquid molecule

size may not in fact be negligible.
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APPENDIX 1: Silicon microstructuring

In this appendix, the procedures adopted to prepare the microstructured silicon substrates
studied in this thesis work are described. All samples have been fabricated by the author at the
Center of Micro- and Nano-Technology (CMI) of EPFL, in a clean room (class 100) equipped

with modern and powerful machines for micro- and nano-fabrication processing.

Silicon as reference substrate

Silicon has been chosen as reference substrate material for two main reasons: a) for
profiting of the standard microstructuring techniques, which have been developed and
improved in the last decades thanks to the progress in semiconductor and IC industry and
research; b) for the property of the silicon surface to be easily chemically modified by
silanization.

Silicon substrates, kept in normal atmosphere, are naturally oxidized. Their surface

present an amorphous silicon oxide layer of about 1.5-2 nm thickness.

Periodically microstructured silicon substrates

One side polished silicon test wafers (4 inch diameter, <100> oriented, P/N doped, 525
um thick), covered with a native layer of SiO, were supplied by the CMI.

From the silicon wafer as it is delivered, to the ~ 1 cm? area microstructured samples,
ready for the perfluorosilanization step, several standard photolithography processes have to
be performed.

The masks design has been carried out using L-Edit, a computer program for the
conception of integrated circuits.

In the mask design the geometrical parameters of the desired final roughness have been
fixed, except the asperity height, which depends on the selected reactive ion etching process
(RIE), and its duration.
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The photolithography processes in the clean room begin after that the operator has
converted the design file (CIF or GDSII format), in the format of the Direct Laser Writer that

will be used for transferring the design onto the silicon substrate.

The complete clean room procedure to get the structured wafer is composed by the

following steps:
1) Activation of the native silicon oxide layer at the wafer surface by HDMS.
2) Wafer photoresist coating.
3) Direct laser writing for transferring the mask design on the wafer.
- Optical microscope observation
4) Development of the laser exposed photoresist.
- Optical microscope observation
5) Dry silicon etching.
- Optical microscope observation.
- Profilometer investigation.
- Eventual scanning electron microscope observation.
6) Photoresist stripping.

- Final optical and scanning electron microscope observations.

Some details concerning each step are presented below.

1) The activation of the native silicon oxide layer by the exposure to
HexaMethyIDiSilazane (H.M.D.S.) vapor in an oven YES 111 (5 minutes @ T = 150°) is useful
to enhance the adhesion of polymers (such as positive photoresists) before the spin-coating

process on Si or SiO, substrates.

2) The wafer photoresist coating is performed in a Rite Track 88 Series (Automatic Coater
and Developer Tracks). This process allows an uniform and reproducible deposition of
photosensitive materials (Shipley Microposit S1800 series) necessary for the following design
transfer step.

3) The direct laser writing process transfers the computer predefined design on the
photoresist coated wafer. The used apparatus (Heidelberg DWL200) is a high resolution laser
lithography system, equipped with a Krypton lon Laser at 413 nm wavelength, which allows to

transfer features with about 1 micrometer precision.
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4) The irradiated resist is developed in the Rite Track 88 Series, in order to dissolve the
photoresist that has not been exposed to the laser beam during the writing process.

5) The deep dry reactive ion etching is the most delicate and fundamental step, since it is
that devoted to the structuring of the silicon substrate. It is performed in an Alcatel 601E
Plasma etcher, with fluorine based reagents, applying different standard processes for different
times, depending on the spacing between consecutive obstacles and the desired height of the
structures. This has allowed to obtain regular distributions of the same obstacle with different
surface density and aspect ratio “pillar diameter / pillar height” d/h ~ 1/4, with d varying in the
range between 3 um and 20 pum.

6) The resist stripping phase is performed in a Coillard wet bench, using a positive
photoresist remover (Microposit Remover 1165).

A final step of oxygen plasma exposure in a Branson IPC 2000 system guarantees the
removal of any possible photoresist residues, and prepare the substrate to the following phase
of hydration and hydrophobic perfluorosilane layer deposition (described in details in Chapter
3).
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APPENDIX 2: Tests of Extrand’s model on
the experimental Cassie-Wenzel transition

In this appendix, the model proposed by Extrand for predicting when a structured surface
presents composite superhydrophobicity is described, and the way it applies to the

experimental results presented in Chapter 4 is discussed.

Extrand’s model

Alternatively to the thermodynamic approach presented in Chapter 4 (“Theoretical
background” paragraph), another model to predict whether a drop, deposited on a structured
surface, assumes a Cassie or a Wenzel state was proposed by Extrand [55]. As already reported
in Chapter 2, he suggested two criteria that have to be fulfilled to obtain a composite regime on
a pillar structured surface: the first referred to as “contact line density criterion”, based on the
assumption that the contact line at the asperities perimeter has the potentiality to suspend the
drop, and the second one referred to as “asperity height criterion”, assuming a curvature of the
liquid-air interfaces in the roughness. The first criterion allows the derivation of a critical value
of the contact line density A for the case where the drop weight (“body forces™) balances the
“surface forces” along the contact line, and the second one suggests that the asperities have to
be sufficiently tall to avoid that the liquid protruding among them does not contact the

underlying solid surface.

Defining the contact line density (i.e. the asperity perimeter per surface area) by the

relation A = AL/pZ, its minimum value is expressed by the equation

(™) (s (n))"

1/3
Ac = _pgvdrop (1_k) 1/3 (71)
(36m)" "y Ly Coseadvflat
with
96(1 - cosO 1/3 0 0 =2/3
k = f[ ( adv)} Ktan —Qd—") (3 + (tan a—d")zﬂ (7.2)
2+ c0s0,4, 2 2
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where f is the fraction of liquid-solid contact area within the interface, p is the liquid
density, g is the gravity acceleration, 0,4, is the advancing contact angle on the rough surface
under consideration, and 0,4, it IS the advancing contact angle on the corresponding flat
surface.

On the other side, the minimum critical height of the pillar is given by the expression

Oadvilat — 1/
hC:btan(aVa2

(7.3)

where 2b is the maximum distance between neighboring pillars. Egs. 7.1 and 7.2 represent

the two formal expressions of Extrand’s criteria.

Comparison with static contact angle results shown in Chapter 4
In Table 1, the results obtained by the static contact angle measurements (right column)
performed in this work are summarized and compared to the Extrand predictions based on the

above- described *“contact line density” and “asperity height” criteria.

Experiments h criterion | L criterion Extrand’s . Experimental_
C-W trans. posit.| C-W trans. posit.
vs p (Fig. 4.5) p<251pum | p<51pum p=>51pum 100 < p <110 um
vs d (Fig. 4.11) always true | d > 1.2 um d=12um 4<d<5um
vs h (Fig. 4.13) h>3.8 um | always true h=3.8um 1<h<1.8um
v '_‘p(:Flil%'n‘]‘r;ql_S) alwaystrue | L>18pum | L=18um | 40.4 <L< 49.4 um
Scaling experiments
(Fig. 4.22)
d=3um p<388um p<27.7um p=27.7um 36 <p<45um
d=5um p<648um p<357um p=357pum 60 <p<75um
d =10 um p<129.6 um p<50.6 um  p=50.6 um 90 < p <120 um
d =14 um p<18l4um p<59.8um p=58.8um 126 < p < 168um
d =20 um P<259.2um p<7152um p=7152um 150 <p < 180um

Table 7.1  Test of Extrand’s model on the experimental data of Chapter 4.

For this calculation, a 3-uL drop was considered, and 2b = /2 p—d, 6,4, = 170°, 8,q, fiat = 116°
taken in the calculation.
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Quantitative agreement with the experimental data presented in this work is not found, but
the “contact line density” criterion predicts the right sense of evolution of the roughness with
the experimental parameters (i.e. transition from Cassie to Wenzel with increasing p,
decreasing d, increasing L, and increasing p/d). However, it should be noted that also the
Extrand model is based on the assumption of the drop hemisphericity, with no distortion of the
drop base contact line, which would requir a rigorous test in view of considering a “contact
line density criterion” in the terms proposed by Extrand.

However, it can be affirmed that a thermodynamic analysis remainis a more convincing
approach, since it lays on a theoretical derivation, whereas Extrand’s model is based on still to

be proven assumptions.

143



144



APPENDIX 3: Comments on other literature
data

In this appendix the results of some selected experiments found in literature are compared

to the thermodynamic approach presented in Chapter 4.

Experiments description

Some Cassie-Wenzel transitions as a function of a single roughness parameter have
already been reported in literature, although the aim of their authors was neither to explain the
position of the observed transition, nor to give a precise parameter value at which this
transition should occur. However, it is interesting to observe that they are also correctly
described by the thermodynamic interpretation presented in Chapter 4. Four cases briefly

described and discussed.

Yoshimitsu’s experiments

Yoshimitsu et al. [44] reported a transition as function of pillar height. They studied
square distributions of square pillars (pillar size: 50 um, spacing: 100 um), varying pillar
height from 10 to 182 um, and showed the transition from wetted to composite regime of 1-uL
droplets falling for height values comprised between 10 and 35 pum (with 05,=114°). In Fig.
7.1-A, the Yoshimitsu results are represented by the same thermodynamic approach adopted to

discuss all the experimental results presented Chapter 4.

Oner and McCarthy’s experiments

Oner and McCarthy [37] reported the composite-wetted transitions in other two cases, as a
function of a “scaling” parameter (pillar side/spacing), and as a function of “spacing”between
consecutive pillars. In the first case, they considered square posts of 40 um height, in an
hexagonal distribution (pillar size: x, spacing: 2x, x varied from 2 to 128 um), and showed the
transition falling at pillar size x comprised between 32 and 64 um. In the second case, they

studied (8 x 8)-um2 square posts, 40-um height, in a square distribution as function of spacing
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(varied between 16 and 56 um), and showed the transition folling at spacing 2x comprised

between 32 and 56 um. The thermodynamic analysis is reported in Fig. 7.1-B and C

respectively for the “scaling” and the “spacing”

Jopp’s experiments

parameter.

Jopp [70] observed a transition from the wetted to the composite regime as a function of

pillar size for square posts, in a square distribution (height 100 um, spacing 200 pm)

increasing the pillar side length from 40 to 80 um, with dynamic contact angle measurements

with a maximum typical drop of 10 uL. The proposed thermodynamic analysis is reported in

Fig. 7.1-D.
A)
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Thermodynamic analyses of literature data. A) Experimental results of Yoshimitsu versus

pillar height [44]; B) experimental results of Oner and McCarthy [37] versus the scaling
parameter X, described in the inset; C) experimental results of Oner and McCarthy [37]
versus spacing p (i.e. pitch), described in the inset; D) experimental results of Jopp [70]
versus post side a, described in the inset. The transition predicted by Extrand’s model is
also reported in all cases for comparison with the model developed in Chapter 4.
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Discussion

The thermodynamic analyses presented in Fig. 7.1 show no contradiction between the
model presented in Chapter 4 and experimental data of other authors. It is interesting to note
that:

1) in all cases, Cassie to Wenzel transitions are observed in the metastability Cassie
region;

2) the values of the energy barrier to overcome for reaching the Wenzel thermodynami-
cally favored state from the metastable Cassie state are higher than those calculated for the
experimental results presented in this work in Chapter 4. This can possibly depend on the
experimental procedure adopted for the drop deposition. In particular, in the dynamic
measurements carried out by Oner and McCarthy, and Jopp, more energy is imparted to the
drop than in the static measurements performed in this work;

3) the transitions expected from Extrand’s model are also reported on each graph for

comparison, showing that in all cases there is no quantitative agreement.
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