SCHRIFTEN DES INSTITUTS FUR MIKROSTRUKTURTECHNIK ‘ ok
AM KARLSRUHER INSTITUT FUR TECHNOLOGIE (KIT) g 88

Band 38

FELIX VULLERS

Bioinspired Superhydrophobic Nano- and
Microstructured Surfaces for Drag Reduction
and Optoelectronics

ST *sisnin






Felix Vullers

Bioinspired Superhydrophobic Nano- and
Microstructured Surfaces for Drag Reduction
and Optoelectronics



Schriften des Instituts fur Mikrostrukturtechnik
am Karlsruher Institut fur Technologie (KIT)
Band 38

Hrsg. Institut fur Mikrostrukturtechnik

Eine Ubersicht aller bisher in dieser Schriftenreihe
erschienenen Bande finden Sie am Ende des Buchs.



Bioinspired Superhydrophobic Nano-
and Microstructured Surfaces for Drag
Reduction and Optoelectronics

by
Felix VVUllers

ST sisnin



Dissertation, Karlsruher Institut fur Technologie
KIT-Fakultat fur Maschinenbau

Tag der mindlichen Prafung: 17. Mai 2018

Referenten: Priv.-Doz. Dr. Hendrik Holscher
Prof. Dr.-Ing. Bettina Frohnapfel
Prof. Dr. Chiara Neto

Impressum
ﬂ(l Scientific
Publishing
Karlsruher Institut fur Technologie (KIT)
KIT Scientific Publishing

StraBe am Forum 2
D-76131 Karlsruhe

KIT Scientific Publishing is a registered trademark
of Karlsruhe Institute of Technology.
Reprint using the book cover is not allowed.

www.ksp.kit.edu

This document — excluding the cover; pictures and graphs - is licensed
BY SA

under a Creative Commons Attribution-Share Alike 4.0 International License
(CC BY-SA 4.0): https:/Icreativecommons.orgl/licenses/by-sa/4.0/deed.en

The cover page is licensed under a Creative Commons
oY N

Attribution-No Derivatives 4.0 International License (CC BY-ND 4.0):
https://creativecommons.org/licenses/by-nd/4.0/deed.en

Print on Demand 2018 — Gedruckt auf FSC-zertifiziertem Papier

ISSN  1869-5183
ISBN 978-3-7315-0816-8
DOl 10.5445/KSP/1000084178









Bioinspired Superhydrophobic
Nano- and Microstructured Surfaces
for Drag Reduction and Optoelectronics

Zur Erlangung des akademischen Grades eines

DOKTORS DER INGENIEURWISSENSCHAFTEN
von der Fakultit fir Maschinenbau des

Karlsruher Instituts fiir Technologie (KIT)

genehmigte
DISSERTATION

von

Felix Viillers

Tag der miindlichen Priifung: 17.05.2018
Referent: Priv.-Doz. Dr. Hendrik Holscher
Korreferentin: Prof. Dr.-Ing. Bettina Frohnapfel

Korreferentin: Prof. Dr. Chiara Neto






Abstract

Mimicking natural organisms and their unique properties, like superhydropho-
bicity, enables researchers to equip artificial surfaces with functionalities such
as underwater air retention or self-cleaning properties. These functionalities
can help to address challenges in a multitude of applications including re-
duction of fluidic drag in microfluidics and shipping or minimizing soiling
of optoelectronic devices.

Inspired by the superhydrophobic leaves of Salvinia cucullata and Pistia stratiotes,
which are covered in a dense layer of transparent hairs, this thesis introduces a
highly flexible, superhydrophobic transparent thin nanofur film. Polymeric thin
nanofur is fabricated using a combination of highly scalable hot embossing and
hot pulling techniques. The resulting superhydrophobic film has extreme wet-
ting properties with droplets rolling off the surface at minimal tilt angles and is
self-cleaning against a broad range of contaminant species and sizes. The
underwater retained air layer of thin nanofur, also called plastron, shows a good
stability against hydrostatic pressure. In order to precisely control the retained
air pressure and support the underwater retained air layer, thin nanofur is perfo-
rated and attached to a pressure support system, thus, significantly increasing the
retained air layer stability against hydrostatic pressure and pressure fluctuations.
By introducing a contact line motion measurement technique to analyze the
dynamic plastron stability and contamination resistance of thin nanofur, several
dynamic plastron stability enhancing topographical features are identified.

In addition to retaining an air film when submerged underwater, thin nanofur
also exhibits self-cleaning and anti-reflective properties, making it applicable as a

transparent coating and as a translucent self-standing film ideal for light managing
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applications. Hence, superhydrophobic self-cleaning thin nanofur was successfully
applied as an efficiency enhancing coating on organic light emitting diodes and
solar cells. Moreover, based on the optically enhancing nanofur topography, a
highly flexible superhydrophobic microcavity array is fabricated from mechani-
cally, chemically and UV-stable fluorinated ethylene propylene typically used in
the photovoltaic industry. Besides its anti-reflective and self-cleaning properties,
the superhydrophobic microcavity array exhibits a high stability against impact-
ing rain droplets, making it an ideal candidate for outdoor applications. These
properties can be exploited by attaching the microcavity array to photovoltaic
modules, and, thus, significantly increasing the modules electrical gain, while
simultaneously equipping them with self-cleaning properties.

The scalable, highly flexible, superhydrophobic, self-cleaning, anti-reflective,
air-retaining films introduced in this work present promising solutions for current

challenges in optoelectronic and drag-reducing applications.
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Zusammenfassung

Durch Nachahmen natiirlicher Organismen und ihrer einzigarten Eigenschaften,
wie z.B. Superhydrophobizitit, gelingt es Wissenschaftlern kiinstliche Ober-
flachen mit Funktionalitidten wie Selbstreinigung oder dem Aufrechthalten einer
Luftschicht unter Wasser auszustatten. Mit Hilfe dieser Funktionalitdten konnen
eine Vielzahl von Herausforderungen in den verschiedensten Anwendungsfeldern,
wie z.B. der Reibungsreduktion in der Mikrofluidik und Schifffahrt, sowie die
Verminderung von Verschmutzung optoelektronischer Gerite, bewiltigt werden.
Inspiriert von den superhydrophoben Blittern der Wasserpflanzen Salvinia
cucullata und Pistia stratiotes, welche von einer dichten Schicht aus transpar-
enten Haaren bedeckt sind, wird in dieser Dissertation ein hochgradig flexibler,
superhydrophober und transparenter diinner Nanopelz vorgestellt. Der aus Poly-
mer gefertigte diinne Nanpelz wird mittels eines zweistufigen skalierbaren
Verfahrens, bestehend aus Heiflprigen und Hei3ziehen, hergestellt. Der so
hergestellte superhydrophobe Film weiflit extreme Benetzungseigenschaften
auf, sodass darauf abgesetzte Wassertropfen bereits bei minimaler Neigung des
Films abrollen. Des Weiteren weiflt der Film eine selbstreinigende Wirkung
gegeniiber einem breiten Spektrum an Verschmutzungen auf. Die vom Nanopelz
unter Wasser aufrechterhaltene Luftschicht, auch bekannt als Plastron, zeigt eine
gute Stabilitdt gegeniiber hydrostatischem Druck. Um eine genaue Kontrolle
iiber den Luftdruck innerhalb der Luftschicht zu erhalten und sie gegeniiber
hydrostatischem Druck zu stabilisieren, wird der diinne Nanopelz perforiert
und an ein Drucksystem angeschlossen. Hierdurch kann die Plastronstabilitét
gegeniiber erhohtem Wasserdruck und Wasserdruckfluktuationen signifikant

erhoht werden. Durch die Verwendung einer neu eingefiihrten Methodik zur

il



Zusammenfassung

Vermessung der Kontaktlinie, wird die dynamischen Plastronstabilitit sowie die
Widerstandsfihigkeit des diinnen Nanopelz gegen Verschmutzung analysiert. Dies
ermoglicht die Identifikation mehrerer topographischer Merkmale, die zu einer
erhohten dynamischen Plastronstabilitét beitragen.

Neben der Fihigkeit unter Wasser eine Luftschicht aufrechtzuerhalten, ist der
diinne Nanopelz selbstreinigend und unterdriickt die Reflektion von einfall-
endem Licht, was seine Verwendung als transparente Beschichtung sowie als
transluzenten frei stehenden Film ermdglicht und ihn zu einem idealen
Material fiir Anwendungen im Lichtmanagement macht. Durch Ausnutzen dieser
optischen Eigenschaften konnte der superhydrophobe, selbstreinigende Nanopelz
erfolgreich als effizienzsteigernde Beschichtung auf Solarzellen und organischen
Leuchtdioden angebracht werden. Aullerdem konnte, basierend auf der optisch
vorteilhaften Nanopelztopographie, ein hochgradig flexibles, superhydrophobes
Mikrokavititenarray aus mechanisch, chemisch und UV stabilem Fluorethylen-
propylen hergestellt werden. Auf Grund seiner hohen Stabiltit gegeniiber
auftreffenden Regentropfen, sowie seiner antireflektiven und wasserabweisenden
Eigenschaften, ist das hergestellte Mikrokavititenarray ideal fiir den Einsatz
im Freien geeignet. Durch Anbringen auf Photovoltaikmodulen konnte die
Effizienz der Module signifikant gesteigert werden, wihrend sie gleichzeitig
mit selbstreinigenden Eigenschaften ausgestattet wurden.

Der in dieser Arbeit vorgestellte, hochgradig flexible, stark wasserabweisende,
selbstreinigende, antireflektive und unter Wasser Luft haltende diinne Nanopelz
stellt eine vielversprechende Losung fiir eine Vielzahl von aktuellen Heraus-
forderungen in Bereichen der Reibungsreduktion und der Optimierung optoelek-
tronischer Gerite dar.

v



Contents

Abstract
Zusammenfassung
1 Introduction

2 Theoretical and Methodological Background

2.1

22
23

24

Wetting Theory
Wetting States . . . . . ... ... ...

2.1.1

2.1.2  Contact Angle Hysteresis . . . . . .. ...
2.1.3  Critical Pressure . . . ... ... .....
Materials . . . .. ... ... ... ... ...,

Fabrication Tools and Techniques

2.3.1
232

Microscopic and Surface Analytic Tools

24.1
242
243
244
245
24.6
2.4.7

Hot Embossing and Hot Pulling . . . . . .
Plasma Etching . . . . ... ... .....

Scanning Electron Microscope . . . . . . .

Contact Angle Goniometer . . . . . . . . .

Wilhelmy Plate Tensiometer/Contact Line Motion

Underwater Retained Air Layer Measurement . . . . . .

Confocal Laser Scanning Microscopy . . .

Spectrophotometer . . . . . ... ... ..

External Quantum Efficiency Measurement

NoREEN NV NS |

13
15
16
21
21
21
22
25
28
29
30
31



Contents

3 Fabrication and Wetting Properties of Nanofur . . . . . . .. 33
3.1 Nanofur Fabrication . . . . .. ... ... ............ 33
3.1.1 Thick Nanofur Fabrication . . . . . ... .. ... ... 33
3.1.2  Thin Nanofur Fabrication . . ... ... ... ... .. 35
3.1.3 Perforated Nanofur Fabrication . . ... ... ... .. 38
3.2 Fabrication of FEP Microcavity Arrays . . . . . . .. ... ... 42
3.3 Fabrication of Surface Wrinkles and PTFE Pillars . . . . . . . . 46
3.4 Wetting Properties . . . . . ... ... ... L. 47
3.4.1 Wetting Properties of Thin Nanofur . . . ... ... .. 47
3.4.2 Reversing the Wetting Behavior . . . . . .. ... ... 49
3.4.3 Wetting Propertiesof FEPMCA . . . .. .. ... ... 51
4 Stability of Retained Air Layer on Nanofur . . . . . . ... .. 53
4.1 Retained Air Layer Stability Against Hydrostatic Pressure . . . 55
4.1.1  Air-Water Interface Evolution During
Wetting Transition . . . ... ... ... ... ..... 55
4.1.2 Retained Air Layer Stability of Thin Nanofur . . . . . . 59
4.1.3 Highly Pressure-Stable Air Layer of
Perforated Nanofur . . . . . ... ... ... ...... 62
4.1.4 Retained Air Layer Stability Against
Water Pressure Fluctuations . . . . .. ... ... ... 68
4.2 Dynamic Plastron Stability of Superhydrophobic Surfaces . . . 70
4.2.1 Retained Air Layer Stability of Moving
Superhydrophobic Surfaces . . ... ... ... .... 70
4.2.2  Contact Line Motion and Dynamic
Wetting Behavior . . . . . . ... .o 74
423 Contamination Resistance of
Superhydrophobic Surfaces . . . .. ... ... .... 76
4.2.4 Directionality of Dynamic Wetting Transitions . . . . . 79
43 Conclusion . . ... ... 81

Vi



Contents

5 Superhydrophobic Surfaces for

Optoelectronic Applications . . . . . .. ... ... .....
5.1 Nanofur Application on Optoelectronic Devices . . . . . . .
5.1.1  Self-Cleaning Properties of Nanofur . . . . . . . ..
5.1.2  Optical Properties of Nanofur . . . . .. ... ...
5.1.3 Application of Nanofur on Optoelectronic Devices . . .
5.2 Self-Cleaning Microcavity Array for Photovoltaic Modules . . .
5.2.1 Optical Propertiesof MCA . . . . . . .. ... ...
5.2.2  Self-Cleaning properties of FEPMCA . . . . . . ..
5.2.3 Application of FEP MCA on PV Modules . . . . . .

5.3 Conclusion . .. ... ... ... ...
6 Summary and Outlook . ... ... ..............
Appendix . .. ... ...
Bibliography . . ... ... ... ... .. . ...
Glossary . . . . . . ... ...
Acronyms . . . . ...

Acknowledgement . . . . . ... ... ... L.

vii






1 Introduction

The abundance of fascinating micro- and nanostructured surfaces in nature has
always been a well of inspiration for researchers and engineers. Survival of the
fittest and the need to find nourishment resulted in natural organisms and their
surfaces being perfectly adapted to fulfill a variety of different purposes essential
to survive in the species chosen environment. Among these functional surfaces are
Lotus leaves [1], leaves of the water fern species Salvinia [2] and the water lettuce
Pistia Stratiotes [3], which are equipped with special wetting properties. Their
superhydrophobicity results in self-cleaning behavior necessary for unobstructed
photosynthesis and enables them to retain an air layer when submerged underwater
[4, 5]. The self-cleaning and air retaining properties observed on these natural
surfaces are especially beneficial for technical applications including anti-fouling
[6], self-cleaning windshields [7], solar panels [8], energy conservation [9] and
drag reduction [10-13].

Developing efficient drag-reducing surfaces is of great interest to applications in
medicine, shipping and fluid transport [14—16]. The integration of drag-reducing
surfaces can reduce pressure loss and operational costs of microfluidic devices,
which are essential for medical diagnostics, pharmaceutical, clinical and biological
research [17-20]. Additionally, stable and scalable drag-reducing surfaces can
help to reduce the enormous fuel consumption of international shipping, which
has increased from 64.5 million metric tons (Mt) in 1950 up to more than 330 Mt
in 2007 [21, 22]. Several techniques including microbubble injection, microstruc-
turing surfaces with shark skin inspired riblets or adding polymer additives to
the fluid have been employed to reduce frictional drag [14, 23-26]. However,

limited efficiency, high production costs or the constant energy input required
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to generate bubbles, limit these methods [14, 27]. In contrast, the passively
retained air layer on natural superhydrophobic surfaces found on the skin of
such insects as the water bug Notonecta glauca and the water strider Gerris
remigis has a lubricating effect and enables them to efficiently move in and on
water [10, 28]. Artificial air retaining superhydrophobic surfaces, such as polymers
with functionalized zinc-oxide nanoparticles [29], etched and anodized aluminum
surfaces coated with fluorinated chemicals [30-32] and fluorinated hydrophobized
silicon microstructures [33], have adapted this lubricating effect and were shown
to reduce frictional drag by up to 70% [26]. However, many of the fabrication
techniques are cost-intensive and time-consuming, thus, making them difficult
to scale up. Additionally, organic materials and micro- and nanosized particulate
used for chemical surface treatment can be toxic to the environment, severely
limiting the applicability of the functionalized surfaces. Another limitation is the
instability of the retained air layer against external stimuli such as pressure and
flow, which can replace the lubricating air layer with water and result in a loss of
drag-reducing properties.

Superhydrophobic surfaces are also of great interest because of their self-cleaning
properties. In particular, for optoelectronic applications, such as photovoltaic (PV)
modules they present a way to reduce contamination. All around the year, natural
aerosols such as sand, clay, volcanic ashes or pollen as well as anthropogenic
pollution from power plants, vehicles and industry accumulate on PV modules
[34-36]. These contaminants increase unwanted reflection and absorption of
solar radiation at the protective encapsulation of PV modules, and, thus, reduce
transmission of light into the active medium, leading to an up to 50% reduced
energy output [34—40]. Geographical regions most prone to soiling and obstruction
are arid regions, where rainfall is low and the possible electrical gain of PV
modules especially high [34—40]. A variety of active cleaning mechanisms, such
as manual cleaning, overnight storage or electrodynamic screens, can mitigate
these effects, but also greatly increase the operational costs of the PV devices, thus,
reducing their economic value [34-38, 41]. Therefore, the passive self-cleaning

effect of superhydrophobic coatings is the most promising approach to solve the
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contamination problem, as it drastically reduces maintenance costs compared to
active mechanisms, and satisfies most commercial requirements [34]. A variety
of superhydrophobic transparent surfaces have been developed, and the most
common of them are inspired by the anti-reflective coating of the moth eye and
the transparent wings of the glasswing butterfly and the cicada [7, 8, 42, 43].
These coatings typically consist of subwavelength structures such as random
nanopillars (glasswing) or nanonipples (moth eye) [8, 43], and are transferred
onto optoelectronic devices through techniques such as etching, laser writing,
two-photon lithography and soft lithography [42, 44, 45]. The fabrication of
such transparent superhydrophobic surfaces often requires expensive and time-
consuming fabrication techniques or subsequent chemical treatment, which makes
upscaling difficult and limits their applicability [46—48]. Thus, the development
of a safe, stable, biocompatible, easily scalable, self-cleaning, transparent drag-
reducing material is of utmost importance.

The biomimetic group at the Institute of Microstructure Technology (IMT) has
previously developed a bioinspired, superhydrophobic nanofur film [49-51]. This
nanofur was shown to retain an air layer when submerged underwater, reduce
fluidic drag and can be used as a liquid trap or an oil-water separating mem-
brane [50, 51]. Based on these results, this work aims to improve nanofur and
its properties, in order to make it applicable in drag-reducing and optoelectronic

applications. Therefore, the objectives of this thesis are:

1. Development of a scalable and cost efficient fabrication technique for trans-

parent superhydrophobic thin nanofur.
2. Equipment of thin nanofur with a highly stable underwater retained air layer.

3. Application of self-cleaning thin nanofur and nanofur-based films as effi-

ciency enhancing coatings on optoelectronic devices.

To achieve these objectives, the following Chapter 2 presents the theoretical back-
ground regarding wettability, as well as fundamentals on the utilized fabrication

techniques and analytical methods. Chapter 3 introduces the developed advanced
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fabrication and modification techniques used to fabricate thin nanofur and thin
nanofur-based microcavity arrays and presents their respective wetting behavior.
Next a characterization and subsequent improvement of the static and dynamic
stability of the underwater retained air layer of thin nanofur against external stimuli
is undertaken in Chapter 4. In Chapter 5 the optical properties of thin nanofur and
thin nanofur-based microcavity array are analyzed and their efficiency enhanc-
ing effect on optoelectronic devices is demonstrated. Finally, Chapter 6 gives a

summary and an outlook on possible future developments.



2 Theoretical and Methodological
Background

2.1 Wetting Theory

When a liquid droplet comes in contact with a solid surface the two surfaces
interact. This surface interaction most often results in the droplet spreading on
the solid surface and forming a spherical cap, which is slightly deformed due to
gravity. The extend, to which the droplet spreads on the surface depends on the
interaction between liquid and surface. Wetting theory describes these interactions
and their results (Fig. 2.1). Molecules in a liquid droplet are bound to each other
by intermolecular forces, which, for molecules in the center of the droplet, are
balanced in respect to all possible spatial directions. In contrast, for molecules
residing in the outer ridges of the droplet, a higher number of molecules is
positioned towards the center of the droplet than towards the edge, resulting
in a net force pulling the outer molecules towards the center of the droplet. Thus,
in order to move a molecule from the center of the droplet to the less bound outer
region, an energy input is required to overcome the corresponding gap in potential
energy (center = lower potential energy; outer shell = higher potential energy) [52].
Moreover, because the droplet is in contact with a surrounding vapor, solid or
other liquid, molecules inside the droplet additionally experience forces from the
environment, thus, changing the work necessary for displacement. The interfacial
surface tension () is defined as the work necessary for displacement per unit

surface and describes the tendency of a liquid to minimize its surface area.
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a) b)

vapour

solid Vs
0°<6<90° 6=90° 90°<0<180°

Figure 2.1: Schematic of different wetting behaviors. The contact angle at the solid-
liquid-vapor triple line is defined by Young’s equation (Eq.(2.1)) through the respec-
tive interfacial tensions and characterizes the wetting behavior of a surface. Surfaces
with contact angle 0° < 6 < 90° are hydrophilic (a), while surfaces with contact angle
90° < 6 < 180° are hydrophobic (b ,c).

In 1805, Young [53] derived a relation between the contact angle (6) of a droplet on
a smooth surface and the surface tensions 7;;, of the liquid-vapor (LV), liquid-solid
(LS) and solid-vapor (SV) interfaces, using a three-phase model and assuming a

droplet small enough for gravity to be negligible.

Ysv — YsL
Yov

cosO = 2.1
Equation (2.1) can be geometrically derived from Fig.2.1a) by regarding 6
as a local property independent of drop volume and fixed at the triple line of
the three phases. Because the contact angle (CA) is fixed and each surface
tension tries to minimize the corresponding surface area, a balance of forces
between the surface tensions immediately results in Eq.(2.1). An alternative
derivation is based on minimizing the total surface energy (E) of a droplet
E =YYy +Zs.Ysr + (Es +Xsr) Ysv, where X5 are the respective surface areas,
and assuming a constant drop volume (dV = 0).

Based on the contact angle, wetting properties of solid surfaces are separated into
different cases as illustrated in Fig. 2.1. Surfaces with a contact angle smaller than
90° are classified as hydrophilic and dispensed droplets wet the surface. Super-
hydrophilicity describes an extreme case of hydrophilicity, in which the liquid
exhibits a water contact angle Oy < 10° and completely spreads over the surface
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[54]. Glass and most non-fluorinated polymers are hydrophilic with contact angles
below 90°. In contrast, surfaces with Oy > 90° are classified as hydrophobic,
which in the extreme case of droplets exhibiting Oy > 150° combined with low
droplet adhesion is classified as superhydrophobic. To achieve contact angles
above 90° surfaces are typically fluorinated or otherwise chemically modified,
reducing their surface energy and increasing hydrophobicity. However, smooth
surfaces cannot exceed a contact angle of 120°, even when chemically modified
[55, 56]. To surpass this limitation and achieve higher contact angles, surfaces
need to exhibit topographical features such as roughness or other regular or random
surface structures [54, 57-59].

However, Eq.(2.1) only applies to chemically homogeneous, unstructured
surfaces. Therefore, structured surfaces need to be investigated individually
and two separate wetting states can be distinguished: Wenzel and
Cassie-Baxter (Fig. 2.2) [4, 60-62].

2.1.1 Wetting States

Wenzel State

The introduction of surface roughness or surface features does generally alter the
wetting behavior in one of two possible ways schematically shown in Fig. 2.2. The
first case is known as "Wenzel wetting". A droplet resting on a structured surface
penetrates into the topography and completely wets the surface. By introducing
a roughness parameter r, which is defined as the ratio of actual surface area to
the projected area of the surface, Wenzel was able to correlate the apparent CA
(Owenze1) of the droplet on the structured surface to the Young CA (8p) the droplet
would have on an unstructured solid of the same material [60].

€0S Owenzel = rcosBp; r>1 2.2)
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a)

Wenzel state Cassie-Baxter state

Figure 2.2: Schematic illustration of different wetting states. a) A droplet penetrat-
ing into the surface topography and completely wetting the structured substrate (Wenzel
state). b) A droplet resting on top of the surface topography and trapping air pockets
underneath (Cassie-Baxter state).

Because r > 1 surface roughness and topographical features always enhance the
prevalent wettability of the bulk material. Therefore, a structured hydrophilic
surface will exhibit lower contact angles than an unstructured substrate of the
same hydrophilic material, while a hydrophobic material (8 > 90°) will become
more hydrophobic by introducing roughness [54, 57, 62, 63].

Cassie-Baxter State

The second possible interaction between a droplet and a structured surface is
known as "Cassie-Baxter wetting". This state describes a droplet sitting on the
apex of the surface topography without penetrating it, and, thus, partially resting on
air pockets trapped in the structure underneath the liquid (Fig.2.2b) [55, 58, 64].
The air pockets reduce the liquid-solid contact area and significantly increase the
contact angle of the surface. In 1944 Cassie and Baxter [61] developed a model to

calculate the apparent CA (8¢p) of these so-called "fakir droplets":
cos Ocp = Psrscos(00s) + PairTair OS(O0air) (2.3)

where ¢s and ¢,;; are area fractions of wetted solid and air respectively and rg
and r,;; are the respective roughness factors of the wetted solid and air. Hence,
the apparent CA in a Cassie-Baxter wetting state is an average of the CA of the

two supporting materials weighted with the respective liquid-material surface area
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fractions. In the specific case of a fakir droplet partially resting on air, Eq. (2.3)

can be simplified using Op,ir = 180°, ryir = 1 and ¢yi = 1 —@s:
cos Ocg = —1+ ¢s(rscos(Bps) + 1) (2.4)

Thus, the CA in a Cassie-Baxter wetting state depends on the solid-liquid contact
area and decreasing @5 increases the CA. Furthermore, surfaces in a Cassie-Baxter
wetting state often exhibit higher CA and at the same time significantly lower

droplet adhesion than surfaces in a Wenzel state.

2.1.2 Contact Angle Hysteresis

High CAs are one prerequisite of superhydrophobic surfaces and can be achieved
in both before mentioned wetting states. However, in order to be in a super-
hydrophobic Cassie-Baxter state, droplets additionally need to readily roll off
the surface, which is not guaranteed by a high static CA. For example, droplets
dispensed on rose petals and gecko feet display contact angles above 150° but
firmly stick to the surface even when turned upside down [65]. Hence, to charac-
terize droplet mobility and superhydrophobicity an additional physical quantity
needs to be studied. Commonly, the roll-off angle or sliding angle (6ys) and
contact angle hysteresis (CAH) are used to measure droplet adhesion and further
characterize the wetting behavior of a surface. The roll-off or sliding angle is
defined as the angle a surface has to be tilted for a liquid droplet to roll off the
surface. Surface defects, chemical or mechanical inhomogeneities and roughness
of the surface can result in variations in CA and allow a droplet to be pinned
to the surface [54]. These differences in CA can be observed on droplets sitting
on or sliding off a tilted plane. As gravity shifts the droplet down the surface,
pinning results in a significantly higher observed CA at the front of the drop
(advancing contact angle (6,4,)) than at the back of the drop (receding contact
angle (0,..)). This difference in CA is defined as contact angle hysteresis and can
generate capillary forces large enough to compensate gravity and pin droplets
to the substrate [66]. The large liquid-solid contact area in the Wenzel state
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usually results in droplets firmly sticking to the surface, and, thus, exhibiting high
CAH and Oys. In contrast, a droplet in the Cassie-Baxter state is characterized
by minimal CAH and roll off angles below 10°. This decreased droplet adhesion
is a result of the reduced liquid-solid contact area combined with a "smoothing"
effect of the air film covering defects and reducing roughness, thus, preventing
Wenzel penetration [54, 63].

2.1.3 Critical Pressure

When a superhydrophobic surface is submerged underwater it can retain an air
layer, as long as it is in the Cassie-Baxter wetting state. This is a result of the air
pockets trapped underneath the liquid layer in between the surface topography
(Fig.2.2b). Otten and Herminghaus [67] have identified roughness and elasticity
of topographical features as key properties for surfaces to be able to retain an
air layer and Solga er al. [68] expanded this list to include micro- to millimeter
long hairs, hierarchical structures and cavities. Many such air retaining surfaces
can be found in nature, including the water strider Gerris remigis [28, 69], the
water bug Notonecta glauca [10] and water plants like Salvinia [11, 27, 70, 71]
and Pistia stratiotes [72]. On biological surfaces the retained air film is used for
a variety of applications such as drag reduction, respiration and insulation [2].
However, the retained air layer, which is essential for applications, can easily
be damaged or completely broken by external stimuli such as immersion time
or elevated hydrostatic pressure. The hydrostatic pressure necessary to induce
a wetting transition from a Cassie-Baxter to a Wenzel wetting state is called
critical pressure (p.-) and can be calculated based on a balance of forces between
hydrostatic pressure (pyqrer), ambient air pressure (pgmp), capillary pressure (peap)

and retained air pressure (pgir) [73].

Pair T Pcap — Pwater — Pamb = 0 (2.5)

Several numerical and theoretical studies have shown wetting transitions to

occur through two possible routes: sagging and sliding (Fig.2.3a) [73-76].
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a) b)

o

Figure 2.3: Schematic illustration of balance of forces on air-water interface. a) Schematic illustration
of two possible wetting transitions: sagging (left) and sliding (right) b) Pressures acting on air-water
interface inside pore (left) and between pillars (right) on superhydrophobic surface. (Reproduced
with permission from Hemeda et al. [73]. Copyright 2014 American Chemical Society.) ¢) Schematic
illustration of air-water interface (G) inside circular pore of diameter D. Water forms spherical cap
with radius R inside pore.

z=0

First the air-water interface sags between the supporting structures until it reaches
a critical curvature. Should the air-water interface contact the solid substrate
during sagging, the surface undergoes an immediate wetting transition into the
Wenzel state and the air layer is lost. If the air-water interface reaches its critical
curvature without wetting the surface, it starts sliding into the topography while
keeping the critical curvature, and upon contacting the solid substrate immediately
wets the surface [73, 77]. In contrast to most theoretical studies investigating
wetting transitions, which neglect the entrapped air pressure as stabilization mech-
anism for the air-water interface, Hemeda et al. [73] derived an equation for
the critical pressure considering all involved pressures. Therefore, the presented
theoretical considerations and calculations leading to an equation for calculating
critical pressure follow the outline of Hemeda et al. [73]. First the superhydropho-
bic surface is assumed to consist of pores or pillars and the interface profile is
7= F(x,yt) with ip = (F,F,,—1) /(1 + F? +I7yz)1/2 being the unit normal as
shown in Fig. 2.3 b). Capillary pressure is defined as the product of surface tension

() and divergence of the unit normal.

Pcap =yVir

(2.6)
=y[(14F}) Fu+ (1 + F}) By —2EF Fy| (1 4+ F2 +F;

)—3/2
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Next the pressure in the retained air layer during compression is calculated. For
this an isothermal compression of the retained air layer with a constant pressure-
volume-product pgirVair =pampVo is assumed, where V,;, = Vo + [ [ FdS is the
retained air volume, S is the entrapped air surface area and V) = S - h is the orig-
inal retained air volume as shown in Fig.2.3b). Let G(x,y) = F(x,y,0) be the
critical air-water interface at p.,. The entrapped air pressure can then be expressed
as Pair = Pamv Vo /Vair = PairVo/ Vo + [ | GdS), and Eq. (2.5) can be rearranged to

Per = YVAG — Pamp |:1 - V()/ (Vo + / / GdS)} 2.7

Assuming that the superhydrophobic surface is made up of pores, the air-water
interface drooping into a pore takes the shape of a spherical cap as shown in

Fig. 2.3 ¢), and the critical air-water interface can be written as:
G=k—o

(2.8)
G= \/Rcr_D2/4— \/R%r—xz —y2

with k being the distance between the origin of the spherical cap and the xy-plane
and o(x,y) being the critical air-water interface in respect to the origin of

the spherical cap (Fig. 2.3 ¢). The capillary pressure of a circular pore is defined as
Peap = —2Ycos Oy /R (2.9)

with R being the radius of the pore. Substituting F' in Eq. (2.6) by Eq. (2.8) and
equalizing the result with Eq. (2.9) gives R, = —D/ (2cos Oy ) as critical radius
of the air-water interface, with D being the pore diameter. Finally, inserting the
critical radius and Eq. (2.8) into Eq. (2.7) results in an expression for the critical

pressure for a surface consisting of pores [73].
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2y
Per,pore = Rf — Pamb X

Cr
2.10)
nD? D> 2r; D? (
1-Vo/ |Vo+ ——1\/R2, — =+ (R, — =)/ —R}
< 0/ 0+ 4 cr 4 + 3 [( cr 4 ) LI‘}

Equation (2.10) predicts that shallow pores exhibit a higher resistance against

elevated pressure than deep pores. For shallow pores, the ratio of volume of
displaced air to total pore volume is much higher, resulting in higher compression
pressures, which in turn stabilize the air-water interface. For deep pores, the
critical pressure is almost independent of pore diameter, and only determined
by a balance of capillary and hydrostatic pressure, and the contribution of the
retained air pressure can be neglected. This can be seen in Eq. (2.10), where the
second term becomes obsolete, thus significantly simplifying Eq. (2.10), which
then becomes equal to the equation derived by Zheng et al [74], where retained
air was not considered as stabilizing mechanism. In this case, only the capillary

pressure stabilizes the air-water interface.

2.2 Materials

The following section gives an overview over the materials mainly used in this
study for fabrication of micro- and nanostructured surfaces as well as peripheral

materials not directly structured.

Polycarbonate

Even though nanofur can be fabricated from a variety of polymers [78], this thesis
focuses on nanofur fabricated from polycarbonate (PC), namely PC Makrolon
LED 2045 from Bayer (Germany). PC is commonly used for everyday prod-
ucts such as DVDs, Blurays or protective goggles, as well as more specialized
products such as optical waveguides and other optical instruments [79]. Most
PC types are amorphous thermoplasts with a glass transition temperature of
T, = 144°C and posses a high mechanical stability [79, 80]. Because light
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neither gets absorbed nor scattered at its molecules, PC is highly transparent,
with transmission values of approximately 89%, negligible absorption and no
scattering in the visible and infrared (IR) wavelengths [80]. The excellent optical
properties are essential for the intended use as a light managing material and
the biocompability of PC further broadens its range of applications. Regard-
ing wetting properties, PC exhibits slightly hydrophilic properties with a static
water contact angle of Oy = 72° [72, 81].

Cyclo-Olefin-Copolymer

During the fabrication of thin nanofur (see Section3.1.2) PC is bonded to a
cyclo-olefin-copolymer (COC) layer, specifically, COC 6013 F-04 from Topas
(Germany). The COC layer serves as a sacrificial protective layer to the thin
PC-foils during hot pulling. Similar to PC, COC is a transparent thermoplastic
polymer with a glass transition temperature of 7, = 138 °C [82]. The main criteria
for choosing COC was the possibility to bond PC to it without forming a composite,
and, thus, being able to separate them from each other after structuring PC [83].
An additional requirement was a T, in the same range as that of PC, so the
polymers could be softened and bonded in one embossing step. Due to the slightly
lower glass transition temperature of COC compared to PC, COC softens earlier
in the embossing step and encapsulates the edges of the PC-foil, thus, further

strengthening the adhesion necessary for a subsequent structuring step of PC.

Fluorinated Ethylene Propylene

Another polymer used for fabrication of microstructured surfaces is fluorinated
ethylene propylene (FEP) (grade: FEP500c) from DuPont Corp (USA). Unlike PC
and COC, FEP is a semi-crystalline thermoplast with a glass transition temperature
of T, = 80 °C and a melting temperature (7;,) of T;,, = 260 °C-280°C [84, 85].
Depending on its treatment FEP exhibits a degree of crystallisation between 40%
and 57% [79]. High transparency, low refractive index (n = 1.34) and low surface

energy of fluorinated polymers and specifically FEP are the reason why they are
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often used as top covers for photovoltaic (PV) modules instead of the common
glass encapsulation [85, 86]. Especially in the case of flexible and light-weight
PV modules, the low weight and flexibility of FEP is superior to the heavy and
rigid glass encapsulation. The low surface energy of FEP results in low adhesion
of particulate matter on FEP and a water contact angle (6 ~ 110°) close to the
limitation of unstructured surfaces, which is especially beneficial for self-cleaning
properties. Additionally, FEP exhibits high mechanical and chemical resistance,
and is not affected by prolonged exposure to ultraviolet (UV) light, which is
particularly important for applications where the material is subjected to direct
sunlight, such as coatings of PV modules [79, 85].

Polydimethylsiloxane

Polydimethylsiloxane PDMS is used as a protective cover during oxygen plasma
etching of thin nanofur and as a soft underground during needle perforation.
Needles can puncture samples lying on top of PDMS and penetrate into it without
being damaged, as would be the case for hard undergrounds. PDMS is chemically
inert, and is not affected by oxygen, which makes it an ideal protective cover
during oxygen plasma etching [79]. In this thesis PDMS type Sylgard 184 from
Dow Corning (Germany) was used, consisting of a viscous pre-polymer and a
hardener. To harden PDMS, the pre-polymer and hardener were mixed in a 10:1
ratio and baked in an oven at 65 °C for 1 hour or left at ambient atmosphere for
24 hours. Because of the viscous nature of the pre-polymer, no limitations exist

regarding topography or curvature of surfaces that are to be coated.

2.3 Fabrication Tools and Techniques

Polymer replication techniques such as 3D printing, thermoforming, injection
molding or hot embossing allow manufacturing and repeated reshaping of poly-
mers into structured films with structure sizes down to several hundreds of nanome-
ters. Depending on requirements such as complexity, throughput, mechanical

properties, material demands and feature size, a suitable fabrication technique
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has to be found. 3D printing for instances is ideally suited for fast prototyping
and fabrication of single units, because it is highly flexible and does not require a
costly mold insert. However, even though it becomes ever more versatile in regard
to processable materials [87], due to high cycling time and low cost effectiveness,
it cannot produce high throughput. In contrast, hot embossing sacrifices the mold
free fabrication procedure for higher throughput, and, thus, lower per unit costs.
The following section provides an overview over the fabrication and replication

techniques utilized in this thesis.

2.3.1 Hot Embossing and Hot Pulling

Hot embossing is a manufacturing process for polymers capable of fabricating
structures with feature sizes as small as tens of nanometer [88, 89], and spans
a huge variety of materials, geometries and sizes required for different applica-
tions [90]. Thermoplastic polymers are the most commonly used material in hot
embossing, but the process can be applied to other materials such as bulk metallic
glasses [91], ceramics [90], or liquid wood, which is a combination of cellulose
fiber and lignin [92]. Hot embossing has already been used as early as 1888
for the replication of vinyl records [90, 93]. While other replication techniques
(injection molding, LiGA, thermoforming) have emerged and been refined, the
high versatility, low cycling time and, therefore, high throughput, ensure that hot
embossing stays a relevant replication technique for small to medium size produc-
tion batches. Moreover, the possibility of fabricating structures down to a scale of
tens of nanometers combined with large fabrication areas of up to 6 inches [94]
and the prospect of even greater areas by transferring the process to a roll-to-roll
embossing technique ensures its importance in several application fields including
microfluidics, lab-on-chip and optical applications [95-98].

In general, hot embossing is comprised of three basic steps as illustrated in Fig. 2.4.
First a polymer is placed between the metallic mold insert, which contains the
negative of the desired structure, and a suitable counter plate. Even though the

mold insert and counterplate do not have to be metallic, choosing a metallic mold
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Figure 2.4: Schematic illustration of hot embossing process. A polymer is placed between a structured
mold insert (top) and a counter plate (bottom). The setup is then heated above the glass transition
temperature of the polymer and the mold is pressed into the melted polymer. Finally, the setup is cooled

below the polymer’s glass transition temperature and subsequent demolding results in a structured
polymer foil.

insert and counter plate ensures fast heat transfer into the polymer as well as high
durability of the mold. Next the metallic plates and the polymer are heated above
the glass transition temperature of the polymer. The glass transition temperature
is defined as the transition temperature between the polymer’s energy elastic and
entropy elastic state [79, 99]. This transition entails that below the glass transition
temperature polymers are in a glassy state and exhibit brittle and stiff properties.
An increase in temperature brings the polymer into the glass transisition range,
where molecular movement is increased and molecular chains start sliding off each
other, resulting in a reduced shear modulus (Fig. 2.5). With temperature increasing
above T, the polymer becomes viscoelastic, its shear modulus decreases further
and the polymer enters the flow and melt range, before a further temperature
increase results in an irreversible decomposition of the polymer as illustrated in
Fig.2.5. For an ideal hot embossing result, the polymer has to be in the viscosity
range highlighted in Fig. 2.5 in order to flow into the cavities without starting
to decompose. After reaching the embossing temperature (7g), an embossing

force (Fg) is applied, reducing the gap between mold insert and counterplate
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Figure 2.5: Shear modulus of an amorphous polymer as a function of temperature. The embossing
window in which the ideal polymer viscosity for high quality hot embossing is reached is highlighted
in red. (Adapted from Worgull [90])

and excerting pressure on the polymer melt to press it into the cavities. After
waiting for the polymer to completely fill the cavities, the setup is cooled below
T,, where the polymer solidifies in its new form. Finally, the mold insert and
counter plate get distanced from one another, removing the structured polymer
from the mold insert (Fig. 2.4).

By modifying fabrication parameters in the basic process, replication quality,
reproducibility and cycling times can be improved and the replicated structure can
be adjusted to application oriented specifications. The most common adjustment
is to evacuate the embossing chamber before heating the setup. The removal of
air allows the polymer to fill the cavities of the mold insert without encountering
resistance. In contrast, under ambient atmosphere, the viscous polymer seals the
cavities and traps the remaining air inside, which is then compressed by the flowing
polymer and subsequently denies a complete filling of the cavities with polymer,
thus, resulting in defects and damages in the replicated structure.

The demolding step can also be adjusted to satisfy specific application oriented
requirements. As mentioned above, after cooling down the setup, the structured
polymer can be automatically removed from the mold insert through adhesion
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to the counter plate. To achieve this automated removal, the adhesion between
polymer and counterplate needs to exceed the adhesion between mold insert
and structured polymer. Hence, the counterplate-polymer adhesion needs to be
increased, which is typically achieved by sandblasting the counterplate, and, thus,
increasing the counterplate-polymer contact area. The roughness from sandblast-
ing is then transferred onto the polymer backside during embossing, resulting
in a highly scattering opaque sample. However, this can often be remedied in a
post-processing step if required. Alternatively, manual demolding can circumvent
this issue by using a smooth counterplate and removing the polymer from the
mold insert by hand after embossing. Because manual demolding does not remove
the polymer vertically from the cavities, additional stress is exerted on the polymer
topography, which can lead to rupture or breakage of structures. Especially frag-
ile high aspect ratio topographies are prone to get damaged during this process.
Another possibility used in this study, is automated demolding with the inclu-
sion of a sacrificial polymer sublayer. In this case, the roughness is transferred
to the sublayer and the polymer stack is still vertically demolded, resulting in
fully intact transparent samples. However, using a sacrificial polymer requires
good adhesion between the sacrificial and structured polymer without forming a
composite, to ensure possible separation after demolding. Furthermore, a similar
T, of the polymers is required to ensure adequate adhesion without irreversibly
decomposing one of the polymers.

Demolding is also the biggest drawback of hot embossing in regard to reproducible
surface geometry, as the removal of the polymer along one axis allows no under-
cuts relative to this axis. As a result, only topographies with vertical sidewalls
or structures rejuvenating towards the top can be replicated, thus, limiting the
complexity of the fabricated geometry. Because of this limitation, hot embossing
is considered as a 2.5D fabrication technique, able to replicate arbitrary planar
geometries, but only able to vary the height of the replicated structures.

Another limiting factor of hot embossing is the achievable aspect ratio (AR)
of replicated structures. During demolding, high forces between polymer and

mold insert limit the possible AR, making microstructures with AR as high as
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Figure 2.6: Exemplary force and temperature profiles for hot pulling of thin films. No force is exerted
until designated embossing temperature is reached. Embossing and demolding take place at a constant
high temperature. Inset shows the shaded area in more detail.

10 difficult to replicate [100, 101]. The ratio of surface area to volume increases
rapidly for small scale structures, thus, resulting in demolding forces exceeding
the polymer cohesion, which will result in the polymeric structure ripping off and
clogging the mold insert. To overcome this limitation an adapted hot embossing
technique called hot pulling is utilized [49]. Hot pulling differs from the classical
hot embossing only in the demolding step. During hot embossing the system is
cooled down to ensure a solid polymer before demolding, whereas during hot
pulling, the temperature of the mold insert is kept high throughout the complete
replication cycle. Figure 2.6 displays experimental force and temperature profiles
of an exemplary hot pulling process of a thin film. No force is exerted while the
mold insert is heated to the designated embossing temperature. After reaching 7,
mold insert and counter plate are closed, and both embossing and demolding take
place at a constant temperature. As a result of the high temperature during demold-
ing, the polymer stays viscous and the high adhesion forces during plate separation

are utilized to further elongate the structured polymer, while additionally keeping

20



2.4 Microscopic and Surface Analytic Tools

the polymer from ripping off and blocking the mold insert. This results in an
increased height of the fabricated structures and enables replication of high AR

topographies not possible with classical hot embossing.

2.3.2 Plasma Etching

Etching describes the process of removing material by applying chemically agres-
sive substances to a substrate and is divided into dry and wet etching depending
on the etchants aggregate state [102, 103]. During this process, an etching mask
can be used to protect parts of the substrate surface that are not supposed to
be affected by the etchant. In this study polymeric samples are modified using
plasma etching, specifically oxygen plasma etching. Oxygen plasma etching is
an isotropic dry chemical etching process, resulting in unidirectional removal of
exposed material. Etching processes are characterized through the etching rate
Fotch = % where d,;;, is the amount of removed material during the applied
etching time (#.;c;). The etching rate is influenced by temperature, sample posi-
tion, gas pressure and substrate geometry [104]. All etching experiments in this
thesis were carried out with a R3T STP2020 oxygen plasma etching machine
from MUEGGE GmbH (Germany).

2.4 Microscopic and Surface Analytic Tools
2.4.1 Scanning Electron Microscope

A scanning electron microscope (SEM) is a useful tool to obtain a topographical
image of nano- and microstructured surfaces. It works by the same basic princi-
ple as a standard light microscope but utilizes electrons instead of light waves
for imaging. A beam of electrons is emitted and focused on the sample surface,
before being moved over the surface line by line. The highly focused electron
beam excites electrons from the surface, which can be collected by a variety of
detectors. Depending on the used detector, different information about the surface

is gathered. In most cases secondary electrons, which are emitted by surface atoms,
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are gathered, and, thus, information about the topography of the surface is gained.
By using electrons instead of photons, as is the case for a light microscope, a
much higher resolution can be achieved and feature sizes ranging from several
millimeters down to single nanometers can be resolved. However, electrons can
charge non-conductive surfaces, leading to imaging artifacts and a reduced res-
olution. Therefore, to minimize charging effects and achieve optimal resolution,
non-conductive samples are typically coated with conductive metals such as gold
or silver prior to imaging, possibly preventing further processing or application
of the substrate afterwards. As a result, SEM imaging of coated samples can be
classified as a destructive measurement technique for non-conductive substrates.
Additionally, similar to a light microscope, images are taken from a top view
and can lack crucial information about structure height or hierarchy. However,
tilting the substrate or imaging cross-sections, fabricated with sharp razor blades, a
microtome or focused-ion beam, enables a complete characterization of a samples
topographical features. SEM images throughout this thesis were obtained with a
Supra 55P SEM from Zeiss (Germany).

2.4.2 Contact Angle Goniometer

A contact angle goniometer quantifies the wetting behavior of surfaces in regard
to a specific liquid. As described in Section 2.1, dispensing a liquid droplet on
a surface can result in the droplet spreading completely, staying spherical or
displaying any behavior in between. To acquire the CA, the goniometer is equipped
with an actuator driven syringe, which is able to dispense drops of various, but
well defined, volumes. The dispensed droplet is then illuminated from the back-
side and the contour is recorded with a camera as either a single image or a
movie. A software then analyzes the contour and based on different fitting mod-
els calculates the CA (Fig.2.7). The three different fitting models used in this
thesis are ellipse fitting, Young-Laplace fitting and manual fitting and are later

described in more detail.
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The goniometer can further be used to measure the advancing and receding con-
tact angle on surfaces. For this, a droplet is dispensed onto the surface while still
attached to the needle. Then, the volume of the droplet is increased and subse-
quently decreased and a movie of the evolving droplet shape is recorded. The
advancing contact angle is measured as the highest CA during volume increase
and the receding contact angle is measured as the lowest CA during deflation
of the droplet. Combining the sample holder with a tilting unit further allows
measurement of the sliding angle and contact angle hysteresis. After dispensing
a droplet on the surface and retracting the needle, the substrate is tilted until the
droplet starts to slide off the surface. The maximum tilt angle at which the droplet
is still attached to the surface describes the sliding angle, while the angle at the
front/rear side of the droplet before sliding off is 6,,,/6ec.

Static contact angles in this thesis were measured with the OCA 15Pro contact
angle measurement system from DataPhysics Instruments. To record sliding
angles the measurement system was rotated using an electronic tilting base unit
(TBU9OE, Dataphysics, Germany).

Fitting Types and Errors

As mentioned above, the CA is calculated from a recorded drop shape profile by
curve-fitting software using different fitting methods. Depending on the contact
angle, shape and homogeneity of the substrate, various fitting errors can occur and
a suitable calculation method has to be chosen to achieve the best result (Fig. 2.7).

Young-Laplace fitting considers the whole droplet shape and assumes gravity
is the only force acting on the droplet. Furthermore, for this fitting type to be
applicable, the droplet needs to exhibit a high degree of symmetry, which is the
reason why it is also called axisymmetric drop shape analysis (ADSA) [105].
Using the surface tension of the liquid, the ADSA method iteratively solves the
Laplace equation, and, thus, calculates the CA. In contrast to all other fitting
methods, it takes physical properties of the droplet into account and is not only

based on geometrical curve fitting. Especially for high CA the ADSA method
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Figure 2.7: Contact angle fitting types and their failures. The contour of three droplets are shown
with the CA calculated based on Young-Laplace fitting (first column), ellipse fitting (second colum)
and manual fitting (third column) showing the respective errors. a) For high contact angles, Young-
Laplace shows the best fit, while ellipse and manual fitting underestimate the CA. b) Optical defects
prohibit automatic fittings (Young-Laplace, ellipse) from tracing the droplet contour. ¢) Assymet-
ric droplets cannot be traced by Young-Laplace fitting, while both ellipse and manual fitting are
capable of distinguishing directional CA.

traces the droplet profile best and shows the most accurate and stable fitting, while
ellipse and manual fitting underestimate the CA, as shown in Fig. 2.7 a).

Ellipse fitting is a geometrically based fitting mode. It assumes the droplet
to have an elliptical shape and fits an ellipse equation to the captured droplet.
The CA is then calculated as the angle of the tangent in the contact points
of the ellipse and the baseline. Ellipse fitting does not assume a symmetric
shape and, therefore, can calculate separate CAs for the left and right side
of the droplet. As a result, it is a good fit for asymmetrical droplets and het-

erogeneous surfaces, where Young-Laplace fitting cannot be used due to its
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assumption of symmetry (Fig. 2.7 c). However, for high CA the assumed elliptical
shape cannot accurately trace the droplet profile and, therefore, ellipse fitting
typically underestimates the CA.

Manual fitting is a subroutine of ellipse fitting and, therefore, also a geometrically
based fitting mode. For manual fitting at least five spots of the droplet profile need
to be manually defined. Then an elliptical equation is fitted to the manually defined
points and interactively adjusted to each newly defined profile point. Similar to
ellipse fitting, the CA is then calculated as the tangent of the elliptical equation
in the contact points of the ellipse and the baseline. Manual fitting is especially
beneficial when distortions due to light make an automatic fitting of the captured
droplet impossible, as shown in the lower right part of Fig. 2.7 b).

Circle and tangent fitting are other commonly used fitting routines. Circle fit-
ting uses the same algorithm as ellipse fitting, with the exception of fitting a
circle to the detected droplet. Tangent fitting extracts a set amount of points
of the droplet contour above the baseline and numerically calculates a tangent
based on the extracted data. Both routines have shown less accurate results
than Young-Laplace, ellipse and manual fitting, and are therefore not further
considered in this work.

Because most investigated surfaces in this thesis were superhydrophobic with
Ow > 150°, Young-Laplace fitting was used for all static contact angle measure-

ments unless otherwise specified.

2.4.3 Wilhelmy Plate Tensiometer/Contact Line Motion

Characterization of the dynamic wetting behavior of surfaces being immersed into
water is crucial for many applications and complimentary to the wetting behavior
measured with a contact angle goniometer. A Willhelmy plate tensiometer is a
useful tool to measure the dynamic contact angles of surfaces and investigate
properties not accessible otherwise [106, 107]. Typically a Wilhelmy plate ten-
siometer is used to measure the surface tension of liquids [108]. It consists of a

plate of length / and width d, which is attached to a microbalance and immersed
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Figure 2.8: Contact line motion measurement. Schematic (a) and photograph (b) of contact line motion
setup. A substrate is illuminated from the side, while being immersed in a test liquid. A high speed
camera records the evolution and movement of the contact line. ¢) Exemplary image of the recorded
contact line on a superhydrophobic thin nanofur. d) Air-water interface and tangent are extracted and
highlighted for CA calculation.

in a testing liquid. The microbalance measures the triple-line anchoring force
(F) and by using ¥ = F/ (ucos 6y ), where u = (2w + 2d) is the wetted perimeter,
makes the calculation of the surface tension () possible [108].

Dynamic CAs are measured by observing the contact line motion on an adapted
Wilhelmy plate tensiometer as shown in Fig. 2.8. Superhydrophobic surfaces are
attached to a glass slide and by using a dip coater immersed in a testing liquid at a
controlled immersion velocity. During immersion, a light source illuminates the
sample from the side, while a high speed camera records the evolution and move-
ment of the contact line (air-water interface). The contact line is then extracted
through a custom Matlab code (Appendix) and highlighted. Using the extracted
contact line, the Matlab code then semi-automatically fits a tangent to the air-
water interface by linear regression of the liquid contour before the solid-liquid-air

triple point, and calculates the dynamic contact angle as the angle between the
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Figure 2.9: Position resolved dynamic wetting behavior. Locally resolved advancing and receding CA

and CAH as a function of immersion depth for a thin nanofur film immersed in deionized (DI) water

at 20mmmin—!.

tangent and the vertical substrate. In contrast to sessile drop measurements with
the goniometer, which only measure the wetting properties on individual localized
spots, the semi-automatic CA calculation allows a fast characterization of the
dynamic wetting properties of the complete surface (Fig. 2.9).

Furthermore, the measurement technique allows a characterization of surfaces
while being immersed and moved through a liquid and allows an allocation of
wetting behavior (CA and CAH) to a specific location on the substrate as shown
in Fig. 2.9, thus, mapping the sample. A constant, in-situ CA measurement is
capable of showing Cassie-Baxter to Wenzel wetting transitions as soon as they
occur as a plummeting dynamic contact angle, and, thus, is able to measure the
stability of the superhydrophobic state, while the surface is in motion. Furthermore,
mapping of the sample through precise localized contact angle measurements
allows correlation of dynamic wetting behavior and wetting transitions to such
properties as roughness, surface topography and slip length accessible through
other locally resolved measurement techniques, such as atomic force microscopy,
SEM or vertical scanning interferometry.
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Salvinia Nanofur

Figure 2.10: Retained air layer on superhydrophobic surfaces. Photograph of nanofur and Salvinia
molesta leaf submerged underwater. Silver shimmer is caused by total internal reflection at air-water
interface and indicates the retained air layer. (Adapted with permission from [81]. Copyright 2015
American Chemical Society.)

Moreover, by varying immersion liquid, immersion velocity, liquid temperature,
and, thus, capillary number (Ca') and Reynolds number?, as well as immer-
sion angle, substrate temperature, ambient temperature, ambient pressure and
surrounding gas/liquid, the measurement setup can easily be tailored to represent

specific application oriented environments.

2.4.4 Underwater Retained Air Layer Measurement

When superhydrophobic surfaces are submerged under water they retain an air
layer which can be seen as a silvery shimmer due to total internal reflection (TIR)
at the air-water interface (Fig.2.10). When a wetting transition occurs, the sample
looses its superhydrophobicity and water infiltrates the topography and replaces
the retained air layer. The breakdown of the retained air layer results in a visible
loss of reflectivity, best observed from a tilt angle (@) close to the critical tilt
angle aqr = arcsin(ny/ny), with nj/ny being the refractive index of air/water
(n; = 1.0/ny = 1.33). The high reflectivity and change thereof during wetting
transitions can be utilized to measure the stability and evolution of the retained
air layer. To do this, superhydrophobic surfaces are submerged in a container
filled with deionized (DI) water and optical images of the air-water interface are

recorded with a camera tilted at agr, while the sample is exposed to external

' Ca = uv/y, describes the relation between viscous forces and surface tension, with u being dynamic
viscosity and v characteristic velocity.

2 Reynolds number is a dimensionless number predicting flow patterns. A low/high Reynolds number
typically describes a laminar/turbulent flow.
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Figure 2.11: Extraction of retained air layer area. a) The intact retained air layer on a submerged
superhydrophobic surface reflects the black background, while the wetted area is white. b) Photograph
is tilt corrected and c) thresholded to extract the dry area.

stimuli such as pressure or movement. To increase visibility and contrast of the
retained air layer compared to the wetted area, a black background is installed
next to the container, making the air-water interface appear black (Fig.2.11a). A
wetting transition (collapse of the retained air layer), and the associated loss of
reflectivity, results in a change from black (dry area) to the original white sample
colour (wet area). To extract the dry area of the sample, recorded images are tilt
corrected, converted to greyscale and thresholded as shown in Fig. 2.11. The dry
area of each sample is then normalized to the dry area before the superhydrophobic
surface is exposed to external stimuli, to allow direct comparison between different

samples and other superhydrophobic surfaces.

2.4.5 Confocal Laser Scanning Microscopy

The shape and position of an air-water interface spanning over a superhydrophobic
surface can be visualized using a confocal laser scanning microscope (CLSM)
[50]. A confocal laser scanning microscope (CLSM) spatially records the reflec-
tion intensity of an illuminated spot in the focal plane, while ignoring most of
the out-of-focus reflection from areas above or below the focal plane. As a result,
the CLSM is very sensitive to changes of refractive index at material interfaces,
as these increase reflectivity, and, therefore, appear bright in the recorded image
(Fig.2.12b). Inside a medium reflection is minimal and diffusion is dominant,

resulting in less light being recorded, and, as a result, these areas appear as black
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Figure 2.12: Visualization of the air-water interface. a) Schematic illustration of the
CLSM measurement setup. b) Cross-sectional CLSM image of air-water interface (aw-
interface) spanning submerged superhydrophobic thin nanofur. Bright areas indicate
air-water interface separating water (dark area above interface) from retained air layer
(dark area below interface).

regions in the image. An automated shift of the focal plane enables the record-
ing of vertical image series of a sample, and, thus, cross-sectional visualization
of the sample and its interfaces (Fig.2.12b). To visualize the air-water inter-
face of a superhydrophobic surface, the sample is immersed in a container filled
with DI water and the CLSM records a vertical series of the sample and the re-
tained air layer (Fig.2.12a). An exemplary air-water interface spanning a thin
nanofur film is shown in Fig. 2.12 b), where the bright areas indicate the jump in
refractive index at the air-water interface, separating the water layer (dark area
above the interface) from the retained air layer (dark area below the interface).
Combining the CLSM with a pressure cell enables visualization of the effect
hydrostatic pressure has on the shape of the air-water interface suspended over a
superhydrophobic surface (Section4.1.1).

Cross-sectional images of air-water interfaces in this thesis were recorded using a
Leica TCS SP2 CLSM from Leica Mikrosysteme GmbH (Germany).

2.4.6 Spectrophotometer

The macroscopic interaction of light with matter in this thesis is measured using
a LAMBDA 1050 UV/VIS/NIR spectrophotometer from PerkinElmer (USA).
Calibrated UV, VIS (visible) and NIR (near infrared) light sources are capable
of emitting light in the range of 175 nm to 3300 nm. A highly reflective, white
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integrating sphere is used to measure the total (diffusive and specular) transmission
and reflection of samples using the setup schematically depicted in Fig.2.13. To
measure total transmission, the sample is positioned in a sample holder at the
entrance of the integrating sphere, while total reflection can be measured by
placing the sample at the backside of the sphere tilted at 8°. Moreover, the sample
can be attached to a rotatable sample holder, which can be placed in the middle
of the integrating sphere, in order to measure angle of incidence (AOI) resolved
reflectance. Equipping the spectrophotometer with a three detector module allows
measurement of the specular transmission, by placing the sample 9 cm away from
the entrance to the detector.

2.4.7 External Quantum Efficiency Measurement

External quantum efficiency (EQE) describes the ratio of charge carriers collected
by a photovoltaic (PV) device to the number of photons impacting on a PV device
(photon-to-current efficiency) and is usually given as a function of wavelength
[109]. Hence, measuring EQE is a useful tool to characterize efficiency of PV

devices and can be used to show the effect an attached optical coating has on the

Rotatable
sample holder

Highly reflecting
white sphere

Detector

Figure 2.13: Schematic illustration of spectrophotometric measurements. Monochromatic light is
guided towards the integrating sphere and depending on the sample position reflection or transmittance
is measured. Total transmission is measured if the sample is mounted at the detector entrance (position
(1)). To measure total reflection, the sample is mounted at the backside of the integrating sphere tilted
at 8° (position (3)). For angle resolved reflection measurements, the sample is mounted on a rotatable
sample holder in the center of the integrating sphere (position (2)).
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electrical output of PV modules. During the EQE measurement the tested solar
cell is typically in the short-circuit condition and illuminated with monochromatic
light, while a white light "bias", simulating sunlight (air-mass 1.5 global spec-
trum [110]) is added. In this thesis, the EQE of multicrystalline silicon (mc-Si)
solar cells from E-Ton Solar (Taiwan) was measured using a xenon lamp and a
monochromator-based spectral response system from Oerlikon Solar (Switzer-
land). One-sun bias light was provided by a halogen lamp. Efficiency enhancing
films were optically coupled to the solar celly by dispensing several droplets of
refractive matching liquid on the films backside, before pressing the film onto the
solar cell with enough physical force to prohibit formation of air bubbles between
the sample and the solar cell. For multicrystalline solar cells several spots need to
be measured and averaged, to account for the efficiency discrepancies due to the
multicrystalline nature of the cell.

Another characteristic parameter for solar cells is the short-circuit current density
(Jsc), which can be calculated from the EQE and the incident spectrum (air-mass

1.5 global spectrum [110]) using the following equation.
v
Jsc=q A EQE(2)®(A)dA @.11)
1

Here g is the elementary charge, ®(A) is the incident spectrum’s photon flux
and A; =300 nm and A, = 1100 nm define the relevant spectrum. The short-circuit
current density describes the theoretical maximum current that can be drawn from
a solar cell divided by the area of the solar cell. Therefore, the higher the Jgc, the
higher the electrical output of a PV module.
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3 Fabrication and Wetting
Properties of Nanofur

Inspired by natural surfaces scientists have been exploring new ways and methods
to fabricate superhydrophobic surfaces for a long time [11, 42, 71, 111-113].
However, developing a scalable and cost-effective technique to fabricate superhy-
drophobic surfaces remains challenging to this date.

In this chapter I will introduce upscalable fabrication procedures for bioinspired
superhydrophobic surfaces based on hot embossing and hot pulling. First, in
Section 3.1.1, the state of the art fabrication procedure of nanofur, developed by
Rohrig et al. [49-51], will be presented. Then, an adapted fabrication technique
reducing thickness and increasing flexibility of the nanofur is introduced in Sec-
tion 3.1.2, resulting in "thin nanofur". Section 3.2 introduces the fabrication of a
fluorinated superhydrophobic microcavity array (MCA) based on nanofur topog-
raphy and used to enhance the electrical output of PV modules, while Section 3.3
describes the fabrication of two other superhydrophobic surfaces (double scale
teflon surface wrinkles (DS wrinkles) and polytetrafluorethylene (PTFE) pillars)
to which the retained air layer stability of thin nanofur is compared to later in the
thesis. Finally, in Section 3.4 the wetting properties of thin nanofur and fluorinated
ethylene propylene (FEP) MCA are investigated.

3.1 Nanofur Fabrication
3.1.1 Thick Nanofur Fabrication

Superhydrophobicity of water fern Salvinia and water lettuce Pistia stratiotes
originate from a dense layer of microhairs covering their surface [11, 70, 114].
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a) Mold fabrication by sandblasting

b) Hot pulling of nano-fur
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Figure 3.1: Fabrication of thick nanofur by hot pulling. a) A sandblasted steel-plate serves as mold
insert. b) The heated mold is pressed into the foil in an automated process. The polymer softens and
fills the cavities of the mold. By retracting the heated mold, the softened polymer elongates and forms
a fractal surface covered with high aspect ratio nanohairs. The foil adheres to the lower plate due to
its high roughness which is also produced by sandblasting. ¢) SEM micrographs showing the fractal
surface topography of nanofur fabricated from polycarbonate. Depending on the processing parameters
density, length, and width of the hairs can be varied in a wide range. (Reprinted with permission of
Rohrig et al. [50]. Copyright 1999-2018 John Wiley & Sons, Inc.)

Inspired by these natural prototypes Rohrig et al. [49-51] used a hot pulling
technique to fabricate a polymeric nanofur film covered in a dense layer of nano-
and microhairs. The fabrication process is schematically shown in Fig. 3.1. First
a steel plate is sandblasted with aluminum oxide (particle size: 23 4= 1.5 um)
in order to be used as mold insert during the fabrication process. Then, after
evacuating the hot embossing chamber, the mold insert is heated above the glass
transition temperature of PC (7, = 144 °C), after which, the sandblasted steel
plate is moved towards an approximately 2 cm x 2 cm large, 1 mm thick PC-plate
fixated to another sandblasted (silicate clinker, particle size: 0.6 - 1.5 mm) steel
plate. Upon contact, the polymer softens and flows into the roughness of the mold

insert. The mold is then pressed into the polymer with an embossing force of
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3.1 Nanofur Fabrication

Fr = 20kN, before being retracted while still being hot. Adhesion to the top
plate and high demolding forces during retraction elongate the softened polymer,
resulting in a layer of microcavities surrounded by high aspect ratio micro- and
nanohairs (Fig. 3.1 a). The so fabricated microhairs can be up to several microns

long and display tip diameters of less than 200 nm [50].

3.1.2 Thin Nanofur Fabrication

Because this thesis focuses on the application of superhydrophobic nanofur in
optoelectronic devices and air retaining applications, the fabricated nanofur needed
to exhibit a minimal thickness and high flexibility, in order to increase transparency
and enable further surface processing. Therefore, the fabrication process was
adapted to fabricate so-called "thin nanofur”, with a more than 30% reduced
thickness compared to previously fabricated "thick nanofur”. An additional hot
embossing step was included prior to hot pulling of the nano- and microhairs,
and the adapted fabrication procedure is schematically shown in Fig. 3.2 a),b).
Similarly to thick nanofur fabrication sandblasted steel plates are used as mold
insert and counterplate. To fabricate thin nanofur films, 2 cm x 2 cm large optical
grade PC-foils with thickness ranging from 100 um to 200 pm were used as base
material. However, because polymer fixation to the bottom plate and sufficient
material for structuring are prerequisites for hot pulling from a thin film, thin
PC-foils were first bonded to a sacrificial COC layer (Fig. 3.2 a). COC was chosen
as sacrificial polymer as well as an embossing temperature of 7z = 160 °C and an
embossing force of Fry = 2kN to ensure possible separation of thin PC nanofur
from the sacrificial layer, after structuring it by hot pulling. These parameters
ensure good adhesion between PC and the sacrificial COC-layer without forming
a composite [83]. Furthermore, using a sacrificial polymer layer during fabrication
has the additional advantage that roughness from the bottom sandblasted steel plate
is transferred onto the sacrificial layer instead of the backside of the thin nanofur,
as is the case for the original "thick nanofur". This reduces reflection losses, which

is essential for optoeletronic applications described in Chapter 5. After fixation
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Figure 3.2: Fabrication of thin nanofur. a), b) Schematic of the fabrication process. First PC and COC
are bonded together in a hot embossing step. Then the heated top mold is pressed into the polymer
stack and the softened PC creeps into the cavities of the finely sandblasted top mold. Retraction of the
hot mold elongates the softened PC and creates microcavities surrounded by a dense layer of nano- and
microhairs. The thin nanofur film is then separated from the sacrificial COC layer. ¢) SEM image of
thin nanofur. d) Cross-sectional SEM image of thin nanofur film with an average hair length of 110 um
and a minimal base thickness of 35 um. Minimal hair tip diameter is below 200 nm. e) Photograph of
highly flexible thin nanofur film. (a) - d) reprinted with permission from Viillers et al. [72]. Copyright
1999-2018 John Wiley & Sons, Inc.)

of the polymer stack to the bottom plate, high aspect ratio nano- and microhairs
are formed during a hot pulling step as shown in Fig.3.2b). Similar to thick
nanofur fabrication, a finely sandblasted steel plate is heated to 215 °C (well above
T, of PC), before being pushed 200 um into the polymer stack at 10 mm min~!,
thus ensuring that the thin PC-foil does not get punctured. During this step, an
embossing force of approximately Fg = 6.5 kN is exerted onto the polymer stack.
As soon as the mold insert contacts the polymer, it softens and flows into the

cavities of the mold. After reaching the defined embossing depth, the top mold
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3.1 Nanofur Fabrication

Figure 3.3: Surface topography of Salvinia cucullata and Pistia stratiotes. Cross-sectional
microscopy images of a) Salvinia cucullata and b) Pistia stratiotes leaves covered
with transparent microhairs. Insets show photographs of the superhydrophobic leaves of
a) Salvinia cucullata (Image: W. Barthlott, University of Bonn) and c) Pistia stra-
tiotes. (Figure adapted with permission from Viillers er al. [72]. Copyright 1999-2018
John Wiley & Sons, Inc.)

is retracted at 100 mm min~! and with a demolding temperature Tp = 215 °C,
thus, resulting in a cratered surface covered with high aspect ratio micro- and
nanohairs (Fig. 3.2 ¢). The dense layer of hairs is up to 150 um high with hair
tip diameters down to 200 nm and is supported by a thin residual PC-layer with
thickness ranging from 30 um to 150 um as shown in Fig. 3.2 d). Overall thickness
of thin nanofur films can be varied in a range of 70 pm to 300 um by modification
of original PC foil thickness and fabrication parameters. Low film thickness makes
the thin nanofur film highly flexible as shown in Fig. 3.2 ¢). Comparing the surface
topography of both thick and thin nanofur to their biological inspiration Salvinia
cucullata and Pistia stratiotes (Fig. 3.3) reveals many important similarities, as
all of the surfaces are covered in dense layer of microhairs. These topographical
similarities also manifest themselves in the excellent wetting and optical properties

of thin nanofur, as discussed later in this thesis (Section 3.4.1, Section 5.1).

Variation of hair density on thin nanofur

Rohrig ef al. [50] have shown that by varying fabrication parameters, both hair
density and diameter of microcavities of thick nanofur can be influenced, thus, even
changing the wetting behavior of nanofur. To investigate the effect hair density
has on the dynamic stability of retained air layer in Section 4.2, superhydrophobic
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3 Fabrication and Wetting Properties of Nanofur

thin nanofur films with varying hair densities were fabricated. While high density
(HD) thin nanofur is fabricated as described above, a variation of the embossing
temperature by 8 °C during hot pulling can drastically change the hair density and
result in medium density (MD) and low density (LD) thin nanofur (Fig. 3.4). All
three nanofur topographies display similar superhydrophobic properties and are
able to retain an air layer when submerged underwater.

It has to be noted, that the low complexity of mold fabrication by sandblast-
ing a steel plate makes upscaling of nanofur fabrication to a standard roll-to-
roll polymer processing technique feasible [50, 90]. Furthermore, due to high
forces during the demolding process no other conventional replication tech-
niques are able to fabricate such high aspect ratio micro- and nanostructures
without destroying the mold insert [115, 116]. In this thesis, unless otherwise
specified, nanofur is used synonymously with thin HD nanofur, i.e. nanofur made

from thin optical grade PC.

3.1.3 Perforated Nanofur Fabrication

Chapter 4.1 focuses on increasing the stability of the retained air layer against exter-
nal stimuli such as hydrostatic pressure. In order to do this, access to the retained
air layer of nanofur submerged underwater has to be gained. This is achieved
by perforating nanofur with microneedles, plasma etching and laser drilling as
described in the following. For all three perforation techniques to be successful, a

minimal nanofur thickness, and, thus, thin nanofur fabrication is essential.
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Figure 3.4: Thin nanofur with varying hair density. Variation of fabrication parameters decreases
hair density and increases cavity diameter. SEM image of medium density (MD) (a) and
low density (LD) (b) nanofur.
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Figure 3.5: Oxygen plasma etching of nanofur. a) Photograph of PDMS encapsulated thin nanofur
with cut out etching window. b), c) SEM images of thin nanofur after oxygen plasma etching. Etching
process opened cavities resulting in pores with diameters ranging from 15 um up to 150 um, while not
damaging surrounding micro- and nanohairs.

Perforation by Plasma Etching

One possible perforation technique is oxygen plasma etching. The objective of this
technique was to etch nanofur from the backside, thus, removing material from the
residual layer and opening up the cavities at the lowest point without harming the
hairs, because removal of hairs would result in a loss of superhydrophobicity. PC
nanofur was etched at 1200 W and 22 °C resulting in an etching rate of 2 um min~".
For the first etching test, thin nanofur was simply placed upside down in the
etching chamber, thus, having its backside face the plasma source. Etching with
this configuration opened the pores as desired, but also damaged the micro- and
nanohairs during the etching process.

Therefore, to protect the nanofur topography during the etching process, the film
was encapsulated in a protective PDMS layer, acting as an etching mask. For
encapsulation, thin nanofur was covered with a 10 : 1 mixture of PDMS and curing
agent and cured at 65 °C in an evacuated oven. To be able to etch pores into
the thin nanofur, a small window of PDMS is removed from the backside of the
nanofur revealing an etching window as shown in Fig. 3.5 a). By removing only
part of the PDMS coating, the actively etched area can be precisely controlled.
Depending on nanofur thickness, 65 pm to 80 um PC was etched away, before the
rest of the protective PDMS layer was peeled off thin nanofur without damaging

the nanofur topography as shown in Fig. 3.5b), ¢). The SEM-images show that
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etching succeeded in opening cavities, and, thus, perforating the nanofur without
harming the microhairs. However, the pore diameter ranged from 15 um up to
150 pum on one sample. Additionally the variation of residual thickness and dif-
ferences in localized etching rate, can result in every cavity opened. With every
cavity opened, the overall structural integrity of the thin nanofur film is reduced,
and handling of these excessively perforated thin nanofur films or exposure to
minimal mechanical stress can easily rupture and irreversible damage the films.
Because of these issues and the limited control over the pore diameter, perforation

by etching was not further pursued as a perforation technique for thin nanofur.

Perforation by Laser Drilling

Another perforation technique investigated in this thesis is laser drilling. Laser are
typically used in material fabrication of thin films because of the minimal thermal
and non-existent mechanical and electrical stress during fabrication [117]. In order
to minimize damage to the nanofur topography a short pulse laser operating at
a wavelength of 248 nm, a frequency of 200 Hz and a pulse length between 4 ns
and 6 ns was used. Laser perforation was undertaken by Heino Besser from the
Laser Process Technique Group at the Institute of Applied Materials. Thin nanofur
films were laser drilled from the backside, as drilling from the front side damaged
the nano- and microhairs, and, thus, resulted in a loss of superhydrophobicity. In
contrast, laser drilling from the back did not damage the nanofur topography and
resulted in pore diameters down to 15 um (Fig. 3.6). Additionally, pores are drilled
according to a predefined array, and, thus, position and number of pores can be
controlled precisely. Because laser-drilling can be completely automated, it is a
feasible method for both perforation of large scale films as well as perforation of

a high number of films.
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3.1 Nanofur Fabrication

Figure 3.6: Laser drilling of thin nanofur. SEM image of thin nanofur film displaying laser drilled
pores with a diameter of approximately 15 pm.

Perforation by Microneedles

The third perforation technique employed is manual perforation of thin nanofur
using microneedles with a nominal diameter of 100 um. Thin nanofur was
placed on a soft supporting layer of PDMS and then perforated by hand with a
microneedle, resulting in pores with diameters ranging from 90 um to 120 pm
[118]. Similar to previous perforation techniques, manual perforation only removes
the material inside the pore, without damaging the surrounding surface topography
of micro- and nanohairs as shown in Fig. 3.7.

Manual perforation of thin nanofur gives precise control over positioning and
number of pores. Moreover, the pore diameter can be changed by changing the
diameter of the needle and is only limited by availability of respective needles.
One drawback of manual perforation is the high amount of time needed for
fabrication of every single pore, making manual perforation a time-consuming
modification technique. Additionally, needles with small diameter can be fragile
and easily broken if not inserted vertically into the sample. However, using a
stamp equipped with multiple microneedles or a microroller makes a large scale
perforation possible, and offers additional support, which increases stability and
durability of the microneedles [118, 119]. Unless otherwise specified, perforated
nanofur always describes manually perforated nanofur.

41



3 Fabrication and Wetting Properties of Nanofur

Figure 3.7: Microneedle perforated nanofur. SEM image of thin nanofur film perforated with a
microneedle with diameter 100 um.

3.2 Fabrication of FEP Microcavity Arrays

Numerical simulations and experimental results in Section5.2 show that a
microcavity array (MCA), as found on thin nanofur supporting the dense layer of
hairs, is ideal for optical applications. However, to achieve superhydrophobicity
and self-cleaning properties with low aspect ratio MCA structures, the structure
has to be imparted to a polymer with low surface energy, such as a fluorinated
polymer. In order to transfer the disordered MCA topography from thin nanofur
to FEP, the fabrication process displayed in Fig. 3.8 a) was developed. First a
nickel shim was created by galvanically templating a PC nanofur film with the
help of Dr. Markus Guttmann (IMT, KIT). To do this, thin nanofur was attached
to a silicon wafer, before 8 nm chromium (adhesive layer) and 150 nm gold (con-
ductive layer) was evaporated onto the polymer. After electrically connecting
the polymer substrate and the wafer with copper tape, the nanofur substrate was
masked with several layers of adhesive green tape creating a 1 mm thick and
22.5 mm x 22.5 mm large plating window. Then, the masked wafer was immersed
in a nickel electroplating system with standard boric acid containing nickel sulpha-
mate electrolyte (7 = 52 °C, pH ranging from 3.4 to 3.6), specifically designed
for electroforming micro- and nanostructures [121, 122]. By ramping the current
density from 1-1072 Acm ™2 to 1- 1072 A cm™2 throughout the plating process, a
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3.2 Fabrication of FEP Microcavity Arrays

defect-free 600 pm thick Ni-layer was electroformed consisting of densely packed
microhemispheres (Fig. 3.8 a), b)). Finally, the silicone wafer was removed from
the Ni-shim through wet chemical dissolving and residual polymer was cleaned

off the shim by exposing it to oxygen plasma for 150 min at 22 °C and 1200 W.
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Figure 3.8: Fabrication of fluorinated ethylene propylene (FEP) microcavity array (MCA).
a) Schematic of Ni-shim fabrication and hot embossing process. The MCA on PC nanofur is galvani-
cally copied by electroforming to fabricate a Ni-shim. The shim is then attached to a steel plate, heated
and pressed into a FEP foil resting on a PTFE plate, thus, embossing the MCA topography into FEP.
After cooling, the Ni-shim is removed from the FEP, resulting in a FEP MCA. b) SEM image of the
microstructured surface of the Ni-shim. ¢) SEM image of the embossed FEP MCA surface topogra-
phy. d) Cross-sectional SEM image of the FEP MCA reveals inverted hemispherical indentations in
FEP film. (Reprinted with permission from Viillers ez al. [120]. Copyright 2018 American Chemical

Society.)
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Figure 3.9: Negative PDMS imprint of nanofur.

Comparison of the Ni-shim (Fig. 3.8 b) to a negative PDMS imprint of thin nanofur
(Fig. 3.9) shows that the electroformed structure is free of any defects.

After electroplating, the Ni-shim was glued to a steel plate and placed as top
mold insert in a hot embossing machine above a 130 pm thick and 2cmx 2 cm
large FEP-foil resting on a PTFE sheet. After evacuating the embossing chamber,
the shim was heated above the melting temperature of FEP (7}, = 270 °C) and
pressed into the FEP foil with an embossing force of Fz = 10kN. The system
was then cooled down to room temperature and the structured FEP film was
peeled of the shim without further treatment. Top view and cross-sectional SEM
images of the embossed FEP MCA consisting of inverted hemispheres, previously
observed on PC nanofur, are shown in Fig. 3.8 ¢), d). The Ni-shim was used for
more than 70 consecutive replication cycles without showing any observable signs
of wear. Additionally, as the replication procedure solely relies on hot embossing,
it is not limited to FEP but can be transferred to a wide variety of polymers
and even bulk metallic glasses in order to fulfill material restrictions imposed
by special applications [90].

Furthermore, due to the low complexity of mold fabrication and replication pro-
cess, the fabrication is feasible to be scaled up to a continous roll-to-roll fabrication
technique. In order to demonstrate the defect-free large scale replication of ran-
dom structures in fluorinated polymers on a roll-to-roll machine, FEP films were
embossed with a sandblasted steel plate using a conventional embossing machine
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and with a sandblasted steel drum using a roll-to-roll embossing machine. Roll-
to-roll embossing was carried out together with Andreas Striegel (IMT, Worgull
Group) and SEM images of the respective embossed FEP films are compared
in Fig. 3.10. Both replicated polymer films show a large scale waviness as well
as small scale random protrusions of varying sizes. The identical topography
of the two replication techniques acts as proof of concept for the scalability of
FEP MCA fabrication.

a) Conventional hot embossing

Figure 3.10: Upscaling of fabrication to a roll-to-roll process. a) SEM images of a sandblasted steel
plate replicated into FEP with conventional hot embossing. b) SEM images of a sandblasted steel drum
replicated into FEP with roll-to-roll embossing.
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3.3 Fabrication of Surface Wrinkles and PTFE Pillars

To compare dynamic stability of the retained air layer of nanofur to other superhy-
drophobic surfaces and identify topographical features, that enhance the dynamic
plastron stability, two additional superhydrophobic surfaces were fabricated:
double scale teflon surface wrinkles (DS wrinkles) [123] and PTFE micropil-
lars (PTFE pillars) [51]. SEM images of the surface topography of DS wrinkles
and PTFE pillars are shown in Fig. 3.11.

DS wrinkles were fabricated through a self-assembly process following Scarratt
et al. [123] in the lab of Chiara Neto at the School of Chemistry, University of
Sydney. A polyethylene (PE) foil was sonicated in ethanol before being dried
with high purity nitrogen gas. The foil was then placed in an oven at 110 °C and
preshrunk around a 5cm x 5 cm glass slide. Afterwards, the preshrunk foil was
spincoated with 50 ul of 1.5 wt% Teflon AF solution at 3000 rpm for 60 s, before
being removed from the glass slide and again placed in an oven at 110 °C until the
film shrunk to approximately 1.5 cmx 1.5 cm. This treatment results in a threefold
hierarchy of nanowrinkles on top of submicron wrinkles, which in turn fold into
microwinkles (Fig. 3.11 a). The self-assembly process results in a random nature
of the surface, which gives rise to a large variation in surface feature dimensions.
The typical DS wrinkles sample consists of wrinkles with a width of 600 £ 230 nm
and a heigth of 360 210 nm and folds with 7.8 2.3 ym width and 2.8 &= 1.1 pm
height. The hierarchy of wrinkles additionally results in a cavity-like topography,
as well as reentrant structures.

PTFE pillars were fabricated according to [51] by hot embossing (Section 2.3.1)
a mold consisting of micropores into a PTFE foil with an embossing tem-
perature of Tz = 290°C and an embossing force of Fg = 850kN. PTFE pil-
lars are 21 um tall, have a pitch of 20 um and a tip diameter between 4 um
and Sum. Furthermore, unlike DS wrinkles, the PTFE pillars display
no hierarchy (Fig.3.11Db).
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Figure 3.11: Surface topography of DS wrinkles and PTFE pillars. a) SEM images
of DS wrinkles show the hierarchical wrinkle topography and microfolds forming cavi-
ties and reentrant structures. b) SEM images of highly ordered PTFE pillars display
no hierarchical features.

3.4 Wetting Properties
3.4.1 Wetting Properties of Thin Nanofur

As described in Section 2.1, surfaces are classified as superhydrophobic if they
exhibit a water contact angle 6y > 150°, which is essential to achieve self-
cleaning properties. In this context, the wetting properties of thin nanofur were
analyzed by measuring its water contact angle and water sliding angle as shown
in Fig. 3.12 a), b). For water contact angle measurements a 3 ul DI water droplet
was dispensed on the thin nanofur surface, while the water sliding angle was
measured by dispensing a 10 ul DI water droplet, and subsequently tilting the
surface until the droplet rolled off. Water droplets dispensed on thin nanofur keep
an almost spherical shape and roll off at the smallest disturbances or vibrations of

the surface. This superhydrophobic behavior is verified by a water contact angle of
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Ow = 166 £ 6° and a water sliding angle Oy s < 6°. In contrast, unstructured PC
is hydrophilic with a water contact angle of 72 4 3° and dispensed water droplets
firmly stick to its surface. Because nanofur is not subjected to chemical treatment
after the hot pulling process, the change from hydrophilicity (unstructured PC)
to superhydrophobicity (thin nanofur) is solely due to the surface topography of
thin nanofur with its high density of micro- and nanohairs. The hairs minimize
the contact area between water and substrate, and, thus, trap air underneath the
liquid. This entrapped air stops the liquid from penetrating into the topography,
effectively forming a Cassie-Baxter wetting state [61, 124].

The influence of perforation and protective PDMS encapsulation on the wetting
properties of thin nanofur was partially investigated in the master thesis of Meike
Kronast (IMT) [125]. Manual perforation and laser drilling resulted in no change
of wetting behavior. Plasma etching without protective cover significantly reduced
the CA and increased droplet adhesion, while the PDMS encapsulation kept the
wetting properties intact. These measurements indicate, that only plasma etching
without a protective cover damages the nanofur surface topography, while PDMS
encapsulation, laser and manual perforation do not alter the nanofur topography

as indicated by the unchanged wetting properties.

a) 6,>170° b) B,s<5° c)

0,>150°

Figure 3.12: Wetting properties of thin nanofur. a) Photograph of a 3 ul water droplet on nanofur
maintaining an almost ideal spherical shape with a water contact angle 6y > 170° b) Photograph of a
10 ul water droplet sliding off the nanofur at a water sliding angle 6ys < 6°. ¢) Photograph of a 6 ul
hydraulic oil droplet on a plasma-treated thin nanofur film submerged underwater with an oil contact
angle 6p > 150° and an oil sliding angle 6ps < 2°. (Figure reprinted with permission from Viillers ez
al. [72]. Copyright 1999-2018 John Wiley & Sons, Inc.)
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3.4.2 Reversing the Wetting Behavior

Even though superhydrophobicity is a highly desirable property for many appli-
cations, it can be necessary to modify the wetting behavior of extreme wetting
films. Underwater superoleophobicity, which is beneficial for lossless oil droplet
transport, lab-on-chip devices or oil-water separation [126, 127], requires high
aspect ratio surface features with hydrophilic properties. Because high aspect
ratio features are prevalent on most superhydrophobic surfaces, the combination
of topography and wetting behavior required for underwater superoleophobicity
can be achieved by reversing the wetting behavior of superhydrophobic surfaces.
Plasma treatment is often used to precisely tailor the wetting behavior of poly-
mers and metals [112, 128]. To reverse the wetting behavior of nanofur from
superhydrophobic to hydrophilic, while keeping the surface topography intact,
thin nanofur was exposed to argon plasma for 30s at 30 W and 0.2 mbar. This
treatment results in the formation of hydrophilic chemical groups on the surface
[129], making the plasma treated nanofur (p-nanofur) underwater superoleophobic
with an oil in water CA of 6p > 150° (Fig.3.12 c) and an oil sliding angle below
2°. Because of the hydrophilicity of p-nanofur, water fills the space in between
the micro- and nanohairs, thus, forming a separating water layer between the thin
nanofur surface and the oil droplet. As a result, the oil droplet rests on a water-solid
composite surface resembling an underwater Cassie-Baxter state, which results in
excellent oil repellency [130]. Hence, the effect a water layer has on oil repellency
is analogous to the effect the retained air layer of a superhydrophobic surface has
on water adhesion.

However, the change in wetting behavior through plasma treatment is not per-
manent and the treated surface reverts back to its high CA through the so-called
hydrophobic recovery [129, 131, 132]. Reorientation and mass diffusion of polar

groups inside the material are responsible for hydrophobic recovery [129, 131].
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Figure 3.13: Hydrophobic recovery of p-nanofur. Average water contact angle as a function of storage
time for as-prepared nanofur stored in ambient atmosphere and p-nanofur stored in ambient atmosphere
and stored underwater. Error bars display the standard deviation from at least 7 measurements. Storage
in water can delay or prevent hydrophobic recovery. (Figure adapted from Kavalenka ez al. [78].)

However, recovery speed can be influenced by controlling the storage parame-
ters of the plasma-treated surfaces, such as temperature, humidity or surrounding
medium [129, 131, 132]. In order to study hydrophobic recovery and the effect
storage conditions have on p-nanofur, the water contact angle of p-nanofur stored
in ambient air and DI water was measured for 85 days. The measurements were
compared to control samples of as-prepared thin nanofur stored in ambient air.
The average measured CA as a function of storage time for water and air stored
p-nanofur and as-prepared nanofur is shown in Fig. 3.13. P-nanofur stored in air
recovers its high contact angle (6 = 154 &= 7°) after approximately three weeks
of aging. The recovery is in good agreement with a limited growth model used by

Bormashenko et al. [132] for unstructured surfaces:

Ow (1) = 6(1 —exp(—1/7)) + 60 = Oy — Bexp(—1/7) 3.1
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where 0 is the initial CA after plasma treatment, 7 is the characteristic CA
restoration time, 0 is a fitting parameter and O, = ] + 6B 1is the saturation
contact angle. Both 6 and 7 need to be defined by fitting experimental data to
Eq. (3.1). The average water contact angle for p-nanofur after plasma treatment is
Ow= 100+ 27° and in contrast to the air stored p-nanofur does not revert back to
superhydrophobicity for water stored p-nanofur, but stays at Oy = 97 £4° for the
first 30 days. After 30 days a significant drop in water contact angle (6= 82 +£7°)
can be observed, which is most likely due to absorption of water into PC [132].
The results from Fig. 3.13 indicate, that hydrophobic recovery can be prevented by
storing the plasma treated surfaces in water, thus, making it possible to preserve

underwater superoleophobic properties of p-nanofur.

3.4.3 Wetting Properties of FEP MCA

Similar to nanofur, the wetting properties of FEP MCA were characterized by
measuring water contact angle and water sliding angle. Figure 3.14 a) shows col-
ored water droplets resting on unstructured FEP and FEP MCA. On unstructured
FEP the droplet forms a hemisphere and firmly sticks to the substrate, while water
dispensed on FEP MCA stays in an almost spherical shape and rolls off at the
smallest disturbances, such as tilt or vibrations. Like most fluorinated polymers,
FEP is highly hydrophobic with a water contact angle of Oy = 1104 1°. How-
ever, water droplets dispensed on flat FEP firmly stick to the surface up to a tilt
angle of approximately 41°, after which, they start to creep along the surface. In
contrast, the increased roughness on FEP MCA enhances the polymers wetting
properties [57, 62, 133], thus, resulting in a superhydrophobic surface with a water
contact angle of Oy = 158 £ 6° and a low water sliding angle of By s= 5+ 3°
as shown in Fig. 3.14b), ¢).
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a)

b) 6,>155°

Figure 3.14: Wetting properties of FEP MCA. a) Colored water droplets resting on unstructured FEP
and FEP MCA forming a hemisphere and a sphere respectively, thus, demonstrating hydrophobicity
and superhydrophobicity of FEP and FEP MCA. b) Photograph of a 3 pl droplet resting on FEP MCA
displaying a By > 155°. ¢) Time lapse series of a 12 ul water droplet rolling of FEP MCA at 6yg < 5°.
(Figure reprinted with permission from Viillers et al. [120]. Copyright 2018 American Chemical
Society.)

The fabrication procedure and wetting properties of thin nanofur were pub-
lished in "Bioinspired Superhydrophobic Highly Transmissive Films for Optical
Applications", Felix Viillers, Guillaume Gomard, Jan B. Preinfalk, Efthymios
Klampaftis, Matthias Worgull, Bryce S. Richards, Hendrik Holscher and Maryna
N. Kavalenka, Small, 2016, 12, 6144-6152.

An extended investigation of hydrophobic recovery was published in "Adapt-
able bioinspired special wetting surface for multifunctional oil/water separation”,
Maryna N. Kavalenka, Felix Viillers, Jana Kumberg, Claudia Zeiger, Vanessa
Trouillet, Sebastian Stein, Tanzila T. Ava, Chunyan Li, Matthias Worgull and
Hendrik Holscher, Scientific Reports, 2017, 7, 39970-39979.

The fabrication procedure and wetting properties of FEP MCA were published
in "Self-Cleaning Microcavity Array for Photovoltaic Modules", Felix Viillers,
Benjamin Fritz, Aiman Roslizar, Andreas Striegel, Markus Guttmann, Bryce
S. Richards, Hendrik Holscher, Guillaume Gomard, Efthymios Klampaftis and
Maryna N. Kavalenka, ACS Applied Materials & Interfaces, 2018, 10, 2929-2936.
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Although nature has created many drag-reducing surfaces, engineering artificial
drag-reducing surfaces is challenging to this date. Several different techniques,
such as microbubble injection, sharkskin inspired riblets and polymer additives
[14, 23-26], were developed to reduce frictional drag but demonstrated limited
efficiency, cost-effectiveness or scalability [14, 27].

In nature, aquatic plants and insects utilize their superhydrophobic surfaces to
retain an air film underwater and, thus, efficiently move in and on water [10, 11,
134, 135]. The lubricating air layer, also known as plastron, has been broadly
investigated for its drag-reducing capabilities [12, 13, 81, 136]. Liquids flowing
over a surface experience the no-slip boundary condition resulting in zero velocity
at solid-liquid interfaces (Fig.4.1a). On the shear-free air layer on the other
hand, the no-slip condition does not apply, resulting in a positive interfacial
velocity of the flowing liquid and an up to 70% reduced frictional drag (Fig.4.1b)
[26, 77, 111]. The major drawback of these drag-reducing surfaces is the instability
of the retained air layer against external stimuli such as elevated pressure, pressure
fluctuations or flow, as well as instability against prolonged immersion [12, 26].
These external stimuli can replace the air layer with water, and, thus, result in a loss
of beneficial interfacial properties of the surface, such as superhydrophobicity and
drag reduction. However, to effectively use air retaining surfaces in drag-reducing
applications, the retained air layer of the superhydrophobic surfaces has to be

stable against the aforementioned external stimuli.
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Figure 4.1: Drag reduction by lubricating air layer. Schematic illustration of the velocity profile on (a)
an unstructured substrate and (b) an air retaining surface. The no-slip condition on the unstructured
substrate results in zero velocity at the water-solid interface, while the lubricating air layer results in a
positive velocity at the air-water interface.

This chapter focuses on overcoming these stability limitations of the retained
air layer on thin nanofur in static conditions (Section4.1) and identify plastron
enhancing topographical features in dynamic conditions (Section 4.2). First the
microscopic (Section4.1.1) and macroscopic (Section 4.1.2) stability against hy-
drostatic pressure and the evolution of retained air layers on thin nanofur during
wetting transitions is investigated. Then, a mechanism stabilizing the retained
air layer against hydrostatic pressure is introduced and characterized in Sec-
tion4.1.3, before being extended to additionally stabilize the retained air layer
against pressure fluctuations in Section4.1.4. In Section 4.2.1, the dynamic sta-
bility of the retained air layer of three superhydrophobic surfaces, namely thin
nanofur, DS wrinkles and PTFE pillars, is investigated and stability enhancing
topographical features are identified. These topographical features are then cor-
related to the dynamic wetting properties and drag-reducing capabilities of the
artificial superhydrophobic surfaces in Section 4.2.2. Finally, the stability of the
three superhydrophobic surfaces against contamination is investigated in Sec-
tion4.2.3, followed by a demonstration of the directionality of dynamic wetting
transitions in Section 4.2.4.
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4.1 Retained Air Layer Stability Against
Hydrostatic Pressure

Most natural and artificial superhydrophobic surfaces retain an air layer when
submerged underwater, as indicated by a silver shimmer due to total internal
reflection at the air-water interface (Fig. 2.10). As mentioned before, Solga et al.
[68] identified the following criteria as essential for superhydrophobic surfaces
with a stable long term underwater retained air layer: (i) hydrophobicity; (ii)
micro- to millimeter long hairs; (iii) additional finer structures; (iv) micro- and
nanocavities and (v) elastic structures. All these properties are prevalent on nanofur

making it a promising material for stable air retention [81].

4.1.1 Air-Water Interface Evolution During Wetting Transition

As described in Section 2.1.3, wetting transitions can be induced through hydro-
static pressure and occur through two possible routes - sagging and sliding of the
air-water interface [73-75]. In order to investigate the movement of the air-water
interface during a pressure induced wetting transition, thin nanofur was placed in
a pressure cell flooded with DI water and the hydrostatic pressure was increased in
100 mbar steps up to 1 bar (Fig. 4.2 a). At each pressure step, the air-water interface
was then imaged using a confocal laser scanning microscope (CLSM) as described
in Section 2.4.5. The air-water interface (light areas) spanning over as-prepared
thin nanofur at hydrostatic pressures ranging from 0 mbar to 900 mbar is shown in
Fig.4.2b). Black areas above the air-water interface resemble water resting on top
of the nanofur, while the black area below the white regions corresponds to the
retained air layer. Vertically connected black areas indicate wetted regions with-
out a visible air-water interface. A custom Matlab script extracted the air-water
interface position in each cross-sectional image, highlighted it with a red line and
calculated the downward movement of the interface between pressure steps. With
increasing water pressure, a distinct downward sliding and partial breakage of

the air-water interface can be observed on as-prepared nanofur (Fig. 4.2 b).
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Figure 4.2: Wetting transition on superhydrophobic thin nanofur. a) Schematic illustration of
measurement setup combining CLSM and a pressure cell. b), ¢) Series of cross-sectional vertical inten-
sity profile images visualizes the air-water interface (white areas highlighted with red lines) suspended
over (b) as-prepared and (c) silver sputtered thin nanofur. The air-water interface is interrupted by
hairs from the surface topography and wetted areas appearing as breaks in the white and red lines.
Increased hydrostatic pressure results in air-water interface sliding downward into the surface topogra-
phy and partially breaking down. Right side shows a schematic illustration of the air-water interface at
the respective hydrostatic pressures. (Figure adapted with permission from Viillers et al. [137]. Copy-
right 1999-2018 John Wiley & Sons, Inc.)

After applying more than 900 mbar the air-water interface is completely broken
down and the thin nanofur film is thoroughly wetted.

In order to differentiate between the effect of the topography consisting of a
dense layer of hair and the effect of the inherent material wetting properties on
the air-water interface behavior during wetting transitions, the air-water inter-
face movement on thin nanofur films coated with high and low surface energy
material was investigated and compared to the movement on as-prepared thin
nanofur. To increase the surface energy of PC nanofur, a 150 nm thick silver
layer was sputtered onto its surface, which reduces the water contact angle of
unstructured PC from Opc = 80 £4° to Oy = 26 = 1°. Coating surfaces with
1H,1H,2H,2H-perfluorodecyltriethoxysilane (FAS) on the other hand, reduces the
surface energy significantly, as indicated by the increase in water contact angle of
coated unstructured PC to Opqs = 101 4= 11° [138]. Surprisingly, applied to thin
nanofur, both, FAS and silver coating, slightly increase the water contact angle,

as summarized in Table4.1, rather than FAS increasing the contact angle and
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Table 4.1: Static wetting properties and air-water interface behavior of as-prepared, silver-coated
and FAS-coated nanofur under applied hydrostatic pressure. Low penetration depth and superior
critical pressure of as-prepared nanofur with superhydrophobic surface topography and moder-
ate surface energy compared to the same superhydrophobic nanofur topography with either low
(FAS-coated) or high (silver-coated) surface energy indicates an increased plastron stability against
hydrostatic pressure. (Table reprinted with permission from Viillers et al. [137]. Copyright 1999-2018
John Wiley & Sons, Inc.)

Nanofur CA unstructured | CA nanofur | Penetration depth | Interface breakdown
As-prepared 80+4° 163 +5° 11+5um >900 mbar
Silver-coated 26+ 1° 168 +6° 114+5pum 700 - 800 mbar
FAS-coated 102+ 11° 173 +4° 924+ 9 um 500 - 600 mbar

silver decreasing it, as observed on unstructured PC. In the case of silver-coated
nanofur, superhydrophobicity is most likely due to the unique surface topography
and possible hierarchy of the complex silver layer sputtered on the rough surface
[139]. Moreover, the minimal solid-water contact area of the dense layer of nano-
and microhairs on nanofur possibly has a greater effect on the overall wetting
behavior than the surface energy, resulting in a Cassie-Baxter wetting state, in
spite of the high surface energy [139].

The downward movement and shape of the air-water interface was measured on
all three nanofur types in respect to applied pressure. Surprisingly, sagging of the
air-water interface was observed only on a few samples of as-prepared nanofur
and on none of the coated nanofur samples. A low critical radius of the air-water
interface as well as the low vertical resolution of the CLSM might be the reason
for a lack of observable sagging. Table 4.1 compares the interface penetration
depth, which describes the relative movement of the air-water interface from
0 mbar to 300 mbar applied pressure of the different types of nanofur. For each
nanofur type the penetration depth was calculated from at least six vertical inten-
sity profile series. On the first 300 mbar, as-prepared and silver-coated nanofur
exhibit a similar penetration depth, whereas the penetration depth on FAS-coated
nanofur is one order of magnitude higher than on the other two types (Tab. 4.1).
The high penetration depth on FAS-coated nanofur is a result of the air-water
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interface resting on the apex of the highest microhairs in a metastable state. An
increase in hydrostatic pressure results in an immediate downward movement of
the air-water interface closer to the substrate and to the next layer of supporting
hairs. Additionally, the increased movement is a result of easier air-water interface
sliding due to the low surface energy of the material. In contrast, the hydrophilic
hair tips on as-prepared and silver-coated nanofur can pin the air-water inter-
face, thus, hindering its downward movement. For pressures exceeding 300 mbar
however, the air-water interface on silver-coated nanofur slides downward faster
than on as-prepared thin nanofur (Fig.4.2b),c)). The same trend prevalent in
penetration depth can also be observed in the hydrostatic pressure required for
completely breaking down the air-water interface. While the critical pressure
required for a wetting transition on silver-coated nanofur is only slightly lower
than on as-prepared nanofur, it is only half as much on FAS-coated nanofur as it
is on as-prepared nanofur, indicating a reduced plastron stability.

These results indicate that a combination of superhydrophobic surface topogra-
phy and presence of moderate surface energy material increases stability of the
air-water interface against hydrostatic pressure compared to the same superhy-
drophobic topography with either high (silver-coated) or low (FAS-coated) surface
energy. A possible explanation for this superiority is the moderate surface energy
of as-prepared nanofur compared to the other two extreme surface energy cases
of FAS-coated and silver-coated nanofur. On silver coated nanofur (high surface
energy) the air-water interface is pinned at the apexes of the hairs, thus, stabi-
lizing it. However, the high surface energy also results in an easier wettability
of the nano- and mirohairs themselves, and, thus, a lower critical pressure than
on as-prepared nanofur. On the other hand, on FAS-coated nanofur (low surface
energy) a higher energy input is required to wet the nano- and microhairs them-
selves, but the missing pinning effect of the air-water interface at the tips of the
hairs results in a lower stability. Therefore, the slightly hydrophilic properties of
as-prepared nanofur result in a pinning of the air-water interface at the tips of
the hairs, while simultaneously having a low enough surface energy to require a

significant energy input for water to penetrate into the topography, resulting in
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a maximum critical pressure. This outcome is in agreement with observations
on the leaves of water fern Salvinia, where a superhydrophobic hairy topography
coupled with hydrophilic hair tips results in a retained air layer stable against

high hydrostatic pressures [2].

4.1.2 Retained Air Layer Stability of Thin Nanofur

Section4.1.1 investigated the microscopic behavior and small scale stability
of the retained air layer on thin nanofur. However, nanofur is a highly hetero-
geneous surface and for many applications the macroscopic stability of the
retained air layer is of importance. The next section investigates this macroscopic

stability in more detail.

Hydrostatic Stability of Retained Air Layer on Nanofur

In order to investigate the robustness of the retained air layer on nanofur, n = 10
nanofur samples were placed in a pressure cell filled with DI water and the air-
water interface was studied using total internal reflection as described in Sec-
tion 2.4.4. After sealing the cell, the hydrostatic pressure was increased and con-
secutive in-situ images of the underwater retained air layer were taken at different
applied pressures. The percentage of dry area was extracted from these images
and normalized to the dry area without applied pressure. The normalized dry area
as a function of applied pressure is shown in Fig. 4.3 a), with the inset displaying
processed images of two typical measurements at different applied pressures.

The retained air layer decreases exponentially with increasing hydrostatic pressure
with approximately 50% still intact at 0.5 bar, and approximately 10% at 1.4 bar.
In comparison, water starts penetrating in between the eggbeater-shaped hairs of
Salvinia molesta at ~ (.12 bar and completely wets the surface at 5.8 bar [4], while
the lotus leaf can only sustain an air layer up to 0.135 bar [140]. Furthermore, to
investigate directionality of pressure induced wetting transitions, the retained air
layers on the upper and lower half of several thin nanofur films were processed

and analyzed separately (Fig. 4.3 b). No difference in retained air layer stability
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Figure 4.3: Retained air layer stability of nanofur. a) Normalized dry nanofur area averaged over
n = 10 samples as a function of applied pressure. The inset shows processed images from two typical
measurement at different applied pressures. The dry area appears bright, while the wetted area is dark.
(Adapted with permission from Kavalenka et al. [81]. Copyright 2015 American Chemical Society.) b)
Normalized dry area of one nanofur film divided into two sections as a function of applied pressure.
The wetting behavior is identical for both halves, indicating the wetting transition to exhibit no global
directionality. c) Overlaid images of intact air layer on superhydrophobic surfaces after pressurization.
Wetting transitions spread outward from broken down areas, rather than form new broken down spots,
indicating a local directionality.

between the lower and upper half can be observed, thus, indicating that hydrostatic
pressure induced wetting transitions display no global directionality. Figure 4.3 ¢)
shows overlapped images taken of the intact retained air layer of thin nanofur
during exposure to hydrostatic pressure ranging from O bar to 1 bar. The merged
images verify the absence of a global directionality (spreading from left to right or
bottom to top) of the wetting transitions, as the retained air layer breaks down from
all sides and independently of vertical position. Nonetheless, the images show that
wetting transitions spread outwards from already broken down areas, rather than
form new wetted areas. This indicates a local directionality and suggests, that the

retained air layer stability is limited by the weakest area on the surface.

Calculated critical pressure

The experimental results are compared to the theoretically predicted critical pres-
sure necessary to induce a wetting transition on thin nanofur. The critical pressure
is calculated based on the pore model developed by Hemeda et al. (Section 2.1.3)

[73], and thin nanofur is assumed to be comprised of cylindrical pores with uniform
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depth and diameter. The pore model is deemed fitting for nanofur because of the
fabrication method utilizing a rough sandblasted steel plate to form microcavities
surrounded by a layer of micro- and nanohairs (Fig. 3.2; Fig. 3.7). The applied
model further assumes that the cavities are not interconnected and that each cavity
has a diameter of 53 um. The assumed cavity diameter is based on the blasting
particle size used for sandblasting the mold insert. The depth of the cavities is
determined from cross-sectional SEM images as 56 = 19 um. Inserting water sur-
face tension Yy = 72.75mN m~! and ambient air pressure p,,,= 1.03 bar into
Eq. (2.10) results in a theoretical critical pressure of pe;.pore = 0.43 bar for thin
nanofur. Furthermore, Fig. 4.4 shows the dependency of the critical pressure on
pore diameter and pore depth, with the shaded area depicting the critical pressure
for the measured cavity depth and its standard deviation. The calculated critical
pressure is in good agreement with the experimentally derived value. Additionally,
the experimentally observed exponential decrease in retained air layer can be
explained by the variation in microcavity diameter on nanofur, resulting in differ-

ent critical pressures for different sample areas.
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Figure 4.4: Theoretical critical pressure of thin nanofur. Calculated critical pressure as a function of
pore diameter and depth. The shaded area depicts the critical pressure calculated for the measured
pore depth and its standard deviation. The assumed pore diameter is highlighted. (Reprinted with
permission from Kavalenka et al. [81]. Copyright 2015 American Chemical Society.)
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4.1.3 Highly Pressure-Stable Air Layer of Perforated Nanofur

As described in Section 2.1.3, pressure induced wetting transitions are due to an
imbalance of forces acting on the air-water interface. Therefore, to overcome the
limitation in pressure stability of the retained air layer, an elevated hydrostatic
pressure needs to be compensated by an increased air pressure. In nature, aquatic in-
sects such as the fishing spider Anclyometes bogotensis and the water strider Gerris
remigis can retain a stable air layer under pressures of up to 4 bar (corresponding
to 40 m water depth) [134, 141]. This pressure stability is achieved through a
combination of high hair density (6.6 million hairs per mm~2), balancing water
pressures with the retained air layer and increased oxygen diffusion from water
into the retained air layer [134, 141]. To gain access to the underwater retained
air layer on thin nanofur films, perforated nanofur was fabricated as described
in Section 3.1.3. The access made it possible to adapt the natural mechanism of
compensating hydrostatic pressures acting on the underwater retained air layer
through increased retained air pressure. To this effect, the perforated nanofur was
attached as top seal to a pressure cell, which was in turn connected to a compressor,
and submerged in a second pressure cell partially flooded with DI water as shown
in Fig. 4.5 a), b), thus, forming a double-cell system. The individual connection of
both cells to the compressor allows precise control over the hydrostatic pressure
(pwater) acting on the air-water interface and the pressure in the retained air layer
(pair)- As a result, the hydrostatic pressure acting on the air-water interface can be
compensated by the pressure supported retained air layer, thus, increasing plastron
stability. First the stability of the air-water interface subjected to equally high
pressures from both sides was tested. To do this, the evolution of the retained air
layer was investigated using total internal reflection as described in Section 2.4.4.
After submersion of perforated nanofur in the double-cell setup, the valves con-
necting the retained air layer and the outer pressure cell to the compressor were
opened, thus, simultaneously increasing both hydrostatic and retained air pres-
sure (pyarer = Pair)- During the experiment the pressures were monitored using a

pressure gauge. Consecutive photographs of the air-water interface were taken at
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4.1 Retained Air Layer Stability Against Hydrostatic Pressure

500 mbar intervals and the dry area was extracted and normalized to the dry area
with no applied pressure, thus, making a comparison between pressure-supported
perforated nanofur (pp-nanofur) and as-prepared nanofur possible. The averaged
normalized dry area of pp-nanofur (n = 14) as a function of applied pressure is
compared to that of as-prepared thin nanofur in Fig. 4.5 c). At 1.5 bar the nor-
malized dry area of pp-nanofur drops to 88% and then stabilizes at 86% with
pressure increasing to 4 bar (corresponding to a water depth of 40 m). In con-
trast, the normalized dry area of as-prepared nanofur decreases exponentially

with only 7.2% still intact at 1.5 bar and the surface completely wetted at 2.2 bar.
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Figure 4.5: Pressure stability of pressure-supported perforated nanofur (pp-nanofur). Schematic (a)
and photograph (b) of the double-cell setup used to support and analyze the retained air layer on
perforated nanofur. Attaching nanofur to the inner cell and connecting both the inner and outer cell
to a compressor allows precise control over water and retained air pressure. ¢) Averaged normalized
dry area as a function of applied pressure for as-prepared, pp-nanofur and reused pp-nanofur. Error
bars correspond to the standard deviation. d) Overall dry area as a function of applied pressure for
pp-nanofur used for the first, second and third time. (a)-c) reprinted with permission from Viillers et
al. [137]. Copyright 1999-2018 John Wiley & Sons, Inc.)
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4 Stability of Retained Air Layer on Nanofur

Furthermore, four pp-nanofur samples were subjected to 7.2 bar pressure and still
retained an average normalized dry area of 85% (not shown here). Therefore,
stability of pp-nanofur is increased by several orders of magnitude compared
to as-prepared nanofur. Due to mechanical limitations of the pressure cells and
pressure limitations of the installed compressor no higher hydrostatic pressures
could be tested. However, as no significant degradation could be observed by
increasing pressure from 1.5 bar to 7.2 bar, the retained air layer on pp-nanofur
can reasonably be assumed to be stable at even higher pressure. The stability
enhancement can be explained by regarding the balance of forces (eq. 2.5) acting
on the underwater retained air layer. By compensating the hydrostatic pressure
with the supported retained air pressure (pyqrer = Pair) the balance of forces sim-
plifies t0 puir + Peap — Pwater — Pamb = Pcap — Pamp = 0. Thus, the pressure support
results in a situation equal to no applied hydrostatic pressure, which is highly
stable. Moreover, Fig. 4.5 c) shows, that even during repetitive exposure to high
hydrostatic pressure, more than 85% of normalized dry area stays intact, thus,
making pp-nanofur reusable without significant loss of interfacial properties. The
slight increase in average normalized dry area of pp-nanofur used for the second
time compared to pp-nanofur used for the first time is due to metastable areas of
pp-nanofur irreversibly breaking down during the first use (Fig. 4.5 d). As a result,
the total dry area does not recuperate from the first to the second use, but does
recuperate between the second and third use, indicating that areas intact after one
pressurization can recover from a subsequent wetting transition.

Besides being stable under elevated hydrostatic pressure, the retained air layer
on superhydrophobic surfaces utilized in drag-reducing application is required to
be stable for long periods of immersion. However, as shown by previous studies,
increased hydrostatic pressure results in a significant lifetime reduction of the
retained air layer [27, 73, 142]. The effect of elevated hydrostatic pressure on plas-
tron lifetime was investigated by exposing pp-nanofur and as-prepared nanofur
to hydrostatic pressure for up to 4 hours. The normalized dry area as a function
of immersion time for both films under different applied pressures is shown in

Fig. 4.6. On pressurized as-prepared nanofur the dry area decreases exponentially
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4.1 Retained Air Layer Stability Against Hydrostatic Pressure

with time. After two hours at 0.1 bar and 0.3 bar the dry area decreases to 55%
and 35% respectively, demonstrating an increased decay of dry area through in-
creased pressure. In contrast, the retained air layer on pp-nanofur pressurized
up to 3.5 bar is stable for more than four hours, after which the experiment was
stopped. Increasing the pressure to 4 bar, surprisingly results in a complete wet-
ting transition of the nanofur surface after two hours. The plastron lifetime of
pp-nanofur is in the same order of magnitude as that of surfaces fabricated by
Samabha et al. [143], who have recorded an air layer stable under 7.5 bar for up
to 3.5h on a fibrous polystyrene coating electrospun onto an aluminum plate. In
comparison, most other artificial superhydrophobic surfaces can sustain a stable
retained air layer at up to 130 mbar for no more than 4 hours, with longevity
decreasing exponentially with increasing pressure [144—146]. Natural surfaces
such as the lotus leaf break down after just 1 hour at 55 mbar [147].
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Figure 4.6: Plastron lifetime on pp-nanofur. Normalized dry area as a function of immersion time
for as-prepared nanofur and pp-nanofur. Lines represent fits to the respective data. Lifetime of the
retained air layer is significantly increased by pressure support. (Figure reprinted with permission from
Viillers et al. [137]. Copyright 1999-2018 John Wiley & Sons, Inc.)
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4 Stability of Retained Air Layer on Nanofur

Influence of perforation parameters on air layer stability

To study the influence pore location has on the stability of the retained air layer,
thin nanofur was divided into three areas (named A, B, C) with varying pore
positions as shown in the inset of Figure 4.7 a). The left half of the thin nanofur
sample (area A) was perforated 20 times in the upper half of the area, while
the top right quadrant (area B) was perforated 20 times over the whole area and
the lower right quadrant (area C) was not perforated at all. To prevent cross-
stabilization of pressure between the three areas, the superhydrophobic structure
on their respective borders was mechanically removed (by abrasion with a pair of
tweezers), thus, isolating the three areas and their respective retained air layers
from each other. This isolation enables separate stability measurements of the
retained air layer of each individual area. Figure 4.7 a) shows the divided thin
nanofur film after exposure to 4 bar hydrostatic pressure. The bright color of
both areas A and B shows, that the perforated areas stayed completely dry. The
non-perforated area C on the other hand, is completely wetted after being subjected
to hydrostatic pressure, as indicated by the darker color. Moreover, because both
areas A and B stayed completely dry, despite area A only being perforated in the
upper half, it can be concluded that the retained air layer stability is independent
of pore positioning. In particular, dryness of the lower half of area A indicates,
that the nano- and microstructure of nanofur is interconnected, resulting in a
continuous retained air layer spanning over the complete left half of the sample.
Furthermore, because the retained air layer is interconnected, pressure support is
not localized but distributed over the complete retained air film. As a result, there
is almost no limit to the distance over which a single pore can stabilize a retained
air film. The only stabilizing barrier for pores are areas completely isolated by
damaged superhydrophobic structure, and, thus, cut off from the pressure support,

as can be seen in the varying stability of areas B and C.
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Figure 4.7: Influence of perforation parameters on retained air layer stability. a) Photograph of thin
nanofur film divided into 3 areas (A-C) after exposure to 4 bar hydrostatic pressure. The three areas
were separated by mechanically removing the superhydrophobic structure on their respective borders.
The inset schematically shows pore location on the nanofur sample: A - only top half perforated;
B - completely perforated; C - not perforated. Perforated areas (A,B) are dry (bright), while non-
perforated area (C) is completely wetted (dark), indicating retained air layer stability to be independent
of pore positioning. b) Normalized dry area as a function of applied hydrostatic pressure and number
of pores. Stability of the retained air layer is independent of number of pores. (Figure reprinted with
permission from Viillers et al. [137]. Copyright 1999-2018 John Wiley & Sons, Inc.)

Furthermore, the influence of pore density on the stability of the retained air layer
was investigated. The top half of several nanofur samples was perforated with
5, 10, 20 or 40 pores, before measuring the normalized dry area as a function
of applied pressure up to 4 bar. Figure 4.7 b) shows that up to 4 bar, more than
86% of the retained air layer stays intact for all pore densities, indicating plastron
stability to be independent of number of supporting pores. Therefore, it seems
beneficial to reduce the number of pores to a minimum, as it reduces handling
and processing times of the sample during perforation, and, thus, the possibility
of damaging the superhydrophobic structure. However, as pores are only able to
support dry areas connected to them (Fig. 4.7 a), too few pores might result in
retained air layers isolated from a supporting pore, and, thus, not being stabilized.
Hence, a compromise between reducing potential handling damages and ensuring a
complete support of the retained air layer has to be found for practical applications.

Minimizing damage to the superhydrophobic structure can also be achieved by
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4 Stability of Retained Air Layer on Nanofur

reducing pore diameter and direct contact to the superhydrophobic surface during
perforation, as is the case for laser drilling pores. To investigate the suitability of
laser drilling for pressure support, the plastron stability of laser perforated and
manually perforated thin nanofur was compared, and no difference in plastron

stability was observed between the two perforation techniques.

4.1.4 Retained Air Layer Stability Against
Water Pressure Fluctuations

Materials used in drag-reducing applications do not only experience static pressure
but are often subjected to fluctuations of water pressure, which can result in
water penetrating into the surface topography and a subsequent breakdown of
the air-water interface. The previous section has shown that as long as the water
pressure is balanced by an equivalent retained air pressure, the air-water interface
is highly stable. By increasing the supporting air pressure above the hydrostatic
pressure, sudden surges/fluctuations in hydrostatic pressure can be compensated,
and the total hydrostatic pressure remains always below or at the same level as
the retained air pressure. The effect such a supporting air pressure exceeding the
hydrostatic pressure has on the stability of the air-water interface was studied
on pp-nanofur. To this end, pp-nanofur was submerged in the double-cell setup
and the hydrostatic (pyarer) and retained air pressure (pg;r) were simultaneously
increased to a base pressure (ppqs.) ranging from O bar to 4 bar. After reaching
Pbase» the valve connecting the hydrostatic pressure to the compressor was closed,
fiXing pwarer = Pbase- NEXt, only p,;r was further increased in 0.2 bar steps (Ap)
up to an additional 3 bar. At each pressure step ppqe + Ap the normalized dry
area of the retained air layer was extracted. To do this, first the retained air layer
was depressurized back to pp,., before taking a photograph of the air-water
interface. Depressurization of the retained air layer is necessary, as otherwise
bubble formation would prevent an accurate depiction of the retained air layer.
The average normalized dry area of three pp-nanofur films as a function of pres-

sure difference Ap = pgir — Ppase 1S shown in Fig. 4.8 a). For low base pressure
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Figure 4.8: Stability of retained air layer against pressure fluctuations. Normalized dry area of
pp-nanofur as a function of pressure difference between retained air pressure (p,;) and hydrostatic
pressure (pyarer)- Air and water pressure were simultaneously increased to a base pressure (Ppgse)s
before only (a)pir/ (b)pwarer Was additionally increased past ppgg.. a) With increasing ppgse the air
layer becomes more stable against increased pressure differences, creating a buffer pressure against
pressure fluctuations. b) Increasing pyarer past ppase results in an immediate wetting transition. (a)
reprinted with permission from Viillers ez al. [137]. Copyright 1999-2018 John Wiley & Sons, Inc.)

(Obar < ppgse <0.5bar) an increase in pg;, results in a linear decrease in normal-
ized dry area, while for pp,;. > 1 bar, the normalized dry area stabilizes at 89%
up to an additional 3 bar buffer pressure. Additionally, overall plastron stability
is shown to increase with increasing pp,.. One possible explanation for reduced
stability at low ppqq. 1S the formation of gas bubbles at the nanofur surface for
Pair €xceeding ppqs. by more than 50 mbar, which is of the same order of mag-
nitude as the capillary pressure calculated for the thin nanofur topography. The
formation and detachment of gas bubbles at the nanofur surface can lead to high
local pressure fluctuations, and, thus, a wetting transition. These pressure fluctua-
tions have a higher impact on plastron stability for low base pressure, due to the
significantly higher relative pressure difference between pressure fluctuations and
base pressure than for high ppuse-

Additionally, by using the same measurement technique but increasing hydro-
static pressure above retained air pressure (ppgse = Pair) the impact of hydro-

static pressure exceeding the supporting air pressure was investigated. As soon
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as Pwater > Pair, pp-nanofur undergoes a complete wetting transition. This is in
contrast to the expected exponential decay as observed on as-prepared nanofur
(corresponding to ppuse = pair = 0 bar) shifted by pp,.. However, the reason for
the instantaneous wetting transition is the near infinite air volume added to the
retained air layer by the connected inner pressure cell. Before perforation, in-
creased water pressure compressed the retained air layer, resulting in an increased
air pressure, which partially compensates the elevated hydrostatic pressure. With
the added infinite air volume of the inner pressure cell and compressor, the down-
ward shift of the air-water interface does not significantly change the volume of
the retained air layer, and, therefore also does not change the retained air pres-
sure. Thus, the retained air pressure is effectively eliminated from the balance
of forces (Eq. (2.5)), leaving the capillary pressure as sole compensating force
against elevated hydrostatic pressures, as described in Section 2.1.3. Therefore,
once the hydrostatic pressure rises above the capillary pressure a complete wetting

transition takes place as observed in Fig. 4.8.

4.2 Dynamic Plastron Stability of
Superhydrophobic Surfaces

4.2.1 Retained Air Layer Stability of Moving
Superhydrophobic Surfaces

In addition to high hydrostatic pressure, surfaces used for drag-reducing applica-
tions are exposed to movement through liquids or flow of liquids over the surface.
Immersion and movement of a superhydrophobic surface into and through a liquid
results in shear forces acting on the retained air layer, which, similar to the case of
a liquid flowing over the surface, can result in a wetting transition, and, thus, a
loss of interfacial properties. Several studies have investigated the effect liquid
flow has on the longevity of the retained air layer [111, 148—151], and indirectly
measured the dynamic plastron stability by detecting failure of drag-reducing
properties [26, 136, 152]. Nonetheless, to my knowledge, no study to date has
investigated the effect that immersion of a superhydrophobic surface into a liquid
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Figure 4.9: Dynamic plastron stability on nanofur. SEM images of a) high density (HD), b) medium
density (MD) and c) low density (LD) nanofur. d) Normalized dry area of HD, MD and LD nanofur
as a function of immersion velocity in DI water. The inset shows typical processed and thresholded
images of MD nanofur at the respective immersion velocities, visualizing the dry (dark) and wetted
(white) areas. A decrease in hair density and increase in cavity diameter reduces dynamic plastron
stability.

has on the stability of the retained air layer. To investigate the dynamic stability
of the retained air layer on nanofur, samples were attached to a dip-coater and
submerged in DI water at velocities ranging from 20 mm min~' to 200 mm min~!
(Fig.2.8 a),b)). The dry area after each subsequent immersion was measured as
described in Section 2.4.4 and normalized to the dry area prior to the first immer-
sion. Three different classes of nanofur, varying in hair density and microcavity
diameter were fabricated as described in Section 3.1.2 and tested: high density
(HD), medium density (MD) and low density (LD) nanofur (Fig. 4.9 a) - ¢)).

The normalized averaged dry area of HD, MD and LD nanofur as a function
of immersion velocity is shown in Fig.4.9d). During the first immersion at
50 mm min~! the normalized dry area on HD nanofur reduces to 92% and then
stabilizes at this value up to an immersion velocity of 200 mm min~!. In contrast,

the normalized dry area on MD and LD nanofur decreases exponentially with
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increasing dip speed and only 37% and 12% of the respective dry area is still
intact after an immersion at 200 mm min~!. Differences in topography are the
reason for the accelerated decay of dry area on MD and LD nanofur compared
to HD nanofur. The significantly higher hair density of HD nanofur compared to
the other nanofur classes results in a lower pitch between nano- and microhairs
supporting the air-water interface. Thus, the dynamic stability of the retained air
layer against water penetration is increased. A similar behavior is observed for
the retained air layer stability against hydrostatic pressure of superhydrophobic
surfaces with high pitch [73]. The increased pitch enables the air-water interface
to sag further into the cavities, and, thus, easier wet the surface. Additionally, the
tip diameter of micro- and nanohairs on MD and LD nanofur is higher compared
to HD nanofur, which results in a higher solid-water contact area, and, thus, a
further reduction in dynamic plastron stability.

Next, double scale teflon surface wrinkles (DS wrinkles) and PTFE pillars were
fabricated as described in Section 3.3 and the dynamic plastron stability on both
surfaces was characterized. This enables a comparison of the dynamic plas-
tron stability on nanofur to superhydrophobic surfaces ranging over multiple
length scales, surface energies and structure regularity, and, thus, identify to-
pographical features necessary for a dynamically stable retained air layer. Fig-
ure 4.10 a), b) shows SEM images of fabricated DS wrinkles and PTFE pillars. The
DS wrinkles are comprised of a threefold randomly oriented wrinkle-hierarchy
consisting of nanowrinkles on top of submicron wrinkles, which in turn fold into
microwrinkles, and, thus, form cavity-like structures [123]. In contrast, PTFE
pillars display no hierarchy, have a pitch of 20 um, a diameter of 4 um-5 pm
and a height of 21 um [51]. The averaged normalized dry area of DS wrinkles,
PTFE pillars and HD nanofur as a function of immersion velocity is shown in
Fig.4.10¢). On DS wrinkles the retained air layer is not affected by immersion
velocity and stays 100% intact up to 200 mm min~—', whereas, the retained air
layer on the PTFE pillar surface behaves similarly to MD nanofur. It decays
rapidly with increasing immersion velocity and only 37% is still intact after an

immersion at 200 mm min—!. As already observed on MD and LD nanofur, one
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Figure 4.10: Dynamic plastron stability on DS wrinkles and PTFE pillars. SEM images of (a)
DS wrinkles and (b) PTFE pillars. ¢) Averaged normalized dry area of DS wrinkles, HD nanofur
and PTFE pillars as a function of immersion velocity in DI water.

of the reasons for the increased plastron decay on the PTFE pillar surface is
the high pitch of the micropillars supporting the air-water interface compared
to the densely packed features on HD nanofur and DS wrinkles. Additionally,
the solid-water contact area is significantly higher for the PTFE pillar surface
than for the nano- and microhairs and nanowrinkles on nanofur and DS wrinkles,
which further reduces the dynamic plastron stability. This correlation between
larger solid-water contact area and reduced plastron stability is in agreement with
previous studies, in which nanoscale features were shown to exhibit an increased
retained air layer stability against hydrostatic pressure and flow compared to
larger microstructures [77, 111, 136, 153].

Another topographical difference between PTFE pillars, DS wrinkles and HD
nanofur is the interconnected and open air layer on PTFE pillars compared to the
cavities and cavity-like surface features prevalent on nanofur and DS wrinkles.
In contrast to an "open" air layer, the cavities partially surround and enclose the
retained air layer, thus, effectively forming a barrier against flowing water shearing
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of the air layer, and, as a result making the retained air layer less susceptible to
movement. Moreover, the higher surface energy of PC nanofur in comparison to
PTFE, possibly results in pinning of the air-water interface at the tips of the nano-
and microhairs, further increasing stability of the retained air layer compared to
the hydrophobic PTFE pillars. On the highly hydrophobic DS wrinkles the lack
of pinning apexes is compensated by the nanometer scale feature size, threefold
hierarchy and prevalent reentrant structures. The stability enhancing properties
of hydrophilic apexes are in agreement with the results from Section4.1.1 and
observations on the water fern Salvinia molesta, on which a combination of wax
coated superhydrophobic hairs and hydrophilic hair tips was shown to significantly
increase the stability of the retained air layer [2]. Finally, DS wrinkles and HD
nanofur are comprised of a hierarchical topography, which was shown to enhance
superhydrophobicity and stability of the retained air layer against hydrostatic
pressure, and, therefore, most likely further enhances the dynamic stability of the
retained air layer on these surfaces, while the lack of hierarchy on PTFE pillars
diminishes its dynamic plastron stability.

In summary, the dynamic stability measurements identify the following set of
topographical features as necessary to achieve a high dynamic plastron stabil-
ity: (i) hierarchical topography; (ii) high density surface features; (iii) mini-
mal water-solid-contact area; (iv) nanoscale feature size; and (v) cavities or

cavity-like structures.

4.2.2 Contact Line Motion and Dynamic Wetting Behavior

As mentioned before, application of superhydrophobic surfaces, especially in
the case of drag reduction, usually exposes them to flow or movement through
liquids, rather than static conditions. Even though dynamic behavior is essential
for applications and studies have shown great variations between static (sessile
drop technique) and dynamic (contact line motion) wetting behavior [108, 154—
157], only static measurements are typically employed to characterize the wetting

behavior of superhydrophobic surfaces. Therefore, application oriented charac-
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terization of wetting properties needs to include dynamic wetting behavior. The
dynamic wetting behavior of HD nanofur, DS wrinkles and PTFE pillars was
measured using a newly developed contact line motion technique described in
Section 2.4.3 with an immersion velocity of 50 mm min~'. Table 4.2 compares the
static (sessile drop technique) and dynamic (contact line motion) wetting behavior
of air retaining areas on all three used superhydrophobic surfaces. For the dy-
namic CA only surface areas with an intact air layer were included. Measurements
with the sessile drop technique show almost no difference between DS wrinkles
and PTFE pillars, with advancing and receding CAs of 172 +2° and 170 £ 2°
for DS wrinkles [123] and 174 4+ 5° and 170 £ 7° for PTFE pillars. HD nanofur
has a slightly lower advancing and receding CA of 164 +3° and 159 £+ 5°. How-
ever, from the sessile drop technique no conclusions about the dynamic plastron
stability can be drawn. Contact line motion on the other hand, shows DS wrinkles
and HD nanofur to have an intact air layer with homogenous superhydrophobic
wetting behavior for the complete structured area, whereas the PTFE pillar surface
displays wetting transitions on part of the structured area, indicating a reduced
dynamic plastron stability. Therefore, in contrast to the sessile drop technique, the
in-situ contact line motion measurement can reveal differences in the dynamic
plastron stability of the various surfaces.

HD nanofur displays the smallest difference (/= 5°) between static and dynamic
wetting behavior for both advancing and receding CA. Moreover, in contrast to
the other surfaces, the dynamic advancing and receding CA of HD nanofur is
above 150°, resulting in a minimal CAH. In contrast, the difference between
static and dynamic wetting behavior for DS wrinkles and PTFE pillars is 20°
for the advancing CA and 30° for the receding CA. This not only results in a
drop in CA below 150° but also a tripling in CAH compared to the static wetting
properties. This large difference in dynamic CAH between nanofur, DS wrinkles
and PTFE pillars is surprising, as the static measurements show minimal CAH
for all three surfaces. However, previous studies have shown that such a de-
crease in dynamic CA and increase in CAH indicates a reduced slip length [156,

158, 159]. Because slip length increases with (i) increasing plastron volume and
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Table 4.2: Static and dynamic wetting properties of superhydrophobic surfaces measured using sessile
drop method and contact line motion respectively. *Static wetting properties of DS wrinkles are taken
from Scarratt ef al. [123].

Surface Sessile Drop Contact Line Motion Roll-off angle
Advancing CA | Receding CA | Advancing CA | Receding CA
PTFE pillars 174 £5° 170 £7° 150 £4° 142 +4° <4°
HD nanofur 164 +3° 159 £+ 5° 159 £+ 3° 155+6° <4°
DS wrinkles 172 £2°% 170 £2°% 151+4° 141+7° < 4°

(ii) decreasing solid-water contact area [111, 136], the increased CAH is a result of
differences in the surface topography and can be explained by the small retained
air volume on DS wrinkles and the relatively high solid-water-contact area of
PTFE pillars compared to HD nanofur. Hence, HD nanofur is the most promising
drag-reducing topography of the three investigated surfaces.

The combination of high dynamic stability and increased CAH of DS wrinkles
compared to HD nanofur show that topographical features increasing the dynamic
stability of the retained air layer can also decrease the drag-reducing capabilities
of a superhydrophobic surface. Therefore, applications need to find a compromise
between high dynamic plastron stability and high slip length, specifically tailored
to the requirements of the application. This trade off between plastron stability
and slip length is in agreement with previous studies, showing nanometer-scale
roughness to enhance the stability of a retained air layer against elevated hydro-
static pressure, but simultaneously reducing the surfaces slip length compared to

microstructured surfaces [111, 136, 153].

4.2.3 Contamination Resistance of Superhydrophobic Surfaces

Real world application of air retaining surfaces often sees them exposed to
liquids other than DI water. Immersion in such liquids can lead to bio-fouling
or other contamination of the superhydrophobic surface [6, 160]. Biofouling
is typically characterized by prolonged immersion of superhydrophobic sur-

faces in sea water or bacterial solutions, including exposure to flow [160, 161].
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Figure 4.11: Contamination resistance of superhydrophobic surfaces. Averaged normalized dry area
of DS wrinkles and HD nanofur as a function of number of immersions for different capillary numbers
(Ca) corresponding to immersion in (a) 36 wt% and (b) 47 wt% glycerol/water solution at 50 mm-min~!
and 100 mm-min~!.

During these experiments, superhydrophobic surfaces have been shown to exhibit
anti-fouling properties, as long as the retained air layer is intact [160, 162—-164].
Once the retained air layer collapses however, the increased surface area of su-
perhydrophobic surfaces can increase cell adhesion, and, as a result promote
bio-fouling [165, 166]. While most of the anti-fouling work to date has focused on
stationary surfaces, an investigation into the dynamic stability of retained air layers
against repeated immersion in liquids other than DI water, as well as investigating
contamination resistance of superhydrophobic surfaces has been neglected. To
measure contamination resistance and in-sifu dynamic plastron stability, contact
line motion measurements (Section 2.4.3) are combined with macroscopic air-
water interface visualization (Section 2.4.4). This allows for precise tailoring of
testing parameters in order to expose surfaces to application specific environments
as described in Section 2.4.3.

To test resistance of HD nanofur and DS wrinkles against contamination and iden-
tify topographical features necessary for high contamination resistance, the two
superhydrophobic surfaces were immersed in 36 wt% and 47 wt% glycerol/water

solutions for up to ten times, while observing the evolution of the air-water
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interface. Figure4.11 shows the average normalized dry area of DS wrinkles
and HD nanofur as a function of number of immersions and capillary number
(Ca). For all Ca the repeated immersion of HD nanofur results in a decay of the
retained air layer, whereas the retained air layer on DS wrinkles stays 100% intact.
Moreover, the decrease in dry area on HD nanofur, and thus contamination of
the surface, increases with increasing immersion velocity. The dependency of
plastron decay on immersion velocity is in agreement with observations on sur-
faces immersed in water (Fig. 4.9, Fig. 4.10), where increased immersion velocity
also resulted in increased plastron decay. However, in contrast to immersion in
glycerol, repeated immersion in DI water with a constant immersion velocity did
not result in a further decrease of dry area. Surprisingly, an increase in glycerol
concentration did not affect the decay rate of the retained air layer on HD nanofur
as shown in Fig.4.11b).

To investigate if surface contamination is time dependent, HD nanofur was
immersed in both prepared glycerol solutions for 24 hours. Comparison of the dry
area before and after immersion revealed no significant differences, showing that
contamination is not time dependent. Hence, contamination is a dynamic effect
and occurs during immersion or movement of the sample. During immersion, the
high repellency of the surface results in a continuously increasing curvature of
the air-liquid interface, until the dynamic advancing CA is reached. The increase
in curvature results in a constantly increasing Laplace pressure, which could
be responsible for the observed wetting transition. An increase in immersion
velocity additionally results in a faster increase in Laplace pressure, which, in turn
destabilizes the retained air layer. Combined with the higher shear forces acting on
the retained air layer with increasing immersion velocity, this results in a velocity
dependent plastron decay rate. The contamination of nanofur was permanent and
the films could not be cleaned by prolonged immersion in DI water or ethanol,
or sonication in ethanol.

As mentioned before, the retained air layer on DS wrinkles is 100% intact for all
Ca, thus, indicating a superior contamination resistance compared to HD nanofur

(Fig.4.11). This superior resistance is the result of several topographical features
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prevalent on DS wrinkles and missing on HD nanofur: (i) smaller length scale
of topographical features (nm); (ii) threefold hierarchy ranging from nanometers
to micrometers instead of double hierarchy of microcavities and nanohairs on
nanofur; (iii) low surface energy resulting in minimal adhesion; (iv) microwrinkles
forming reentrant structures. Comparing these resistance boosting features with
the dynamic stability enhancing features from Section 4.2.1, reveals that the same
topographical features responsible for high dynamic plastron stability are also

responsible for a high contamination resistance.

4.2.4 Directionality of Dynamic Wetting Transitions

To investigate how wetting transitions spread on superhydrophobic surfaces, the
dynamic CA of MD nanofur was measured as a function of immersion depth for
repeated immersion in a 30 wt% sucrose/water solution at 20 mm min~! as shown
in Fig. 4.12 a), b). During the first immersion, the receding CA shows almost no
change across the complete sample surface. However, after repeated immersions,
the receding CA decreases linearly towards the lower end of the nanofur substrate.
This linear decay becomes more pronounced with increasing immersion repetition
and finally leads to a completely wetted and contaminated lower surface area
after ten immersions, as shown in Fig. 4.12 a). The gradual decrease of receding
CA with increasing number of immersions, indicates that a superhydrophobic
surface passes through several intermediate states between intact air layer and
completely contaminated hydrophilic surface, which is in contrast with the ex-
pected two distinct wetting states. Moreover, the change in wetting behavior is
not as pronounced in the dynamic advancing CA as it is in the dynamic receding
CA, as shown in Fig.4.12b). Repeated immersion of MD nanofur results in a
lower mean value and higher scattering of the advancing CA, but does not dis-
play the same linear trend as can be observed for the receding CA. The reason
for this is most likely the lower susceptibility of the advancing CA in regard to

pinning of the liquid on the surface.
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Figure 4.12: Directionality of dynamic wetting transitions. Dynamic (a) receding and (b) advancing
CA of MD nanofur as a function of immersion depth for repetitive immersion in 30 wt% sucrose/water
solution at 20 mm min~!. Lines represent linear regression fit of the respective data. Inset displays
position of nanofur at corresponding immersion depth. ¢) Overlaid images of intact air layer on
superhydrophobic surfaces after immersion. LD nanofur and PTFE pillars were immersed in DI
water at 20 mm min~! - 200 mm min~!. HD nanofur was immersed in 36 wt% glycerol solution at
50 mmmin~! for 10 times.

To further verify directionality of dynamic wetting transitions and contamination
on superhydrophobic surfaces, photographs of the air-water interface on super-
hydrophobic surfaces during repeated immersions in water and glycerol were
overlapped as shown in Fig.4.12 ¢). Plastron images of LD nanofur and PTFE
pillars after immersion in DI water at 20 mm min— ! 50 mm min! , 100 mm min~!
and 200 mm min—! were overlapped, while additionally HD nanofur images after
each of 10 consecutive immersions in 36 wt% glycerol/water solution were over-

lapped. The merged images show a clear directionality, with wetting transitions
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starting at the lower end of the superhydrophobic surface and then spreading
upwards. This is in agreement with the receding CA measurements shown in
Fig.4.12 a). The directionality is possibly due to the build up of the contact line
during immersion in the liquid. During immersion, the superhydrophobic surface’s
high repellency results in a liquid curvature that is constantly increasing until the
advanced dynamic CA is reached. This increase in curvature is equivalent to
an increase in Laplace pressure, and combined with shear forces acting on the
moving air-liquid-interface can push the liquid into the topography, resulting in a
wetting transition. Because the liquid curvature changes the fastest at the edge of
the superhydrophobic surface, this area also experiences the largest increase in
Laplace pressure. Thus, the edge of the superhydrophobic film is the likeliest spot
for a wetting transition to occur. Once a wetting transition/contamination occurs
at the edge of the film, it moves the superhydrophobic/hydrophilic border upwards
onto the structured area, where the same phenomenon is repeated, resulting in a
gradual progression of the wetting transition upwards along the surface. Lastly,
Fig. 4.12 c) shows that wetting transitions do not start in random spots, but rather
spread outwards from already wetted areas. Once a wetting transition occured, the
wetted area gradually spreads outward into all directions. As a result, the overall
dynamic plastron stability is limited by the area with the weakest resistance against

a wetting transition.

4.3 Conclusion

In conclusion, static and dynamic wetting transitions of bioinspired superhydropho-
bic nanofur and other selected superhydrophobic surfaces were characterized and
the effect of surface energy and varying topographical features on the retained
air layer stability was investigated. In case of elevated hydrostatic pressure, a
combination of slightly hydrophilic material and superhydrophobic surface topog-
raphy was shown to exhibit a higher plastron stability than the same topography
with highly hydrophobic/hydrophilic bulk wetting properties. Utilizing the high

reflectivitiy of the air-water interface, the macroscopic stability of the retained air
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layer on nanofur topography was studied and an exponential decrease of dry area
with increasing hydrostatic pressure was demonstrated with only 50% dry area still
intact at 0.5 bar. The experimental values were compared to theoretically predicted
critical pressure and are in good agreement. Additionally, by using perforated
nanofur and introducing an external pressure support, inspired by pressure-stable
air layers on aquatic insects, the retained air layer on nanofur was stabilized and
hydrostatic pressure limitations were overcome. By adjusting the retained air
pressure to the hydrostatic pressure acting on the air-water interface, more than
86% of the retained air layer remains intact at hydrostatic pressures of more than
4 bar, which corresponds to 40 m water depth and a stability increase of several
orders of magnitude. The pressure support further increases the time stability of
the retained air layer to more than 4 hours at up to 3.5 bar. The stability enhancing
mechanism was additionally shown to be independent of perforation parameters,
such as number and position of pores. By increasing the retained air pressure
above the hydrostatic pressure a buffer pressure, which stabilizes the retained air
layer against pressure fluctuations of up to 3 bar, was introduced.

Furthermore, by combining high reflectivity and contact line motion measure-
ments, the dynamic plastron stability of three different superhydrophobic sur-
faces displaying variations in structure regularity, hierarchy, bulk wetting prop-
erties and other topographical features was measured. Six topographical prop-
erties were identified as essential for a high dynamic stability of the retained
air layer of superhydrophobic surfaces: (i) hierarchical topography; (ii) high
density roughness; (iii) minimal water-solid-contact area; (iv) nanometer-scale
feature size; (v) surfaces with cavities or cavity-like structures and (vi) reen-
trant structures. The same topographical properties are additionally shown to be
beneficial for increasing resistance against contamination, but also reduce the
surfaces drag-reducing capabilities. Moreover, wetting transitions and contam-
ination are shown to spread from the bottom of a surface upwards and from
broken down areas outward. Thus, the dynamic plastron stability is weakest at
the lower edge of the superhydrophobic surface and limited by the area with
the lowest stability against a wetting transition. Finally, by using contact line
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motion measurements, surface contamination and the decay of wetting properties
was shown to be a gradual process.

Because dynamic environments have mainly been ignored in respect to retained
air layer stability but are essential for drag-reducing applications, further inves-
tigation into stability enhancing parameters can provide a basis for fabricating
highly stable air retaining surfaces. Especially the ease and low complexity of the
used measurements addresses the lack of appropriate characterization techniques.
Additionally, the versatile possibilities to implement the presented stability enhanc-
ing mechanisms into other superhydrophobic surfaces widen the applicability of
air-retaining surfaces for drag reduction. Lastly, characterisation of drag-reducing
capabilities of pressure-supported perforated nanofur and adaptation of the sta-
bilization mechanism to other drag-reducing mechanisms are promising future

studies.

A shortened version of the retained air layer stability measurements on as prepared
thin nanofur (Section4.1.2) was published as part of the article "Bioinspired Air-
Retaining Nanofur for Drag Reduction”, Maryna N. Kavalenka, Felix Viillers,
Simone Lischker, Claudia Zeiger, Andreas Hopf, Michael Rohrig, Bastian E. Rapp,
Matthias Worgull, and Hendrik Holscher, ACS Applied Materials and Interfaces,
2015, 7, 10651-10655.

A shortened version of the laser confocal microscope study and the study of
pressure supported perforated nanofur (Sections 4.1.1,4.1.3-4.1.4) was published
in "Pressure-Stable Air-Retaining Nanostructured Surfaces Inspired by Natural
Air Plastrons", Felix Viillers, Yann Germain, Luce-Marie Petit, Hendrik Holscher
and Maryna N. Kavalenka, Advanced Materials Interfaces, 2018, 5, 1800125-
1800132

The investigation into dynamic plastron stability (Section4.2) will be published as
"Dynamic Wetting Behavior and Plastron Stability on Superhydrophobic Surfaces",
Felix Viillers, Sam Peppou-Chapman, Maryna N. Kavalenka, Hendrik Holscher
and Chiara Neto
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5 Superhydrophobic Surfaces for
Optoelectronic Applications

Accumulation of natural and anthropogenic contamination on photovoltaic (PV)
modules poses an immense problem, as it drastically decreases in-coupling of
light into the active medium of the PV module, and, thus, decreases efficiency by
up to 50% [34, 37, 39, 40]. Active cleaning mechanisms would mitigate those
effects, but also result in a significant increase in operational costs [34-38, 41]. In
contrast, minimal adhesion of particulate matter on superhydrophobic surfaces and
the resulting self-cleaning properties present a long term passive solution, which
drastically decreases maintenance costs. If additionally coupled with high trans-
mission or anti-reflective behavior, the coatings can even increase the efficiency of
optoelectronic devices, thus, making transparent superhydrophobic surfaces one
of the most promising solutions for soiling [34]. Superhydrophobic thin nanofur
is inspired by the dense layer of transparent microhairs present on the leaves of
Salvinia cucullata and Pistia stratiotes (Fig. 3.3, Section 3.1.2), which renders the
leaves superhydrophobic without impairing the absorption of light necessary for
photosynthesis and the plants survival [167].

The first part of this chapter (Section 5.1) investigates the application of thin
nanofur on optoelectronic devices. First the self-cleaning properties of thin nanofur
are tested in Section 5.1.1, before its optical properties are characterized in Sec-
tion 5.1.2, and its effect on the efficiency of optoelectronic devices is studied in
Section 5.1.3. In the second part of the chapter (Section 5.2) a microcavity array
based on nanofur topography and transferred to a PV relevant polymer (FEP)
in order to fulfill application specific material constraints, is investigated as an

efficiency enhancing, self-cleaning coating for PV modules.
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5.1 Nanofur Application on Optoelectronic Devices

To reduce soiling and consequently efficiency losses of optoelectronic devices,
surface coatings combining superhydrophobicity, self-cleaning properties and high
optical transmission are necessary. To achieve this, thin nanofur was fabricated as
described in Section 3.1.2 and classified as superhydrohobic through its extreme
wetting properties (Section 3.4.1). Furthermore, thin nanofur is highly flexible,
and, thus, can be applied to any surface geometry, making it widely applicable in

light managing applications.

5.1.1 Self-Cleaning Properties of Nanofur

Most superhydrophobic nano- and microstructured surfaces exhibit self-cleaning
properties known as "Lotus-Effect" [1, 11, 41, 168]. Because of the superhy-
drophobicity, water droplets roll down these structured surfaces at small tilt angles,
pick up any contaminants they come in contact with, and, thus, clean the surface
in the process. This self-cleaning behavior stems from the high roughness of the
nano- and microstructured surface, which minimizes the contact area between
contaminant and solid substrate (Fig. 5.1 b). The minimal contact area results in
an adhesion between contaminant and substrate that is lower than the adhesion
between water and contaminant, allowing the droplet to pick up the particle and
carry it off [1, 168, 169]. On an unstructured surface, the greater contact area, and,
thus, higher adhesion between contaminant and substrate results in water droplets
creeping down the surface and simply rearranging the contaminants as shown in
Fig. 5.1 a) or sticking to the surface until they evaporate [170].

Self-cleaning properties of thin nanofur were tested by contaminating unstruc-
tured PC as well as thin nanofur with graphite powder (particle size: 30 um to
900 um) and positioning the surfaces on a glass slide tilted at 30°, before dispens-
ing single consecutive water droplets on both surfaces. On unstructured PC the
water droplets stick to the surface without exhibiting any self-cleaning properties,
whereas they roll down the thin nanofur film, picking up the graphite particles and

cleaning the surface in the process (Fig. 5.1 ¢). To test a wide range of contaminant
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species and sizes, the self-cleaning experiment was repeated with silver powder,
clay, aluminum oxide particles and paprika powder (Fig. 5.1 d). Dispensed water
droplets cleaned almost all of the different contaminants off the surface, with the
exception of particles which are significantly smaller than the diameter of the
prevalent microcavities. These particles fell into the microcavities, where they
could not be reached by the water droplets, and, thus, not get cleaned off.
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Figure 5.1: Self-cleaning properties of superhydrophobic thin nanofur. a),b) Schematic illustra-
tion of self-cleaning effect on micro- and nanostructured superhydrophobic surfaces. Adapted
with permission of Barthlott et al. [1]. ¢),d) Self-cleaning properties of thin nanofur compared to
unstructured PC. First, graphite powder (c) and paprika powder (d) were distributed on both surfaces,
before dispesing consecutive water droplets. On unstructured PC water droplets stick to the surface,
while they roll down the thin nanofur film, picking up contaminants and effectively cleaning the
surface in the process. (c) is reprinted with permission from Viillers et al. [72]. Copyright 1999-2018
John Wiley & Sons, Inc.)
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5.1.2 Optical Properties of Nanofur

Besides self-cleaning properties, application of thin nanofur on optoelectronic
devices requires the films to exhibit excellent optical properties. To ensure high
transmittance, thin nanofur was fabricated from optical grade PC with a refractive
index of n = 1.58. Furthermore, as mentioned in Section 3.1.2 the fabrication
procedure is adapted to minimize roughness on the backside of thin nanofur, and,
thus, reduce possible reflection losses due to backscattering.

The optical properties of thin nanofur were characterized by measuring the overall
reflection using an UV/VIS/NIR-spectrophotometer with an integrating sphere as
described in Section 2.4.6. For these measurement thin nanofur films were attached
to a black PC sheet absorbing 95% of light in a spectral range of 300 nm to 800 nm.
To minimize errors during the measurement, a reference reflection measurement
of the black PC plate was taken and all measured reflection profiles were corrected
accordingly. Figure 5.2 a) shows reflection profiles of as prepared thin nanofur (dry
nanofur) and thin nanofur with its backside wetted with DI water (wetted nanofur)
compared to the reflection profiles of unstructured PC with (wetted PC) and
without (dry PC) a wetted backside. Used as a transparent coating, the as-prepared
thin nanofur shows moderate reflection (13.7% at A = 550 nm) for wavelengths
ranging from 300 nm to 800 nm, comparable to the reflection of unstructured PC
(10.4% at A = 550 nm). However, wetting the backside of thin nanofur reduces the
reflection for visible light to less than 4% (1.6% at A = 550 nm), which is slightly
lower than the reflection of unstructured wetted PC (2% at A = 550 nm) used for
commercial applications. The reduced reflection of wetted nanofur compared to
dry nanofur is due to the water substituting the air layer between the substrate
and the attached nanofur. The intermediate refractive index of water (n = 1.33)
bridges the refractive index gap between the two surfaces, which in turn reduces
reflection, as described by Fresnel’s law [171]. The high transparency of thin
nanofur is qualitatively demonstrated by attaching dry and wetted nanofur to a
printed laminated paper as shown in Fig. 5.2 b). From a top view, the writing can

clearly be seen through both nanofur films. However, from a tilted view, glare on
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the dry nanofur obscures the writing, while it can still be clearly seen through the

wetted nanofur, thus, highlighting the broadband reduction in reflection of wetted
nanofur compared to dry nanofur.
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Figure 5.2: Reflectivity of thin nanofur. a) Typical reflection spectra of as-prepared thin nanofur (dry
nanofur), thin nanofur with a wetted backside (wetted nanofur) and unstructured PC with (wetted PC)
and without (dry PC) wetted backside. Inset shows schematic attachment of thin nanofur to black
polymer. b) Top and side view images of laminated paper coated with thin nanofur. Writing is clearly
visible through wetted nanofur for top and side view, indicating a reduced reflectivity compared to
as-prepared thin nanofur. ¢), d) Overall reflection of thin nanofur and unstructured PC as a function of
wavelength and AOL Nanofur shows reduced reflection for wavelengths greater than 500 nm and for

high AOL. (a), b) are reprinted with permission from Viillers et al. [72]. Copyright 1999-2018 John
Wiley & Sons, Inc.)
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Figure 5.3: Transmission of thin nanofur. a) Overall transmission spectra of as-prepared self stand-
ing thin nanofur film (dry nanofur) and thin nanofur film attached to glass slide by water (wetted
nanofur). The inset shows the respective specular transmissions. b) Light of a laser pointer trans-
mitted through thin nanofur and observed in varying nanofur-screen distances (). Widening of the
beam and the low specular transmission demonstrate the high forward scattering properties of thin
nanofur topography. (a) is reprinted with permission from Viillers er al. [72]. Copyright 1999-2018
John Wiley & Sons, Inc.)

Additionally, the angle resolved overall reflectivity of thin nanofur from a normal
angle of incidence (AOI) of 0° to a glancing AOI of 80° is compared to that of
unstructured PC in Fig. 5.2 ¢), d). For low AOI, nanofur and unstructured PC show
similar reflectivity, with PC having lower reflection values for shorter wavelengths
(< 500 nm) (Fig. 5.2 ¢). Surprisingly, with increasing AOI, the nanofur reflectivity
first increases faster than that of unstructured PC up to 50° tilt, where the contrast
between thin nanofur and PC is minimal for high wavelengths and maximum for
low wavelengths. For AOI > 50° nanofur then significantly reduces the reflection
to almost half the value of unstructured PC (for high wavelengths), making it most
valuable for optoelectronic devices installed at increased tilt angles. The reduced
reflectivity of thin nanofur for wavelengths ranging from 550 nm to 750 nm for
almost all AOI is especially beneficial for PV modules, as the photon flux of the
sun is highest in this spectral range, and, thus, a reduced reflectivity results in a
significant boost in efficiency.

Besides attachment of thin nanofur as a transparent and self-cleaning coating, it
can also be used as a translucent self-standing superhydrophobic film with high
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transmission in the visible spectrum (300 nm to 800 nm). Figure 5.3 a) shows the
typical transmission spectra of a self-standing thin nanofur film and a thin nanofur
film with wetted backside attached to a glass slide. More than 88% of light inciding
on the dry nanofur is transmitted through the film, while wetting the backside of the
nanofur and attaching it to a glass slide (wetted nanfour) still shows transmission
values above 85% for the visible spectrum. The reduced transmission of wetted
nanofur is due to light absorption of both water and glass [172]. Furthermore, the
low specular transmission of thin nanofur (inset of Fig. 5.3 a) indicates transmitted
light to be highly diffusive. For wavelengths ranging from 300 nm to 800 nm
less than 2.8% of inciding light transmits thin nanofur without being scattered
(2.6% for dry and 2.5% for wetted nanofur at 550 nm). Thus, the haze factor of
thin nanofur, defined as ratio of diffusive transmitted light to overall transmitted
light, is greater than 97% proving the high amount of forward scattering. The high
forward scattering is further qualitatively demonstrated in Fig. 5.3 b) where the
light of a laser pointer transmitted through thin nanofur is observed on a white
screen positioned at varying distances. For small nanofur-screen distances (d)
the light hardly spreads on the screen. However, with increasing distance, the
illuminated area widens further and further, thus, demonstrating the change of
direction of transmitted light. High forward scattering of light stems from the
nanofur surface topography consisting of microcavities surrounded by a dense
layer of micro- and nanohairs. This unique surface topography randomizes the
propagation angle of transmitted light due to the random orientation of the micro-
and nanohairs. In combination with the microcavities acting as microlenses, the
randomized propagation results in the high amount of forward scattering, and,

thus, the translucent properties of thin nanofur.

5.1.3 Application of Nanofur on Optoelectronic Devices

The exceptional optical properties of thin nanofur demonstrated in the previous
section can be exploited for light managing applications in optoelectronic devices,

such as light extraction in organic light emitting diodes (OLED) or light incoupling
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in PV modules. The organic light emitting diode (OLED) and EQE measurements
presented in the following subsection were jointly carried out with Jan B. Preinfalk
(Light Technology Institute (LTI), KIT) and Efthymios Klampaftis (Institute of
Microstructure Technology (IMT), KIT).

Before applying thin nanofur to an OLED as a coating, the emission profile of light
transmitting through the thin nanofur film was measured as described by Hiinig
et al. [173]. Thin nanofur was attached to a glass hemisphere using refractive
index matching liquid and illuminated with a white LED and a beam collimator.
The device was then mounted on a rotational stage and the angle resolved emis-
sion profile was acquired using an optical fiber mounted on a monochroma-
tor. Fig. 5.4 a) shows, that the emission profile is similar to the ideal lambertian
profile. Therefore, a thin nanofur coated optical device has the same apparent
brightness independent of viewing angle, which is an essential property for
most lighting applications [174].

In order to investigate the effect of thin nanofur on OLED performance, thin
nanofur films and unstructured PC were attached to monochromatic yellow-
emitting OLEDs by dispensing the UV-curing adhesive Norland Optical Adhesive
86 on the OLED and pressing the respective films backside into it. Next the adhe-
sive was crosslinked with a mercury lamp (4 = 365 nm) for 30s. A schematic of
the tested OLED as well as a photograph of an OLED half covered with nanofur
is shown in Fig. 5.4 b). Compared to the uncoated half of the OLED, attachment
of highly scattering thin nanofur widens the pixels of the OLED and seemingly
increases the active area, and, as a result the OLED efficiency. The positive effect
a thin nanofur coating has on OLED efficiency is verified by measuring the current
and power efficiency of a bare monochromatic OLED and comparing it to the
efficiency of OLEDs coated with thin nanofur and coated with unstructured PC,
as shown in Fig. 5.4 c),d). Attachment of thin nanofur results in a more than
10% relative intensity enhancement of the coated OLED compared to a bare
device, while attachment of unstructured PC has no effect on the average intensity.
Without attached nanofur, photons generated by the OLED can be trapped inside

the glass substrate due to the high contrast in refractive index resulting in total

92



5.1 Nanofur Application on Optoelectronic Devices

1
a) b)
< 2
=038 >
2 O
2 G\asS.
k] 0.6 S\,\bs‘ra‘e
£
D04
N
©
£0.2
z° —ideal lambertian profile
0 - thin nanofur
0 20 40 60 80
Angle / ©
C) ‘T< iziiiiii LN I A d)v ¥
515 éﬁ“'! : x5 g ; 215
° i £ i
> - %% % [] i
0 > [ IR
$10 10 LI iy
2 E g i
il 2 LI ;
E B
w &
£5 Pl
o = OLED with nanofur [ = OLED with nanofur
S = OLED with PC % = OLED with PC
Q o o OLED w/o nanofur o 0 o OLED w/o nanofur
0 2000 4000 6000 8000 10000 0 2000 4000 6000 8000 10000
Luminance / cd-m Luminance / cd-m?

Figure 5.4: Effect of thin nanofur on OLED efficiency. a) Angle resolved emission profile of light
transmitting a thin nanofur film compared to an ideal lambertian emission profile. b) Schematic
of fabricated monochromatic yellow OLED and photograph of operating monochromatic OLED
half coated with thin nanofur. ¢) Current efficiency as a function of luminance of a bare yellow
monochromatic OLED, an OLED coated with thin nanofur and an OLED coated with unstructured
PC. d) Power efficiency as a function of luminance of a bare yellow monochromatic OLED, an OLED
coated with thin nanofur and an OLED coated with unstructured PC. Attachment of thin nanofur results
in an average intensity enhancement of (c) 11% and (d) 14%, while the attachment of unstructured PC

shows no enhancement. (Reprinted with permission from Viillers et al. [72]. Copyright 1999-2018
John Wiley & Sons, Inc.)

internal reflection at the substrate-air interface [175, 176]. The presence of the
highly scattering rough nanofur surface widens the escape cone, thus, suppressing
substrate-guided modes and enhancing the out-coupling probability of generated
photons, which increases the out-coupling efficiency [176, 177]. Even though, the
efficiency enhancing effect of nanofur is only demonstrated for a yellow emit-

ting OLED, the wavelength independent optical properties of nanofur (Fig. 5.2 a),
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Fig. 5.3 a)) make the extension of these results to other emitters operating over the
visible range possible.

Finally, the effect of thin nanofur on the light in-coupling properties of mc-Si solar
cells was tested. To this end, the external quantum efficiency (EQE) of a bare,
nanofur coated and unstructured PC coated solar cell were measured as described
in Section 2.4.7 and are displayed in Fig. 5.5 a). To account for the multicrystalline
nature of the solar cell and the random and highly heterogenous topography of the
thin nanofur, five different spots were measured and averaged for each displayed
configuration. The steep drop in EQE for the solar cell with attached PC and thin
nanofur in the UV spectral region is due to high absorption of the refractive index
matching liquid used for attaching PC and nanofur to the solar cell. The respective
short-circuit current densitys are shown in Fig. 5.5 b) and were calculated based
on the EQE measurements and by using Eq. (2.11). Attaching thin nanofur to the
mc-Si solar cell resulted in a relative enhancement of 5.8% in Jgc compared to the
bare device. Including measurements with unstructured PC allows to distinguish
between the improvement caused by the introduction of PC and the improvement
caused by the topographical structure of thin nanofur. Introducing unstructured PC
increases the EQE throughout the whole spectral region relevant for generating
power as shown in Fig. 5.5 a). However, for wavelengths ranging from 550 nm
to 750 nm, where the photon flux of the sun is highest, the enhancement is less
pronounced, because the prevalent anti-reflective coating of the utilized solar
cell has been optimized for this region. The enhancement in EQE results in an
increase of 1.1 mA cm~2, which corresponds to a relative enhancement of 3.4%
and is a result of PC (refractive index n = 1.58) reducing the gap in refractive
index between air (n = 1) and the anti-reflective coating (a-SiNx:H, n ~ 2 for
A =300 nm - 800 nm) of the solar cell. A similar effect occurs during glass encapsu-
lation of PV modules for commercial use. Nonetheless, attachment of thin nanofur
further increases the EQE for wavelengths ranging from 300 nm to 1100 nm,
thus, increasing the short-circuit current density by an additional 0.8 mA cm~2

(2.4%) compared to unstructured PC. As the introduction of PC is already factored
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Figure 5.5: Effect of thin nanofur on mc-Si solar cells. a) EQE as a function of wavelength for a bare
mc-Si solar cell, a solar cell with attached nanofur and a solar cell with attached unstructured PC under
normal incidence. An average of five measurements is shown to account for discrepancies due to the
multicrystallinity of the cell b) Jgc of the bare solar cell, the solar cell with attached nanofur and the
solar cell with attached unstructured PC. Attachment of nanofur significantly increases EQE and Jgc.
¢) Typical reflection spectra of thin nanofur illuminated from the front and illuminated from the back.
Reflectance from the back side is almost twice as high as from the front side. (a) is reprinted with
permission from Viillers et al. [72]. Copyright 1999-2018 John Wiley & Sons, Inc.)

out of this enhancement, it is solely due to the micro- and nanostructure of
the thin nanofur film.

Besides efficiently transmitting and in-coupling light, the increased efficiency is
partially the result of the difference in reflectance behavior for light inciding on
thin nanofur from the structured (front) side and from the smooth (back) side
(Fig.5.5¢). Light hitting the PV device will be partially reflected at the nanofur-PV
interface, and, thus, not enter the active medium and be lost for energy conversion.
Therefore, to have an efficient light-harvesting coating, not only does the coating
have to have good light in-coupling properties, but it also needs to suppress out-
coupling of light reflected at the coating-substrate interface. This combination
of high in-coupling and low out-coupling can be achieved through a material
with low reflection when illuminated from the front, while simultaneously having
a highly reflective backside. In this case, instead of being lost, light reflected
at the PV interface is reflected back towards the photoactive layer, increasing
absorption probability, and, as a result the electrical output. To investigate this
behavior, the total reflection of thin nanofur illuminated from the front and back

side was measured as a function of wavelength and is shown in Fig. 5.5 ¢). While
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the reflectance from the front side is low to moderate as mentioned before, the
reflectivity of the backside is twice as high over the complete PV relevant spectrum.
Thus, nanofur suppresses back scattering, while simultaneously reducing front

side reflection essential for PV modules.

5.2 Self-Cleaning Microcavity Array for
Photovoltaic Modules

The previous section demonstrated the excellent optical and self-cleaning prop-
erties of superhydrophobic thin nanofur. However, due to the fragile nature of
the high aspect ratio micro- and nanohairs, thin nanofur has limited mechanical
resistance and can easily be damaged by scratching (Section4.1.3, Fig.4.7)
[50, 51]. Moreover, even though thin nanofur is fabricated from optical grade
PC, which is commonly used for optical applications [79], elongated exposure to
UV-irradiation changes the polymers chemical structure, resulting in a change
in color from transparent to yellow, thus, limiting its outdoor applications [178].
Even though this change in chemical structure does not influence wetting and
self-cleaning properties, it mitigates the long term passive applicability of PC
coatings for enhancing PV modules. In order to overcome these shortcom-
ings, the thin nanofur topography is deconstructed and its parts are separately
optically characterized (Section 5.2.1). The optically relevant microcavity array
(MCA) was then transferred into a fluorinated polymer, as described in Sec-
tion 3.2 and in turn characterized in regard to its self-cleaning (Section 5.2.2)
and PV enhancing properties (Section5.2.3). Simulations and EQE measure-
ments presented in the following section were jointly carried out with Benjamin
Fritz (Light Technology Insitute (LTI), KIT) and Aiman Roslizar (Institute of
Microstructure Technology (IMT), KIT).

5.2.1 Optical Properties of MCA

Thin nanofur topography consists of a dense layer of high aspect ratio micro- and

nanohairs supported by an underlying disordered MCA as shown in Fig. 5.6 a).
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To distinguish between the impact of the dense layer of hairs and the impact of
the underlying MCA on the optical properties of thin nanofur, most of the micro-
and nanohairs were removed in a dry etching step, with the exception of hairs
with a large base diameter. As a result, the underlying MCA was exposed as
shown in Fig. 5.6 b). The total reflection of as-prepared nanofur and nanofur with
exposed p-cavities as a function of wavelength under normal incidence is shown in
Fig. 5.6 c). Removal of the hairs reduces reflection of the film by 2% compared to

thin nanofur, indicating that the micro- and nanohairs mitigate the anti-reflective

properties of the underlying MCA.
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Figure 5.6: Experimental and numerical characterization of optical properties of thin nanofur. a) Top
view and crossectional SEM image of thin nanofur. A dense layer of high aspect ratio micro- and
nanohairs is supported by a disordered MCA. b) SEM image of exposed p-cavities after oxygen plasma
treatment removes most micro- and nanohairs. ¢) Total reflection of as-prepared nanofur and oxgen
plasma treated nanofur under normal incidence. Removal of hairs reduces reflection lossed by 2%. d)
Three-dimensional simulation model of MCA with included microhairs. Microhairs are simulated as
100 um tall cones and positioned at corners of overlapping cavities. e) Experimentally obtained overall
reflection of unstructured PC, thin nanofur and PC MCA and simulated overall reflection of PC MCA
with and without microhairs and with and without disordered AR as a function of AOI at 600 nm.
(Adapted with permission from Viillers et al. [120]. Copyright 2018 American Chemical Society.)
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To study the antireflective properties of the disordered p-cavity topography and
further investigate the effect of microhairs on the reflectivity of MCA films under
varying AOI, a simplified MCA model with the possibility to include microhairs
into the topography was developed (Fig. 5.6 d). Based on this model, all following
simulations were undertaken. Because the p-cavities on thin nanofur are more than
one order of magnitude larger than the spectral range relevant for PV applications
(300 nm - 1100 nm), optical properties of MCA are solely governed by ray optics
and consequently all corresponding simulations are carried out using ray tracing
simulations. A negative PDMS imprint (Fig. 3.9) shows that thin nanofur is cov-
ered in overlapping p-cavities, which leave no planar surface area left. Therefore,
the modelled cavities with radius r, were aligned in a hexagonal array with a lattice
constant a = v/3r, to achieve a complete tiling of the base. Moreover, all modeled
p-cavities were assigned an aspect ratio of AR = 0.45, which was experimentally
derived from cross-sectional SEM images of thin nanofur (Fig. 5.7). Numerical
reflectivity simulations of MCA as a function of AR have shown minimal reflec-
tivity for AR = 0.5 (not shown here), indicating that the AR of thin nanofur is
close to optimal, and, thus, making nanofur topography a promising template for
anti-reflective coatings.

Experimental reflection values of thin nanofur, unstructured PC and PC MCA are
compared to simulated reflection values of PC MCA with and without disorder
and microhairs as a function of AOI in Fig. 5.6 e). The displayed reflection values
are taken at A = 600 nm, in order to be close to the solar irradiance peak. For
unstructured PC and as-prepared thin nanofur reflection increases exponentially
with increasing AOI up to 40% and 25% respectively. A similar exponential
increase can be observed for the simulated MCA with incorporated microhairs.
The increase in reflectivity is directly correlated to the height of the microhairs,
as a reduction of cone height from 100 um to 50 um reduces reflectivity from
13.5% to 7.5%. The exponential increase in reflectivity for thin nanofur and
MCA with microhairs is a result of the change in effective cross-sectional area
of microhairs with increasing AOI. At normal incidence the area relevant for

reflection is the horizontal cross-sectional area of the hairs, which for hairs with
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Figure 5.7: Experimentally derived AR of thin nanofur p-cavities. AR follows a normal distribution
with average AR = 0.45 and standard deviation oyg = 0.13.

a diameter down to 200 nm is minimal compared to the bulk area. Therefore,
incoming light is hardly influenced by the microhairs before interacting with
the underlying MCA, and, as a result reflectivity is almost identical for a MCA
with and without microhairs. However, with increasing AOI the greatly increased
vertical cross-sectional area of the hairs becomes the effective area responsible for
reflection. This increased area is more similar to an unstructured polymer, and,
hence, increases reflection in the same way. Moreover, light hitting nanofur at high
AOI encounters several layers of microhairs, and, thus, has to transmit through
a higher number of refractive interfaces than for low AOI. At each refractive
interface a small portion of light is reflected, and, as a result, an increase in number
of refractive interfaces increases the total reflection. In contrast to surfaces with
microhairs, simulated MCA without microhairs exhibit reflection values below
7% for all AOI. The influence of disorder in p-cavity AR on the reflectivity of
MCA films was investigated by fixing the modelled cavity diameter and varying
the height of the individual cavities, thus, introducing disorder into the AR. To
assign an AR to each p-cavity of the modelled MCA, first the AR distribution of
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thin nanofur was measured using cross-sectional SEM images. Figure 5.7 shows
that the AR of nanofur p-cavities follows a normal distribution with mean value
AR = 0.45 and standard deviation o4z = 0.13.

Based on this distribution, modeled p-cavities were assigned an AR. The intro-
duced disorder changes the reflectivity of MCA films by less than 0.2% as shown
in Fig. 5.6 e). This minimal reduction is in agreement with results shown by Fritz
et al. [179] for microstructured surfaces composed of microcones. Hence, the
effect of prevalent structural disorder on the surfaces optical properties can be
neglected and, therefore, was not adjusted in the replication of MCAs (Section 3.2).
Therefore, it can be concluded, that the increase in reflection of thin nanofur with
increasing AOI compared to MCA without microhairs is solely a result of the
microhairs. Thus, the bare MCA is more advantageous for applications requiring
high transmittance, such as PV modules.

However, to achieve superhydrophobicity and self-cleaning properties with high
surface energy materials such as PC, the dense layer of microhairs is essential,
because it reduces the contact area between water and substrate necessary to
achieve a Cassie-Baxter wetting state [54, 61]. Therefore, in order for low AR
structures such as MCA to achieve superhydrophobicity and self-cleaning proper-
ties, while keeping good optical properties, a polymer with low surface energy,
such as a fluorinated polymer has to be used. To combine optimal optical and
wetting properties, the MCA topography was transferred into fluorinated ethy-
lene propylene (FEP) using hot embossing as described in Section3.2. A fur-
ther benefit of using FEP is its high chemical and mechanical resistance against
impact and tearing.

5.2.2 Self-Cleaning properties of FEP MCA

As mentioned in Section 5.1.1, many micro- and nanostructured superhydrophobic
surfaces exhibit self-cleaning properties known as "Lotus-Effect" [1, 11, 41, 168].
This effect is especially of interest for photovoltaic (PV) devices as a way to

reduce soiling, and, thus, maintenance and operational costs [35, 38, 40]. To
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maximize efficiency of PV modules, they are installed at different tilt angles
depending on several constraints including geographical location, fraction of
diffuse vs. direct sunlight and local shading from surrounding hills, trees and
buildings [180, 181]. Therefore, in order to include optimal PV installation angles
for most of the world [180], self-cleaning properties of FEP MCA were tested
for tilt angles ranging from 10° to 45°. Furthermore, to encompass a variety
of contaminants, sea sand (particle size: 100 um - 315 pm) and graphite powder
(particle size: 30 um - 900 um) were used as contamination. The large size distribu-
tion of graphite powder additionally tests the self-cleaning properties for a broad
range of contaminant sizes.

After contaminating FEP MCA and unstructured FEP with graphite powder,
consecutive water droplets were dispensed on both surfaces. The self-cleaning
properties of FEP MCA and unstructured FEP at 10° and 45° are compared in
Fig. 5.8 a), b). For all tilt angles, water droplets stuck to unstructured FEP resulting
in no self-cleaning effect. Water droplets dispensed on FEP MCA on the other
hand, rolled down the surface, picking up contaminants and effectively cleaning
the surface in the process. Furthermore, optical microscope pictures of unstruc-
tured FEP and FEP MCA after conducting the self-cleaning test show graphite
particles still contaminating unstructured FEP, while FEP MCA is completely
cleaned from all contaminants (Fig. 5.8 a), b), ¢)).

Because sand and dust are the most common contaminants in arid regions, where
installation of PV modules, and, therefore soiling of PV modules is of great
interest, self-cleaning tests were repeated with sea sand. FEP MCA exhibited self-
cleaning behavior for all tested angles, whereas sea sand and water droplets stuck
to unstructured FEP, resulting in no self-cleaning behavior and a contaminated
surface as shown in Fig. 5.8 d).

One main natural source providing water for self-cleaning properties of PV mod-
ules is rain. However, rain impacting on a superhydrophobic surface can result in
a Cassie-Baxter to Wenzel wetting transition [182-185]. Such a transition would
result in droplets sticking to the surface and a loss of superhydrophobicity and self-

cleaning properties. Additionally, if droplets from dust rain stick to the surface of
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Figure 5.8: Self-cleaning properties of fluorinated ethylene propylene (FEP) microcavity arrays
(MCA). Graphite is dispensed on FEP MCA (right) and unstructured FEP (left) tilted at (a)
10° and (b) 45° before single water droplets are dispensed on both surfaces. Independently of
tilt angle, droplets stick to unstructured FEP, while they roll down the FEP MCA and pick up
contaminants, thus, effectively cleaning the surface. Magnifications show contaminated unstruc-
tured FEP and cleaned FEP MCA after conducting the self-cleaning test. ¢) Microscope im-
ages of contaminated unstructured FEP (left) and cleaned FEP MCA (right) tilted at 25° and
35° after self-cleaning procedure with graphite powder. d) Microscope images of contaminated
unstructured FEP (left) and cleaned FEP MCA (right) tilted at 10° and 35° after self-cleaning
procedure with sea sand. (a),c),d) are reprinted with permission from Viillers et al. [120].
Copyright 2018 American Chemical Society.)

PV modules, they can deposit particulate matter, further contaminating the module
and reducing electrical output [186, 187]. In order to prevent this contamination
and exhibit passive, rain induced self-cleaning properties, the wetting behavior of
FEP MCA has to be highly stable against water droplets impacting under various
speeds. To test the stabilty of the surface and its wetting properties against impact-
ing water droplets, 13 pl droplets of DI water were dropped from 5 cm and 10 cm
height onto a FEP MCA and an unstructured FEP surface tilted at 0°, 10°, 20°
and 30°. The drop heights correspond to drop velocities of 1.08 +0.05ms~! and
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Figure 5.9: Bouncing droplets on FEP MCA. Time lapse series of a 13 ul DI water droplet impacting
on (a, ¢) unstructured FEP and (b, d) FEP MCA at (a,b) 1.08 £0.05ms ! and (c,d) 1.38£0.04 ms L.
For both velocities, water sticks to unstructured FEP and bounces off FEP MCA, demonstrating the
high stability of wetting properties on FEP MCA. (a), b) reprinted with permission from Viillers et al.
[120]. Copyright 2018 American Chemical Society.)

1.38+0.04 ms !, and are in the same order of magnitude as rain drop velocities,
which range from 2ms~! to 9ms~! [188]. Impacting droplets were recorded
with a high speed camera and time-lapse image series of droplets impacting
unstructured FEP and FEP MCA are displayed in Fig. 5.9. A droplet impacting on
unstructured FEP deforms into a pancake and wets the complete covered surface
area, before elongating into an ellipsoid and then recovering its hemispherical
shape. During the whole deformation, the droplet is in contact with the surface.
Because of the inherent hydrophobicity of FEP and the increased tilt, the droplet
slides a short distance down the unstructured surface, but quickly comes to a com-

plete halt and firmly sticks to the surface. On FEP MCA the impacting droplet also
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first deforms into an ellipsoid. However, due to superhydrophobicity of the FEP
MCA film, the droplet does not wet the surface and reforms into a sphere, before
its own kinetic energy propels it away from the surface, while forming satellite
droplets. On further impact the droplet deforms and bounces off the surface again,
until enough kinetic energy is transferred for the droplet to rest on the surface and
simply roll down, possibly picking up contaminants on the way. An increase in
velocity of droplets impacting unstructured FEP results in a longer creep distance
but the droplets still come to a complete halt, whereas droplets bounce off FEP
MCA films independent of tilt angle and drop velocity.

Therefore, FEP MCA films exhibit stable wetting properties under impact and
contamination, and, thus, are superior to unstructured FEP films for PV appli-
cation. Stable superhydrophobicity can furthermore keep the top cover of PV
modules dry, thus, reducing surface conductivity, which is beneficial, because
surface conductivity is known to cause potential-induced degradation of PV mod-
ules. This degradation can in turn reduce the electrical output or even cause
failure of PV modules [189].

5.2.3 Application of FEP MCA on PV Modules

The effect of FEP MCA on the electrical output of PV modules was investigated by
optically coupling FEP MCA films to glass-encapsulated multicrystalline silicon
(mc-Si) solar cells. Similar to Section 5.1.3 all optical characterizations were
additionally undertaken with unstructured FEP in order to differentiate between
reduced Fresnel reflection due to the intermediate refractive index of introduced
FEP (n = 1.34) and reduced reflectivity due to the microstructure of FEP MCA.
Figure 5.10 a) compares the current-voltage (I-V) curves of a bare PV device,
and a PV device with unstructured FEP and FEP MCA films optically coupled
to the device. While attachment of unstructured FEP to the PV module results
in a 3.7% relative gain in short-circuit current (/sc) compared to the bare device,
attaching FEP MCA increases the short-circuit current by a total of 4.6%. There-

fore, the 3.7% increase is due to the intermediate refractive index of FEP, while
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Figure 5.10: Effect of FEP MCA on PV devices. a) I-V curves of bare, unstructured FEP coated and
FEP MCA coated glass-encapsulated mc-Si solar cell. b) EQE as a function of wavelength for bare,
unstructured FEP coated and FEP MCA coated glass-encapsulated mc-Si solar cell under simulated
sunlight (air-mass 1.5 global spectrum) and normal incidence. Compared to the bare device, unstruc-
tured FEP and FEP MCA increase the electrical gain by 3.7% and 4.6% respectively. Inset shows
highest improvement of electrical output in the visible spectrum (A =400 nm - 700 nm). (Reprinted
with permission from Viillers et al. [120]. Copyright 2018 American Chemical Society.)

the additional 0.9% increase of FEP MCA is solely due to the microstructure of
the embossed film. The optical improvement of FEP and FEP MCA is verified
by EQE measurements shown in Fig. 5.10b). Optically coupling FEP and FEP
MCA to the PV device increases the EQE over the complete PV relevant spec-
trum (300 nm to 1100 nm). The inset in Fig. 5.10 shows that the improvement in
EQE, due to attached FEP and FEP MCA, decreases with increasing wavelength
and is most pronounced in the visible spectrum between 400 nm and 700 nm.
Because the solar photon flux is highest in this spectral region, the improvement
results in a significant increase in electrical gain. For normal incidence, both the
EQE and I-V curves indicate that the introduction of FEP has a bigger impact
on the electrical gain of PV modules than the microstructure of FEP MCA. A
possible reason for the less pronounced impact of the MCA microstructure are
unstructured ridges between the microcavities (Fig. 3.8 c), d)), which possibly

increase reflection and decrease the electrical gain. By fine tuning the fabrication

105



5 Superhydrophobic Surfaces for Optoelectronic Applications

parameters, these ridges can be eliminated, minimizing reflectivity, and, thus,
maximizing the electrical gain.

As mentioned before, PV modules are installed at various different tilt angles,
depending on the installation site and the surrounding landscape. Therefore,
sunlight usually does not hit modules under normal incidence but rather at various
different AOI. To investigate the effect of varying tilt angles on the reflectivity
of PV modules, the total reflection of a bare solar cell, a solar cell coated with
unstructured FEP and a cell coated with FEP MCA illuminated at 8° and 80° was
measured as shown in Fig. 5.11. The reflection spectra at 8° verify the result of
the EQE and I-V curve measurements under normal incidence. Introduction of
unstructured FEP and FEP MCA results in a broadband reduction in reflectivity
compared to the uncoated device with the smallest difference at a wavelength
of A =650 nm, for which the anti-reflective coating of the solar cell has been
optimized. For decreasing and increasing wavelengths however, FEP and FEP
MCA significantly reduce the reflectivity with the highest difference between
coated and uncoated device being observed in the lower wavelength range. At
8° tilt, almost no difference in reflectivity can be observed between unstructured
FEP and FEP MCA (Fig.5.11 a). However, with increasing AOI the reflectivity
of the bare solar cell and the cell coated with unstructured FEP greatly increases
(= 20% and =~ 35% at 650 nm respectively), while the reflectivity of the FEP
MCA coated cell hardly changes (= 13% at 650 nm). Thus, reflectivity of the PV
device coated with unstructured FEP at 80° is three times as high as reflectivity
of the FEP MCA coated device and even higher than on the uncoated device.
On the other hand, FEP MCA shows anti-reflective behavior over the complete
spectrum relevant for electrical conversion. Because unstructured FEP drastically
increases the reflectivity, the anti-reflective behavior can solely be attributed to
the embossed microstructure. Hence, for real-world applications, where sunlight
often incides on PV modules at an AOI greater than 8°, FEP MCA shows superior
optical properties compared to both alternatives, while additionally displaying

self-cleaning properties.
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Figure 5.11: Reflectivity of a FEP MCA coated PV device. Total reflection as a function of wavelength
for a bare glass-encapsulated solar cell, a cell coated with unstructured FEP and a cell coated with
FEP MCA illuminated under a) 8° and b) 80°. With increasing AOI reflectivity of a FEP MCA coated
PV module is significantly lower than reflectivity of a bare and unstructured FEP coated PV device,
indicating anti-reflective properties of FEP MCA.

5.3 Conclusion

Inspired by the dense layer of transparent hairs on water plants Salvinia and
Pistia stratiotes, which result in superhydrophobicity without impairing optical
transmission, the optical and self-cleaning properties of artifical thin nanofur made
from optical grade PC were investigated. Superhydrophobicity of thin nanofur
results in self-cleaning properties against a variety of contaminants necessary for
reducing soiling of PV devices and various other technical applications. When
used as a coating, thin nanofur was shown to exhibit reflection values as low as 4%.
Furthermore, the high mechanical flexibility makes thin nanofur applicable as a
superhydrophobic coating not only on rigid but also on curved and flexible surfaces
such as ultrathin flexible solar cells. As a self-standing film, thin nanofur was
shown to exhibit transmission values above 85%, with 97% of transmitted light
being scattered in a forward direction. Attaching thin nanofur to a monochromatic
OLED was shown to increase the out-coupling efficiency by more than 10%
compared to an uncoated and unstructured PC coated device. Additionally, the low
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front reflectance and high back reflection of thin nanofur increases the short-circuit
current density of mc-Si solar cells by 5.8% compared to a bare device.

To overcome limitations in applicabilty of thin nanofur due to low mechani-
cal, chemical and UV stability, while keeping its excellent optical properties, its
optically relevant surface topography was transferred to a fluorinated polymer. To
this effect, the optical properties of thin nanofur were studied using ray tracing
simulations and a MCA topography was shown to significantly reduce reflectivity
for all AOI compared to a combination of p-cavities and nano- and microhairs.
Hence, the MCA topography was transferred into FEP and characterized for its
applicability on optoelectronic devices. Self-cleaning properties of FEP MCA
are demonstrated for several contaminant species and a wide range of contami-
nant sizes (30 um - 900 um) and tilt angles (10° - 45°), thus, including parameters
encountered in real-world applications. Furthermore, rain droplets impacting FEP
MCA are shown to easily bounce off the surface independent of tilt angle and
drop velocity, demonstrating high impact stability of the surface and its wetting
properties. Moreover, a 4.6% relative gain in short-circuit current of glass encap-
sulated mc-Si solar cells was achieved by optically coupling FEP MCA to the PV
device. Anti-reflective properties of the embossed MCA at high AOI promises this
efficiency enhancement to become even more prominent for PV modules installed
at angles differing from normal incidence, as is the case for practical applications.
Based on these results, further angle resolved EQE measurements of FEP MCA
are of great interest for optoelectronic applications and will give a more detailed
insight into the effect of FEP MCA on PV modules. Such investigations will show
superiority of the embossed films compared to the conventional glass encapsu-
lation. Furthermore, an investigation into foregoing glass encapsulation of PV
modules in favor of FEP MCA is a promising approach to increase efficiency,
while simultaneously reducing manufacturing costs. Direct FEP MCA encapsu-
lation would not only reduce manufacturing costs by reducing a two-step (glass
encapsulation + coating the PV device) to a one-step fabrication process, but
would additionally eliminate one solid-solid interface, which could reduce reflec-

tion losses and increase electrical gain. Moreover, self-cleaning properties of the
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films combined with their high UV, mechanical and chemical resistance would
make an exchange of the FEP MCA coating unnecessary, resulting in long life

cycles of PV modules with minimal maintenance.

A shortened version of the optical characterization and application of thin nanofur
(Section 5.1) was published in "Bioinspired Superhydrophobic Highly Transmis-
sive Films for Optical Applications", Felix Viillers, Guillaume Gomard, Jan B.
Preinfalk, Efthymios Klampaftis, Matthias Worgull, Bryce S. Richards, Hendrik
Holscher and Maryna N. Kavalenka, Small, 2016, 12, 6144-6152.

A shortened version of the optical characterization and application of FEP MCA
(Section 5.2) was published in "Self-Cleaning Microcavity Array for Photovoltaic
Modules", Felix Viillers, Benjamin Fritz, Aiman Roslizar, Andreas Striegel, Markus
Guttmann, Bryce S. Richards, Hendrik Holscher, Guillaume Gomard, Efthymios
Klampaftis and Maryna N. Kavalenka, ACS Applied Materials & Interfaces, 2018,
10, 2929-2936.
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6 Summary and Outlook

Superhydrophobic surfaces, both natural and artificial, exhibit a great variety
of functionalities, which can be exploited for a multitude of energy harvesting
and energy conserving applications. In order to harness the enormous potential
of superhydrophobic surfaces classical micro- and nanostructuring techniques
were used to fabricate superhydrophobic surfaces, which were then examined
in the context of fluidic drag reduction and optoelectronic applications. The
scientific objectives of this work could thereby be fulfilled and the main findings

are summarized in the following.

Development of a scalable and cost efficient fabrication technique
for transparent superhydrophobic thin nanofur.

Based on "thick nanofur" [50, 51], a two-step fabrication procedure combining
hot embossing and hot pulling was developed to fabricate a thin nanofur film
with a minimal base layer thickness of 30 um, suppporting a dense layer of high
aspect ratio micro- and nanohairs. Bonding biocompatible optical grade PC to a
sacrificial polymer layer before structuring thin nanofur, minimizes its backside
roughness, and, thus, reduces reflection and absorption losses, essential for high
transmission and its use as a functional coating on optoelectronic devices. The
resulting superhydrophobic thin nanofur exhibits static water contact angles above
150°, roll-off angles below 6° and retains an air layer when submerged underwater.
Furthermore, by varying the fabrication parameters or perforating thin nanofur
by laser drilling or manual perforation, thin nanofur can be functionalized and
its air retaining capabilities improved, without changing its wetting properties.

Exposition to argon plasma is shown to temporarily reverse the wetting properties
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of thin nanofur to underwater superoleophobic. By adjusting the storing conditions
of the treated films, the hydrophobic recovery back to superhydrophobicity can be
delayed or even halted, in case the treated films are stored in water.

To increase mechanical, UV and chemical resistance, and decrease reflection
losses, which is essential for application on optoelectronic devices, a fabrication
route was developed to imprint the underlying microcavity array (MCA) of thin
nanofur into the PV-relevant polymer fluorinated ethylene propylene (FEP). By
electroplating thin nanofur and then hot embossing the fabricated Ni-shim into
FEP, a superhydrophobic thin FEP MCA film with water contact angles above
150° and water sliding angles below 5° was fabricated.

In conclusion, developed thin nanofur and nanofur-based MCA are applicable
for drag reduction and optoelectronics. However, to be suitable for industrial
application, some open issues have to be tackled first. Optimizing the FEP MCA
fabrication parameters can increase the AR of the p-cavities, eliminate unstruc-
tured ridges between the cavities, and, thus, reduce reflection losses. Furthermore,
a reliable high throughput fabrication procedure of both FEP MCA and thin
nanofur has to be established. A transfer to a roll-to-roll replication procedure
has great potential, as the fabrication procedure of both films is based on hot
embossing and hot pulling techniques, and fabrication of the respective shims is
inexpensive and low in complexity. The greatest challenge for large scale fabri-
cation of thin nanofur is cleaning of the sandblasted steel drum used as a mold
insert during hot pulling. A possible solution for removing polymer from the drum
could be in-situ chemical or plasma cleaning of the utilized steel drum. Moreover,
current projects at the Institute of Microstructure Technology target develope-
ment of seamless sleeves for roll-to-roll fabrication. Such shims will overcome
limitations in shim size which limit FEP MCA fabrication to conventional hot
embossing, rather than roll-to-roll fabrication. An upscaling of the fabrication
procedures of thin nanofur and FEP MCA would greatly increase throughput and
enable coating of large areas, such as entire ships or PV arrays with functionalized

superhydrophobic surfaces, thus, pushing towards solutions for such problems as
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increasing fuel consumption in international shipping and the increasing need

for renewable energy.

Equipment of thin nanofur with a highly stable underwater
retained air layer.

Analogous to its natural prototypes, the dense layer of high aspect ratio micro-
and nanohairs enables thin nanofur to retain an air layer when submerged under
water. By characterizing the wetting transition on superhydrophobic nanofur, it
was shown that its superhydrophobic topography with moderate surface energy
retains an air layer which is more stable against hydrostatic pressure than the same
topography with either low or high surface energy. Additionally, an easy to use
measurement technique based on total internal reflection at the air-water interface
was introduced to show that the air covered area on thin nanofur decreases expo-
nentially with increasing hydrostatic pressure. To overcome the pressure limitation
of the retained air layer, nanofur was perforated and its underwater retained air
layer was pressurized. Air layer pressurization counteracts the hydrostatic pressure
acting on the air-water interface, and results in retained air layer stable up to 7 bar
hydrostatic pressure and pressure fluctuations of 3 bar.

Moreover, by combining the total internal reflection measurement technique with
contact line motion observations, it was possible to identify six topographical
features necessary for high dynamic plastron stability and high contamination
resistance of superhydrophobic surfaces. These features are: (i) hierarchical
topographys; (ii) high density of surface structures; (iii) minimal water-solid con-
tact area; (iv) nanometer-scale features; (v) cavities or cavity-like structures and
(vi) re-entrant structures. Moreover, these topographical features were correlated
to the dynamic wetting behavior of superhydrophobic surfaces and a discrepancy
between stability enhancing and drag reducing features was shown.

Both developed measurement techniques are easy to use and easily adjustable to
a variety of different measurement environments, thus, providing a good foun-

dation for characterization of the retained air layer stability, both in static and
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dynamic conditions, often neglected in other existing research. A further inves-
tigation of stability enhancing topographical features (dynamic and static) and
an in-depth investigation into the drag reducing capabilities of perforated thin
nanofur is of great interest. The high static stability of the retained air layer
on pressure supported perforated thin nanofur has the potential to reduce fric-
tional drag under extreme conditions often encountered in harsh environments.
Measurements of the drag-reducing capabilities of thin nanofur and perforated
thin nanofur after integration into model ship surfaces or microfluidic devices

could be the next step.

Application of self-cleaning thin nanofur and nanofur-based films
as efficiency enhancing coatings on optoelectronic devices.

The superhydrophobicity of thin nanofur results in a self-cleaning behavior against
a variety of contaminants with a broad range of particle sizes. Self-cleaning
behavior is beneficial for reducing soiling of optoelectronic devices. An in-depth
optical characterization of bioinspired thin nanofur shows that it exhibits reflection
values of less than 4% when used as a coating, while more than 86% of inciding
light is scattered in a forward direction, when used as a self-standing film. Such
excellent optical properties are beneficial for light managing applications, and are
shown to increase the out-coupling efficiency of OLEDs by up to 14%, and also
enhance the efficiency of a bare mc-Si solar cells by almost 6%.

Optical coupling of nanofur-based FEP MCA to a glass encapsulated mc-Si solar
cell leads to a 4.6% increase in electrical gain under normal incidence, compared
to a bare glass encapsulated cell. Furthermore, numerical simulations show that
the bare MCA topography exhibits lower reflection values than thin nanofur for all
AOIL. This anti-reflective behavior of FEP MCA enhances drastically with increas-
ing AOI, leading to an up to 50% reduced reflectivity compared to unstructured
FEP at an AOI of 80°. Together with the self-cleaning properties shown for a
broad range of contaminant species, sizes and tilt angles, as well as the surface

114



6 Summary and Outlook

stability against impacting water droplets, the anti-reflective behavior makes FEP
MCA an effective coating for light management.

A further investigation into the benefits of FEP MCA for PV efficiency at different
tilt angles, as well as a field testing of self-cleaning properties and UV- and
mechanical stability would be of great interest. Moreover, foregoing the glass
encapsulation of PV modules in favor of a direct coating with FEP MCA might
further reduce reflection losses and increase the cost efficiency of coated PV
modules. Finally, the high mechanical flexibility and translucent properties of both
thin nanofur and FEP MCA have great potential for implementation into ultrathin
flexible solar cells, where forward scattering increases the optical path in the active

medium, thus, further boosting the absorption probability and electrical gain.
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Semi-Automatic Calculation of Dynamic Contact Angle

% Filename: ContactLineMotion.m

% Author: Felix Vuellers

% Date: 01.03.2018

% Karlsruhe Institute of Technology (KIT)
% Matlab Version: MatlabR2015b

function [angle_deg, cleansed_angle]

= ContactLineMotion()

% Path of Contact Line Motion Images

direct=’D:\Users\hb3224\Documents\DipO1_50mmmin. . .
\sliced\crop\up\images\’;

fpathdata=direct;

% Getting all contact line motion files with

% specified extension;

getAl1Tiff=getAllFiles(fpathdata,’*.tiff’, ,true);

if isempty(getAllTiff)
getAl1Tiff=getAllFiles(fpathdata,’*.tif’,true);

end

getAl1Tiff=char(getAl1Tiff);

% Define number of points not taken into
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% consideration at beginning due to artifacts

point_omit=2;

% Definition of Threshold intensity, defining interface

intensity_threshold=70;

% Definition of number of points used to calculate
% linear regression for tangent

tangent_points=8;

% Define deviation that is allowed from mean value in
% contact angle without being labeled as program not
%working and moved for manual reevaluation

allowed_deviation=10;

% Define after how many frames the coordinates of the
% substrate should be reset by clicking

click_reset=5;

% Create folders to save pictures fabricated in measurement,
% if not existent
if (Texist(direct,’dir’));

mkdir (direct);

end

help=strcat(direct,’0verlap’);
if (Texist(help,’dir’))

mkdir (help);

mkdir (help,’Tangent’) ;

end
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for i=1:size(getAl1Tiff,1)
% Resave name of currently used picture in order
% to make handling easier
fname=getAl1Tiff(i,:);

% Break up name into filename and rest of name
% --> only filename necessary

[*,filename,”] = fileparts(fname);

% Create strings to later save data and pictures

% in appropriate folders

AWI_tangent =
strcat(direct,’0verlap\Tangent\’,filename,’.tif’);

ContactAngleFile=strcat(direct,’_ContactAngle.mat’);

% loads the picture to extract data from it

load_crosssection = imread(fname) ;

% To find the location of the pixel reaching
% threshold intensity;
[rows,cols] =

find(load_crosssection<intensity_threshold) ;

% location of pixel using binary image

Y = [rows,cols];

% information about the loaded image

% width = size x-direction (number of pictures in
% original stack) and

% heigth = size y-direction (length of edge

% of one picture in original stack)
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info = imfinfo (fname);
w = info(1) .Width;

h

info (1) .Height;

/#Creates an empty 3-D array

intensity_profile = zeros(h,w,3,’uint8’);

intensity_profile(:,:,:)=255;

Trace = zeros(h,w,3,’uint8’);

S=zeros(h,1);
N=zeros(h,1);

% Visualization of the intensity profile in RGB

% Sets every

pixel in Y (every pixel exceeding the

% threshold to some arbitrary color in RGB values.

% Only first

value of intensity profile will be used

% in later script to determine further computations)

for j=1:size(Y,1)
intensity_profile(Y(j,1),Y(j,2),1)=200;
intensity_profile(Y(j,1),Y(j,2),2)=75;
intensity_profile(Y(j,1),Y(j,2),3)=50;

end

for k=1:h

for 1=1:w
if intensity_profile(k,1,1)==255 && S(k)==0

Goes through the rows of the image from
left to right; for every pixel that
doesn’t exceed the threshold with no
pixel in that row before it exceeding
the threshold it increases the

respective N by 1 (not above 255); i.e.
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% the first row contains 5 pixels with third
% and fifth exceeding the threshold

% -->N(1)=2 (increased at first and second

% iteration, doesn’t increase for 4th pixel,
% since the third increases S-->S(1)

Y/
% 5 pixels with first and fifth exceeding
% the threshold -->N(1)=0 (first pixel

% increases S --> S(1) unequal O for the

unequal 0); i.e. the first row contains

% rest of the pixels --> N doesn’t increase;

N(k)=N(k)+1;
elseif intensity_profile(k,1,1)==200 && S(k)==0

% Similar to N(k) determination.

% It will become one for the first pixel

% that reaches the threshold. Afterwards

% no more changes are made to S(k) or N(k)

%in that specific row

S(k)=S(k)+1;
end

end
if S(k)~=0

% colors the first pixel reaching the threshold
% N(k) is number of pixels starting from left,
% that are not higher than threshold and S(k)/2
% is the first pixel reaching threshold due to
% upper definition i.e. first row has 20 pixels
% with first 7 below threshold then 6 higher
% and then 4 below --> N(1)=7 S(1)=6 -->
% N(k)+S(k)/2=13 = middle of bright area.
% This calculation however only works,

% if the area higher than threshold is
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% continuous, otherwise S(k) does not
% represent the thickness of the interface
% --> will not work for more than one interface
Trace (k,N(k)+round(S(k)/2),1)=0;
Trace (k,N (k) +round (S(k) /2),2)=250;
Trace (k,N(k)+round(S(k)/2),3)=0;
end

end

% Trace is the rgb matrix for tracing the outline of
% the interface and I is the two dimensional matrix
% in greyscale

I=rgb2gray(Trace) ;

[rows,cols] = find(I);

Z = [rows,cols];

D = sortrows(Z);

% Highlighting the extracted air-water interface in

% the image

overlap = repmat(load_crosssection,[1,1,3]);

for r=(find(cols>1,1): (length(rows)-1))
overlap(rows(r),cols(r)-1,1)=0;
overlap(rows(r),cols(r)-1,3)=0;
overlap(rows(r),cols(r)-1,2)=250;
overlap(rows(r),cols(r),1)=0;
overlap(rows(r),cols(r),3)=0;
overlap(rows(r),cols(r),2)=250;
overlap(rows(r),cols(r)+1,1)=0;
overlap(rows(r),cols(r)+1,3)=0;
overlap(rows(r),cols(r)+1,2)=250;

end
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% Define solid-liquid-vapor-triple point manually;

% Find closest point to contact line by clicking

% next to it plotting overlap with fitted polynomial

% and tangent

hi=figure(’Name’,sprintf (’Click number %s %s’,
num2str (i), filename(1,:)),’NumberTitle’,’0ff’,...
’Position’, [162 55 867 612],’Visible’,’on’);

imshow (overlap) ;

set(hl,’Position’, [162 55 867 612]);

hold on

if (i==1 || mod(i,click_reset)==1 || click_reset==1)
[x,y]l=ginput (1) ;

end

closest_point_x=D(find(abs(D(:,1)-y)<4),:);
closest_point=closest_point_x(...

find(abs(closest_point_x(:,2)-x)<4),:);

% In case contact line moves too far away
% from first click, new position will be defined
while isempty(closest_point)
[x,y]=ginput(1);
closest_point_x=D(find(abs(D(:,1)-y)<4),:);
closest_point=...
closest_point_x(find(. ..
abs(closest_point_x(:,2)-x)<4),:);
end
% Find first index of the substrate line
first_index_substrate=find(...

closest_point(:,2)==closest_point(end,2),1);
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D_substrate_index=...

closest_point (first_index_substrate,1);

help_x=[D_substrate_index:(-1):...
D_substrate_index()-tangent_points];

help_y=transpose(D(help_x,2));

p=polyfit(help_x,help_y,1);

slope_red=p(1);

x_tangent=[0:0.1:200] ;

tangent_red=slope_red*(x_tangent-(D_substrate_index))...

+polyval(p,D_substrate_index);

% calculating ContactAngle

v_tangent=[1 slope_red];

% Polynomial is calculated for a normal orientation of

% the axis. Therefore the angle is in respect to a

% horizontal line instead of a vertical line as seen

% in the picture from overlap (overlap has a 90A°

% tilted view)

v_vert=[1 0];

angle(i)=atan2(abs(det([transpose(v_vert),...
transpose(v_tangent)])) ,dot (transpose(v_vert),...
transpose(v_tangent)));

angle_deg(i)=rad2deg(angle(i));

angle_deg(i)=180-angle_deg(i);

% As the tangent is also calculated in the rotated
% system, the change of variables has to be done
% here as well

plot(tangent_red,x_tangent,’cyan’);
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end

% increase tangent width for better visibility
help=get(gca,’children’);

set (help(1),’LineWidth’,2.5);

saveas (hl,AWI_tangent);

close(hl);

angle_deg=transpose(angle_deg) ;

% Move files that differ too much from mean value

% to different folder to be reevaluated

mean_angle_deg=mean(angle_deg) ; index_trouble=. ..

find(abs(angle_deg-mean_angle_deg)>allowed_deviation) ;

moved_files=getAl1Tiff (index_trouble,:);

if

“isempty(moved_files)

% create new folder and move deviating
% files into that folder
folder_help=strcat(direct, ’reevaluate’);
mkdir(folder_help);

for 11=1:size(moved_files,1)
copyfile(moved_files(1l,:),folder_help);

end

% Save names of files to reevaluate and

% their indexes to later see which contact angle
% has been replaced
name_length=size(moved_files,2)

fileID = fopen(strcat(direct,’_reevaluate.txt’),’w’);
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else

end

end

126

fprintf (filelID,’%20s \r\n’,’Files reevaluated’);
for r=1:size(moved_files,1)
fprintf (fileID,sprintf (...

Yhshihs %hs %hshiks \r\n’,’%’ ,name_length, ...
’sr, 0 0, 2 ,38,%10), ...
moved_files(r,:),index_trouble(r));

end

fclose(filelD);

cleansed_angle_deg=angle_deg(find(abs(. ..
angle_deg-mean_angle_deg)<=allowed_deviation)) ;

% save contact angles

save(ContactAngleFile, ’angle_deg’,. ..

’cleansed_angle_deg’,’index_trouble’);

% save contact angles

save (ContactAngleFile, ’angle_deg’);
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