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Abstract 

A B S T R A C T  

 My thesis revolves around the water–energy nexus, from a surface engineer-
ing aspect, taking advantage of the heat that the sun can provide through light-absorb-
ing surfaces that do not compromise their transparency. The focus of the thesis is on 
applications which often require a significant degree of transparency, such as on win-
dows, windshields, eyewear and all kinds of optics in general. The importance of ensur-
ing water or ice-free surfaces is not only due to aesthetic purposes, but also to maintain 
functionality of vehicles and devices and definitely for safety purposes. I will try to in-
vestigate the effect of water condensation on surface visibility and quantify the strength 
of ice adhesion on surfaces with the purpose of preventing fogging and freezing from 
happening or counteracting their impact by means of non-conventional technology and 
rational micro/nano-engineering. I will then go one step further with proposing a 
method for complete elimination of water from surfaces by stopping its nucleation in 
the first place. 

 More specifically, in the first chapter of my experimental study, I study frost 
formation and ice adhesion on surfaces in sub-zero temperatures and establish the 
metasurface-based technology – at this first stage – for effective anti-icing and deicing. 
It is well-known that inhibiting frost formation is critical in modern technology, such as 
in aviation, vehicles and public infrastructure, to give a few examples. Current technol-
ogies are either based on spending large amounts of energy to melt ice, applying me-
chanical forces to shed ice off surfaces, or using chemicals to depress the melting point 
of water. My contribution is the development of metasurfaces, nanocomposites of ultra-
thin gold and titania layers, that are compatible with transparent surfaces, as a totally 
passive means of rapid anti-icing and de-icing with abundant sunlight. Depending on the 
severity of environmental conditions that our surfaces are exposed to, we can tune their 
transparency level accordingly. I found that metasurfaces can cause a > 10 °C tempera-
ture increase when applied on other surfaces, leading to quick deicing within a few sec-
onds or minutes, and reducing the ice nucleation probability multifold. 

 In the second chapter, I investigate a fresh approach to battling surface fog-
ging and visibility loss in transparent surfaces. As a matter of fact, fogging can have ad-
verse effects on visibility, affecting the performance of windows, windshields, optical 
systems and eyewear. These are just a few examples that make us realize the need for 
more research on developing new solutions against fogging. Admittedly, there is a host 
of ongoing research based on superhydrophilic and superhydrophobic coatings that 
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either form a continuous water film or prevent droplet coalescing and facilitate their 
removal, however both approaches suffer from reduced performance and visibility over 
time. I propose new and passive anti-fogging coatings based on metasurfaces and sun-
light, which in combination with surface chemistry can delay or prevent fogging. The 
results show a up to 4-fold reduction in defogging time under severely supersaturated 
conditions, providing superior visibility through surfaces with respect to current state-
of-the-art technologies, while being environmentally friendly and ready for possible 
large-scale fabrication in the future. 

 The last chapter of this thesis deals with surface wettability, targeting the field 
of super-antiwetting multifunctional surfaces. Research has been conducted during the 
last decades to increase surface water repellency by means of low surface energy chem-
istry, structured surfaces and flexibility. The behavior of such surfaces for a wide variety 
of water temperatures has also been investigated, ranging from very cold droplets to 
hot water. Especially in the case of hot water, there is a pronounced lack of surfaces that 
can maintain repellency for long periods of time, due to condensate nucleation within 
the structures, which compromises superhydrophobicity. Another important aspect is 
the ability of a surface to reversibly transition from a sticky behavior to a water-repellent 
state, which up to the present was mainly achieved by active methods. This chapter pro-
poses the usage of metasurfaces and sunlight to enhance hot water repellency by heat-
ing up surfaces, while maintaining their transparency. 

 In closing, it is my strong belief that my findings and technology that I devel-
oped will potentially help shield real surfaces from the effects of liquid water and ice. At 
the very minimum, I expect that my results will pave the way towards more research 
based on utilizing the power of renewable energy sources in everyday applications, un-
obtrusively and in compatibility with the modern technical requirements. 
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Zusammenfassung 

Z U S A M M E N F A S S U N G  

 In meiner Doktorarbeit beschäftige ich mich mit den Zusammenhängen von 
Wasser und Energie und dem technischen Design von Oberflächen. Diese Oberflächen 
nutzen die von der Sonne gelieferte Wärme mittels Absorption von Licht, wobei sie 
zugleich ihre Transparenz bewahren. Der Fokus der Arbeit liegt auf Anwendungen, 
welche oft ein hohes Mass an Transparenz erfordern, wie beispielsweise Fenster, 
Windschutzscheiben, Brillen und alle Arten optischer Geräte. Oberflächen wasser- oder 
eisfrei zu halten hat nicht nur ästhetische Gründe, sondern beeinflusst auch die 
Sicherheit und Funktionalität von Fahrzeugen und Geräten. Ich werde versuchen, den 
Einfluss von Wasserkondensation auf die Sichtbarkeit durch Oberflächen zu untersuchen 
und die Stärke von Eisadhäsion auf Oberflächen zu quantifizieren. Ziel ist es 
Kondensation und Eisbildung  zu verhindern oder mit nicht konventionellen 
Technologien und rationalem Micro-/Nanoengineering zu bekämpfen. Ich werde dann 
einen Schritt weitergehen und eine Methode vorschlagen, wie Wasser auf Oberflächen 
komplett eliminiert werden kann, indem die Nukleation von Anfang an unterdrückt wird. 

 Im ersten Kapitel meiner experimentellen Studie untersuche ich Frostbildung 
und Eisadhäsion auf Oberflächen bei Temperaturen unter dem Gefrierpunkt. Darauf 
baue ich meine metaoberflächen-basierte Technologie auf, um an erster Stelle, 
effektives Anti- und Enteisverhalten zu zeigen. Es ist ohne Zweifel, dass das Hemmen 
von Frostbildung für moderne Technologien, wie in der Luftfahrt, bei Fahrzeugen oder 
der öffentlichen Infrastruktur, kritisch ist. Heutige Technologien basieren entweder 
darauf, grosse Mengen Energie zu verbrauchen, um das Eis zu schmelzen, mechanische 
Arbeit zu leisten, um das Eis von der Oberfläche zu kratzen, oder Chemikalien zu 
verwenden, die den Schmelzpunkt von Wasser herabzusetzen. Mein Beitrag ist das 
Entwickeln von Metaoberflächen, die aus nano-composits mit ultradünnen Gold- und 
Titaniumoxidschichten bestehen und gleichzeitig optische Transparenz bieten können. 
Diese stellen eine Möglichkeit dar, komplett passiv und schnell mittels Sonnenlicht 
Oberflächen zu enteisen oder Eisbildung zu verhindern. Abhängig von der Schwere der 
Umwelteinflüsse, denen unsere Oberflächen ausgesetzt sind, können wir ihre 
Transparenz anpassen. Ich konnte zeigen, dass Metaoberflächen, welche auf andere 
Oberflächen aufgetragen werden können, eine Temperaturerhöhung von mehr als 10 °C 
erreichen können, was zu schnellem Enteisen innerhalb weniger Sekunden oder 
Minuten führt und die Wahrscheinlichkeit von Eisnukleation um ein Vielfaches reduziert. 
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 Im zweiten Kapitel untersuche ich einen neuartigen Ansatz um das Beschlagen 
und den Verlust der Transparenz von Oberflächen zu verhindern. Das Beschlagen von 
Oberflächen kann ungünstige Effekte auf die Durchsichtigkeit haben, was die 
Leistungsfähigkeit von Fenstern, Windschutzscheiben, optischen Systemen oder Brillen 
beeinträchtigt. Dies sind nur einige Beispiele, die uns allen klar machen sollten, dass 
mehr Forschung im Bereich von neuen Lösungen gegen das Beschlagen von Oberflächen 
nötig ist. Zugegebenermassen existiert bereits eine Unzahl an laufender Forschung, 
welche sich mit superhydrophilen und superhydrophoben Beschichtungen beschäftigt. 
Diese formen entweder einen kontinuierlichen Wasserfilm oder verhindern das 
Zusammenschliessen von Wassertröpfchen und erleichtern deren Entfernung. 
Nichtdestotrotz leiden beide Ansätze mit der Zeit unter einer reduzierten 
Leistungsfähigkeit und Durchsichtigkeit. Ich schlage neue und passive 
Antikondensationsbeschichtungen vor, welche auf Metaoberflächen und Sonnenlicht 
basieren und in Kombination mit einer geeigneten Oberflächenchemie das Beschlagen 
verzögern oder verhindern können. Die Resultate zeigen eine 4-fache Reduktion in der 
Zeit, die nötig ist, um das Komdenzwasser auf der Oberfläche zu verdampfen, und dies 
unter extrem übersättigten Bedingungen. Dies bedeutet verbesserte Sichtbarkeit durch 
derartige Oberflächen im Vergleich zu aktuell existierenden Technologien. Die 
Beschichtungen sind umweltfreundlich und können in Zukunft leicht auf grösserer Skala 
hergestellt werden. 

 Das letzte Kapitel dieser Doktorarbeit beschäftigt sich der Benetzbarkeit von 
Oberflächen und setzt sich zum Ziel, eine multifunktionale, super-unbenetzbare 
Oberfläche zu entwickeln. In den letzten Jahrzehnten wurde viel Forschung 
durchgeführt, um das Wasserabweisungsvermögen von Oberflächen zu verbessern 
mittels strukturierten Oberflächen, Flexibilität oder Chemie, um eine tiefe 
Oberflächenenergie zu erzeugen. Das Verhalten derartiger Oberflächen wurde auch für 
eine grosse Spannbreite an Wassertemperaturen untersucht, von sehr kalten Tropfen 
bis zu heissem Wasser. Besonders im Falle von heissem Wasser besteht ein grosser 
Mangel an Oberflächen, welche das Wasserabweisungsvermögen für längere Zeit 
aufrechterhalten können. Grund dafür ist die Kondensationsnukleation in der 
Oberflächenstruktur, welche die Superhydrophobie beeinträchtigt. Ein weiterer 
wichtiger Aspekt ist die Fähigkeit einer Oberfläche, von einem wasseranziehenden zu 
einem -abweisenden Status zu wechseln. Bis heute wurde dies meist durch aktive 
Methoden erreicht. In diesem Kapitel schlage ich die Nutzung von Metaoberflächen und 
Sonnenlicht vor, um Oberflächen aufzuwärmen und dadurch das Abweisungsvermögen 
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gegen heisses Wasser zu erhöhen, ohne einen Kompromiss bezüglich Transparenz 
einzugehen. 

 Abschliessend bin ich der Ansicht, dass meine Ergebnisse und die Technologie, 
die ich entwickelt habe, möglicherweise helfen werden, echte Oberflächen vor den 
Effekten von flüssigem Wasser und Eis zu schützen. Ich erwarte mindestens, dass meine 
Resultate den Weg für weitere Forschung im Bereich der Nutzung von erneuerbaren 
Energiequellen in Alltagsanwendungen weisen können, welche unauffällig und 
kompatibel mit modernen technischen Anforderungen sind. 
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represented by * for p < 0.05 and *** for p < 0.001. Scale bars (a–b): 2 mm. .............. 59 
Figure 4.5 Anti-fogging performance enhancement by efficient sunlight absorbing 
metasurfaces. We tested the anti-fogging performance of our metasurfaces and 
compared it to the performance of untreated control and superhydrophilic state-of-the-
art samples, using the setup illustrated in (a). We enhanced the setup with the inclusion 
of a simple environmental chamber in which we placed a bath of warm water at a 
temperature wT while also measuring the environmental temperature ( eT ) and the 



xv 
 

List of figures 

sample temperature ( sT ), in order to achieve a supersaturated environment. We used a 
fan to ensure that the water vapor inside the chamber was well mixed. The results for 
60 s of supersaturation are shown in the image sequences for the (b) untreated control, 
(c) superhydrophilic state-of-the-art, and (d) untreated metasurface samples. In order 
to better demonstrate the distortion effect of the superhydrophilic sample, we slightly 
increased the distance between the surface and the flower illustration. Scale bar (b–d): 
2 mm. .............................................................................................................................61 
Figure 5.1 Superhydrophobic metasurface. (a) Micrograph showing the 
superhydrophobic metasurface from a tilted-view perspective. (b) Schematic of the 
superhydrophobic metasurface cross section, revealing its different layers, underlying 
surface texture (dark gray pillars), and glass substrate (crosshatch). The top layer (light 
gray) is a hydrophobic coating and the middle layer (red) is the metasurface coating. (c) 
Micrograph showing the cross section of a metasurface; the thickness here is 
exaggerated to facilitate imaging (the metasurface coating used throughout our study 
had a thickness of ~60 nm). The pillar diameter (d), height (h), and pitch (p) are shown 
in b. The sample in a has [d, p, h] = [2.5, 5.0, 3.3] μm. (d) Transmittance (– – –), 
reflectance (· · ·), and absorbance (–––) spectra of the superhydrophobic metasurface in 
a. (e) Schematic of the experimental setup used to measure the temperature change of 
the samples upon illumination. The normalized irradiances of the light sources we used 
in this study are shown as inset plots (solar simulator, ——; halogen lamp, - - -). (f) 
Surface temperature change relative to ambient, Ts – T∞, vs time, t, of the control (black 
curve; no metasurface, superhydrophobic sample) and superhydrophobic metasurface 
(red curve) samples. The samples are illuminated when t > 0 s with a solar simulator at 
a power density of P ≈ 3.5 kW m-2. Each line represents the range of values measured 
for three experiments (N = 3). Scale bars: (b), 5 μm; (c), 100 nm. .................................72 
Figure 5.2 Light enhanced superhydrophobicity. Image sequences showing hot droplets 
impacting on superhydrophobic metasurfaces (a) without and (b) with illumination 
(solar simulator). The following parameters were kept constant for all droplet impact 
experiments here: We ≈ 26, P ≈ 3.5 kW m-2, and T∞ ≈ 21 °C. A micrograph of the 
superhydrophobic metasurface is shown as an inset image. (c) Probability of droplet 
impalement, Φ, vs water droplet temperature, Tw, for no illumination (black squares) 
and under illumination (red triangles) conditions. Each data point represents N ≥ 7 
experiments. Scale bars: (a)–(b), 2 mm; inset in (b), 5 μm. ...........................................73 
Figure 5.3 Interplay between light coupling, superhydrophobic metasurface, and warm 
droplet repellency. (a)–(c) Image sequences showing the wetting behavior of warm 
water droplets on a superhydrophobic metasurface for a, P = 0 kW m-2, b, P ≈ 1 kW m-2, 
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and c, P ≈ 2 kW m-2 (T∞ ≈ 22 °C).  We used the halogen lamp to illuminate the samples. 
(d) Droplet impalement time, tf, vs theoretical cavity filling time, τf, for Ts = 22 °C (black 
squares and line), 24 °C (red open triangles and dashed red line), and 28 °C (red filled 
triangles and red line). Each data point represents N = 3 experiments, and the lower and 
upper error values represent the minimum and maximum measured values, 
respectively. The three lines of best fit have slopes of α ≈ 11 (for confidence C = 95%, α 
= [8,13]), 12 (C = 95%, α = [8,17]), and 26 (C = 95%, α = [18,33]) corresponding to Ts = 22 
°C, 24 °C, and 28 °C, respectively. The inset, plotted in logarithmic axes, reveals the 
behavior of the warmest droplets. (e) Schematic showing the mechanism of 
condensation impalement that occurs when a warm droplet is placed on a 
superhydrophobic metasurface. Scale bars: (a)–(c), 2 mm; inset in (c), 5 μm. ............. 75 
Figure 5.4 Mechanisms of light-enhanced superhydrophobicity. (a)–(b) Image 
sequences of warm water droplets on a superhydrophobic metasurface (T∞ ≈ 21 °C) for 
a, We ≈ 73, P = 0 kW m-2, and b, We ≈ 73, P ≈ 3.5 kW m-2. A solar simulator was used for 
illumination. (c) Impalement probability, Φ (left axis), vs contact time to filling time ratio, 
τc/ατf, for We ≈ 26, P = 0 kW m-2 (black squares), We ≈ 26, P ≈ 3.5 kW m-2 (red squares), 
We ≈ 73, P = 0 kW m-2 (black triangles), and We ≈73 , P ≈ 3.5 kW m-2 (red triangles). The 
error bars are based on the confidence level in α (for confidence C = 95%, α = [8,13] for 
the non-illuminated and α = [18,33] for the illuminated metasurfaces). Each data point 
represents N ≥ 7 experiments. The dashed lines represent droplet temperature, Tw (right 
axis), vs τc/ατf, for P = 0 kW m-2 (black dashed curve) and P ≈ 3.5 kW m-2 (red dashed 
curve). (d)–(e) Schematics of impalement mechanisms; d, condensation-driven, and e, 
mixed condensation and pressure-driven. Scale bars: (a)–(b), 2 mm; inset in (b), 5 μm.
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Introduction 

1. I N T R O D U C T I O N  

 Challenges in water and energy 

 Water and energy are two commodities that the world needs desperately. 
More water means requirements for more energy, and production of more energy re-
quires more water.1 This is one of the predominant interpretations of the water–energy 
nexus in the 21st century. In terms of availability, water is scarce in densely populated 
areas and their surroundings, especially the amounts required for agricultural purposes.2 
At the same time, energy sources, especially the ones based on coal, oil and natural gas, 
have become significantly scarcer since the 1970s.3 There is also a lot of politics and 
policy making when water and energy rely on each other.4 The thirst for energy has been 
responsible for major challenges in modern civilization, such as global warming, air pol-
lution and chemical pollution.5 It is therefore clear that there is urgent need for green 
energy and minimization of energy consumption. 

 Going beyond the aforementioned framework of water and energy interplay, 
thinking out of the reach of politics and resource availability, there is an – often – over-
looked set of water–energy interactions that affect everyone in everyday life activities. 
This is interfacial phenomena that involve a surface and presence of water, in its liquid 
or solid state. Fogging is a common example of unwanted presence of water on surfaces, 
affecting a wide variety of surfaces, from windows to eyeglasses and optical systems.6 
Furthermore, the solid state of water, ice, causes even more problems in applications 
such as aviation,7 automobiles8 and power lines.9 Numerous active and passive ap-
proaches exist to tackle surface icing and fogging, however all of them come with several 
disadvantages that make one question their applicability in long-term practical scenaria. 
This is exactly the inspiration behind the research associated with this thesis. Essentially, 
we will attempt to answer the following questions: Can we find alternative approaches 
to removing unwanted water off surfaces or reducing its negative implications in icing 
and fogging? Can this be done without spending energy from conventional sources and 
affecting the environment? 

1.1.1. Surface icing 

 Having mentioned the general implications of the water–energy nexus on sur-
faces, we will begin with a phenomenon which does not only cause fear and paralyzes 
most everyday activities when it occurs, but it also poses significant dangers to people 
and infrastructure: icing. Icing has negative consequences in many applications, from 
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airplanes7 and vehicles8 to transportation10 and buildings.11 Overall, the financial impact 
of icing and the associated infrastructure of counteracting it are quite significant.12,13 
Thinking beyond statistics and financial data, one could realize the real cost of icing in 
human lives is much higher than anticipated. In the history of aviation alone, icing was, 
or suspected to be, a factor in almost 1000 accidents.14 It is thus justified to give ice the 
attention it deserves, as scientists have righteously done over the last century. 

 Countless strategies to mitigate icing have been developed. In terms of passive 
approaches, meaning one does not need energy to induce de-icing or prevent ice for-
mation, research has been focused on rational engineering of superhydrophobic sur-
faces,15–21 which have been known to reduce ice adhesion and facilitate shedding of ice 
off surfaces, as well as liquid-like surfaces, infused with liquid substances.22,23 Needless 
to say, more classical countermeasures against icing include resistive heating24 and ice 
removal by mechanical means.25 

 All approaches mentioned above suffer from several disadvantages, which 
could be either the requirement for – a lot of – energy or reduced practical value due to 
lack of optical transparency or long-term endurance.22,26 There is clearly need for devel-
oping strategies with fewer – if any – disadvantages compared to the present ones, if 
we want to move towards a sustainable future. 

1.1.2. Surface fogging 

 As we already briefly discussed, icing is not the only concern when it comes to 
water–surface interactions. In fact, uncontrolled liquid water nucleation on surfaces, 
hereafter termed fogging, can have a detrimental impact in a plethora of everyday ap-
plications, for example in windows, windshields, displays, lenses, eyewear and all kinds 
of goggles and spectacles.6 Apart from the aesthetic aspect of fogging, there are serious 
safety implications, for example when visibility is lost while driving a car, or in challeng-
ing activities such as scuba diving. This is of course the reason why scientists have devel-
oped multiple solutions to alleviate fogging or – realistically speaking – reduce its ad-
verse effects for certain amounts of time. 

 Going one logical step back, fogging occurs when microscopic water droplets 
form on a surface, and when they coalesce, they eventually form a continuous water 
layer, depending on the hydrophilicity of the surface. Temporary passive solutions target 
exactly this continuous water layer case which is promoted by rendering a surface su-
perhydrophilic.27,28 Another pathway is via more permanent passive solutions taking 



3 
 

Introduction 

advantage of the other extreme partial wetting case, superhydrophobicity, which has 
led to the development of self-cleaning surfaces through rational micro and nanoengi-
neering. There are also emerging bioinspired approaches which attempt to prevent pos-
sible loss of hydrophobicity when water droplets coalesce,29–32 rendering the surfaces 
water-repellent and suitable for anti-fogging. 

 All of these approaches bear one or more disadvantages, ranging from loss of 
effectiveness due to contamination33 to condensate nucleation within the texture of 
carefully engineered surfaces, which renders them non-functional in high relative hu-
midity conditions.34,35 This discussion leads us to the conclusion that there is urgent need 
for the development of a comprehensive defensive strategy against fogging, possibly by 
rethinking all current research approaches to anti-fogging and defogging. 

1.1.3. Droplet repellency 

 As it has been made obvious in the previous paragraphs, many approaches to 
counteracting surface icing and fogging revolve around reducing the wettability of sur-
faces, making water less prone to form and stay on a surface or facilitating its removal 
by some external force. It is therefore in our best interests to work on the basis of hy-
drophobicity and develop water-repellent surfaces with very high repellency and robust 
performance. 

 In the real world, water droplets hit onto a surface in a dynamic manner, and 
research has been conducted on how to repel those droplets, specifically by reducing 
surface energy,36–39 combinations of open and closed structures,40–42 designing special 
surfaces with hierarchical roughness43–47 and providing flexibility37,48,49 to absorb part of 
the impact momentum of droplets. As difficult as it is to repel cold and ambient temper-
ature water from surfaces, repelling hot water50 is especially even more challenging due 
to condensation within the texture of surfaces when exposed to warm and humid envi-
ronmental conditions.34,50,51 Standard condensation resistance practices try to minimize 
the presence of water in the first place or reduce its residence time52,53 or adhesion 
force.50 A fraction of the research on superhydrophobic surfaces is also dedicated to 
reversible repellency,54,55 which is the process of pushing water out of the texture in 
case it was previously condensed or pushed into it. 

 Despite the amount of research in the field of super water-repellent surfaces, 
there is still significant room to employ alternative approaches that will try to address 
some of the disadvantages of existing methods, the most important of which being 
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failure to completely prevent nucleation condensation within the texture, and this is 
why we propose a new approach through the present thesis. 

 Going beyond the state-of-the-art 

 Without having the purpose of diminishing the suspense – always in scientific 
terms – of the research presented in this thesis, we will give a few hints on the common 
denominator that links all of its chapters. This is naturally occurring sunlight. We attempt 
to use sunlight as our sole renewable energy source to mitigate icing, fogging and even 
enhance the water repellency of properly engineered surfaces. Ideally, sunlight should 
heat up a surface, leading to lower chances of ice formation, lower water nucleation 
rates and higher vapor pressures within the texture, preventing penetration of water in 
the texture. We term the linking element between sunlight and heating “metasurfaces”, 
which are ultrathin light-absorbing coatings that we specifically developed for the pur-
pose of applying them onto a variety of substrates, ranging from smooth, to micro and 
nanorough. This is our tool that enables all kinds of interesting and useful phenomena 
under the umbrella of surface–water interactions, while at the same time neither chang-
ing the underlying morphology of our surfaces, critical, for example, in water repellency 
designs, nor compromising their transparency. In essence, utilizing the power of nano-
technology and having studied pre-existing research approaches to the phenomena dis-
cussed in this thesis, we employ a fresh approach to mitigate the negative outcomes of 
these phenomena in a seamless and unobtrusive manner, with the power of sun. 
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2. T H E O R Y  

 Wettability 

 This chapter provides the basic theoretical background on surface wettability 
by water, which is an integral part of all phase change and surface interaction phenom-
ena described in this thesis. Upon giving a short overview of the fundamentals of sur-
face–water interactions, followed by wetting transitions and behavior of drops on com-
posite structured surfaces, the behavior of dynamic water drops impacting surfaces will 
be described. Based on this theory, which partially follows the book by David Quéré et 
al. entitled “Capillarity and Wetting Phenomena”,56 one can design surfaces with a cer-
tain degree of wettability. The focus of this work is on hydrophobic and superhydropho-
bic surfaces, which are the most challenging to prepare and have practical implications 
in phase change phenomena, surface transparency and clarity, and repellency. 

2.1.1. Fundamentals 

 Liquid water is a condensed state in which molecules exert attractive forces 
on each other, which overcome thermal vibrations. When a molecule is in the bulk, a 
symmetric field of interactions with neighbors is into perspective, whereas a molecule 
on the surface loses half of its interactions, thus being in a less energetically favorable 
state. As a consequence, liquid water tends to shape in such a way that it exposes the 
minimum surface area possible, corresponding to minimum surface energy. This energy 
per unit area is also called surface tension, typically symbolized with γ , with units of [J 
m-2] or [N m-1]. 

 When we place a water drop onto a surface, it can either spread and wet it, or 
try to minimize its contact area with the surface by forming a hemispherical shape. The 
decision is made by comparing surface energies, with the so-called spreading parame-
ter: 

( )γ γ γ= − +SO SL LVS  
(2.1) 

where the subscripts in surface tensions are SO for solid–air, SL for solid–water and LV 
for water-air interactions. If the parameter S  has a positive value, water fully spreads 
on the surface, while for < 0S  we are in a partial wetting state, where the drop forms 
an angle with the substrate. This equilibrium angle is the Young’s contact angle, θE . By 
projecting the equilibrium forces onto the surface plane, one can derive Young’s equa-
tion: ( )γ θ γ γ= −LV E SO SLcos , or: 
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( ) γ γθ
γ
−

= SO SL
E

LV

cos  

(2.2) 
For θ °<E 90  the surface is considered hydrophilic, while for θ °>E 90  it is hydrophobic. 
Hence, a surface is hydrophobic when γ γ<SO SL . In the extreme case of θ °>E 150 , the 
surface is called superhydrophobic. Figure 2.1 shows a water drop sitting on a silicon 
surface rendered hydrophobic by initiated chemical vapor deposition of a silane. 

Figure 2.1 Image of a water droplet on a hydrophobic silane-treated silicon surface. The 
three states of matter, surface tensions and Young’s angle, θE , are shown in the image. 

 From equation (2.2) it becomes apparent that in order to increase the Young’s 
angle, one needs to reduce γ SL  as much as possible. For a given liquid, water in our case, 
the only possibility is reduction of the surface energy of the solid. Wetting phenomena 
are interdisciplinary, involving various scientific fields such as chemistry, physics and sur-
face micro and nanoengineering. Chemistry is vital in reducing surface energy and ex-
tensive research has been conducted on chemical modifications of surfaces,57 for exam-
ple by plasma treatment of polymers39 or deposition of ultralow energy fluorosilanes.58 
The effect of surface structuring on wettability will be discussed in the following section. 

2.1.2. Wenzel and Cassie–Baxter models 

 Realistic surfaces are far from the ideal smooth surfaces one envisions in 
Young’s model; therefore, the macroscopic contact angle has to be corrected to account 
for structural inhomogeneities on the surface. Assuming surface roughness, r , which is 
the ratio of the real surface area to the apparent surface area, to be much smaller that 
the drop size, we arrive at Wenzel’s relation: 

θ θ= Ecos * cosr  
(2.3) 
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where θ *  is the apparent contact angle. Based on the previous equation, it is profound 
that for non-smooth surfaces ( >1r ), θ θ< Ε*  if the smooth surface was hydrophilic and 
θ θ> Ε*  if it was already hydrophobic, which brings us to the conclusion that hydropho-
bicity can be boosted by increasing roughness.56 In the case of well-defined structures, 
which provide roughness, such as a square array of circular pillars with diameter d , 
pitch p and height h  (see Figure 2.2), roughness can be calculated as ( )π= + 2 2/r dh p p
. 

Figure 2.2 Schematic of a square pillar array: (a) top-view, (b) side-view. 

 In such composite surfaces (solid and air) like the one shown in Figure 2.2, 
there is a possibility that under certain conditions air can get trapped under the water 
drop. If we assign ΦS  and ΦA  to the relative contributions (contact area fraction) of 
the solid and air, respectively, the macroscopic contact angle can be calculated by the 
following mixing law: θ θ θΕ Ε=Φ +ΦS ,S A ,Acos * cos cos . Substituting Φ = −ΦA S1  and 
knowing that the Young’s angle between water and air, θΕ ,Acos , is 180°, we can write: 

( )θ θΕ=Φ + −Scos * 1 cos 1  
(2.4) 

where θΕ  is the previously discussed Young’s angle in the case of a smooth solid surface. 
Equation (2.4) implies that if air is trapped between the pillars, the cosine of the appar-
ent contact angle is less or equal to Φ −S 1 , approaching -1, which corresponds to 
θ °=* 180 . However, in reality neither Φ =S 0  nor θΕ = °180  can be achieved, justifying 
the difficulty in designing superhydrophobic surfaces. It has been shown that the Cassie–
Baxter regime is energetically favorable beyond a certain angle, θ θ= c* , called the crit-
ical contact angle and defined as ( ) ( )θ = Φ − −Φc S Scos 1 / r . For θ θ> c*  the regime is 
stable while for θ θ< <o

c90 *  it is metastable. This leads to the conclusion that if we 
want to design a superhydrophobic surface we need to achieve a high apparent contact 
angle while keeping the critical angle as low as possible.59 Figure 2.3 shows examples of 
a drop in the Wenzel (right) and Cassie–Baxter (left) states, on a silane-treated substrate 
with glass micropillars. 
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Figure 2.3 Images of water drops in the Cassie–Baxter (left) and Wenzel (right) states, 
on a micropillared silane-treated hydrophobic substrate. 

2.1.3. Droplet dynamics 

 Up to this point, we only considered the static contact angle of a drop sitting 
on a surface. Let us discuss now about two common phenomena involving drops that 
are not static anymore. On the one hand, during evaporation, it is noticed that the vol-
ume of the drop decreases with time while the apparent contact angle also decreases 
until reaching a certain angle at which the drop begins to recede, reducing its surface 
area on the solid. On the other hand, in a supersaturated environment where conden-
sation occurs, the apparent angle of the condensate (for our purposes, a single droplet) 
increases up to a certain value beyond which the contact area starts increasing and the 
contact line moves. Furthermore, any realistic surface with non-zero roughness is ex-
pected to have a range of apparent water contact angles as the contact line tries to 
overcome the asperities and move. Based on these considerations, it is understandable 
why the contact angle in dynamic phenomena cannot be unique, but instead ranges 
from θ a* , which is the advancing contact angle, to θ r* , which is the receding contact 
angle. The difference between those two angles, given that – always – θ θ>a r* * , is 
θ θ θ∆ = −a r* * , called hysteresis. Figure 2.4 shows a single drop moving slowly on a 

tilted hydrophobic surface. Knowing that there is a range of contact angles and based 
on our definition of hydrophobicity, one expects that extreme hydrophobicity, superhy-
drophobicity, can be achieved only if both θ a* and θ r*  are very high, meaning that for 
dynamic phenomena, there is the extra requirement of very low θ∆ . In fact, surfaces 
with apparent contact angles >150° are considered superhydrophobic,60 as long θ∆  is 
small, typically less than 5–10°. 
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Figure 2.4 Image of a water drop sliding on a tilted silane-treated hydrophobic substrate. 

 On the basis of dynamic phenomena, liquid water drops are not just formed 
on or slide off surfaces, but they can be launched from a height and impact on the sur-
face at a certain velocity. Before we proceed, we should define a dimensionless number 
crucial in explaining the phenomena involved upon drop impact, the Weber number: 

ρ γ= 2
02 /We v R , where ρ  is the water density, v  is impact velocity, 0R  is the initial 

drop radius and γ  is the surface tension of water. We  is the ratio of the inertia of a 
fluid to its surface tension. Assuming we have a surface designed for superhydrophobi-
city, for low 

2We v  the drop remains in the Cassie–Baxter state upon impact on the 
surface. At higher We , a more complicated mechanism is observed. In the first few mil-
liseconds of an impact, the drop deforms while maintaining its advancing contact angle. 
Subsequently, the drop recedes and retracts, rebounding off the surface as one mass, 
having stored most of its kinetic energy as surface energy (see Figure 2.5 for a repre-
sentative drop impact image sequence on a superhydrophobic surface). Due to vibra-
tions, which originate from the different velocities inside the drop, part of its kinetic 
energy gets dissipated – mostly – internally, and into the substrate and air. The drop 
bounces lower with each consecutive bounce until it comes to a stop, still in a Cassie–
Baxter state. At even higher We , depending on our surface design, the deformation of 
the drop upon impact is much higher, leading to two possible mechanisms. In the first 
one, if surface roughness is substantially high, the drop will fragment due to the impact 
pressure and form multiple smaller drops. For lower roughnesses, the drop will neither 
rebound nor fragment, rather sticking on the surface upon impalement and transition 
to the Wenzel state.61 

Figure 2.5 Image sequence of a drop impact event on a silane-treated micropillared su-
perhydrophobic surface. The surface was at room temperature. 
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 In order to characterize drop impact events, a first measurable quantity is the 
time that the drop is in contact with the surface upon impact. Writing the dynamic equa-
tion for the drop, taking into account only the capillarity and inertial terms, we get the 
following relation (for harmonic oscillation):56 ( )τ ρ γ∝ 3

02 /R . The explicit value of τ  
can be calculated by finding the proportionality constant. For low viscosity liquids, τ  is 
equal to the inertial–capillary time, therefore the correct equation for contact time is:49  

( )ρπτ
γ

=
3

02
4

R
 

(2.5) 

 In the previous paragraph, we discussed about drop impact and the effect of 
impact velocity (or pressure) on the final wetting state of the drop. As difficult as it might 
be to design a superhydrophobic surface that can resist pressure-based impalement, for 
example by increasing surface roughness, through reducing ΦS , prevention of another 
possible mechanism of impalement, due to condensation, is far more challenging.50 Wa-
ter repellency is maintained if the surface is warmer than the water drop, however the 
warmer the drop is with respect to the surface the more it is reduced.62 A hot water 
impact event causes condensation within the asperities due to diffusive water vapor 
flow upon supersaturation, which in turn leads to impalement and destroys superhydro-
phobicity.50 In order to predict impalement in a condensation-based event, assuming 
that pressure-based impalement does not simultaneously take place, we need to intro-
duce another measurable quantity, the time required for cavities located between pil-
lars to fill with liquid water. Once a cavity is filled, local superhydrophobicity is compro-
mised. The filling time can be calculated (order of magnitude) by the following equation: 

ρτ
∆



2

f
h

D C
 

(2.6) 
where h  is pillar height, D  is the diffusion coefficient of vapor within the air-filled cavity 
and ∆C  is the water vapor mass concentration difference between the drop and the 
interior of the cavity. In the preferential scenario of filling times lower than the contact 
time – see equation (2.5) – the water nuclei in the cavity remain small so that the cavity 
cannot fill entirely, ensuring no contact between the impacting drop and the bottom of 
the cavity. In the case of τ τ≈f , condensation is pronounced in the pillars closest to the 
position of initial impact, where the drop stays the longest on. Some cavities might fill 
with water, which might or might not be enough to compromise macroscopic superhy-
drophobicity, depending on the type of structures the surface consists of (open vs closed 
structures). In the case that τ τ>f , condensation dominates and the cavities fill upon 
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impact, thus compromising superhydrophobicity. Based on equation (2.6), a straightfor-
ward way of enhancing condensation-based impalement resistance is increasing pillar 
height, as τ  2

f h . 

 Nucleation 

 After introducing the fundamentals of wetting, in this section we will investi-
gate how water can appear on or disappear from a surface by phase change phenomena, 
which are – per definition – pathways of changing from one state to another. There are 
six possible phase changes for water, and these are vapor -> liquid (condensation), vapor 
-> solid (desublimation), liquid - > solid (solidification), liquid -> vapor (vaporization), 
solid -> liquid (melting) and solid -> vapor (sublimation). Figure 2.6 shows the pressure–
temperature equilibrium phase diagram of water.63 In this work, we investigate phase 
change phenomena involving cooling at ambient pressure of 1 atm. From the phase di-
agram, it becomes obvious that the only phase changes possible for isobaric cooling at 
1 atm are vapor -> liquid (condensation) and liquid -> solid (solidification), as well as the 
reverse phenomena. It has to be noted that in the phase diagram the pressure axis cor-
responds to the partial water vapor pressure. It is thus possible to have other phase 
changes in atmospheric conditions (total pressure of 1 atm), such as desublimation. 
However, this would require a very low relative humidity and it is not of relevance at 
low altitudes. Hereafter, we will use the term freezing for solidification. 

 Despite the predicted behavior of water when it is in equilibrium with its en-
vironment, which is a good starting point in explaining possible phase changes, water in 
transient metastable states does not exhibit the behavior expected in equilibrium. This 
is widely exploited in nature; depression of the freezing point is achieved by two meth-
ods, colligative and through antifreeze proteins, although the exact mechanisms are not 
well understood.64 There are different theories for metastable water, such as the “sta-
bility-limit conjecture”, according to which the existence of a supercooled region is jus-
tified by a single limit of mechanical stability at the liquid–gas triple point, while others 
suggest that these anomalies are due to a new critical point, above which the two met-
astable phases of ice cannot be distinguished.65 This section begins with the fundamen-
tals of freezing, based on the classical nucleation theory, for the cases of homogeneous 
and heterogeneous nucleation. We discuss the energy barrier to ice nucleation and sub-
sequent nucleation rates, with emphasis on the effect of temperature on nucleation. In 
the second section, we introduce a similar discussion for condensation and how tem-
perature and surface chemistry affect condensation rates. Parts of the discussion are 
based on the book by Peter Hobbs entitled “Ice Physics”.66 
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Figure 2.6 Pressure–temperature equilibrium phase diagram of water. Reproduced with 
permission from Ref.63. 

2.2.1. Ice nucleation 

 Homogeneous nucleation. As already mentioned, supercooled water can exist 
due to thermodynamic anomalies. These anomalies cause microscopic variations in its 
density, temperature and pressure. In freezing, one could envision such anomalies as 
nanoscopic ice embryos which are born and destroyed continuously in supercooled wa-
ter, if they are below a certain size, or continue growing if they exceed a critical size. 
Using the symbols L and S for liquid water and ice, respectively, we can define the Gibbs 
free energy change associated with the creation of an ice embryo as: 

( )µ µ σ∆ = − +LS S S L LSG n V A  
(2.7) 

where Sn  is the number of molecules per unit volume of ice, µL  and µS  are the chem-
ical potentials per molecule in supercooled water and ice, respectively, σ LS  is the water–
ice free interfacial energy, V  is the volume and A  the surface area of the ice embryo. 
Expressing the chemical potential difference in terms of temperature and pressures, we 
have: 

( )µ µ− = −S L L Sln /kT p p  
(2.8) 

where k  is Boltzmann’s constant and Lp , Sp  are the saturated vapor pressures of water 
and ice in the vicinity of the two phases, at temperature T . Substituting (2.8) in (2.7), 
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also accounting for possible geometric deviations from a perfect sphere by using two 
factors, α  and β  (α β ≥, 1 ), we get to: 

( )α π β π σ∆ = − ⋅ + ⋅3 2
LS S L S LS

4
ln / 4

3
G r n kT p p r  

(2.9) 

 To find the maximum Gibbs free energy change due to the formation of an ice 
embryo, we solve equation (2.9) with respect to the embryo radius, r , by taking 
∂∆ ∂ =LS / 0G r : 

( )βσ α=   LS LS S L S* 2 / ln /r n kT p p  

(2.10) 
For radii higher than the one corresponding to the maximum ∆ LSG , the energy barrier 
gets lower and the embryo can be self-sustained, hence we call this radius “critical ra-
dius” and symbolize it with LS*r . We can also calculate the corresponding critical free 
energy using equations (2.9) and (2.10): 

( )
πσ ξ

∆ =
  

3
LS

LS 2

S L S

16
*

3 ln /
G

n kT p p
 

(2.11) 
where ξ β α= 3 2/ . Based on the rate at which ice embryos can overcome the energy 
barrier, being approximately equal to ( ) ( )−∆/ exp /kT h g kT ,67 where h  is the Planck 
constant and ∆g  is the activation energy required for transferring a water molecule 
across the two-phase boundary, the nucleation rate of spontaneously growing ice em-
bryos follows a Boltzmann relation, given by: 

( )∆ ∆ ∆     ≈ − − = −     
     

L LS LS
LS 0

* *
exp exp exp

n kT g G G
J J T

h kT kT kT
 

(2.12) 
where Ln  is the number of molecules per unit volume of liquid. Numerical values for 
∆g  in equation (2.12) can be obtained from the literature.68 Values for the saturated 
vapor pressures Sp  and Lp  can be found at Ref.69. The dependence of σ LS  on temper-
ature is also known.70 Finally, for the purposes of this section and since we do not know 
the shape of the ice nuclei in advance, we assume spherical nuclei; α β ξ= ⇒ =, 1 1  in 
equation (2.11). Figure 2.7 shows plots of ∆ LSG  vs r for different temperatures. The 
critical embryo radius, LS*r , and the corresponding critical free energy, ∆ LS*G , are tem-
perature dependent. For example, a decrease in T  by 5 °C, from -10 °C to -15 °C, results 
in 32% reduction in the critical radius, from 4.2 nm down to 2.8 nm, meaning that the 
colder it is, the smaller an embryo needs to be to initiate freezing. 
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Figure 2.7 Homogeneous ice nucleation: plot of Gibbs free energy, ∆ LSG , vs critical ra-
dius, r , for different temperatures, T . 

Figure 2.8 shows a plot of homogeneous nucleation rate, LSJ , vs supercooled water tem-
perature, T  (notice the logarithmic scale on the y-axis). LSJ  exhibits a very strong double 
exponential dependence on 1 / T . 

 
Figure 2.8 Homogeneous ice nucleation: plot of ice nucleation rate, LSJ , vs temperature, 
T . 

Taking the same temperatures we used before as an example, we have: at = −10T  °C, 
−≈ 165

LS 10J  m-3 s-1, while at = −15T  °C, −≈ 52
LS 10J  m-3 s-1, which shows an extraordinary 

113 orders of magnitude change in nucleation rate. Even 1 °C can lead to extreme dif-
ferences in nucleation rates, meaning that every degree is important in delaying freez-
ing. An alternative way of understanding the impact of temperature on ice nucleation is 
freezing delay, ft , which can now be simply calculated by LS1 / *v J , where *v  is the 
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volume of metastable water. Assuming a typical water droplet with a volume of 10 μL, 
at = −10T  °C we have ≈ 173

f 10t  s, while at = −15T  °C, ≈ 60
f 10t  s, showing – once again 

– the same tremendous change. 

 Heterogeneous nucleation. If homogeneous nucleation was the only possible 
mechanism of freezing, this would mean that one needs to wait for – at least – billions 
of years to make ice in the freezer. In reality, another mechanism is responsible for 
speeding up freezing, heterogeneous nucleation. In this case, the Gibbs free energy bar-
rier for homogeneous nucleation must be modified by a numerical factor, ∈[0,1]f , 
leading to: 

∆ = ⋅∆LS,het LS* *G f G  
(2.13) 

with f  being a function of foreign particle size, contact angle of ice on the surface and 
lattice misfit,66 or in other words a function of surface energy and topography. For sim-
plicity reasons and within the concept of the present thesis, we will only investigate the 
effect of surface energy, and specifically contact angle. The isolated effect of ice contact 
angle, θ , can be calculated by the following factor: 

( ) ( )θ θ θ= − + 31
2 3cos cos

4
f  

(2.14) 
Combining equations (2.11), (2.12), (2.13) and (2.14), one can calculate the heterogene-
ous nucleation rate, LS,hetJ . For example, at = −15T  we have: for θ = °150 , −≈ 51

LS,het 10J  

m-3 s-1, for θ = °90 , −≈ 8
LS,het 10J  m-3 s-1, and for θ = °30 , ≈ 35

LS,het 10J  m-3 s-1. In order to 

calculate the corresponding freezing delays, we can use the formula ( )LS,het1 / *v J , 

where – like above – we assume =* 10v  μL. The freezing delays are ≈ 59
f,het 10t  s, 1610  

s and −2710  s, respectively. Two conclusions can be drawn from these results. Firstly, 
when the contact angle of ice with the surface gets quite low, freezing events can occur 
instantaneously, here for θ = °30 . Secondly, if we compare this freezing delay for het-
erogeneous nucleation, −27~ 10  s, to the corresponding value for homogeneous nuclea-
tion, 6010  s, we notice a tremendous difference. In fact, heterogeneous nucleation is 
what governs most freezing processes, and now we can understand why we can make 
ice in the freezer in a finite amount of time. Figure 2.9 shows plots of heterogeneous 
nucleation rate, LS,hetJ , vs supercooled water temperature, T , for various ice–surface 

contact angles. 
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Figure 2.9 Heterogeneous ice nucleation: plot of ice nucleation rate, LS,hetJ , vs tempera-

ture, T , for different ice–surface contact angles, θ . 

 Figure 2.10 shows plots of freezing delay, f,hett , vs supercooled water temper-

ature, T , for various ice–surface contact angles, where one can realize the significance 
of designing icephobic surfaces. 

Figure 2.10 Heterogeneous ice nucleation: plot of freezing delay, f,hett , vs temperature, 

T , for different ice–surface contact angles, θ . 
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2.2.2. Condensation nucleation 

 Surface condensation is a phenomenon which appears in many practical ap-
plications and surfaces when the conditions are suitable, meaning that the surface 
should be colder than the surrounding moist air. This could be especially pronounced in 
cold climates, during humid days, and whenever a surface gets in contact with warm 
water vapor, such as in the vicinity of a swimming pool. Here we will show that with a 
few simple modifications in the equations described in ice nucleation, one can calculate 
the necessary quantities (condensation nucleation rate, etc.) for condensation nuclea-
tion. These modifications are mostly the outcome of replacing the L and S indices in the 
equations with V and L, since now we have vapor -> liquid phase transition. The critical 
energy barrier (Gibbs free energy) for condensation nucleation is given based on the 
modified equations (2.11), (2.13) and (2.14): 

( )
( )

πσθ∆ =
  

3
VL

VL W 2

L S L

16
*

3 ln /
G f

n kT p p
 

(2.15) 
where σ VL  is the surface tension of water in contact with air, Ln  is the number of water 
molecules per unit area, ST  is surface temperature, and the L/p p  ratio of partial pres-
sures is called supersaturation ( p is the water vapor pressure of the environment and 

Lp  is the saturated vapor pressure over a plane surface of water at temperature sT ). 
The prefactor ( )θ ∈W [0,1]f  is a function of the (liquid) water contact angle on the sur-
face, θw , given by: 

( ) ( )θ θ θ= − + 3
W W W

1
2 3cos cos

4
f  

(2.16) 
We will only consider the case of heterogeneous nucleation as it is the most relevant in 
explaining real phenomena of condensation on surfaces. Let us investigate the effect of 
surface energy on water condensate nucleation rate, VL,hetJ . Figure 2.11 shows plots of 

VL,hetJ  vs surface temperature, ST , for various water contact angles, θW . We set the am-

bient temperature to 30 °C and 100% relative humidity, corresponding to = 4200p  Pa. 
The prefactor in the modified equation (2.12) was taken as ≈ 29

0 10J  m-2 s-1.70 Let us now 
study the case of changing ST  by 5 °C, from 15 °C to 20 °C. At 15 °C, we have, for θ °=W 30

, ≈ 28
VL,het 10J  m-2 s-1, for θ °=W 60 , ≈ 21

VL,het 10J  m-2 s-1, and for θ °=W 120 , −≈ 14
VL,het 10J  

m-2 s-1. At 20 °C, we have, for θ °=W 30 , ≈ 27
VL,het 10J  m-2 s-1, for θ °=W 60 , ≈ 11

VL,het 10J  

m-2 s-1, and for θ °=W 120 , −≈ 65
VL,het 10J  m-2 s-1. We can draw two conclusions from these 

results. Firstly, an increase in surface temperature can lead to extremely reduced nucle-
ation rates; for example, for θ °=W 120 , we notice an extraordinary 10  orders of 
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magnitude decrease in VL,hetJ  per 1 °C temperature increase. Secondly, surface energy 

plays an important role in preventing condensate formation. In fact, one can see that 
hydrophilic surfaces are very prone to condensation nucleation, while at the same tem-
peratures, close to ambient temperature, hydrophobic surfaces show insignificant nu-
cleation rates. 

Figure 2.11 Condensation nucleation: plot of condensation nucleation rate, VL,hetJ , vs 

surface temperature, ST , for different water contact angles, θW . 

Figure 2.12 shows plots of condensation timescales, c,hett , vs surface temperature, ST , 
for various water contact angles, θW . An area of 1 mm2 was assumed.  

Figure 2.12 Condensation nucleation: plot of condensation time, c,hett , vs surface tem-

perature, ST , for different water contact angles, θW . 
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Through these plots, one can realize the important contribution of surface chemistry in 
delaying or preventing condensation. For example, at =S 20T  °C, just 10 °C below ambi-
ent, condensate is predicted to appear almost instantaneously on hydrophilic surfaces, 
while hydrophobic surfaces show practically no condensate. Of course, this is just a the-
oretical prediction, as in practice other factors such as surface structure, impurities and 
latent heat release of condensing water must be taken into account. This analysis is suf-
ficient, though, to emphasize the importance of both increasing surface temperature 
and reducing surface energy in preventing condensation. 

 Principles of heating in metasurfaces 

 Modern technology and micro/nano-fabrication methods have led to the de-
velopment of an unprecedented amount of novel approaches to solving everyday life 
problems while using much lower amounts of materials than in the past and maintaining 
the same or a higher level of functionality and durability required for commercial exploi-
tation. From computer microprocessors to smartphones, optical components and mul-
tifunctional windows, to give a few examples, there is a common denominator, which is 
nanotechnology. Going one step further, one could say that with global warming and 
recent undesirable changes on planet Earth, the focus of research should really be on 
counteracting those changes by focusing on alternative ways of harvesting energy. 

 Within the scope of this thesis, we use sunlight as the driving force of our ex-
periments and demonstrations. The energy per unit area that the sun can provide at 
peak, ~1 kW m-2, is more than enough to warm up light-absorbing surfaces by at least a 
couple of degrees Celsius, proving to have a significant contribution in tackling problems 
that plague our lives, such as icing and visibility loss due to fogging. Since we solely rely 
on light for demonstrating anti-icing and anti-fogging capabilities, it is a good strategy to 
develop a capable surface, in the form of a light-absorbing coating that can be applied 
on a variety of substrates. In fact, this coating must fulfil a couple of requirements, such 
as durability and unobtrusiveness of the visibility through surfaces. In this chapter, we 
will discuss on the easiest way of achieving these, which is through nanotechnology and 
metamaterials. The chapter begins by enumerating the fundamental equations that gov-
ern the optical behavior of the lossy metamaterials we want to design, followed by why 
these are capable light absorbers (at least within a narrow wavelength range in the visi-
ble): localized surface plasmon resonance. We will then discuss about the ways of mak-
ing this resonance more broadband, by means of creating effective media with a variety 
of nanoparticle sizes and random positioning, which will logically lead to the underlying 
mechanism of light-to-heat conversion via dissipation of electron oscillations, caused by 
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interaction of metal nanoparticles with light, in the form of heat. This chapter takes sig-
nificant inspiration from the book entitled “Optical Metamaterials: Fundamentals and 
Applications”, written by Wenshan Cai and Vladimir Shalaev.71 Also, part of the theory 
mentioned in the following paragraphs can be found in Appendix A. 

2.3.1. Optical properties of metals 

 Nature imposes limits on what is macroscopically possible in terms of interac-
tion of matter with light. However, rational engineering of nanomaterials can make up 
for natural deficiencies, going beyond nature. This is the origin of the definition of met-
amaterials, which are artificial material structures getting their properties from the pres-
ence of unit structures rather than bulk materials. Metamaterials have inhomogeneity 
length scales much smaller than the wavelength of light, which – collectively – lead to 
homogenized material parameters and electromagnetic response. In fact, both the ele-
mentary units (nanoparticles or nanostructures) and their distances are below the wave-
length of incident light, which means that an accurate tuning of their sizes and interpar-
ticle distances are required, since their response to light can change dramatically by tun-
ing these parameters, as we will see in the following pages. The first demonstration of 
metamaterials dates back to the fourth century AD, with the Lycurgus cup, which con-
tained embedded gold nanoparticles causing a change in color from green to red when 
changing from reflected light to light transmitted through the cup.72 The continuation of 
the concept of metamaterials in the last century was witnessed through the work of 
Victor Veselago in 1968, who envisioned isotropic substances with negative values in 
both the dielectric constant and the magnetic permeability. John Pendry realized the 
metamaterials that Veselago imagined.73 Later, the field of metamaterials went beyond 
negative refractive index and nowadays research takes place on a vast number of engi-
neered nanostructures designed for targeted optical properties.71 

 As already mentioned, metamaterials exhibit homogenized responses to im-
pinging light. Since light consists of electromagnetic radiation, two are the quantities 
that fundamentally describe their interaction with light, the electric permittivity, ε , and 
the magnetic permeability, µ . Both ε  and µ  can have a real and an imaginary com-
ponent, depending on how strongly a metamaterial can absorb, reflect or transmit light. 
Other material properties, such as the refractive index, n , are direct functions of these 
two quantities: 

µε=n  

(2.17) 
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 Typically, metals appear reflective and opaque in the visible. This is because 
there is no energy gap between occupied and empty states, meaning that any incoming 
photons with sufficient energy can lead to the excitation of electrons. Noble metals, like 
all metals, have a number of free electrons. However, there are also contributions from 
bound electrons that cause interband transitions (such as 5d to 6sp orbital in gold). 
These effects combined, when they take place at visible frequencies, lead to some inter-
esting optical properties. Using the Drude model for the free electrons, the overall die-
lectric function (relative permittivity) of a metal particle, that contains both the free 
electron and bound electron contributions, can be written as: 

( ) ( ) ( )
ω

ε ω ε ω ε ω ε ε ε
ω ωγ

= + = + = +
+

2
p

bound free bound 2' ''
i

 

(2.18) 
where ω  is the frequency of incoming light, ε '  and ε ''  is the real and imaginary part 
of permittivity, respectively, ωp  is the plasma frequency and γ  is the damping constant, 

which is affected by size effects at low particle sizes. We will now investigate the effect 
of particle size (diameter, d ) on the permittivity and refractive index of gold (Au) nano-
particles. Au has an electron mean free path of ~ 40  nm 74 and its selection was based 
on its effective visible light absorption (recall the Lycurgus cup and also see Chapter 3 
and Appendix A for the rationale behind choosing Au). 

Figure 2.13 Real and imaginary parts of Au permittivity, ε , vs wavelength of light, λ , 
for bulk Au (––– and –––), and Au nanoparticles of diameter, =10d  nm (· · · and · · ·) 
and = 3d  nm (– – – and – – –). 
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Figure 2.13 shows plots of the real (left axis) and imaginary (right axis) parts of ε  for Au, 
vs wavelength of light, λ , in the cases of bulk Au as well as for small particle sizes, d , 
smaller than the mean free path (the relation between ω  and λ  is: ω π λ= 2 /c , where 
c  is the speed of light). From Figure 2.13 one can see that at optical frequencies, 

ε ε ε ε= << =Im( ) '' ' Re( ) , or in other words, based on equation (2.17), the imaginary 
part of the refractive index is very large. A reduction in d  strongly affects ε ''  by increas-
ing its magnitude. Furthermore, in contrast with dielectrics (such as glass, polymers), 
which have a purely real and positive permittivity, Au has a highly negative real part, ε '
, meaning that that its free electrons oscillate out of phase with the imposed electric 
field. This means that the majority of impinging photons get reflected at the metal–die-
lectric interface. This can be proven based on the Fresnel equation, according to which 
the reflection coefficient is given by ( ) ( )− +1 2 1 2/n n n n , where the indices 1 and 2 stand 
for dielectric and metal, respectively. For real 1n  and imaginary 2n , the reflection coef-
ficient should be equal to unity, therefore most of the incident light on a metal should 
be reflected. The large imaginary part of the refractive index also results in low penetra-
tion depths for light, called the skin depth,71 which is why one can design an ultra-thin 
material system based on noble metals. How we can change from a purely reflective 
behavior into an absorptive one, which is mandatory if we want to heat up a surface, 
will be discussed in the following sections. 

2.3.2. Metal–dielectric nanocomposites: effective medium theories 

 Up to this point, we investigated the optical properties of bulk noble metals 
and isolated metal nanoparticles. In an attempt to create interesting properties that go 
beyond metals, one can make metal–dielectric nanocomposites. The first and seemingly 
easiest approach is to design a system consisting of alternating periodic layers of a metal 
and a dielectric. The thickness of each layer has to be much smaller than the wavelength 
of incident light in order to describe the system with homogenized parameters. The op-
tical properties of layered structures can be predicted by means of the transfer matrix 
method, in which a propagation matrix accounts for light propagation through each 
layer.75 In each layer, part of the incident light can be reflected, absorbed or transmitted. 
However, implementation of this method requires accurate knowledge of the (complex) 
refractive index of each layer, which due to lack of data and size effects in thin layers, is 
often impractical. Also, practical fabrication limitations, such as interfacial roughness 
when depositing layers, dewetting of metals and impurities render the fabrication of 
such a system a tedious and time-consuming process. 
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 An alternative approach is removing all well-structured building blocks and re-
placing them by randomly structured media, arranged in a disordered manner, while 
keeping the unit sizes well below the wavelength of light, leading to a microscopically 
heterogeneous, macroscopically uniform system. This is the effective medium approach. 
Two major theories exist for the homogenized, “effective” optical properties of such 
nanocomposites, the Maxwell-Garnett theory and the Bruggeman theory. Once again, a 
good proxy to the optical properties is permittivity, ε . Keeping the notation introduced 
before, using 1 for the dielectric and 2 for the metal inclusions, the effective permittivity 
of the system, according to the Maxwell-Garnett approach, is given by: 

ε ε ε εε ε
ε ε ε ε

    − −
= + −    

+ +     
2 1 2 1

eff 1
2 1 2 1

1 2 / 1
2 2

f f  

(2.19) 
where ε1  and ε2  is the permittivity of the dielectric and metal, respectively, and f  is 
the volume fraction of the metal, the so-called volume filling factor. This theory assumes 
that we have a clear distinction between the metal (inclusions) and the dielectric (host), 
treating them in an asymmetrical manner, which is why it is only valid for <<1f . An-
other theory, which is derived by setting the spatial electric flux deviation in the nano-
composite equal to zero, comes to solve this problem. According to the Bruggeman for-
mula: 

( ) ( ) ( ) ( ){ }ε ε ε ε ε ε ε= − + − ±  − + −  + 
2

eff 1 2 1 2 1 2
1

2 3 3 1 2 3 3 1 8
4

f f f f  

(2.20) 
The sign of this equation is chosen so that the imaginary part of εeff  remains positive.76  

 Figure 2.14 shows plots of the real and imaginary parts of εeff  as a function of 
λ  for various fill factors, ∈[0,1]f , for a Au–TiO2 nanocomposite (see Appendix A for 
more information on the selection of the dielectric), based on Bruggeman’s formula in 
equation (2.20). We can see that ( )εeffRe  generally decreases with increasing f . For 
low f , ε ≈ 2

eff n , where n  in this case is the refractive index of TiO2, while for large f  
the nanocomposite behaves similarly to pure Au. The most interesting part of Figure 
2.14, though, is the imaginary part of permittivity, ( )εeffIm . We notice that for = 0.2f
, ( )εeffIm  increases dramatically compared to TiO2; in fact, even for 20% Au, the permit-
tivity of the nanocomposite already mostly exceeds the permittivity of Au nanoparticles 
in the broad wavelength range of 400–1200 nm. Starting from the opposite side in terms 
of concentrations, we observe that for ≈1f , ( )εeffIm  resembles the permittivity of 
bulk Au. Interestingly, when ≈ 0.4f , ( )εeffIm  becomes so large and broadband that it 
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exceeds the permittivity of all other concentrations, and definitely the permittivity of 
gold itself. 

 

Figure 2.14 (a) Real and (b) imaginary parts of effective permittivity, εeff , vs wavelength 
of light, λ , for a nanocomposite consisting of Au and TiO2, for different Au volume filling 
factors, f , ranging from 0 (pure TiO2) to 1 (pure Au). 

 This is because of the expected broadband resonance as one keeps packing metal na-
noparticles while keeping them apart. At some concentration, one will have the maxi-
mum amount of separated nanoparticles, randomly embedded in the dielectric. This is 
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the so-called percolation threshold, an outcome of simple geometry, which can easily 
be proven to be at = 0.33f  for a bulk nanocomposite and at = 0.5f  when we approach 
a 2D geometry. For f  beyond the percolation threshold, the nanocomposite behaves 
more like a metal. It is exactly the high ( )εeffIm  close to the percolation threshold that 
explains why one can use metal–dielectric nanocomposites to construct metasurfaces 
with very low thickness and very high and broadband absorbance, as will be also dis-
cussed later. 

2.3.3. Light-to-heat conversion with metasurfaces 

 In the previous sections, we discussed the optical properties of noble metal–
dielectric nanocomposites and their unique property of extremely high ( )εeffIm  over a 
very broad wavelength range, including the whole visible spectrum. However, one first 
needs to understand the mechanism of light-to-heat conversion in such homogenized 
media on a unit cell level in order to realize how electromagnetic radiation from light 
can be absorbed and turn into heat, expressed as a temperature increase in a single 
metal nanoparticle, which is surrounded by the host medium. 

 Let us assume a single metal particle embedded in a dielectric. Considering a 
simplified band structure of metals, there are two energy states, 1E  and 2E , below and 
above the Fermi level, FE , respectively. The difference between these two energies is 
too large to be simply supplied by a photon, requiring a phonon or imperfection. If or 
when a state transition from 1E  to 2E  occurs, two “hot” carriers are generated, an elec-
tron and its corresponding hole, in order to maintain electroneutrality. As nanofabrica-
tion methods continue to evolve and the number of defects gets reduced, other mech-
anisms become dominant. The first of those is a momentum-conserving mechanism, 
electron–electron scattering, with which two electrons transition from energy states be-
low FE  to states above it. This mechanism is highly frequency-dependent, as higher pho-
ton energies result in an increased number of electron–hole pairs.77 The second mecha-
nism is Landau damping, and it is the dominant dissipation mode in very thin metal struc-
tures, resulting in a significant broadening of surface plasmons (coherent electron oscil-
lations at the interface between two materials). Landau damping is the outcome of en-
ergy quantization in the individual electron energy levels and electron-hole pairs.78 Fi-
nally, all metals exhibit band-to band transitions in the vicinity of FE , leading to absorp-
tion. The band-to-band transition wavelength for Au is below 600 nm, which is the wave-
length of yellow color, which is why bulk Au appears yellow. This last mechanism, in 
combination with Landau damping, are dominant in Au at optical frequencies. Once light 
energy has caused the generation of hot carriers and led to light absorption, this excess 
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energy must be dissipated, which can happen with two thermalization mechanisms. The 
first is electron–electron scattering, which happens within a timescale of < 1 ps. The 
second is equalization of the electron temperature with the lattice temperature, which 
takes place in ~100 fs.77 

 Up to this point, we realized how single metal nanoparticles interact with light 
and heat up. Now, classical heat transfer theory can be employed to estimate the mag-
nitude of the heating effect analytically at this single nanoparticle (NP) level. The local 
temperature increase around a single nanoparticle can be calculated as:79 

( ) π
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(2.21) 
where r  is the distance from the center of the NP, Q  is heat generation within the NP, 

npV  is the nanoparticle volume and 0k  is the thermal conductivity of the surrounding 

medium. Assuming that the size of the nanoparticle is much smaller than λ , Q  is given 
by:80 
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where 0E  is the electric field amplitude of incident light, and ε1 , ε2  are the permittivi-
ties of the dielectric and metal, respectively. We can now calculate the maximum tem-
perature increase, which occurs at = NPr R , where NPR  is the nanoparticle radius, com-
bining equations (2.21) and (2.22): 
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(2.23) 
where 0I  is light intensity.79 Equation (2.23) leads to two important findings. Firstly, 

∆ ∝ 2
NP,max NPT R , or in other words a high temperature increase is possible when one in-

creases the particle size (in the ideal scenario of different particles having the same per-
mittivity). Secondly, there is dependence of ∆ NP,maxT  on ( )ε2Im , which – as we discussed 

before – is very large in the case of Au–dielectric nanocomposites. Let us take, for ex-
ample, the permittivity value of an Au nanoparticle with =NP 50R  nm and TiO2 as its 
surrounding medium, at λ = 600  nm. For =0 7.5k  W m-1K-1 (thermal conductivity of 
TiO2) and a nominal power density  of 1 sun ( =0 1000I  W m-2, we have 

−∆ ≈ 5
NP,max,50nm 10T  °C, while if we take smaller nanoparticles, with =NP 5R  nm and 1.5 

nm, we have −∆ ≈ 7
NP,max,5nm 10T  °C and −∆ ≈ 8

NP,max,1.5nm 10T  °C, respectively. The important 
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message through this discussion is that having isolated Au nanoparticles is not enough 
for heating with sunlight. One needs more heat sources next to each other. 

 One question remains to be answered now, especially based on the last find-
ing that isolated nanoparticles do not provide enough heating. This is: how much does a 
Au-based nanocomposite absorb? For simplicity and to avoid the more time-consuming 
way of solving Maxwell’s equations, we will assume that we have a weakly attenuating 
medium. According to Beer’s law, the light intensity, I , coming out of a material layer is 
related to its thickness via the following equation:71 

( )α= −0 expI I z  

(2.24) 
where ( )α π λ= 4 Im /n  is the attenuation coefficient. Therefore, light transmittance is 
given as ( )α= − = − −01 / 1 expT I I z . Assuming that the nanocomposite is in contact with 
air, reflectance can be calculated as: 

− =  + 

21
1

n
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(2.25) 
Energy conservation dictates that absorbance, A , should be equal to − −1 T R . Figure 
2.15 shows plots of A  vs composite thickness, z , for various volume fill factors, f . 

Figure 2.15 Light absorption, A , vs nanocomposite thickness, z , for a nanocomposite 
consisting of Au nanoparticles with diameter of 10 nm and TiO2, for different Au volume 
filling factors, f , ranging from 0.2 to 0.7. The calculations are for constant light intensity 
across the wavelength range of 400–1200 nm. 
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 The important take on message from Figure 2.15 is the one can absorb a sig-
nificant fraction of the incident light within a nanocomposite layer of tiny dimensions. 
Furthermore, for the nanocomposite with optimum f , meaning that ( )Im n  is large 
over a broad wavelength range, one can expect the highest absorption level at any thick-
ness. Further increasing f  beyond the percolation threshold negatively affects A , start-
ing to resemble the case of reflective pure Au. Definitely, the results of Figure 2.15 
should be interpreted with caution, due to the number of assumptions made to extract 
them. It is highly suggested that one – instead – follows the rigorous approach of – nu-
merically – solving Maxwell’s equations using commercially available software and the 
finite time domain method. All in all, with this simple analysis, one can realize the power 
of nanocomposites in manipulating light in a lossy but very effective manner, paving the 
ground towards ultrathin unobtrusive coatings which can be used in multifunctional sur-
faces. Figure 2.16 shows a schematic representation of the function of such a nanocom-
posite, which we term “metasurface”, through light-enabled collective electron oscilla-
tions and dissipation. 

Figure 2.16 Heating in the nanoscale with light through metasurfaces. 
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 Abstract 

 Inhibiting ice accumulation on surfaces is an energy-intensive task and is of 
significant importance in nature and technology where it has found applications in wind-
shields, automobiles, aviation, renewable energy generation, and infrastructure. Exist-
ing methods rely on on-site electrical heat generation, chemicals, or mechanical re-
moval, with drawbacks ranging from financial costs to disruptive technical interventions 
and environmental incompatibility. Here we focus on applications where surface trans-
parency is desirable and propose metasurfaces with embedded plasmonically enhanced 
light absorption heating, using ultra-thin hybrid metal–dielectric coatings, as a passive, 
viable approach for de-icing and anti-icing, in which the sole heat source is renewable 
solar energy. The balancing of transparency and absorption is achieved with rationally 
nano-engineered coatings consisting of gold nanoparticle inclusions in a dielectric (tita-
nium dioxide), concentrating broadband absorbed solar energy into a small volume. This 
causes a >10  °C temperature increase with respect to ambient at the air–solid inter-
face, where ice is most likely to form, delaying freezing, reducing ice adhesion, when it 
occurs, to negligible levels (de-icing) and inhibiting frost formation (anti-icing). Our re-
sults illustrate an effective unexplored pathway towards environmentally compatible, 
solar-energy-driven icephobicity, enabled by respectively tailored plasmonic metasur-
faces, with the ability to design the balance of transparency and light absorption. 

 Introduction 

 Icing is very common in nature and technology, and when not controlled or 
alleviated, it can have very negative consequences in a broad range of applications in-
cluding automobiles,8 aviation,7 power distribution,9 shipping,25 road transportation 
networks,10 buildings,11 wind energy generators24 and photovoltaics.81 The energy re-
quirements, cost and environmental impact of de-icing are surprisingly high. A very com-
mon example from everyday life is automobile windshield defrosting by means of hot 
air, that mandates the function of the engine for up to 30 min in cold climates.82 It is also 
estimated that the global aircraft de-icing market will be worth $1.30 billion by 2020,12 
while the ice protection systems are expected to amount for $10.17 billion by 2021.13 A 
degree of optical transparency is a crucial property in many of these applications,7,8,11,81 
achieved by – often – multifunctional windshields and windows, constituting indispen-
sable architectural elements of commercial and residential buildings.83,84 Several passive 
anti-icing strategies, based on scientifically nano-engineered surfaces,26,85 have been de-
veloped since the late 1990s, including hierarchical superhydrophobic surfaces,15–21 lub-
ricant infused surfaces,22 and liquid infused polymers.23 Their icephobic properties are 
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defined by the nucleation delay, droplet contact time reduction, reduced ice adhesion 
and defrosting time.15–23 While promising and highly desirable, passive approaches are 
to date complementary to active systems such as resistive heaters24 and mechanical 
scraping.25 Such active systems, however, are energy intensive (requiring electricity),86 
their operation is intrusive, have limited optical transparency and working tempera-
ture,26,87 or require replenishment.22,26 What is less explored is harvesting the potential 
of ubiquitous sunlight to impart icephobicity, here through specifically tailored plas-
monic metasurfaces. 

 We show that by using rationally nano-engineered ultra-thin hybrid plasmonic 
metasurfaces, one can concentrate naturally occurring solar energy into a small volume, 
causing a greater than 10  °C temperature increase with respect to ambient at the air–
solid interface, where ice is most likely to form, delaying freezing, reducing ice adhesion 
to negligible levels (de-icing) and inhibiting frost formation (anti-icing). Significant ther-
mal responses can be achieved with transparent metasurfaces, paving the way to a wide 
range of applications where the benefit of icing resistance must be weighed against loss 
of transparency. We realize this by engineering an array of nanoscale noble metal parti-
cles embedded in a dielectric matrix – an approach that is shown to be capable of tuning 
absorption and transparency in a systematic way based on film thickness and is well-
suited for a fundamental study – on industrially and commercially relevant substrates 
(e.g., glass, plastic), for a total film thickness in the sub-micron regime, ensuring maxi-
mum temperature boost. The use of plasmonics in metal–dielectric composites in appli-
cations such as water desalination,88 photovoltaics,89 solar water heating90 and photo-
chemistry89,91 were explored before. Plasmon resonances in metallic nanostructures can 
be damped radiatively (photon re-emission) or non-radiatively via Landau damping,78 
resulting in rapid localized heating of the nanoparticles.89,92–94 Here, exploiting the Lan-
dau damping of hot electrons92 in deeply sub-wavelength gold particles, and incorporat-
ing them in rationally designed metal-dielectric nanocomposite metasurfaces, we show 
that a broadband absorption of solar energy, with adjustable levels of absorption and 
transparency, can be achieved within sub-wavelength films, confined in the surface. We 
demonstrate that such heating can be considerable and under harsh icing conditions it 
can significantly delay frost formation (anti-icing) and lead to the swift removal of ice 
blocks from the surface (de-icing) for several freezing cycles. This is a straightforward 
approach that leverages naturally occurring sunlight to achieve an impressive anti-icing 
and de-icing performance that does not rely on chemicals, mechanical action or electric-
ity, translating into environmental and cost savings and operational facility. 
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 Results and discussion 

 We designed and fabricated plasmonic metasurfaces consisting of closely-
packed, deeply sub-wavelength metal particles, in a dielectric matrix.71,76 For the metal 
and dielectric, we chose gold (Au) and titanium dioxide (TiO2), respectively. Nanoscopic 
gold particles are very effective absorbers of sunlight at their plasmon resonance wave-
lengths. Embedding them in a dielectric matrix, with a volumetric concentration close to 
the percolation limit, leads to a very effective and ultra-broadband absorption. This ab-
sorption is attributed to the significantly increased imaginary part of the effective per-
mittivity, εr,ncIm( )  – equivalently effective electronic conductivity – over an ultra-broad 
spectrum,71 in our designed nanocomposites. The increased conductivity leads to a 
boost in the photoexcited hot carriers,92 which generate heat through Landau damp-
ing.78 The selection of TiO2 as the dielectric is based on previous findings in which high 
absorption levels of over 80% across the visible wavelength range were demonstrated 
in Au–TiO2 thin films. The TiO2 enhances the plasmon resonance of individual Au 
nanostructures and the plasmonic coupling of proximal nanostructures, enabling broad-
band light absorption.95 Other common dielectric materials, such as silicon dioxide or 
Teflon, are also employable, albeit using the high-refractive index TiO2 enables enhance-
ment of the visible light absorption (see Appendix A, section ‘Modeling light absorption’ 
and Figure A.1 for a comparison between TiO2 and other common dielectrics). 

 Based on our theoretical evaluations and experimental results (discussed be-
low), a metasurface composed of gold particles with sizes, d , of ≈ 5  nm, and a volu-
metric concentration, Auv , of ≈ 40% , embedded in a TiO2 matrix, exhibits a high level 
of absorption across the entire visible and near-infrared spectrum, and is the selected 
material system in this study. 

 To realize the nanocomposites, we deposited Au and TiO2 via a layer-by-layer 
sputter deposition process, on fused silica and acrylic (PMMA) substrates. An experi-
mental parametric study by changing the total film thickness ( L ) and the total number 
of deposited layers ( LN ) was conducted for achieving a gold volumetric concentration, 

≈Au 40%v , and a desired level of absorption and transparency. The individual layer 
thicknesses of Au and TiO2 were kept constant at 4.6 and 6.9 nm, respectively. Due to 
the anti-wetting properties of Au, the thin deposited gold layers formed isolated parti-
cles instead of a continuous film, effectively leading to a nanocomposite with sub-wave-
length, highly-absorptive inclusions (see Appendix A, section ‘Modeling light absorption’ 
for the effect of the particle size). LN  was varied from 4 to 44, producing film thicknesses 
ranging from = ±38 2L  nm to = ±270 5L  nm, respectively, including a 15-nm TiO2 top-
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layer that provided identical surface chemistry for all the fabricated samples. To en-
hance film–substrate adhesion, a 2-nm chrome layer was deposited between the sub-
strate and the metasurfaces. 

 Figure 3.1a shows a picture of a plasmonic metasurface fabricated by the 
above procedure ( =L 270 nm). It also details representative cross-sectional and top-
view scanning electron micrographs of the coating. The cross-section consists of layers 
of Au nanoparticles embedded in a TiO2 matrix (shown with arrows). The pitch between 
adjacent Au layers, p , is constant ( = ±11 1p  nm). To analyze the gold particle size dis-
tribution, we acquired a top-view scanning electron micrograph of an Au layer deposited 
on a TiO2 layer (Figure 3.1a, bottom-right; 8-layer metasurface, = 45L  nm, without a 
TiO2 top-layer). Figure 3.1b shows a histogram of the number of Au nanoparticles, N , 
normalized by the total number of particles, 0N , vs their equivalent diameter, d , as-

suming spherical particles. We found that the particle size has a gamma distribution with 
a mean value of 5.4 nm, variance of 2.1 nm and a range of 7.9 nm. The methodology of 
the particle size analysis is described in Appendix A, section ‘Nanoparticle size analysis’; 
see also Figure A.2. In Figure 3.1c, the transparency of the metasurface (here, = 60L  
nm) relative to a control sample is demonstrated. The metasurface was placed on top of 
a printed logo and illuminated with white light on the back side. Figure 3.1d shows the 
normalized light absorption spectra,  , vs wavelength of light, λ , for four metasur-
faces with =L 38 nm, 60 nm, 95 nm, and 270 nm (wavelength range of 400–800 nm). 

The mean absorption can be calculated as: ( ) ( )
λ

λ

λ λ λ λ
 

= − 
  
∫
max

min

max min/d  , where 

λ =min 400  nm, and λ =max 800  nm. From Figure 3.1d we can see that the metasurfaces 

absorb light broadly across the visible spectrum and have a mean absorption value of 
= 28%, 37%, 63%, and 83% for =L  38 nm, 60 nm, 95 nm, and 270 nm, respectively, 

indicating the tunability of   with L . The broadband absorption is a result of the small 
sizes of the nanoparticles ( λ<<d ) and their collective behavior ( p  and d  are compa-
rable) in the nanocomposite with a volumetric concentration close to the percolation 
limit. Figure 3.1e shows a plot of the normalized transmission spectra,  , vs λ , for the 
same four nanocomposites used in Figure 3.1d. Here we see that for =L  38 nm, 60 nm, 
95 nm, and 270 nm,  =51%, 36%, 15%, and 2%, designating also the tunability of    
with L . Information regarding the individual reflection and transmission spectra can be 
found in Appendix A, section ‘Optical spectroscopy’ and Figure A.3. Figure 3.1f shows 
the spectra of the absorbed, ⋅ rI , and transmitted, ⋅ rI , sunlight (standard solar ir-
radiance at sea level) vs λ , for the partially transparent metasurface with = 60L  nm. 
Also shown is the reference standard solar irradiance, rI  ( = 0%  and =100% ). This 
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nano-engineered metasurface exhibits a good balance of transparency and absorption, 
all within a deeply-subwavelength film. 

 

Figure 3.1 Characterizing the topography and optical properties of the plasmonic 
metasurfaces. (a) Macroscopic (top-row) and microscopic (bottom-row) images of a 
metasurface; cross-sectional (bottom-left; = 270L  nm, =11p  nm) and top-view (bot-
tom-right; = 45L  nm) micrographs of the metasurface. Bright regions ( = 45L  nm, ob-
tained with backscattered and secondary electrons) correspond to gold nanoparticles. 
The volumetric concentration of gold is ≈ 40% . Sample surface is 18 mm by 18 mm. (b) 
Relative frequency of gold nanoparticles, 0/N N , vs nanoparticle diameter, d  (sample 
properties: = 45L  nm, =11p  nm). (c) Demonstration of the transparency of the 
metasurfaces (here, = 60L  nm), vs a control sample, placed on a printed logo and under 
white backlight illumination. (d) Normalized absorption,  , and (e) normalized trans-
mission,  , vs wavelength of light (400–800 nm), λ , for films with varying L : 38 nm (• 
• •), 60 nm (–––), 95 nm (• – •), and 270 nm (– – –). (f) Absorbed, ⋅ rI  (–––), and trans-
mitted, ⋅ rI  (–––) , sunlight (standard solar irradiance), vs λ , for a metasurface (
= 60L  nm) and reference sample ( = 0% , =100% , – – –). Scale bars: (a) top-row, 

5 mm; bottom-left, 50 nm; bottom-right, 30 nm; (c) 2 cm. 

 Figure 3.2a shows a schematic of the experimental setup we used to charac-
terize the temperature change of the nano-engineered metasurfaces (deposited on 
glass substrates) due to visible light illumination. For illumination we used a halogen light 
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source, which we collimated and focused on the metasurfaces. (See Appendix A, section 
‘Thermography’ and Figure A.4 for further information on characterizing plasmonically 
enhanced light absorption heating.) The temperature increase in the metasurface rela-
tive to ambient, ∆T , was measured with a high-speed infrared camera (spectral range 
of 1.5 to 5.1 μm). The focused light diameter, D , was ±6.0 0.3 mm and the power den-
sity, P , was ±2.4 0.2  suns (kW m-2). We used a mechanical shutter to rapidly control 
illumination. Figure 3.2a (inset) also shows the spectrum of the broadband light source 
used in this study. Figure 3.2b shows ∆T  vs time, t , for the four samples with different 
values of   (28%, 37%, 63%, and 83%). Time-zero was when the metasurface was first 
illuminated. Here, ∆T  was measured at the center of the illuminated area on the sur-
face. It is clear that all metasurfaces exhibit an appreciable change in temperature due 
to visible light illumination, valid even for the highly transparent metasurfaces. We also 
note that there are transient and steady-state regimes for ∆T . ∆T  vs t  curve is also 
shown for the reference sample (uncoated glass substrate). Figure 3.2c shows the cor-
responding spatial distributions of ∆T  for the four metasurfaces at =180t  s (steady 
state). The boundary of the illuminated area is marked with a dashed circle, and it is 
evident that the maximum value of ∆T  occurs at the center of this area and that heat 
diffuses well beyond the illuminated area. 

 The time to steady state is controlled by the characteristic length, 
( )= −C 2 / 2L L D , and the substrate thermal diffusivity, α , where 2L  is the side-length of 

the square sample. This time can be estimated as α2
C /L . Substituting appropriate values 

yields ( ) ≈2 2 -16 mm / 0.43 mm s 84  s, which is comparable to the order of magnitude of 

the experimentally determined time ( ≈100  s). The temperature increase at the surface 
of the sample is determined by light irradiance and absorption as well as heat losses due 
to conduction (in the film and substrate), convection (in the surrounding air), and radia-
tion (to the surrounding environment); see Appendix A, section ‘Heat Transfer’ and Fig-
ure A.5 for a detailed analysis on the above. In summary, to understand the relative 
importance of convection and radiation on determining the steady-state value of ∆T , 
we solved for the temperature distribution (sample with = 37% ) in a two-dimen-
sional semi-infinite plate immersed in a gas that had a heated gas–substrate interface 
and an adiabatic condition on its bottom interface. The boundary condition at the inter-
face was modified to account for radiation losses. We fixed a value of emissivity ( ε ≈ 0.8
), based on the infrared measurements of ∆T , and varied the position of ∞T  (aspect 
ratio of 1 2/L L ) until ∞−sT T  (the temperature difference between the gas–substrate in-

terface and the gas very far away) matched our experimentally determined value of ∆T
. Based on the steady-state value of ∆T  that we measured, we have determined that 
the percentage of cooling due to radiation is a mediocre 4% of the amount of heat 
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provided by illumination, but it can also exceed 25% in certain cases and metasurfaces 
(see Appendix A, section ‘Heat Transfer’). To understand the importance of natural con-
vection on cooling, we computed the Rayleigh number, ( )β να= ∆

1

3
1 /LRa g TL , where g  

is the acceleration due to gravity, β  is the expansion coefficient ( 1 / T  for an ideal gas), 
and ν  is the kinematic gas viscosity. Below and above a critical value of 

1LRa , 

=c 1708Ra ,96 heat transfer is in the form of conduction and advection (convection and 

conduction), respectively. Substituting appropriate values, we see that the value of  

1LRa  in this case is −⋅ 37 10  ( −≈ ⋅
1

37 10LRa  for ∞ =23T  °C, ≈ 2.4P  kW m-2, = 37% , 

∆ ≈ 7T °C, −≈ ⋅ 2
1 2 1.2/ 10L L , ν −= ⋅ 51.57 10  m2 s-1, α −= ⋅ 622.07 10  m2 s-1, =1 212L  μm, 

β −= ⋅ 33.38 10  K-1, = 9.81g  m s-2).97 Therefore, due to the fact that <
1 cLRa Ra , we con-

clude that heat transfer through conduction is the dominant mechanism and natural 
convection can be neglected. 

 

Figure 3.2 Characterizing the heating behavior of the plasmonic metasurfaces (fused 
silica substrate) due to visible light exposure. (a) Schematic of the setup used to char-
acterize the thermal response of the metasurfaces due to illumination: 1, collimating 
lens; 2, mechanical shutter; 3, silver mirror; 4, beam splitter; 5,6, focusing lenses; 7, 
CMOS camera; 8, sample holder; 9, sample. The spectrum of the broadband light source 
(–––) is shown in the inset. (b) Temperature change, ∆T , vs time, t , for metasurfaces 
with varying values of   (28% • • •; 37% –––; 63% • – •; 83% – – –) and a control substrate 
(–––) after illumination ( ≈ 2.4P  kW m-2); time-zero is defined as the moment that the 
mechanical shutter was opened. (c) Spatial distribution of ∆T  at steady state (t = 180 
s). The dashed circle represents the illuminated area, with a diameter of ≈ 6D  mm. 
Scale bar: (c) 2.5 mm. 

 Figure 3.3a shows a schematic of the experimental setup used to investigate 
the effect of illumination (halogen lamp; = ±6.0 0.3D mm, = ±2.4 0.2P  kW m-2) on 
film–ice adhesion (de-icing), on each metasurface, which was held in place by a holder 
on an x-y piezo stage. A hydrophobic cylinder (inner radius of =1.5R  mm), filled with 



37 
 

Metasurfaces leveraging solar energy for icephobicity 

water, was placed on top of it, concentrically to the illuminated area. The experiments 
took place at = −4T  °C: a pin connected to a piezoelectric force sensor was initially 
pressed at the base of the frozen ice cylinder parallel to the x-axis inducing a shear stress, 
τ yx . (The value of τ yx , τ = ±90 5yx  kPa, was selected to be close to, but less than, the 

mean ice adhesion strength of a PVDF-coated substrate, ±131 19  kPa; 3 experiments, 
in order to prevent premature detachment of the ice cylinder.) Illumination was 
switched on with a mechanical shutter at = 0t  and τ yx  vs t  was recorded. The temper-

ature of the chamber was controlled by flowing cold nitrogen gas. All the samples were 
coated with a thin PVDF top-layer prior to the experiments, to ensure identical wetting 
properties (see Methods for details). The PVDF protective films exhibit very high optical 
transparency due to their sub-micron thickness. Moreover, they can act as single-layer 
anti-reflection coatings. This can be clarified by considering the relationship 

=
2ar air TiOn n n , where arn  is the refractive index of the single-layer anti-reflection coat-

ing, ≈air 1n  is the refractive index of air and ≈
2TiO 2.5n  is the refractive index of the 

enclosing TiO2 layer of the metasurface in the visible wavelength range. This leads to the 
desired refractive index of the anti-reflection coating of ≈ar 1.6n , which is close to the 
refractive index of PVDF, ≈PVDF 1.35n .95 Therefore, upon top-side illumination, we ex-

pect that the PVDF layer decreases the reflectivity on the top side of the surface, thus 
boosting the level of absorption and the plasmonic heating. This was also confirmed ex-
perimentally for a PVDF-coated partially-transparent metasurface with ≈ 60L  nm, re-
sulting in = 41% , vs = 34%  for the same uncoated metasurface (see Appendix A, 
section “Optical spectroscopy” and Figure A.3 for the effect of the protection layer on 
the absorption, reflection and transmission of the metasurfaces). In our experiments, 
though, where bottom-side illumination is used, since the incident light does not pass 
through the PVDF layer before impinging on the metasurface, the levels of absorption 
and the plasmonic heating should not change considerably in the presence of the PVDF 
top-layer. 

 Figure 3.3b shows a plot of τ yx  vs t  for the illuminated metasurface (

= 37% , blue line) and control (black line) samples, for several de-icing cycles. The 
gray and blue shaded regions surrounding the blue (metasurface, 9 experiments) and 
black (control, 3 experiments) lines, respectively, are the minimum and maximum values 
of τ yx  observed during the experiments. Two regimes appear for the metasurface: al-

most constant τ yx  (prior to illumination) and sharply decreasing τ yx  (during illumina-

tion) until reaching the minimum measurable stress ( ±2.5 1.0  kPa). For the control case, 
there is only one regime with constant τ yx . Figure 3.3c shows boxplots of de-icing times 

(i.e. time elapsed from > 0P  kW m-2 until τ ≈ 0yx ), dt , vs  , at = −4T  °C. The mean 

de-icing times were ±394 211  s, ±264 80  s, ±76 18  s and ±34 11  s, for metasurfaces 
with = 28%, 37%, 63% and 83% respectively. From the graph, it is evident that there 
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is an order of magnitude decrease in the de-icing time by increasing the amount of solar 
energy that is absorbed (metasurfaces with =28%  vs = 83% ). For more infor-
mation on the setup and calibration process of the force sensor, see Appendix A, section 
‘Ice adhesion setup’ and Figure A.6. In the above, complete de-icing was achieved in all 
cases, which we attribute to the formation of an intervening melt layer at the surface. 
We ascribed the de-icing time, dt , and the gradual reduction of τ yx  with time to the 

formation of a melt layer at the center of the ice–film contact area (warmest region) and 
subsequent radial outward propagation of the phase boundary towards the edge (cold-
est region). For considerations on the effect of viscous and capillary forces in resisting 
the ice–block motion, which we found to be insignificant relative to ice adhesion, see 
Appendix A, section ‘De-icing analysis’. 

 

Figure 3.3 Effect of visible light illumination on surface–ice adhesion. (a) Schematic of 
the setup used for measuring ice adhesion: 1, visible light illumination path, same as in 
the infrared temperature measurements; 2, glass window; 3, piezo-stage and sample 
holder; 4, sample; 5, non-wetting ice cylinder, with an inner radius of =1.5R  mm; 6, 
piezoelectric force sensor (0–2 N, in-house calibration) and force transfer pin; 7, cold 
nitrogen vapor inlet. (b) De-icing curve (shear stress, τ yx , vs time, t ) of the sample with 

= 37%  (–––). At = 0t  the sample was illuminated. The corresponding τ yx  vs t  of a 

control sample (–––) is also shown. The shaded areas show the minimum and maximum 
of the experimental measurements. (c) Boxplots of de-icing time, dt  (time from maxi-

mum ( )τ π≈ 2
max /yx F R  to noise level), vs mean absorption,  , of the metasurfaces. The 

substrate was fused silica. 

 Figure 3.4a shows the cold chamber – integrated with the visible light illumi-
nation system – that was used to characterize the plasmonically enhanced light absorp-
tion heating in a partially transparent metasurface ( = 37% , = 60L  nm) at sub-zero 
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temperatures. For this part of the work, we chose to deposit the metasurface onto a 
thermally insulating substrate, poly(methyl methacrylate) (PMMA, =s 0.2k  W m-1 K-1, 
=1l  mm), in order to minimize thermal losses due to conduction. Both the control and 

metasurface were coated with a thin layer of PVDF (transparent) to ensure that the sur-
face chemical composition is similar. 

 Next, we characterize the freezing behavior of a single supercooled water 
droplet on the illuminated control and metasurface. We ran the experiments by first 
placing the coated substrate on the sample holder. Then, we turned on the light source 
and focused it on the metasurface ( ≈ 6D  mm, ≈ 2.4P  kW m-2). Boiling liquid nitrogen 
was then flowed throughout the chamber to cool it down. We continuously measured 
the environmental gas ( 1T ) and surface ( 2T ) temperatures. To run the droplet freezing 
experiment, we first set ≈ −1 26T  °C. Then, a single water droplet, initially at room tem-
perature, was deposited on the substrate at the center of the illuminated spot. Figure 
3.4b–c shows representative side-view image sequences of a water droplet on a (b) con-
trol and (c) metasurface cooled down at a rate of ≈1  °C min-1, until spontaneous nucle-
ation and freezing. This transition is characterized by a sudden change from a transpar-
ent to opaque droplet state (recalescent freezing98). Also indicated are the time, t , and 

1T . Time-zero was considered as the time moment at which the droplet is in thermal 
equilibrium with the environment (to ensure that, we waited ≈ 5  min after droplet 
placement and the light was switched on). The change in droplet volume during the ex-
periments was relatively small and we estimated it to be < 5%  h-1. We define the envi-
ronmental gas temperature just prior to freezing as *

1T . The metasurface freezes at a 
much lower *

1T  compared to the control ( = 910t  s, = −*
1 48T  °C, vs = 230t  s and 

= −*
1 33T  °C). Figure 3.4d shows a plot of 2T  vs 1T  for the control (—) and metasurface 

(- - -). We see that the metasurface has a significantly higher temperature relative to the 
control case for a range of sub-zero temperatures (-53 to 30 °C). Figure 3.4e shows a plot 
(calibration curve) of *

1T  vs sample type (metasurface and control). For the control and 
metasurface, we measured *

1T  to be − ±34 2  °C (16 experiments) and − ±47 3  °C (14 
experiments), respectively. It is clear that there is a significant difference in *

1T  for the 
two cases – which has equally significant implications in the freezing delay time (ex-
plored next) – that we can clearly attribute to the heating effect due to illumination. 



40 
 

Metasurfaces leveraging solar energy for icephobicity 

 

Figure 3.4 Nucleation temperature of illuminated droplets. (a) Schematic of the envi-
ronmental chamber used: 1, visible light illumination path; 2, glass window; 3, sample 
holder; 4, sample; 5, cold nitrogen vapor inlet; 6, CMOS camera. Two temperature sen-
sors measured the gas ( 1T ) and sample ( 2T ) temperature. The illumination power den-
sity was ≈ 2.4P  kW m-2. Side-view image sequences of water droplets on a (b) control 
and (c) metasurface ( = 37% ) cooled down at a rate of ≈1  °C min-1; the final frames 
are when the droplets spontaneously nucleated and the second stage of freezing was 
progressing. The chamber gas temperature, 1T , is also shown. (d) Calibration curve: 
metasurface temperature, 2T , vs gas temperature, 1T , in the case of the control (–––) 
and metasurface (– – –). (e) Gas temperature at the moment of freezing, *

1T , vs sample 
type (control and metasurface). The substrate was PMMA. Scale bar: (b)–(c) 3 mm. 

 To understand the significance of these results, we can use the classical nucle-
ation theory.16,66 We term the supercooled water droplet temperatures on an illumi-
nated control and metasurface as d,0T  and dT , respectively. If we assume that ≈ ,2 d 0T T  
and ≈ d2T T  on the respective samples, and we set ≈ −1 34T  °C, then we have 

= −d,0 26T  °C and = −d 20T  °C (from the calibration curve). In the case of the control 
sample, = −d,0 26T  °C is the spontaneous nucleation temperature, NT . The difference in 
droplet temperatures is then defined as ∆ = −d d,0T T T . Previously, it was shown that 

( )∆ ∝ 10 avlogT t , where avt  is the average time required for ice to nucleate in a super-
cooled droplet when the droplet is maintained at thermal equilibrium with its surround-
ings;16 therefore, for a six degree temperature difference, one can expect a six orders of 
magnitude increase in avt  for the metasurface relative to the control case, which is as-
sociated with a very pronounced freezing delay. See also Appendix A, section ‘Frosting 
characterization’, Figure A.7 and Figure A.8 for frosting experiments in harsh environ-
mental conditions: ambient humidity and high heat flux to the substrate. 

 Next, the defrosting potential of the partially transparent metasurfaces is in-
vestigated. Figure 3.5a–b shows an image sequence of a (a) frosted control sample and 
(b) metasurface ( = 37%) samples (substrate: PMMA, =1l  mm) in a cold dry 
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environment ( = −1 16T  °C to −15  °C) that are illuminated with a halogen lamp ( ≈ 2.4P
kW m-2) for ≤ ≤0 600t  s. Figure 3.5a shows that the frost on the control sample is un-
affected by illumination, while Figure 3.5b shows that the metasurface is completely 
defrosted at the illuminated area by =140t  s. To eliminate the effects of surface com-
position on frost growth, both the control and metasurface were coated with a thin layer 
of PVDF. Frost was grown on both samples under identical environmental conditions 
and for the same duration, ensuring similar frost thicknesses. Due to the lower thermal 
conductivity and increased thickness of the PMMA substrate relative to the glass, we 
should expect that heat transfer into the sample holder should be minimized. Further-
more, we note that there is an insulating frost layer on top of the sample; therefore, one 
should expect a higher steady-state temperature increase in the illuminated metasur-
face, allowing defrosting to occur in-spite of the relatively cold surrounding environ-
ment. 

 

Figure 3.5 Light-induced defrosting. Angled-view image sequences of frosted PVDF-
coated (a) control and (b) metasurface ( = 37% ) samples that were illuminated with 
a halogen lamp ( ≈ 2.4P  kW m-2) for < <0 600t s. At = 0t s and = 600t s, the samples 
were in ambient light conditions, revealing the frost before and after illumination. The 
chamber gas temperature, 1T , is also shown. The substrate was PMMA. Camera tilt an-
gle was ≈ 25 °. Scale bar: (a)–(b) 4 mm. 

 Conclusions 

 In closing, we showed that with rationally designed hybrid metamaterial films 
that balance transparency and absorption, extreme icephobic surface performances can 
be achieved. Such films, here nanocomposites of gold and titanium dioxide, exhibit 
broadband visible light absorption, while being sub-wavelength thin, enabling localized 
ice melting at the film–ice interface. The plasmonically enhanced light absorption heat-
ing induced a temperature increase greater than 10 °C, compared to a control surface, 
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for rapid de-icing within 30 s. Furthermore, we achieved a 6 °C decrease in the sponta-
neous nucleation temperature (resulting in ≈ 6  orders of magnitude increase in droplet 
freezing delay at -32 °C), and a defrosting time of ≈ 4  min, for a highly transparent 
metasurface ( = 37% , = 36% ). We presented a viable, passive, anti-icing and de-
icing metamaterial platform harvesting the benefit of solar radiation, that can find a 
broad range of applications, especially where transparency is required, including water 
solar heating, automotive industry, residential and commercial buildings and construc-
tion or machinery infrastructure. We believe that although the present approach 
demonstrates both anti-icing and de-icing behavior while maintaining transparency, it 
could be further improved by incorporating other passive icephobicity designs based on 
surface nanoengineering.15–23 

 Methods 

 Substrate preparation. Double side polished, 4-in fused silica wafers ( = 500l  
μm) were sourced from UniversityWafer, Inc. A 5-μm protective photoresist layer was 
spin coated and developed on each wafer, which was subsequently cut into 18 mm by 
18 mm square pieces, using an ADT ProVectus LA 7100 semi-automatic wafer dicer. The 
cut glass substrates were sonicated in acetone for 3 min, in order to remove the photo-
resist, followed by an equal-time sonication in isopropyl alcohol. Finally, they were dried 
in a nitrogen stream. PMMA substrates were prepared by manually cutting a PMMA 
sheet (Schlösser GmbH, =1l  mm) into rectangular pieces ( ≈ 18 mm by 18 mm), remov-
ing the protective membrane and sonicating in water. 

 Adhesion layer and thin film deposition. A 2-nm chrome adhesion layer was 
deposited on the substrates, using an Evatec BAK501 LL thermal evaporator. The multi-
layer structure was then applied layer-by-layer via sputter deposition in argon atmos-
phere, by employing a Von Ardenne CS 320 C sputter tool. An RF field at a power of 600 
W was used at the TiO2 target, while a 50 W DC field was used in the case of the Au 
target. Deposition times were 43 s and 3 s, respectively, at a pressure of 6 μbar. A pre-
sputtering time of 30 s was necessary for stabilizing the plasma and thus the deposition 
rate in the chamber. The first layer was TiO2, followed by Au, and the alternation con-
tinued until the desired number of layers was reached. The deposition time for the TiO2 
top-layer was 72 s. 

 Film characterization. The samples were cleaved after scratching the glass 
substrate with a diamond tip on two opposite sides. Film thickness was extracted from 
cross-sectional images of the metasurface with = 270L  nm (44 layers), taken by a FIE 
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Nova NanoSEM 450 scanning electron microscope, at an acceleration voltage of 2 kV. 
This approach also gave us a visualization of the cross-sectional particle distribution of 
the same metasurface. In the case of the top-view image of the Au nanoparticles (8-layer 
metasurface, = 45L  nm), acceleration voltage was 0.5 kV. For the particle size distribu-
tion (equivalent diameter) analysis of the top-view image, ImageJ and MATLAB software 
packages were employed. Light absorption measurements took place in two steps: the 
optical transmission,  , and reflection,  , spectra of the metasurface were individu-
ally recorded at the same spot on the sample, over the 400–800 nm wavelength range, 
by a UV–Visible spectrometer (Acton SP2500, Princeton Instruments), making the as-
sumption of negligible light scattering. The absorption spectra were obtained by 

= − −1   . Measurements from three different spots per sample were averaged 
to extract the absorption curves in Figure 3.1d and Figure A.3a–d. 

 Polymer protective coating and characterization. A polyvinylidene fluoride 
(PVDF) protective layer was spin coated (Laurell WS-400B-6NPP/LITE) on top of the 
metasurfaces deposited on fused silica substrates, to minimize surface–ice interactions 
and provide mechanical durability. For this purpose, a PVDF solution (4 wt.%) in N,N-
dimethylformamide (DMF) was prepared under rigorous stirring for 2.5 h. After cleaning 
the sample with acetone, under sonication, and isopropyl alcohol, the solution was spin 
coated (30 s at 3000 rpm) onto it, and then it was heated for 3 h at 200 °C, over the 
melting temperature of PVDF, to reduce surface roughness. The supplier of the PVDF 
(beads, Mw ≈ 180,000) and DMF (anhydrous, 99.8%) was Sigma-Aldrich Co LLC. Advanc-
ing and receding water contact angle measurements were performed in a OCA 35 goni-
ometer (DataPhysics), using the inflation/deflation technique (droplet volume of 8–10 
μL), equal to ±86.7 0.9 ° (advancing) and ±73.0 1.3 ° (receding). The respective contact 
angles of a PVDF-coated only control substrate were ±87.9 0.5 ° and ±72.3 0.9 °. In the 
case of metasurfaces on PMMA substrates, a similar process to the ones on fused silica 
was followed, with the differences of only cleaning with sonication in water and heating 
up to 80 °C for 3 h (below the glass transition temperature of PMMA). A 4 wt.% PVDF 
solution in NMP (anhydrous, 99.5%, Sigma-Aldrich Co LLC) was used in this case. 

 Simulation software. MATLAB software suite was used to estimate the imag-
inary part of electric permittivity of our nanocomposite films. The heat transfer simula-
tions were performed numerically in COMSOL Multiphysics Modeling Software. 

 IR thermal response measurements. The transient thermal response of the 
unprotected metasurfaces on fused silica substrate ( = 500l  μm), as well as the one of 
an uncoated reference fused silica substrate, were measured by means of an infrared 



44 
 

Metasurfaces leveraging solar energy for icephobicity 

camera (FLIR SC7500, 1.5–5.1 um), equipped with a 50 mm F/2 lens, within 320 by 256 
pixels (pixel pitch: 30 μm), at a framerate of 50 fps. A visible light illumination source 
(FLEXILUX 600 Longlife) consisting of a 50 W halogen lamp and a 5-mm diameter goose-
neck fiber constituted the power source for the illumination of the samples. Light from 
the bottom side (substrate), was collimated and focused on the top-surface with two 
convex, 2-in lenses, using a Thorlabs monochrome CCD camera (DCC1545M-GL). The 
light spot had a diameter of ±6.0 0.3  mm, corresponding to a maximum power density 
of ±2.4 0.2  kW m-2 (suns), measured with a Thorlabs S301C, 0.19–25 μm power meter. 
For calculating the emissivity of the samples, these were heated up on a hot plate to 
three discrete elevated temperatures, while the hot plate was kept at a low angle (less 
than 5°) with respect to the IR camera lens, in order to eliminate the Narcissus effect. A 
fast mechanical shutter (Melles Griot, 04 IMS 001) was used to cut the illumination on 
and off. The light was switched on at least 15 min prior to the experiments, for stabiliza-
tion reasons. Five experiments were performed per sample, with a recording time of 200 
s. 

 De-icing time and ice adhesion measurements. A home-built, temperature-
controlled, zero humidity chamber was used for the purpose of the de-icing experiments 
under illumination, consisting of: a bronze cooling pipe, where cold nitrogen at -150 °C 
was supplied by a Kaltgas cryogenic cooling system; a piezo-actuated stage made by 
Smaract, consisting of three SLC-1730-S positioners; two 4-wire, class A, RTD tempera-
ture sensors (Pt-1000, class B, Sensirion); a humidity module (SHT30, Sensirion); a A201-
1 piezoelectric force sensor (FlexiForce QuickStart Board, Tekscan); a force transfer pin; 
and finally a 3-mm thick glass window that enabled the de-icing experiments due to il-
lumination. The sensor values were recorded through a custom data acquisition box 
(Beckhoff). A hydrophobic polypropylene cylinder ( =1.5R  mm) was filled with fresh de-
ionized water (EMD Millipore Direct-Q 3) and placed on the sample, which was mounted 
on the stage. The force transfer pin–sample distance was ≈1  mm. A vacuum-insulated 
double shell minimized thermal losses and forced convection inside the chamber was 
enabled with a fan. Humidity levels were kept at zero throughout the experiments, via 
a cold nitrogen recirculation stream. The force vs displacement data were then recorded 
every 50 ms. The maximum ice adhesion strength measurable with this setup for the 
given R  is ≈ 280  kPa. 

 Anti-icing and defrosting experiments. The same chamber as in the de-icing 
experiments was used. A cold nitrogen recirculation stream maintained dry conditions. 
The exposure time of the camera was necessary to be readjusted, due to severe changes 
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in the intensity of incident light, at the following time moments (defrosting experi-
ments): (a) = 0t  s and (b) = 600t  s. In the case, again, of the defrosting experiments 
(control: 3 experiments, metasurface: 3 experiments), frost was grown in ambient hu-
midity conditions, by placing each sample on a cold block, at a temperature of -50 °C, 
for 45 min. Transfer of the frosted sample to the pre-cooled chamber was done in a fast 
manner to prevent melting of the formed layer. 

 Anti-frosting experiments in ambient humidity conditions. An in-house setup 
was prepared for the anti-frosting experiments, consisting of a xenon light source (300 
W 6258 Xe lamp in a 87005 enclosure, Newport), two objectives (4x, 10x) to collimate 
and focus the light on the sample surface, which was vertically mounted on a peltier 
element (38.6 W, PE-127-14-25-S, Laird), a cooling system (SST-TD02-LITE, Silverstone) 
and a Thorlabs CCD camera (DCC1545M-GL). A PID peltier control circuit (TEC-1089-SV, 
TEC Engineering) was used to regulate temperature (measured with a PT-100 type RTD). 
The power density of light on the metasurface was ≈1P  kW m-2. The light was switched 
on for 30 min prior to the experiments for stabilization reasons. Recording framerate 
was 1 fps. The exposed area on the sample was dried with a nitrogen stream prior and 
after every frosting cycle. 
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 Abstract 

 Surface fogging is a common phenomenon that can have significant and det-
rimental effects on surface transparency and visibility. It affects the performance in a 
wide range of applications including windows, windshields, electronic displays, cameras, 
mirrors, and eyewear. A host of ongoing research is aimed at combating this problem by 
understanding and developing stable and effective anti-fogging coatings that are capa-
ble of handling a wide range of environmental challenges “passively” without consump-
tion of electrical energy. Here we introduce an alternative approach employing sunlight 
to go beyond state-of-the-art techniques—such as superhydrophilic and superhydro-
phobic coatings— by rationally engineering solar absorbing metasurfaces that maintain 
transparency, while upon illumination, induce localized heating to significantly delay the 
onset of surface fogging or decrease defogging time. For the same environmental con-
ditions, we demonstrate that our metasurfaces are able to reduce defogging time by up 
to four-fold and under supersaturated conditions inhibit the nucleation of condensate 
outperforming conventional state-of-the-art approaches in terms of visibility retention. 
Our research illustrates a durable and environmentally sustainable approach to passive 
anti-fogging and defogging for transparent surfaces. This work opens up the opportunity 
for large-scale manufacturing that can be applied to a range of materials, including pol-
ymers and other flexible substrates. 

 Introduction 

 The loss of visibility due to surface fogging is a common phenomenon, which 
presents itself in a variety of daily situations, affecting both transparent and reflective 
surfaces, such as windows, windshields, electronic displays, cameras, mirrors and eye-
wear including eyeglasses, safety glasses, ski and scuba goggles, and face masks.6 This 
visibility loss is a result of micro-sized water droplets that nucleate and grow on the sur-
face due to either a sudden increase in relative humidity or a sudden drop in surface 
temperature. These water droplets disperse and reflect the incident light, severely af-
fecting optical clarity. 

 A number of concepts have been studied and implemented to suppress this 
undesirable phenomenon. Temporary passive solutions include surfactants or superhy-
drophilic coatings, both of which increase the relative energy of the surface and shift the 
equilibrium from a plethora of tiny individual droplets to a very thin and continuous 
layer.27,28 In contrast to individual droplets, this thin and continuous water layer does 
not scatter the incident light, and therefore does not interfere as much with the 
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transparent clarity of the surface. Although improvements have been made to render 
superhydrophilic coatings more robust,99 these coatings are more susceptible to con-
tamination due to their increased surface energy33 and are prone to water inundation, 
which can reduce visibility. Research aimed at addressing this concern has concentrated 
on developing zwitter-wettable surfaces, which exhibit either hydrophobic or hydro-
philic properties dependent on the water droplet residence time on the surface.100  

 Permanent passive solutions typically take the approach of implementing su-
perhydrophobic self-cleaning surfaces to remove condensed water droplets from the 
surface. Intricately-engineered superhydrophobicity is here necessary to alleviate na-
noscale condensate that nucleates within the textures and destroys the stability of the 
Cassie–Baxter state and therefore their hydrophobicity property in environments of high 
relative humidity.34,35 Both growing condensate droplets as well as new macroscale 
droplets that come into contact with the surface will be forced into the Wenzel state, 
producing pinned droplets, destroying the desirable superhydrophobic characteris-
tics,101 and thus rendering the surface even more adhesive than an otherwise flat surface 
of same chemical composition.102 There have also been approaches to mitigate the loss 
of hydrophobicity resulting from surface condensate, and therefore render such sustain-
ably hydrophobic surfaces effective for anti-fogging. Many of these approaches, inspired 
by surface features observed on insect eyes and plant leaves, include creating textured 
surfaces whose size and rationalized geometry allows condensate to grow in the Cassie–
Baxter state.29–32 Because the Cassie–Baxter state preserves the droplet mobility, these 
droplets can be easily removed by small external forces, such as wind or gravity. An ad-
ditional and extensively investigated approach is to use the excess energy of coalescing 
droplets, resulting from the reduction in free surface area, to propel themselves off the 
surface.103–107 While both of these approaches enhance the anti-fogging performance, 
they do not reduce the likelihood of the formation of the undesired condensate in the 
first place, which, in particular over time, can have a detrimental effect for certain ap-
plications. 

 To address this challenging problem, we propose a different approach. As in 
recent pathbreaking studies revolving around harnessing light and sunlight for new ap-
plications,108–111 including catalysis, materials synthesis, and desalination,88,112–114 we 
utilize a sustainable solution by means of rationally designed transparent natural sun-
light absorbing surfaces,115,116 hereafter termed as metasurfaces, designed to inhibit the 
heterogeneous nucleation of condensate and also exhibit superior anti-fogging perfor-
mance, while maintaining optical transparency. We begin by showing qualitatively and 
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quantitatively the shortcomings of three different kinds of wetting behavior on a plain 
glass substrate, ranging from superhydrophilic to hydrophobic. Additionally, we show 
that the light-absorbing metasurfaces of the present work enhance evaporation rates of 
already accumulated condensate. To this end, we analyze, both experimentally and the-
oretically, the condensation and evaporation behavior of a single droplet on control sur-
faces and our metasurfaces. This fundamental analysis and discussion provide the moti-
vation to subsequently consider condensation and evaporation of multiple droplets. For 
our metasurfaces, we observe significant reduction in condensate nucleation rate and 
an increased evaporation rate. We believe that this research, as a stand-alone technol-
ogy, as well as in combination with the previously described state-of-art research, will 
lead to more robust and enhanced passive anti-fogging and defogging surfaces. 

 Results and discussion 

 In order to understand and place into perspective the inherently intertwined 
phenomena of visibility diminution and surface fogging for transparent and reflective 
media, we began by investigating the behavior of superhydrophilic (the most common 
state-of-the-art technique to retain visibility), hydrophobic glass, and untreated glass 
with intermediate wetting behavior (θ * ≈ 90°), under exposure to a supersaturated wa-
ter vapor environment. Throughout this study we compare these glass surfaces to our 
sunlight absorbing metasurfaces, made by sputter deposition. This is a flexible coating 
technique that has been demonstrated in a roll-to-roll multilayer process for depositing 
transparent conducting oxides on windows at large-area,117 while its applications also 
extend to highly-controllable metallization118 and deposition of tiny amounts of noble 
metals with subsequent cost reduction.119 By using this coating technique, we fabricated 
a metal-dielectric nanocomposite of gold nanoparticles embedded in titania on glass 
substrates (for more information on the fabrication and characterization of the metasur-
face, see Methods and Appendix C, Figure C.1 and Figure C.4). Figure 4.1a–c shows su-
perhydrophilic, untreated, and hydrophobic glass samples, respectively (see Methods 
for further details on sample preparation and experimental procedure, and Appendix C, 
section “Advancing and receding water contact angles of the tested surfaces” and Figure 
C.1, for contact angle measurements on all samples used in our study). The samples 
were placed on a background consisting of an array of dots, before ( t  = 0 s) and after 
exposure for 10 min ( t  = 600 s) to an environment of supersaturated water vapor (su-
persaturation ( Lp p ) equal to 1.3 where p  and Lp  are the partial and saturation pres-
sure of water vapor, respectively). We used the array of dots as a reference to both 
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qualitatively and quantitatively observe the clarity and distortion caused by condensate 
on the samples upon exposure to supersaturated vapor conditions. 

 Figure 4.1a compares a superhydrophilic glass surface before being exposed 
to supersaturated vapor ( t = 0 s) and after exposure for 10 min ( t  = 600 s) (see Meth-
ods, section “Setup and experimental protocol” for further details). Comparing this to 
the same conditions for untreated and hydrophobic samples in Figure 4.1b–c, respec-
tively, we clearly observe that the superhydrophilic glass retains similar clarity as before 
exposure to supersaturated conditions, while the array of dots under the untreated and 
hydrophobic substrates suffers from significant blurriness due to the microdroplets scat-
tering incident light. This supports the motivation for using superhydrophilic surfaces 
where maintaining transparency is important even when exposed to supersaturated va-
por environments. Although the superhydrophilic glass sample retains the highest clarity 
among the three types of glass, it appears to suffer from distortion, apparent by the 
asymmetry of the array of dots at t  = 600 s. In contrast, this asymmetry is not observa-
ble when inspecting the untreated and hydrophobic samples in Figure 4.1b–c. 

 To quantify our visual observations, we determined the parameters C and δ  
(see also illustration in Figure 4.1d). We quantified C  by measuring the mean intensity 
of each dot, I  ( =25N  dots in total), and normalizing it to the respective mean back-
ground intensity, bI , at = 0t  and = 600t  s (subscripts 0 and t  denote time zero and t

, respectively). We measured the respective intensities by taking the mean grayscale 
value of the pixels in either the dot or the background. We calculated C  per dot at time 
t  by: 

= − 10 t b, 0 b,01 log [( ) ( )]tC I I I I  

(4.1) 
We quantified δ  by measuring the position of each dot, ( ,0 ,0,i ix y ), at = 0t  s and                  (

i, i,,t tx y ), at = 600t  s, and using this to calculate the distance that each of the dots 

moves. We normalized this distance with the mean diameter of the dots, d , yields: 
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(4.2) 
C  and δ  are reported in Figure 4.1e and Figure 4.1f, respectively, as box plots, where 
the values of each box and whisker are made up of six experiments ( = 6n ) and =25N  
dots per experiment for a total of 150 measurements. As expected, Figure 4.1e confirms 
that the clarity of the untreated and hydrophobic glass surfaces is significantly reduced 
when compared to that of the superhydrophilic glass. We attribute the slightly better 
performance of the hydrophobic glass compared to the untreated glass to the reduction 
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in nucleation density of the hydrophobic glass and therefore the reduction in the num-
ber of drops that scatter the light (see Appendix C, sections “Theoretical effect of surface 
wettability on fogging resistance”, Figure C.2, and “Observed effect of surface wettabil-
ity on fogging resistance”, Figure C.3). Furthermore, Figure 4.1f confirms that the distor-
tion in the case of the superhydrophilic sample is considerable, especially when com-
pared to the untreated and hydrophobic samples. An ideal hydrophilic surface should 
produce a perfectly continuous water film across the entire sample; however this is not 
what we observed. We attribute this to the high surface energy of the treated glass, 
making it more susceptible to contamination120 that creates pinning points, acts to break 
up the continuous film, and results in the observable distortion. Even if the surface re-
mained completely clean, additional pinning points from the edges would also create a 
curved water interface at the edges and also result in distortion. In order to quantify and 
compare the overall visibility retention of the three surfaces (superhydrophilic, un-
treated and hydrophobic glass), we introduced a performance factor, ( )δ= −1P C , that 
combines the values of both clarity and distortion. The higher the performance factor 
the better the visibility retention through the sample. We furthered our comparison to 
also consider the performance of our metasurface, assuming it remains condensate free 
(which we demonstate later). Figure 4.1g shows that the untreated glass is the worst 
performer, followed by the hydrophobic surface and the superhydrophilic surface. Fi-
nally, the metasurface achieves maximum performance (100%). It is important to under-
stand that C  does not take total light transmittance through the surface into 
consideration, therefore although our metasurface has a visible light transmittance of 
36% compared to the glass transmittance of ≈ 87% , this does not affect P . We chose 
not to incorporate transmittance into P  because for many applications, a reduction in 
visible light transmittance is a desirable property to optimize user visibility comfort and 
performance. Applications such as car windows, building windows, and sun-protective 
eyewear utilize transmittance ranging from 15-50%,121,122 2-70%,123 and 15-25%,124,125 
respectively. Advantageously, we designed the metasurfaces studied in this work to har-
vest both visible and near infrared light in order to obtain the most efficient anti-fogging 
performance. What is important here is that although the metasurface reduces the sam-
ple transmittance, the maximum clarity and lowest distortion are achieved due to the 
deeply subwavelength gold nanoparticles used to create the metasurface. 
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Figure 4.1 Effect of fogging on the clarity and distortion for differing wetting behavior 
of transparent surfaces. We characterized both the clarity and distortion of transparent 
glass surfaces by using a dot array placed under the surfaces. (a–c) Darkfield micro-
graphs of the surfaces and the dot array were taken before ( t  = 0 s) and 10 min after (
t  = 600 s) the samples were exposed to supersaturated vapor conditions. The before 
and after for the (a) superhydrophilic, (b) untreated (neutrally wetting), and (c) hydro-
phobic glass are shown. We quantified the clarity and distortion by analyzing the dot 
array for each sample type as illustrated in (d) using Eqs. (4.1) and (4.2). The quantified 
effect of fogging on (e) clarity, C , and (f) distortion, δ , on each of the three surfaces is 
illustrated as box plots, where each type of surface was tested using six different sam-
ples ( = 6n ). We also estimated the visibility retention through the three surfaces by 
introducing a performance factor, P , and compared them to a sunlight absorbing 
metasurface ( =1P ), as shown in boxplot (g). Scale bar (a–c): 100 μm. 

 In order to demonstrate the design of our metasurfaces, we proceeded with 
characterizing their topography in the microscale and nanoscale. Figure 4.2a shows a 
schematic illustration of the different layers constituting the metasurfaces. In principle, 
they consist of repeated ultrathin bilayers of Au nanoparticles and a TiO2 nanolayer. 
There is also an additional protective TiO2 top-layer. Our metasurfaces have + =1 4k  
bilayers in total and a total thickness of ≈ 60  nm. The cross-sectional composition of 
the metasurfaces is demonstrated in the scanning electron micrograph, which reveals 
that the layers of Au nanoparticles are embedded in and spaced apart by the TiO2 layers. 
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For improving image quality and emphasizing on the flexibility of the multilayer design, 
here we show the micrograph of a metasurface consisting of 22 bilayers. 

 

Figure 4.2 Topographical, optical and light-induced heating characterization of the 
metasurface and comparison to commercially available tinted laminate with similar 
transmittance in the visible spectrum. (a) Top left: Schematic representation of the mul-
tilayer structure of Au nanoparticles and TiO2, which make up the metasurface; top-
right: scanning electron micrograph of the metasurface cross-section, acquired with sec-
ondary electrons, where the bright circular spots are the Au nanoparticles; bottom row: 
atomic force micrograph of the metasurface. (b–c) Reflectance (R), transmittance (T), 
and absorbance (A) spectra of the (b) metasurface and (c) commercially available 
tinted laminate for visible and near infrared wavelengths (400–1650 nm). (d) Experi-
mental setup showing how the temperature increase of the samples upon illumination 
was measured. (e) Sample temperature increase, ∆T , over time, t , for the metasur-
face, tinted laminate, and control glass samples. Sample thickness was ≈ 4  mm. Scale 
bars (a): 50 nm. 
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In Figure 4.2a, bottom-row, the atomic force micrograph of our metasurface indicates 
that the surface is in fact very smooth, with RMS roughness <1 nm. We then compared 
the performance of our metasurface to a glass substrate with a commercially available 
tinted laminate having similar level of transmittance in the visible spectrum. Figure 
4.2b–c shows the reflectance (R), transmittance (T), and calculated absorbance (A = 
1 – T – R) of both samples in the 400–1650 nm wavelength range. The visible light 
transmittance (400–750 nm) for the metasurface and tinted laminate was 36% and 33%, 
respectively. Figure 4.2b shows that the metasurface has a relatively constant broad-
band absorption in the measured wavelengths. On the other hand, Figure 4.2c shows 
that the commercially available tinted laminate has high absorption in the visible wave-
lengths (400–750 nm); however, in the near infrared range (750–1650 nm) its absorption 
drastically decreases. The broadband absorption of the metasurface is advantageous 
because it allows for increased absorbance of sunlight in the near infrared and therefore 
a higher temperature response to inhibit fogging or encourage evaporation (see Figure 
C.5 for the spectra of the control sample). Figure 4.2d shows a schematic of the experi-
mental setup and the light source spectrum that we used to illuminate the samples and 
measure their temperature. Figure 4.2e shows a plot of sample temperature above am-
bient, ∆ = −s s,0(t)T T T , vs time, t , upon illumination, for the metasurface and the tinted 
commercially available laminate, where s(t)T  and s,0T  are the average sample temper-
atures at time t  and = 0t  respectively. The steady-state value of ∆T  for the metasur-
face was 130% higher than that of the commercially available tinted laminate (see also 
Appendix C, section “Infrared thermography and temperature response measurements” 
for more information on the temperature response of the samples due to light-induced 
heating). 

 In order for the metasurfaces to achieve best performance in a supersaturated 
vapor environment, they must inhibit the formation of condensation on the surface. To 
this end, we studied the efficacy of our metasurfaces to use naturally occurring sunlight 
to generate plasmonic surface heating in order to aid in defogging and anti-fogging of 
surfaces exposed to supersaturated vapor environments, to maintain C  and limit δ . 
Here we compared our metasurface to glass (hereafter referred to as control) for defog-
ging and anti-fogging applications. Figure 4.3a illustrates the setup that we employed. It 
consisted of a sun-mimicking light source and lens to focus the light onto the sample 
plane (the metasurface was facing upwards) with a spot diameter of 7 mm that fully 
illuminated our 5 x 5 mm samples at a power density of 4 suns. We mounted two cam-
eras to extract data in order to quantify the experiments; a CMOS angled side view cam-
era to observe the droplet’s contact angle and a top view infrared (IR) camera to 
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construct the temperature profile of the sample and droplet. It is well-known that the 
contact angle progression of an evaporating droplet can have a significant effect on the 
evaporation time,126–128 therefore in order to isolate the effect of the illuminated 
metasurface we treated both surfaces with a vapor-deposited trichlorovinylsilane 
(TCVS). This resulted in a consistent receding contact angle of approximately 50°, allow-
ing consistent measurements between surfaces, beginning when the droplets reached 
the receding angle and then continued evaporation in the constant contact angle mode. 
Figure 4.3b quantifies the contact angle progression of the evaporating droplets as a 
function of time for both the control (red curves) and metasurface (blue curves) sam-
ples. We observed that the receding angle for both samples is the same and the constant 
contact angle mode becomes the mode of evaporation for the duration of the experi-
ments. By establishing the same contact angle progression during evaporation for both 
surfaces, we show in Figure 4.3c that the metasurface increases the droplet evaporation 
rate by approximately four-fold for a droplet that is of the same order of magnitude 
compared to the sample size. This is caused by the considerable light absorption and 
heating of our metasurface, which is observable by examining Figure 4.3d and Figure 
4.3e (see Appendix C, section “Infrared thermography and temperature response meas-
urements” and Figure C.4 for more information on the temperature response of the 
samples due to light-induced heating). Here we show synchronized side-view (visible) 
and top-view (IR) image sequences of illuminated droplets on a control and metasurface 
sample, respectively, before and for the duration of evaporation. The leftmost IR images 
( < 0t  s) show the surfaces at steady state under illumination before a droplet is placed 
on the surface. While the control sample in Figure 4.3d remains very close to room tem-
perature, the metasurface takes advantage of light induced localized surface plasmon 
oscillations on the nanometer-scale gold particles, resulting in heating of the surface by 
>10  °C. When placing a droplet on the surface, we observed a reduction in the temper-
ature of the surface, shown in the IR images ( = 0t  s) of Figure 4.3d and 2e. This can be 
explained by the effect of evaporative cooling, which causes the droplet, and subse-
quently the surface it is in contact with, to cool due to energy required by water mole-
cules to overcome the latent heat of evaporation and change from liquid into vapor. 
Advantageous to the evaporation, the metasurface is able to transfer more heat into the 
droplet, while the droplet maintains a temperature lower than the surface temperature. 
Near the end of evaporation, the metasurface returns to its steady state temperature as 
in the case without the droplet, and so does the control, observable at =200t  s and 
800  s in the IR images of Figure 4.3d and Figure 4.3e, respectively. 
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Figure 4.3 Sunlight absorbing metasurfaces drastically reduce evaporation time of a 
single droplet. (a) Experimental setup consisting of a sun-mimicking light source and a 
lens system to focus the light on the sample with a power density of 4000 W m-2. We 
used an angled side-view CMOS camera to observe the contact angle progression of the 
droplets and a top-view IR camera to record the sample and droplet temperature pro-
files. (b) Plot of contact angle, θ , vs time, t , for control samples (red curves) and 
metasurfaces (blue curves). The evaporation rate of the metasurfaces was approxi-
mately four times higher than the control, as seen in plot (c), droplet volume, dV ,  vs t . 
(d–e) Side view and infrared top view of a single droplet evaporating on a (d) control 
surface and (e) metasurface. Scale bars (d–e): 1 mm. 

 Using the ability of our metasurfaces to effectively harness sunlight energy 
over a broad spectrum and turn it into heat, we showed that we could reduce the drying 
time of single droplets. We proceeded to focus on the drying of fogged surfaces, as such 
an investigation is more relevant for surface defogging and anti-fogging. One would ex-
pect the enhanced evaporation rate in the case of the metasurface to also be present 
for multiple droplets, albeit to an extent that remains to be shown. We investigated this 
by conducting defogging experiments on four different samples. As before, the control 
surface was plain untreated glass (untreated control), which we initially compared to 
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plain glass coated with poly(perfluorodecyl acrylate) (pPFDA; hydrophobic control) to 
render it hydrophobic (see Methods, section “Surface preparation” for further details). 
The third and fourth samples consisted of an untreated metasurface and a metasurface 
treated with pPFDA (hydrophobic metasurface) to render it hydrophobic (see Appendix 
C, section “Advancing and receding water contact angles of the tested surfaces” and 
Figure C.1 for details on wetting behavior). We initially exposed each surface to super-
saturated conditions by cooling the surface. This caused a layer of condensate to form. 
The samples were then transferred to the experimental setup depicted in Figure 4.3a. 
To better mimic real-world conditions, we changed the power density to 1 sun (1000 W 
m-2). We then measured the evaporation time for seven different samples of each sam-
ple type (see Methods, section “Setup and experimental protocol” for further details). 
We found that both untreated and hydrophobic metasurfaces outperformed the un-
treated and hydrophobic control samples by reducing the time necessary for complete 
surface defogging. 

 Figure 4.4a–b show image sequences of the untreated control and the un-
treated metasurface, respectively. Qualitatively, one observes that the condensate sur-
face coverage remains similar for the first 70 s, followed by a faster reduction of con-
densate surface coverage on the untreated metasurface, and hence a reduced defogging 
time. Figure 4.4c shows a box plot of the defogging time ( dft ) for seven individual runs 
on the two sample types depicted in Figure 4.4a–b. Figure 4.4c additionally shows dft  
for the hydrophobic control and metasurface. As expected, the quantitative analysis in-
dicates that there is a clear improvement in dft  for the metasurfaces when compared to 
the plain glass, illustrated by a two sample t-test p value < 0.001, indicating that the 
difference between the two population means is statistically significant. Here we note 
that the untreated metasurfaces have a slightly lower receding contact angle, by approx-
imately 10°, than the untreated control surfaces (see Appendix C, section “Observed ef-
fect of surface wettability on fogging resistance for further details” and Figure C.1). How-
ever, the significant reduction of dft  should not be attributed to this small difference in 
wettability and can only be due to the metasurface heating and corresponding evapora-
tion enhancement by increasing the saturation vapor pressure above the droplets. 
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Figure 4.4 Using metasurfaces to enhance visibility restoration by reduced defogging 
time. Using metasurfaces that efficiently turn the absorbed light into heat, we were able 
to reduce the defogging time compared to a control surface. The transparency vs t  is 
shown for an (a) untreated glass surface (untreated control) and an (b) untreated glass 
metasurface (untreated metasurface). Statistically, the metasurfaces reduced the defog-
ging time ( dft ) by approximately 25% as shown in (c). We tested both the control and 
metasurface samples against their hydrophobic counterparts to see if hydrophobicity 
also has an effect on dft . For both pairs of samples we obtained two sample t-test p 
values < 0.05 to prove this was the case. Significance bars in (c) are represented by * for 
p < 0.05 and *** for p < 0.001. Scale bars (a–b): 2 mm. 

 Additionally, our results in Figure 4.4c show that the hydrophobic surfaces 
have better performance in comparison to their respective untreated samples, both of 
which have a two sample t-test p value < 0.05. On the one hand this seems surprising 
because it is well known that droplets on a surface with a larger receding angle have a 
slower evaporation rate than neutrally wetting or hydrophilic droplets,126–129 at least in 
the µL volume range. On such scales it is probable that, independent of the macroscopic 
receding angle, the droplets evaporate in a constant contact radius (see Figure 4.3b, the 
tail end of contact angle progression; see also Ref.127). On the other hand, we observed 
that the volume of liquid on the surface in the form of condensate droplets is approxi-
mately 10% less for hydrophobic glass than for the control glass (see Appendix C, section 
“Observed effect of surface wettability on fogging resistance”). This means that there is 
simply less water on the surface to vaporize and offers the most rational explanation as 
to why we observed a decrease in dft  for the hydrophobic samples.  
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 As mentioned, the ability to inhibit fogging is an important quality of our 
metasurfaces and could be used to an advantage in many applications, particularly for 
specialized outdoor eyewear, which can suffer from visibility loss from fogging even dur-
ing sunny weather. We tested the efficacy of our metasurfaces by comparing them to 
control samples, both untreated and superhydrophobic, exposing each sample to the 
same supersaturated conditions. We created a supersaturated environment by modify-
ing our experimental setup, illustrated in Figure 4.5a, to include a chamber housing the 
sample and including a water bath and a small fan. Additionally, the camera was tilted 
at a shallow angle with respect to the sample plane in order to avoid direct light expose 
to the sensor (see Methods, section “Setup and experimental protocol” for further de-
tails). The fogged surfaces appear brighter due to light scattering by the droplets, to 
which the slightly tilted camera with respect to the incident light is sensitive. Figure 
4.5b–d show image sequences of the fogging behavior of the untreated control, super-
hydrophilic state-of-the-art, and untreated metasurface samples, respectively, under 
supersaturated conditions. The first, and perhaps most important observation is that the 
metasurface remains, for the most part, condensate free. Although one observes slight 
condensate bursts on parts of the surface, it quickly evaporates again and at steady state 
the metasurface remains condensate free. In contrast to the metasurface, the untreated 
control and superhydrophilic state-of-the-art surfaces in Figure 4.5b–c show immediate 
condensate formation. On the one hand, the condensate on the untreated control takes 
the form of many droplets that scatter the light and almost completely eradicate the 
visibility of the background. On the other hand, the condensate on the superhydrophilic 
state-of-the-art surface results in a film of water that distorts the background. Both of 
these surfaces significantly reduce the visibility retention of the background in compar-
ison to the metasurface. Remarkably, the metasurface remains condensate free. Even 
though the metasurface is able to more efficiently turn the broadband illumination into 
heat and significantly raises the temperature of the surface in comparison to the control 
samples, the approximately 3 °C temperature increase due to the heat response of the 
metasurface combined with the convective heating inside the chamber produces a Lp p  
of approximately unity (1.01 ± 0.01) for the aforementioned experimental conditions. 
The control sample also profits from the convective heating inside the chamber, how-
ever the heat response from the light irradiance is considerably less resulting in a Lp p  
of 1.22 ± 0.01 and the necessary conditions for fogging to occur. 
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Figure 4.5 Anti-fogging performance enhancement by efficient sunlight absorbing 
metasurfaces. We tested the anti-fogging performance of our metasurfaces and com-
pared it to the performance of untreated control and superhydrophilic state-of-the-art 
samples, using the setup illustrated in (a). We enhanced the setup with the inclusion of 
a simple environmental chamber in which we placed a bath of warm water at a temper-
ature wT while also measuring the environmental temperature ( eT ) and the sample tem-
perature ( sT ), in order to achieve a supersaturated environment. We used a fan to en-
sure that the water vapor inside the chamber was well mixed. The results for 60 s of 
supersaturation are shown in the image sequences for the (b) untreated control, (c) su-
perhydrophilic state-of-the-art, and (d) untreated metasurface samples. In order to bet-
ter demonstrate the distortion effect of the superhydrophilic sample, we slightly in-
creased the distance between the surface and the flower illustration. Scale bar (b–d): 2 
mm. 

 Conclusions 

 Surface fogging is a common hindrance, especially when considering the clar-
ity and distortion of light travelling through transparent or back from reflective surfaces. 
Due to the importance of the phenomenon there are a variety of existing approaches to 
mitigate this loss in optical efficiency, however we demonstrated that the most widely 
used solution, superhydrophilic surfaces, does not retain all optical efficiency aspects, 
resulting in significant image distortion, while untreated and hydrophobic surfaces re-
sult in significant loss of clarity. Both of these methods change the inherent surface en-
ergy of the substrate, which continues to prove to be a difficult characteristic to maintain 
for long periods. We demonstrated a novel approach by employing plasmonic metasur-
faces harnessing the broadband spectrum of the sun, to efficiently heat up a surface, 
thereby significantly improving defogging and anti-fogging properties, without a marked 
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loss of transparency. For applications that require reduction of light transmission, the 
broadband absorption of our metasurfaces offers a favorable property compared to 
commercially available products used for reducing light transmission, such as tinted lam-
inates. This approach would result in considerable performance gains for applications 
such as windows, windshields, electronic displays, cameras, mirrors, and eyewear. The 
variety of substrates, including polymers and flexible surfaces, which can be coated with 
our metasurfaces as well as the potential manufacturing scalability of the metasurface 
coating process make this technology a viable solution for anti-fogging and defogging in 
commercial applications. 

 Methods 

 Surface preparation. We used double side polished, 4-in, 500-μm thick wafers 
(UniversityWafer, Inc.) made of fused silica. We cut the wafers into 5 mm x 5 mm square 
specimen, using a wafer dicer (ADT ProVectus LA 7100) with a diamond head. Prior to 
cutting, a 3.3 μm polymer top-layer was applied to protect the glass surface. After the 
dicing process, the protective layer was removed by sonication in acetone for 2 min, 
followed by an equal-time sonication in isopropyl alcohol, and water. We also treated 
each specimen with oxygen plasma (Oxford Instruments, Plasmalab 80 Plus) for 7 min. 
Shortly after, we prepared 7 different sample types: 

 a. Untreated control. We stored freshly-diced and cleaned glass wafer pieces 
in a dust-free environment, under ambient temperature (≈23 °C) and relative humidity 
(RH = 40 – 60 %), for several days (>5 d), enough time for the adsorbed hydrocarbon 
layer to approach equilibrium with the surfaces (therefore providing stable advancing 
and receding contact angles). 

 b. Hydrophilic control. We immediately (<1 hr) used the plasma-treated glass 
specimen in the clarity and distortion evaluation, as well as in the defogging experi-
ments. 

 c. Untreated metasurface. We used sputter deposition (Von Ardenne CS 320 
C) to fabricate the light-absorbing metasurface on top of the fused silica substrates, in 
line with previous research.130 Two component materials were used, gold nanoparticles 
(Au) and titanium dioxide (TiO2), with the following deposition parameters: 50 W DC 
field, 6 μbar pressure, 3 s duration, and 600 W RF field, 6 μbar pressure, 43 s duration, 
respectively. We fabricated a structure of 8 alternating Au and TiO2 layers in total, with 
the first layer being TiO2. The metasurface was finalized with an extra TiO2 top-layer 
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(deposition time of 72 s). The thickness of the metasurface has been estimated ≈60 nm, 
with a mean absorption of 37% and transmission of 36% (see also Figure 4.2) in the 
wavelength range of 400 – 750 nm.  

 d. Silane-treated control. For the single droplet evaporation experiments, we 
used a homebuilt vacuum chamber for physical vapor deposition of trichlorovinylsilane 
(TCVS; 97%, Sigma-Aldrich) on our glass substrates. For this purpose, we first transferred 
1 mL of TCVS into a glass container, under nitrogen atmosphere. With the container 
connected to the chamber and its valve closed, we then evacuated the chamber until a 
stable pressure of 100 μbar was reached, at which moment the valve was opened, while 
the chamber was also isolated from the vacuum pump. Deposition time was 20 min, at 
a temperature of ≈23 °C. In the end, we removed the excess of TCVS with a prolonged 
evacuation and purging cycle. 

 e. Silane-treated metasurface. We followed the same process as in (d) to de-
posit TCVS on our glass specimen already coated with metasurfaces. 

 f. Hydrophobic control. We utilized initiated chemical vapor deposition 
method (iCVD; iLabTM Coating System, GVD Corporation) to deposit ultrathin conformal 
films of poly(perfluorodecyl acrylate) (pPFDA) on clean glass substrates, in order to ren-
der them hydrophobic (see Appendix B for detailed information on the optimization pro-
cess followed to determine the optimum deposition parameters). The advantage of 
pPFDA over other fluoropolymers lies on its low surface energy (9.3 mN/m), which is half 
of the surface energy of the widely-used poly(tetrafluoroethylene) (18 mN/m).131 Silane-
treatment of the substrates according to (d) precedes iCVD. The covalently bound sur-
face vinyl groups in TCVS react with the vinyl groups in perfluorodecyl acrylate mono-
mers and bind them chemically to the substrate.132 For the iCVD deposition we used 
1H,1H,2H,2H-perfluorodecyl acrylate (PFDA; 97%, with tert-butylcatechol as inhibitor, 
Sigma-Aldrich) and tert-butyl peroxide (TBPO; 98%, Sigma-Aldrich) as monomer and ini-
tiator, respectively.58 The main deposition parameters are reported here: TBPO flow rate 
was 2.6 sccm, PFDA flow rate was 1.0 sccm, substrate temperature was ≈20 °C, filament 
temperature was ≈300 °C, PFDA container temperature was 80 °C, process pressure was 
≈100 mbar, and deposition time was 15 min. We stabilized all temperatures for 5 min 
prior to each deposition; we also purged the vacuum chamber with nitrogen for 10 min 
after deposition. 

 g. Hydrophobic metasurface. We followed the same procedure as in (f) to de-
posit pPFDA on our glass, metasurface-coated specimen. 
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 Surface characterization. The cross section of the metasurface was imaged by 
a Hitachi SU8230 scanning electron microscope, while the top-view image was acquired 
with a Brooker Dimension Fastscan atomic force microscope. We measured the reflec-
tion and transmission spectrum of the metasurface, tinted laminate (LLumar Esprit Se-
ries ATC 35 CH SR HPR), and control samples for the 400–1650 nm wavelength range 
using a home-built spectroscopic system.133 We measured the advancing and receding 
contact angles of each sample type using a DataPhysics OCA 35 goniometer and their 
SCA software, by the inflation/deflation method (droplet volume of 2–3 μL). The obser-
vations of the condensing droplets under the microscope used for the Appendix C were 
performed using an upright microscope (Olympus BX60), with a 5x objective (Olympus 
MPlan 5x/0.10 BD JAPAN) and a 20x objective (LMPLanFI 20x/0.40 BD JAPAN) in bright-
field configuration. 

 Setup and experimental protocol. We carried out the clarity and distortion 
measurement experiments using an upright microscope (Olympus BX60) and a 5x objec-
tive (Olympus MPlan 5x/0.10 BD JAPAN) in dark-field configuration. We placed the ma-
trix of dots, which served to quantify the clarity and distortion, on top of a Peltier ele-
ment. We then placed the sample in question on top of the dotted matrix and blew a 
steady stream of nitrogen onto the sample while cooling it down to 6 °C with the peltier 
element in order to create a locally dry environment, to prevent premature condensate 
formation on the sample. After the temperature had stabilized, we stopped the nitrogen 
stream, exposing the sample to 40% relative humidity at 24 °C ( =L 1.28p p ), at time 
= 0t  s. We then recorded the fogging process on the sample exposed to the abovemen-

tioned supersaturated conditions for a duration of 10 min ( = 600t  s). 

 We conducted the single droplet evaporation experiments using the setup de-
picted in Figure 4.3a. Using two lenses, we collimated and focused a broadband (sun-
mimicking) halogen light source (Schölly Fiberoptic GmbH, Flexilux 600 longlife 1.25 A) 
onto each test sample at a power density of 4000 W m-2 (corresponding to 4 suns). In 
order to get the most representative results for the aforementioned applications, it was 
important that the surface of each sample was fully irradiated by the focused light 
source and that as little contact with the holder as possible was made in order to limit 
heat diffusion from the metasurface to the surrounding media. Our focused light had a 
diameter of ≈ 7  mm and we used 5 mm x 5 mm samples. We irradiated the sample with 
light until its temperature reached steady state (see Appendix C, section “Infrared ther-
mography and temperature response measurements”). We recorded the temperature 
of the sample using an infrared (IR) camera (FLIR SC7500, spectral range of 1.5–5.1 μm) 
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before the droplet was placed on the sample ( < 0t  s) as well as after placing the droplet 
and throughout its complete evaporation period. After placing an approximately 1 µL 
droplet on the sample, we additionally began recording a side view using the CMOS cam-
era. In order to allow each droplet to reach a constant receding contact angle and there-
fore give comparable data between sample types, = 0t  s corresponds to the moment 
when each droplet reached a volume of 0.6 µL. Starting at = 0t  s, we computed the 
contact angle and volume of the droplet until it had completely evaporated. For both 
sample types (untreated control and untreated metasurface), we carried out three ex-
periments on different samples. For the IR images in Figure 4.3d–e we note that images 
of the surface and the droplet were separately calibrated (due to differing emitted signal 
for the same temperature) and overlaid in order to enable usage of a single temperature 
scale bar.  We carried out all the experiments in an environment with RH = 64%, at 21.8 
°C. We also acquired the transient thermal response of an untreated control,  an un-
treated metasurface, and a commercial absorber (Thorlabs, NE504B; unmounted ab-
sorptive neutral density filter; optical density of 0.4) using the infrared camera, with a 
50 mm F/2 lens, at a framerate of 10 fps, and for two different power densities (1 sun 
and 4 suns). We kept the optical axis of the camera at a 5° angle with respect to the out 
of plane vector of each surface under test in order to alleviate the Narcissus effect. 

 For the multidroplet defogging experiments shown in Figure 4.4 we used the 
same setup as depicted in Figure 4.3a, mounting a Canon 5D Mark III DSLR camera at an 
angle of approximately 45°. We placed a fishbone pattern on the holder below the sam-
ple in order to improve contrast and illustrate the sample transparency. We fogged each 
sample by cooling it down to 0 °C for 5 min in an environment with a relative humidity 
of 60% at 23.0 °C ( =L 2.75p p ). We proceeded to take the sample off the peltier ele-
ment and transferred it to the holder, which was then irradiated with light at a power 
density of 1000 W m-2 (approximately 1 sun) in an environment with a relative humidity 
of 60% at 23.0 °C. We measured the time and visually recorded the samples using the 
camera until the condensate had completely evaporated. We conducted 7 experiments 
on different samples for each sample type (control untreated, control hydrophobic, 
metasurface untreated, metasurface hydrophobic). We tested each sample population 
for a standard normal distribution using the Kolmogorov-Smirnov test and validated the 
improvement in defogging time using the two-sample t-test. 

 We carried out the anti-fogging experiments using the setup depicted in Figure 
4.5a. We placed a small printed illustration (edelweiss flower) below the sample holder, 
to give an enhanced impression of visibility retention. The illustration was sprayed with 
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a passive anti-fogging agent (Aqualung Anti Fog Spray) to reduce condensation on the 
flower (not completely effective as condensate is slightly visible for = −30 60t  s in Fig-
ure 4.5d, behind the otherwise fog-free metasurface). The experiments were conducted 
by setting the temperature of the water bath ( wT ) and measuring the environmental air 
temperature inside the chamber ( eT ). We also measured the sample temperature ( sT ) 
to determine Lp p . We used the fan in order to get a homogeneous distribution of Lp p  
throughout the chamber. When wT  reached 65 °C, we turned the fan on and the exper-
iments began, corresponding to = 0t  s. We recorded the process for 60 seconds. In 
order to determine the supersaturation of the vapor in the chamber with respect to the 
sample we ran three individual experiments both for the metasurface and control sam-
ples. For the metasurface we obtained an average environmental temperature across 
the three experiments of 35.9 ± 0.3 °C and an average surface temperature of 35.8 ± 0.4 
°C. These three experiments resulted in an average supersaturation above the metasur-
face of 1.01 ± 0.01. For the glass surface we obtained an average environmental tem-
perature across the three experiments of 37.3 °C ± 0.5 °C (the increase in environmental 
temperature was due to the slow warming of the chamber after repeated experiments) 
and an average surface temperature of 33.7 °C ± 0.6 °C. These three experiments re-
sulted in an average supersaturation above the glass surface of 1.22 ± 0.01.  
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 Abstract 

 Imparting and maintaining superhydrophobicity has received increasing atten-
tion as a research topic in the last few decades, driven by a broad range of applications 
and enabled by advancements in rational surface micro and nanoengineering. Repelling 
hot water has proven challenging due to ensuing condensation into the surface texture 
that compromises its anti-wetting behavior. Researchers have tried to mitigate nuclea-
tion condensation by creating surfaces with multiple tiers of roughness and tuning their 
geometrical features to hinder the propagation of condensate. However, the solutions 
proposed are limited by working temperatures and often obstruct visibility through 
transparent surfaces. Here we introduce a novel and scalable method employing plas-
monics to harvest sunlight and naturally heat the surface, able to sustain water repel-
lency also under challenging environmental conditions of high temperature and humid-
ity, which strongly promote condensation. We demonstrate that with our superhydro-
phobic metasurfaces, illuminated by a sunlight equivalent source, we can completely 
prevent impalement of dynamic hot water droplets with temperatures higher than 70 
°C by suppressing condensate formation within the texture. All this is done while main-
taining optical transparency. Our work can find numerous applications as a sustainable 
solution against impacting water on surfaces such as eyewear, optical components and 
windows. 

 Introduction 

 Inspired by natural manifestations (lotus leaf,134 butterfly wings,135 water 
strider legs136), superhydrophobic surfaces have received significant attention in recent 
years for their unique self-cleaning,137 anti-fouling,138 and anti-icing139 properties. This 
extreme water repellency, especially for dynamic impacting droplets, can be achieved 
by introducing open and closed microstructures40–42, hierarchical surface roughness,43–

47 low-surface-energy materials,36–39 and substrate flexibility.37,48,49 Such surface and 
substrate properties act to stabilize an intervening, lubricating air layer that is responsi-
ble for high droplet mobility (so-called Cassie-Baxter wetting state140) and prevent a 
transition to the sticky Wenzel wetting state (i.e., impalement).141 For real-world appli-
cations, the ability to repel impacting droplets is critical and numerous studies have in-
vestigated it under a range of environmental conditions and droplet temperatures rang-
ing from supercooled droplets49 and surfaces40,142 to ambient143,144 to hot droplets.50 
Typically, impalement is prevented by ensuring that the antiwetting, capillary pressure, 
Pc, is greater than the wetting, droplet pressure, Pw.145 However, departing from 
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ambient conditions yields a plethora of additional mechanisms for the loss of superhy-
drophobicity including condensation within the microtexture when exposed to hot va-
por34,50,51 and increased viscosity and freezing in the case of supercooled drop-
lets.40,49,146–148 Condensation resistant superhydrophobic surfaces have been demon-
strated using nanotexturing through droplet coalescence106,149 and scaling texture to 
prevent filling within the droplet contact time52,53 and minimizing the adhesion force of 
filled cells.50 Yet, all of these approaches fail to prevent the initial nucleation of conden-
sation embryos, limiting their working envelope. 

 Another important aspect of superhydrophobicity, for droplets that are al-
ready impaled, is the highly desirable ability of a surface to facilitate reversing of the 
Wenzel-to-Cassie-Baxter wetting transition.54,55 This can be achieved by means of sub-
strate heating (embedded Joule heating or heating stage),55,150 droplet coalescence,54 
substrate vibration (in combination with two-tier roughness and impalement only at the 
microscale),43,151,152 gas generation via electrolysis,153,154 electrowetting,155,156 depres-
surization,157,158 water density fluctuations (nonclassical pathway, lower resistance to 
dewetting),159 transient intervening layers,160 and backpressure.161 Many of these tech-
niques rely on active methods or other droplets and fluids to dislodge a pinned droplet 
and it is a major challenge to achieve such a transition passively, in a natural manner. 
Moreover, providing multifunctionality by maintaining optical transparency,162,163 an im-
portant property in many practical applications, is counteractive to imparting superhy-
drophobicity, since surface roughness obscures light by causing scattering.164 

 To address these challenging problems of condensation enhanced impale-
ment and the limitations of surface texturing, energy, and flexibility on resisting impale-
ment, we propose a novel additive approach exploiting different aspects of the involved 
physics. As with other innovative studies based on using sunlight for new applica-
tions,108–111,113 including catalysis,112 desalination,88 materials synthesis,114 and ice/fog 
repellency,130,165 here we present rationally designed transparent solar absorbing super-
hydrophobic metasurfaces as a solution.130,165 These surfaces are designed to repel wa-
ter droplets and condensate across a range of temperatures all while maintaining optical 
transparency, critical to many functional water repellent surfaces exposed to natural 
light. 
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 Results and discussion 

 To study the phenomenon of condensation-based impalement of hot droplets 
on superhydrophobic surfaces, in line with current research on impalement resistance 
under ambient (isothermal) conditions, we begin by fabricating transparent low surface 
energy polyurethane acrylate (PUA) micropillared samples using soft-lithography. We 
then compare these to our light absorbing plasmonic metasurface-coated samples de-
signed to enhance repellency of hot water through sunlight-driven heating while main-
taining transparency.130,165 The plasmonic coating was applied by means of sputter dep-
osition and the surfaces were rendered superhydrophobic by means of an ultra-thin con-
formal low surface energy polymer coating made with initiated chemical vapor deposi-
tion (iCVD). Both the plasmonic and the iCVD coatings do not change the underlying 
geometrical features of our micropillared surfaces. (See Methods, Appendix D, section 
“Topography of the control”, and Figure D.1 for fabrication steps and topography for all 
types of samples used in this study.) 

 Figure 5.1a shows a scanning electron micrograph of an iCVD-coated PUA mi-
cropillared metasurface sample, hereafter termed superhydrophobic metasurface. We 
observe that both the plasmonic and iCVD coatings cover the entire surface homogene-
ously, making them practically indistinguishable from the bare pillars. (For the control 
surface, which is a superhydrophobic micropillared sample, see Appendix D, section “To-
pography of the control”, and Figure D.1.) Some sub-micron features visible are the out-
come of the soft lithography replication process; however, no significant local nano-
roughness is observed (≤ 15 nm RMS), on our single-tier rough surfaces. We measured 
an advancing contact angle, θa , of 160.2° ± 2.5°, and a receding contact angle, θr , of 
140.5° ± 3.1°. As a reference, in the case of smooth metasurface- and iCVD-coated sur-
faces we measured θa =125.4° ± 1.0° and θr =118.7° ± 0.7°. Figure 5.1b shows a sche-
matic of the different layers constituting our superhydrophobic metasurfaces: glass sub-
strate, PUA pillars, metasurface coating and iCVD coating. The metasurface coating is a 
nanocomposite of gold (Au) and titania (TiO2), sputtered in an alternating manner. The 
thickness of the coating was estimated at ~60 nm. Our structured surfaces have the fol-
lowing geometrical dimensions: =[ , , ] [2.5,5.0,3.3]d p h  μm, where d  is pillar diameter, 
p  is pitch and h  is pillar height. The cross-sectional view of an identically fabricated 
metasurface with exaggerated thickness for imaging purposes, Figure 5.1c, reveals a mi-
croscopically heterogeneous structure made of discontinuous Au layers in the form of 
nanoparticles (bright spots) embedded in a TiO2 matrix. However, the metasurface – 
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macroscopically and optically – behaves in a homogeneous manner while the small na-
noparticle sizes ensure minimum light scattering, which would otherwise lead to visibil-
ity impairment.166 We then characterised the optical and thermal properties of our sur-
faces. Figure 5.1d shows the transmittance, T, reflectance, R, and absorbance, A, spec-
tra of our superhydrophobic metasurfaces for normal light incidence in the 400–2200 
nm wavelength range; covering most of the solar spectrum. The mean values of 62% for 
T, 14% for R and 24% for A indicate that one can maintain a significant transparency 
level (T = 51% in the visible) with metasurfaces. (For more information on the optical 
properties of the control, see Appendix D, section “Transmittance, reflectance and ab-
sorbance spectra of control surfaces”, and Figure D.2.) It is noted that the absorbance 
of the metasurfaces is broadband, extending over the entire solar spectrum. Figure 5.1e 
illustrates a sketch of the experimental configurations used in quantifying the thermal 
response of the superhydrophobic metasurfaces, consisting of a light source (halogen 
lamp or solar simulator, for low or high power density respectively; see Methods) illu-
minating our sample and either an infrared (IR) camera or a pair of thermocouples, 
measuring sample, sT , and ambient, ∞T , temperatures. The spectra of both light sources 
are shown in the inset. Figure 5.1f shows plots of ∞−sT T  vs illumination time, t , for a 
superhydrophobic metasurface illuminated with the solar simulator, having a power 
density ≈ 3.5P  kW m-2, in comparison to a control surface. The maximum temperature 
increase (at = 300t  s) of ~16 °C for the metasurface, compared to ~5 °C for the control 
surface, demonstrates the profound effect of the metasurface in achieving remarkable 
heating performances, which can be employed to enhance water impalement re-
sistance. 

 

 

 

 

 

 

 



72 
 

Transparent metasurfaces naturally boosting their own superhydrophobicity by 
absorbing sunlight 

 

Figure 5.1 Superhydrophobic metasurface. (a) Micrograph showing the superhydropho-
bic metasurface from a tilted-view perspective. (b) Schematic of the superhydrophobic 
metasurface cross section, revealing its different layers, underlying surface texture (dark 
gray pillars), and glass substrate (crosshatch). The top layer (light gray) is a hydrophobic 
coating and the middle layer (red) is the metasurface coating. (c) Micrograph showing 
the cross section of a metasurface; the thickness here is exaggerated to facilitate imag-
ing (the metasurface coating used throughout our study had a thickness of ~60 nm). The 
pillar diameter (d), height (h), and pitch (p) are shown in b. The sample in a has [d, p, h] 
= [2.5, 5.0, 3.3] μm. (d) Transmittance (– – –), reflectance (· · ·), and absorbance (–––) 
spectra of the superhydrophobic metasurface in a. (e) Schematic of the experimental 
setup used to measure the temperature change of the samples upon illumination. The 
normalized irradiances of the light sources we used in this study are shown as inset plots 
(solar simulator, ——; halogen lamp, - - -). (f) Surface temperature change relative to 
ambient, Ts – T∞, vs time, t, of the control (black curve; no metasurface, superhydropho-
bic sample) and superhydrophobic metasurface (red curve) samples. The samples are 
illuminated when t > 0 s with a solar simulator at a power density of P ≈ 3.5 kW m-2. Each 
line represents the range of values measured for three experiments (N = 3). Scale bars: 
(b), 5 μm; (c), 100 nm. 

 Figure 5.2a depicts a hot droplet (initial droplet temperature, =w 70T  °C) im-
pacting onto a superhydrophobic metasurface of ambient temperature ( ∞ =21T  °C), dis-
pensed at a height of ~8 cm above the surface. The droplet had ρ γ= ≈2

02 / 26We v R  
where ρ  is the droplet density, v  is the droplet velocity at the moment of impact, 0R  
is the initial droplet radius and γ  is the surface tension. The image sequence reveals 
that after the droplet departed the surface ( = 37t ms), a smaller remnant, or daughter 
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droplet, was left behind; indicative of impalement during the contact and in contrast to 
the ambient droplet case, where no impalement was recorded (see Appendix D, section 
“Room temperature droplet impact on a superhydrophobic metasurface”, and Figure 
D.3). This is attributed to condensation within the microtexture occurring in the case of 
the hot droplet and a bridging phenomenon, as discussed in previous works.50,51 For Fig-
ure 5.2b, the experiment was repeated with the substrate now illuminated from below 
by the solar simulator. Here, we observed no impalement; demonstrating light-induced 
effective superhydrophobicity enhancement. A micrograph of the superhydrophobic 
plasmonic metasurface is included as an inset. Figure 5.2c quantifies the impalement 
probability, Φ, vs wT , in both the light on and light off cases. At lower values of wT , no 
impalement is observed for either case. However, for >w 35T  °C, we note the onset of 
impalement in the light off case with increasing Φ for higher temperatures. Crucially, 
under illumination, Φ = 0  for all wT , showcasing the capability of light to hinder con-
densation-based impalement. 

 

Figure 5.2 Light enhanced superhydrophobicity. Image sequences showing hot droplets 
impacting on superhydrophobic metasurfaces (a) without and (b) with illumination (so-
lar simulator). The following parameters were kept constant for all droplet impact ex-
periments here: We ≈ 26, P ≈ 3.5 kW m-2, and T∞ ≈ 21 °C. A micrograph of the superhy-
drophobic metasurface is shown as an inset image. (c) Probability of droplet impale-
ment, Φ, vs water droplet temperature, Tw, for no illumination (black squares) and under 
illumination (red triangles) conditions. Each data point represents N ≥ 7 experiments. 
Scale bars: (a)–(b), 2 mm; inset in (b), 5 μm. 

 To quantify the dependence of impalement events due to condensation on sT

, we now placed hot droplets on our superhydrophobic metasurfaces and observed their 
wetting behavior over time. Figure 5.3a–c displays image sequences of single static hot 
droplets ( = °w 55 CT ), deposited at = 0t , for ∞ = ° ≤ ≤ °s22 C T 28 CT . We used a halogen 
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lamp to elevate sT  beyond ∞T . It is noticeable from Figure 5.3a–c that the impalement 
time, ft , the time at which the contact line moves macroscopically, varies with sT . As sT  
increases, so does ft . Once a droplet impales, the superhydrophobicity of the surface is 

compromised. For our square pillar array, we can calculate the theoretical time needed 
for condensate to fill a cavity, τ f ; it can be proven that with regards to textural features, 

τ f  only depends on the pillar height, scaling as 2h . Condensation is the outcome of 

supersaturation due to water vapor diffusion from the hot droplet into the cooler cavity. 
(For more information on the formula for calculating τ f , see Appendix D, section “The-
oretical basis of impalement criterion”.) In Figure 5.3d, ft  vs τ f  for all wT  and sT  are 

plotted and least squares were used to extract the best fit lines. From these, it becomes 
clear that the slope of the lines, α τ= f f/t , which we term correction factor, depends 
on sT . In agreement with previous research on hot droplets interacting with ambient 

substrates,50 we found α
∞= = °

≈
s 22 C

11
T T

. However, for ∞>sT T , we observed that α  in-

creases significantly to α
= °

≈
s 28 C

26
T

. The same trend was also followed by control sur-

faces, heated with a hot plate (see Appendix D, section “Effect of surface temperature 
on condensation nucleation on control surfaces due to warm water droplets”, and Fig-
ure D.4). This can be attributed to a combination of factors. First, droplets cool down 
due to contact with the surface (conduction) and diffusion in air. We measured the cool-
ing rate of hot droplets placed on our surfaces at = 0t  and used a modified Newton’s 
cooling law to fit the experimental data: ( ) ( ) ( )=+ − −w s w, 0 s c= exp c

tT t T T T k t , where ck  and 

c  were determined empirically (see Appendix D, section “Experimental setup and water 
temperature calibration”, and Figure D.5). Here we can see that the cooling profile de-
pends solely on −w sT T  and therefore varies for our different cases. From this it can be 
inferred that deviations in α  accommodate the stronger cooling rate observed at lower 
initial sT . Indeed, for the maximum value of −w sT T , a considerable cooling rate of 

−° 114 C s  was measured leading to the highest α . Second, the differences between ft  
and τ f  are also – to a lesser extent – affected by the observation method of contact line 

motion used for detecting impalement events. When superhydrophobicity is compro-
mised, the kinetics of droplet wetting and creation of new surface area impose a delay 
on the actual impalement time and increase the values of α . Figure 5.3e schematically 
summarizes the evolution of condensation impalement over time within micropillared 
surface textures. For contact times ατ<< =f ft t , the cavities are almost water-free and 
superhydrophobicity is maintained. As t  and τ f  become comparable, water nucleation 

and condensation take place and the cavity is partially filled with water, while for even 
longer t , water completely fills the cavity and local superhydrophobicity is compro-
mised. 
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Figure 5.3 Interplay between light coupling, superhydrophobic metasurface, and warm 
droplet repellency. (a)–(c) Image sequences showing the wetting behavior of warm wa-
ter droplets on a superhydrophobic metasurface for a, P = 0 kW m-2, b, P ≈ 1 kW m-2, and 
c, P ≈ 2 kW m-2 (T∞ ≈ 22 °C).  We used the halogen lamp to illuminate the samples. (d) 
Droplet impalement time, tf, vs theoretical cavity filling time, τf, for Ts = 22 °C (black 
squares and line), 24 °C (red open triangles and dashed red line), and 28 °C (red filled 
triangles and red line). Each data point represents N = 3 experiments, and the lower and 
upper error values represent the minimum and maximum measured values, respec-
tively. The three lines of best fit have slopes of α ≈ 11 (for confidence C = 95%, α = [8,13]), 
12 (C = 95%, α = [8,17]), and 26 (C = 95%, α = [18,33]) corresponding to Ts = 22 °C, 24 °C, 
and 28 °C, respectively. The inset, plotted in logarithmic axes, reveals the behavior of 
the warmest droplets. (e) Schematic showing the mechanism of condensation impale-
ment that occurs when a warm droplet is placed on a superhydrophobic metasurface. 
Scale bars: (a)–(c), 2 mm; inset in (c), 5 μm. 

 In order to explore the coupling of pressure and condensation-based impale-
ment mechanisms, we mapped the impalement probability of warm droplets impacting 
on our superhydrophobic metasurfaces for a range of We . The image sequences in Fig-
ure 5.4a–b depict droplets with >w sT T  impacting on a superhydrophobic metasurface 
at ≈ 73We . For ∞= = °s 21 CT T  in Figure 5.4a, a slightly warmer droplet ( =w 26T  °C) was 
sufficient to cause impalement. This is in contrast to experimental results for ≈26We , 
where we observed no impalement up to droplet temperatures of ~35 °C. However, 
upon illumination by our solar simulator, impalement was again suppressed. To investi-
gate the underlying impalement mechanisms, we performed isothermal droplet impact 
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experiments ( ∞= =w sT T T ) at ≈ 73We , which revealed a non-zero impalement proba-
bility. This can be attributed to a pure pressure-driven impalement mechanism. (See Ap-
pendix D, section “Effect of light on the pressure-driven impalement mechanism on 
metasurfaces” and Figure D.6.) 

 To predict impalement in dynamic droplet impact events, we define the con-
tact time, τ c , directly proportional to the inertial capillary time, τ , which scales as 3/2

0R  
(see Appendix D, section “Theoretical basis of impalement criterion”). Figure 5.4c shows 
plots of impalement probability, Φ, vs τ ατc f/ , for hot droplet impacts at = [26,73]We
, for both light on and light off cases. The τ ατc f/  ratio is our impalement criterion, with 
impalement transition expected to occur for τ ατ ≥c f/ 1 . The corresponding droplet 
temperatures, wT , for each value of τ ατc f/ , are also plotted for both light on and light 
off cases. It is noted that for any given wT , the respective τ ατc f/  value is lower in the 
light on case, signifying a greater impalement resistance. We observed this transition in 
the light off case at low We ; on the other hand, illumination shifts the wT  required for 
impalement to temperatures higher than we could achieve with our setup. For the high 
We  cases, the transition occurs at τ ατ −≈ ⋅ 

2
c f/ 5 10 1 . Illumination marginally in-

creases Φ. This behavior can be explained by comparing the schematics in Figure 5.4d–
e, which illustrate the condensation-based (low We ) and mixed (high We ) impalement 
mechanisms respectively. A high wetting pressure results in meniscus penetration, to a 
depth δ , into the texture during impact, effectively reducing the cavity height needed 
to be filled before impalement occurs to δ−h . This greatly reduces the filling time, 

( )τ δ−

2
f h , resulting in a significant underestimation of τ ατc f/ . It is therefore possi-

ble to use the same impalement criterion for a mixed mechanism by replacing h  with 
δ−h . Notwithstanding, determining the values of δ  is beyond the scope of this study. 
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Figure 5.4 Mechanisms of light-enhanced superhydrophobicity. (a)–(b) Image se-
quences of warm water droplets on a superhydrophobic metasurface (T∞ ≈ 21 °C) for a, 
We ≈ 73, P = 0 kW m-2, and b, We ≈ 73, P ≈ 3.5 kW m-2. A solar simulator was used for 
illumination. (c) Impalement probability, Φ (left axis), vs contact time to filling time ratio, 
τc/ατf, for We ≈ 26, P = 0 kW m-2 (black squares), We ≈ 26, P ≈ 3.5 kW m-2 (red squares), 
We ≈ 73, P = 0 kW m-2 (black triangles), and We ≈73 , P ≈ 3.5 kW m-2 (red triangles). The 
error bars are based on the confidence level in α (for confidence C = 95%, α = [8,13] for 
the non-illuminated and α = [18,33] for the illuminated metasurfaces). Each data point 
represents N ≥ 7 experiments. The dashed lines represent droplet temperature, Tw (right 
axis), vs τc/ατf, for P = 0 kW m-2 (black dashed curve) and P ≈ 3.5 kW m-2 (red dashed 
curve). (d)–(e) Schematics of impalement mechanisms; d, condensation-driven, and e, 
mixed condensation and pressure-driven. Scale bars: (a)–(b), 2 mm; inset in (b), 5 μm. 

 Conclusions 

 Loss of superhydrophobicity due to hot water condensation inside the texture 
of surfaces specifically designed for water repellency is an unwanted but common phe-
nomenon which seriously inhibits their performance. The current state-of-the-art relies 
upon complex surface engineering, often at the expense of surface transparency. Here 
we demonstrated a facile and passive method of achieving superior repellency that can 
be applied to a broad range of surfaces, relying on the collaborative effect of superhy-
drophobicity and passive heating through plasmonic exploitation of incident sunlight. 
Harvesting the power of sunlight with ultrathin metasurfaces while maintaining trans-
parency, we showed that typical microstructured surfaces, armed with our plasmonic 
coating, can sustain superhydrophobicity in the presence of very hot water by totally 
preventing or slowing down condensation nucleation due to light absorption heating. 
Our approach can be used as a stand-alone or additive technology towards counteract-
ing the negative effects of hot water on surfaces, especially when a degree of optical 
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transparency is required. We believe that our technology can make its advantages evi-
dent in applications such as glasses, goggles, optical components and a plethora of win-
dows and windshields exposed to hot and humid conditions. 

 Methods 

 Materials. Microscope glass slides (76 by 26 mm, 1-mm thick, with cut edges 
and plain end) were obtained from VWR. Polydimethylsiloxane (PDMS) silicone elasto-
mer and curing agent (Sylgard® 184, 10 to 1 ratio) were purchased from The Dow Chem-
ical Company, and a UV-curable polyurethane acrylate (PUA) resin (MINS-311RM), com-
posed of a functionalized pre-polymer, a photoinitiator and a UV-curable releasing 
agent, was obtained from Minuta Technology. Trichlorovinylsilane (TCVS, 97%), 
1H,1H,2H,2H-perfluorodecyl acrylate (PFDA, 97%, with tert-butylcatechol inhibitor) and 
tert-butyl peroxide (TBPO, 98%) were sourced from Sigma-Aldrich. 

 Surface preparation. 

 a. Metasurface-coated micropillared surfaces. We fabricated a specially de-
signed chrome hard mask consisting of 20 by 20 mm squares filled with circular dots 
with a target diameter of 2.5 μm and pitches ranging from ≈5 μm to ≈10 μm and used it 
to pattern 4-in silicon wafers with standard photolithography. We used a positive pho-
toresist (AZ 4512; MicroChemicals GmbH) and the Süss MA6 mask aligner in hard con-
tact mode for the UV exposure, and subsequently etched the wafers (deep silicon etch; 
PlasmaPro 100 Estrelas, Oxford Instruments) to a depth of 3.2 ± 0.1 μm. We then used 
initiated chemical vapor deposition (iCVD; iLab Coating System, GVD Corporation) to 
coat them with a thin and ultra-low surface energy pPFDA (9.3 mN m-1) conformal hy-
drophobic polymer layer.58 Upon a 10-min oxygen plasma ashing (100 W power; PCCE, 
Diener) of a wafer, we placed it in a glass chamber and ran a room temperature TCVS 
pre-treatment silanization process with initial pressure of ~13 kPa for 20 min, which 
would later enable chemical bonding of the pPFDA to silicon. For the iCVD deposition, 
the reactants were PFDA and the initiator TBPO, and the parameters were the following: 
deposition time of 15 min, process pressure of ≈13 kPa, PFDA flow rate of 1.0 sccm, 
TBPO flow rate of 2.6 sccm, substrate temperature of 40 °C. A heated filament at 300 °C 
enabled breakdown of the reactants. The next step consisted of transferring the wafer 
pattern onto a flexible PDMS mold by means of soft lithography, for the preparation of 
which we mixed PDMS with a curing agent at a 10:1 ratio, poured it onto the silicon 
wafer and degassed under vacuum to remove all air bubbles. Curing was done in a 
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convection oven at 70 °C for 2 h. The mold, consisting of microholes, was peeled off the 
wafer. We then transferred the pattern from the flexible mold onto our substrates. We 
took microscope glass slides and thoroughly cleaned them, consecutively, in sonicated 
acetone, isopropyl alcohol and water baths, followed by plasma ashing for 10 min. Sub-
sequently, we placed fractions of the PDMS mold onto thin layers of PUA resin, which 
we previously deposited on the glass slides. Curing and thus hardening of the pattern 
(micropillars) took place in a vacuum UV exposure box (Gie-Tec GmbH) for 10 min, fol-
lowed by peeling off the PDMS molds. In order to deposit our light-absorbing metasur-
face coating on top of our structures, we employed sputter deposition (CS 320 C; Von 
Ardenne) method.130 We first deposited ~20 nm of silicon dioxide by RF-bias and setting 
the following parameters: 600 W power, 0.2 Pa pressure, 5 sccm argon gas flow and 
deposition time of 42 s. SiO2 promotes surface wettability and adhesion of the succeed-
ing metasurface coating, also increasing its homogeneity and reducing the overall nano-
roughness. On top of it, we ran deposition cycles with alternating titania (TiO2) and gold 
(Au) targets, up to a total number of 8 layers. For each Au deposition burst, we operated 
the tool for 3 s at 50 W DC-bias and 0.6 Pa pressure, while each deposition of TiO2 took 
43 s, using a 600 W RF field at 0.6 Pa pressure. The metasurface was terminated with an 
extra TiO2 layer, deposited for 72 s. Finally, the metasurface-coated PUA microstruc-
tured substrates were coated with a hydrophobic pPFDA layer in the same way as pre-
viously described in the case of silicon. Out of the pool of samples with different geo-
metrical dimensions, we selected the ones with the following dimensions: ≈ 2.5d  μm, 
≈ 5.0p  μm and ≈ 3.3h  μm. The wetting fraction, ϕ π= 2 2/ 4d p , was ~20%.  

 b. Control PUA micropillared surfaces. We fabricated the control samples in 
the same manner as the metasurface-coated ones, with the only difference of omitting 
sputter deposition, meaning that curing of the PUA micropillars was directly followed by 
iCVD deposition of a hydrophobic pPFDA coating. 

 c. Sample for metasurface cross section depiction. To demonstrate the multi-
layer nature of our metasurface, we deposited the metasurface similar to the aforemen-
tioned procedure on a smooth silicon substrate, omitting the SiO2 layer, since no 
dewetting issues were observed in this case. We kept all deposition parameters the 
same and adjusted the total number of layers to 44. 

 Characterization. We characterized the topography of the control and 
metasurface-coated samples by means of stylus profilometry (Bruker Dektak XT) and 
scanning electron microscopy (SEM; Hitachi SU8230). For the SEM micrographs of 
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micropillars, we set the acceleration voltage at 1 kV and utilized the secondary electron 
and lower detectors to collect surface and topographic information. For the cross-sec-
tional micrograph, we selected the aforementioned detectors and raised the voltage to 
5 kV. We measured the advancing and receding contact angles on control and metasur-
face-coated samples with an OCA 35 goniometer (DataPhysics), with the tilting method 
and for droplet volume of 10 μL. We carried out transmittance, reflectance and absorb-
ance measurements on control and metasurface-coated specimen with the help of a V-
700 (Jasco) UV-VIS spectrometer with an integrating sphere. 

 Experimental setup and protocols. We conducted surface temperature cali-
brations using either a high-speed infrared camera (SC7500, FLIR), for the control and 
metasurface-coated samples illuminated with halogen light (Flexilux 600 longlife), with 
≈1P  kW m-2 and ≈2P  kW m-2, or a resistance temperature detector in the case of 

stronger illumination with a xenon arc source (66902, Newport), equipped with an 
AM1.5 air mass filter to render it a solar simulator, with ≈ 3.5P  kW m-2. The diameter 
of the light spot was ~8 mm for halogen light and >2 cm for the solar simulator. With the 
latter, we were able to homogeneously illuminate the whole sample. We assumed ther-
mal equilibrium at = 300t  s (light was switched on at = 0t  s) and each measurement 
was run three times. Light from the solar simulator was stabilized by waiting for at least 
30 min prior to running any experiments. (See Figure 5.1e–f for a schematic of the ex-
perimental configuration during calibration and the temperature increase caused by the 
solar simulator on control and metasurface-coated samples.) We performed the hot 
droplet experiments on warm surfaces only upon the illuminated surfaces reached ther-
mal equilibrium and waited ~1 min between subsequent droplet dispensations. (See Ap-
pendix D, section “Experimental setup and water temperature calibration” and Figure 
D.5, for more details on the experimental setups used for calibrating the water temper-
ature and running the hot droplet experiments.) The droplet placement or impact posi-
tion on a sample was shifted after every experiment to ensure minimum effect of sur-
face defects on our experiments and statistics. The relative humidity of the room was 
kept in the 45%–55% range throughout the studies. 
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6. C O N C L U S I O N S  

 With this thesis, I prove that sunlight can have a significant positive effect in 
surface anti-wettability, as well as prevention of fogging and icing of surfaces, all while 
maintaining transparency and solely relying on renewable energy. 

 In Chapter 3 of my thesis, I demonstrated that rationally engineered met-
amaterial-coated surfaces with tunable levels of transparency and significant light ab-
sorption, ranging from 28% to 83%, show impressive anti-icing and deicing perfor-
mances. The metasurfaces, engineered for broadband light absorption, can lead to a > 
10 °C temperature increase with respect to uncoated surfaces. Deicing can be achieved 
in as little as 30 s, while their anti-icing performance is equally significant, with 6 orders 
of magnitude increase in freezing delay in extreme subzero temperatures of < -30 °C. All 
in all, using intricately engineered metasurfaces to absorb sunlight, I propose a totally 
passive solution to icing, 100% based on renewable energy from the sun. 

 In the next chapter, the problems associated with fogging of surfaces and a 
fresh way of tackling them with sunlight and the technology I previously developed are 
investigated. Firstly, quantified data of clarity and distortion of light transmitted through 
surfaces with water condensate on them show that depending on their wettability, one 
can have different levels of visibility. Importantly, it was found that state-of-the-are su-
perhydrophilic technologies do not retain a good level of surface visibility, resulting in 
significant distortions over time. Using metasurfaces on transparent substrates, we 
show that one can harness the broadband sunlight to maintain fog-free conditions for 
prolonged times. This is due to the temperature increase at the surface–water interface 
upon illumination. In fact, a reduction in defogging time by up to 4-fold was possible just 
relying on solar energy. These results open up new opportunities for future transparent 
and effective anti-fogging coatings. 

 The final chapter employs the metasurface technology and rational surface 
engineering to create super-repellent surfaces that work against condensation nuclea-
tion of hot water by increasing their temperature with sunlight. Even 1 °C can make a 
tremendous difference of several orders of magnitude in the probability of nucleation. 
Not only do I demonstrate significantly improved water repellency with sunlight, but I 
also investigate the driving forces behind the temperature shift of the onset of impale-
ment that was observed experimentally. 
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7. O U T L O O K  

 In my thesis, I tried to provide the scientific community not only with quanti-
tative answers to whether or not sunlight can help mitigate fog, ice and in general any 
water presence on surfaces, but my intention was also to open up new perspectives on 
how to solve problems with renewable energy, which will hopefully lead to further re-
search and novel ideas on improving the performance of light-absorbing surfaces. 

 First and foremost, since the requirement for transparency is vital in many in-
dustrial and practical applications, it is wise more research to be conducted on the de-
velopment of spectrally selective absorbers. Sunlight radiation has a lot of power in the 
infrared that is invisible to human eyes, roughly 50% or 500 W m-2. Ideally, a surface that 
absorbs in the whole infrared and is transparent in the visible range would have – at 
least – the same performance as our metasurfaces while looking like plain glass, not 
reducing visibility to the slightest extent. This is challenging to make with current tech-
nologies without going deep into the field of plasmonics and nanostructures. More re-
search could lead to scalable technologies that can be applied broadly on actual sur-
faces. This is exactly, in my opinion, what the secondary focus of relevant research 
should be. It is much more difficult to develop a scalable coating than following a clean-
room process to develop millimeter-scale samples. 

 In terms of designing surfaces maintaining superhydrophobicity even under 
adverse conditions (high air temperature and humidity), more research should be con-
ducted to fabricate light-driven hot water-repellent surfaces with multi-tier roughness 
for reversible wettability by means of water droplet ejection off surface structures with 
the help of sunlight. This would be crucial in cancelling out visibility loss of surfaces in 
cases of intermittent sunlight. Such multi-tier micro and nanorough surfaces would en-
able visibility restoration with a minimal amount of sunlight, while also preventing con-
densate nucleation within the texture. 

 It goes without saying that harvesting sunlight is the way to proceed in all of 
these cases, not only for environmental protection reasons but also for enhanced prac-
ticality, as conventional energy is not always available on-site, or the costs associated 
with transferring it onto surfaces, for example windows, are high and require compli-
cated engineering solutions. However, this is not to say that novel approaches should 
not be compatible with conventional technologies. On the contrary, only if the current 
tools that we have are appreciated could one break the records in water repellency, anti-
fogging and anti-icing performances.
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A P P E N D I X  A  

 Modeling light absorption. The absorption behavior of the multilayer films 
can be modeled by treating each film as a homogeneous nanocomposite of Au and TiO2, 
since the values of p  (distance between adjacent gold particles) and d  (mean particle 
diameter) are of the same order. According to Bruggeman’s effective medium approxi-
mation, the effective electric permittivity of the nanocomposite – important in deter-
mining the electronic and optical properties of the nanocomposite – which is strongly 
dependent on the wavelength of light, is given by:71 

( ) ( ) ( ) ( )ε ε ε ε ε ε ε  = − + − ± − + − +   2 2 2 2 2

2

r,nc Au r,Au TiO r,TiO Au r,Au TiO r,TiO r,Au r,TiO
1

3 1 3 1 3 1 3 1 8
4

v v v v  

(A.1) 
where εr,nc  is the relative effective permittivity of the nanocomposite, εr,Au  and ε

2r,TiO  

are the permittivities of Au and TiO2, respectively, and Auv  and 
2TiOv  are the volumetric 

concentrations of Au and TiO2, respectively. We select the sign of equation (A.1) to as-
sure that the imaginary part of the permittivity stays positive. We also assumed spherical 
Au nanoparticles, with a mean diameter of ≈ 5d  nm, taken from the measured Au par-
ticle size distribution (Figure 3.1b). The volumetric concentration of Au was ≈Au 0.4v , 
therefore ≈

2TiO 0.6v . The dielectric constant of TiO2 in the visible and near-infrared 

wavelength range can be taken as ε =
2r,TiO 6.25 .95 The calculation of εr,Au , which has de-

pendency on the particle size, is discussed below. The permittivity of a bulk metal can 
be written as: 

ε ε ε= +r,bulk r,bound r,free  
(A.2) 

where εr,bound  is the term related to the bound electrons and εr,free  is the term related 
to the free electrons. Furthermore, we have: 

( )ε ω ω ωγ= − +2 2
r,free p bulk1 / i  

(A.3) 
where ω = ⋅ 16

p 1.3 10  s-1 is the bulk plasma frequency, ω  is the frequency of incident 

light and γ = ⋅ 14
bulk 1.64 10  s-1 is the damping constant according to the Drude model. 

From (A.2), (A.3), and the known bulk permittivity function of gold, the term εr,bound  can 

be calculated.167 For < 50d  nm (mean free path of electrons in Au), surface properties 
become important and the corrected damping constant is given by:168 

γ γ= +*
bulk F2 /Cv d  

(A.4) 
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where = ⋅ 14
F 14.1 10v  nm s-1 is the Fermi velocity and a scattering constant, = 0.33C ,169 

was assumed. Replacing γ bulk  with γ *  in (A.3) gives us the size-dependent permittivity 

of Au nanoparticles (A.2). Finally, from equation (A.1), the relative effective permittivity 
of the metasurface, εr,nc , can be calculated. 

The same analysis is also valid for other common dielectrics used in metal-dielectric 
nanocomposites, such as silicon dioxide (dielectric constant of ≈ 2.25 ) and Teflon (die-
lectric constant of ≈1.8 ).95 

 Figure A.1a shows a plot of the imaginary part of the relative permittivity, 
εr,bulkIm( ) , of bulk Au and Au nanoparticles ( ≈ 5d  nm), vs wavelength of light, λ  (
−400 1200  nm).  

 

Figure A.1 (a) Imaginary part of the relative permittivity, εr,bulkIm( ) , of bulk Au (–––) and 

Au nanoparticles ( ≈ 5d  nm, – – –), vs wavelength of light, λ . (b)–(e) Imaginary part of 
the relative effective permittivity of Au–dielectric nanocomposites, εr,ncIm( ) , vs λ , for 

different volumetric concentrations of Au nanoparticles ( ≈ 5d  nm), Auv : (b) 20%, (c) 

40%, (d) 60%, (e) 74%, each for three commonly used dielectrics (TiO2 –––, silicon diox-
ide –––, and Teflon –––). 
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Figure A.1b–e show plots of the imaginary part of the relative effective permittivity, 
εr,ncIm( ) , of nanocomposites consisting of Au nanoparticles ( ≈ 5d  nm) and commonly 

used dielectrics (here shown for TiO2, silicon dioxide and Teflon), vs wavelength of light, 
λ  ( −400 1200  nm), for different Au volumetric concentrations, ranging from 20% up 
to 74% (maximum packing factor for close-packed, equal-size spheres). We observe that 
the size effects on Au nanoparticles lead to a significantly increased imaginary part of 
the permittivity, compared to bulk Au. The target for broadband visible light absorption 
in a nanocomposite is maximization of the value of εr,ncIm( )  across the whole visible 

wavelength range.71 This is equivalent to maximizing the effective electronic conductiv-
ity of the nanocomposite, σ c,nc ( σ ω ε=c,nc r,ncIm( ) ). Close to percolation, for =Auv 40%, 

εr,ncIm( )  becomes very large over the whole wavelength range, and so does σ c,nc . The 

percolation threshold (volumetric concentration) for 3D nanocomposites is 1/3, while 
for deeply sub-wavelength, 2D films, it is approximately equal to 1/2.71 From the calcu-
lated curves (Figure A.1b–e) as well as the above-mentioned theoretically expected Auv  
at percolation, we see that the optimum Auv  is ≈ 40% , for all the considered dielectrics. 

Moreover, it is notable that for the above-mentioned volumetric concentration, the Au–
TiO2 nanocomposite exhibits the highest and most broadband imaginary part of the per-
mittivity, as compared to the nanocomposites with silicon dioxide and Teflon, which led 
us to select TiO2 as the dielectric in all of our studies. 

 Nanoparticle size analysis. The particle size distribution of the gold nanopar-
ticles was extracted from an 8-layer ( = 45L  nm, without a TiO2 top-layer) sample. Figure 
A.2a shows the first approach, which is a manual measurement process. The length of 
the drawn (yellow) line segments gives the equivalent particle diameter, d . A total of 
241 particles were measured in the displayed image. 

 The second approach is facilitated by using ImageJ software package. First, we 
threshold the 8-bit image using Yen’s thresholding method.170,171 This method is an im-
provement over the triangle method, being able to detect data skewness to the one side 
or the other. Then, for the particle size calculations, we apply a limit of 1–100 nm2 in the 
area and 0.1–1.0 in the circularity, to prevent merging artifacts of neighboring nanopar-
ticles. Finally, the area (red contours in Figure A.2b) is converted into equivalent diame-
ter, assuming spherical nanoparticles. OTSU method172 was also tried but the detection 
was not up to par with Yen’s method. The quantitative comparison between manual and 
automatic measurements is shown in the particle size distribution bar plot (Figure A.2c). 
The average particle diameter is ≈ 5  nm in both cases. The automatic method enables 
fast processing of much bigger areas. For low contrast images, though, it is intuitive that 
manual measurements are the most reliable. 
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Figure A.2 Particle size distribution of the gold nanoparticles (top-view of the = 45L  
nm, 8-layer metasurface, without TiO2 top-layer). (a) Manual counting: the length of 
the line segments is the equivalent diameter. (b) Automatic measurement using Yen’s 
thresholding method. The equivalent diameter is calculated from the area of each na-
noparticle, assuming unity sphericity. (c) Particle size distribution comparison bar graphs 
(relative frequency, 0/N N , vs particle diameter, d ) between the two methods. The 
mean particle diameter is ≈ 5  nm in both cases. Scale bar: (a)–(b) 40 nm. 
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 Optical spectroscopy. Figure A.3a–d shows the experimental absorption (
), reflection ( ) and transmission ( ) spectra of metasurfaces with =L 38, 60, 95 and 
270 nm over the wavelength range: λ = −400 800  nm. Figure A.3e shows the corre-
sponding spectra of  ,   and  , vs λ , for a semi-transparent, PVDF-coated 
metasurface with ≈L 60 nm, and the same uncoated metasurface. The mean values of 
 ,   and   over the whole spectrum, denoted as  ,   and  , respectively, are 
also shown. 

 

  

Figure A.3 Percent absorption,   (–––), reflection,   (–––) and transmission,   (–
––), vs wavelength of light, λ , for metasurfaces with varying L. (a) 38 nm, (b) 60 nm, 
(c) 95 nm, (d) 270 nm, and (e), ≈ 60 nm, uncoated (solid curves) and PVDF-coated 
(dashed curves).  ,  ,   are the mean values of  ,   and  , respectively. 
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 Thermography. The methodology of measuring the surface temperature of 
our samples (fabricated on fused silica substrates) under visible light illumination with 
non-contact infrared measurements, is described in this section. The total, spatially 
changing signal ( totC , expressed in digital counts) collected by the IR camera at each time 
moment can be formulated as: 

( ) ( ) ( ) ( ) ( )ε ε= +  −  tot s amb, , , 1 , ,C x y x y C x y x y C x y  
(A.5) 

where ε  is the sample emissivity, sC  is the number of counts (signal) that the sample 
would exhibit if it was a blackbody (emissivity of 1), and the term amb( , )C x y  is due to the 

ambient contribution. Here, we made the assumption that the infrared transmittance of 
air is unity, therefore, its contribution can be neglected (IR camera lens–sample distance 
was 30 cm). Moreover, the assumption of zero infrared transmittance through the sam-
ple should also be made so that equation (A.5) remains valid. The validity of this assump-
tion for all the samples will be discussed later. We consider each metasurface as an ef-
fective medium, therefore ε  has no spatial distribution, so that equation (A.5) be-
comes: 

( ) ( ) ( ) ( )ε ε= + −tot s amb, , 1 ,C x y C x y C x y  

(A.6) 
Applying (A.6) for two different temperatures, ambT  (ambient temperature) and >i ambT T
, and subtracting the resulting equations, leads to: 

( ) ( ) ( ) ( )ε  − = − 
amb ambi iT TT T

tot tot s s, , , ,C x y C x y C x y C x y  

(A.7) 
This is because the ambient term is temperature independent. 

 In order to calculate the unknowns in equation (A.7) starting with ε , we ran 
a series of calibration experiments: each sample was placed on a hot plate (without illu-
mination); the temperature was increased in steps; the resulting total counts per sample 
and temperature increment were recorded with the IR camera. A type T thermocouple 
(accuracy of ±0.5  °C) was used to measure the surface temperature of the samples. The 
range of surface temperatures was 23–46 °C. To minimize the effect of sample transmit-
tance on the reading of total counts, a low emissivity polished aluminum bottom plate (
ε ≈Al 0.1 ) 173 was used in all cases. (The same experiments were also run on a high emis-
sivity bottom plate made of PMMA ( ε ≈PMMA 0.95 ) 174, for maximum error estimation 
reasons, as discussed below.) We tried to minimize any convective heat transfer that 
could take place, as well as the noise level (temporally and spatially changing signal from 
external IR sources, like the human body) by encapsulating the surroundings of each 
sample and the camera prior to its calibration. There are three unknowns in equation 
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(A.7) ε , iT
sC  and ambT

sC . The latter two can be calculated by taking into account the in-
ternal calibration curve of the IR camera, shown in Figure A.4a; digital level in the case 
of blackbody, expressed in counts, calC , vs temperature, T : 

( )=cal calC f T  
(A.8) 

Combining equation (A.7) with (A.8), and setting =cal sC C , the unknown sample emissiv-
ity, ε , can be calculated. In our case, ε  was in the 0.68–0.90 range. 

 In order to extract the spatial and temporal evolution of the temperature of 
each sample under illumination, the first frame (ambient term) from each image se-
quence was subtracted. After finding the average pixel coordinates with the maximum 
intensity from the whole sequence, a circular geometric place with a radius of 5 pixels 
around the maximum was considered and its average intensity (signal) per frame, iT

sC , 
was calculated. Finally, signal was converted into temperature by using the expressions 
(A.7) and (A.8).  

 Figure A.4b shows the spatial temperature profile of an IR measurement 
(metasurface with = 270L  nm) at =180t  s (steady state). Figure A.4c is a plot of tem-
perature increase, ∆T , vs radial position, r , with respect to the position of the maxi-
mum temperature ( = 0r ) of the aforementioned metasurface, at =180t  s (steady 
state). 

 The main sources of error affecting the infrared measurements are, first of all, 
the uncertainty in the sample calibration (emissivity calculation), due to the uncertainty 
in the temperature measurements ( ±0.5  °C), secondly, the effect of the transmittance 
of the samples used in the calibration, thirdly, the systematic error in the camera inter-
nal calibration curve. To account for the error due to transmittance of the samples dur-
ing calibration, we compared the maximum ∆T  upon illumination, between the cases 
in which an aluminum bottom plate (low emissivity) was used for calibration and the 
ones in which a PMMA bottom plate (high emissivity) was used. We obtained a maxi-
mum error of ±0.4  °C for the sample with the highest transparency, indicating some IR 
transmittance through the sample, which contributes to the total error. Moreover, the 
influence of the temporal fluctuation of the ambient radiation should be taken into ac-
count.175 We minimized this effect by carefully shielding the setup throughout the meas-
urements. Based on the above considerations, a maximum uncertainty of ±0.6  °C is 
calculated for the infrared temperature measurements in the temperature range of our 
experiments. 
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Figure A.4 Infrared temperature calculations. (a) Calibration curve of the IR camera, in 
the −10 80  °C temperature range (digital level, calC , vs temperature, T ). (b) Surface 
temperature calculations: a circle with a radius of r  (exaggerated) is drawn around the 
maximum; the geometric place defined by it gives the average temperature per frame. 
(c) Temperature increase, ∆T , at a radial distance, r , from the position of the maxi-
mum temperature (metasurface with =270L  nm). Scale bar: (b) 3 mm. 

 Heat transfer. For horizontal upward facing heated plates, the three-dimen-
sionality of the buoyancy driven flow limits the ability to develop generalized correla-
tions in order to determine h, therefore we computed the steady-state value of ∆T  
using COMSOL Multiphysics Modeling Software. 

In order to understand the importance of heat transfer from the heated substrate into 
the gaseous environment in determining the steady-state value of ∆T , we solved the 
two-dimensional energy, momentum, and continuity equations using COMSOL Mul-
tiphysics Modeling Software. Figure A.5a shows a schematic of a gas cavity of height 1L  
and width 2L  subjected to gravity, with a heated bottom, adiabatic side-walls, and a 
constant temperature top wall. The energy, continuity, and momentum equations can 
be written as: 

( )

( ) ( ) ( )

α

ρ ρ

ρ ρ µ µ ρ

∂
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with the following initial and boundary conditions, ( ) ∞=, ,0T x y T , 

( ) ( )∂
= − −

∂
*

s,0, /
T

x t P P k
y

 , ( ) ( )∂ ∂
= =

∂ ∂ 20, , , , 0
T T

y t L y t
y y

, ( ) ∞=1, ,T x L t T , ( ) =,0, 0u x t

, ( ) =0, , 0u y t , ( ) =1, , 0u x L t , ( ) =2 , , 0u L y t , and ( ) =, ,0 0u x y , where α , ρ  , and µa  

are the thermal diffusivity, density, and dynamic viscosity of the gas, u  is gas velocity, 

vp  is pressure, *P  is the total irradiated power from the sample, I  is the identity matrix, 

g  is the acceleration due to gravity, and F  is the force per unit volume. *P  is tempera-
ture-dependent and can be calculated by the Stefan-Boltzmann law, 

( )εσ ∞ = = − 
* 4 4

B av 0,P T y t T , where σB  is the Stefan-Boltzmann constant. For simplifica-

tion reasons, the average sample temperature, ( )=av 0,T y t , per time step is considered 

in the calculation of *P . Plugging in appropriate values ( =2 1.8L  cm, ≈ 2.4P  kW m-2, 

= 37%, ∞ = 23T  °C, ε = 0.8 , =v 1p  atm, = 9.81g  m s-2), we run the simulations for 

various cavity heights, 1L . Here, heat in was simplified as ≈ P  due to the broadband 
  vs λ  spectrum of the metasurface; no renormalization with respect to the spectrum 
of the light source was applied. This simplification will also be used further on. 

 

Figure A.5 Modeling steady-state temperature of a heated surface in contact with a 
two-dimensional rectangular gas cavity. (a) Schematic of the air cavity subjected to 
gravity with a heated bottom, adiabatic side-walls, and a constant temperature top-wall. 
(b) Temperature differential at steady state, ( ) ∞∆ = −,0T T x T , vs cavity aspect ratio, 

1 2/L L  ( =2 1.8L  cm), for 
=
= − − *

s0
/ ( ) /

y
dT dy P P k  ( ≈ 2.4P  kW m-2, = 37% , 

≈* 34P  W m-2 and =s 0.2k  W m-1 K-1). (c) Rayleigh number, 
1LRa  (

( ) ( )β να∞=  −  1

3
1,0 /LRa g T x T L ), at steady state, vs cavity aspect ratio, 1 2/L L . The 

dashed line represents the critical Rayleigh number, =c 1708Ra . 

 Figure A.5b shows a plot of ( ) ∞∆ = −,0T T x T  vs cavity aspect ratio, 1 2/L L , at 

steady state conditions. It is clear that by increasing 1 2/L L  an increase in ∆T  is 
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observed, indicating that we are primarily in a conduction regime, and that the experi-
mentally measured value of ∆ ≈ 7T  °C corresponds to −≈ ⋅ 2

1 2 1.2/ 10L L . 1L  can be esti-

mated from Fourier’s heat conduction law, subtracting the power lost due to radiation, 

as ( )∆ −≈ *
1 a /L Tk P P , where ak  is the thermal conductivity of air. Substituting appro-

priate values ( ∆ ≈ 7T °C, −≈ ⋅ 2
a 2.63 10k  W m-1 K-1, ≈ 2.4P  kW m-2, = 37% ) yields 

≈1 216L  μm. Here, ≈* 34P  W m-2 ( ε = 0.8 , σ −= ⋅ 8
B 5.6704 10  W m-2  K-4, ( ) ≈,0 30T x  

°C, ∞ = 23T  °C). In order to predict the worst-case scenario, we also consider the 

metasurface with = 83% , which leads to a surface average temperature increase, 
∆ ≈s 8T  °C, based on the infrared temperature measurements, and also the fact that 

only a fraction of the sample is illuminated. In that case, heat in is ≈f 180P  W m-2, 

where fP  is the surface average power density, and heat out is ≈* 49P  W m-2, so that 

≈*
f0.27P P . Therefore, heat transfer through radiation, typically in the order of 

<10%  for low temperature differences, can become important. The temperature in the 
sample must be determined by a balance of heat in due to light absorption and heat out 
due to conduction into the surrounding gas layer and radiation to the environment. To 
estimate the contribution of convection (metasurface with = 37% ), we calculate the 
Rayleigh number, a measure of the importance of heat convection and conduction, as 

( ) ( )β να∞= Τ −
1

3
1( ,0) /LRa g x T L , where ν  is the kinematic viscosity of air and β  is the 

volumetric expansion coefficient which for an ideal gas can be approximated as ∞1 / T  

(conservative estimate for the maximum value of 
1LRa ; β −≈ ⋅ 33.38 10  K-1, −≈ ⋅ 51.57 10v  

m2 s-1). Figure A.5c shows a plot of 
1LRa  vs 1 2/L L ; for the values we are interested in (

−≈ ⋅ 2
1 2 1.2/ 10L L  and ∆ ≈ 7T  °C), −≈ ⋅

1

37 10LRa , which is well within the regime where 

heat conduction dominates convection ( −≈ ⋅ < =
1

3
c7 10 1708LRa Ra ).96 In total, we 

showed that heat conduction to the surrounding gas, as well as, in certain cases, radia-
tion, are the dominant mechanisms of heat transfer, apart from conduction to the sub-
strate (it was shown before). 
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 Ice adhesion setup. In Figure A.6a, the in-house ice adhesion chamber that 
was used for the ice adhesion measurements and the de-icing experiments is depicted. 
The applied force results in an interfacial shear stress. The distance between the force 
probe and the surface of the sample was the lowest possible, ≈1  mm, being the same 
throughout all experiments. This is of high importance, as it has been previously shown 
that increasing this distance results in a transition from a pure shear mode to a mixed 
shear and tensile mode.176 All samples had a PVDF-coated surface, ensuring no water 
leakage from the bottom side of the polypropylene cylinder, in case that the weight of 
the cylinder was not overcome by the hydrostatic pressure of water. The cylinder was 
filled up to a height of 1 cm. Figure A.6b shows the calibration curve (force, F , vs volt-
age, U ) of the piezoelectric force sensor, that was constructed by placing different test 
weights on a base probe with a diameter of 3 mm, the same as the diameter of the force 
probe, as the output signal exhibits a slight dependence on the area that the force is 
applied. 

 Figure A.6c shows a typical ice adhesion measurement (shear stress, τ yx , vs 

displacement, δ ) on a PVDF-coated control sample, at = −4T  °C and a constant dis-
placement rate, =1V  μm/s. The detected maximum force at the moment of adhesive 
failure gives the ice adhesion strength. The values of τ yx  are calculated by dividing the 

determined force with the projected ice–substrate contact area.21 This contact area, for 
a cylinder radius =1.5R  mm, equals to: π= ≈2

c 7.1A R  mm2. It has to be noted that a 
reduction of <10%  in the measured value of a constant force is to be expected, related 
to the sensor specifications: drift of < 5%  per logarithmic time scale and linearity error 
of < 5% . This behavior is characteristic in piezoelectric sensors. 
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Figure A.6 Ice adhesion setup, calibration and measurements under visible light illu-
mination ( ≈ 2.4P  kW m-2). (a) Photo of the experimental ice adhesion chamber, with 
zoom in on the piezo-stage/sample holder. (b) Calibration curve of the force sensor in 
the highest sensitivity mode: force, F , as a function of voltage, U , using a series of test 
weights. The least-squares-fit is represented by the dashed line. (c) Representative ice 
adhesion curve; shear stress, τ yx , vs displacement, δ , of an illuminated PVDF-coated 

control surface on fused silica substrate, at = −4T  °C and a constant displacement rate 
of =10V  μm s-1. 
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 De-icing analysis. While the melt layer between the ice block and substrate is 
formed due to light-induced heating, it is important to understand the contributions to 
the measured stress, τ yx . The stresses resisting the ice block movement are due to ice–

substrate adhesion, liquid viscosity, and capillarity; the question is which one dominates. 
The stress due to viscosity can be estimated as µ≈ c/V h , where µ  is the viscosity of 
water, V  is the velocity of the ice block, and ch  is the height of the melt layer. For the 

case of = 37%  ( = 36 %), we can estimate V  with the displacement of the ice 
block, δ  ( ≈ 260  µm), and mean dt  of 264 s, as δ≈ d/V t . For τ =yx 2.5  kPa, ≈1V  µm 

s-1, we estimate that µ τ≈ =c yx/h V (0.001 Pa s)(10-6 m s-1)/(2500 Pa) = 0.4 µm. We can 

see if this height is reasonable by solving the one phase Stefan problem, 

( ) ( )ρ ≈  s fc /P H th t  . For simplification, we neglected the effect of conduction to the 

substrate and radiation losses within the scope of this order of magnitude analysis. The 
pre-factor, ρs f/P H , where fH  is the heat of fusion of water and ρs  the ice density, 

is the liquid–solid phase boundary velocity. Substituting appropriate values yields 2.9 
µm s-1, so within ≈1  s, the melt layer has grown sufficiently thick to negate the im-
portance of viscous forces in resisting ice block displacement ( ≈ 2.4P  kW m-2, = 0.37
, ρ =s 917  kg m-3, =f 334H  kJ kg-1).97 We can now estimate the stress due to capillarity: 

σ≈ =γ /p R (0.072 N m-1)/(1.5 mm) = 48 Pa, where σ  is the surface tension of water. 

The value of γp  is well-below the minimum value that can be measured with our setup. 

So, in order to explain why the mean dt  is equal to 264 s, it is clear that the melt layer 

must not be uniform, but rather, it grows radially with time. 

 Frosting characterization. Next, we investigate the anti-frosting potential of 
the plasmonic surfaces proposed here under sun-like illumination, in open-air environ-
mental conditions. We consider the worst-case scenario in which the sample is in direct 
contact with a cold, thermally conductive surface, thus resistance to heat transfer is min-
imized, giving the lowest possible ∆ ≈ 0.3T  °C (here the substrate material was fused 
silica, = 500l  μm). 

 Figure A.7 shows a schematic of the setup used to characterize the frosting 
behavior of the control and metasurface upon solar-like illumination. We used a xenon 
lamp, which has a sepctrum that resembled the one from the sun. The power density 
was also similar to that of the sun ( ≈1  kW m-2). To perform the experiment, the sample 
(either PVDF-coated metasurface or PVDF-coated control) was first mounted on a ther-
moelectric cooling stage. Surface temperature was measured with an RTD temperature 
sensor that was mounted on a PVDF-coated control sample, which was in turn mounted 
on the cooling stage at a distance of ≈ 2  cm from the tested sample. By doing this, a 
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comparative study of the metasurface vs control was enabled, since the impact of the 
heating effect of the metasurface on the temperature reading was minimized. Regions 
of the sample that were not illuminated were covered with an insulating teflon mask to 
prevent ice nucleation in those colder regions. The mask was perforated in the illumi-
nated area. 

 

Figure A.7 Schematic of the anti-frosting setup under sun-like illumination. 1, 10x ob-
jective; 2, beam splitter; 3, 4x objective; 4, focusing lens; 5, CMOS camera; 6, thermal 
insulation, perforated at the illuminated area; 7, sample; 8, reference sample used for 
temperature measurements; 9, RTD temperature sensor; 10, thermoelectric cooling 
plate; 11, block with integrated pump; 12, tubing filled with coolant, hermetically sealed; 
13, radiator; 14, heat dissipation by forced convection. The power density of light was 
≈1P  kW m-2. 

 Figure A.8a–b shows a representative image sequence of a frosting experi-
ment on a (a) control and (b) metasurface ( = 83% , = 270L  nm) samples. In the case 
of the metasurface, the dry sample (in ambient T ) was cooled down to = −15T  °C 
within ≈ 3.5  min; the surrounding environment was at 23 °C and relative humidity (am-
bient conditions) was in the range of −50 58% . Simultaneously, the sample was illumi-
nated with the xenon light source (diameter of the focused beam: ≈ 3D  mm). The tem-
perature was then kept constant throughout the whole experiment. Water condensa-
tion started and smaller droplets coalesced ( = 200t  s). At =1000t  s, the surface re-
mained ice-free. Finally, at =1600t  s, a spontaneous event caused frost formation and 
propagation (dark droplet tips vs reflective in the liquid state before). In contrast, the 
control sample exhibits a vastly different behavior; it froze at a much earlier time, 
= 480t  s. There is a significant difference both in the condensation rate (water surface 

coverage is higher in the control), and in the freezing delay time (time from = 0t  to the 
frozen state). 

 Figure A.8c shows boxplot graphs of the time to freezing for the metasurface 
( ft ) and control ( f,0t ) samples, corresponding to mean values of = ±f 1937 891t  s and 
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= ±f,0 538 289t  s respectively. The presence of the metasurface granted a ≈f f,0/t t 3.6 

times better anti-frosting performance in terms of freezing delay time. 

 

Figure A.8 Anti-frosting under sun-like illumination and ambient humidity conditions. 
Image sequences of: (a) PVDF-coated control and (b) PVDF-coated metasurface (

= 83% ), on fused silica substrates. Left to right: Illumination (xenon lamp, ≈1P  kW 
m-2) was switched on; cooldown of the sample from room temperature to = −15T  °C at 
an average rate of 10 °C min-1; at = 0t , the temperature set point was achieved; at 
= 480t  s, the condensing water droplets on the control sample coalesced spontaneous 

freezing occurred; the metasurface remained ice-free for a prolonged period of time, 
until spontaneous freezing ( =1600t  s). (c) Boxplots of freezing time, ft , for the 
metasurface and control samples. Scale bar: (a)–(b) 1 mm. 
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A P P E N D I X  B  

 Initiated chemical vapor deposition (iCVD) is a novel and solvent-free deposi-
tion technique for coating surfaces with low surface energy polymeric thin films in which 
the pendant chemical species are kept intact. This all-dry technique has the important 
advantage (over standard CVD methods) of coating substrates in a very conformal man-
ner, following the geometrical features of the substrate.58 iCVD is our critical asset in 
rendering smooth surfaces hydrophobic in Chapter 4 and making superhydrophobic sur-
faces in Chapter 5, applied on a variety of substrates, glass, polymer or metasurface, 
having a smooth geometry or rationally engineered microfeatures. 

 iCVD has been used to deposit a plethora of vinyl monomers, with a peroxide 
as the initiator. The proposed mechanism is free radical polymerization of vinyl mono-
mers. The monomer and the initiator are evaporated and simultaneously fed to the re-
action chamber, where they are forced to go through an array of resistively heated 
wires. The heat from the wires decomposes the initiator into free radicals, which then 
adsorb onto the substrate. The monomer molecules are in turn adsorbed and free radi-
cal polymerization occurs on the surface to create a very thin polymer film.58 

  Figure B.1 shows a simplified instrumentation diagram of our laboratory 
equipment, the iLabTM coating system, manufactured by GVD Corporation. A set of small 
containers are used to store the initiator and monomer in liquid form. During the pro-
cess, a vacuum pump is used to control process pressure by keeping it down to low val-
ues. An external heat exchanger and a circulating water loop control the substrate tem-
perature. The flow rates of the initiator and monomer are regulated by precise mass 
flow controllers (MFC), while a plethora of temperature (TC) and pressure PID control-
lers keep all process parameters near the set values. There is also the possibility of live 
indirect thickness measurement of the deposited polymer with an interferometric 
setup, however this is limited to reflective substrates. In our cases, we have optically 
transparent substrates with relatively low reflectivity, thus we cannot rely on this tech-
nique. 

 In order to ensure chemical connection between the substrate and the depos-
ited polymer, there is one important step that precedes iCVD: pre-treatment of the sub-
strate with a silane. More specifically, we used trichlorovinyl silane (TCVS) as our cou-
pling agent. The surface vinyl groups of TCVS, which are covalently tethered, react with 
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Figure B.1 Instrumentation diagram of the iLabTM coating system. The iCVD reaction 
chamber walls and floor are temperature controlled. A series of temperature, pressure 
and mass flow controllers regulate the process parameters. 

the monomer that we will use in the next step, forming strong covalent chemical 
bonds.132 To find the optimum deposition conditions for TCVS, we ran a set of room 
temperature depositions in a separate, in-house designed, inert chamber made of glass, 
for different amounts of time, et , ranging from 5 to 40 min, using – at this first stage – 
plasma-ashed silicon substrates. We set the process pressure at ≈100  mTorr. After dep-
osition, we measured the advancing contact angle, θa , receding contact angle, θr  and 
contact angle hysteresis, θ θ−a r , for all samples. We observed that for =e 5t  min, θa  
and θr  are much lower compared to all other depositions, while θ θ−a r  is also signifi-
cant. Considering that contact angle hysteresis gives information not only on the chem-
ical composition of a surface but also on its morphology, one could say that it is a quick 
measure of the quality of a surface. Therefore, we used a simple criterion for choosing 
the optimum conditions. This was minimum θ θ−a r . This is the case for =e 20t  min, 
which is the condition used throughout this thesis. We then ran further tests on the 
samples made at the optimum deposition condition, by testing their chemical stability. 
We immersed surfaces fabricated separately in acetone and subsequently in hexane, for 
5 min each. We observed that even though both θa  and θr  increased upon immersion 
in acetone, the hysteresis after the second chemical treatment remained practically the 
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same compared to as-deposited samples, proving the stability of the TCVS monolayer 
coating. 

  

Figure B.2 Wettability of substrates treated with trichlorovinyl silane. (a) Advancing, 
θa , and receding, θr , contact angles vs deposition time, et , of TCVS-treated silicon sub-
strates. (b) Calculated contact angle hysteresis, θ θ−a r , of the TCVS-treated samples. 
The contact angle ranges shown in the boxplots are also tabulated below each plot. The 
number of measurements was ≥ 6N  in all cases. 

 Figure B.2 shows the advancing, θa , and receding, θr , contact angles, and 
contact angle hysteresis, θ θ−a r , of the silicon substrates coated with TCVS for various 
amounts of time. Figure B.3 shows the same contact angles for the sample deposited at 
the optimum condition of =e 20t  min, as well as the contact angles after immersion in 
acetone and hexane. 

 In the next step, we proceeded with optimizing the iCVD deposition process 
itself, conducting an exhaustive parametric study. We selected 1H,1H,2H,2H-per-
fluorodecyl acrylate (PFDA) as the monomer, due to its extremely low surface energy, 
and t-butyl peroxide (TBPO) as the initiator, in line with previous research on this mate-
rial system.58 The process begins by taking a TCVS-treated substrate and setting it onto 
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the floor of the iCVD chamber. Then, after some pre-heating steps and purging with ni-
trogen to remove any water traces from the chamber volume and its walls, the process 
is run for 15 min (this time was fixed throughout the optimization) and ends with a post-
purging with nitrogen step. 

 

Figure B.3 Wettability of substrates treated with the optimum trichlorovinyl silane 
deposition protocol and chemical stability tests. Advancing, θa , and receding, θr , con-
tact angles, and contact angle hysteresis, θ θ−a r , for as-deposited (left increment), ace-
tone-treated (middle increment) and acetone+hexane-treated (right increment) TCVS-
treated silicon substrates. The contact angle ranges shown in the boxplots are also tab-
ulated. The number of measurements was ≥ 6N  in all cases. 

 Table B.1 shows all deposition and process parameters. It has to be noted that 
this optimization was based on varying the hot wire (filament) temperature, fT , ranging 
from 240 °C to 300 °C, the substrate (sample) temperature, sT , ranging from 20 °C to 60 
°C, and also the distance between the filament and the sample, fsd , ranging from 1 cm 
to 3 cm. In fact, these three parameters can change the outcome of the deposition dra-
matically, strongly affecting deposition rates or the number of nucleation sites on the 
substrate. 
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Table B.1 Process parameters for the parametric study of the iCVD deposition of per-
fluorodecyl acrylate. All values of the process parameters used in the parametric study, 
and the corresponding units of the quantities, are reported here. 

 We then characterized the quality of the fabricated samples, as previously, by 
means of contact angle measurements. In this case, we used the tilting method to ac-
quire slightly more reliable contact angle data. Figure B.4 shows the advancing contact 
angle, receding contact angle and contact angle hysteresis for all iCVD depositions run 
in the spirit of the parametric study. We observe many different values of θa , θr  and 
θ θ−a r , however there are some general (not necessarily monotonous) trends. First of 
all, at both filament temperatures, fT , tested, 240 °C and 300 °C, a low substrate tem-
perature, sT , results in unstable contact angles, expressed either by high θ θ−a r  or – 
suddenly – falling into the superhydrophobic regime. The effect of sT  is generally much 
more pronounced compared to the filament temperature, and this is to be expected 
since condensation nucleation rates are strongly dependent on temperature, as we have 
already seen in the theoretical part of the thesis, while fT  does not play such a significant 
role once it is high enough to ensure breakdown of the reactants. A similar behaviour is 
observed at high = −s 50 60T  °C, at which contact angles become unstable, expressed 
in the high values of θ θ−a r . This is due to the very low deposition rates, meaning that 
one would expect isolated islands of polymer at high temperatures, not providing 
enough surface coverage to have a homogeneously hydrophobic surface. The optimum 

fT  is at 40 °C, where contact angles are stable, with θ °≈a 120 , the maximum one can 
achieve on smooth hydrophobic surfaces, and θ θ °− ≈a r 10 . Finally, the highest filament 
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temperature provides generally more stable contact angles, so it is the preferred tem-
perature for the experiments in this thesis. 

 

Figure B.4 Post-treatment wettability of substrates used in the parametric study of the 
iCVD deposition of perfluorodecyl acrylate. Advancing, θa , and receding, θr , contact 
angles, and contact angle hysteresis, θ θ−a r , as a function of substrate temperature, sT
, and filament–substrate distance, sfd , for as-deposited iCVD-treated silicon substrates, 
for depositions at (a) =f 240T  °C and (b) =f 300T  °C. The number of measurements was 
≥ 5N  in all cases. 
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 All contact angle values related to the parametric study of iCVD are summa-
rized in Table B.2, where the corresponding values after hexane treatment of each iCVD-
treated sample for 5 min are also reported. 

 

Table B.2 Post-treatment wettability of substrates used in the parametric study of the 
iCVD deposition of perfluorodecyl acrylate. Tabulated values of advancing, θa , and re-
ceding, θr , contact angles, and contact angle hysteresis, θ θ−a r , for as-deposited sam-
ples and after hexane immersion of iCVD-treated silicon substrates. 
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 In the previous paragraphs, we suggested that the extent of condensation nu-
cleation is different depending on the temperature, which naturally leads to the need of 
imaging the majority of actual coatings. This is done with an optical microscope in DIC 
mode, with a high magnification 100x objective. Figure B.5 shows optical microscopy 
images of samples deposited while =f 240T  °C, and Figure B.6 shows images of samples 
deposited while =f 300T  °C. 

 

Figure B.5 Optical microscopy images of substrates used in the parametric study of the 
iCVD deposition of perfluorodecyl acrylate. Filament temperature, fT , was 240 °C. Scale 
bar: 10 μm. 
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Figure B.6 Optical microscopy images of substrates used in the parametric study of the 
iCVD deposition of perfluorodecyl acrylate. Filament temperature, fT , was 300 °C. Scale 
bar: 10 μm. 

 Based on the optical microscopy images, we have a less clear trend in the qual-
ity of the depositions as a function of the parameters we varied. However, a few claims 
can be made. Firstly, low substrate temperatures, sT , generally leave a lot of material 
behind, in the form of a dense array of randomly nucleated polymer islands. At higher 

sT , these islands are not that dense anymore or have completely disappeared. Second, 
filament temperature, fT , does have a – different – effect on the appearance of post-



110 
 

Appendix B 

deposited surfaces. The highest fT  exhibits fewer cases with dense or large islands. This 
could be either due to less material getting deposited or improved homogeneity. Based 
on the contact angle measurements, we can attribute the observed behavior mainly to 
the second factor. When fT  is high, reactants can break down to small species. The small 
free radicals coming from the initiator molecules can then be attached to the substrate 
in a more homogeneous and conformal way compared to the case of fewer radicals and 
lots of unbroken molecules. Finally, something that was not discussed up to this point is 
the effect of filament–substrate distance on the outcome of the depositions. It is clear 
that at the largest fsd  one observes few or no islands on the samples. Although the rea-
son for this behavior was not studied extensively, it is clear from the high contact angle 
hysteresis that this is not the optimum distance. 
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A P P E N D I X  C  

 Advancing and receding water contact angles of the tested surfaces. Both the 
advancing (θa ) and receding (θr ) contact angles for each of the tested surfaces used in 
this study are an integral part that we use to explain the phenomena that we observed. 
We measured and summarized both θa  and θr  in Figure C.1 for all of the surfaces used 
in this study, using 3 different samples of each kind and 2–3 measurements for each 
sample, for a total of 7 measurements ( = 7n ). Figure C.1a–b show the spread across 
the measurements for each sample type using box and whisker plots. For our study it is 
important that θa  and θr  are comparable between the same sample types of control 
and metasurface (i.e. the silane-treated control and metasurface must have similar con-
tact angles). This is important in order to rule out any sort of effect on anti-fogging or 
de-fogging that is not due to the sunlight absorbing properties of the metasurfaces. 

 Inspecting Figure C.1, one observes that, in spite of the fact that surface chem-
istry is expected to be identical between metasurfaces and control samples of the same 
type, θa  is slightly larger and θr  is slightly smaller for the metasurfaces. This increase in 
the contact angle hysteresis is a typical signature for increased surface roughness, as-
suming that the droplets sit in the Wenzel state. 
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Figure C.1 Advancing and receding contact angles of the control samples and metasur-
faces used in this study. (a–b) Advancing, θa , and receding, θr , contact angles of the 
following samples types: treated with trichlorovinylsilane (silane-treated), untreated 
and treated with poly(perfluorodecyl acrylate) (hydrophobic), for (a) control and (b) 
metasurfaces. (c–d) The advancing and receding contact angles shown above tabulated, 
for (c) control and (d) metasurfaces. 

 Theoretical effect of surface wettability on fogging resistance. Using classical 
nucleation theory one can derive the supersaturation ( Lp p ) at which heterogeneous 
nucleation of liquid water from water vapor should theoretically occur on a surface. This 
is important for anti-fogging applications as it provides design rules in order to engineer 
superior fog-resistant materials. We begin the derivation by defining the critical free en-
ergy necessary to overcome in order to form a nascent water embryo in the absence of 
any surface ( ∆ *G , homogeneous nucleation) as: 

( )( )πγ∆ =   
2* 3

L L16 3 lnG n kT p p  

(C.1) 
where γ  is the surface tension of water in air, Ln  is the number of water molecules per 
unit volume, k  is Boltzmann’s constant, at temperature T  and supersaturation Lp p , 
where p  is the water vapor pressure of the environment and Lp  is the saturated vapor 
pressure over a plane surface of water. Because of the inverse squared relationship of 

Lp p  to the natural logarithm, a larger Lp p  results in a significantly lower ∆ *G . 
The critical free energy for nucleation on a surface is a modification of this 
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equation by a factor ( f ), which is a function of the water contact angle on the surface (
θ ), assuming the surface is flat, given by:66  

( )( )πγ θ∆ =   
2* 3

L L16 3 ln ( )G n kT p p f  

(C.2) 
The function ( )θf  can be expressed as:66  

( ) ( )θ θ θ= − + 31 4 2 cos cosf  

(C.3) 
 where 0 < ( )θf < 1; a larger θ  results in larger ( )θf . This also means that a larger θ  
results in a higher ∆ *G . The final equation that gives us the nucleation rate ( J ), which 
allows us to predict the probability of a nucleation event is given by: 

( )= −∆ *
0 expJ J G kT  

(C.4) 
where 0J  is a rate constant determined by the rate at which vapor molecules strike a 
unit area of the embryo. Here, it is important to observe that J  has an inversely expo-
nential relationship to ∆ *G  and therefore will grow exponentially larger as ∆ *G  be-
comes smaller. 
 Using equations (C.2), (C.3) and (C.4), Figure C.2 illustrates the dependence of 
J  on Lp p and θ . We observe the exponential dependence of J  on Lp p  for both θ . 

More importantly, however, we observe that the difference in θ  changes J  by many 
orders of magnitude. For example, at ≈L 2.25p p , a surface with θ = °80  would result 
in =1J  mm-2 s-1, while a surface with θ = °125  at the same Lp p  would result in 

−≈ 3510J , or for all intents and purposes no observation of nucleation. Furthermore, 

Lp p  would have to be ≈ 3.5  before a surface with θ = °125  would result in a substan-
tial nucleation rate =1J  mm-2 s-1.  Differences in surface wettability have been shown 
to create favorable condensation nucleation on more hydrophilic areas,35 however a 
quantified difference of Lp p  between the two surfaces was not measured. Nonethe-
less, this analysis indicates that one could theoretically engineer more fog-resistant sur-
faces by simply increasing the surface hydrophobicity in order to inhibit the formation 
of condensate on the surface. Of course, after the condensate has been formed, the 
influence of the contact angle of the microdroplets on light scattering is another aspect 
that must be considered, especially for large droplets or high water surface coverage. 
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Figure C.2 Dependence of the heterogeneous nucleation rate ( J ) on both vapor su-
persaturation and water contact angle. Due to the increased surface area of higher con-
tact angle droplets the energy barrier for heterogeneous nucleation ( ∆ *G ) increases 
with contact angle. The exponential dependence of ∆ *G  on J  is illustrated in (a). This 
relationship can be better observed in (b): zoomed in plot showing the range of super-
saturations in which J  becomes substantial, illustrating that J  for a substrate with θ  
is > 30  orders of magnitude lower, as compared to the Lp p  where =1J  mm-2 s-1 for 
a substrate with θ = °80 . The black dashed line corresponds to =1J  mm-2 s-1. 

 Observed effect of surface wettability on fogging resistance. It has been 
shown that a biphilic surface exposed to supersaturated conditions nucleates preferen-
tially on the hydrophilic areas. Furthermore, classical nucleation theory predicts that hy-
drophobic surfaces should be able to also withstand much higher supersaturation with-
out nucleation events when compared to hydrophilic surfaces. Remarkably, we found 
that the hydrophobic surfaces were not able to withstand higher supersaturation than 
neutrally wetting surfaces, rather they simply reduced the number of nucleation sites. 
Figure C.3a–b show a control glass surface and a hydrophobic surface, respectively, that 
have been exposed to slightly supersaturated ( Lp p ≈ 1.02) conditions for 60 s. Based 
upon the aforementioned plot in Figure C.2a, we would expect an extremely low J  for 
both surfaces, however experimentally we still observe nucleation on both surfaces. This 
may be best explained by either contamination or surface adsorption of hydrocarbons 
and other environmental contaminants, both of which may render a hydrophobic sur-
face more hydrophilic. Furthermore, surface cavities also increase the likelihood of nu-
cleation.  Since we observe more nucleation sites on the control surface than on the 
hydrophobic surface, it begs the question why more foreign material acting as 
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nucleation sites would be adsorbed to the control surface. We suggest that the high 
surface energy of highly hydrophilic materials causes them to attract more adsorb-
ates.120 

  

Figure C.3 Effect of the water contact angle on condensation nucleation density. We 
compared the nucleation density of the untreated glass (control) and the pPFDA-coated 
glass. Micrographs recorded 60 s after the onset of nucleation on (a) untreated glass and 
(b) pPFDA-coated glass show that the nucleation density is higher on the untreated glass 
in comparison to the pPFDA-coated glass, although nucleation is observed happening at 
the same supersaturation. The measured macroscopic advancing and receding contact 
angles of both the untreated and pPFDA-coated glass are shown in (c) and indicate that 
the pPFDA-coated surface is considerably more hydrophobic. According to classical nu-
cleation theory, the barrier for condensation nucleation should be higher the more hy-
drophobic the surface is, because of higher advancing contact angle. Using computer-
aided image analysis, the nucleation density on each substrate was quantified (d). The 
nucleation density has an influence on the condensate coverage after exposure to a su-
persaturation of 1.3 for 10 min. The (e) control sample has a considerably higher amount 
of water on its surface, as compared to the (f) pPFDA-coated glass. Scale bars: (a–b), 50 
µm; (e–f), 500 µm. 

 Although hydrophobic coatings may reduce the nucleation density, they do 
not solve the problem of retaining visibility of transparent surfaces under supersatu-
rated conditions (refer to Figure 4.1c). Nonetheless, they reduce the total amount of 
condensate coverage on the surface as compared to a more hydrophilic surface. We 
measured the volume of water on the surface using the droplet sizes, assuming an 
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advancing contact angle and using the spherical cap approximation, for our hydrophobic 
sample, and compared it to the corresponding water volume on an untreated sample. 
We calculated a reduction of approximately 10%  in water volume for the hydrophobic 
surface, compared to the untreated one, after 60 s of exposure to supersaturated con-
ditions. 
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 Infrared thermography and temperature response measurements. Infrared 
thermography is a non-intrusive surface temperature measurement technique, espe-
cially useful in cases where the thermal mass of the surface in test is very low. This way, 
we ensure that the actual temperature of our samples upon illumination is measured, 
while it also enables contactless observations during the single droplet evaporation ex-
periments shown in Figure 4.3. A simplified expression of the temporally and spatially 
changing signal that the infrared camera receives can be written as: 

ε= +t s baseC C C  
(C.5) 

where ε  is the sample emissivity, sC  is the signal that the sample would emit if it was 
a blackbody ( ε =1 ) and baseC  is the residue background signal.130 Using equation (C.5 
for two discrete temperatures, ambient, ambT  and an elevated one, 'T , and subtracting 
in parts, assuming constant background signal, we have: 

( )ε− = −amb amb' '
t t s s

T TT TC C C C  

(C.6) 
 We calibrated the infrared camera independently for the metasurface, con-
trol, and tinted laminate by using a hot plate and covering a temperature range of ap-
proximately 20 °C above the ambient. This way, ε  could be estimated ( ε ≈ 0.9  for the 
control and metasurface), and signal was converted into temperature by using the in-
ternal calibration curve of the camera, ( )='

s
TC f T . In the IR images shown in Figure 

4.3d–e, a standard emissivity of ε =1  was assumed specifically for the water droplets. 

 Figure C.4a shows temperature increase vs time for a 500 μm untreated con-
trol and an untreated metasurface due to illumination, using a visible (halogen) light 
source and a power density of 1 sun for the illumination. We ran 3 experiments for each 
sample category ( = 3n ). Figure C.4b shows the temperature response curves at an in-
creased power density of ≈ 4  suns. Here we must mention that those temperatures 
were acquired by drawing a square box which covered > 75%  of the total sample area 
(5 mm x 5 mm) and taking the average temperature of the square for each time moment. 
The maximum temperature increase (180 s after the light was switched on) was 0.2 °C 
and 0.3 °C for the bare control, and 3.8 °C and 15.4 °C for the bare metasurface, at a 
power density of 1 sun and 4 suns, respectively. 
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Figure C.4 Infrared-measured temperature response of water droplet-free untreated 
control (glass) samples and our metasurfaces, upon sun-like illumination. (a) Temper-
ature increase with respect to ambient vs t for a control and metasurface, at a power 
density of 1 sun (1000 W m-2). (b) The same quantities, at a power density of 4 suns. 
Sample size was 5 mm by 5 mm. The dashed black lines indicate the time at which illu-
mination was switched on ( =10t  s). Illumination was kept on for 180 s. Ambient tem-
perature was ±23.5 0.5  °C. 

 

 

Figure C.5 Infrared Optical characterization of the control. Reflectance (R), transmit-
tance (T), and absorbance (A) spectra of the control sample for visible and near infra-
red wavelengths (400–1650 nm). 
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A P P E N D I X  D  

 Topography of the control. Figure D.1 shows a scanning electron micrograph 
of the superhydrophobic control surface. This surface lacks a metasurface coating. 

 

Figure D.1 Micrograph of the control surface. Scale bar: 5 μm. 
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 Transmittance, reflectance and absorbance spectra of control surfaces. The 
transmittance, reflectance and absorbance spectra of our control surfaces (iCVD-coated 
PUA micropillars on glass) over a broad wavelength range, covering most of the solar 
spectrum, are shown in Figure D.2. It was found that for normal light incidence the pres-
ence of pillars does not result in a significant change in the optical properties of the glass 
substrate, as indicated by the mean transmittance value of 85%. Mean reflectance and 
absorbance are 8% and 7%, respectively. 

 

Figure D.2 Transmittance (– – –), T, reflectance (· · ·), R, and absorbance (–––), A, 
spectra of control surfaces over the 400–2200 nm wavelength range. 

  

 Room temperature droplet impact on a superhydrophobic metasurface. Fig-
ure D.3 shows an image sequence of a room temperature water droplet impacting onto 
a superhydrophobic metasurface. The metasurface was not illuminated. 

 

Figure D.3 Droplet impact of an ambient water droplet on a superhydrophobic 
metasurface. Ambient temperature was ~21 °C and We ≈ 26. Scale bar: 2 mm. 
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 Theoretical basis of impalement criterion. In the case of pure condensation-
based impalement, we need to calculate the minimum time (theoretical) required to fill 
a single cavity between adjacent micropillars due to water vapor diffusion from the 
warm droplet to the colder surface. Taking Fick’s law we first calculate the maximum 
diffusive mass flux between the droplet ( =z h ) and the condensate within a cavity (
=z H ): ρ= − ∆ ∆dif V V /J D z , where VD  is the diffusion coefficient of water vapor in air at 

the mean temperature ( )= + / 2H hT T T , ρ ρ ρ∆ = −V, ,V Vh H  is the water vapor mass con-

centration difference, where ρV,h  and ρV,H  are the water vapor mass concentrations at 

=z h  and =z H , respectively, and ∆ = −z h H  is the distance between the water drop-
let and the condensate. The flow rate is maximum when the temperature of the con-
densate is constant and equal to the surface temperature throughout the process of 
filling; we also assume constant droplet temperature. In order to get the flow rate, we 

multiply difJ  by the projected surface area of the cavity, A : ρ= ∆ ∆


dif V V /m AD z . The 

cavity filling velocity is: ρ=
 

dif L/H m , where ρ L  is the liquid water density at the mean 

temperature T . Given the volume of the cavity that remains unfilled is ( )−A h H , the 

filling time for a partially filled cavity can be calculated as ( )τ = −


f /A h H H , which leads 

us to: 

( )
( )

ρ
τ

ρ ρ
−

=
− −

L

V,
f

V V,h H

h h H
D

 

(D.1) 
 For a previously empty cavity ( = 0H ), filling time is given by: 

( )
ρτ
ρ ρ

=
− −V, V,0

2
L

f
V h

h
D

 

(D.2) 
The only unknown in equation (D.2) is the water vapor mass concentration difference, 
which for simplicity we term ∆C . We can calculate the mass concentrations by assum-
ing that the water vapor is an ideal gas, which should hold true for low water vapor 
concentrations. Taking into account Dalton’s law, applied for the water–air mixture 
within the cavity at temperature T , and the ideal gas law, we acquire the relation for 
the total vapor pressure: ( )= +tot air air V V/ /P n V n V RT , where n  represents number of 
moles, V  is volume and R  is the ideal gas constant. The previous equation can be re-
written upon replacing volumes with densities: ( )ρ ρ= +tot air air V V/ /P M M RT , where 
M  is molecular weight. Upon rearranging, assuming that the water vapor is saturated (
=V V,satP P ), we have: 
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ρ
ρ

= + ⋅tot air V

V,sat V,sat air

1
P M

P M
 

(D.3) 
Solving equation (D.3) for ρV,sat , assuming ≈air 0P P , where 0P  is the atmospheric pres-
sure, we get the unknown water vapor mass concentration we were looking for: 

ρ ρ= = V,satV
V,sat air

air 0

PM
C

M P
 

(D.4) 
Therefore, based on equation (D.4), the aforementioned unknown water vapor mass 
concentration difference can be calculated as: 

ρ ρ
ρ ρ

 
− = ∆ = −  

 

V,sat, V,sat,0V

air 0 a 0
V, V,

ir, a
0

ir,
h

h

h

P PM
C

M P
 

(D.5) 
Combining equations (D.2) and (D.5) we have the complete relation for the filling time: 

ρτ

ρ ρ

=
 

−  
 

2
air L 0

f
V,sat,0 V,sat,

V V
air,0 air,

h

h

M P h
P P

M D
 

(D.6) 
 In order for condensation-based filling of a cavity to take place, the droplet 
has to be in contact with the top of the micropillars. The theoretical droplet contact time 
during a droplet impact event on a rigid substrate, in the case of low viscosity liquids, is 
equal to the inertial capillary time:49 

( )ρπτ
γ

=
3

L, 0

LV,

2
4

h

h

R
 

(D.7) 
where 0R  is the initial water droplet radius and γ LV,h  is the water surface tension at 
=z h . 

 One can simply realize the condensation-based impalement criterion based on 
the τ τ f/  ratio. When τ τ <<f/ 1 , the contact time is not sufficient for the cavities to fill 
and impalement to occur, while the opposite is true for τ τ> f . Therefore, one expects 
the transition from no impalement to full impalement to occur at τ τ ≈f/ 1 . A correction 
factor, α , in front of ft  might be needed depending on the droplet temperature to 
account for cooling of the droplet and other effects. 
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 Effect of surface temperature on condensation nucleation on control sur-
faces due to warm water droplets. One of the first steps of the condensation impale-
ment study, upon fabrication of superhydrophobic control surfaces (without a metasur-
face coating), was to investigate the effects of substrate temperature, sT , and water 
temperature, wT , on condensation nucleation due to sessile warm water droplets. For 
this purpose, we gently placed single warm droplets on the surface and recorded the 
outcome with our high-speed camera. Figure D.4a shows representative image se-
quences of warm water droplets placed on surfaces of different temperatures, sT , rang-
ing from ambient, ∞= =s 21T T  °C, to ∞= + =s 20 41T T  °C. The droplet–surface tempera-
ture difference, −w sT T , was kept roughly the same, at ≈13  °C, in order to investigate 
the isolated effect of sT  on the impalement time, ft . Figure D.4b shows plots of impale-
ment probability, Φ, vs wT , for the extreme cases of =s 21T  °C and =s 41T  °C, for dif-
ferent water temperatures, ∈w [21,70]T  °C. Finally, in Figure D.4c, we plot the experi-
mental ft  vs the theoretically predicted filling time, τ f , for all sT  and for the wT  which 
led to impalement events. 

 Based on Figure D.4b, one observes that the transition from no impalement to 
the impalement regime (high Φ) is smooth, spanning a wT  range of over 10 °C. More 
importantly, a higher sT  shifts the onset of impalement towards higher water tempera-
tures. In fact, it seems like the − ≈w s 40T T  °C required for this onset remains almost the 
same, independent of sT . One can design superhydrophobic surfaces with a specific 

−w sT T  target, depending on the application, and use a heat source to shift the impale-
ment transition if needed, for example under extreme environmental conditions, with 
the transition temperature being – roughly – proportional to the temperature increase 
due to heating. Figure D.4c reveals that, as in the cases of superhydrophobic metasur-
faces and heating with light, sT  has an effect on the relation between the experimental 

ft  and the theoretical τ f , expressed as a linear relationship, such that ατ=f ft , where 
α  is the slope of the least squares line. In fact, this proportionality constant, α , highly 
depends on sT . For ∞=sT T , α ≈ 9 , which is similar to what was found in other works.50 
For ∞>>sT T , in our control surfaces, α ≈ 40 . This difference in α  is statistically signifi-
cant. The reasons behind the temperature dependence of α  are analysed in the main 
text. 
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Figure D.4 Effect of surface temperature on condensation nucleation in the presence 
of sessile warm droplets. (a) Image sequences of warm sessile droplets on a superhy-
drophobic control surface in the cases of ambient surface temperature (Ts = 21 °C; top 
row) and medium and high surface temperatures (Ts = 32 °C and Ts = 41 °C; middle and 
bottom row, respectively). A hot plate was used for heating up the surfaces. (b) Impale-
ment probability, Φ, vs water droplet temperature, Tw, for ambient (black squares) and 
high (red triangles) temperature substrates. Each data point in b represents N ≥ 7 exper-
iments. (c) Droplet impalement time, tf, vs cavity filling time, τf, for Ts = 21 °C (black 
squares and line), 32 °C (red open triangles and red dashed line) and 41 °C (red triangles 
and red solid line). The lower and upper boundaries of the error bars represent the min-
imum and maximum values, respectively, of each group of experiments. The three least 
squares fitted lines have slopes α ≈ 9, 42 and 38, corresponding to Ts = 21 °C, 32 °C and 
41 °C, respectively. The respective 95% confidence levels in α are [5,13], [28,56] and 
[15,91]. Each data point in c represents N ≥ 3 experiments. Scale bar: (a)–(c), 2 mm. 
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 Experimental setup and water temperature calibration. The first step to-
wards performing either static or dynamic droplet experiments on superhydrophobic 
control and metasurface-coated samples is having a protocol to reliably set the temper-
atures of the substrate, sT , and water, wT . Figure D.5a shows a variant of the experi-
mental setup used throughout the calibration process and subsequent hot water im-
palement studies. In the case of our first experiments on control superhydrophobic sam-
ples (see Appendix D, section “Effect of surface temperature on condensation nucleation 
on control surfaces due to warm water”, and Figure D.4), two identical samples were 
placed next to each other on top of a copper sheet that was placed on a hot plate. On 
one of the samples, a resistance temperature detector (RTD) was mounted on its sur-
face, based on which sT  could be regulated. On the other sample, water droplets could 
be laid or impact, coming out of a height-adjustable syringe. The needle of the syringe 
was temperature-controlled by sending current through a resistance wire wrapped 
around it. A side-view high-speed camera and a low-intensity LED light on the opposite 
side helped visualize possible impalement events. For all sun-like light-driven experi-
ments, the hot plate was replaced by a hollow sample holder and sT  was controlled by 
illumination provided from the bottom side. A solar simulator and a series of lenses were 
used to illuminate the whole sample homogeneously and regulate the power density of 
incident light. For samples illuminated with halogen light, in order to enhance precision, 
we used the high-speed IR camera instead of the sample mounted RTD for surface tem-
perature measurements. 

 For the purposes of calibrating wT , a very thin and sensitive thermocouple was 
placed in the proximity of the needle tip of the syringe, and different amounts of heating 
were provided by changing the current sent through the heating wire. Upon thermal 
equilibrium, water droplets were ejected, one at a time, and the temperature of them, 

wT , was recorded by the thermocouple. Figure D.5b shows the calibration curve for wT
, in the form of a plot of wT  [°C] vs power provided by the heating wire, hP  [W]. The 
calibration data can be fitted nicely with a least squares line having the following equa-
tion: = +w h7.2 19.9T P . 

 Finally, we measured the cooling rate of warm droplets – shown in Figure D.5c 
– upon dispensing them onto an ambient superhydrophobic control surface from a low 
height. We used the high-speed IR camera to run three experiments. At = 0t , each 
droplet ( ≈w 65T  °C) was on the surface and we let it cool down for a couple of seconds 
while recording at a framerate of 100 fps. Ambient temperature was ~23 °C. The fitted 
curve has the following equation: ( )= + − 0.8

w 23.0 41.9exp 0.4T x . 
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Figure D.5 Experimental configuration and water droplet temperature calibration. (a) 
Simplified schematic of the setup used for preliminary experiments on control superhy-
drophobic surfaces. The hot plate was replaced by a converging light beam coming from 
a solar simulator for the experiments on superhydrophobic metasurfaces. (b) Water 
droplet temperature calibration curve: water droplet temperature, Tw, vs power sup-
plied by the heating wire, Ph. A sensitive thermocouple was placed at the edge of the 
needle of the syringe to measure Tw of ejected water droplets. For each data point, the 
number of measurements was N = 3. (c) Water droplet cooling rate plotted as Tw vs t. 
The temperature profiles were measured with a high-speed infrared camera. The blue 
curve fits all data (N = 3 experiments). 
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 Effect of light on the pressure-driven impalement mechanism on metasur-
faces. In order to investigate if light has the potential to change the impalement behav-
ior of surfaces even under non-condensing conditions, we investigated the isolated ef-
fect of pressure on the impalement of room temperature droplets ( ∞=wT T ) on super-

hydrophobic metasurfaces. Figure D.6a–b shows image sequences of two water droplets 
hitting a surface at ≈ 73We , under no illumination and while the surface was illumi-
nated with our solar simulator ( ≈ 3.5P  kW m-2), respectively. Figure D.6c quantifies im-
palement probability, Φ, for the non-illuminated and illuminated cases. Figure D.6d 
shows boxplots of the ratio of the initial droplet diameter to the final droplet diameter 
that – possibly – remains on the surface upon impact, imp 0/D D , for the non-illuminated 

and illuminated surfaces, while Figure D.6e schematically illustrates the pressure-driven 
impalement mechanism within a cavity. 

 According to the values of Φ, we observe that strong light makes no difference 
in the impalement probability of room temperature droplets. Thus, we went one step 
further to investigate whether or not there are any differences in the amount of water 
that is left behind after an impalement event. For this we picked the cases which showed 
impalement and quantified the imp 0/D D  ratio. At first glance, we noticed that in the non-

illuminated cases, this ratio can take values within a broad range from 0% to 25%, while 
for the illuminated cases we observed a less wide distribution of values. However, since 
both distributions have roughly the same median, a p-test gave a p-value of ~0.15, re-
vealing that the differences we observed are not statistically significant. Possibly, a 
higher power density or a different (lower) We  could lead to statistically significant re-
sults. 
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Figure D.6 Effect of light on pressure-driven superhydrophobicity. (a)–(b) Image se-
quences of room temperature water droplets impacting on a superhydrophobic 
metasurface (T∞ ≈ 21 °C) for a, We ≈ 73, P = 0 kW m-2, and b, We ≈ 73, P ≈ 3.5 kW m-2. A 
solar simulator was used for illumination. (c) Impalement probability, Φ, of room tem-
perature droplets impacting at We ≈ 73, for P = 0 kW m-2 and P ≈ 3.5 kW m-2. Φ corre-
sponds to the crosshatched areas; the remaining area in each bar is 1 – Φ. (d) Boxplots 
of impaled to initial droplet diameter, Dimp/D0, of room temperature droplets at We ≈ 
73, for P = 0 kW m-2 and P ≈ 3.5 kW m-2. (e) Schematic of the pressure-driven impalement 
mechanism. Scale bar: (a)–(b), 2 mm. 
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Appendix E1 

 This Appendix includes the permission certificates required for including and 
reproducing the publications in this thesis. 

Metasurfaces leveraging solar energy for icephobicity 
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Transparent metasurfaces counteracting fogging by harnessing sun-
light 
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Metasurfaces leveraging solar energy for icephobicity 

 Prof. Dr. Dimos Poulikakos conceived the research idea, Prof. Dr. Dimos 
Poulikakos, Dr. Thomas M. Schutzius, and Dr. Hadi Eghlidi, designed research and pro-
vided scientific guidance in all aspects of the work. Efstratios Mitridis, Alba Sicher, and 
Claudio Hail conducted the experiments and analyzed the results. Prof. Dr. Dimos 
Poulikakos, Efstratios Mitridis, Dr. Thomas M. Schutzius, and Dr. Hadi Eghlidi wrote the 
paper draft and all authors participated in manuscript reading, correcting and comment-
ing. 

Transparent metasurfaces counteracting fogging by harnessing sun-
light 

 Dr. Thomas M. Schutzius, Dr. Hadi Eghlidi, and Prof. Dr. Dimos Poulikakos de-
signed the research and provided scientific advice on all of its aspects; Christopher 
Walker, Efstratios Mitridis, and Thomas Kreiner performed experiments and analyzed 
data; Efstratios Mitridis fabricated and characterized surfaces; Christopher Walker, Ef-
stratios Mitridis, Dr. Thomas M. Schutzius, and Prof. Dr. Dimos Poulikakos wrote the pa-
per. 

Transparent metasurfaces naturally boosting their own superhydro-
phobicity by absorbing sunlight 

 Dr. Thomas M. Schutzius and Prof. Dr. Dimos Poulikakos designed the research 
and provided scientific advice throughout its progression; Efstratios Mitridis and Sven 
Tröber performed experiments, Efstratios Mitridis, Sven Tröber and Henry Lambley an-
alyzed data; Efstratios Mitridis fabricated and characterized the surfaces; Efstratios Mi-
tridis, Dr. Thomas M. Schutzius, Henry Lambley and Prof. Dr. Dimos Poulikakos wrote 
the paper. 
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