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Abstract: Optical surfaces equipped with specific func-
tional properties have attracted increasing importance
over the last decades. In the light of cost reduction, hydro-
phobic self-cleaning behavior is aspired. On the other side,
hydrophilic properties are interesting due to their anti-fog
effect. It has become well known that such wetting states
are significantly affected by the surface morphology. For
optical surfaces, however, this fact poses a problem, as
surface roughness can induce light scattering. The genera-
tion of optical surfaces with specific wetting properties,
hence, requires a profound understanding of the relation
between the wetting and the structural surface properties.
Thus, our work concentrates on a reliable acquisition of
roughness data over a wide spatial frequency range as
well as on the comprehensive description of the wetting
states, which is needed for the establishment of such cor-
relations. We will present our advanced wetting analysis
for nanorough optical surfaces, extended by a vibration-
based procedure, which is mainly for understanding and
tailoring the wetting behavior of various solid-liquid sys-
tems in research and industry. Utilizing the relationships
between surface roughness and wetting, it will be dem-
onstrated how different wetting states for hydrophobic-
ity and hydrophilicity can be realized on optical surfaces
with minimized scatter losses.
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1 Introduction

The wetting behavior of surfaces is of enormous impor-
tance for many applications, which is evident by the
increased research on, e.g. hydrophobic and oleophobic
surfaces [1-3], anti-fog coatings [4, 5], as well as anti-icing
properties [6-8]. In particular, optical components with
extreme wetting behavior have attracted rapidly growing
interest over the last decades. Glass surfaces, e.g. with
superhydrophobic — severely water repelling — proper-
ties are in great focus, as the related effect of self-cleaning
significantly decreases their maintenance costs. Similar
raising interest has also been expressed for oleophobic
— oil-repelling — optical surfaces, especially in the indus-
try sector for optical underwater sensors. However, each
application demands specially tailored wetting proper-
ties. The precise adjustment of the desired wetting behav-
ior of optical surfaces, therefore, presupposes a profound
understanding of the wetting processes in relation to their
structural and optical surface properties.

In general, surface wetting is described by three
involved phases: the solid, the liquid, and the sur-
rounding fluid. The main parameter is the angle formed
between the liquid drop and the solid surface, the so-
called contact angle (CA) [9]. For a given system, there are
two key mechanisms to tailor the CA: first, the chemical
aspect with the change in the surface free energy of the
solid; second, the morphological aspect, which requires
an increase in the surface roughness [10-12]. For the for-
mation of extreme wetting properties (e.g. superhydro-
phobicity), modification of surface chemistry must always
be combined with surface roughness enhancement. Note
that even a material with the lowest surface free energy,
defined by regularly aligned closest-hexagonal-packed
CF, groups provides water CAs of only 120° if the surface
is smooth [13]. The enhancement of the predominant
wetting state by surface roughness bases theoretically on
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well-established models [14, 15]. In practice, this assumes
knowledge about the wetting relevant surface roughness
and an applicable technology to generate this specific
surface structure.

However, in view of optical surfaces, roughness struc-
tures, although needed for the extreme wetting behavior,
can also become a critical point for the optical quality as
they increase light scattering [16, 17]. This contradiction
in the requirements on using rough structures to gener-
ate functionality and low roughness to maintain low
scattering can only be solved by tailoring the roughness
spectrum in the relevant spatial frequency region. A now-
aday-proven strategy is to shift the roughness structures
to the nanoscale. A large number of papers have been
published dealing with nanorough transparent coatings,
especially with superhydrophobic properties [18-20]. In
spite of enormous research, variations in the CA tailored
to the specific application are not provided.

Our work, therefore, addresses the specific adjust-
ment of the wetting behavior of optical surfaces with
minimized light scattering through adjustable surface
roughness. This implies, in particular, a throughout char-
acterization of the structural surface properties within the
application-relevant spatial frequency range using power
spectral density functions as well as tailored wetting char-
acterization methods orientated toward the predominant
wetting state. We will present our practice-oriented meth-
odology for wetting analysis extended by an advanced
vibration-based procedure, which allows a more precise
connection of roughness and wetting data to adjust and
predict the wetting properties for optical surfaces. Uti-
lizing these methods enables the generation of surfaces
with defined wetting properties and minimized light scat-
tering at the same time. The methodology will be verified
utilizing model coatings on glass surfaces with adjustable
nanoroughness.

2 Basics and experimental

2.1 Wetting

The wetting behavior of real solid surfaces is generally
dominated by two factors: the surface free energy and
the morphology of the surface. For ideal surfaces, the CA
depends only on the surface tensions at the solid-air (y,),
solid-liquid (y,), and liquid-air (y, ) interface [21]:

cos6, = Ya™¥a
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)
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Utilizing this theoretical fundamental, wetting can be clas-
sified into two general states: in the case of hydrophilic-
ity, water-attracting behavior, the so-called Young-CA 6, is
defined lower than 90°. For hydrophobicity, water-repelling
behavior, holds 6,>90°. However, the Young-CA, describes
wetting on a non-reactive, homogeneous, and smooth
surface. Nevertheless, surfaces of technical interest are
defined by surface roughness, which leads, e.g. for a liquid
droplet thermodynamically to multiple energy minima in
contrast to ideal surfaces with one global minimum, as
discussed in Ref. [9] and outlined in Section 3.3. This range
of metastable states is defined by the CA hysteresis and is
limited by the highest, specified as the advancing CA (ACA),
and the lowest observable, the so-called receding CA (RCA).
The metastable states are separated by discrete energy bar-
riers, which need to be overcome to reach the most stable
state of the wetting system.

Theoretically, the relation between surface roughness
and the CA is described by two classical models of Wenzel
or Cassie-Baxter [14, 15]. Based, e.g. on the assumption
that the liquid is completely covering the solid surface,
the Wenzel regime is applied [14]:

cos@,, =rcos6, , 2)

where the Wenzel CA 6, describes the most stable CA
(MSCA) and r the roughness ratio, defined as the ratio
between the actual and projected surface area. The main
factor, controlling the wetting is, hence, the surface
roughness.

2.2 Roughness measurement and analysis

The assessment of roughness information within a wide
range of surface structures was based on the combination of
different roughness measurement techniques. In this paper,
roughness analysis in the high spatial frequency range (f>1
um™) was performed using a Dimension Icon Atomic Force
Microscope (AFM) from Bruker (Santa Barbara, CA, USA).
The AFM was operated in tapping mode utilizing single
crystalline Si probes with a nominal tip radius of 7 nm. The
roughness data were complemented by white light interfer-
ometry (WLI) analysis in the mid-spatial frequency range
(0.001 um™ <f<1um™) using the NewView7300 instrument
from ZygoLOT Europe GmbH (Dramstadt, Germany). The
data was analyzed utilizing power spectral density (PSD)
functions. PSDs represent the power of different roughness
components as a function of the spatial frequencies £, fy
within the measurement area L2 [22]:

1
PSD(f , fy)=}g§§|FT [z(x,y)]I7 . 3)
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Figure 1: Vibration-based CA measurement setup (left); illustrated measurement procedure (right).

In the case of isotropic surfaces, such as stochastic
nanostructures, azimuthal averaging in polar coordi-
nates can be performed to calculate the 2D-isotropic
PSD(f). Using this function, the bandwidth-limited rms-
roughness, as presented in the following equation, was
calculated [22]:

rms= 27:‘.’:"7“ fPSD(f)df. (4)

2.3 Wetting measurement and analysis

For the analysis of the wetting properties, the CA measure-
ment system OCA20 from DataPhysics GmbH (Filderstadt,
Germany) was used. As introduced in Section 2.1, real solid
surfaces are characterized by a wide range of metastable
CAs. To cover this spectrum, the observation of the ACA
and RCA is indispensable. The measurement procedure
is based on the deposition of a drop on the solid surface
with the needle-in method. ACA and RCA are detected by
varying the drop volume and observation of advancing
and receding of the drop at the three-phase contact line
(for a detailed description, see Ref. [23]). Furthermore,
considering hydrophobic surfaces, knowledge of the
slide-off and roll-off behavior of the liquid drops is a main
characterization factor. For this propose, the minimum tilt
angle o of the surface, which causes a drop, placed on the
surface, to start sliding or rolling off, was determined [24].
In the case of no presence of sliding or rolling behavior,
which holds true, in particular, for high CA hysteresis,
the bounce-off angle was determined. This angle is tan-
tamount to the angle of the tilted surfaces from which a
drop can jump-off when falling from a certain height [24].

However, thermodynamically most meaningful is
the CA that occurs when the system reaches its global
minimum. In contrast to ACA and RCA, this MSCA is

closely related to the surface free energy of the solid [23,
25]. Thus, we established an advanced methodology to
determine the MSCA using the mechanical vibration
of sessile drops, starting from the metastable ACA and
RCA states. The specific setup is illustrated in Figure 1
(left).

The system consists of a loudspeaker with an ampli-
fier, which we have integrated in the CA measurement
system OCA20. An oscilloscope was used to monitor the
voltage of the input vibration. In this setup, the investi-
gated surfaces were placed horizontally in the center of
the loudspeaker. The applied water drops (volume: 50 pl)
were then vibrated with a frequency-modulated sine wave
signal, while the vibration amplitude was quantified from
the side-view with the camera system. The measurements
started at the ACA or RCA state, whereby the vertical
vibration amplitude was gradually increased from O mm
to 0.2 mm with the aim to overcome the individual energy
barriers between the metastable states of the CA (see
Figure 1, right). In addition to the side-view observation of
the drops, top-view images were made to ensure that the
drops are axisymmetric.

However, the presented methods are not applicable to
hydrophilic surfaces due to the vanishing RCA and, conse-
quently, the reduced contrast between the drop, surface,
and environment. Therefore, for hydrophilic surfaces, the
CA was characterized by determination of the apparent
CA as a function of the wetting time t [24].

2.4 Light-scattering measurements

To verify the aspired minimized light scattering of the
optical surfaces, measurements were performed with
the table top light scatterometer Albatross-TT developed
at Fraunhofer IOF (Jena, Germany) [26]. The wavelength
was chosen to be 640 nm as it is relevant for visible light
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Figure 2: AFM images (scan area: 1x1um?2) for samples #A to #D and corresponding wetting behavior for samples #A and #D in the case of
hydrophilicity (CA for t=2.5 s) and hydrophobicity — after application of a thin hydrophobic top layer (ACA).

applications. In the measurement regime, the angle
resolved scattering (ARS) [16, 27], defined as the scattered
power into a certain solid angle normalized to that solid
angle and to the incident light power, was recorded within
the transmission hemisphere at an angle of incidence of
0°. By integration of the ARS data, the total scatter (TS)
was calculated as well [28]:

TS=2r|  ARS(6)sin0 de.. )

2.5 Samples

To demonstrate the adjustment of defined wetting states
by surface roughness, nanorough model coatings on glass
were generated. Sol-gel processes in combination with dip
coating were chosen, as both processes allow a quite easy
and flexible adjustment of the deposition parameters [29].
The coatings were based on ALO, films deposited on
borosilicate glass substrates. The roughness of the thin
films was adjustable through changing the dip-coating
process parameters and a further thermal treatment of the
samples. Applying an additional thin perfluorpolyether
top layer Duralon UltraTec from Cotec GmbH (Karlstein a.
Main, Germany) by dip-coating turned the intrinsic hydro-
philic ALO, material into a hydrophobic surface.

3 Results and discussion

3.1 Graded surface roughness and light
scattering

In Figure 2, AFM topographies of the ALO, coatings on
glass substrates are depicted together with the corre-
sponding rms-roughness values. As intended, a growth
of the nanostructures from sample #A to #D is particu-
larly present. The increased surface nanoroughness was
realized by well-defined manufacturing parameters. All
samples, except the smoothest sample #A, exhibit the
flower-like surface characteristic, which is typical for the
Al0, coatings [30]. However, the rough structure is only
dominant in the high spatial frequency range, as illus-
trated in Figure 3, presenting the combined PSD functions
of AFM and WLI measurements. Within the PSD diagram,
the most significant part of the thin film roughness evolu-
tion is located at spatial frequencies ranging from 1 um
to 1000 um™, whereas almost identical PSD functions at
frequencies lower than f<0.07 um™ indicate an almost
perfect replication of the substrate roughness.

Using Eq. (4), the rms-roughness was calculated in the
mid-spatial frequency and in the high-spatial frequency
ranges. The mid-spatial frequency range is retrieved from
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Figure 3: PSD functions for samples #A to #D in comparison to the
PSD function of the glass substrate and rms-roughness values in the
high- and mid-spatial frequency range.

the correlation between the ARS and the roughness spec-
trum PSD [16, 17]:

ARS(6,) =QPSD(f), (6)

where the optical factor Q contains information about the
illumination and observation conditions as well as mate-
rial properties. Within this equation, the spatial frequen-
cies and the scattering angles 0_ are related through the
grating equation [16]:

sin@
f=— @)
For an illumination wavelength of 640 nm and scattering
angles between 2° and 85°, the relevant spatial frequen-
cies for normal incidence, consequently, range between
0.05 um™ and 1.56 pm™. However, the high spatial fre-
quency range between 10 um™ and 1000 um™ has been
shown in previous works as to be wetting relevant for
nanorough optical coatings [31]. The results are pre-
sented in Figure 3 as well. The data confirm the statement
that the most significant part of the increased thin film
roughness is located in the high, i.e. wetting relevant,
spatial frequency part. Consequently, light scattering is
not significantly affected by that increased nanorough-
ness. Selected ARS data are shown in Figure 4. The cal-
culated TS values in accordance with Eq. (5) underline
these results: even the roughest sample #D reveals only
slightly higher TS values compared to the glass substrate
surface.

This precise spatial adjustment of the surface rough-
ness, hence, facilitates both the realization of the rough-
ness needed to achieve the desired wetting behavior, as
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Figure 4: ARS measurement for samples #A to #D in comparison
to the ARS measurement of the glass substrate and calculated TS
values.

will be illustrated in the following section, and a reduc-
tion of roughness-induced light scattering by shifting the
roughness components into the high spatial frequency
range.

3.2 Hydrophilic and hydrophobic surface
properties

As revealed in Figure 2, the defined wetting proper-
ties of optical surfaces can be dominated by the surface
nanoroughness. Increasing the roughness corresponds
to increased effects of the predominant wetting states,
as introduced in the theoretical models in Section 2.1.
Regarding the pure ALO, coatings with high surface free
energy (8, <90°), surface roughness results in decreasing
CAs from samples #A to #D. Sample #D, defined by a high
aspect ratio of the structures, shows CAs even lower than
5° within only a few seconds of wetting. This behavior can
be correlated to superhydrophilicity. Table 1 summarizes
the achieved wetting properties. The results demonstrate

Table 1: Wetting behavior of samples #A to #D.

Sample #A #B #C #D
CA(t=05) 65° 37° 18° 14°
CA(2.5s<t<105) 64° 36° 6° 4°
ACA/RCA 111°/96° 120°/92° 154°/83° 154°/145°
o 28° 28° 59° 3°

CA as a function of the wetting time for hydrophilic coatings; ACA,
RCA, and roll-off angle for coatings after applying an additional thin
hydrophobic top layer.
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that the CA is adjustable between 64° and complete
wetting with CAs <5°.

However, in the case of surfaces with low surface free

energy, defined by 6,>90°, the increased nanoroughness
results in increased CAs, ACA and RCA, respectively (see
Figure 2). For sample, #D the CA hysteresis, calculated by
the subtraction of ACA and RCA, is decreased to as low
as 10° (cf. Table 1). This means that increased roughness
reduces the range of metastable CAs in comparison to
moderate rough surfaces. This behavior can be explained
by the transition from the Wenzel wetting state, where the
drop completely covers the solid surface (samples #A to
#C), to the Cassie-Baxter state (sample #D), which is char-
acterized by air trapped between the drop and the solid
surface [14, 15, 23]. Utilizing these nanorough coatings on
optical components, the ACA can be adjusted between 111°
and 154°. Furthermore, the roll- and slide-off behavior is
controlled by the surface structures. Whereas on samples
#A to #C the drops tend to stick on the surface, sample
#D reveals very low roll-off angles of 3°, confirming the
reduced interface between the drop and the solid surface
due to the heterogeneous wetting state. Hence, sample #D
can be classified as superhydrophobic in accordance to
Ref. [32]. However, some practical applications of optical
surfaces do not require such extreme wetting properties.
In cases where kinetic energy plays an additional role,
exemplarily in case of moving optics, roughness struc-
tures like those of sample #C are sufficient to achieve self-
cleaning properties [33]. Here, low bounce-off angles of
20° lead to a removal of the contaminations by minimized
adhesion forces of the particles to the surface compared
to the drop.
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3.3 Most stable contact angle

In the previous section, it has been demonstrated that the
adjustment of hydrophilicity or hydrophobicity for optical
applications is based on adjustable surface roughness
in the nanorange. Using theoretical models or empirical
relationships between the contact angles and the rough-
ness spectrum, as exemplarily described in Refs. [32,
34, 35], allows a precise prediction and generation of
surfaces with defined wetting properties. This establish-
ment of relations between the CA and the surface rough-
ness, however, necessitates a reliable characterization of
the wetting properties. In general, ACA and RCA are an
appropriate approach, as they cover the whole spectrum
of observable CAs. However, a more precise characteri-
zation bases on the determination of the MSCA, as it is
defined by the global minimum in the Gibbs energy curve,
depicted in Figure 5 (left). Utilizing Eq. (2) in combination
with the roughness spectrum of the surface, the MSCA can
be related to the Young-CA and provides insight into the
surface free energy [9].

The measurement of this CA is extremely challenging
because the energy barrier between the metastable states
has to be overcome. In the literature, several approaches
were suggested to calculate or measure the MSCA (see, e.g.
Refs. [36] and [37] and overview in Refs. [38] and [39]). The
direct estimation of the MSCA bases, in general, on sup-
plying energy to the wetting system in the form of vibra-
tion. Here, different conditions are used in reaching the
MSCA. In Ref. [37], exemplarily, it is assumed that the drop
is axisymmetric if the global minimum is reached, observ-
ing the drops from the top-view. For this investigation, the

155
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Figure 5: Gibbs free energy curve (left); CA as a function of vibration amplitude for a nanorough Al,0, sample with hydrophobic top

layer (right).
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authors used rough glass samples with roughness values
in the micrometer range. Prevalent for these investiga-
tions are, however, polymer samples also with roughness
values up to microns (see, e.g. Ref. [40]).

Unlike this, we established a procedure for direct
measurement of the MSCA on nanorough surfaces using
vibrations. The measurements are based on the ACA/RCA
method with investigation of the CA from the side-view.
The results of this experimental procedure are presented
on a nonorough ALO, sample with an additional hydro-
phobic top layer. As seen in Figure 5 (right), starting from
the ACA (CA =154°), the increased vertical vibration ampli-
tude from 0 mm to 0.2 mm allows the drop to overcome
the energy barriers between separate metastable states. In
accordance to the Gibbs energy curve (see Figure 5, left),
the CA decreases starting from the ACA state. In case of
RCA (CA=127°), the CA increases when applying energy
in the form of vibrations. The MSCA was finally defined
as the CA that remained unchanged after further increase
in the vibration amplitude (CA=144°). The experiments
showed that a vibration frequency of 30 Hz is optimal for
nanorough optical coatings. In this case, a vibration time
of 90 s is sufficient to reach a further metastable state. It
was assumed that higher frequencies will have a positive
impact on the transition between the individual metasta-
ble states. However, we observed that the standard devia-
tion of the values was significantly increased at higher
frequencies. This was caused by the irregular drop shape,
which was monitored by the top-view camera.

However, Marmur et al. reported in Ref. [23] that the
CA measured after vibration does not necessarily corre-
spond to the global minimum of the Gibbs energy curve.
Nevertheless, the obtained CA is more precise than the
ACA and RCA values and, hence, provides a more reliable
characterization of the wetting system.

4 Summary

The presented study addressed the tailored hydrophobic
and hydrophilic wetting properties on optical surfaces. A
methodology of precise characterization of roughness and
wetting was demonstrated, which constitutes the basis for
the establishment of reliable correlations between these
surface properties. It was shown that wide-scale rough-
ness analysis using power spectral density functions is
essential for a harmonized adjustment of the wetting and
optical properties. For a complete description of hydro-
phobic surfaces, the determination of the advancing and
receding contact angles in combination with the roll-off
and bounce-off behavior was presented. Additionally, an
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advanced vibration-based method for the estimation of the
most stable contact angle was introduced. It was shown
that the roughness-induced energy barriers between the
metastable contact angles on nanorough optical surfaces
can be overcome by vertical vibration with a frequency
of 30 Hz and an amplitude of about 0.1 mm. In combina-
tion with the measured surface roughness spectrum, this
parameter can even be correlated to the intrinsic material
properties of the surface. Altogether, the presented meth-
odology provides a reliable basis for analyzing, under-
standing, and finally tailoring the wetting behavior of
optical components. Nanorough Al O, sol-gel model coat-
ings were used to validate the procedure and to demon-
strate the ability to precisely adjust the hydrophilicity and
hydrophobicity of surfaces while maintaining low scatter
losses. As to the hydrophobic case, advancing contact
angles between 111° and 154°, i.e. even superhydrophobic
behavior, could be realized.

Acknowledgments: We gratefully acknowledge the con-
tributions of Daniel Nebule Gurevich (Technion/Israel)
and Anne-Sophie-Munser (Fraunhofer IOF) to these
investigations.
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