


Friedrich-Schiller-Universitat Jena

Physikalisch-Astronomische Fakultat

Roughness, wetting, and optical properties of
functional surfaces

Dissertation

zur Erlangung des akademischen Grades
doctor rerum naturalium (Dr. rer. nat.)

vorgelegt dem Rat der Physikalisch-Astronomischen Fakultat
der Friedrich-Schiller-Universitat Jena

von Dipl.-Ing. Luisa Coriand
geboren am 22.09.1984 in Jena



Gutachter
1. Prof. Dr. rer. nat. Andreas Tunnermann (FSU Jena)
2. Prof. Dr. rer. nat. Markus Rettenmayr (FSU Jena)

3. Prof. Flavio Horowitz PhD (UFRGS Porto Alegre)

Tag der Disputation: 13.06.2013



Contents

T INFOAUCTION ... e e e e e e e e e e e e e 1
2 BaASICS e ———— 4
2.1 ROUGNNESS ...ttt e e e e e e e e e e e e e 4

2.2 WBHHING . ettt 6

2.3 Light SCAErING ....eeeiiiiiiiiiiieee e 9

2.4 POFOSITY ...ttt ettt e e e e e e e e e e e 11

3 Characterization teChNIQUES ..........ooiiieiii e 14
3.1 AFM, WLI, LSM, and their combination ............ccooooiiiiiiiiii e 14

3.2 Contact angle measurement and contour analysis..............cccccccciiiiiiiinenne. 19

3.3 Light scattering technique ... 21

3.4 Spectrophotometry and data analysis ...........cccccoeiiiii 22

4 Relationships between the structural and wetting properties............cccccccceeeeennnn. 25
4.1 Roughness and hydrophobiCity ...........cccuuiiiiiiiiiii 25
4.1.1 Classical CONCEPLS .....cceiiieeeeeeeee e e 25

4.1.2 The KB @pProach.........coo oo 27

4.2 Roughness / porosity and hydrophiliCity ..., 31

ST T 10 1] ] = 33
5.1 Nanorough optical Coatings ..........ccccciiiiiiiiiiie e 33

5.2 Microrough engineering SUMaCES ...........eueiiiiiiiiiiiiiiieii e 36

5.3 Hydrophobic functionalization ... 37

5.4 List Of SAMPIES ... 38

6 Advanced wetting @nalySiS. ... 40
6.1 HydrophobiC SUIMaCES ..o 40
6.1.1 Superhydrophobicity: Common definitions ............cccccccnns 40

6.1.2 Comprehensive wetting analysis methods ...........cccccociiiiies 41

6.1.3 Novel criteria for superhydrophobiCity ..............ceeeiiiiiiiiiiis 45

6.2 Hydrophilic SUIMaCES .........cooiii e 47
6.2.1 Anti-fog: Common definitioNS..............eueiiii 48

6.2.2 Comprehensive wetting analysis methods ...............ccoooiiiiiiiiiiiinnee. 48

6.2.3 Novel criteria for anti-fog sSUrfaces ...........ccccceoiiiiiiii 52

5.3 SUMIMIAIY ...ttt ettt ettt e e e e e e e e e e e e e e e e e e s e nannnbneenneees 52



7 ResUltsS and diSCUSSION .....eoeeeeeeeeeee e 54

7.1 Validation of the methodology for superhydrophobicity .................cccvveeeeeeee. 55
7.2 Hydrophobic and superhydrophobic nanorough optical coatings................. 59
7.2.1 Roughness and wetting properties ..........ccccccceiiiiiinniiiiicciieeee 59
7.2.2 Effect of hydrophobic functionalization on wettability .......................... 69
7.2.3 Optical properties and stability..............ooooiiiiiii e 73
7.2.4 SUMM@IY .ottt et e e e e e e e e e e e e e e ee e 77
7.3 Hydrophilic nanorough optical coatings ... 78
7.3.1 Structural properties and hydrophiliCity.............cccooeeiiieiiiiiiiiies 79
7.3.2 Optical Properti€s........uuu e 89
7.3.3 SUMM@IY ..ottt et e e e e e e e e e e e e e e e e e e e nes 90
7.4 Hydrophobic and superhydrophobic microstructured surfaces..................... 91
8 Conclusions and OUIOOK ...........cooiiiiiii e 96

=] o] TeTo [ r=T o] 1 |2 TP P PP PP PPPPPPP 99



Nomenclature

General

AFM Atomic Force Microscope

EMA Effective Medium Approximation (Bruggeman)

IOF Institute for Applied Optic and Precision Engineering

LSM Laser Scanning Microscope

SEM Scanning Electron Microscope

WLI White Light Interferometer

Roughness

f spatial frequency

PSD power spectral density function

rms, o root mean square roughness

OABC ABC-model parameter (root mean square roughness)

TABC ABC-model parameter (correlation length)

Wetting

a tilt base angle

Qo bounce-off angle

CA contact angle

Yo Y Vsl solid and liquid surface tension, solid-liquid interfacial tension

Oac» Oap actual and apparent contact angle

0.car Orca advancing and receding contact angle

Ocg Cassie-Baxter contact angle

Ow Wenzel contact angle

Oy Young contact angle

0, 0, at a wetting time of 0 s

Omean averaged 0,, between a wetting time of 10 sand 20 s

Kp wetting parameter

K,m fit parameters of the Tanner law

Nadrops number of visible fogging droplets in the field of view of 1.7x1.4 mm?
after 10 s

r roughness ratio

rs, fs roughness ratio of wetted area, fraction of projected surface area

Rw Wenzel roughness function

SH superhydrophobic according to strict theoretical criteria

SHpr superhydrophobic according to practical aspects



trog fogging time at which the fog has been completely dissolved in the field
of view of 1.7x1.4 mm?

tw wetting time

Optical

ARS angle resolved scattering
d layer thickness

€ dielectric function

F porosity

0, scattering angle

A wavelength

n real refractive index

TS total scattering

T, R, A, S transmittance, reflectance, absorbance, scattering

Sample preparation

Cparticle particle concentration

dparticle particle diameter

Naip number of dipping iteration

PVD physical vapor deposition

PolyF1 hydrophobic top layer (fluoroalkylsilane)
Vdraw withdrawal velocity

WR4® hydrophobic top layer (fluoroalkylsilane)



1 Introduction

Functional surfaces with specific wetting properties play a key role in simplifying
various processes in daily life and using resources efficiently. For instance, windows,
mirrors, and optical components made of surfaces with adjustable hydrophobic
wetting behavior all the way to superhydrophobicity and self-cleaning can minimize
the utilization of chemicals and thus reduce the environmental pollution. The anti-fog
effect basing on hydrophilic wettability can considerably improve the quality of
different optical surfaces, e.g. lenses, helmet visors, and bathroom mirrors. At the
beginning, the technical fabrication of such functional properties is often inspired by
nature, as for the realization of the self-cleaning effect of the lotus leaf. However, to
achieve such excellent wetting, thorough enlightenment of the structural, wetting, and
optical properties is required. This thesis is therefore focused on the development of
a complex methodology for a comprehensive characterization of hydrophobic and
hydrophilic wetting systems.

Wetting properties have been studied for a long time. The correlation between
contact angles and surface and interfacial tensions was already reported in 1805 [1].
The fact that the wettability is influenced not only by the intrinsic chemical properties
but also by the surface roughness is also well-known [2-4]. These fundamental
relationships are still the basis of current theoretical studies which deal with the
thermodynamic wetting aspects or simulate the influence of deterministic surface
roughness, e.g. [5-7]. Besides these considerations, the majority of the recently
published investigations of wetting are concerned with rather empirical approaches to
fabricate superhydrophobic surfaces utilizing different manufacturing processes,
structural, and intrinsic material properties [8-10]. For hydrophilic wettability aiming at
anti-fogging, the number of publications is considerably smaller and most of these
works report on photocatalytic coatings (e.g. titanium oxide) [11-13], which are not
suitable for indoor applications, and on complex multilayer systems [14-16].

In spite of the tremendous interest and extensive research activities regarding
wettability of functional surfaces, no uniform and coherent theoretical descriptions are
given. Rather, considerable disagreements, unsolved problems, and even wrong
conclusions exist. For both superhydrophobicity and anti-fog, no generally accepted
terms nor definitions can yet be found in the literature as discussed in detail in [17].
Especially for superhydrophobicity, the statements are often contradictory and, in
most cases, only the simplest definition (contact angle > 150°) is being used (e.g. [9,
18]). This problem is increased through the fact that there are no uniform
measurement and analysis methods for roughness and wetting characterization.
Roughness analysis is usually performed by means of qualitative assessments or
simple roughness parameters. For the wetting analysis, various kinds of contact
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1 Introduction

angle measurement methods with different measurement parameters or contour
analysis procedures are applied. Consequently, there is a lack in systematical
studies and understanding of the functional properties and their relationships as well
as a gap between theoretical studies and practical approaches: Papers address
either pure theoretical examinations or technological aspects of surface structuring
and chemistry. Experimental trial-and-error approaches are normally employed to
achieve the desired wettability. For example, investigations of the superhydrophobic
lotus leaf often led to the unjustified conclusion that hierarchical roughness structures
are necessary for superhydrophobicity [10, 19-21]. Thus, besides specific
deterministic roughness structures, hierarchical surface characteristics were
fabricated to create excellent wettability [18, 22-24]. Furthermore, optical properties
are quite often neglected, even though unacceptable levels of light scattering as a
result of surface roughness and porosity required for optimal wettability can cause a
failure for envisaged the optical application.

Within the framework of this thesis, the specified limits of the current research
activities are taken up as problems: A thorough characterization of the structural,
wetting, and optical properties as well as systematic investigations of their
corresponding relationships enable the effective realization of superhydrophobic or
anti-fog surfaces linked with low light scattering using simple fabrication processes.
Consequently, the development of a measurement and analysis methodology
consisting of robust methods which are focused on the particular application
constitutes the main task of this thesis. With the help of such a methodology, a
consistent research, assessment, and definition of hydrophobic and hydrophilic
wettability up to superhydrophobicity or anti-fogging of various wetting systems
(different structural and intrinsic properties) shall become possible.

The basis for developing this methodology is existing measurement and analysis
methods. For the roughness analysis, different measurement systems (Atomic Force
Microscope, White Light Interferometer, Laser Scanning Microscope) as well as
analysis tools are available. The most important quantities are the power spectral
density function [25] and a roughness based structural parameter (wetting parameter
kg). The latter was developed in previous works and is directly connected to the
contact angle of the wetting system [26, 27]. For the characterization of wettability,
advancing and receding contact angle measurements in combination with tilt base
angle measurements are the starting point. Initially, to be examined is to what extent
all these methods can be transferred and improved with respect to specific or new
wetting situations. The necessity to develop novel methods has to be taken into
consideration as well. In particular, the investigation of the following main aspects will
be pursued: The possibility to extend the kg approach to hydrophobic microrough and
hydrophilic nanorough surfaces as well as the range of validity of the threshold,
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1 Introduction

which so far has been set to 0.3 [28], have to be studied. It is necessary to examine
the applicability of the existing contact angle measurement and analysis methods
established for hydrophobicity to hydrophilic surfaces. Simultaneously, the
introduction of novel wetting experiments with respect to practical applications has to
be investigated. For instance, the achievement of a first method to quantify the anti-
fog behavior is required. After the development of the wetting analysis methods, a
definition of robust criteria for superhydrophobicity and anti-fog effect is
indispensable. The suitability of the acquired methodology has to be proven using
different nano- and microrough surfaces. Therefore, the specific roughness
characteristics of sol-gel coatings, sputtered coatings, and machined surfaces shall
be defined. The methodology applied to these samples can then be utilized to
investigate the relationships between structural, wetting, and optical properties and
finally to achieve superhydrophobic or anti-fog surfaces.

The thesis is structured as follows:

The basics and working principles of the measurement techniques needed for this
work are introduced in chapters 2 and 3. These comprise the roughness analysis
using Atomic Force Microscopy, White Light Interferometry, and Laser Scanning
Microscopy. Also included is the wetting analysis using a contact angle measurement
and contour analysis instrument, determination of scatter losses by the angle
resolved light scattering technique, and spectrophotometry for determining the
porosity and layer thickness.

In chapter 4, classical relationships between structural properties and wetting are
presented. However, this chapter primarily covers the introduction and discussion of
the kg approach.

The fabrication processes and descriptions of the investigated sample surfaces
are summarized in chapter 5.

In chapter 6, common definitions of extreme wetting behavior are initially
introduced. The development of the wetting analysis methods for a comprehensive
characterization of hydrophobic or hydrophilic wettability is then described in detail.
On the basis of these methods, novel wetting criteria for superhydrophobicity and
anti-fogging are acquired.

In chapter 7, the entire measurement and analysis methodology is applied to
wetting systems with different structural and chemical properties in order to validate
the analysis methods as well as to investigate the correlation between the process
parameters, structural, wetting, and optical properties.
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In this chapter, the most important fundamentals of surface and thin film
characterization required for the present work are summarized. They are comprised
of the utilized roughness and porosity analysis methods as well as theoretical
principles to describe the wetting and light scattering behavior. These definitions
provide the basis for investigating the correlations between the roughness, wetting,
and optical properties.

2.1 Roughness

For the analysis of stochastically rough surfaces, several parameters and functions
are available. In this work, root mean square (rms) roughness and power spectral
density (PSD) function were used to characterize the two-dimensional surface
topography data of the investigated nano- and microstructured surfaces. Throughout
this work, the roughness structures are assumed to be isotropic, i.e. independent of
the direction on the surface. Detailed definitions for the quantities are described in
[25, 29-31].

The PSD function provides the relative strength of the individual roughness
components as a function of the spatial frequencies f, and f, in x and y directions,
respectively. The PSD is defined as the squared absolute value of the Fourier
transform of the surface topography h(x, y):

N~
N

L
2
1 )
PSD(fx,fy) = l}]_)n;)ﬁ f h(x' y)e‘znl(fxx+ny) dXdy , (21)
L
2

N~

with the scan range L.

For surfaces with isotropic roughness characteristics, the PSD(fx, fy) can be
simplified to a 2D-isotropic PSD by transformation into polar coordinates and
averaging over all polar angles 8. However, in the resulting PSD, the phase
information of the roughness structures is no longer considered:

21

PSD(f)z% f PSD(f,0)d6 . (2.2)

0
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The roughness analysis based on PSD functions includes the vertical as well as the
lateral distribution of surface heights. In addition, the PSD enables direct links
between the roughness, wetting, and optical properties of a sample. For these and
further advantages explained in chapter 4, the PSD function has become
indispensable for roughness characterization, not only for this work.

Comprehensive interpretation and discussion of different roughness characteristics
based on PSD functions requires more than just a profound theoretical and practical
knowledge. For instance, model-PSD functions are needed to approximate the
experimentally determined PSDs. By means of the synergy of both the real and the
modeled roughness functions measurement artifacts can be identified. Furthermore,
model-PSDs are used to simulate a specific design of roughness structures realized
by thin films aiming at optimal wetting properties. This type of simulation is utilized in
section 7.2.

PSD functions of coated substrates can be modeled by superposition (see Fig. 2.1
on the next page) of a fractal model-PSD representing the pure substrate roughness
and an ABC model-PSD illustrating the intrinsic thin film roughness [28, 31, 32]:

PSDcoating(f) = PSDfractal(f) + PSDABC(f) ’ (23)

where the fractal model-PSD and the ABC model-PSD are defined as [28, 32]:

l:)SDfractal (f) = PSDABC (f) = (24)

K
frer (1+B2f2) 5
K, l, A, B, and C are parameters of the corresponding model-PSDs (see Fig. 2.1).
From the parameters of the ABC-model, vertical (o,pc: rms roughness) and lateral
(tapc: correlation length) information about the roughness structure can be obtained

[28, 32];
f 21+ A /(6—1)2-32
OABC = B2 . (C _ 1) »  TABC = 212 - C ' (25)

Beside the description of the substrate roughness with a fractal model-PSD, the
roughness properties can be directly measured. The evaluation of the model-PSDs in
combination with the fractal PSD enables an estimation of the intrinsic thin film
roughness [33].
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fractal model-PSD ABC model-PSD fractal + ABC model-PSD
B
—>
[ C

3 ) 5
o o A o ABC model-PSD

o =]
g 3 3 /

fractal model-PSD
log (f) log () log (f)

Fig. 2.1:  Schematic diagrams of the model-PSDs and their parameters (According to [28]). Left:
Fractal model. Center: ABC model. Right: Combination of fractal and ABC model.

Compared to the PSD function, the rms roughness is a simple and common
parameter, which only considers the vertical, but not the lateral distribution of
roughness structures. The rms roughness o is the standard deviation of the surface
topography data h(x,y) from the mean value h:

1
L L 2
1 2 2
o = |lim Tz f (h(x,y) - i_l)z dxdy| . (2.6)
L L
272

The rms roughness can also be calculated by integrating the 2D-isotropic PSD
function:

1
Simax 2

O2ppPSD = [Zﬂ f f-PSD(f)-df]| . (2.7)

f min

Theoretically, the rms values calculated using Eqgs. (2.6) and (2.7) are equal
(aoppsp = o) if the integration limits cover all spatial frequencies (f,, = 0 and
fmax = ). Practically, every roughness measurement technique is bandwidth-limited,
so that the rms roughness and the PSD function depend on the spatial frequency
limits. These limits are generally determined by the size of the scan area (lower
bandwidth limit) and by the distance between the data points (upper bandwidth limit)
of the corresponding measurement system [34].

2.2 Wetting

In a system consisting of liquid, solid, and fluid phases, the wetting phenomenon is
denoted as the process of a liquid drop spreading on a solid surface surrounded by a
fluid (e.g. air) [31]. The main parameter for describing the wetting behavior of
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functional surfaces is the contact angle (CA). The CA variation dependent on the
ambient conditions is introduced in this section.

For an ideal solid surface (smooth, rigid, chemically homogeneous, insoluble, and
nonreactive), the wettability only depends on the surface and interfacial tensions y.
The relationship between the CA and the corresponding tensions is established by
the Young theory [1]:

cos @y = 12 ;VSI , (2.8)
1

with the solid surface tension y;, the liquid surface tension y;, and the solid-liquid
interfacial tension y,. The Young CA 0y is formed between the tangent to the liquid-
fluid interface and the surface itself at the contact points between the three phases
(see Fig. 2.2 left on the next page). Oy can also be denoted as ideal CA or intrinsic
CA if the drop size is sufficiently large and the effect of line tension is to be negligible
[35].

Based on Eq. (2.8), the wettability of ideal solid surfaces by water drops can be
classified into two states (see also Fig. 2.2 left and center) with ®y = 90° as
theoretical threshold:

e Ify, <y4 then 90° < Oy < 180°: intrinsic hydrophobic (water-repelling),
e ify, > yg then 0° < By < 90°: intrinsic hydrophilic (water-attracting).

The extreme wetting cases 0y = 0° and 0, = 180° will be discussed in chapter 6. For
a wetting system with oil or fat as the liquid phase, the prefix of the introduced terms
will be “oleo” or “lipo” [36].

Real surfaces are usually chemically heterogeneous and rough. Caused by surface
roughness, there are two kinds of CA (Fig. 2.2 right): The actual contact angle 0,. is
the angle between the tangent to the liquid-fluid interface and the local inclination of
the solid surface. In contrast, the apparent contact angle ©,, can be directly
measured and is defined as the angle between the tangent to the liquid-fluid interface
and the line that represents the nominal solid surface as seen macroscopically. In
case of an ideal smooth solid surface, 0,. = 0, is valid [37].
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fluid (air) fluid (air) fluid (air)

i

Vs iqui Q)
ideal solid surface ideal solid surface ;
(hydrophobic) (hydrophilic) real solid surface

Fig. 2.2: Left: Water drop onto hydrophobic ideal solid surface and corresponding surface/interfacial
tensions. Center: Water drop onto hydrophilic ideal solid surface. Right: Actual CA 0,, and
apparent CA 0,, of water drop onto real solid surface.

From a thermodynamic point of view, the Gibbs free energy curve (Fig. 2.3) of a real
wetting system as a function of ©,, exhibits multiple local energy minima because of

roughness and chemical heterogeneities of the solid phase. Therefore, wetting on
real solid surfaces is characterized by a wide range of metastable states ©,,. This
range is called the CA hysteresis with the highest and lowest observed ©,, referred
to as (theoretical) advancing and receding contact angle, ©,., and 0,.,, respectively

[6]:
CA hysteresis = 0,., — O, - (2.9)
The global minimum of the Gibbs free energy curve represents the most stable state

of the wetting system. To reach this state corresponding to the most stable CA, the
liquid drops have to overcome energy barriers through e.g. external energy [6].

metastable ®a°a

states \

Gibbs free energy

global minimum

contact angle O,,

Fig. 2.3:  Schematic diagram of Gibbs free energy function of a real solid surface according to [6].

Depending on the liquid drop behavior on a rough solid surface, two classical and
well-established wetting regimes can be distinguished. When the liquid completely
cover the surface features, the situation is called homogeneous wetting and can be
described by the Wenzel equation [2, 38]:

cosBy =1 cosBy , (2.10)
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where the Wenzel CA 0, is equal to ©,, and r is the roughness ratio. The roughness

ratio is defined as the real solid surface area related to its projected area. A detailed
consideration of Eq. (2.10) leads to the following conclusions concerning the
theoretical relationship between the CA and the roughness:

* Ideal smooth surfaces (r = 1): Oy, = Oy.
* Hydrophobicity (0y > 90°): Increase of r results in weaker wetting (0, > 0y).
* Hydrophilicity (0y < 90°): Increase of r results in stronger wetting (0 < Oy).

Thus, increasing roughness enhances the intrinsic wetting properties in both
directions.

In case of the heterogeneous wetting state, air cavities are situated in the
roughness structures below the liquid phase. For this situation, the equation
developed by Cassie and Baxter becomes valid [3, 38]:

cosOcg = fo "1 cosOy — (1 —f,) , (2.11)

where 0,, is the Cassie-Baxter CA 0., f; denotes the fraction of the projected

surface area that contacts the liquid phase, and r; is the roughness ratio of the wetted
area. The Cassie-Baxter approximation (2.11) is derived from the Wenzel equation in
combination with the Cassie equation, which is used for smooth, but chemically
heterogeneous solid surface.

In terms of the validity of the presented equations, it is important to realize wetting
systems with a liquid drop size two or three orders of magnitude larger than the
lateral dimension of roughness and chemical heterogeneities [39].

2.3 Light scattering

A specific surface roughness is required to enhance the intrinsic wetting properties,
as described in the previous section. At the same time, increased roughness has a
negative effect on the optical properties. Specifically, increased roughness gives rise
to light scattering. Thus, a discrepancy between the roughness necessary for optimal
wettability and the roughness for acceptable light scattering arises. Therefore, light
scattering investigations are required for optical surfaces aiming at special wetting
behavior. Otherwise, unacceptable scatter losses caused by the roughness of the
functional surfaces can result in an implementation failure for general usage.

In the current section, scattering quantities that are used in this thesis to evaluate the
optical brilliance (high transmission and low light scattering) of the investigated
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nanorough coatings are introduced. For the sake of simplicity, stochastically rough
structures and two-dimensional isotropic surfaces are assumed.

When illuminating a surface, certain parts of the incident light are partially
reflected, transmitted, absorbed, and scattered, depending on the material
properties. For example, as a result of surface irregularities such as nanoroughness
or defects, part of the light is removed from the specular direction and redistributed
into diffuse scattering [30, 40]. The underlying geometry and parameters for
describing surface and interface scattering are shown in Fig. 2.4.

Fig. 2.4: Schematic illustration of reflective scattering geometry and nomenclature: z ... surface
normal, P; ... incident power, 6; ... incident angle, P, ... specular reflected power, 9, ...
reflection angle, AP, ... scattered power, AQ; ... solid angle, 6, ... polar scatter angle, and
@, ... azimuthal scatter angle [41].

Angle resolved scattering (ARS) is defined as the power AP, scattered into a small
solid angle AQ, normalized to that solid angle and the incident power P,. 6; is the
scattering polar angle with respect to the surface normal. For optical surfaces with an
interface roughness much smaller than the wavelength A of light, vector scattering
theory predicts the ARS to be proportional to the surface PSD [42-46]:

1 AP,
ARS(6,) = 5“5~ = Q" PSD(f). (2.12)

Q is the optical factor depending on scattering geometry and optical properties of
perfectly smooth surface. The second part of Eq. (2.12) indicates a proportional
relationship between roughness (i.e. PSD) and light scattering (i.e. ARS). This
illustrates the discrepancy mentioned above: In this thesis, the desired wettability of
optical surfaces is created by nanorough coatings, however their thin film roughness
leads to increased light scattering.

The scattering of thin film coatings is much more complicated than the relationship
in Eq. (2.12) because the scattering of each interface. The total scattered light is not
only the amount of scattering intensity resulting from single interfaces. Also the
cross-correlation properties between individual interfaces have to be taken into
account. The scattering of multilayer coatings is discussed in detail in [42, 43, 47].

10
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The scatter loss of optical components can be described by the total scattering (TS)
which is the power P, scattered into the forward or backward hemispheres divided by
the incident power P,. TS can thus be calculated by integration of Eq. (2.12) over the
desired hemisphere [44, 406]:

85°
F
TS = - =21 f ARS(6,) - sinb, - db; , (2.13)
1 50
The range of acceptance angles is defined by the ISO standard 13696 [48]. This
means, for incident light normal to the surface 6; =0°, an angular range of
0° < ¢, = 360° and 2° < 6, < 85° has to be acquired.

2.4 Porosity

The wettability of a surface is influenced by both its intrinsic chemical and its
structural properties. In case of hydrophilic wetting, structural properties not only
comprise of surface roughness but also porosity [14, 15, 49, 50]. The method
presented in [51] was used to determine the porosity and the layer thickness of
nanorough and porous coatings in this thesis. The method is based on
spectrophotometric measurements combined with subsequent analysis including a
simulation of model spectra (see section 3.4). The required fundamentals are
summarized in this section.

The power of light illuminating a solid surface can be divided into four parts after
interacting with the interface [52, 53]:

* Transmitted part, which passes through the sample,

* part reflected from the surface according to Fresnel law,

* part absorbed by the sample,

* part scattered from the sample into the backward and forward directions.

The ratios of the respective powers to the power of the incident light are denoted as
transmittance (T), reflectance (R), absorbance (A), and scattering (S). The energy

budget is:

1=T+R+A+S. (2.14)

11
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In case of negligible absorption and scattering, Eq. (2.14) can be simplified to
1=T+R. For normal incidence of light, the transmittance and reflectance of a
substrate can be calculated using the Fresnel equations [53]:

4nyn,
(n, +ny)* '

N, —ny

2
Ri2=R;; = < > , Ty =Ty = (2-15)

n2+n1

with n representing the real part of the refractive index and the indices indicating
medium 1 (e.g. air) and 2 (e.g. glass substrate) (Fig. 2.5). The deviation of n, from
the index of the corresponding pure bulk material contains information about porosity.

Rz medium 1
§ (air:ny =n)

medium 2

(n2)

medium 1
‘ Tox (air: ny = n)

Fig. 2.5: Schematic illustration of reflectance and transmittance.

For spectrophotometric measurements (i.e. transmittance and reflectance spectra)
and the modeling presented in section 3.4, the absorbance can be neglected
because the investigated samples are highly transparent. The deliberate surface
roughness which is essential for optimal hydrophilicity influences the optical
properties of the nanorough coatings. Therefore, the thin film roughness has to be
taken into consideration for the determination of the porosity. On the one hand,
roughness leads to layer thickness variations within the observed scan area which
can be described by a Gaussian-shaped distribution. On the other hand, light
scattering at the interfaces leads to a reduction of transmittance and reflectance
according to the energy budget in Eq. (2.14). An exponential correction factor
considering the interface roughness, respectively the scatter losses of the interface,
can compensate for this energy loss [51, 54]. For the simulation of the transmittance
and reflectance model spectra in section 3.4, the effect of both the film thickness
variation as well as the scatter losses was considered for the estimation of porosity.
Furthermore, a model to simplify the samples was needed to determine the
porosity of the investigated silicon oxide (SiO2) coatings from their optical properties.
A medium consisting of two components was used for this purpose: Amorphous
SiOy, assumed as the host medium, and vacuum filled pores with a specific volume
fraction. The optical properties of the whole medium can be assumed to be
homogeneous as long as the structural dimensions were much smaller than the
wavelength of light. Consequently, the host medium with pores could be considered

12
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as dense and homogeneous with an effective dielectric function e, which is a
function of the dielectric function of both single components (i.e. host and particle)
and the volume fraction of the particle. This is called Effective Medium Approximation
(EMA). Different theories are available to model the effective dielectric function (of
two-component systems) depending on particle diamater and particle distributions.
Lorentz-Lorenz, Maxwell Garnett, and Bruggeman'’s effective medium expressions
[53, 55, 56] are the most common theories. As previously reported in [51], the range
of validity of the Bruggeman expression was best suited for the characterization of
the porous SiO3 thin film layers investigated in this thesis [55, 57, 58]:

&y — Eeff &, — &
LR & Iy o) W LS
Sp + Zeeff &h + Zeeff

withn =+e . (2.16)

F represents the volume fraction of the pores, and the indices h and p indicate host
and pores.

It was possible to estimate the porosity of nanorough SiO, coatings by means of
the EMA used for the simulated model spectra and the spectrophotometric
measurement results. This method is presented in section 3.4.
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3 Characterization techniques

The following sections introduce the measurement and analysis principles of the
characterization techniques used in this thesis. First, different profilometers are
described for the characterization of surface structures in the spatial frequency range
relevant for the wetting properties. With regard to the wetting behavior, the functional
principles of the contact angle measurement and contour analysis are presented.
The advanced wetting analysis methods adapted to the specific wetting situation will
be explained in chapter 6. Furthermore, a typical light scattering measurement
system is presented which can be used to determine the scatter loss of optical
samples. Finally, porosity and film thickness of thin films were analyzed using a
spectrophotometer and a suitable analysis method.

3.1 AFM, WLI, LSM, and their combination

The analysis of the roughness components within a wide spatial frequency range
was one of the key aspects for the correlation investigation of this thesis. Three
different roughness measurement techniques (Fig. 3.1) were combined to realize the
analysis over a wide spatial frequency range from 0.001 um™ to 1000 pm™. All
systems will be briefly introduced. The algorithm for the combination of the single
measurement results is presented as well.

) camera detector
detection and controlling

pinhole

white light
source

laser source

photodiode
N\

beam splitter beam splitter

8] piezo actuator

\

scanner

| reference
surface

cantilever

sample surface sample surface

Fig. 3.1:  Schematic illustration of Atomic Force Microscope (left), White Light Interferometer
(center), and confocal Laser Scanning Microscope (right).

focal plane s ample surface

Atomic Force Microscope

The Atomic Force Microscope (AFM) belongs to the family of Scanning Probe
Microscopy. A sharp probe scans the sample surface line-by-line and the probe-
sample interaction leads to a deflection of the cantilever. A laser beam which is
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3 Characterization techniques

reflected from the backside of the cantilever is detected by a split photodiode to
determine the deflection. This deflection signal can then be converted to a two-
dimensional topography image [31, 59-61].

A Dimension 3100 AFM (manufacturer: Digital Instruments Veeco Metrology
Group) was used to analyze the high spatial frequency roughness ranging between
f=1pm™ and f=1000 uym™ (corresponding scan areas: 10x10 pm2, 1x1 pm?
0.5x0.5 ym?, and 0.2x0.2 ym?). The AFM measurements were performed with single
crystalline silicon probes (nominal tip radius: 10 nm).

The TappingMode™ was always used for the roughness characterization of nano-
and microrough surfaces, because of its high resolution (see following remarks),
minor contact forces and absence of shear forces [62]. In this mode, the cantilever
mechanically oscillates at or near its resonance frequency. The piezo actuator based
scanner records the vertical position in order to maintain a constant oscillation
amplitude [61, 62].

Measurement artifacts and noise influence the measurement results. The
modification (distortion) of the surface profile by the non-vanishing size of the probe
tip can be significant at high spatial frequencies (10 um™ < f< 1000 ym™). Thus, the
lateral resolution is especially important for the analysis of the wetting-relevant
nanorough structures. The limits of reliable roughness information in this critical
range were studied in previous works [63, 64]. Based on these results, the influence
of the tip for investigations of nanorough optical surfaces was minimized to an
optimum. In addition, the measurement parameters, e.g. the free amplitude of the tip
oscillation, were adapted to resolve the specific roughness characteristics. Thus, an
improved topography resolution could be observed especially in a spatial frequency
range higher than 10 um™. The vertical resolution is limited by instrumental noise to
o =0.04 nm. The maximal vertical measurements range (<5 um) restricts the
analysis of microrough engineering surfaces, which will be discussed in section 7.4.

Drift, vibrations, or static charge can effect the interaction between sample surface
and probe as much as the main influencing factors (tip shape and instrumental noise)
of AFM measurements. These influencing factors need to be minimized to achieve
most authentic roughness information. Furthermore, topography data has to be
corrected for offset and tilt by removing a polynomial equation of a certain order. The
order depends on the influence of the scanner bow and on the scan area: It is
sufficient to remove an equation of first order for scan areas < 1x1 pm™". Third order
polynomials have to be chosen for scan areas > 1x1 ym™ because of the distinct
influence of the scanner bow.

All influencing factors lead to the circumstance that it is not possible to give a
general statement for the measurement uncertainty. Within the frame of this work, an
upper limit for the uncertainty of the rms roughness should be smaller than
approximately 10%.
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White Light Interferometer

The optical profilometer NewView 7300 (manufacturer: Zygo LOT) was used to
confirm and extend the roughness analysis performed by AFM measurements in the
lower spatial frequency range (0.001 pym™ < f< 1 pm™). The NewView 7300 is a non-
contact, three-dimensional scanning White Light Interferometer (WLI) which is
equipped with Michelson and Mirau objectives with magnifications of 5x, 10x, 50x,
and 100x.

WLI use broadband light with a short coherence length. Thus, interference only
becomes apparent when the optical paths of the reference and the measuring beam
are equal. This method requires light to be split inside the objective: one part
illuminates the sample surface and the other part the internal high quality reference
surface. The objective is driven by a piezoelectrical transducer. During the motion,
there are interferograms for all pixels in the field of view. The array of interferograms
is recorded by a CCD camera, digitized by a frame grabber and saved by a
computer. The acquired data is then processed by frequency-domain analysis which
is patented by Zygo Corporation [65, 66]. Finally, the individual height information
can be combined to a complete 3D image by MetroPro software [31, 67, 68].

The vertical resolution is smaller than 0.1 nm. The lateral resolution varies
between 0.36 um and 9.5 ym depending on the objective [69]. In general, the
topography measurements are influenced by drift, instrumental noise, and vibration.
For optical surfaces with ¢ <1 nm, the quality of the reference surface influences the
result significantly. Though, the WLI was only used for the roughness analysis of
microrough engineering surfaces with ¢ >> 1 nm during this work. However, steep
edges can lead to measurement errors and missing data points. Therefore, particular
care has to be taken when analyzing the results. The NewView 7300 allows to
minimize the number of missing data points by adapting the so-called “MinMod”
parameter, which sets the minimum intensity for valid data points. This parameter
has to be used carefully because choosing the value too small might cause ambient
light to be observed as measurement signal. In addition, missing data points can be
replaced by interpolation up to a maximum pixel area. Black areas in the topography
images illustrate the remaining missing data points after correction. Examples are
presented in section 7.4. For the roughness analysis, the tilt between the sample and
the x-y-measuring plane is compensated for by a least square fit of the data which
removes a plane tilted surface.

The uncertainty of rms roughnesses in this thesis is approximately 20% for the
investigated engineering surfaces.
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Laser Scanning Microscope

Another optical measurement system used in this thesis is the confocal Laser
Scanning Microscope (LSM) LSM 510 (manufacturer: Carl Zeiss Jena GmbH).
Compared to the WLI, the advantage of the LSM is the ability to measure roughness
structures with steep slopes. For this reason the LSM was utilized for the
characterization of technical rough surfaces with such steep edges. Usually, the WLI
fails for such measurement scenarios. For the available objectives (5x, 10x, 50x,
100x) a theoretical spatial frequency range from 0.0005 pm™ to 4 um™ can be
covered. This is similar to the spatial frequency range of the WLI (see Fig. 3.2 on the
next page). The aperture of the confocal pinhole and the vertical as well as the lateral
resolution is determined by the utilized objectives.

The LSM consists of a scanning unit which scans a focused laser beam line-by-
line and layer-by-layer over the sample surface. The reflected light from the surface
is detected by a photomultiplier tube. The essential part of the LSM is a pinhole,
which is situated in front of the detector. It causes a depth-discrimination of the
optical system. The diameter of the pinhole defines the amount of light to be detected
from object points outside the focal plane, i.e. the quantity of light which can pass
through the pinhole. The reflected light from all other points is prevented from
reaching the detector. A defined motion of the sample along the optical axis causes a
shift of the focal plane in appropriate steps. Hence, three-dimensional images can be
determined with the corresponding analysis software [31, 70, 71].

The influencing factors and the utilized manipulation steps are the same as for the
WLI. In addition, a median filter was used to correct the high frequency noise. The
estimation of the measurement uncertainty is similar to the WLI: rms roughness
< 20%.

Combination of different characterization techniques

It is essential to know that every roughness measurement technique is bandwidth
limited for a correct interpretation and discussion of rms roughnesses and PSD
functions determined from topography data (section 2.1). The spatial frequency limits
of the systems (see Fig. 3.2) depend on the scan area and the sampling point
distance [34]. Nevertheless, the spatial frequency range of interest is defined by the
application. Especially, the determination of the wetting-relevant spatial frequency
requires to capture a sufficiently large spatial frequency range of the roughness
structures. This can be achieved by combining different measurement results (i.e.
scan areas or measurement systems).
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Fig. 3.2:  Spatial frequency ranges of different roughness measurement techniques: Atomic Force

Microscope (AFM), scanning White Light Interferometer (WLI), and confocal Laser
Scanning Microscope (LSM).

The nanorough optical surfaces were examined by AFM in a spatial frequency range
between 1 pm™ << 1000 ym™. Investigations during the “Diplomarbeit thesis” [31]
showed that for such nanorough surfaces the wettability is mainly influenced by the
high spatial frequency roughness. Thus, a roughness characterization using the WLI
or LSM is not sufficient. The characterization of the engineering surfaces and the
biological samples was performed with AFM, WLI, and LSM.

The combination of different bandwidth limited PSD functions is crucial for the
determination of a characteristic Master-PSD. The Master-PSD is required to
calculate the wetting parameter which is introduced in chapter 4. If there is an
overlap of the spatial frequency ranges of different measurements and if the PSD
values vary just slightly, the individual PSDs can be combined to a Master-PSD by a
geometrically averaging. A distortion of the Master-PSD which can be caused by
measurement artifacts and surface inhomogeneities can be compensated for by a
weighting function or manual manipulation of the single PSDs [25, 72]. An example
for single PSD functions which are combined to a unique Master-PSD and typical
measurement artifacts are illustrated in Fig. 3.3: The diagram shows that single
PSDs can be acceptably combined. Just the high and low spatial frequency range of
the single PSDs vary from the Master-PSD because of measurement artifacts.

From now on, Master-PSD will be called simply PSD. All following discussion will
be related only to Master-PSDs.
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Fig. 3.3: PSD analysis of silicon carbide substrate: Single PSD functions from AFM and WLI
topography data, Master-PSD function and typical measurement artifacts.

3.2 Contact angle measurement and contour analysis

The applied methods for the characterization of the wettability significantly depend on
the wetting system and on the specific application. In addition to this, the wetting
theory, summarized in section 2.2, has to be carefully taken into consideration during
the entire wetting analysis, i.e. a specification of the wetting behavior through a
simple @,, is not sufficient, because of the existence of metastable CA. As published
work of Johnson [4] and Marmur [6, 73] suggest, a real rough surface exhibits a wide
range of metastable CA (Fig. 2.3). For this reason, a determination of the advancing
and receding CA is required to obtain the CA hysteresis, which theoretically covers
the whole range of metastable CA.

Within this thesis, methods for a comprehensive wetting analysis were acquired
considering all possible wetting configurations, feasible applications, and the
theoretical background. The so-called “advanced wetting analysis” will be presented
in chapter 6.

In this section, the functional principle of the “contact angle measuring and contour
analysis instrument OCA 20" (manufacturer: DataPhysics) (Fig. 3.4), which was used
for the investigations, will be presented. Furthermore, some remarks about the
performance will be given.
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Fig. 3.4: Photograph of the contact angle measurement instrument OCA 20.

The instrument OCA 20 is equipped with an electronic dosing system, a motorized
tilting base unit, and a video recording unit.

The standard procedure for determining the CA of liquid drops on solids is the
sessile drop method. A drop is deposited onto a solid surface through a needle,
which is positioned over the surface. The drop itself is illuminated by diffuse light and
a video system face to face with the light source captures the side view of the drop.
The contour of the drop is determined by the difference in brightness compared to
the background. The analysis software SCA20 (manufacturer: DataPhysics) offers
four different methods to calculate the CA [74]: Circle fitting, ellipse fitting, Laplace-
Young fitting, and tangent leaning. Further information about the applied calculation
methods for sessile drops will be given in chapter 6.

The following aspects turned out to be especially important and were considered
during the measurements:

* The drop should be axisymmetric and sufficiently large compared to the
roughness scale [38].

* The surface under the liquid drop needs to be dry (no previous wetting with
the test liquid) and contamination and defect free.

* Vibrations during the measurement have to be avoided as much as possible.

* The influence of the dosage needle on the drop shape can be minimized by a
special hydrophobic coating.

* The most critical factor is the contrast between the drop, sample surface, and
background [75]. The illumination conditions have to be adapted according to
the wetting system to achieve an optimal contrast. The contrast is mainly
affected by the nature of the sample and can result in an under- or
overestimation of the determined CA. For example, the automated detection of
the CA of a drop on a slightly curved plant surface can be lead to a CA
approximately 10° smaller (Fig. 3.5 center) compared to manual drop shape
analysis (Fig. 3.5 right).
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CA=)137° CA =] 149°

Fig. 3.5:  Wetting of a superhydrophobic aquilegia leaf: Photograph with a water drop (left).
Automated drop shape analysis based on tangent leaning (center). Manual drop shape
analysis (right).

The measurement accuracy of the contact angle measurements system amounts to
+ 0.1° according to the manufacturer’s specifications [74].

3.3 Light scattering technique

In addition to the roughness and wetting analysis, the characterization of the light
scattering behavior of the optical coatings on glass was necessary. The surface
roughness which is needed for special wettability directly influences the scattering
properties as introduced in section 2.3.

The light scattering was measured using an angle resolved scattering system to
identify possible disturbing factors in a large angular range and to compare the
observed scatter losses with a threshold acquired in a previous work [72]. The light
scattering measurements within this thesis were performed at a wavelength of
532 nm [76]. This wavelength is located near the maximum sensitivity of the human
eye and near the wavelength for which the threshold of scatter losses was
determined [72]. For the investigation the measurement system ALBATROSS-TT
(3D-Arrangement for Laser Based Transmittance, Reflectance and Optical Scatter
measurement - Table Top, Fig. 3.6) was used, which was developed at the
Fraunhofer IOF and is described in detail in [77].

sample

illumination system

detector

Fig. 3.6: Schematic illustration of the measurement system ALBATROSS-TT [77].

The sample is positioned in the center of the system and the angle of incidence is
adjusted. The laser beam then illuminates the sample. A homogeneous laser beam is
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achieved by an illumination system. By means of a three-dimensional positioning
system, the ARS can be measured in the entire three-dimensional sphere [77, 78].
Subsequent, the TS value can be determined from ARS according to ISO standard
(cf. Eq. (2.13) in section 2.3).

The instrument performance [77] is characterized by the low noise level of the
ARS (2:10® sr") and a wide dynamic range of about 13 order of magnitude.

For the investigation of the nanorough optical surfaces the following parameters were
used:

* wavelength: A = 532 nm (Nd:YAG laser)
* angle of incidence: 6; = 0°
* scatter angle: 6, -85° ... -2°,2° ... 85°,95° ... 178° and 182° ... 265°

The light scattering measurements on the optical coatings which were performed
during this work aimed at the assessment of the scatter loss with respect to the
competitive interaction between specific surface roughness for optimal wettability and
light scattering. Therefore, the calculated TS values can be compared to the light
scattering threshold related to optical esthetic requirements, which are described in
[63, 72]. Thereby, Flemming et al. established a reliable link between the visual
inspection under different observation conditions and the measured TS levels. The
study of samples with graduated scattering levels yield a TS threshold for the
transmission hemisphere of 0.22% + 0.03%. This definition of a visual acceptable
threshold was determined for architectural glass and can be used for the
investigation within this work.

3.4 Spectrophotometry and data analysis

For the porosity and layer thickness estimation of the optical coatings with hydrophilic
properties, a method consisting of spectrophotometric measurements as well as a
subsequent analysis was used [53, 79-82]. This method was developed for
comparable coatings in the framework of [51] based on the theoretical background of
[83] and is summarized in the following.

For the spectrophotometric measurements to determine transmittance and
reflectance, the UV/VIS/NIR spectrophotometer Lambda 900 and 950 from
PerkinElmer was available at the Fraunhofer IOF. The absolute transmittance and
reflectance measurements of the samples were performed at an angle of incidence
almost normal to the surface (=6°) and in a wavelength range from 300 nm to
1700 nm.
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The first step to determine the porosity and layer thickness of an optical coating on
glass is to measure the transmittance and reflectance spectra of an uncoated
reference glass to obtain the optical constants of the glass substrate. Afterwards, the
transmittance and reflectance spectra of the sample of interest have to be
determined experimentally.

For the third step, a simulated model optimized for the specific thin film layer on
glass is required. For the investigated samples in this thesis, the layer model
developed by Schoeler [51] can be applied. The model for the porous SiO; layers on
glass consists of a medium with two components (SiO;2 as host medium with vacuum
filed pores) onto a glass substrate and surrounded by air. The medium with its
structural properties is described by the Effective Medium Approximation according
to Eq. (2.16). Thereby, the amorphous layer with the volume fraction of 1 —F
represents the host material and air with the volume fraction F represents the pore
material air. It should be noticed that air as the pore material is an approximation for
real coatings. In addition to the structural properties, the model considers the
roughness induced light scattering behavior as well as an gaussian layer thickness
variation to compensate inhomogeneities (cf. section 2.4).

Finally, the model spectra have to be approximated to the experimental
transmittance and reflectance curves of the investigated samples through a variation
of the model parameters: Layer thickness, porosity, and scatter loss of the interface.
These parameters were systematically adjusted until a best fit is achieved (Fig. 3.7)
and hence the resulting values of the model parameters are the estimated layer
thickness and porosity of the investigated SiO; layers.
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Fig. 3.7: Reflectance (left) and transmittance (right) curves of a one-sided coated sample (SiO;
coating with SiO, nanoparticles). Red: measured curves. Blue: model spectra.

The analysis of low refractive coatings (Nair < Ncoating < Nsubstrate) 1€@ds to an ambiguity
in the refractive index. To compensate this, part of the analysis was supplemented by
measuring the transmittance and reflectance with s-polarized light and an angle of
incident of 45°. This results in a shift of the reflectance and transmittance extremes
and the ambiguity can be solved.
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During the work of [51], selected samples were prepared with fine ditches and
subsequently analyzed for layer thickness using AFM and scanning electron
microscopy (SEM) to verify the determined values of the layer thickness using the
presented method. The results showed that this method is suitable to determine the
layer thickness of thin films in certain measurement uncertainty range.

Concerning the measurement uncertainty of the presented spectrophotometrical
analysis, the uncertainty depends on specific coating condition and can amount up to
30%. Therefore, it has to be taken into account that the uncertainty for the porosity
and layer thickness determination increases with decreasing layer thickness.
Furthermore, an estimation of the porosity and layer thickness fails for samples with
a high surface roughness or porosity and thus high scatter losses. In this case, it is
not possible to compensate the scatter losses through the model parameters and
thus the simulated spectra cannot adapt to the measured spectra. An example is
given in section 7.3.
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4 Relationships between the structural and wetting
properties

As early as 1964, Johnson and Dettre [4] wrote that the interpretation and discussion
of experimentally determined wettability requires the understanding of the roughness
effect. Hence, connecting the structural and the wetting properties is essential for
designing and fabricating hydrophobic or hydrophilic surfaces as well as for a
subsequent assessment of the resulting wetting behavior.

The classical relationship between roughness and wettability was introduced in
section 2.2 through the Wenzel and Cassie-Baxter equations, which are only valid for
mono-harmonic surfaces. These classical concepts can be used for the development
of an approach based on the PSD analysis. This approach connects the roughness
characteristic and hydrophobicity for stochastic rough surfaces.

The following considerations focus on the introduction of the approach and its
extension capability to different kind of wetting systems. Furthermore, a first
demonstration and validation of the approach using a natural example for
superhydrophobicity will be presented.

The term “superhydrophobicity”, which is needed for the discussion in this chapter,
will be introduced and discussed in detail in chapter 6.

4.1 Roughness and hydrophobicity

Many practical approaches for realizing optimal hydrophobic wettability are
published. However, concerning the relationship between surface roughness and
wetting properties, it becomes apparent that most of the publications only investigate
the wetting behavior without considering the structural properties (e.g. [10, 23, 84,
85]). On the other hand studies based on qualitative roughness assessment by
means of SEM (e.g. [24, 58, 86-89]) or only used simple roughness parameters such
as Ra and Ry values to characterize the surface morphology (e.g. [90-94]).

4.1.1 Classical concepts

For mono-harmonic surfaces, the classical relationships between the roughness
properties and the hydrophobicity are given by the Wenzel equation (2.10) and the
Cassie-Baxter equation (2.11). Johnson and Dettre used these relationships to
simulate the roughness effect on the CA behavior for an idealized, mono-harmonic,
and hydrophobic surface with an intrinsic CA of ©y = 120° [4], which is depicted in
Fig. 4.1.
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Fig. 4.1: Roughness effect on the CA for an idealized, mono-harmonic surface with an intrinsic CA
0y = 120° according to [4].

Fig. 4.1 shows the maximum and minimum possible apparent CA 0,, (green curve)

and hence the wide range of metastable CA resulting from surface roughness and
heterogeneities. Therefore, a sample with ©y = 120° can exhibit a ©,, clearly below
90° (cf. section 2.2). Furthermore, the most probable CA (blue curve) was calculated
with the help of the Wenzel equation for “smooth” surfaces and the Cassie-Baxter
equation for “rough” surfaces. The intersection point between both curves yields a
hint, where the transition from homogeneous to heterogeneous wetting situation
might occur. This transition can also be observed by the typical 0,., and 0,
behavior (red curves) depending on the surface roughness: During the homogeneous
wetting state, 0,., and the CA hysteresis increase with rising roughness. At a certain
roughness value, 0,., achieves saturation, 0., abruptly increases and thus the CA
hysteresis strongly decreases. At this point the heterogeneous wetting state is
reached.

Almost all current publications which deal with the relationship between surface
roughness (stochastic and deterministic) and wetting are based on the Wenzel and
Cassie-Baxter equations. Since these concepts are valid only for mono-harmonic
surfaces, they cannot be used to assess the roughness characteristics of real
surfaces which are relevant for wettability. The Wenzel equation fails because an
exact determination of the roughness ratio r is not possible over the entire dimension
of the surface structure within a single scan area (cf. sections 2.1 and 3.1). In case of
the Cassie-Baxter equation, the parameters roughness ratio 1z and fraction of
projected surface area f, cannot be determined theoretically or experimentally for
stochastic rough surfaces. Until now, both parameters were simulated only for simple
deterministic roughness structures [31, 72].
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4.1.2 The kg approach

Even though the classical concepts derived by Johnson and Dettre are not applicable
to real surfaces, these basic relationships can be advantageously used to transfer
the findings for mono-harmonic surfaces to the roughness spectrum of stochastic
structures. This resulted in a half-empirical relation of the roughness characteristic to
the wetting behavior: The so-called wetting parameter kg is derived from the surface
PSD and enables a separation of the influence of the roughness properties and the
chemical material properties to the wettability. An overview of the algorithm to
calculate the kg value from the PSD developed at the Fraunhofer IOF is given in [17,
26, 72] and summarized as follows:

* Transformation of the PSD(f") into an amplitude spectrum A(f) through:

A(f) = 2'\/ ff/rPSD(f) fredft . (4.1)

* Calculation of the reduced amplitude spectrum A(f) - f, and
* integration of A(f) - f spectrum over the logarithmic spatial frequency range.

kg hence represents a scale invariant parameter corresponding to the independence
of the wetting properties of sinusoidal surface structures of their absolute magnitudes
in the case of mono-harmonic surface roughness. Significantly different roughness
structures can exhibit similar wetting properties. It should be emphasized again that
the liquid drop size has to be sufficiently large compared to the roughness structure
(cf. sections 2.2 and 3.2). This is also required for the kg approach.

Earlier experimental investigations of a sample series with varying surface
roughness and equal hydrophobicity revealed kg as empirically related to the water
CA and hence to the wetting behavior. kg of at least 0.3 was determined to be
necessary for potential superhydrophobicity [28]. This criterion constitutes an
essential condition, not a sufficient one.

In this thesis, the kg method will be extended and modified with regard to the novel
wetting analysis methods including the novel criteria for superhydrophobicity (chapter
6) and with respect to different wetting systems (chapter 7). This addresses in
particular the following questions:

* The validity range of the ki threshold has to be investigated. The earlier
threshold of kg3 = 0.3 was based on specific nanorough surfaces and on the
definition of superhydrophobicity according to [72]. This means, during the

27



4 Relationships between the structural and wetting properties

earlier investigations, hydrophobic zirconium oxide coatings with xz > 0.3 and
0,. = 140° were called superhydrophobic.

* The method has to be proven for mircorough hydrophobic samples. In
previous studies the kg approach was mainly utilized for nanorough optical
surfaces [17, 26, 27].

* The possibility to extend the kg approach to hydrophilic wetting systems has to
be examined.

Aside from the kg method, the only known work which is based on a PSD analysis for
the roughness characterization can be found in [95]. In this publication, the
roughness ratio of the Wenzel equation (2.10) is derived from the third moment of the
PSD function in a first-order approximation using a Taylor series and assuming small
slopes. This calculation results in a so-called Wenzel roughness function Ry (§) with
¢ being the reciprocal wavelength. Afterwards, a threshold for superhydrophobicity
(appropriate to the most common definition 8,, > 150°, see section 6.1.1) was
calculated from Eq. (2.10) for a certain intrinsic wetting property. This implies that a
surface structure with, for instance, ©y = 120° (perfluoroalkanes) requires a critical
roughness ratio ryy of 1.5 to theoretically achieve ©,, > 150°. For the correlation
research, isotropic, homogeneous, and randomly rough surfaces were characterized
using a PSD analysis. For each sample the Wenzel roughness functions Ry, were
then determined and compared to the observed hydrophobicity. The results lead to
the conclusion that superhydrophobic surfaces are surfaces with a Ry, function
exceeding the critical value of r; — 1 below a spatial frequency of 10 pm™.

As the kg method, the concept in [95] is based on a complex roughness
characterization by means of PSD analysis. Furthermore, the term
“superhydrophobic” was defined not only by a high CA, but also by a small CA
hysteresis and small roll-off angle (cf. section 6.1.1). Nevertheless, this concept
reveal three major disadvantages compared to the kg approach:

* The concept is not scale invariant: The spatial frequency bandwidth, in which
Ry has to reach the critical value ry —1, was restricted to a range of
0.1 um™ <f<10 pm™. In contrast, Kz represents a scale invariant parameter.
As will be shown in chapter 7, the wetting-relevant spatial frequency range
depends on the type of the roughness structure (micro-scale or nano-scale or
combination of both).

* The concept uses a critical roughness ratio ry; for superhydrophobicity, which
strongly depends on the respective chemical surface properties. In contrast,
the kg method provides the possibility to assess the roughness characteristic

28



4 Relationships between the structural and wetting properties

concerning superhydrophobic wettability separated from the chemical
conditions of the surface under study.

* The concept is based on the determination of the Wenzel roughness ratio r
using a Taylor series. Accordingly, the approach is mathematically restricted
to roughness structures with small slopes. This is contradictory to the fact that
superhydrophobicity requires a certain surface roughness with “high” slopes of
the roughness components.

Furthermore, the xz method allows determining the wetting-relevant spatial frequency
range of a stochastic rough surface and hence the type of roughness structure
(micro-scale or nano-scale or combination of both) which mostly influences the
wettability.

After the introduction of the kg approach as well as its advantages and challenges,
the typical natural example for superhydrophobicity - the lotus leaf - is used to
demonstrate and validate this method. In Fig. 4.2 a photograph and REM images of a
lotus leaf are shown. Similar qualitative presentations of the leaf morphology can be
found in a large number of publications [10, 23, 87, 96] in which the hierarchical or
two-scale structure consisting of papillae (microstructure) and hydrophobic wax
crystals (nanostructure) is described. Based on these qualitative descriptions, many
papers conclude that hierarchical roughness structures are required to realize
superhydrophobic wetting properties (e.g. [10, 19, 24, 93, 97-99]). However, the
following roughness analysis including the kg method of a dried lotus leaf will show
that these conclusions are invalid.

Fig. 4.2:  Photograph of lotus leaf with a water drop (left) and REM images of dried lotus leaf (right)
[27].

The roughness characteristics and PSD function of lotus leaves (Fig. 4.3) were
calculated from the WLI topography data between a spatial frequency of 0.01 ym™
and 10 um™ for the first time. In a former work [27] the roughness components could
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4 Relationships between the structural and wetting properties

only be measured up to a frequency of 1 ym™ and the PSD function at higher spatial
frequencies had to be extrapolated.

Based on the PSD determined within this PhD thesis, the contributions to the kg
value were calculated for each decade in which the roughness components are
completely available. The results are also given in Fig. 4.3.
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Fig. 4.3: PSD function and wetting parameter of dried lotus leaf. Embedded picture: WLI topography
images.

The summarized kg value (0.01 um™ <f<10 pm™: xz = 1.28) of the lotus leaf as
classical example for self-cleaning clearly exceed the threshold for
superhydrophobicity.

The general assumption for the lotus leaf in the literature [100-103] is that the
microstructure of the papillae in combination with the nanostructure of the wax
crystals are responsible for the superhydrophobicity. The microstructure can be seen
as hump in the PSD function. Nevertheless, the contribution to the kg value in the
spatial frequency range where the microstructures are taken into account
(0.01 pm™ <f<1pum™) is clearly smaller than the contribution in the higher spatial
frequency range (> 1 um™). Consequently, the superhydrophobicity of the lotus leaf
(0,40, = 152°, 0., = 147°, water drops easily roll off a 2° tilted surface) is caused by
the nanostructures rather than by the prominent papillae. This also means that
hierarchical roughness structures are generally not necessary to achieve
superhydrophobic wettability. This conclusion will be substantiated by means of
examples of technically fabricated samples in chapter 7.

Furthermore, the group of Barthlott [104] recently reported that a comparison of
the mechanical stability between the lotus leaf with its micro-scale papillae and the
leafs without papillae leads to the following presumption: The papillae protect the wax
crystals between each other, by which the lotus leaf keeps its excellent hydrophobic
wetting properties after mechanical stress in contrast to the other kind of leafs for
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4 Relationships between the structural and wetting properties

which the CA decreased by around 35°. These observations could explain the real
purpose of the striking humpy microstructure: Mechanical stability rather than
superhydrophobicity. The latter is induced by the wax nanostructure crystals, which
now could be proven quantitatively for the first time through the kg method.

4.2 Roughness / porosity and hydrophilicity

Dettre and Johnson not only discussed the effect of surface roughness on
hydrophobicity, but also the roughness influence on hydrophilicity. For this purpose, a
wetting simulation of an idealized, mono-harmonic surface with 0y =45° was
performed, which is presented in Fig. 4.4.
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Fig. 4.4: Roughness effect on the CA for an idealized, mono-harmonic surface with an intrinsic CA
Oy = 45° according to [4].

For intrinsic hydrophilic surfaces, a rising surface roughness leads to a steady
increase of the CA hysteresis (red curves), analogous to hydropobic surfaces in the
homogenous wetting state. In addition, CA considerably higher than 90° can appear
(cf. green curve), because of the existence of metastable CA. Above a certain
roughness ratio, the surface is completely wetted (blue curve, 0,, = 0°) [4]. This

particular case is not only caused by a specific surface roughness, but also because

of the appearance of porosity. The pores lead to a penetration of the liquid phase into
the surface structure, which is called wicking effect [15, 50, 105, 106].

The number of publications related to hydrophilicity increases steadily every year
[13]. A detailed consideration of the current international published findings leads to
the conclusion that the activities for this topic are obviously less than those for
hydrophobicity. This is even more the case, if papers dealing with hydrophilic
photocatalytic coatings are excluded from consideration.

As for hydrophobic surfaces, the classical relationships for mono-harmonic
surfaces were used in the publication to describe the influence of the surface

31



4 Relationships between the structural and wetting properties

roughness on the hydrophilic wettability. However, a large number of published
studies concerning the relationship between structural properties and hydrophilicity
describe the surface characteristics only by qualitative images determined through
SEM [11, 105, 107] or through simple roughness parameters calculated from the
topography [15, 108, 109]. Additionally, many works deal either with the surface
roughness or the porosity effect on the wettability and neglect the influence of the
respective other structural parameter. Extremely rarely both are considered. As one
of the few, Law et al. [49] investigated the layer thickness and the particle size
influence on the CA behavior of titanium oxide coatings: It could be observed that the
best wetting results can be found for coatings with the highest rms roughness
realized by a layer thickness of 140 nm and smallest particle diameter of about
60 nm. Particles with this size compared to larger particles lead to the most pores in
the thin film structure.

Concerning the utilized wetting analysis methods of the recently published studies,
the CA behavior is mostly sufficiently characterized [11, 15, 49, 110, 111].
Nevertheless, quantitative methods to assess the observed fogging behavior are
missing [15, 16, 50, 112, 113].

In the context of this PhD work, first systematical investigations about the relationship
between the structural properties and hydrophilicity were performed. Therefore,
intrinsic hydrophilic samples with different surface roughnesses were studied using
the PSD analysis in connection with a kg determination for the roughness
characterization. In contrast to hydrophobic wetting systems, previous investigations
are not available. This means that the possibility of an extension of the kg approach
to hydrophilic wetting systems was proven for the first time within this thesis.
Furthermore, the influence of the porosity on the hydrophilicity was examined. The
results will be presented in section 7.3. Moreover, the characteristic hydrophilic
wetting quantities which are necessary for the correlation tests will be presented in
section 6.2.
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5 Samples

Optical and engineering surfaces with nano- or microstructures were characterized in
order to develop the roughness and wetting analysis methods as well as to
investigate the correlation between the roughness, wettability, and optical properties.
Various fabrication processes were chosen for the sample generation to achieve
different structural properties.

Hydrophilic wetting properties were examined on porous and nanorough oxidized
sol-gel coatings, which are intrinsic hydrophilic (Fig. 5.1 left). Roughness-induced
hydrophobicity was studied with the help of nanorough oxidized sol-gel coatings and
sputtered coatings as well as microrough aluminum surfaces. All type of samples are
intrinsic hydrophilic. Hence, a hydrophobic thin top layer has to be applied onto the
roughness structure to achieve hydrophobic wetting properties (Fig. 5.1 right).

hydrophobic top layer

hydrophobic

hydrophilic rough surface hydrophilic rough surface

functionalization

Fig. 5.1: Wetting properties of investigated samples. Left: Rough and intrinsic hydrophilic surface.
Right: Rough surface with a hydrophobic top layer.

In this chapter an overview of the fabrication processes of the investigated samples
is given including the process parameters and the main reasons for selecting specific
thin film layer materials. Finally, the name and the process parameters of each
sample are summarized in tabular form.

5.1 Nanorough optical coatings

The surface nanostructures are realized by optical coatings. Thereby, particular
attention has to be payed to the surface roughness in order to fulfill the visual
application requirements of drinking and decorating glasses or glasses for mirrors
and shower cubicles in the bathroom. For this reason, the main contribution to the
surface roughness, which is essential for special wetting behavior, has to be in an
optically negligible bandwidth (f < 2.5 um™), which can be realized by nano-scale
roughness. In this case the scatter losses induced from surface roughness are
tolerable (cf. section 3.3).

Sol-gel coatings

Nanostructured sol-gel coatings were produced by wet chemical reactions of metal
alkoxides to synthesize a gel on the basis of a sol at ETC PRODUCTS GmbH [114].
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The wet chemical reactions of the sol-gel technique are hydrolysis and condensation
[31, 115, 116]. During the hydrolysis reaction, an alkoxide of a metal (M) reacts with
water to a hydroxide and a corresponding alcohol [117]:

M(OR), + n H,0 — M(OH), + n ROH (5.1)

The resulting hydroxides polymerize with each other, and particles with a diameter of
1 nm up to 100 nm are formed from the precursors [117]:

M(OH)n — MOuz + n/2 H,0 (5.2)

Both equations are generalized. For real systems the chemical reactions are more
complicated.

The sol-gel coatings used in this thesis were deposited by a dip coating process,
in which the substrate is dipped into the solution and then removed out of the liquid
with a constant velocity. Through vaporization of volatile matter, the sol film
transforms to a gel film. Finally, a thin film layer, which strongly adheres to the
substrate surface, is formed during a thermal treatment [31].

Aluminum oxide (Al203) and silicon oxide (SiO2) were chosen as thin film materials
because the structural properties, such as surface roughness, porosity, and layer
thickness, could be varied easily and systematically using the sol-gel process and the
dip coating technique. For instance, the thin film roughness of Al,O3 layers with a
thickness of approximately 250 nm can be influenced by a thermal treatment. The
hydrophilic samples were realized with SiO, layers of approximately 120 nm
thickness and embedded SiO, nanoparticles. These nanoparticles were available in
a large variation of particle diamater (dparice) @and particle concentration (Cparticie)- In
addition, the withdrawal velocity (Varaw) @and number of dipping iteration (Ngip) of the
sol-gel process can be easily changed. This leads to a variation of surface
roughness, porosity, and film thickness of the nanorough coatings [17].

The variation of all process parameters is important to precisely adapt the wetting
properties in order to achieve a self-cleaning or anti-fog effect. A main disadvantage
of the sol-gel coatings is the mechanical instability. However, the focus of this work
lies on the structural and wetting properties and not the mechanical stability of the
samples.

Sputtered coatings

In a second fabrication process nanorough zinc oxide (ZnO) thin film layers were
deposited by high power impulse magnetron sputtering (HiPIMS), which is a high-
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energy physical vapor deposition (PVD) technique [118]. The coatings were
sputtered at the Fraunhofer IST [119].

The HIiPIMS process is performed in a vacuum chamber in which two magnetron
targets (cathode) with bipolar potentials are located towards the substrate (anode).
After the recipient is filled with argon as process gas, the target is sputtered through
the bombardment with high-energy ions, and the zinc atoms move through the
vacuum chamber to deposit onto the substrate. The presence of oxygen as reactive
gas leads to the formation of ZnO [120-122].

The main advantages of the HiPIMS technique compared to conventional
sputtering processes are the high plasma density and the high fraction of the ionized
sputtering material. As a result an improved control of the film growth can be
achieved leading to excellent film properties such as high density, improved
adhesion, hardness as well as surface roughness and coatings with better optical
properties [118, 121, 123, 124].

In the “Diplomarbeit thesis” [31] the roughness structure of sputtered zirconium oxide
and yttrium doped zirconium oxide coatings were examined. It became apparent that
the sputtered coatings of these materials were not sufficient to achieve suitable
roughness structures, which in combination with a hydrophobic functionalization
would yield superhydrophobic wettability. For this reason, ZnO was chosen as an
alternative sputtering material to fabricate roughness structures with a sufficiently
high aspect ratio. The thin film material ZnO also exhibits columnar growth [125] and
a distinct crystal orientation during the growth. Thus, smaller width of structures can
be realized compared to the width of zirconium oxide structures. This is not solely
important for specific wettability but in addition for excellent optical quality [122].

To receive surface characteristics with optimal functional properties, different
process parameters were systematically varied: target bias, oxygen partial pressure,
and layer thickness. The assessment of the resulting surface quality was performed
with the help of the roughness based wetting parameter. However, an increasing
surface roughness causes an increased scatter loss of the sample as discussed by
means of Eq. (2.12). Therefore, for a further sample series a two-step growth
process with plasma treatment was performed to realize surface structures with an
improved aspect ratio and steady lateral dimensions. The aim was to achieve small
width of the ZnO structures through an initially low oxygen partial pressure and to
influence especially the surface texture by a plasma treatment. Subsequently, a
deposition of a second ZnO layer under a high oxygen partial pressure should result
in an increased height of the roughness structure [122].
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The sol-gel coatings were deposited onto soda lime glass plates. For the sputtered
nanorough coatings, crystal glass slices were used.

Because all oxidized coatings are intrinsic hydrophilic, the Al,O3 and ZnO thin film
layers have to be overcoated with a hydrophobic top layer (see Fig. 5.1 right and
section 5.3) to investigate the relationship between surface roughness and
hydrophobicity. The SiO, coatings required no additional chemical functionalization
because for these sample the hydrophilicity is of interest.

An overview of the samples including information about the process parameters is
given in section 5.4.

5.2 Microrough engineering surfaces

Within the frame of this work, the investigation of the correlation between the surface
roughness and hydrophobicity are focused on nanorough coatings for optical
applications. In addition to these nanostructures, the influence of microstructures on
the wettability of engineering surfaces is of interest, too. For this purpose, the
university UFRGS in Brazil [126] provided four polished aluminum sheets with
different surface characteristics to achieve superhydrophobicity. The specific
samples are listed in section 6.4

The aluminum substrates were structured by two different methods: chemical etching
and electrochemical anodization. The polished substrates were dipped into a
concentrated solution of hydrogen chloride for a defined time [127] to roughen the
surfaces by chemical etching. Otherwise, anodization is a process where an oxide
film is produced by an electrochemical oxidation of the aluminum. The resulting film
is denoted as anodic aluminum oxide. During the anodization in an electrochemical
cell, water molecules split into O* and OH" anions at the interface oxide - electrolyte.
Afterwards, the anions react with aluminum ions or move to the aluminum surface. At
the metal - oxide interface, the aluminum is oxidized to AI** cations. These cations
either react with the O* and OH" anions to form Al,Os or move to the electrolytes
[128]. The electrolytes can be changed in concentration, temperature, and pH-value.
Furthermore, the applied potential voltage and the duration of treatment can be
adjusted to influence the formation of the film. The exact process parameter can be
found in [127].

After structuring the aluminum sheets, the four samples were overcoated with
trimethoxypropylsilane (TPMSi) and a top layer of polytetrafluoroethylene (PTFE) to
achieve hydrophobic wetting properties. TPMSi forms a covalent bonding with the Al
substrate as well as with the PTFE and was applied by sol-gel technique via dip
coating. PTFE was deposited by PVD [129].
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5.3 Hydrophobic functionalization

As mentioned at the beginning of this chapter, the oxidized coatings (sol-gel and
sputtered) are intrinsic hydrophilic (Fig. 5.1 left), which means that the SiO; thin films
does not need any further steps of preparation for hydrophilic applications. In
contrast, to correlate the surface roughness and hydrophobicity by means of Al,O3
and ZnO thin films, a hydrophobic top layer with a low surface energy on the top of
the roughness structure is required (Fig. 5.1 right). For the sake of simplicity the
hydrophobic top layer is just denoted as top layer from now on.

Particularly effective for decreasing the surface energy, and hence increasing the
hydrophobicity, are top layers containing fluorine [130]. Nevertheless, previous
studies within the “Diplomarbeit thesis” [31] and this thesis indicated that a variety of
influencing factors of the top layer significantly affect the wetting behavior. These are:

* The material of the top layer (i.e. the intrinsic CA),

* the chemical and physical bonding between the roughness structure and the
top layer,

* the deposition process and the point of deposition time of the top layer, and

* the thickness of the top layer.

As a consequence, for every changed system (i.e. material and dimension of the
roughness structure) the chemical functionalization through a top layer has to be
examined and adapted. Thereby, the main demand is that the top layer should not
influence the roughness characteristic: no smoothing or roughing. A systematic
investigation of these aspects would however go beyond the scope of this work.
Anyhow, in a previous test the intrinsic CA of the used top layers on pure glass
substrates were determined. Yet, basic investigations concerning the influence of the
deposition time as well as the material of the top layer were performed.

The Al,O3 and ZnO nanostructures were overcoated with a fluoroalkylsilane layer of
about 5 nm thickness using the dip-coating technology. This standard top layer
denoted as PolyF1 exhibits a ©,., = 108° and ©,., = 88° on pure glass substrates and
was prepared at ETC PRODUCTS GmbH [114].

Beside PolyF1 a further hydrophobic material was utilized. The main idea of this
second hydrophobic material was to shorten the time between the deposition of
nanorough ZnO layers and the overcoating with a top layer. A fluoroalkylsilane from
Merck KGaA was a suitable choice, because this product could be applied at
Fraunhofer IST. Thus, the Fraunhofer IST manufactured both, the rough ZnO thin
films and the top layers [119]. According to [131] and the results of a previous wetting
analysis, the material WR4® exhibits the best hydrophobic wetting properties (lowest
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surface energy: 13.8 mN/m, highest CA: 0,., = 115° and 0., = 107°) with good
adhesion on oxidized coatings, which are offered by Merck. The thickness of the top
layer WR4® was optimized for hydrophobicity depending on the ZnO thin film
roughness. Under the present circumstances, the maximum thickness of the WR4®
layer is 20 nm.

In the subsequent chapter 6, ZnO coatings were characterized for the development
of the wetting analysis methods. Only for these samples, a further preparation step
was performed to enhanced the hydrophobicity before the ZnO roughness
characteristic was overcoated with PolyF1: An adhesive silicate layer was deposited
through a flame treatment [114, 132, 133] onto the ZnO thin film to improve the
bounding of the top layer to the roughness structure.

5.4 List of samples

The investigated samples as well as the corresponding process parameters are listed
in the following tables. Tab. 5.1 refers to the nanorough optical coatings for
hydrophobic applications. Tab. 5.2 summarizes the nanorough optical coatings for
hydrophilic wettability. Finally, the microrough engineering samples are summarized
in Tab. 5.3 on the next page.
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Tab. 5.1:

Nanorough optical coatings for hydrophobic application.

sample

process parameter

material of top layer

sputtered ZnO coatings for wetting analysis (chapter 6)

F1 d = 1.3 uym; 1x flame treatment
F2 d = 1.3 uym; 2x flame treatment PolyF1
F3 d = 1.3 um; 4x flame treatment
Al,O3 sol-gel coatings (characterization in chapter 7)
A1, A2 thermal treatment
. PolyF1
A3 without thermal treatment
sputtered ZnO coatings (characterization in chapter 7)
20 d=0.6 ym
21 d=1.3pum
22,273,274 d=1.8pum PolyF1
Z5 d=2.0pum
26 d=24pum
27 d = 2.0 ym; Ar plasma (t = 5 min)
Z8 d = 2.0 um; Ar plasma (t = 10 min) without top layer
29 d = 2.0 um; Ar-O plasma (t = 5 min)
210 d = 2.0 um; Ar-O plasma (t = 10 min) PolyF1
Z11 d=24pum WR4 (d = 2.5 nm)
Z12 d=24pum WR4 (d = 5.0 nm)
213, Z15 d=1.8pum WR4 (d =15 nm)
214, 716 d=1.8pum WR4 (d = 20 nm)
Tab. 5.2: Nanorough SiO; sol-gel coatings for hydrophilic application.
sample varying process parameter constant process parameter
S$1...83 Varaw: (15 5; 7) mm/s dparticle = 20 NM; Ngip = 10; Cparticie = 1% W/wW
S4...87 Naip: 5; 10; 15; 20 dparticle = 20 NM; Cparticle = 1% W/W; Vgraw = 1 mm/s
S8 .. S11 dparticie: (5; 15, 35; 50) nm Naip = 15; Cparticie = 1% W/W; Vgraw = 1 mm/s
$12 ... 814 | Cparice: (0.6; 1.0; 1.4)% w/w dparticle = 35 NM; Ngip = 15; Vgraw = 1 mm/s

Tab. 5.3: Microrough engineering samples for hydrophobic application.

sample

roughness structure

material of top layer

E1

E2

nanostructure

E3

microstructure

E4

nano- and microstructure

silane and PTFE
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6 Advanced wetting analysis

For a first assessment of wetting properties of different solid surfaces, basic CA
measurement methods such as a simple apparent CA of a sessile drop are often
used. Nevertheless, this kind of simplicity leads to a great variation in the
performance and evaluation of the CA behavior depending on the specific analysis
conditions: It is rather difficult to compare wetting properties resulting from different
wetting analysis methods.

In this chapter, the development of advanced methods for a more thorough wetting
analysis are described in detail with the aim to characterize hydrophobic or
hydrophilic wettability and to identify as well as classify extreme wetting properties.
For this purpose, the most suitable measurement and evaluation methods were
selected based on the experience from previous studies such as [31, 72]. These
methods were optimized and advanced with novel methods according to the specific
wetting systems investigated in this thesis. Afterwards, novel wetting criteria for
extreme hydrophobic and hydrophilic wettability were acquired based on the
comprehensive wetting analysis methods.

6.1 Hydrophobic surfaces

In the current section, a comprehensive wetting analysis for hydrophobic surfaces
and its achievement is developed. First, the term superhydrophobicity is introduced
using international published definitions as well as findings of previous studies.
Afterwards, the development of the wetting analysis methods is explained and
illustrated. Finally, novel criteria for superhydrophobicity are introduced based on the
findings acquired within this work.

6.1.1 Superhydrophobicity: Common definitions

Intrinsically hydrophobic surfaces exhibit CA of 8y >90° according to the Young
equation (2.8). The highest observed intrinsic CA of water drops on smooth surfaces
is approximately 120°, which occurs on solids with regularly aligned closest-
hexagonal-packed CFs groups (y; = 6.7 mJ/m?) [134, 135]. To reach extreme
hydrophobic wettability with ©,, > 120°, a combination of low surface tension and
specific surface roughness is required [7, 127]. More precisely, wetting has to occur
in the heterogeneous wetting state, for which a surface with a sufficiently high aspect
ratio of the roughness structure is essential [136]. This relationship between the
surface roughness and wetting behavior was discussed in detail in section 4.1.

In everyday life as well as in science, excellent hydrophobic wettability appears
quite often. Nevertheless, there is neither a generally accepted term nor a definition
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in literature, though the publications of Marmur [5, 6, 39, 136] provide the theoretical
basics for a complete definition.

In this thesis, the most common term “superhydrophobicity” is used. Alternative
wording, such as “ultrahydrophobic”, “nonwettable”, “extremely water repellent”,
“superhygrophobic”, etc., can also be found [8, 39]. To illustrate the large variety in
this field, some frequently published definitions are summarized.

The simplest definition of superhydrophobicity found in literature [9, 18, 85, 92,
137, 138] only requires a CA>150° as threshold without further specification.
Besides the CA, the observation of water drop movements on minimally tilted
surfaces was used to identify superhydrophobic wettability [93, 97, 139-142].
However, only a few works consider the importance of the CA hysteresis, as
presented in section 2.3 and 4.1. In [23, 86, 95, 143-145] superhydrophobicity is
defined by both a CA > 150° and a small CA hysteresis. If both criteria are met, water
drops do not adhere on minimally tilted surfaces. Very rarely, the CA behavior is
specified using 0,., and 0,., [146, 147], or the slide-off and roll-off behavior is
correctly distinguished [7, 104, 127, 148, 149]. A slide-off behavior of water drops on
tilted surfaces is accompanied by homogeneous wetting and thus only possible for
hydrophobic wettability.

Aside from the different definitions, almost all investigations of superhydrophobic
surfaces aim at realizing the so-called self-cleaning effect. This effect is based on a
high aspect ratio of the roughness structure in the heterogeneous wetting state: The
contact area between the particle and the solid surface is considerably smaller than
the contact area between the particle and the water drop which minimizes the
adhesion forces. Thus, particles adhere to the surface of the water drops and are
removed by tilting the sample [136] as illustrated in Fig. 6.1.
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Fig. 6.1:  Schematic illustration of the self-cleaning effect by a rolling drop.

6.1.2 Comprehensive wetting analysis methods

For the characterization of the wide range of metastable ©,, resulting from surface
roughness and chemical heterogeneities (cf. Fig. 2.3 in section 2.2), it is necessary to
determine the highest and lowest values within this CA range of the real wetting
system. This implies that 0,., and 0,., of sessile drops have to be measured by
varying the drop volumes using the needle-in-drop method [17, 38].
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For the 0,., and ©,., measurements, a liquid drop with a defined volume (10 pl) is
deposited onto the solid surface. Then, the measurement parameters such as dosing
volume (50 pl) and dosing rates (0.5 pl/s) are specified. During the variation of the
liquid drop volume, the drop shape follows a characteristic cycle, which is described
in detail in [38], and summarized in [17, 31, 72]: While increasing the volume of the
drop, the contact points initially seem to be fixed until the highest CA (0,.) is
reached. By decreasing the volume, 0,., becomes apparent (as the minimum CA)
and the contact points recede (see embedded images in Fig. 6.2). The CA behavior
during this cycle is continuously recorded with a video system, and the recorded data
is then evaluated by an automated drop shape analysis. For the characterization of
wettability based on 0,., and 0,.,, the standard calculation method used for the drop
shape analysis is the tangent leaning method. In doing so, the solid surface is
defined by a moveable baseline, whereby both contact points of the liquid drop are
identified and in this region the drop contour is approached by a polynomial fit of fifth
order. Then, the tangent of the drop shape at each contact point is determined and
the ©,, are the slopes of the tangents. The advantage of this method is that
asymmetrical drops can also be analyzed, which occur for non-ideal surfaces.

Based on the tangent leaning method, each frame of the recorded drop shape
behavior is analyzed. The resulting CA is plotted as a function of the frame number.
0. and 0., are then defined as the arithmetic average of all CA in the range of the
first and second plateau, respectively. Fig. 6.2 shows an example of such a
measurement.
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Fig. 6.2: CA as a function of the frame including the cycle of the advancing and receding CA.

Within the framework of this thesis, the examinations of hydrophobic surfaces led to
the conclusion that for the analysis of the plateaus the arithmetic average cannot be
used for all wetting systems because stick-slip behavior is observed during drop
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movement, which causes oscillations within the plateaus. In these cases, direct
comparisons of the frames between the plotted CA data and the recorded CA
behavior is necessary to identify the evaluable frames.

Furthermore, the 0., determination becomes more complicated with decreasing
the 0,., and completely fails for surfaces with ©,., < 20°. To optimize the analysis of
the receding drop behavior, the dosing rate was reduced to 0.2 mm/s for the
determination of 0,.,. This adaptation leads to a substantial improvement of wetting
analysis because the analysis is closer to the thermodynamical equilibrium of the
wetting systems with an acceptable increase of measuring time. Furthermore, the
dosing volume of the 0,., determination can be increased to 60 ul for an improved
analysis of the receding drop behavior. As a result, .., up to values around 5° can
be measured.

In addition to the CA, knowledge of the slide-off and roll-off behavior of water drops is
crucial for a meaningful wetting analysis of hydrophobic surfaces [75, 150].
Technically, this special wetting performance is characterized using the motorized
tilting base unit of the CA measuring instrument OCA 20, which can rotate about its
horizontal axis up to 90°. During the measurement, the video system continuously
records the inclination angle of the CA measuring instrument, the drop shape, and
the motion of the drop.

For the characterization of drop movement of a liquid on a solid, a drop with a
volume of 30 ul is deposited onto the sample surface. The sample is then tilted with a
constant and the lowest possible velocity. During the inclination of the sample, the
drop is initially pinned at its position and the drop shape becomes asymmetrical
because of the downhill force. When reaching a critical tilt angle, the drop slides or
rolls off the surface. The roll-off or slide-off angle « is then defined as the minimum tilt
angle at which a drop starts sliding or rolling off the surface [31, 72]. It is not unusual
that a drop stays pinned at its start position until the maximum inclination angle is
reached. For the sake of simplicity, the slide-off and roll-off angles are denoted as tilt
base angle «a in the following. It is interesting to note that « is directly connected to
the width of the CA hysteresis [7, 17, 151].

The methods introduced above were applied to a first sample series consisting of
three sputtered ZnO thin film layers with hydrophobic top layers. The samples differ
in the varying number of flame treatment processes (see section 5.3).

As the wetting analysis results in Fig. 6.3 show, sample F1 exhibits comparable
wetting properties as the classical example for superhydrophobicity (lotus leaf)
presented in chapter 4. Thus, this surface can be denoted as superhydrophobic:
0. > 150°, a small CA hysteresis of around 30° and drops roll-off a minimal tilted
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surfaces. In contrast, sample Z3 is only hydrophobic, because of the high CA
hysteresis and drops only slide off at tilt angles around 40°. The observed wetting
properties of sample F2 could not be categorized as hydrophobic or
superhydrophobic up until now: The observed CA hysteresis and tilt base angle are
significantly higher compared to the values of sample F1. In addition, the drop
movement on the tilted surface cannot be clearly classified as roll-off or slide-off
behavior.
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Fig. 6.3: Advancing CA, receding CA and tilt base angle of hydrophobic ZnO coatings.

By comparing the observed results of sample F2 with published natural examples it
becomes apparent that the rose petal shows similar wetting properties. Some
publications [10, 152, 153] report on superhydrophobicity with high adhesion, which
Wang et al. [154] and Feng et al. [155] refer to as the “petal effect”: In contrast to the
“lotus effect” or superhydrophobicity with low adhesion, water drops stick on the tilted
surface of a rose petal.

The wetting behavior of sample Z2 and the results of the literature research lead to
the conclusion that the tilt base angle method, where water drops are carefully
deposited on the surface and the surface is slowly tilted afterwards, is often not
practical. In nature, raindrops fall with a certain velocity onto tilted surfaces and then
bounce off. This can be observed on the rose petal, for instance.

Consequently, on surfaces with large ©,., and comparably large CA hysteresis,
where drops tend to slide off or stick rather than to roll off, it is more meaningful to
study the “dynamic” wetting behavior. Thus, an additional testing method to take this
into account was developed within this thesis. The experiment is based on the
natural behavior of raindrops falling onto tilted plant leaves at a certain speed. This
means, if a drop possesses kinetic energy, it can overcome the sticking forces [156].
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The procedure of the developed bouncing experiment is as follows [17, 75, 150]:

A drop with a volume of approximately 6 pl falls from a defined height (6 mm) onto
a tilted surface (< 40°). The corresponding bounce-off angle «,,, is measured as the
minimum tilt angle at which the drop jumps off the surface without residue.

In Fig. 6.4 an example of the bounce-off behavior is given by means of sample F2: A
water drop falls from a defined height (left) and bounces off a 20° tilted surfaces
(center) without residue (right).

Fig. 6.4: Bouncing experiment: A water drop (left) falls onto a 20° tilted surface (center) and
bounces off without residues (right).

For all of the following presentations of bouncing experiment results, the single
images of the bounce-off behavior are merged to create one image.

It is important to note that using the bounce-off angle as practical criterion in addition
to 0., 0., and a to describe hydrophobicity is a first approach so far. With respect
to the natural behavior that the rain can clearly differ in its appearance, systematic
test series of the bounce-off behavior using varying parameters (drop velocity, drop
volume, surface tilt angle, etc.) are necessary. A first research of published
investigations yielded that papers address either the effect of different environmental
conditions on the bounce-off behavior (e.g. drop velocity, drop diameter, and liquid
viscosity) [157, 158] or describe in detail the single phases of the drop impact [147,
154, 159]. For example, Rioboo et al. [160] divided the impact of drops onto dry solid
surfaces into four distinct phases: the kinematic phase, the spreading phase, the
relaxation phase, and the wetting/equilibrium phase. In addition, basic theoretical
assumptions of bouncing drops are summarized in [161]. However, a systematic
study of all these aspects goes beyond the scope of this thesis.

6.1.3 Novel criteria for superhydrophobicity

After the wetting analysis methods necessary for a comprehensive determination of
the hydrophobicity were developed and applied to the first samples of hydrophobic
surfaces, robust criteria for superhydrophobicity bridging the gap between theory and
practice were acquired within this thesis. The achievement of these novel criteria is
based on the findings presented in the previous sections.
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Initially, superhydrophobicity was characterized by rather undefined statements
based on the result of a first literature review during the “Diplomarbeit thesis” [31]. In
the year 2009, Flemming et al. defined superhydrophobicity, which was still called
ultrahydrophobicity, using theoretical criteria [27]:

* High water CA 0., = 150°,
* low CA hysteresis, and
* low tilt base angle a < 20°.

This definition was then carried into further publications [17, 75, 150] as well as into
this thesis with the term “superhydrophobic according to strict theoretical criteria”.

To comply with all criteria, wetting has to occur necessarily in the heterogeneous
wetting state [136], where air cavities are entrapped between the liquid and the solid.
Essential for this wetting state is a surface with sufficiently high aspect ratios of the
roughness structures. This, in turn, is important for the self-cleaning effect based on
superhydrophobicity (cf. section 6.1.1) [17]. A prominent natural example for a
surface with superhydrophobic properties according to strict theoretical criteria is the
lotus leaf (Fig. 6.5).

direction of roll-off

Fig. 6.5: Lotus leaf with superhydrophobic wetting properties according to strict theoretical criteria:
Left: Advancing CA. Center: Receding CA. Right: Tilt base angle.

Systematic investigations of sample series with different surface roughness and
hydrophobicity revealed that these strict theoretical criteria are not always feasible for
practical applications. An example was given in section 6.1.2 and Fig. 6.3,
respectively: Sample Z1 clearly meets the strict theoretical criteria and hence exhibits
superhydrophobic properties according to these criteria. In contrast, sample F2 can
be denoted as a kind of borderline case: 0,., = 158° fulfill the first criterion, but the
CA hysteresis and a are slightly larger than the thresholds of the criteria. Similar
wetting properties were found for the rose petal, which exhibits a «a slightly higher
than 20°.
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These observations lead to the conclusion that additional considerations focusing
on functional aspects are required. For this reason, the bouncing experiment was
introduced. The following practical and less stringent criteria of superhydrophobicity
were retrieved from this bouncing experiment [17, 75, 150]:

* High water CA 0., = 140°, and
* low bounce-off angle a;,, < 40°.

Surfaces that reveal these wetting properties are denoted as “superhydrophobic
according to practical aspects”. This kind of definition is sufficient for a wide range of
practical applications.

Following this new definition, sample F2 with 0,., = 158° (Fig. 6.3) and «y,, = 20°
(Fig. 6.4) as well as the rose petal (Fig. 6.6) can be denoted as superhydrophobic
according to practical aspects.

Fig. 6.6: Rose petal with superhydrophobic wetting properties according to practical criteria: Left:
Advancing CA. Center: Receding CA. Right: Bounce-off angle.

If a functional hydrophobic surface meets either the “practical” or the “theoretical’
criteria, the surface is called superhydrophobic with the corresponding additional
specifications. Thus, clear and unambiguous information is provided to the user
[150].

For the sake of simplicity, superhydrophobic or “SH” means “superhydrophobic
according to strict theoretical criteria”, otherwise it is denoted as “SH," for
“superhydrophobic according to practical aspects”.

6.2 Hydrophilic surfaces

Analogous to hydrophobic surfaces, the achievements of the wetting analysis
methods to characterize hydrophilicity including the fogging behavior are presented
in this section. For the development of the methods, no previous research was
available. Hydrophilic surfaces were systematically investigated for the first time in
the frame of this thesis.

First, the cause and effect of optical surfaces fogging up as well as published
definitions of anti-fog properties are summarized. After that, the developed wetting

47



6 Advanced wetting analysis

analysis methods are presented. Finally, a first approach for the definition of anti-fog
criteria is introduced.

6.2.1 Anti-fog: Common definitions

As for the term superhydrophobicity, although the term anti-fog is often used for
marketing commercial products, there are a large number of different definitions.
Most of these published investigations are simultaneously related to strong
hydrophilic wetting, which is normally denoted as superhydrophilicity [14].

Based on the publication in [110, 162] the fogging process can be described as
follows: When air is supersaturated with dispersed water particles, the temperature of
the surface is below the dew point of water vapor, and temporary fluctuations in
humidity, temperature, or convection occur, then water vapor condenses into liquid
water on the surface. The phenomenology of this fogging depends on the chemical
and physical nature of the surface [163]. With respect to optical surfaces, two
extreme regimes can be identified [13, 14, 16, 112, 163, 164]:

* Water vapor condenses in the form of small droplets with high ©,, on the solid
phase. This leads to light scattering and reduced transmittance of optical
surfaces.

* Water vapor completely spreads and a continuous liquid film is formed on the
solid phase. This prevents light scattering from droplets and improves the
transmittance of optical surface compared to the first case.

This implies that anti-fog behavior is based on excellent hydrophilic wettability.
Analogous to the term superhydrophobicity, the so-called superhydrophilicity is
defined differently in various international publications. Most often a ©,, < 5° within a
timespan of 5s is used as criterion [15, 49, 108, 113]. In addition, a ©,, =0° is
theoretically possible, but in most cases this behavior is not long-term stable because
of the attraction of surrounding particles [13].

To achieve extreme hydrophilicity and hence anti-fog properties, a specific surface
roughness as well as a certain porosity are required. A wicking effect occurs, when
liquid penetrates into the surface roughness and porosity (cf. section 4.2). This

results, among other things, in an enhancement of the hydrophilicity [165].

6.2.2 Comprehensive wetting analysis methods

The wetting analysis through the desirable 0,., and 0., measurements is not
applicable for every wetting situation. This method is most qualified for hydrophobic
surfaces. Nevertheless, moderate hydrophilic surfaces can also be characterized in
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this way. Though, a first investigation of surfaces with ©,, < 20° showed that the
determination of 0,., and ©,., becomes complicated, up to non-evaluable results for
extreme hydophilicity. The reason for the failure is measurement uncertainty because
of decreasing contrast between the drop, sample surface, and background with
decreasing CA, as well as a vanishing 0,.,. Thus, another method to quantify the CA
behavior of hydrophilic surfaces has to be acquired.

Instead of the ©,, and ©,, measurements, 0,, with a defined volume was
determined as a function of the wetting time t,, [17]. This method is conforming to the
wetting analysis methods of international publications which also deal with
hydrophilic wetting properties [15, 108, 111, 166, 167].

For the characterization of hydrophilic samples, a liquid drop with a volume of
1.5 ul is deposited onto the solid surface and the drop shape is recorded as a
function of t,, beginning with the first moment of contact between the liquid drop and
the solid surface. The period of t, depends on the specific hydrophilic wetting
system. That means, the CA behavior will be observed until the wetting system
reaches its equilibrium and hence a near-constant ©,, of the drop contour.
Analogous to hydrophobic surfaces, the drop shape data is then analyzed for ©,,.
Fig. 6.7 shows a typical temporal trend of @, for a hydrophilic wetting system.
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Fig. 6.7:  Example for apparent CA as a function of wetting time.

The figure illustrates that the drop spreading on the investigated hydrophilic surfaces
is characterized by different wetting phases:

* First phase (beginning with the first contact): Sharp decrease of 0,,,.
* Mid-phase: Weak and sustained decrease of 0,,,.

* Final phase: Achieving a stable ©,),.
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As a direct consequence of this drop spreading behavior, two typical CA can be
defined for the investigation during this work:

* 0yis0Q,att, =0s,
*  Opean is the averaged 0,, betweent, = 10s ... 20 s.

Furthermore, the dynamics of this hydrophilic CA behavior can be modeled through
two different theoretical approaches [168-170]: molecular kinetic and hydrodynamic
theory. For the aim of this work, it was not necessary to describe the relaxation of the
0,p through such an approach. Nevertheless, first attempts are made to fit a simple
power law based on Tanner’'s law [171] to the spreading behavior of the examined
hydrophilic samples, where t is the wetting time and K and m are variable
parameters:

O ~K-t™ . (6.1)

Besides the practical utilization of the CA measurement, another important item
regarding the adaption of the wetting analysis for hydrophilic wettability includes an
optimization of the drop shape analysis. Therefore, an application note from
DataPhysics [172] was consulted, which reports on drop shape analysis by means of
the four contour analysis methods circle fitting, ellipse fitting, Laplace-Young fitting,
and tangent leaning. DataPhysics determined the ©,, and its deviation to the ideal
drop shape of different CA standards. It turned out that the Laplace-Young fitting is
the most exact method but inappropriate for the analysis of recorded video data
because of the large memory capacity requirements. For wetting systems with
0, < 30°, the circle fitting exhibits the next best results. Based on these information,
a series of experiments with hydrophilic coatings was carried out to determine the
best fitting method for the wetting system examined in this work. For the evaluation of
the suitability of the contour analysis methods, the Laplace-Young fitting is used as
the reference method. The ©,, of surfaces with different hydrophilic wettability were
observed and analyzed with circle fitting, ellipse fitting, and tangent leaning. This
evaluation led to the conclusion that for the hydrophilic wetting system investigated in
this thesis, the ©,, calculated by ellipse fitting shows the smallest deviations from the
reference CA determined by the Laplace-Young fitting. For that reason, the ellipse
fitting is used to analyze the drop shapes in the case of hydrophilic surfaces.

Another problem of extremely hydrophilic surfaces with 8, virtually zero is that the
drop shape is just inadequately or not evaluable at all because of the low contrast
between the background, liquid drop, and solid surface. The critical minimal
evaluable CA was determined in the context of [173]. Depending on the wetting
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system and thus on the contrast, the critical minimal evaluable CA varies between 3°
and 6°.

The fabrication and investigation of hydrophilic optical surfaces aims at a realization
of anti-fog properties. Therefore, a novel method was acquired within this work to
quantify the fogging behavior of hydrophilic surfaces, meaning in form and in time-
depend course. Comparable procedures can be found in the literature [16, 110, 112,
113, 164, 174], however, only with a qualitative assessment of the observed results.
The measurement setup of the fogging experiment consists of a beaker filled with
distilled water placed onto a hotplate, a sample holder lying on top of the beaker, and
a thermometer to control the water temperature. The distance between the water
surface and the sample surface is 80 mm. Next to this setup a reflected-light
microscope from Leica is located to observe and capture the fogging behavior. A 5x
objective with a field of view of 1.7x1.4 mm? is used. Fig. 6.8 shows the entire setup.

thermometer

sample
sample holder

beaker

hotplate

Fig. 6.8: Schematic illustration of the evaporation setup (left) and photograph of the fogging
experiment setup (right).

The fogging experiment is carried out according to the listed procedure:

* Heat up water to 50°C + 3°C.

* Expose the sample to water vapor for 30 s.

* Move the sample from the evaporation setup to the microscope stage
(approximately 5 s).

* Record the fogging process of the sample using the microscope.

The fogging behavior is evaluated afterwards for drop shape and chronological
development:

*  Narops: Number of visible fogging droplets in the field of view of 1.7x1.4 mm?
after 10 s.

* trg: Fogging time at which the fog has been completely dissolved in the field of
view of 1.7x1.4 mm? (uncertainty estimated to be * 3 s).

51



6 Advanced wetting analysis

During previous investigations, a fogging time of 10 s to count Ny, turned out to be
most suitable, because the assessment by means of droplet shape and number is
best. At a later time, depending on the wetting behavior of the specific sample
surface, the condensed water on the sample might have been mostly dissolved and
an analysis of the fogging behavior would be more difficult.

In addition to the characterization of the fogging behavior, the presented setup is
also suited for an identification of inhomogeneities and defects of hydrophilic as well
as hydrophobic optical coatings.

6.2.3 Novel criteria for anti-fog surfaces

A literature research concerning the definition of anti-fog behavior (c.f. section 6.2.1)
and findings during the development of the wetting analysis methods (c.f. section
6.2.2) have directly influenced the achievement of the wetting criteria for anti-fog
based on hydrophilicity.

To denote a functional surface as “anti-fogging”, the following two criteria have to
be met [17, 75]:

* Low water CA O,.., S 10°, and
* the condensing water wets the surface completely and instantaneously.

The images left and center in Fig. 6.9 show an example of a sol-gel coating, which
fulfills both criteria. Thus, this surface can be denoted as hydrophilic with anti-fog
properties. By way of comparison, the fogging behavior of a pure glass substrate,
which exhibits a huge number of fogging droplets, is shown in Fig. 6.9 right.

Fig. 6.9:  Hydrophilic nanorough SiO, coating. Left: Apparent CA at a wetting time of 2.5 s. Center:
Fogging experiment. Right: Fogging experiment of hydrophilic uncoated glass substrate.

6.3 Summary

First of all, the measurements of the wetting analysis methods are performed under
constant measurement conditions. The measurement positions have to be free of
prior wetting with the test liquid or another liquid as well as without defects or
inhomogeneities. For the fogging experiment, the ambient temperature and the
humidity are constant. Otherwise, the wetting results will be affected [15, 147].
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In summary, comprehensive wetting analysis methods to characterize the
hydrophobic as well as hydrophilic wetting properties were acquired within the
framework of this thesis. For this purpose, existing methods such as 0,.,, 0,.,, and «
measurements were developed further with respect to the specific wetting systems
investigated in this work. Furthermore, novel methods referring to practical aspects
such as the bouncing experiment and the fogging experiment were introduced.

Based on these comprehensive wetting analysis methods, novel criteria for
extreme wetting behavior were defined. The term superhydrophobicity was
distinguished into strict theoretical and practical criteria. In the case of the term anti-
fog, a first definition with respect to functional applications was presented.

In the following chapter, the entire wetting methodology is applied to different sample
series with the focus on investigating the correlation between structural properties
and wettability. At the same time, the applicability of the methodology will be
examined.
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The combination and subsequent utilization of the roughness and wetting analysis
methods and results described in chapter 3, 4, and 6 support the entire chain of a
technological process for the fabrication of nano- and microstructured surfaces with
superhydrophobic properties in a twofold way (Fig. 7.1): First, it defines the
appropriate roughness in the design process in contrast to conventional trial-and-
error approaches. Second, the control and the characterization of the fabricated
roughness structures and the resulting wetting properties can be independently
analyzed from the hydrophobic material properties [17].

‘ target properties start parameters ‘

% modelling = optimum structure ‘ i

technological process
realized surface structure

[ control & adaption }

[ roughness analysis } [ wetting analysis J
) o topcoat
[ control & adaption ] { suitability of structure ] ‘ (hydropobic / hydrophilic)

Fig. 7.1:  Measurement and analysis methodology for nano- and microrough surfaces.

In this chapter, the presented measurement and analysis methodology is applied to
various samples consisting of different surface materials, roughness structures, and
chemical properties.

For hydrophobic wetting systems, the investigations of the following topics were of
interest:

» Suitability tests of the presented methodology with respect to:

o Applicability of the characterization methods (e.g. bounce-off experiments)
as well as of the novel criteria for superhydrophobicity, and

o application range for specific surfaces structures (nanorough optical
coatings and microrough engineering surfaces).

* Support of process optimization for the fabrication of nanorough optical
coatings regarding their structure properties to achieve superhydrophobicity
which, at the same time, fulfill the requirements for low scatter losses.

* Achievement of reliable kg thresholds with respect to the two criteria of
superhydrophobicity (SH and SHy,; see section 6).
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For the investigation of hydrophilic surfaces, the main research focus was to prove
the possibility for extending the kg approach to hydrophilic wetting systems.
Therefore, studies about the correlation between xz and roughness-induced
hydrophilicity were performed. In theory, the method should work in a similar way for
the hydrophilic as well as for the hydrophobic domain, but a possible influence of
porosity was not yet considered. For this purpose, first systematical investigations of
the relation between the process parameters, structural properties, and wettability
according to the process chain shown in Fig. 7.1 was carried out. The structural
properties include not only surface roughness but also porosity and layer thickness.

The results and discussion of these studies are presented in the following sections.

7.1 Validation of the methodology for superhydrophobicity

The validity of the entire measurement and analysis methodology including the novel
criteria for superhydrophobicity, which were introduced in chapter 6, are verified for
Al;O3 sol-gel coatings with a hydrophobic top layer based on their roughness and
wetting characteristics. Besides the investigation of the correlation between
roughness and wettability, the scatter losses of these sol-gel coatings fabricated
under different process conditions are also determined.

The nanostructures of the Al,O3 sol-gel coatings are shown in Fig. 7.2 and the results
of the subsequent PSD analysis is presented in Fig. 7.3 together with the PSD of an
uncoated glass substrate. The ki values calculated from the PSD functions for each
decade between a spatial frequency of 1 um™ and 1000 um™ are listed in Tab. 7.1.

glass substrate

B

L ’ - - ’ 1
onm I 5nm  Onm I 150nm Onm I 100 nm Onm I ] 100 nm

Fig. 7.2:  AFM topography images of an uncoated glass substrate (¢ = 0.23 nm) and Al,O3 sol-gel
coatings (Sample A1: ¢ = 6.5 nm; sample A2: ¢ = 24.0 nm; sample A3: ¢ = 24.3 nm). Scan
area: 1x1 uym2.

95



7 Results and discussion

1E+8 7
1E+6 5
T 1E+4 4
€ i
£
a 1E+2 5
7 E
o
1E+0 §| — glass substrate
1E-2 ; — sample A1
1 — sample A2
1E-4 5
1| = sample A3
1E-6 —— — — —
0.1 1 10 100 1000

spatial frequency f (um-)

Fig. 7.3:  PSD functions of uncoated glass substrate and Al,O3 sol-gel coatings.
Tab. 7.1: Wetting parameters of Al,O3 sol-gel coatings.
kg in different spatial bandwidths
sample = 7 ] -1
(1-10) um (10 - 100) um (100 - 1000) um (1-1000) um

A1 0.02 0.04 0.06 0.12

A2 0.05 0.12 0.13 0.30

A3 0.05 0.24 0.40 0.69

The AFM images and PSD functions reveal three types of Al,O3; coatings which show
different surface characteristics. It is important to note that sample A2 and sample A3
exhibit almost the same rms roughness values because of the comparable vertical
dimensions of their nanostructures. However, the PSD functions and subsequent kg
calculation reveal different roughness characteristics: Sample A2 exhibits a kg value
of 0.30. Sample A3 with a kg value of 0.69 clearly exceeds the threshold which was
introduced in chapter 4. For this sample, the potential for superhydrophobicity is
stated.

These results prove that simple roughness parameters like rms roughness are not
suitable to assess the roughness characteristic with respect to the wettability. A more
complex method based on PSD analysis is necessary which considers the vertical as
well as the lateral dimension of the roughness components.

The results of the wetting analysis for the hydrophobic Al,Osz coatings are
summarized in Fig. 7.4.
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Fig. 7.4:  Advancing CA, receding CA, and tilt base angle of Al,O; sol-gel coatings. The embedded
pictures show the bounce-off behavior of sample A1 and A2.

For sample A3, the prediction of superhydrophobicity was confirmed by the
measured high advancing and receding CA of 0,., = 156° and ©,., = 129° (i.e. CA
hysteresis as low as 30°). Also, only a small tilt base angle of « = 13° was necessary
to observe a roll-off behavior of water drops from the sample surface. The self-
cleaning effect of this sample, resulting from the heterogeneous wetting state, is
demonstrated in Fig. 7.5: A spherical water drop rolls off the surface and removes
artificial contaminants (graphite powder) on its track.

Fig. 7.5:  Self-cleaning effect on Al,O3 sol-gel coating (sample A3) with superhydrophobic properties
according to strict theoretical criteria.

For sample A2, a promising 0,., of 148° was obtained, but on the tilted surface the
water drops only slide of the surface for a =48°. A roll-off movement was not
observed, owing to the high CA hysteresis of 62°. Hence, according to the novel
criteria introduced in chapter 6, sample A2 is termed as superhydrophobic according
to practical aspects (SHyr), because of the low bounce-off angle (a;, = 20°) visible in
Fig. 7.4 as embedded picture. As sample A3 with SH wetting properties, sample A2
reveals a self-cleaning effect as well (Fig. 7.6): Bouncing drops gradually remove
artificial contaminations on their tracks. The first picture of this test shows that the
graphite powder adheres at the drop surface rather than at the sample surface. The
procedure of this qualitative self-cleaning experiment is described in [161].
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Fig. 7.6:  Self-cleaning effect on Al,O3 sol-gel coating (sample A2) with superhydrophobic properties
according to practical criteria. Left: Bounced drop covered with graphite powder. Center:
Surface after two bouncing drops. Left: Surface after several bouncing drops.

The observation of the self-cleaning effect on surfaces with SH, leads to the
conclusion that the more practical criteria of superhydrophobicity is also sufficient to
classify a surface with respect to the desired self-cleaning effect.

The sample with the lowest ki value of 0.12 exhibits a quite small CA and the
bouncing experiment reveals falling water drops sticking on the tilted (40°) surface
(see Fig. 7.4). Thus, the wetting situation is in the homogeneous regime.

The results of the light scattering measurements at a wavelength of 532 nm are
shown in Fig. 7.7.
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Fig. 7.7:  Results of ARS measurements of uncoated glass substrate and Al,O3; sol-gel coatings.

Even though the highest scattering signal can be observed for the superhydrophobic
sample A3, its overall scatter loss remains as low as TS;=0.08% (transmission
direction) and hence well below the threshold determined by optically esthetic
requirements (cf. section 3.4). By looking at the PSD functions and the xg values for
each spatial frequency decade, it becomes apparent that the main contribution to the
kg value and the related increased hydrophobicity mainly occurs in the high spatial
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frequency range (f>10 pm'1). In the visible spectral range (f<2.5 pm'1), these
roughness structures only lead to uncritical values for the scatter loss.

In summary, the presented results of the Al,O3 sol-gel coatings demonstrate that the
suggested wetting analysis methods including the criteria for superhydrophobicity as
well as the complete methodology based on the wetting parameter kg are suitable to
predict, define, and control roughness structures for optimal hydrophobic wetting
behavior of nanorough surfaces.

Furthermore, the roughness and wetting properties of sample A2 lead to the
conclusion that a kg threshold of 0.3 is very promising for SH,. This was confirmed
by the self-cleaning effect which is comparable to the self-cleaning effect of sample
A3 with SH wetting behavior. A roughness characteristic with a kg value above 0.4 is
needed to achieve surfaces with SH properties. This threshold is confirmed by
means of sample A3. The conclusions of the previous “Diplomarbeit thesis” [31] also
indicate this threshold limit for a sputtered nanorough zirconium oxide coating: For
this sample, a kg value of 0.43 and the wetting properties of ©,., > 150°, small CA
hysteresis, and roll-off behavior of ¢ < 10° have been observed.

Finally, it was shown that superhydrophobicity combined with low scatter losses
could be achieved by nanostructuring.

7.2 Hydrophobic and superhydrophobic nanorough optical coatings

In this section, the measurement and analysis methodology is applied to sputtered
ZnO coatings to investigate the control and optimization potential for the coating
process. For this purpose, promising roughness structures are defined by modeling
“‘virtual coatings”. Afterwards, the influence of different process parameters on the
ZnO layer roughness structures as well as its suitability for superhydrophobicity is
studied. The resulting conclusions are then proved by means of the wetting analysis.
Moreover, first investigations regarding the effect of chemical functionalization on
wettability are performed. Finally, the optical properties with respect to the sample
application for easy to clean gastronomic and decorating glass as well as the long-
term stability of promising functional surfaces are discussed.

At the same time, the suitability of the methodology for the specific roughness
characteristic is evaluated.

7.2.1 Roughness and wetting properties
Simulation of promising roughness structures for superhydrophobicity
For the realization of optimal hydrophobic wettability, the effect of roughness

structures on the wetting parameter is simulated. The advantage of this approach is
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that start parameters for a subsequent systematical improvement of the sputter
process can be defined.

For the simulations, PSD functions (Fig. 7.8) which were calculated from
topography data of an uncoated substrate (Fig. 7.9 left) and of a first ZnO layer (Fig.
7.9 right) are used as starting point. The intrinsic roughness of the ZnO layer can
then be described by an ABC model-PSD function (cf. section 2.1).

1E+06 4
1E+04 4
En
€ 1E+02 -
£ ]
7]
o 1E+00 4 — glass substrate (measurement)
— sample Z0 (measurement)
1E-02 4 sample Z0 (ABC model)
1 - glass substrate + sample Z0 (ABC model)
1E-04 T —— T —— T 7 T
0.1 1 10 100 1000

spatial frequency f (um-)

Fig. 7.8:  Measurement and simulation results: PSD functions of uncoated glass substrate and ZnO
layer.

1 5.0 nm

2.5nm 25 nm

Fig. 7.9: Topography images of uncoated glass substrate (left) and ZnO layer (sample Z0) with a
layer thickness of 600 nm (right). Scan area: 1x1 pm>2.

The ABC model-PSD functions (light green and blue curves) were fitted to the
measured PSD function of sample Z0 (dark green curve) in such a way that the
resulting wetting parameter kg is comparable to the ki value determined from the
PSD function of the measured surface characteristics. This kg value is 0.29 and does
not clearly exceed the threshold of 0.3 defined in the summary of the previous
section.

Using the model-PSD, roughness structures with kg > 0.3 were simulated.
Thereby, the rms roughness o,5: and the correlation length t,5c as the vertical and
lateral evolution of surface morphology of sample Z0 were varied according to Eq.
(2.5). In a first test, o,pc Was steadily increased at constant t,pc to simulate a high
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aspect ratio. The corresponding model-PSDs are labeled A and B. In a second test
Tapc Was also varied. The corresponding PSDs are denoted C and D. To compare
the different PSDs, a similar ratio o,gc/tapc Was chosen. Tab. 7.2 summarizes the

used modeling parameters and Fig. 7.10 shows the corresponding PSD functions.

Tab. 7.2: Structural parameters of the model-PSD of sample Z0 and simulated model-PSD functions.

model-PSD oapc (M) Tagc (NM) oagc ! TagC
sample Z0 10 21 0.48
simulation A 14 21 0.67
simulation B 18 21 0.86
simulation C 18 27 0.67
simulation D 23 27 0.85

1E+08 5
1E+06 4
;E« 1E+04 E
£ = model-PSD of sample Z0
a 1E+02 4
2 1| — simulated model-PSD A
1E+00 = | — simulated model-PSD B
1E-02 | simulated model-PSD C
] = simulated model-PSD D
1E-04 1 Cn Cen
0.1 1 10 100 1000

spatial frequency f (um)

Fig. 7.10: Model-PSD of sample Z0 and simulated model-PSD functions for different aspect ratio of

the surface structure.

The higher aspect ratio of the roughness structures resulting from larger o, values
enables ki values of up to 0.5 (Tab. 7.3). Especially the contribution to the wetting
parameter in the spatial frequency range f > 10 um™ is affected.

Tab. 7.3: Wetting parameters of the model-PSD of sample Z0 and simulated model-PSD functions.

model-PSD kg in different spatial bandwidths
(1-10) um™ | (10-100) um™ | (100 - 1000) um™ | (1 - 1000) um™
sample Z0 0.02 0.13 0.15 0.29
simulation A 0.02 0.18 0.20 0.40
simulation B 0.03 0.23 0.26 0.52
simulation C 0.03 0.19 0.20 0.42
simulation D 0.04 0.24 0.26 0.54
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Beside the enhancement of the roughness structures at high spatial frequencies, the
increased ratio o,pc/Tapc also leads to an enhancement of the PSD values in a spatial
frequency range < 10 ym™". This corresponds to the critical spatial bandwidth for light
scattering (f < 2.5 pm'1). The effect is smaller for the model-PSDs A and B than for
the model-PSDs C and D.

For the technological sputtering process, the results of this simulation analysis imply
that the vertical dimension of further ZnO roughness structures has to be increased
by a factor of 2 1.5 compared to the roughness components of sample Z0. The
lateral structural dimension should be similar to those of the original roughness
structure of sample Z0 to minimize the effect of light scattering.

In conclusion, the simulation revealed that an optimized roughness characteristic of
nanostructures is suitable to achieve superhydrophobicity.

ZnO coatings with varying layer thickness

According to the previous simulation, the roughness structures of sputtered optical
coatings were optimized using the kg approach in such a way that, in combination
with a hydrophobic top layer, a high potential for superhydrophobic wetting properties
is achieved.

In a first sample series, the layer thickness of the ZnO layers was varied
continuously by choosing different parameters for the sputtering process. This
enabled a systematic study of the influence of the layer thickness on the wetting-
relevant surface characteristics and the related effect on the wettability.

The roughness measurement results of the ZnO coatings with varying layer
thickness are presented below. Several measurements were performed in different
scan areas to minimize local variations in the surface roughness. The calculated
arithmetical results of at least two individual measurement positions are listed in Tab.
7.4. Selected topography images of the investigated samples can be seen in Fig.
7.11. Thereby, a scan area of 1x1um? was chosen because the significant
roughness structures of these coatings can be perfectly seen in this scan area.
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Tab. 7.4: Rms roughness values of ZnO coatings with different layer thicknesses. Scan areas:
0.5x0.5 um?, 1x1 ym?, and 10x10 pm>.

o (nm)
sample | d(nm) 2 2 2
0.5x0.5 pm 1x1 pm 10x10 pm
21 1.3 241 25.7 231
Z2 1.8 38.5 38.5 39.8
Z3 1.8 39.9 39.9 39.2
Z4 1.8 25.0 22.5 15.3
Z5 2.0 201 21.9 23.7
Z6 2.4 42.3 43.3 44 .2

200 nm

100 nm

0nm

Fig. 7.11: AFM topography images of ZnO coatings with increasing layer thickness from sample Z1 to
sample Z6. Scan area: 1x1 pm®.

The investigated scan areas indicate that the vertical dimensions of the ZnO
roughness components increase with the layer thickness and thus lead to an
enhanced rms roughness (except for samples Z4 and Z5). Sample Z4 exhibits the
same layer thickness as samples Z2 and Z3, but the surfaces roughness in the
investigated scan areas is clearly smaller than for the other two surfaces. This shows
that the sputtering process is not completely reproducible.

The qualitative assessment of the roughness structures shown in Fig. 7.11 leads
to the conclusion that the lateral dimension of the roughness components is
unaffected by the increasing layer thickness up to a layer thickness of 2 ym (sample
Z5). Only sample Z6 with a layer thickness of 2.4 um exhibits a significant
enhancement of the roughness structures in the lateral and the vertical direction.

For all samples the PSDs were determined based on AFM measurements in the
spatial frequency range between 0.4 ym™ and 1000 ym™ (Fig. 7.12). Furthermore,
the kg values were calculated for different spatial frequency decades (Tab. 7.5).
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Fig. 7.12: PSD functions of ZnO coatings with varying layer thickness.

Tab. 7.5: Wetting parameters of ZnO coatings with varying layer thickness.

kg in different spatial bandwidths
sample d (nm) > - > =
(1-10) um (10 - 100) um™ | (100 - 1000) um™ | (1 - 1000) um
z1 1.3 0.06 0.16 0.29 0.51
Z2 1.8 0.09 0.25 0.44 0.78
Z3 1.8 0.10 0.25 0.49 0.84
Z4 1.8 0.04 0.14 0.30 0.48
Z5 20 0.06 0.12 0.25 0.42
Z6 24 0.10 0.18 0.25 0.53

The contributions to the wetting parameter below f=0.4 um™ are negligible, which
was proven in the “Diplomarbeit thesis” [31] and is also confirmed throughout this
work since the spatial frequency range between 1 um™” to 10 um™ only leads to minor
contribution to the kg value. The main contribution for such nanostructured surfaces
can be observed in the high spatial frequency decade between 10 pm™ and
1000 pm™" as mentioned in section 3.1.

Sample Z6 with the highest layer thickness as well as the highest rms roughness
in the investigated scan areas does not necessarily exhibits the largest kg value,
because of the relatively large lateral dimension of the ZnO roughness components.
It turned out that the kg values of all investigated ZnO coatings exceeded the
threshold for superhydrophobicity and hence the potential for superhydrophobicity is
stated. Furthermore, the results imply that an optimal roughness structure for
superhydrophobicity can be observed for ZnO coatings with a layer thickness of
1.8 ym. The PSD analysis including the subsequent kg calculation proves that an
increased layer thickness does not necessarily lead to more promising structural
properties for superhydrophobicity. The same holds true for the rms roughness:
Higher rms values do not imply higher kp values.
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As figure Fig. 7.13. indicates, all samples show similar 0,., above 140° within their
standard deviation. The lowest 0., can be found for sample Z5 which also exhibits
the lowest kg value. The ©,., of the characterized ZnO coatings vary between 30°
and 70° with a high CA hysteresis for all samples. Thus, SH has not been achieved.
This conclusion is confirmed by the circumstance that no sample shows a roll-off
behavior of spherical formed water drops. Nevertheless, for the samples with the
highest kz values a bounce-off behavior of water drops falling on tilted surfaces
(oo = 30°) can be observed. Hence, according to the definition in chapter 6, the
samples Z2, Z3, and Z6 meet the SH; criteria.

160
140
120
100
80
60
40
20

contact angle (°)

Z1 z2 z3 z4 z5 z6
(kB=0.51) (kB =0.78) (kB=0.84) (kB=0.48) (kB=0.42) (kB =0.53)

| m advancingCA  m receding CA

Fig. 7.13: Advancing CA, receding CA, and bounce-off behavior (a;, = 30°) of ZnO coatings with
varying layer thickness.

ZnO coatings fabricated by a two-step sputtering process

The used methodology was extended to further optimization of the coating process,
because of the very promising results for superhydrophobicity as well as the
correlation between the roughness and wetting from the layer thickness study of the
ZnO layers. Thereby, the aim was to fabricate samples which exhibit roughness
structures with high aspect ratio in combination with small lateral dimension in order
to achieve optimal hydrophobicity and optimal optical properties. This could be
realized by a two-step process with plasma treatment (cf. section 5.1). After the
sample preparation, a comprehensive roughness analysis was performed. The most
promising sample for potential superhydrophobicity was then overcoated with a
hydrophobic top layer and afterwards analyzed with respect to surface roughness as
well as for wettability.

The AFM topography image of sample Z8, depicted in Fig. 7.14, shows hexagonal
roughness structures with a central peak. The non-columnar roughness structures of
sample Z9 were not intended. The cause of this effect was a disturbance during the
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sputtering process. The highest surface roughness (see Tab. 7.6) of the investigated
samples was observed for the ZnO coating treated with an Ar-O plasma for 10
minutes (sample Z10).

Onm N 100 nm Onm I 100 nm O nm I /100 nm 0 nml@ @ 1200 nm

Fig. 7.14: AFM tozpography images of ZnO coatings fabricated by two-step process. Scan area:
1x1 um~.

Tab. 7.6: Rms roughness values of ZnO coatings fabricated by a two-step process. Scan areas:
0.5x0.5 pm?, 1x1 pym?, and 10x10 pym®.

o (nm)
sample parameter 2 2 2
0.5x0.5 pm 1x1 pm 10x10 pm
27 Ar (t =5 min) 17.5 19.5 20.1
Z8 Ar (t =10 min) 19.3 19.0 21.8
29 Ar + O (t =5 min) 20.6 19.1 18.4
210 Ar + O (t =10 min) 41.9 45.3 39.3

The most promising roughness structure concerning optimal hydrophobic wettability
is achieved by a treatment with Ar-O plasma for 10 minutes (see Fig. 7.15 and Tab.
7.7): The corresponding sample Z10 has a kg value of 0.61 which exceeds the
threshold for superhydrophobicity and hence is suitable for a functionalization with a
hydrophobic top layer.

PSD (nm?)

Fig. 7.15: PSD functions of ZnO coatings fabricated by a two-step process.
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Tab. 7.7: Wetting parameters of ZnO coatings fabricated by a two-step process.

kg in different spatial bandwidths
sample parameter (1-10) | (10-100) | (100 - 1000) | (1 - 1000)
um’’ um’’ um’’ pum’’
z7 Ar (t =5 min) 0.05 0.11 0.19 0.35
Z8 Ar (t =10 min) 0.05 0.08 0.15 0.28
Z9 Ar + O (t = 5 min) 0.04 0.08 0.14 0.27
Z10 Ar + O (t =10 min) 0.10 0.18 0.34 0.61

The characterization results before and after the hydrophobic functionalization of
sample Z10 are presented in the following. Furthermore, a comparison to the
analysis results of the superhydrophobic sample Z6 with the lowest kg value within
the first sample series are listed below.

Fig. 7.16 show that within the scan area 10x10 ym?, the roughness structures as
well as the rms roughness are very similar before and after the hydrophobic
functionalization. Only in the high resolution 1x1 ym? scan area, a slight increase of
the roughness structures can be observed after the hydrophobic functionalization.
The corresponding rms roughness values with and without hydrophobic topcoat are
47.2 nm and 41.2 nm, respectively.

without hydrophobic top layer with hydrophobic top layer

200 nm

100 nm

0 nm

i 10x10 ym?

10x10 pm?

Fig. 7.16: AFM topography images in different scan areas of sample Z10 before (left) and after (right)
hydrophobic functionalization.

The observed enhancement of the surface roughness for sample Z10 caused by the
top layer can also be observed in the high spatial frequency range (f > 10 um™) for
the PSD analysis (Fig. 7.17). In comparison to sample Z6, it can be concluded that
the two-step process does not lead to the desired results: The PSD functions of
sample Z6 and sample Z10 are comparable in the scatter-relevant spatial frequency
range.
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Fig. 7.17: PSD functions of sample Z6 (reference sample) as well as sample Z10 before and after
hydrophobic functionalization.

Tab. 7.8: Wetting parameters of sample Z6 (reference sample) as well as sample Z10 before and
after hydrophobic functionalization.

kg in different spatial bandwidths

sample | top layer 1= o | (10 - 100) ™ | (100 - 1000) um™ | (1 - 1000) pm™
Z6 with 0.10 0.18 0.25 0.53
Z10 | without 0.10 0.18 0.34 0.61
Z10 | with 0.10 0.22 0.41 0.73

Nevertheless, the wetting results shown in Fig. 7.18 reveal that sample Z10 exhibits
a 0,., of 148° in combination with a high CA hysteresis of 129°. Although, no roll-off
behavior of water drops on a slightly tilted surface is observed. However, water drops
jump off the surface without residue at ay,, = 40° as shown in the right image of Fig.
7.18. The prediction of superhydrophobicity was partly confirmed by the observed
SH,r wetting properties.

Fig. 7.18: Advancing CA (left), receding CA (center), and bounce-off angle (right) of sample Z10.

In summary, the used methodology based on the wetting parameter allowed to
optimize the sputtering process in order to achieve superhydrophobic surfaces
according to practical aspects. The relevant roughness characteristics for wetting
were realized by nanoroughness in a high spatial frequency range. Simultaneously,
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the mid spatial frequency roughness could be kept low in order to minimize the
scatter loss which will be examined in section 7.2.3.

7.2.2 Effect of hydrophobic functionalization on wettability

Besides the influence of roughness structures, the impact of the chemical
components on the wettability has to be investigated. As outlined in section 5.3, only
two questions of the complex topic hydrophobic functionalization are studied in this
work.

As shown in section 7.1, roughness structures with a kg value of more than 0.3
might have potential for superhydrophobicity. But the investigation of the oxidized
ZnO coatings (section 7.2.1) revealed that even high kg values did not lead to
superhydrophobic properties. Besides the fact that the kg threshold is only an
essential criterion and not a sufficient one, a possible explanation might be the period
of time (several days) between the sputtering process and the hydrophobic
functionalization. This assumption was examined using a sample series of ZnO
layers, which was coated with the hydrophobic top layer WR4 immediately after the
sputtering process. Furthermore, the influence of the new top layer material WR4 on
the roughness characteristic of the sputtered coatings was investigated.

First of all, the wettability of water on smooth glass substrates coated with the
standard hydrophobic top layer PolyF1 was compared to the wettability of a smooth
glass substrate coated with WR4. As presented in section 5.3, the glass substrate
with WR4 exhibits a higher 0., in combination with a lower CA hysteresis. Hence,
the top layer material WR4 reveals better intrinsic wetting properties than the top
layer PolyF1 independent from the sputtered roughness characteristic. This
statement is non-transferable to the wetting behavior of rough surfaces, because of
the complex interaction between roughness layer and top layer (cf. section 5.3).

The characterization results of a sample series consisting of small layer thicknesses
of WR4 (=10 nm) are compared to a ZnO coating with PolyF1 as standard
hydrophobic top layer. The small layer thickness was chosen in order to avoid a
change of the ZnO roughness structures.

The topography images, rms values (Fig. 7.19), and PSD functions (Fig. 7.20) of
the investigated samples show similar roughness structures for sample Z6 with the
hydrophobic top layer PolyF1 and for the samples Z11 and Z12 with WR4 as
hydrophobic functionalization. Thus, the layer material WR4 does not smooth the
ZnO roughness characteristic. However, above a spatial frequency of 100 um™ the
PSDs and the ki values of both samples Z11 and Z12 are higher than the PSD and
kg value of the sample Z6. One reason might be that the top layer material only
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connects to the top roughness structure rather than to the entire structure. Thus, only
the vertical dimension of the roughness components increases.

200 nm
100 nm

0nm

Fig. 7.19: AFM topography images of ZnO coatings with varying hydrophobic top layer (sample Z6:
PolyF1, o = 43.0 nm; sample Z11: WR4 with d = 2.5 nm, ¢ =47.3 nm; sample Z12: WR4
with d = 5.0 nm, g = 45.7 nm). Scan area: 1x1 pmz.
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Fig. 7.20: PSD functions of ZnO coatings with varying hydrophobic top layer.
Tab. 7.9: Wetting parameters of ZnO coatings with varying hydrophobic top layer.
kg in different spatial bandwidths
sample top layer = = = 3
(1-10) um (10 - 100) um (100 - 1000) um (1-1000) um
26 PolyF1 0.10 0.18 0.25 0.53
Z11 2.5 nm WR4 0.12 0.18 0.31 0.61
Z12 5.0 nm WR4 0.11 0.18 0.34 0.63

Although both samples functionalized with WR4 exceed the threshold for
superhydrophobicity, neither of them exhibits satisfying wetting properties (Fig. 7.21):

®aca =

tilted surface during the bounce-off experiment.

140°, no receding behavior of water drops and sticking water drops on the
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Fig. 7.21: Advancing CA, receding CA, and bounce-off behavior of the ZnO coatings with varying
hydrophobic top layer. The embedded pictures show the bounce-off behavior from 40°
tilted surfaces.

Because of these results, another sample series of ZnO coatings functionalized with
the top layer material WR4 and higher layer thicknesses (15 nm and 20 nm) were
fabricated. The roughness and wetting analysis was performed in comparison to a
ZnO coating with PolyF1 (sample Z4) as top layer.

The roughness analysis results (Fig. 7.22, Fig. 7.23, and Tab. 7.10) for sample
Z14 to Z16 compared to the results of sample Z4 indicate that the top layer WR4 with
a higher layer thickness does not lead to a smoothing effect on the roughness
structures of the ZnO coatings. The samples show small variations in the kg values,
but all samples exceed the threshold. The reason for this variation is the imperfect
repeatability of the sputtering process.

PolyF1 WR4 (d=15nm)  WR4 (d = 20 nm)

200 nm

100 nm

0 nm

Fig. 7.22: AFM topography images of ZnO coatings with varying hydrophobic top layer (sample Z4:
o =23.7nm; sample Z13: ¢ =26.1 nm; sample Z14: ¢ =28.3nm; sample Z15:
o = 36.1 nm; sample Z16: ¢ = 39.5 nm). Scan area: 1x1 pmz.
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Fig. 7.23: PSD functions of ZnO coatings with varying hydrophobic top layer.
Tab. 7.10: Wetting parameters of ZnO coatings with varying hydrophobic top layer.
| to | kg in different spatial bandwidths
sample op layer
P PIaAYer "1 -10) um™ | (10- 100) um™ | (100 - 1000) um™ | (1 - 1000) ym’
26 PolyF1 0.04 0.14 0.30 0.48
213 15 nm WR4 0.07 0.17 0.29 0.53
214 20 nm WR4 0.05 0.15 0.25 0.45
215 15 nm WR4 0.07 0.18 0.36 0.61
216 20 nm WR4 0.09 0.26 0.43 0.78

As Fig. 7.24 indicates, all samples functionalized with the hydrophobic top layer
material WR4 with a thickness of about 15 nm or 20 nm are superhydrophobic.
Sample Z13 and sample Z14 are SHy, because of ay,, =40°. Furthermore, the
roughness characteristics of both samples yield a ki value which is comparable to
the kg value of the “non-superhydrophobic” sample Z4 with PolyF1 as hydrophobic
top layer.

In addition, two samples (Z15 and Z16) can be termed as superhydrophobic
according to strict theoretical criteria: 0,., > 150° and small CA hysteresis of less
than 45°. Thus, spherical water drops easily roll-off from minimally tilted surfaces,
because of the heterogeneous wetting state.
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Fig. 7.24: Advancing CA, receding CA, tilt base angle, and bounce-off behavior of the ZnO coatings
with varying hydrophobic top layer. The embedded pictures show the bounce-off behavior.

The study of the deposition time influence led to the result that the wetting behavior
of nanorough coatings was improved by a reduction of the time period between
structuring and hydrophobic functionalization. However, it was not possible to
completely exclude the influence of the intrinsic chemical properties of the
hydrophobic top layer material, because both materials PolyF1 and WR4 were not
investigated under equal conditions (deposition process and time) in this thesis. As
presented in section 5.3 for smooth glass substrates, the top layer WR4 shows better
intrinsic hydrophobic properties than the top layer material PolyF1.

7.2.3 Optical properties and stability

Angle resolved scattering measurements were performed for selected
superhydrophobic samples compared to an uncoated glass substrate at a
wavelength of 532 nm. These measurements aimed at the determination of the
scatter losses of the nanorough optical surfaces.

The measured ARS curves depicted in Fig. 7.25 show two distinct peaks at 6, = 0°
(reflection direction) and 180° (transmission direction), corresponding to the direction
of specular reflection and transmission. As expected, the light scattering of the
nanorough coatings is substantially higher than the light scattering of the uncoated
glass substrate. The highest ARS values can be observed for sample Z10, which
also exhibits a small peak at 6, = 75° in the ARS curve. The ARS curve of sample
Z14 possesses such a peak in the range of its shoulders, too. These peaks are
measurement artifacts.
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Fig. 7.25: ARS measurements of an uncoated glass substrate and superhydrophobic ZnO coatings.

The scatter loss of all samples was determined from the ARS data as described in
section 2.3. As illustrated in Fig. 7.26, the resulting TSs values of all examined
superhydrophobic ZnO samples exceed the threshold for uncritical scattering (cf.
section 3.3) into the transmission hemisphere. Although the main contribution to the
necessary roughness structures for the wetting properties occur in the high spatial
frequency range (see discussion in section 7.2.1), the roughness of the coatings in
the scatter-relevant spatial frequency range induced unacceptable scatter losses.
Furthermore, the scatter losses increased with increasing surface roughness.
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Fig. 7.26: TS; values of superhydrophobic ZnO coatings compared to threshold level for uncritical
scattering (cf. section 3.3).

Beside the optical properties, the mechanical stability is a further important
parameter of optical coatings with superhydrophobic wettability. As for the light
scattering, the problem arises that the mechanical stability decreases with increasing
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surface roughness. In [87, 139], the authors studied the mechanical resistance to
abrasion of sand. Mechanical robustness of a structure is considered as the
resistance against the impact of rain drops in [97, 145]. In most cases however,
mechanical stability is not discussed.

For the investigated samples in this thesis, the mechanical stability was examined
with a chemo-mechanical hand-abrasion test called ABREX from Innowep GmbH.
These abrasion tests reveal that the roughness structures of sputtered ZnO layer
already fail under soft condition (small load, few abrasion cycles). This is described in
[175]. Nevertheless, the mechanical instability will always be a problem for
superhydrophobic surfaces, because of the contradictory relation between a certain
surface roughness necessary for the wettability and its negative effect on the
mechanical stability.

To investigate the long-term stability without mechanical stress, selected ZnO
coatings with superhydrophobic behavior were analyzed regarding wettability after a
three year time period.

Samples Z2, Z6, and Z10 which have a ZnO coating and PolyF1 as hydrophobic
top layer still fulfill the criteria for SHy: ©,., > 140° (Fig. 7.27) and «a,,, < 40° (Fig.
7.28). In contrast to these results, the wettability of the ZnO coatings with WR4 as
hydrophobic top layers (see Fig. 7.27 and Fig. 7.28) deteriorate: Within the tolerance
of the CA measurement, 0,., is stable after three years, but the 0., considerably
decreased. The bounce-off experiments show that the samples Z14 and Z16 are no
longer superhydrophobic by the definition of section 6.1.3, because fallen drops stick
to a 40° tilted surface (sample Z14) or residues can be observed (sample Z16).
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(PolyF1) (PolyF1) (PolyF1) (WR4) (WR4)
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B receding CA (2009) O receding CA (2012)

Fig. 7.27: Advancing CA and receding CA of ZnO coatings right after fabrication (2009) and three
years later (2012).
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PolyF1

WR4

Fig. 7.28: Bounce-off experiment of ZnO coatings three years after fabrication.

For the samples Z14 and Z16 the question arises why both samples are hydrophobic
and not superhydrophobic after three years without applying any mechanical stress.
The reason for this deterioration of the wettability is ether a damaged roughness
structure or the chemical property of the hydrophobic top layer WR4 is gone.

The surface characteristic of both coatings can be proven by repeating and
comparing the AFM measurements of both ZnO coatings right after the fabrication
and three years later.

The roughness analysis results summarized in Fig. 7.29 and Fig. 7.30 reveal that
the initial roughness structures of both samples are still intact. For sample Z14, the
surface roughness (rms value and PSD function) increased after three years. Thus,
the kg value increased from 0.45 to 0.57. The current nanostructure of sample Z16 is
similar to the structure right after the coating fabrication. It can be concluded that the
loss of the superhydrophobicity of both samples with WR4 as hydrophobic top layer
is caused by a reduction of the intrinsic chemical properties.

sample Z14 sample Z16

(o]
o
o
N
200 nm
0 =28.3nm
100 nm
N 0nm
—
o
N

Fig. 7.29: Comparison between the roughness structure of samples Z14 and Z16 right after the
fabrication (2009) and three years later (2012).
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Fig. 7.30: Comparison between the PSDs of samples Z14 and Z16 right after the fabrication (2009)
and three years later (2012).

The conclusions of this section are: The scatter losses of the investigated
superhydrophobic samples exceed the threshold for uncritical visual scatter losses
and hence are unacceptable for the specific sample application mentioned in chapter
5.

The surfaces with PolyF1 as top layer are superhydrophobic over a long time
period, whereas the surfaces with WR4 as top layer exhibit only hydrophobic wetting
properties after three years.

7.2.4 Summary

The comprehensive study of the hydrophobic and superhydrophobic nanorough
optical coatings using the measurement and analysis methodology results in the
following conclusions:

* The optimization of the sputter process has been supported by the developed
methodology based on the wetting parameter kz. A variation of the layer
thickness leads to a variation of the roughness characteristic and hence to
samples with varying kp values.

* Besides a sample series with varying ZnO layer thickness, a two-step sputter
process was performed in order to fabricate a roughness characteristic with
superhydrophobic wettability in combination with improved optical properties.
However, the roughness structures were similar in the scatter-relevant spatial
frequency range of both samples series (layer thickness variation and two-
step process).

* Superhydrophobic samples have been fabricated by nanorough (non-
hierarchal) ZnO coatings.
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* The scatter losses induced by surface roughness of the superhydrophobic
samples are higher than the acceptable scatter losses determined by optically
esthetic requirements.

* A hydrophobic functionalization right after the sputter process led to an
improved wettability: Sample with kg = 0.46 is SH,,, and samples with kg = 0.6
are SH. However, the superhydrophobic wetting properties of these samples
with WR4 as top layer vanish after three years.

* Long-term experiments give rise to the assumption that the wettability of ZnO
layers with PolyF1 as hydrophobic top layer could be stable over several years
if they are not exposed to mechanical stress.

Concerning the suitability of the methodology for the specific ZnO roughness
characteristic, the main conclusions are:

* The methodology could be used to predict, define, and control the roughness
characteristic of nanorough ZnO thin film layers for optimal hydrophobicity in
contrast to conventional trial-and-error approaches.

* The kg method enables separate control and characterization of the wetting
effect of the fabricated roughness structures independent from the
hydrophobic material properties.

* The observed results confirm the ky thresholds of 0.3 for SH,, and 0.4 for SH,
which were acquired in section 7.1.

In conclusion, hierarchical structuring of the surfaces is not necessary to achieve
superhydrophobic wetting properties. As shown by the lotus leaf (section 4.1), Al,O3
sol-gel coatings (section 7.1), and ZnO sputtered coatings (section 7.2), nanorough
structures are suitable to realize superhydrophobicity.

7.3 Hydrophilic nanorough optical coatings

In the following, the results of a first attempt to extend the roughness structure
assessment based on the wetting parameter for hydrophobic wetting properties to
hydrophilic surfaces is presented. Furthermore, the novel wetting analysis methods
introduced in section 6.2 were utilized to characterize hydrophilicity.

These investigations aimed at supporting the process optimization concerning
structural properties for anti-fog behavior. At the same time, the correlations between
the process parameters, structural properties, and hydrophilic wettability were
investigated. For this purpose, the process parameters of four sample series with
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hydrophilic SiO, layers were systematically varied (see chapter 5). Finally, the light
scattering of selected samples is presented.

7.3.1 Structural properties and hydrophilicity

In the first series consisting of three samples, the withdrawal velocity (vgraw) Was
varied. The other process parameters (particle diamater: dparice = 20 Nnm, number of
dip iterations: Ngip = 10, particle concentration: Cparicie = 1% W/w) were kept constant
during the fabrication process.

The results of the AFM measurements and subsequent analysis (topography
images, rms roughnesses, PSD functions, and kg values) are given in Fig. 7.31, Fig.
7.32, Tab. 7.11, and Tab. 7.12.

50 nm

25 nm

0nm

Fig. 7.31: AFM topography images of SiO, coatings with varying withdrawal velocity (vgraw from left to
right: 1 mm/s, 2 mm/s, 3 mm/s). Scan area: 1x1 pmz.

Tab. 7.11: Rms roughness values of SiO, coatings with varying withdrawal velocity.

Vdraw o (nm)
sample 2 2 2
(mm/s) | 0.5x0.5 ym 1x1 ym 10x10 pm
S1 1 5.8 5.8 6.1
S2 2 8.2 9.8 4.7
S3 5 5.6 5.8 5.4
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s~ 1E+4 4
E ]
£
o 1E+2 5
(7] E
o
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Fig. 7.32: PSD functions of SiO; coatings with varying withdrawal velocity.
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Tab. 7.12: Wetting parameters of SiO, coatings with varying withdrawal velocity.

Vdraw kg in different spatial bandwidths
sample (mm/s) ] 1 1 -1
(1-10) um™ | (10-100) um™ | (100 - 1000) um™ | (1 - 1000) ym
$1 1 0.01 0.08 0.11 0.20
S2 2 0.01 0.09 0.13 0.23
S3 5 0.01 0.06 0.09 0.16

As for the hydrophobic ZnO coatings (section 7.2.1), the kg values listed in Tab. 7.12
confirm the statements of section 3.1: The high spatial frequency range
(10 um™ < f< 1000 uym™) represents the wetting-relevant range for coatings with
nanorough surface characteristics because of the negligible kz values for spatial
frequencies smaller than 10 um™. From now on, only the summarized kg value
(1 um™< f < 1000 pm™) will be used for the following discussion.

The topography images and quantities show that the roughness characteristics of all
samples slightly differ from each other: The PSDs as well as kg values increase from
sample S3 to sample S1 and from sample S1 to sample S2. A clear correlation to
Varaw Cannot be observed. It has however to be taken into consideration that the
differences in kg might be dominated by measurement uncertainty. The uncertainty of
the kg values amounts to < 0.05 depending on determination and combination of the
PSD functions from single measurements which are influenced by the surface quality
and measurement artifacts (cf. section 3.1).

The determination of the porosity F and layer thickness d according to the method
presented in section 3.4 leads to the following results:

e Sample S1:d =82 nm and F = 23%.
e Sample S2: d =69 nm and F = 6%.
e Sample S3:d=12nmand F =5 %.

Based on the theoretical aspects discussed in section 2.2 and the findings of section
4.1 that increasing surface roughness and porosity result in enhanced hydrophilic
wettability, the structural analysis results lead to the following expectation: The
samples fabricated by smaller withdrawal velocities are more promising concerning
optimal hydrophilicity than sample S3 fabricated with higher velocity (5 mm/s),
because of the higher surface roughness and porosity of samples S1 and S2
compared to the structural properties of sample S3.

The results of the CA measurements are depicted in Fig. 7.33 as a function of the
wetting time. In addition, for each sample, a function according to Eq. (6.1) was fitted
to the CA behavior using K and m as fit parameters.
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By comparing the fit parameters with the CA behavior, which are listed in Tab.
7.13, it becomes apparent that smaller K and m values are accompanied by stronger
hydrophilic wettability (smaller CA) and faster spreading, respectively.

As predicted, sample S3 with the lowest ky value, lowest layer thickness, and
lowest porosity exhibits the highest CA (0, and ©,,..,)- Furthermore, the most fogging
droplets (Narops) Within this samples series (see Fig. 7.34) occur for this surface
during the fogging experiment. The best wetting properties (small CA and less Ngrops)
were achieved for sample S1 with comparatively high kg and high F.
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10

—— sample S1 (vdraw = 1 mm/s)
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===+ power law for sample S1

==- power law for sample S3
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10 15
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Fig. 7.33: CA behavior as a function of the wetting time of SiO, sol-gel coatings with varying
withdrawal velocity.

Fig. 7.34: Fogging behavior at t = 10 s of SiO, coatings with varying withdrawal velocity.

Tab. 7.13: List of wetting analysis results of SiO, coatings with varying withdrawal velocity.

Vdraw CA behavior fogging behavior
sample -
(mmis) | 0y(°) | Omean (°) fit parameters Narops | trog (S)
S1 1 31 17 K =20; m=-0.11 27 37
S2 2 33 21 K =24; m=-0.07 35 36
S3 5 54 41 K =44; m=-0.04 171 28

The presented results indicate a first correlation: The withdrawal velocity directly

influences the layer thickness and thus the structural parameters effect the CA as
We" as Ndrops.
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For the second sample series of SiO, coatings with a varying number of dip iterations
(Ndip), Varaw is set to 1 mm/s, because the previous results indicate that the best
hydrophilicity is achieved with the smallest withdrawal velocity. For particle diameter
and particle concentration, the same parameters as for the first sample series were
chosen.

Beside the topography images of a scan area of 1x1 ym?, the topography images
of a 10x10 um? scan area are presented in Fig. 7.35 in order to examine the
homogeneity of the coatings. These images in the 10x10 ym? scan areas show a
dune-like roughness structure, especially for sample S6. This long correlated
inhomogeneities might lead to inhomogeneous wetting properties.

The rms roughness (Tab. 7.14) and PSD functions (Fig. 7.36) in a spatial
frequency range between 100 uym™ and 1000 um™ reveal that with increasing Ngj, the
roughness quantities decrease. The highest kg value is observed for sample S4,
which was fabricated through 5 dip iterations. Furthermore, the higher Ngj, the higher
is the layer thickness. Yet changes of Ngi, do not affect the porosity.

Based on these results, the question arises which structural parameter (surface
roughness or layer thickness) has a bigger influence on the wettability. The following
wetting analysis was performed to clarify this question.

100 nm

50 nm

0nm

10x10 pm* Jile 4 [ 10x10 ym? §

Fig. 7.35: AFM topography images of SiO;, coatings with varying number of dipping iteration (Ngjp
from S4 to S7: 5, 10, 15, 20). Scan area: 1x1 ym”and 10x10 um®.
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Fig. 7.36: PSD functions of SiO; coatings with varying number of dipping iteration.
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Tab. 7.14: List of structural analysis results of SiO, coatings with varying number of dipping iteration.

sample Naip 2 o (nm) 2 2 Kp d oF
0.5x0.5 ym 1x1 ym 10x10 pm (nm) | (%)

S4 5 11.2 9.4 17.0 0.24 | 49 41
S5 10 8.6 8.5 15.1 019 | 86 42
S6 15 7.8 8.2 24.3 0.19 | 136 48
S7 20 5.8 10.0 17.1 0.16 | 175 40

The results of the CA measurements (Fig. 7.37) and the fogging experiment (Fig.
7.38) show an excellent wetting behavior of sample S6 with 0,,.,, <4° and complete
as well as instantaneous wetting of condensing water. The other samples also exhibit
comparatively good hydrophilic wettability with just small differences between each
other (Tab. 7.15).

The results imply that with increasing Ngip, and related decreasing kg value, and
increasing layer thickness, the fogging behavior is improved. However, because of
the weak differences in the results, it is important to note that a robust correlation
between structural properties and wettability cannot be determined.

The observed fit parameter of the CA behavior listed in Tab. 7.15 confirm the
statement of Nonomura [176] who determined the fit parameter m =-0.3 for the
Tanner law in Eq. (6.1).
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Fig. 7.37: CA behavior as a function of the wetting time of SiO, coatings with varying number of
dipping iteration.

Fig. 7.38: Fogging behavior att = 10 s of SiO, coatings with varying number of dipping iteration.

Tab. 7.15: List of wetting analysis results of SiO, coatings with varying number of dipping iteration.

CA behavior fogging behavior
sample Naip -
0y () Omean (°) fit parameters Narops tiog (S)
S4 5 19 5 K =11, m=-0.30 2 47
S5 10 18 <4 K=7.7,m=-0.34 2 43
S6 15 18 <4 K =6.7;, m =-0.35 1 25
S7 20 19 19 K =8.8; m=-0.33 1 33

So far, the optimal hydrophilicity for SiO, coatings was realized through process
parameters of vgraw = 1 mm/s and Ngj, = 15. These parameters were, therefore, used
for the fabrication of the third sample series consisting of a particle diameter
variation. A preliminary study and published results in [49] (cf. section 4.2) yielded
that a particle diamater of > 70 nm results in unacceptable structural and hydrophilic
wetting properties (e.g. for dparticle = 100 NM: kg = 0.13, Ngrops = 128). Thus, only the
influence of particles up to a diameter of 50 nm was investigated with respect to
structural properties as well as wettability within this thesis.

As can be seen from the analysis results given in Fig. 7.39, Fig. 7.40, and Tab.
7.16, the higher the particle diameter the larger the roughness components in vertical
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and lateral dimension: The rms roughness and the PSD function of the samples S10
and S11 are higher than the rms roughness and PSDs of the samples S8 and S9.

The layer thicknesses and porosities of samples S10 and S11 could not be
estimated, because both samples exhibit particularly high scatter losses. Thus, the
modeled spectra could not be fitted to the measured transmittance and reflectance
spectra (cf. section 3.4). For this reason, an investigation of the correlation between
the process parameters, structural properties, and wettability is only partly feasible.

0 nm I 200 nm O nm M 200 nm O nm [T 200 nm 0 nm{ET 200 nm

Fig. 7.39: AFM topography images of SiO, coatings with varyin% particle diameter (dyarice from S8 to
S11: 5 nm, 15 nm, 35 nm, 50 nm). Scan area: 1x1 ym~.
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Fig. 7.40: PSD functions of SiO; coatings with varying particle diameter.
Tab. 7.16: List of structural analysis results of SiO, coatings with varying particle diameter.
dpartici o (nm) d F
sample paricie K
P (nm) | 0.5x0.5pym? | 1x1pm? | 10x10 pm? B | (nm) | (%)
S8 5 12.0 13.0 28.0 0.28 199 34
S9 15 3.9 3.9 5.1 0.11 119 20
S10 35 46.7 40.7 104.5 0.57 - -
S11 50 35.4 43.0 102.5 0.46 - -

The CA behavior in Fig. 7.41 and the fogging experiment images in Fig. 7.42 reveal
that the best hydrophilic wettability is reached for sample S10, which was fabricated
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using a SiO, particle diameter of 35 nm leading to the highest observed kg value:
Oean < 4°; The fit parameters K and m are the smallest in this sample series; In
addition, during the evaporation with steam, a continuous film of condensed water
was formed on the surface (Fig. 7.42), which dissolved after 10 s. Thus, this SiO,
coating can be denoted as anti-fogging according to the criteria introduced in section
6.2.3.
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Fig. 7.41: CA behavior as a function of the wetting time of SiO, coatings with varying particle
diameter.
.

Fig. 7.42: Fogging behavior att = 10 s of SiO, coatings with varying particle diameter.

Tab. 7.17: List of wetting analysis results of SiO, coatings with varying particle diameter.

dparticle CA behavior fogging behavior
sample S 5 -
(nm) 00 (°) | Omean (°) fit parameters Narops trog (S)
S8 5 31 14 K =20.5;m =-0.14 3 38
S9 15 34 8 K =28.5;m =-0.24 4 32
S$10 35 25 <4 K =8.5; m=-0.37 - 10
S11 50 23 <4 K=11.7;m=-0.27 4 41

With respect to possible correlation, the summarized results indicate that larger SiO,
particles lead to higher surface roughness and thus to smaller CA as well as to
improved fogging behavior. Nevertheless, this observation is only valid for particles
smaller than 50 nm (cf. section 3.4).
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Finally, the analysis results of three SiO, layers fabricated through varying particle
concentration (Cparticie) @nd constant dparticie = 35 NmM, Ngip = 15, and Vgraw = 1 mm/s are
presented below. The results include neither porosity nor layer thickness, because it
was not possible to achieve a meaningful adaptation of the modeled spectra on the
measured transmittance and reflectance spectra (cf. section 3.4).

The assessment of the topography images (Fig. 7.43) illustrates that the
investigated SiO, coatings possess comparable surface morphologies. Based on the
roughness analysis results, the best hydrophilic wettability is expected for sample
S13: This surface exhibits the highest PSD function (see Fig. 7.44) in the high spatial
frequency range as well as the highest ki value (see Tab. 7.18) within this sample
series.

150 nm

75 nm

Fig. 7.43: AFM topography images of SiO, coatings with varying particle concentration (Cpartice from
S12 to S14: 0.6% wiw, 1.0% w/w, 1.4% w/w). Scan area: 1x1 um?.
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Fig. 7.44: PSD functions of SiO, coatings with varying particle concentration.

Tab. 7.18: List of structural analysis results of SiO, coatings with varying particle concentration.

sample |  Cparticle g (nm) K
(% wiw) [ 0.5x0.5 pm? | 1x1pm? | 10x10 pm? B
S12 0.6 13.5 19.5 34.4 0.29
S13 1.0 20.8 22.1 37.3 0.35
S14 1.4 19.1 19.6 35.5 0.30
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The wetting analysis results listed in Tab. 7.19 prove that sample S13 with the
highest kg indeed yields the best hydrophilic wetting behavior within this sample
series: smallest CA, smallest fit parameter, and shortest fogging time.

Nevertheless, sample S13 fabricated under the same process conditions as
sample S10, does not exhibit a similar excellent wetting behavior: The measured CA
is higher than 10° and during the fogging experiment several droplets occur. The
reason is that the reproducibility of the structural properties of the samples was not
optimized for the first systematical investigation.

Tab. 7.19: List of wetting analysis results of SiO, coatings with varying particle concentration.

Conrti CA behavior fogging behavior
sample o particle
(%o wiw) | 00 (°) | Omean (°) fit parameters Narops | trog (S)
S$12 0.6 23 13 K =16.5;m =-0.13 10 30
S13 1.0 24 11 K =15.5;m=-0.15 10 29
S14 1.4 28 15 K =19.0;m=-0.12 10 36
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Fig. 7.45: Fogging behavior at t = 10 s of SiO, coatings with varying particle concentration.

An important conclusion of the first systematical investigation of the hydrophilic
surfaces using the kg method is that the wetting-relevant spatial frequency range of
nanorough hydrophilic SiO, coatings is located between 10 pm™ and 1000 um™ as
for the hydrophobic nanorough surfaces.

The observed correlations between the process parameters, structural properties,
and wetting behavior for each of the four sample series are summarized below:

* Decreasing withdrawal velocity leads to increasing layer thickness, which
results in decreasing CA and decreasing number of visible fogging droplets.

* Increasing number of dipping iterations leads to increasing surface roughness
resulting in improved fogging behavior. But, for this sample series, the
difference in the structural and wetting properties are rather small.

* Larger particles result in higher surface roughness, smaller CA, and improved
fogging behavior.

* For the sample series with varying particle concentration, the sample with the
highest ki value exhibits the best hydrophilic wetting.
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Nevertheless, it should be mentioned that it was not possible to completely separate
the structural properties (surface roughness, porosity, layer thickness) and hence the
respective effects on the functional properties within the framework of this thesis.
This means, the presented relationships are first results of a first study which have to
be substantiated with further investigations.

7.3.2 Optical properties

The scattering behavior influenced by surface roughness and probably by porosity is
of interest for the hydrophilic SiO, coatings with respect to the final sample
application, e.g. glasses, bathroom mirrors or shower cubicles. For this purpose,
three samples of the examined sample series were selected to determine the scatter
losses. Each of the three samples exhibits different structural properties, but similar
hydrophilic wetting behavior including sample S10 with anti-fog property.

Angle resolved light scattering measurements were performed at a wavelength of
532 nm using the instrumentation described in section 3.3. The results are shown in
Fig. 7.46.
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Fig. 7.46: Results of ARS measurements of bare glass substrate and SiO, sol-gel coatings.

From the ARS measurements, TS values (transmission direction) of 0.97% (sample
S6), 0.28% (sample S9), and 4.66% (sample S10) were determined. Thus, only the
scatter loss of sample S9 is close to the threshold of 0.22% for optical esthetic
requirements (cf. section 3.4). As presented in the previous section, this sample
shows the lowest surface roughness in the scatter-relevant spatial frequency range
and the lowest porosity of the three samples. The considerable difference of the
scatter losses between these samples results not only from the enhanced roughness,
but also from the increased porosity (sample S9: F = 20%, sample S6: F = 48%).
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7.3.3 Summary

In these first systematical investigations of hydrophilic surfaces aiming at anti-fog
behavior, structural as well as wetting properties were quantified by means of the
novel measurement and analysis methodology. For the first time, in contrast to the
most published findings, structural properties were comprehensively determined
through rms values and PSD functions as well as by porosity and layer thickness. As
described in chapter 4, only a few works reporting on hydrophilicity consider the
effect of surface roughness in detail and appropriately. Often, only qualitative
analysis by SEM is performed or the structural properties are not considered at all.
The same applies to wetting analysis: The fogging behavior is mainly only
qualitatively described in the literature [13, 110, 112, 113, 164]. In this thesis, the
acquired wetting analysis methods were used to quantify the CA and the fogging
behavior of SiO, layers.

By utilizing this characterization methodology, the basis for supporting the
fabrication process of anti-fog surfaces through SiO; layers was given. Furthermore,
a first investigation of the relations between the process parameters, structural
properties, and hydrophilic wettability were performed.

The general consideration of all analysis results presented in section 7.3.1,
independent of the sample series, leads to the conclusion that increasing porosity
causes a decreasing apparent CA. This trend is illustrated in Fig. 7.47 using a least
square fit of the determined data. Furthermore, the layer thickness influences the
wettability as well, although a complete separation from the porosity is not possible
yet.
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Fig. 7.47: Correlation between layer thickness and apparent CA as well as porosity and apparent CA
of all SiO, layers investigated within this thesis. The trends are illustrated using least
square fitting.
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Within this first systematical investigation of hydrophilic coatings, no distinct
correlation between the surface roughness and wettability could be observed.
However, as mentioned in the theoretical section 2.2, the results indicate that high
surface roughness related with high ky values has a positive effect on hydrophilicity.
For instance, an SiO, layer fabricated through certain process parameters
(dpartice =35 nmM,  Ngip =15, Vgraw =1 MM/S, Cpartice = 1% w/w) with the highest
observed kg value (0.57) yielded excellent hydrophilic properties and hence anti-fog
behavior as illustrated in Fig. 7.48.

L

Fig. 7.48: Fogging experiment: Bank note viewed through a glass plate with (half-side) hydrophilic
SiO; coating (left, uncoated; right, coated).

In addition to the roughness and wetting analysis, the total scatter of selected
hydrophilic surfaces was determined. Since none of these first samples exhibited
tolerable scatter as a result of rather high roughness and porosity, further
improvement is required.

Summarizing the findings of these first systematic investigations, it can be concluded
that the kg method established for hydrophobicity can be transferred to hydrophilic
surfaces. Nevertheless, it is necessary to confirm this conclusion through larger
statistical sample series. Furthermore, in case of hydrophilicity, the structural analysis
as part of the methodology has to be extended to porosity and thin film thickness.
Finally, the acquired wetting analysis methods (chapter 6.2) are suitable to
comprehensively characterize the hydrophilic wettability.

7.4 Hydrophobic and superhydrophobic microstructured surfaces

Microstructured aluminum surfaces were fabricated to achieve superhydrophobicity
(SH or SH). These engineering surfaces are analyzed with respect to surface
roughness and hydrophobicity using the measurement and analysis methodology
presented in the preceding sections. In this way, the suitability of this methodology
shall be proven for microrough surfaces as well.
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7 Results and discussion

The roughness analysis was performed by three different measurement techniques
to obtain roughness information within a large spatial frequency range and to identify
the wetting-relevant spatial frequencies. As explained in section 3.1, the AFM is used
for the high frequency roughness characterization, and the WLI or LSM for the
measurements in the mid spatial frequency range. Nevertheless, the following
roughness analysis results will show that not all measurement techniques are suited
to obtain evaluable topography data of each sample. The reasons for such failures
were partly already introduced in section 3.1 and will be further discussed for these
particular surfaces.

The rms values determined from the topography data and listed in Tab. 7.20
display that only the WLI was capable to determine the surface morphology in
several scan areas of all samples.

Tab. 7.20: Rms roughness of microrough Al surfaces.

o (um)
sample | 184x184 ym? | 698x523 pm? | 140x105 pm? | 70x53 pm* | 10x10 pm’
(LSM) (WLI) (WLI) (WLI) (AFM)
E1 - 1.31 1.31 0.75 0.15
E2 - 0.45 0.34 0.18 0.03
E3 10.1 14.3 9.88 7.55 -
E4 10.2 18.8 9.41 7.09 -

In the high spatial frequency range, the maximum vertical measuring range of the
AFM (<5 um) is smaller than the vertical dimension of the roughness structure of
samples E3 and E4 (cf. Fig. 7.49: peak-to-valley >30pum). Thus, AFM
measurements fail for both samples. In contrast, the surface characteristics of the
samples E1 and E2 are too smooth (rms <2 nm for scan area 184x184 pm?) to
receive consistent data from the LSM measurements (vertical resolution:
rms < 100 nm for scan area 184x184 pm?). Nevertheless, even for the WLI
measurements, missing data points illustrated as black areas in Fig. 7.49 appear at
steep roughness structures. These missing topography information negatively
influenced the PSD values. Consequently, the PSD functions and kg values were not
determined in entire investigated spatial frequency range for each sample, as shown
in Fig. 7.50 and Tab. 7.21.
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Fig. 7.49: WLI topography images of microrough Al surfaces. Scan area: 140x105 um?.
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Fig. 7.50: PSD functions of microrough Al surfaces.

Tab. 7.21: Wetting parameters of microrough aluminum surfaces.

kg in different spatial bandwidths
sample (0.01-0.1) (0.1-1) (1-10) (10-100) | (100 - 1000) | (0.01-10)
um’’ um’’ um’’ um’’ um’’ um’’
E1 0.02 0.11 0.1 0.12 0.18 0.24
E2 0.01 0.02 0.04 0.06 0.06 0.07
E3 0.15 0.45 0.05 - - 0.65
E4 0.15 0.43 0.05 - - 0.63

The kp values reveal that the wetting-relevant spatial frequency range of these
microrough  samples differs from that of the nanorough coatings
(10 um™ < f< 1000 ym™) investigated in the previous sections. For sample E1 and
sample E2, the contributions to the wetting parameter increase step by step with
higher spatial frequencies, but only within the uncertainty of the kg values (cf. section
7.3.1). For samples E3 and E4, the main contribution to kg occurs in the spatial
frequency range between 0.1 pm™ and 10 pm™.

For the following considerations, the fact of different wetting-relevant spatial
frequency ranges of all samples are ignored, for the sake of simplicity. The
contributions to kg are summarized only in the spatial frequency range between
0.01 um™ and 10 um™ to compare the roughness based kj; values. Based on these
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results, samples E3 and E4 with a kg value higher than 0.4 exceed the threshold,
superhydrophobicity becomes possible.

The wetting results given in Fig. 7.51 show that samples E1 and E2 are just
hydrophobic: Both surfaces exhibit a CA hysteresis = 80° and drops do not roll or
bounce off a tilted surface. In contrast, samples E3 and E4 exhibit a SH effect: The
0,., are around 140° combined with a low CA hysteresis of <20°. Thus, spherical
drops easily roll off a slightly tilted surface (a < 4°).

160
140
120
100
80
60
40
20

contact angle (°)

sample E1 sample E2 sample E3 sample E4

B advancing CA B receding CA B tilt base angle ‘

Fig. 7.51: Advancing CA, receding CA, tilt base angle, and bounce-off angle of microrough Al
surfaces.

It is important to note that SH can be observed for both samples with 0,., = 140°, but
not 0,., £ 150°, as by definition in section 6.1.3. This shows that the criteria for SH
and SH, should be handled rather flexible. Small CA hysteresis and the roll-off
behavior of water drops are more important for superhydrophobicity. This fact is also
mentioned in [36].

The correlation between kz and the wetting behavior (Fig. 7.52 on the next page)
reveals both wetting states: Homogeneous wetting can be found in the first part
(0 < kg < 0.3), which shows high 0,., but also high CA hysteresis. In this case, drops
stick on tilted samples (up to 90°). In the second part (kg > 0.6), heterogeneous
wetting is observed. Here 0, remained approximately unchanged, but the CA
hysteresis decreased significantly. In this regime, the samples exhibit low tilt base
angles (a < 20°).
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Fig. 7.52: Correlation between the kg value and the wetting results of the microrough Al surfaces.

The following conclusions can be drawn from the investigations of the microrough
aluminum surfaces:

* The measurement and analysis methodology developed for nanorough
surfaces can be used for microrough surfaces as well.

* The kp values of samples E1 and E2 do not exceed the threshold for SHy,
(xg > 0.3). The subsequent wetting analysis results confirm the prediction that
both samples are non-superhydrophobic.

* Samples E3 and E4 with a kg > 0.4 exhibit SH properties.
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Functional surfaces with specific wetting properties for high quality optical
components or mass products with esthetic requirements (e.g. easy to clean lenses
and mirrors, decorative glass, bathroom mirrors) are of tremendously increasing
interest. For instance, the reduced use of detergents and efficient manufacturing
process strategies constitute main keys for resource conservation and thus
concerning economical aspects as well. In particular, an effective realization of
superhydrophobic and hydrophilic wettability demands a thorough characterization of
structural, wetting, and optical properties. This thesis is hence focused on the
development of a comprehensive measurement and analysis methodology. This
comprises the selection, adaption, and extension of existing roughness and wetting
analysis methods as well as the achievement of novel methods with respect to
wetting systems with different stochastically rough surfaces and chemical properties.

The roughness characteristics of the samples were described by the root mean
square roughness and power spectral density (PSD) functions. Subsequently, the
wetting parameter kg was calculated from the PSD using a data reduction algorithm
developed during earlier investigations. The kg approach provides the opportunity to
analyze the roughness characteristics of stochastic surface structures with specific
wetting properties separated from their chemical conditions. In this thesis, it was
proven that the characterization of the high spatial frequency range
(10 ym™ < f <1000 um™) is sufficient to assess the roughness potential for optimal
hydrophobicity of nanorough surfaces using this approach. Therefore, roughness
measurements were performed by Atomic Force Microscopy (AFM) in this range. For
microstructured surfaces, the roughness had to be analyzed over a wider spatial
frequency range using a combination of AFM and White Light Interferometry or Laser
Scanning Microscopy.

For thorough wetting analysis of samples with various roughness characteristics
and intrinsic wettabilities, novel methods were developed: In the case of hydrophobic
surfaces with advancing contact angles 0,., > 140° and tilt base angles a > 20°, a
procedure based on the natural behavior of raindrops falling onto plant leaves was
introduced. The bounce-off angle (ay,,) was defined as the surface tilt angle at which
falling water drops (volume: 6 pl, height: 6 mm) bounce off without any residue.

For the drop spreading behavior of hydrophilic surfaces with apparent contact
angles 0,, < 20°, where advancing and receding contact angle (CA) measurements
fail, two characteristic CA were introduced using 0,, as a function of the wetting time
(tw): ©,p at ty =0 s and an averaged 0,, between t, of 10 s and 20 s. The fogging
properties were quantified through a new quantitative fogging experiment. During this
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experiment, the sample is exposed to water vapor and the recorded fogging behavior
is subsequently analyzed regarding the number of droplets and fogging time.

By means of the suggested wetting analysis methods, novel criteria for extreme
wettability were established. For superhydrophobicity, practical criteria (SHp:
0., = 140°, a,, <£40°) were introduced beside the definition of strict theoretical
criteria (SH: 0,.,, = 150°, small CA hysteresis, a < 20°). The term anti-fog was
defined through 6,, < 20° and the requirement that the condensing water wets the

surface completely and instantaneously.

For the validation of the developed measurement and analysis methodology, the
methods were applied to optical and engineering surfaces with different structural
and chemical properties. Simultaneously, the correlations between the roughness,
wettability, and optical properties were examined.

The investigation of hydrophobic samples with different roughness characteristics
revealed that kg thresholds of 0.3 and 0.4 are suitable as necessary criteria for SHp,
and SH, respectively. This is proven by the fact that the surfaces investigated in this
thesis with kp values smaller than these thresholds are not SH,, or SH. Moreover, the
desired self-cleaning effect could be observed for superhydrophobic surfaces,
independent of SHy or SH.

Furthermore, nanorough Al,O3 coatings with superhydrophobic wetting properties
combined with low light scattering (scatter loss < 0.1% in transmission direction) were
presented. For sputtered nanorough ZnO coatings, the manufacturing process was
essentially supported up to the realization of superhydrophobicity (e.g. for SHy:
0.ca =149°. «ap,, =30°) through utilization of the presented characterization
methodology. It was also shown that the achieved superhydrophobic effect of the
ZnO layers with a standard hydrophobic top layer was stable over several years if not
exposed to mechanical stress.

The application of the measurement and analysis methodology to Al,O3 sol-gel
coatings and ZnO sputtered coatings clearly demonstrated that nanorough, non-
hierarchical structures are suitable to realize superhydrophobicity. It was proven
specifically on the lotus leaf that only the nanostructure causes the
superhydrophobicity. The striking microstructure emphasized in the literature is rather
responsible for the mechanical stability than for the wettability.

In addition, the methodology was shown to be applicable for assessing
microstructured surfaces with respect to superhydrophobicity. Microrough aluminum
surfaces clearly exceeded the ky value of 0.4 and revealed SH properties.

First systematical investigations of hydrophilic surfaces aiming at anti-fog behavior
were performed to extend the roughness analysis methods to hydrophilic wetting
systems and to prove the suitability of the acquired hydrophilic wetting analysis
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methods. Therefore, the effect of varying process parameters (withdrawal velocity,
number of dipping iterations, particle diameter, particle concentration) on the
structural properties (roughness, porosity, layer thickness) and hence on the
hydrophilicity was examined using nanorough SiO sol-gel coatings.

It was demonstrated that the kg approach could be transferred to hydrophilic
surfaces. Simultaneously, the utilization of this approach led to the conclusion that
the wetting-relevant spatial frequency range of hydrophilic nanostructured surfaces is
identical with the relevant range (10 pym™ < f < 1000 um™) of hydrophobic nanorough
surfaces. The best hydrophilicity, i.e. excellent anti-fog behavior, within the
investigated samples was observed for the surface characteristics with the highest kg
value (0.57). However, not only the surface roughness influenced the hydrophilicity:
Increasing porosity caused decreasing apparent CA as well.

In summary, the results achieved within this thesis enabled the development of a
comprehensive measurement and analysis methodology applicable to various
wettings systems (e.g. nanorough or microrough, hydrophobic or hydrophilic). In
contrast to the common utilization of only qualitative methods or simple quantities
and definitions to solely assess the surfaces properties, the novel methodology
comprises robust quantitative roughness and wetting analysis methods as well as
reliable and practically relevant criteria for superhydrophobicity and anti-fog. Using
this characterization methodology, systematical investigations, suitable evaluation
and comparison of structural and wetting properties of different stochastically rough
surfaces as well as linking the functional properties with optical quality have become
possible. This thorough methodology constitutes the basis for supporting an effective
fabrication of the desired wetting behavior compared to the predominant trial-and-
error manufacturing processes which are usually found in the literature.

The findings of this thesis also opened up new issues which should be addressed in
future studies. They mainly concern the further development of the bouncing and
fogging experiments. For this purpose, additional test series using varying
parameters (e.g. drop velocity, drop volume for bouncing experiment or humidity,
temperature for fogging experiment) should be examined. Furthermore, observation
of the drop shape behavior during the impact of the drop onto the surface with a high-
speed camera could be of interest. The structural analysis methods should be
extended by the parameter porosity analogously to the kg approach.

For superhydrophobicity, the contradictory effect of required surface roughness
and mechanical stability should be systematically studied for a correlation between
both properties. The observed results of the hydrophilic surfaces aimed at anti-
fogging could be confirmed and extended by investigating additional sample series.
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Kurzfassung

Funktionale Oberflachen mit einstellbaren Benetzungseigenschaften sind von
enormem Interesse fur hochwertige optische Komponenten sowie fur
Massenprodukte mit asthetischen Anforderungen (z.B. easy-to-clean Brillenglaser,
Fenster- und Schmuckglas oder beschlagfreie Visiere und Badezimmerspiegel).

Gegenstand der vorliegenden Arbeit war die Entwicklung einer Mess- und
Auswertemethodologie  zur  komplexen  Charakterisierung  der  Struktur-
Eigenschaftsbeziehung hydrophober und hydrophiler Funktionsflachen bis hin zur
Superhydrophobie und zu Anti-Beschlageffekten. Dazu wurden bestehende
Verfahren der Rauheits- und Benetzungsanalyse hinsichtlich ihrer Eignung fur
Benetzungssysteme mit unterschiedlich stochastisch rauen Oberflachen und
intrinsischen Materialeigenschaften ausgewahlt, angepasst und um neu erarbeitete
Methoden erweitert.

Die Beschreibung der Rauheitscharakteristik der Proben erfolgte Uber spektrale
Leistungsdichtefunktionen (PSD). Aus diesen Funktionen wurde mittels eines bereits
vorhandenen Datenreduktionsalgorithmus der Benetzungsparameter kg abgeleitet,
welcher die Bewertung der Struktureignung getrennt von den intrinsischen
Benetzungseigenschaften der Oberflachen ermoglicht. Mit Hilfe dieser kz-Methode
konnte in der Arbeit gezeigt werden, dass fur nanoraue Oberflachen der
hochfrequente Ortsfrequenzbereich (10 um™ <f< 1000 pm™) zur vollstandigen
Bestimmung der benetzungsrelevanten Rauheitscharakteristik ausreicht. Die
Rauheitsmessungen erfolgten dabei durch Rasterkraftmikroskopie (AFM). Bei
mikrostrukturierten Oberflachen war es erforderlich, die Rauheitsinformationen Uber
einen breiteren Spektralbereich zu bestimmen. Dazu wurden die Messverfahren AFM
und Weililichtinterferometrie bzw. Laser-Scanning-Mikroskopie kombiniert.

Die  Benetzungsanalyse von hydrophoben Oberflachen mit hohen
Fortschreitekontaktwinkeln (0,., > 140°), bei denen Tropfen bei Probenneigung eher
haften oder bestenfalls abgleiten, wurde um Abperlexperimente erweitert. Dabei wird
ein Wassertropfen (V =6 pl) aus einer Hohe von 6 mm auf eine um maximal 40°
geneigte Oberflache fallen gelassen und ein Abperlwinkel a;, definiert. Dieser ist der
minimale Neigungswinkel, bei dem Tropfen von der Oberflache ruckstandslos
abperlen. Bei Oberflachen mit stark ausgepragter Hydrophilie (makroskopisch
sichtbarer ~ Kontaktwinkel ©,, < 20°) erfolgte die Beschreibung der
Benetzungseigenschaften Uber ©,, eines Tropfens mit konstantem Volumen in
Abhangigkeit von der Benetzungszeit und der anschlieRenden Ermittlung zweier
charakteristischer Kontaktwinkel (KW): ©,,, der sich beim ersten Kontakt zwischen



Tropfen und Oberflachen einstellt, sowie ein gemittelter ®,, zwischen 10 s und 20 s.
Zur Quantifizierung der Beschlageigenschaften wurde erstmalig ein neuartiges
Beschlagexperiment  eingefuhrt. Wahrend dieses Experimentes wird die
Probenoberflache fur 30s Wasserdampf ausgesetzt und das dokumentierte
Beschlagverhalten hinsichtlich der Beschlagzeit und Tropfchenanzahl ausgewertet.
Basierend auf den vorgestellten Methoden der Benetzungsanalyse erfolgte die
EinfGhrung neuer Benetzungskriterien. Neben der strengen theoretischen Definition

der Superhydrophobie (SH: 0,., = 150°, kleine KW-Hysterese, Abrollwinkel a < 20°)

wurden praktische Superhydrophobiekriterien (SHp: 0, 2 140°, a,, < 40°)
erarbeitet. Als Kriterium fur beschlagfreie Oberflachen eignet sich 0,, < 20° in
Kombination mit einer vollstandigen und sofortigen Benetzung der Oberflache mit
kondensierendem Wasser.

Zur Validierung der vorgestellten Methodologie wurden die einzelnen Verfahren auf
optische und technische Oberflachen mit unterschiedlichen strukturellen und
chemischen Eigenschaften angewandt. Gleichzeitig erfolgte die Untersuchung der
Zusammenhange zwischen Rauheit, Benetzung und optischen Eigenschaften.

Die im Rahmen dieser Arbeit durchgefuhrten Rauheits- und Benetzungsanalysen
an Proben mit unterschiedlichsten Rauheitscharakteristiken zeigten, dass kg-Werte
von 0,3 bzw. 0,4 belastbare notwendige Kriterien fur SH,. bzw. SH darstellen. Ein
Beleg dafur ist, dass sich bei keiner der untersuchten Oberflachen mit kg unterhalb
dieser Schwellwerte SH, oder SH eingestellt hat. Zudem wurde bei den
superhydrophoben Oberflachen, unabhangig ob SH,, oder SH, der gewunschte
Selbstreinigungseffekt beobachtet.

Weiterhin ergab sich, dass Superhydrophobie kombiniert mit geringen
Streuverlusten (< 0,1% in Transmission) durch nanoraue Al,Os-Sol-Gel-Schichten
erreichbar ist. Im Falle von gesputterten nanorauen ZnO-Schichten konnte der
Herstellungsprozess bis hin zur Realisierung von  superhydrophoben
Benetzungseigenschaften (Bsp. fur SHy:: 0,0, = 149°, a,, = 30°) Uber die vorgestellte
Methodologie essentiell unterstutzt werden.

Die Untersuchungen an Al;O3- und ZnO-Schichten fuhrten auflerdem zu der
Schlussfolgerung, dass zum Erreichen von superhydrophobem Benetzungsverhalten
nanoraue, nicht hierarchische Oberflachenstrukturen geeignet sind. Insbesondere
beim Lotus-Blatt wurde nachgewiesen, dass die Superhydrophobie allein durch die
Nanostruktur erzeugt wird und, im Gegensatz zur in der Literatur vorherrschenden
Meinung, die markante Mikrostruktur eher fur die mechanische Stabilitat
verantwortlich ist.

Weiterhin lie3 sich die xg-Methode zur Strukturbewertung bei hydrophoben
nanorauen Benetzungssystemen auf hydrophobe mikrostrukturierte Oberflachen



sowie auf hydrophile Benetzungssysteme Ubertragen. Letzteres zeigte sich bei
ersten systematischen Untersuchungen an hydrophilen SiO,-Sol-Gel-Schichten.
Mittels der neu eingefluhrten Analysemethoden wurde der Einfluss variierender
Schichtherstellungsparameter auf die strukturellen und damit auf die
Benetzungseigenschaften untersucht. Das beste Benetzungsverhalten und
gleichzeitig ein  ausgezeichneter  Anti-Beschlag-Effekt konnte fur die
Oberflachencharakteristik mit dem hochsten kg-Wert (0,57) beobachtet werden.
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