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Abstract:

The motivation of this project was to fabri-
cate a superhydrophobic surface utilizing silicon
dioxide as substrate. A double layer of sili-
con dioxide nanoparticles (SNPs) with mean di-
ameters of 22 nm will be utilized to obtain
sufficient roughness, and trichloro(1H,1H,2H,2H-
perfluorooctyl)silane (PFOTS) will be utilized as a
surface free energy lowering chemical. SNPs were
characterized by atomic force microscopy (AFM), re-
vealing the highest count of particle diameters at 15
- 30 nm, and wafers were prepared by ultrasonic and
ozone cleaning. Three types of wafers were prepared.
Wafers were coated with a monolayer of PFOTS de-
posited by chemical vapour deposition, double coat-
ing of SNPs, and a double coating of SNPs coated
with a monolayer of PFOTS, respectively. Each de-
position step was characterised by AFM and contact
angle (CA) measurements. Furthermore, it was de-
cided to expose the deposited SNPs to ozone in or-
der to compensate for inconsistent CAs. Ultimately,
deposition of SNPs increased hydrophilic character-
istics of the silicon dioxide wafers, and deposition of
PFOTS significantly increased hydrophobic charac-
teristics of the wafers. The combination of SNPs and
PFOTS resulted in highly hydrophobic properties of
the wafers, but not superhydrophobic as intended.
The resultant CAs were 130.10° - 139.29°, which was
a significant increase compared to those with only

PFOTS.
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Preface

This project is written by group 4.205 consisting of fifth semester Nanotechnology students of Aalborg
University from September 2" to January 4. Lector Peter Fojan and Lector Leonid Gurevich are
the primary supervisors. The topic of this project is fabrication of nanostructures. This project will
concern artificial superhydrophobic surfaces created through surface modifications.

This project will introduce the topic of superhydrophobicity. Furthermore, it includes a State of the
Art chapter, which concerns the current production and application of superhydrophobic surfaces.
The project includes theoretical chapters describing superhydrophobicity, introduction of PFOTS, and
cleaning of wafers. A description of the experiments and results will follow, leading to a discussion and
conclusion of the experiments according to relevant theory.

Throughout this project, each chapter and section will have numbered titles. Furthermore, all figures,
significant equations, and tables will be numbered. The reference system applied is the numerical
system and every reference is then represented by a [number|, which refers directly to a specific source
in the bibliography. Figures with no reference are composed by the group itself, and vectors will be
denoted in bold.

Anders Sgbye Jannick Kjeer Jgrgensen

Marie-Louise Knop Lund Martin Okkerstrgm Mikkelsen
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List of Abbreviations

AFM: Atomic Force Microscopy

CA: Contact Angle

CAH: Contact Angle Hysteresis

CVD: Chemical Vapour Deposition

PFOTS: Trichloro(1H,1H,2H,2H-perfluorooctyl)silane

UV: Ultraviolet
SA: Sliding Angle
SNP: Silicon Dioxide Nanoparticle

RMS: Root Mean Square
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1. Introduction

Hydrophobicity and superhydrophobicity with self-cleaning properties are well-known characteristics
of some natural surfaces. The best known example is the leaves of the sacred lotus plant (Nelumbo
nucifera) |1, 2], where electron microscopy of the leaf surface has revealed protruding 10 pm nubs
covered with 0.2 - 2 pm wax crystalloids providing a two-scale roughness. [1, 3|

It is well accepted that with the combination of micro- and nanometer scale roughness, along with
low surface energy materials, one can obtain surfaces with contact angles (CA) above 150° and sliding
angles (SA) below 5° [4]. These surfaces have extraordinary self-cleaning and anti-adhesive properties,
and are denoted superhydrophobic surfaces. [1]

However, multi-scale roughness may be a dominant factor, since the sacred lotus leaves utilize two-scale
roughness, and have no extremely low surface energy interface. Nature does not rely on the low surface
energy of —CH, groups or fluorocarbons, but can still achieve superhydrophobic effects on lotus leaves
by wax crystalloids predominantly containing —CH,— groups. [1]

The ability to control the topography of surfaces has great potential in many fields of technology. For
instance, controlling the wetting and self-cleaning of surfaces is of interest when fabricating satellite
dishes, solar energy panels, green houses, etc. [1]. Furthermore, non-wettable surfaces may also prevent
adhering of frost [1], which may have applications in most space-technologies and on glass surfaces in
vehicles and flying machines.

In order to chemically modify the surfaces and achieve low energy properties, chemicals such as
fluorinated polymers are of particular interest due to their extremely low surface energy. Studies even
suggest that simply stretching such polymer films lead to superhydrophobicity [1]. Surface roughness
can be achieved by techniques such as photolithography etching [5], growth of carbon nanotubes [5],
etching of polymers [3], sol-gel processes [6], layer-by-layer self-assembly [7], etc..

This project will utilize silicon dioxide wafers as substrate for fabrication of superhydrophobic surfaces.
Furthermore, a double layer of silicon dioxide nanoparticles (SNP) with mean diameters of 22 nm will
be utilized to obtain sufficient roughness, and PFOTS will be utilized as the surface energy lowering
chemical.
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2. State of the Art

Hydrophobic and superhydrophobic surfaces have in later years received interest by the industry. Pri-
marily considering self-cleaning and water repelling properties, but it may also prove useful considering
different aspects, such anti-icing properties of surfaces.

Hydrophobic coatings have already found several applications in everyday life. The most commonly
known application is probably the use of polytetrafluoroethylene (PTFE) for non-stick coatings in
cookware by companies such as Tefal. The reason for its use in non-stick cookware is, however, most
likely due to a friction coefficient, as low as 0.05, measured against polished steel [8].

It is already possible to buy hydrophobic coatings for industrial or consumer use from companies such
as Aculon Inc., Ultratech International Inc., and P2i Ltd.. Aculon Inc. makes liquid repellant coatings
by employing a monolayer of self-assembled phosphates to impart surface properties [9]. The phospho-
nate head groups form covalent bonds with the substrate while the tails can have different chemical
groups in order to induce different surface properties to the substrate [9]. Aculon Inc. produces both
hydrophobic, superhydrophobic, and oleophobic coatings, which can be applied to various products,
such as optical components, smartphone displays, cutting razors, needles, and syringes.

Ultratech International Inc. has developed a superhydrophobic and oleophobic nanocoating that repels
liquids because of a molecular structure that traps a layer of air on the surface, thus preventing the
liquids from contacting the surface [9]. The product uses a two-layer coating, where both layers can be
spray coated onto the surface, which increases the abrasion resistance of the coating [9]. The superhy-
drophobic coating by Ultratech International Inc., Ultra-Ever Dry®, can be applied to a wide range
of substrates, such as metals, cinder, textile fabrics, and glass, although it gives a slight discoloration,
and is only available for industrial use at the time.

P2i Ltd. has developed a process to apply an engineered nanoscale fluorocarbon-polymer coating by
using pulsed-plasma vapor deposition. The coating forms a vertical structure with CF; groups point-
ing outwards, giving a surface free energy lower than that of PTFE, thus making the coating both
hydrophobic and oleophobic. The coating is applied to finished products inside a vacuum chamber us-
ing a two-stage plasma polymerization process. First a radio-frequency plasma removes contaminants,
that could disrupt bonding with the coating, from the surface of the products and creates free-radical
sites for the coating to react with. Next a vapour of fluorocarbon monomers is introduced and a pulsed
radio-frequency plasma is used to polymerize it and bond it to the free-radical sites on the surface.
The low pressure in the chamber allows the monomer to permeate into all areas of the product, so
that the polymer coats all surfaces, both externally and internally, resulting in a coating just a few
nanometers thick. The technology is primarily used to protect electronics, such as mobile devices, as
it makes them water-resistant and can even protect them when submerged. More than 100 million
devices have already been produced with this coating. [9]

Although several uses of hydrophobic and even superhydrophobic surfaces have found its way into
industry in order to induce self-cleaning or anti-wetting properties, research is still being conducted
into creating superhydrophobic surfaces using different methods [10, 11, 12, 13].

In a study conducted by Yuan et al. superhydrophobic linear low-density polyethylene (LLDPE) was
prepared and its self-cleaning properties and durability was tested [10]. LLDPE resin was dissolved in
xylene and deposited on a cleaned glass substrate, where it was left to dry. When dried at 120 °C,
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2. State of the Art

a smooth LLDPE surface was obtained with a water CA of 102 + 1.8°. In order to increase the CA,
the surface roughness was enhanced by drying at a temperature of 5 — 10 °C. The low temperature
resulted in a slow evaporation of the solvent, which caused a phase separation, creating pores in the
upper part of the LLDPE. The CA was then increased to 127 4 2.1°. In efforts to make the surfaces
superhydrophobic, the surface roughness was further enhanced by adding ethanol to the LLDPE so-
lution. The ethanol acted as a precipitator, causing some LLPDE aggregates to appear, which again
acted as nuclei for further LLPDE aggregation. This resulted in further phase separation and thus
further enhanced surface roughness. The CA was now 153 &+ 2°,the SA was 10°, the surface was 99 %
efficiently self-cleaning, and it was stable after one month in storage and under large variations in pH
values and temperatures. [10]

In view of the self-cleaning properties of superhydrophobic surfaces, Su et al. prepared an optically
transparent superhydrophobic film that could be deposited on glass, such as windows and car wind-
shields, thus making them self-cleaning. The superhydrophobic surface was prepared by spincoating
a solution of epoxy onto the glass after which a suspension of SNP was spincoated onto the surface.
The surface was now dried for 8 hours at 100 °C, followed by soaking in a 0.5 wt. % perflouroalkyl-
triethoxysilane (PFO) suspended in a ethanol solution followed by a second drying at 100 °C for 12
hours. [11]

For a 1.0 wt. % SNP suspension, the CA and SA were 168° and 11.8° respectively, whereas for a 0 wt.
% SNP suspension, the CA and SA were 105° and >30° respectively, indicating that although the PFO
coating resulted in a hydrophobic surface, it was necessary to embed SNPs in the coating, thereby en-
hancing surface roughness to achieve a superhydrophobic surface. Furthermore, the superhydrophobic
surface was shown to have a transmittance of more than 99 % for light with a wavelength of 500 nm,
making it ideal for transparent surfaces such as windows or car windshields. [11]

For large-scale production of superhydrophobic surfaces, one-step methods are very promising, because
of the simplicity in both process and equipment. Wang et al. used a one-step method to create super-
hydrophobic surfaces on various substrates including textile fabrics, electrospun nanofibre mats, filter
paper, glass slides, and silicon wafers. A sol solution containing SNPs was prepared by co-hydrolysis
and condensation of two silane precursors, tetraethylorthosilicate and tridecafluorooctyl triethoxysi-
lane, in a hydrous ammonia ethanol solution. The sol solution can easily be coated onto different
substrates forming a transparent film simply by dipping, spraying, or spin coating. SNPs ranging from
50 — 150 nm in diameter, covered in fluorinated carbon species, will randomly form aggregates on
the surface, thus both decreasing surface free energy and increasing roughness. When coated onto a
polyester surface a CA and SA of 174 £ 2.7° and 2.2 £ 0.1°respectively was obtained. [12]

Another one-step method was developed by Onda et al. who created a fractal surface. Alkylketene
dimer (AKD) solid films were grown with a thickness of 100 nm on glass substrates. A glass substrate
was dipped into melted AKD at 90 °C, then cooled to room temperature in the ambience of dry ni-
trogen gas. When AKD solidifies it undergoes a fractal growth thus resulting in a fractal surface. For
this surface a CA as large as 174° was achieved, whereas for a flat AKD surface a CA of only 109° was
achieved. [13]

Creating anti-icing or icephobic surfaces is also of great interest, as it could prevent icing on planes or
prevent glaze from forming under freezing rain. If spread over a surface, even a thin layer of ice, can
bring down power lines, burst pipes, make roads impassable, and cause loss of lift on aircraft wings
[14]. Superhydrophobic surfaces are, however, not necessarily icephobic, because the mechanisms of
water and ice adhesion are different [15].

Accumulated ice is so sturdy, that large-scale breaking is very difficult. For severe ice accumulation,
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even the pneumatic boot, designed to break ice of aircraft wings and stabilizers, struggles. Common
to all methods for dealing with ice, is that they are either resource intensive, damaging to the environ-
ment, or not reliably up to the task. [14]

Although superhydrophobic surfaces does not necessarily have the ability to shed ice after formation
or prevent ice formation from static water droplets [15], it can prevent ice formation if dynamic water
droplets bounce off at impact before ice nucleation can occur [14].

Mishchenko et al. have investigated the movement and freezing of dynamic droplets impacting a super-
hydrophobic surface of temperatures below freezing. The superhydrophobic surface was produced by
creating ordered surface structures on micrometer scale, in order to create surface roughness, followed
by a coating with a hydrophobic silane species. For comparison, a substrate without the surface struc-
ture, but with the silane coating was used as a hydrophobic surface and a flat aluminium substrate
was used as a hydrophilic surface. The substrates were cooled to —10 °C and tilted to an angle of
30°. Water at 0 °C was poured on the substrates at a rate of 0.06 mL/sec from a height of 10 cm
above the substrate. After 10 minutes, ice had accumulated on both the hydrophilic and hydrophobic
surface, whereas no ice had accumulated on the superhydrophobic surface. When only a single droplet
was dropped on the tilted substrates, the droplet would freeze when the substrate temperature was
below 0 °C for the hydrophilic and hydrophobic surfaces, whereas for the superhydrophobic surface,
the droplet would bounce off at substrate temperatures as low as —25 °C, even at 0° tilt. The droplet
would, however, freeze immediately upon impact at substrate temperatures at —30 °C, even with a tilt
angle of 15° and a droplet temperature of 20 °C. This droplet would, however, freeze in a Cassie-Baxter
state, making removal of the ice easier. When the droplet was supercooled to —5 °C before impact, the
superhydrophobic substrate needed a temperature as high as —15 °C in order to prevent the droplet
from freezing. [14]

In contrast to typical disordered superhydrophobic surfaces, the ordered and uniform surface structure
prevented pinning and freezing of impacting droplets. Furthermore, experiments carried out in 40 —
60 atm, showed that the CA of a water droplet did not change on superhydrophobic substrates with
closed-cell surface structure, in contrast to experiments done at 1 atm. This implies that such a surface
should be able to retain superhydrophobicity upon impact with droplets traveling at 90 — 135 m/s,
as the air becomes trapped, upon impact, in the closed cell structure. Furthermore, the continuity
and structure of a closed-cell pattern will render it mechanically robust. This technology shows great
promise in giving substrates anti-icing properties regarding impacting dynamic water droplets as ex-
perienced by freezing rain or water droplets impacting on aircrafts. [14]

As is evident from this chapter, superhydrophobicity is a widely used technology, that has the potential
to solve a large variety of problems that arises from the adhesion of water to surfaces.
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3. Hydrophobicity

At its core, hydrophobicity arises when a molecule does not partake in the hydrogen bonding of water
[16]. When a hydrophobic particle is submerged in water, it will create a volume where the density
of water vanishes [16]. This chapter will focus on hydrophobic and superhydrophobic surface in the
context of both surface free energy and surface roughness.

3.1 Surface Free Energy

Surface free energy has multiple definitions in literature, which differs between liquids and solids [17, 18].
Surface free energy can be seen as work resulting from adhesive forces at the surface including van der
Waals forces, and hydrogen interactions [17]. Surface free energy can be defined using the example of
two separate materials in contact with each other. Between the surfaces, adhesive forces are present
and work is needed to overcome these forces in order to separate the two materials. When the two
materials are separated, two new surfaces are essentially created, thus the work needed to overcome
the interfacial adhesive forces has effectively created new surface areas. Surface free energy is then the
energy required per unit area to create a surface. [18]

Surface free energy can also be explained by a droplet of water surrounded by vapour, not experiencing
gravity, see Figure 3.1.

Figure 3.1: Illustration of surface free energy in a water droplet. The free energy is minimized when water molecules
are hydrogen bonded (dotted lines) to four other water molecules as is the case with the center water molecule [19] in the
illustration. However, the molecules at the surface can not achieve four hydrogen bonds. This drives the water molecules
to minimize surface area, thus minimizing the total free energy of the droplet. As the sphere is the geometric shape with
the smallest surface-to-volume ratio, it becomes the natural shape of water droplets, when no external forces are present.

Liquid water is highly ordered compared to other liquids due to short-range hydrogen bonding networks.
Ideally a water molecule in the center of the droplet has four closest neighbours, which are connected
tetrahedrally by hydrogen bonds, see Figure 3.1 [19, 20]. The center water molecule is being pulled
equally by the hydrogen interactions on both sides of the molecule, thus the net force is zero. The same
effect is occurring on the surface of the water droplet, but the surface water molecules lack some of
their neighbours, giving a net force pulling the molecules towards the center of the water droplet. This
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3.1. Surface Free Energy

drives the droplet to minimize its surface area resulting in the spherical shape of the droplet, which is
the most thermodynamically favourable shape due to it having the smallest surface-to-volume ratio.
21]

When dealing with liquids another definition of surface free energy becomes useful, namely the surface
tension which can be defined using Figure 3.2.

Figure 3.2: A liquid film is drawn on a frame of height h with a bar of sidelength L being dragged with a force F,
creating new surface areas. The liquid creates the new surfaces by moving molecules from the inside of the film and out
to the edges instead of increasing the intermolecular distances. The liquid back and front surfaces are resisting to an
increase of surface area described by the surface tension resulting in a reactionary force Fr.

In Figure 3.2, a liquid film is drawn out of a frame, where one side with length L can be pulled in the
z-direction with force F. The liquid film has a back and front surface and the film itself is rather thick
in molecular terms, meaning it has an inside consisting of molecules not residing on either surface of
the film. The water film would thus have molecules on the inside with 4 hydrogen bonds each and
molecules on the surface lacking some of these bonds. As the frame area is increased by

AA=Az- L,

the liquid film must follow. But rather than increasing the intermolecular distance as an elastic spring,
the film begins to shrink in thickness as the inner molecules begin to become part of the new surface
areas. As explained earlier about the water droplet, the molecules on the surface lack the desired
number of hydrogen bonds, thus increasing the surface free energy. This energy originates from the
work W used to lift the side given by

W=Ax-L-~, (3.1)

where -y is the surface tension [22]. Since W = F' - Az, Equation (3.1) becomes:

Isolating the surface tension in Equation (3.2) makes it clear that the unit of surface tension is force
per unit length. Following Equation (3.3),
[ _ [N-m] [N]

Surface Free Energy = m = ] = ﬁ = Surface Tension, (3.3)
m m m

surface tension is the surface free energy of the liquid, as they share dimensions.
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When a water droplet is placed on a surface, several interfacial surface tensions are now in effect as

shown in Figure 3.3.

YLV
«<
//
0 /
o
YSL YSv

Figure 3.3: Illustration of the three interfacial surface tensions that are in effect at the triple contact line, when a
droplet rests on a surface, namely 4y (liquid-vapour), ~st (solid-liquid), and vsv (solid-vapour). 6 is the CA.

The point of interest is the triple contact line where the three phases interact [23, 24, 25]. At the triple
contact line there is interfacial tension between liquid and vapour (vry), liquid and solid (7sr,), and
solid and vapour (vysy). From Figure 3.3 it is evident that the free energy of the system is minimized
when the surface tension components in the surface plane cancel each other out, meaning the total
surface tension is zero in mechanical equilibrium [23]. Thus

Ysv — st — v - cos(d) = 0, (3.4)

with 6 being the CA. Rearranging Equation (3.4) gives the common form of Youngs equation [26, 27],

cos() = 1YL, (3.5)
YLV

The validity of Equation (3.5) has been questioned due to, in part, the various effects of gravity by Liu
et al. 23, 28, 29]. Another point of criticism has been, that forces acting in the plane perpendicular
to the surface, see Figure 3.3, must be balanced by stress in the surface. This is supported by the
fact, that water droplets can cause curling of mica sheets [28,; 30|, which conforms with the theories
postulated by Bikerman et al. [31]. This has lead Eustathopoulos et al. [30] to conclude that the once
thought equilibrium, proposed by Young, is only a metastable state. Furthermore, Liu et al. state that
experiments on a space shuttle has disproven Youngs equation [28], but Garandet et al. has studied
a droplet in a system with minimzed free energy, and they found that the CA is still determined by
Youngs equation [32]. Regardless of the aforementioned criticism of Youngs equation, it will be utilized
as a theoretical basis in this project.
Youngs equation is an equilibrium condition of the system which gives a measurable parameter, the
CA. This has made it a tool for measuring the surface free energy of solids in the literature [17]. It is
clear, that for the greatest CA, 180°, the fraction on the right-hand side in Equation 3.5 must become
negative one. It can be predicted what conditions would increase the CA. If the droplet extends the
triple contact line, more atoms of the surface will be covered by the water droplet. If the surface free
energy of the solid is higher than the surface free energy of the liquid, the total energy of the system
decreases. If, on the other hand, the surface free energy of the solid is lower than that of water, it is
unfavourable for the droplet to make contact with the solid and the CA increases. [23]

3.2 Wetting States

Youngs equation assumes a completely flat surface, but roughness also plays a role in hydrophobic
surfaces. A definition of hydrophobicity is a CA above 90°, while a CA above 150° can define a
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3.2. Wetting States

superhydrophobic one |26, 33]. Wenzel [34] proposed a modification to Youngs equation based on the
Wenzel state. The Wenzel state assumes that when a droplet is placed on a rough surface, the water
droplet fills the asperities of the surface, see Figure 3.4. The roughness parameter r of the surface can
be seen as the factor with which the actual surface area increases compared to the projected area of
the surface. The roughness is thus

A

e r, where r > 1, (3.6)

A, is the actual surface area, and Ag is the projected surface area. r is proportional to the root-mean-
square (RMS) roughness, of the surface [34, 35, 36]. RMS is found using Equation (3.7)

RMS = (3.7)

In Equation (3.7), N describes the number of deviations from the projected surface area, and r; = z;—Z,
where z; is the height of the deviation, and Z is the mean value of the surface. Equation (3.7) describes
the RMS value of the measured height deviations from the mean value. [3]

Due to the increase of the actual surface area, the original surface tensions, which are dependent on
the surface area, must be multiplied by r in Equation (3.5), giving rise to a new angle,

r-cos(f) =r- (Osv = 1s1) = cos(6%*). (3.8)
YLV

The angle 6* is the apparent CA. An interesting point, in relation to the Wenzel state, is that the
roughness enhances whichever state the flat surface is in. If the original surface was hydrophilic, mean-
ing cos(0) is positive, r would give an increase in hydrophilicity. If the original surface was hydrophobic,
meaning cos(f) is negative, r would give an increase in hydrophobicity. [37]
However, it is worth noting that Equation (3.8) is only valid as long as —1 < r - cos(#) < 1.
The Wenzel model assumes a complete surface connection between droplet and surface, yet another
state is possible [26]. In the Cassie-Baxter model the surface has a particular roughness, which allows
vapour to be trapped beneath the water droplet as seen in Figure 3.4.

Wenzel model Cassie-Baxter model

Figure 3.4: Illustration of the Wenzel and Cassie-Baxter models. The Wenzel model assumes the water droplet fills the
asperities of the surface, while the Cassie-Baxter model assumes the droplet is in contact with some fraction of solid and
some fraction of vapour trapped beneath the droplet. Inspired by Martines et al. and Li et al. |26, 38].

The Cassie-Baxter model, as shown in Figure 3.4, concerns the situation where the droplet rests on
top of a combination of vapour and the original surface. The vapour fraction f, and original surface
fraction fs of the total surface area is multiplied by the cosine of the CA of the solid and the cosine of
the CA of vapour 0y, respectively, see Equation 3.9

fs - cos(0) + fy - cos(fy) = cos(6*). (3.9)
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The CA contribution from the solid is just the CA of the original surface, multiplied by f; and r. As
a water droplet in vapour is completely spherical, the CA of vapour is 180° giving a CA contribution
of negative one. This gives the cosine of an apparent CA of

r- fs-cos(f) — fy, = cos(6%). (3.10)

Increasing f, gives a more hydrophobic surface thus increasing the apparent CA.

According to Berthier et al., it can be derived, that there exists a CA, such that the droplet goes from
a Wenzel to a Cassie-Baxter state [39, 40].

The case can also be, that the droplet exists in a meta-stable Cassie-Baxter state, as shown by Bico et
al., where the droplet needs additional energy in order to enter the Wenzel regime [41]. Murakami et al.
states that under certain conditions the Cassie-Baxter state is a meta-stable state, which, if provided
energy equal to the energy barrier, can transform into a Wenzel state. The energy can be provided
by several external factors, such as thermal or mechanical factors. The transition is reported to be a
reversible one, if thermodynamic factors are changed such that both states are stabile. [42, 43|
Reality does not, however, correspond to a two-state system entirely. As Giacomello et al. have shown,
there is actually a second Cassie-Baxter state that differs slightly from the traditional Cassie-Baxter
state [44].

3.3 Sliding Angle and Contact Angle Hysteresis

When investigating whether a superhydrophobic surface is in the Wenzel state or the Cassie-Baxter
state it can become quite difficult to determine based on CA alone. Both states enhance the hydrophobic
effect of hydrophobic surfaces, while the Wenzel state enhances hydrophilicity of hydrophilic surfaces
as mentioned in Section 3.2. However, it can be quite difficult to see the lowered CA of a hydrophilic
surface, if it was enhanced by a Wenzel state, as CAs below 10° are quite difficult to measure.
Furthermore, some properties of superhydrophobic surfaces, such as self-cleaning, are difficult to
determine by CA measurements alone [5, 26]. Consequently, another method to differentiate between
the two states could be of use. One such method could be the measurement of contact angle hysteresis
(CAH) as shown in Figure 3.5.

of

Figure 3.5: CAH is the difference between the advancing angle #5 and the receding angle 6r when a droplet is placed
on a surface tilted with an angle a.

A water droplet is placed on a surface and the surface is tilted until the droplet starts moving at the
SA «, at which point the advancing angle 0 and receding angle fr is measured [5|. The difference
between these angles is termed the CAH AH, see Equation (3.11) [45]

AH =0, — 0g. (3.11)

CAH is useful for differentiating between the surface states, as a high CAH indicates a Wenzel state,
and a low CAH indicates a Cassie-Baxter state |36, 44, 45, 46, 47, 48, 49]. Bravo et al. even argues
that it is impossible to achieve ideal superhydrophobic characteristics of a surface, with CA above 150°
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and CAH below 10°, in a Wenzel state, since droplets are easily pinned to the surface and unwilling to
roll off [7].

CAH also becomes an important tool in determining the self-cleaning properties of a surface. The CAH
essentially goes to zero at high RMS values for ideal self-cleaning surfaces. Furthermore, a self-cleaning
surface utilizes water droplets sliding over it, absorbing contaminants, however the droplet is required
to act as an elastic ball rather than a fluid [26], see Figure 3.6. For this effect to occur, a small CAH is
required according to Xiu [5]. On a non self-cleaning surface the droplets merely pushes the contami-
nants aside, as shown in Figure 3.6. [26]

Self-Cleaning Non Self-Cleaning
/

\

&

Figure 3.6: Self-cleaning surfaces are characterized by small CAH as droplets on these surfaces tend to act as elastic
balls, rather than fluids as is the case of non self-cleaning surfaces. On self-cleaning surfaces the contaminants represented
by the small square, circle, and triangle are absorbed by the ball-like water droplet, while the liquid water droplets on
non self-cleaning surfaces are unable to absorb the contaminants. Inspired by Li et al. [26].

oy
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4. Trichloro(1H,1H,2H,2H-perfluorooctyl)silane

In order to fabricate superhydrophobic surfaces that are anti-adhesive, coating by materials that posses
low surface free energy are of interest. Those materials include fluorocarbons, different organic poly-
mers, and inorganic oxides such as ZnO and TiO, [50]. Fluorocarbons, such as organic silanes, are
widely applied in the fabrication of hydrophobic and superhydrophobic surfaces as they provide the
necessary low surface free energy, surface coverage, and surface distribution. A successful hydrophobic
coating eliminates hydrogen bonding by shielding polar sites from interactions with surrounding water,
thus creating an apolar interface. Silanol groups are a common site for hydrogen bonding, and reside
on the surface of oxidized silicon wafers. However, the hydrogens of the hydroxyl groups can be elimi-
nated by oxane bond formation with organic silanes, inducing hydrophobicity by eliminating hydrogen
bonding sites and providing an apolar interface consisting of the apolar fluorinated hydrocarbon sub-
stituents of the organic silanes. [50]

PFOTS, see Figure 4.1, is an organic silane that forms self-assembled monolayers. As other silanes,
PFOTS can modify surfaces by forming the monolayers under anhydrous conditions, which is consis-
tent with CVD requirements, thus it is easy to apply organic silanes during fabrication of hydrophobic
surfaces. Although a monolayer is desired, multilayer adsorption occurs to some extent by most depo-
sition techniques. [50]

During vapour deposition, 5 % PFOTS will normally be suspended in solvents as toluene or tetrahy-
drofuran [51]. When performing CVD, non-hydroscopic solvents are of interest as polymerization of
PFOTS is unfavorable during the process [51]. Hydroscopic solvents often include solvents containing
hydroxyl groups [52] and solvents in which water has a high solubility. This makes alcoholic solvents
a poor choice for CVD [53]. Furthermore, solvents must display volatility in order to enable fast and

effective vaporization of PFOTS.

Cl

Figure 4.1: Schematic representation of PFOTS (CF,(CF,)CF,CF,—SiCl,).

During CVD, the amount of atmospheric air in the chamber is minimized in order to hinder undesirable
side reactions, and a noble gas is infused as they are inert and often heavier than atmospheric air. This
creates an inert environment around the substrates, which induces reactions between PFOTS and the
substrate. During the drying process of CVD, PFOTS is vaporized in the chamber along with the sol-
vent. One or multiple highly electronegative chloride atoms, of the vaporized PFOTS, form hydrogen
bonds with the hydrogen atom of the silanol groups of the substrate, and the nucleophilic substitu-
tion continues. Chloride is an excellent leaving group [54| due to its stable ionic form, thus gaseous
hydrogen chloride is released and a strong covalent bond will form between silicon of PFOTS and the
oxygen of the silicon dioxide, see Figure 4.2 [50, 51]. Either of the three chlorides of PFOTS can par-
ticipate in the reaction, however, the distribution may become random, and unreleased chloride atoms
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4. Trichloro(1H,1H,2H,2H-perfluorooctyl)silane

may act as leaving groups during temperature elevation or reaction with vaporized water [51] forming
inter-covalent bonds between PFOTS molecules, polymerizing PFOTS, see Figure 4.2. However, the
reaction is still under debate, and covalent bonding is only one of the possible processes, where lateral
polymerization of absorbed silanes or three-dimensional polymerization are also proposed processes [50].

Cl—Si—Cl Cl—S8i—Cl Cl—S8i—Cl ‘

Cl

l cl Cl—Si—Cl Cl—Si—Cl Cl—Si—Cl 73‘1—0—31—0—51—
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Figure 4.2: Schematic representation of PFOTS covalently bonding to silanol groups of the substrate during CVD.
Highly electronegative chloride ions of PFOTS form hydrogen bonds with the silanol groups of the silicon dioxide surface,
releasing hydrogen chloride as an oxane bond is formed. After CVD a reaction with water vapour induces polymerization
of PFOTS. Inspired from W. R. Grace & Co.-Conn. [55, 56] and Gelest, Inc. [51].

The hydrophobic effect of PFOTS is attributed to the fluorine atoms of the molecule. Although fluorine
has the highest electronegativity of all the elements, and its bonds tend to be very polar, it has a very
low polarizability [19]. Furthermore, the three lone pairs of fluorine in the carbon-fluorine bond are
highly reluctant in getting involved in resonance structures or interactions like hydrogen bonding [57].
Thus, fluorine is a very poor leaving group, especially in Sy2 reactions, and it is difficult to ionize.
Furthermore, CF5 groups are generally less attacked by electrophilic reagents [19], and due to the
small size of fluorine, it easily replaces hydrogen in molecules. The carbon atom is thereby effectively
shielded from reagents [19], which, along with the extreme electronegativity of fluorine, maximizes the
electrostatic stabilization of heavy fluorine-containing molecules like PFOTS. Furthermore, the carbon-
fluorine bond can be considered effectively oxidized, and has, as a result, no tendency for oxidization
reactions [19].
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5. Cleaning of Silicon Dioxide Wafers

When fabricating on the micro and nano scale, a substrate free of or with limited contamination is of
great importance. Contamination of the substrate can originate from typical sources like production
processes of the substrate, preparation processes, mechanical laboratory equipment, applied chemi-
cals, or even the air. Types of contamination often include ionic materials typically from inorganic
compounds that is adsorbed to the surface, silicon particles or metal debris from laboratory processes
like dicing, or organic contaminant films and discrete particles from photoresist, solvent residues, or
components from plastic storage containers [58]. Detached particles from dicing processes may be min-
imized by coating with photoresist. By principle, the photoresist polymer layer will be thick enough to
cover all impurity cavities and microstructures of the wafer, thus protecting the underlaying substrate
structure from vibrations and damage during the dicing process. [59]

In order to remove contamination species, different cleaning techniques have been applied, and most in-
volve wet-cleaning processes, and preferably will not introduce re-contamination or new contaminants.
Thus, selection of appropriate cleaning processes and chemicals are essential to meet quality demands
[60].

Original cleaning processes include two-step chemical etching by extremely alkaline and acidic solu-
tions, and megasonic systems utilizing sonic waves of 850 - 900 kHz; often relying on hydrogen peroxide
solutions. However, many of the original techniques are only useful for specific applications, and often
introduce undesirable side effects including deposition of inorganic contamination particles or metals,
and many of the techniques even cause damage to the surface of the substrate. Alternatively to these
cleaning techniques, the wet-cleaning ultrasonic technique and dry-cleaning by ultraviolet (UV) radia-
tion and ozone is of interest. [58]

The ultrasonic techniques primarily rely on high intensity sound waves with frequencies ranging from
20 - 80 kHz, that generate pressure fluctuations, which result in cavitation bubble production. The
bubbles grow to a maximum size inversely proportional to the frequency of the ultrasonic waves. At
20 kHz, the size of the bubbles maximize around 170 pm in diameter, and decreases with increasing
frequency [60]. As the bubbles violently collapse, they release enough energy to dislodge and dis-
perse inorganic contamination particles. As a result, solvent molecules can encapsulate the particles,
minimizing van der Waals attraction forces between the particles and the surface of the substrate.
However, compared to megasonic techniques, ultrasonic techniques are much less effective for removing
smaller particles, and cleaning efficacy decreases with decreasing particle size. Generally, ultrasonic
techniques are great at removing particles with diameters larger than 300 nm [58|, whereas particles
with diameters smaller than 100 nm typically require a focused ultrasonic beam of high local intensity,
especially if they are irregular in shape. Using this method, however, does not necessarily provide the
sufficient energy and force for removal of the small particles [61]. Furthermore, ultrasonic techniques
primarily rely on cavitation formation, where megasonic techniques primarily relies on micro-steaming
flows. However, both effects are present at every frequency. [58, 61]

Attractive forces between solids predominantly cause adhesion of particles toward the substrate sur-
face [62], and these forces become increasingly significant for small particles since the van der Waal
attraction forces depends on the first power of the particle diameter while mechanical removal forces
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vary with the third power of the particle diameter [62]. The forces of adhesion between particles and
the substrate surface are typically 2 - 3 times lower in liquids than air, thus wet-cleaning techniques
are particularly effective for particle removal. Furthermore, the adhesion forces are specific for the
type of substrate, type and size of particles, and solvent conditions during wet-cleaning processes [62].
However, lodging effects can cause smaller particles to be more difficult to remove as they tend to be
trapped in microstructures on the surface of the substrate [60].

Although ultrasonic waves result in mechanical removal of contaminant particles, it is important to
apply a proper cleaning solvent in the process in order to obtain a successful cleaning without inflicting
any damage to the substrate or equipment [60]. Effective and successful cleaning solvents are chosen
based on properties like stability, solubility, reactivity, dispersion or encapsulation of solid residues etc.,
and the solvent must cavitate well with ultrasonic waves and be compatible with the substrate [60].
Furthermore, the cleaning solvent must prevent redeposition of the contamination particles. Aqueous
solvents are universal and obtain great cleaning results, however, they must often be accompanied by
additives like surfactants, which can encapsulate dislodged contaminant particles, preventing redepo-
sition. Redeposition can also be prevented by applying apolar solvents in order to minimize van der
Waals attraction forces between substrate and contamination particles. The cleaning chemical may
also initiate dissolving of contamination species. [60]

Following wet-cleaning processes is immediate spray-rinsing, typically in propan-2-ol, where the remain-
ing cleaning solvent containing contamination species is removed, and subsequent drying processes may
preferably be mechanical rather than evaporation, as evaporation induces a risk of redeposition. [58, 60|

Dry-cleaning processes include ozone cleaning. The ozone cleaner is designed to eliminate organic
surface contamination by employing the combination of gaseous ozone and UV radiation. Most often,
a low pressure mercury arc lamp emits 90 % radiation at 253.7 nm and 5 % radiation at 184.9 nm at
room temperature [63]. 184.9 nm radiation is absorbed by gaseous dioxygen, which generates ozone with
atomic oxygen as intermediate, and 253.7 nm radiation is absorbed by ozone resulting in decomposition
of the molecule into dioxygen with atomic oxygen as an intermediate. It is the constant formation and
destruction of ozone that enables an effective cleaning process, since atomic oxygen is a very powerful
oxidizing agent. In order to decompose a covalent bond by radiation, the energy of the radiation
must exceed the bonding energy of the specific bond. The energy of 184.9 nm radiation exceeds the
energy of most organic single and double bonds, and are absorbed by many organic compounds along
with 253.7 nm radiation. The absorption of the radiation by organic molecules cause photochemical
changes, generating excited molecules, free radicals, and dissociated molecules. It is suggested that
atomic oxygen oxidizes the photolysed molecules, and the products of the reaction is most often water,
carbon dioxide, or nitrogen gas, depending on the composition of the organic molecule. Every product
of the oxidation process evaporates, leaving the surface free of organic contamination, where only traces
have been identified. [63, 64, 65, 66|

It is especially the combination of UV radiation and ozone that is powerful. One study examined the
decomposition of human oil on silicon dioxide wafers, and found that the combination of 253.7 and
184.9 nm radiation along with ozone resulted in total decomposition after 20 seconds. If only 253.7
nm radiation and ozone was used, the decomposition process was prolonged to 90 seconds. When only
253.7 nm radiation was used the decomposition process was prolonged to 1 hour, and if only ozone was
present, the decomposition process was prolonged to 10 hours. [63]

The ozone cleaner can clean both mica, glass, silicon dioxide, and metal surfaces, and successfully
oxidize and decompose most organic compounds including photoresist polymers, and destroy several
bacteria and vira within minutes [67]. However, inorganic particles, dust, metals atoms, and salts are
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expected to remain unharmed by the UV radiation and ozone [63], or oxidize more slowly [66]. However,
such contamination species can be effectively removed by pre-cleaning of the wafers, including wiping
in acetone [64]. Contamination originated from pre-cleaning including acetone, ethanol, propan-2-ol,
methanol, and toluene are effectively oxidized and decomposed within 8 minutes of ozone cleaning [66].
Moreover, the substrate must have been successfully pre-cleaned in order to remove thick gross
contamination, and the ozone cleaning process is capable of oxidizing inorganic compounds like metals
to their final oxidation state, resulting in an oxidized layer of a few nanometers. Thus metal substrates,
which should not be oxidized, should only be placed in the ozone cleaner for no longer than one minute.
[63]

Furthermore, an ozone cleaned silicon dioxide wafer will have an contact angle around 4° [66].
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6. Materials and Methods

Materials

10 mL Greiner tubes

Petri dishes

1.6 mL semi-micro cuvettes (polystyrene) from
Greiner Bio-one

IMTEX Cellulose Polyester tissues

100 mm p-doped (100) Silicon wafer with 300 nm
dry thermally oxidized silicon dioxide (University
Wafers)

Laurell spin coater WS-650S-23NPP/C2/IND
Disco Automatic Dicing Saw DAD321
Powersonic cleaning bath from Martin Walter
Ultraschalltechnik AG

Ultra violet ozone cleaner INC UV.TC.EU.003
from Bioforce Nanosciences

Vacuum chamber and KNF Laboport vacuum
pump for chemical vapour deposition

Eppendorf Centrifuge 5804R

NT-MDT Solver PRO scanning Probe Micro-
scope including Nova 1.1.1 Revision and Gwyd-
dion 2.41 software

UV1 UV/Visible spectrophotometer from VWR
International including Visionlite Fixed software
Contact angle setup including IC Capture 2.1 and
ImageJ software

Chemicals

e MICROPOSIT™ §1813™ G2 positive photore-
sist, multipurpose (DOW® Electronic Materials)

e Pure Acetone, 99,5% (Sigma Aldrich)

e Propan-2-ol, 99,9% (Sigma Aldrich)

e Trichloro(1H,1H,2H,2H-perfluorooctyl)silane,
97%, (Sigma Aldrich)

e Toluene, 99.9 %, (Sigma Aldrich)

e LUDOX® TM-40 colloidal silica, 40 wt. %,
supension in water (Sigma Aldrich)

o Milli-Q water

6.1 Atomic Force Microscopy Measurements

Every AFM measurement in this project was performed in semi-contact mode using SCAN SENS HA-

HR double rectangular silicon cantilevers with gold reflective coating. Side A of the cantilever had a

resonance frequency of 380 kHz, a force constant of 34 N/m, and measured 3 pm in thickness, 34 pm

in width, and 93 pm in length. Side B of the cantilever had a resonance frequency of 230 kHz, a force

constant of 17 N/m, and measured 3 pm in thickness, 34 pm in width, and 123 pm in length. Side A of

the cantilever was most frequently applied during AFM measurements. An octahedral monocrystalline

silicon tip was applied. The last 200 nm of the tip was conic in shape with a cone angle of 30°. The

curvature radius of the end of the tip was less than 10 nm.

Furthermore, the scan size was 5 x 5 pm and the scan rate was 0.3 Hz, scanning 512 x 512 points.
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6.2 Chemical Vapour Deposition

CVD was performed in order to covalently link vapourized PFOTS to silicon dioxide forming a
hydrophobic self-assembled monolayer, as described in Chapter 4. A solution of 10 % PFOTS suspended
in toluene was prepared, and placed in the vacuum chamber along with the appropriate wafers.
Afterwards, vacuum was obtained in the vacuum chamber by the connected vacuum pump, followed
by the introduction of argon into the chamber until full. This step was done thrice. Vacuum was
obtained once more in the chamber, followed by the introduction of a small amount of argon. Lastly,
an incubation time of 45 minutes followed, initiating a chemical reaction between silicon dioxide and
PFOTS. This procedure was applied during every CVD process in this project.

6.3 Preparation of Silicon Dioxide Wafers

The following preparation of wafers was performed in a clean room, designed for ISO class 5. Firstly,
a 100 mm silicon dioxide wafer, supplied by University Wafers US, was spin coated with positive
photoresist at 3000 RPM for 60 seconds, followed by heating at 110 °C for 60 seconds, in order to
prepare the wafer for dicing. Afterwards, the wafer was diced in the (110) direction of the silicon
dioxide into 1 x 1 cm wafers by the dicing saw. According to the supplier, the photoresist applied in
this project results in a coating of approximately 1.20 pm in thickness, and are used for silicon and
silicon dioxide substrates [68].

In order to strip the diced wafers of photoresist, and to remove contamination species, a wet-cleaning
ultrasonic technique was applied. Firstly, the wafers were wiped twice with an acetone soaked tissue,
normally used for cleaning optical equipment. Afterwards, the wafers were placed in the powersonic
cleaning bath for 10 minutes in acetone at half power and room temperature. Then, the wafers
were placed in the powersonic cleaning bath for 10 minutes in propan-2-ol at half power and room
temperature in order to remove left-over acetone. Lastly, the wafers were spray-rinsed in propan-2-ol
and blown dry by nitrogen gas. These diced wafers were used for further experiments, and stored
individually in petri dishes throughout the experiment period.

6.4 Preparation of Silicon Dioxide Nanoparticles

Firstly, 5 mL of LUDOX® TM-40 colloidal silica was centrifuged at 10,000 RPM for 20 minutes in
Greiner tubes. After centrifugation, remaining water was discarded, and the precipitated nanoparticles
were dissolved in propan-2-ol, resulting in the stock SNP solution. Afterwards, the SNP stock
solution was placed in the powersonic bath for 20 minutes and diluted 1:11. This SNP solution was
applied during experiments and the ODggg values of SNP solutions were measured by the absorption
spectrophotometer.

One drop of a SNP solution was suspended on three silicon dioxide wafers in order to perform size
distribution measurements using AFM.

The size distribution measurements by the AFM were processed in Gwyiddion, using the watershed
tool.
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6.5 Fabrication of Superhydrophobic Surfaces

Firstly, three silicon dioxide wafers were placed in the ozone cleaner for 20 minutes. The topogra-
phies of the three wafers (untreated wafers) were measured by the AFM, in order to determine the
RMS of the surfaces. Furthermore, the CAs were measured by a setup designed for the purpose using
fresh milli-Q water. All CAs were measured in accordance with methods described by Stalder et al. [69].

In order to fabricate silicon dioxide wafers with a PFOTS monolayer, three silicon dioxide wafers were
placed in the ozone cleaner for 20 minutes. Afterwards, CVD was performed in order to covalently link
PFOTS to the silicon dioxide.

The topographies of the three wafers (PFOTS wafers) were measured by the AFM in order to determine
the RMS of the surfaces. Lastly, CAs were measured.

In order to fabricate silicon dioxide wafers coated with SNPs, three silicon dioxide wafers were placed
in the ozone cleaner for 20 minutes. Furthermore, the SNP solution was placed in the powersonic
bath for 20 minutes and shaken before application. Afterwards, the SNP solution was dropped on
the wafers, covering the entire wafer, which were then left for drying for 30 minutes. This step was
done twice. The topographies of the three wafers (SNP wafers) were measured by the AFM in order
to determine the RMS of the surfaces. In order to exclude large aggregates, potential contamination,
and AFM artifacts during RMS calculation, a specific area of the topographies was selected, indicating
representative RMS values. Lastly, the CAs were measured.

In order to fabricate the superhydrophobic surfaces, three silicon dioxide wafers were placed in the
ozone cleaner for 20 minutes. Afterwards, the SNP solution was placed in a powersonic bath for 20
minutes and shaken before application. The SNP solution was dropped on the wafers, covering the
entire wafer, which were then left for drying for 30 minutes. This step was done twice. Then CVD was
performed in order to covalently link PFOTS to the SNPs.

The topographies of the three wafers (SNP-PFOTS wafers) were measured by the AFM in order to
determine the RMS of the surfaces. In order to exclude large aggregates, potential contamination,
and AFM artifacts during RMS calculation, a specific area of the topographies was selected indicating
representative RMS values. Lastly, CAs were measured.

Lastly, six silicon dioxide wafers were placed in the ozone cleaner for 20 minutes. Furthermore, the SNP
solution was placed in the powersonic bath for 20 minutes and shaken before application. Afterwards,
the SNP solution was dropped on the wafers, covering the entire wafer, which were then left for drying
for 30 minutes. This step was done twice. Then, the wafers were placed in the ozone cleaner again for
20 minutes in order to decompose potential organic agents of the SNP solution. The topographies of
three irradiated wafers (SNP-UV wafers) were measured by the AFM in order to determine the RMS of
the surfaces. In order to exclude large aggregates, potential contamination, and AFM artifacts during
RMS calculation, a specific area of the topographies was selected indicating representative RMS values.
Lastly, the CAs were measured.

By CVD, PFOTS was covalently linked to the SNPs of the three remaining wafers, forming a monolayer.
The topographies of the three irradiated wafers (SNP-UV-PFOTS wafers) were measured by the
AFM in order to determine the RMS of the surfaces. In order to exlude large aggregates, potential
contamination, and AFM artifacts during RMS calculation, a specific area of the topographies was
selected indicating representative RMS values. Lastly, the CAs were measured.
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7. Results

7.1 Silicon Dioxide Nanoparticles

The SNP solution was prepared as described in Section 6.4. The concentration of SNPs in the stock
SNP solution was unknown, however, the ODggy was determined for the stock SNP solution, a 1:11
dilution in propan-2-ol, and a 1:121 dilution in propan-2-ol, see Table 7.1.

Dilution  ODggg

Stock 1.516
1:11 0.161
1:121 0.003

Table 7.1: ODsggo of the stock SNP solution, a 1:11 dilution in propan-2-ol, and a 1:121 dilution in propan-2-ol.

SNPs were suspended on wafers (a - ¢) in order to perform size distribution measurements by the
AFM using semi-contact mode. See Figure 7.1 for AFM measurements. The AFM measurements were
analysed in Gwyddion, resulting in histograms for wafers (a - ¢), visualizing counted particle diameters
in bins of 15 nm. The wafers were prepared as described in Section 6.3.

119 nm 208 nm

‘ s 8 e - " 0
2 pm . : ’ "’ H ’ K 25
(a) (b) (c)
Figure 7.1: AFM measurements of wafers (a - ¢) performed on a 5 x 5 pm sample area using semi-contact mode. The

dilution of the stock SNP solution was (a) 1:11, (b) 1:121, and (c) 1:121 respectively. AFM artifacts related to the tip is
visible on wafer (c).
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Figure 7.2: Histograms of wafers (a - c), visualizing counted particle diameters in bins of 15 nm. The red graph is a
plot composed of the bin heights. The obtained mean diameters of SNPs were (a) 43.79 nm, (b) 36.41 nm, and (c) 33.52

nm, with highest count between (a) 30 - 60 nm, (b) 15 - 30 nm, and (c) 15 - 30 nm. The few particles or aggregates with
diameters over 150 nm were left out.
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7.2 Untreated Silicon Dioxide Wafers

The untreated wafers were prepared as described in Sections 6.3 and 6.5. AFM measurements were
performed in semi-contact mode visualizing the topographies of the wafers, see Figure 7.3. The RMS
values of the untreated wafers (d - f) were calculated from the AFM measurements. See Table 7.2 for
RMS values and CAs for the untreated wafers (d - f).

5.93 nm
5.50

5.00
4.50
4.00
3.50
3.00
2.50
2.00
1.50
0.71

Figure 7.3: AFM measurements of untreated wafers (d - ) performed on a 5 x 5 pm sample area using semi-contact
mode. RMS was calculated on the total 5 x 5 pm surface area. RMS was calculated to (d) 0.69 nm, (e) 0.76 nm, and (f)
0.69 nm. Contaminant particles with diameters below 5 nm were visible.

Corresponding CAs of the untreated wafers (d - f) were determined using a setup designed for the
purpose, where a water droplet was suspended on the wafers. See Figure 7.4 for CA images. The CAs
were measured using a CA plugin for ImagelJ.

(d) (e) (f)

Figure 7.4: CA images of untreated wafers (d - f) with water. Contact angles were below 10°, rendering them

unmeasurable.

Wafer r  RMS |[nm| CA |
(d) 1.01 0.69 < 10°
() 101 076 < 10°
(f) 101 069 < 10°

Table 7.2: Roughness parameters r were obtained from the AFM measurements of untreated wafers (d - f), and utilized
to calculate corresponding RMS values, see Equation (3.6). RMS values were calculated on the total 5 x 5 pm surface
area. CAs of wafers (d - f) were below 10°, rendering them unmeasurable.
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7.3 PFOTS Silicon Dioxide Wafers

The PFOTS wafers were prepared as described in Sections 6.3 and 6.5. AFM measurements were
performed in semi-contact mode visualizing the topographies of the wafers, see Figure 7.5. The RMS
values of the PFOTS wafers (g - i) were calculated from the AFM measurements. See Table 7.3 for
RMS values and CAs for PFOTS wafers (g - 1).

7.2 nm 4.86 nm [

4.50

10.72 nm

10.00
4.00

3.00

2.50

2.00

1.50

(2) | (h) (i)

Figure 7.5: AFM measurements of PFOTS wafers (g - i) performed on a 5 x 5 pm sample area using semi-contact
mode. RMS was calculated on the total 5 x 5 pm surface area. RMS values were calculated to be (g) 0.72 nm, (h) 0.52
nm, and (i) 0.57 nm. Contaminant particles with diameters below 5 nm were visible.

Corresponding CAs of the PFOTS wafers (g - 1) were determined using a setup designed for the pur-
pose, where a water droplet was suspended on the wafers. See Figure 7.6 for CA images. The CAs
were measured using a CA plugin for ImagelJ.

(2) (h) )

Figure 7.6: CA images of PFOTS wafers (g - i) with water. CAs were calculated to be (g) 111.53°, (h) 106.65°, and (i)

106.22°, using the green outline.

Wafer r  RMS [nm| CA [
(g) 100 072  111.53
(h) 1.00 052  106.65
(i) 100 057  106.22

Table 7.3: Roughness parameters r were obtained from the AFM measurements of PFOTS wafers (g - i), and utilized
to calculate corresponding RMS values, see Equation (3.6). RMS values were calculated on the total 5 x 5 pm surface
area.
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7.4 SNP Silicon Dioxide Wafers

The SNP wafers were prepared as described in Sections 6.3 and 6.5. AFM measurements were per-
formed in semi-contact mode visualizing the topographies of the wafers, see Figure 7.7. The RMS and
RMS* values of the SNP wafers (j - 1) were calculated from the AFM measurements. See Table 7.4 for
RMS values and CAs of SNP wafers (j - 1).
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Figure 7.7: AFM measurements of SNP wafers (j - 1) performed on a 5 x 5 pm sample area using semi-contact mode.
RMS values were calculated on the total 5 x 5 pm surface area, where RMS* was calculated using the area defined by
the red box. RMS values were calculated to be (j) 42.10 nm, (k) 111.00 nm, and (1) 31.50 nm. RMS* was calculated on
areas (j) 7.86 ym?, (k) 8.56 pm?, and (1) 3.20 pm?. The RMS* values were calculated to be (j) 26.20 nm, (k) 60.10 nm,
and (1) 38.00 nm. The wafers were fully covered with SNPs.

Corresponding CAs of the SNP wafers (j - 1) were determined using a setup designed for the purpose,
where a water droplet was suspended on the wafers. See Figure 7.8 for CA images. The CAs were
measured using a CA plugin for ImageJ.

©) (k)

Figure 7.8: CA images of SNP wafers (j - 1). CAs were below 10°, rendering them unmeasurable.

Wafer r  RMS [nm|] RMS* [nm| CA [°]

(j) 1.38  43.10 26.20 < 10°
(k)  1.36  111.00 60.10 < 10°
1) 140  31.50 38.00 < 10°

Table 7.4: Roughness parameters r were obtained from the AFM measurements of SNP wafers (j - 1), and utilized
to calculate corresponding RMS and RMS* values, see Equation (3.6). RMS values were calculated on the total 5 x 5
psurface area, where RMS* values were calculated on areas (j) 7.86 pm?, (k) 8.56 pm?, and (1) 3.20 pm?. CAs of wafers
(j - 1) were below 10°, rendering them unmeasurable.
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7.5 SNP-PFOTS Silicon Dioxide Wafers

The SNP-PFOTS wafers were prepared as described in Sections 6.3 and 6.5. AFM measurements were
performed in semi-contact mode visualizing the topographies of the wafers, see Figure 7.9. The RMS
and RMS* values of the SNP-PFOTS wafers (m - o) were calculated from the AFM measurements.
See Table 7.5 for RMS values and CAs for SNP-PFOTS wafers (m - o).
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Figure 7.9: AFM measurements on SNP-PFOTS wafers (m - o) performed on a 5 x 5 pm sample area using semi-contact
mode. RMS values were calculated on the total 5 x 5 pm surface area, where RMS* values were calculated using the
area defined by the red box. RMS values were calculated to be (m) 31.50 nm, (n) 32.70 nm, and (o) 27.30 nm. RMS*
values were calculated on areas (m) 6.18 ym?, (n) 6.54 pm?, and (o) 9.05 pm®. The RMS* values were calculated to be
(m) 36.20 nm, (n) 30.30 nm, and (o) 27.30 nm. The wafers were fully covered with SNPs.

Corresponding CAs of the SNP-PFOTS wafers (m - o) were determined using a setup designed for the
purpose, where a water droplet was suspended on the wafers. See Figure 7.10 for CA images. The CAs
were measured using a CA plugin for ImagelJ.

(m) (n) (0)

Figure 7.10: CA images of SNP-PFOTS wafers (m - 0). CAs were calculated to be (m) 112.09°, (n) 62.37°, and (o)
150.44°, using the green outline.

Wafer r  RMS [nm|] RMS* [nm| CA [

(m) 141 3150 36.20 112.09
(n) 1.32 3270 30.30 62.37
(o) 146  27.30 27.30 150.44

Table 7.5: Roughness parameters r were obtained from the AFM measurements of SNP-PFOTS wafers (m - o), and
utilized to calculate corresponding RMS and RMS* values, see Equation (3.6). RMS values were calculated on the total 5
x 5 pm surface area, where RMS* values were calculated on areas (m) 6.18 pm?, (n) 6.54 pm?, and (o) 9.05 pm?. Wafers
(m - o) had inconsistent CAs.
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7.6 SNP-UV Silicon Dioxide Wafers

The SNP-UV wafers were prepared as described in Sections 6.3 and 6.5. AFM measurements were
performed in semi-contact mode visualizing the topographies of the wafers, see Figure 7.11. The RMS
and RMS* values of the SNP-UV wafers (p - r) were calculated from the AFM measurements. See
Table 7.6 for RMS values and CAs for SNP-UV wafers (p - r).
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Figure 7.11: AFM measurements on SNP-UV wafers (p - r) performed on a 5 x 5 pm sample area using semi-contact
mode. RMS values were calculated on the total 5 x 5 pm surface area, where RMS* values were calculated using the
area defined by the red box. RMS values were calculated to be (p) 37.30 nm, (q) 109.10 nm, and (r) 47.90 nm. RMS*
values were calculated on areas (p) 9.85 pm?, (q) 7.56 pm?, and (r) 5.21 pm?. RMS* values were calculated to be (p)
30.50 nm, (q) 62.30 nm, and (r) 40.80 nm. The wafers were fully covered with SNPs.

Corresponding CAs of the SNP-UV wafers (p - r) were determined using a setup designed for the
purpose, where a water droplet was suspended on the wafers. See Figure 7.12 for CA images. The CAs

were measured using a CA plugin for ImagelJ.

(p) (a) (r)

Figure 7.12: CA images of SNP-UV wafers (p - r) with water. CAs were below 10°, rendering them unmeasurable.

Wafer r  RMS [nm|] RMS* [nm| CA [°]

(p) 144  27.30 30.50 < 10°
(@ 123 109.10 62.30 < 10°
(r) 121  47.90 40.80 < 10°

Table 7.6: Roughness parameters r were obtained from the AFM measurements of SNP-UV wafers (p - r), and utilized
to calculate corresponding RMS* and RMS values, see Equation (3.6). RMS values were calculated on the total 5 x 5
pm surface area, where RMS* values were calculated on areas (p) 9.85 pm?, (q) 7.56 um?, and (r) 5.21 pm?. CAs for
SNP-UV wafers (p - r) were below 10°, rendering them unmesurable.
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7.7 SNP-UV-PFOTS Silicon Dioxide Wafers

The SNP-UV-PFOTS wafers were prepared as described in Sections 6.3 and 6.5. AFM measurements
were performed in semi-contact mode visualizing the topographies of the wafers, see Figure 7.13. The
RMS and RMS* values of the SNP-UV-PFOTS wafers (s - u) were calculated from the AFM measure-
ments. See Table 7.7 for RMS values and CAs for SNP-UV-PFOTS wafers (s - u).

211 nm

60 +

40 —
2 pm
- 13

Figure 7.13: AFM measurements on SNP-UV-PFOTS wafers (s - u) performed on a 5 x 5 pm sample area using
semi-contact mode. RMS values were calculated on the total 5 x 5 nm surface area, where RMS* values were calculated
using the area defined by the red box. RMS values were calculated to (s) 29.90 nm, (t) 47.10 nm, and (u) 52.50 nm.
RMS* values were calculated on areas (s) 4.53 pm?, (t) 7.58 pm?, and (u) 8.21 pm?. The RMS* values were calculated
to be (s) 24.40 nm, (t) 34.10 nm, and (u) 28.50 nm. The wafers were fully covered with SNPs.

Corresponding CAs of the SNP-UV-PFOTS wafers (s - u) were determined using a setup designed for
the purpose, where a water droplet was suspended on the wafers. See Figure 7.14 for CA images. The
CAs was measured using a CA plugin for Imagel.

(s) (t) (u)

Figure 7.14: CA images of SNP-UV-PFOTS wafers (s - u). CAs were calculated to be (s) 129.29°, (t) 130.10°, and (u)
130.22°, using the green outline.

Wafer r  RMS [nm| RMS* [nm| CA [

(s) 118  29.90 24.40 139.29
(t) 116  47.10 34.10 130.10
(W) 118 5250 28.50 130.22

Table 7.7: Roughness parameters r were obtained from the AFM measurements of SNP-UV-PFOTS wafers (s - u), and
utilized to calculate corresponding RMS and RMS* values, see Equation (3.6). RMS values were calculated on the total
5 x 5 pum surface area, where RMS* values were calculated on areas (s) 4.53 pm?, (t) 7.58 ym?, and (u) 8.21 pm?.
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8. Discussion

The size distribution measurements of the SNPs applied in this project, revealed mean particle
diameters of (a) 43.79 nm, (b) 36.41 nm, and (c) 33.52 nm, with highest counts at (a) 30-60 nm, (b) 15-
30 nm, and (c) 15-30 nm, see Figure 7.2. In the measurements, the baseline was chosen manually at the
surface in order to exclude AFM artifacts, like shadows or drifting, as unrealistic baselines. On wafer
(c), artifacts related to the tip was visible, See Figure 7.1, but the height profile of the measurements
should not have been influenced.

It is evident that the mean diameters and the particle diameter with highest count are consistent on
wafers (b) and (c), however, wafer (a) shows a mean particle diameter and a diameter of highest count
that is roughly double those of wafers (b) and (c). The concentration of SNPs on wafer (a) (1:11) was
higher than those of wafers (b) and (c) (1:121), and one could argue that the higher mean particle
diameter of wafer (a) is a result of a higher concentration of SNPs as aggregates or stacked SNPs could
potentially be included in the calculation of mean diameters. This is suspected since it is difficult to
identify discrete particles and surface baseline on wafer (a).

W.R. Grace & Co.-Conn., who has LUDOX® trademarked, reports that the applied LUDOX® TM-40
SNP solution has an average particle diameter of 22 nm with a monodisperse size distribution [55, 56].
Furthermore, Lee et al. [70] have reported a measured mean particle diameter of 24.2 + 2.7 nm of the
LUDOX® TM-40 SNP solution, and Bravo et al. [7] reports a mean diameter of 20 nm. This is fairly
consistent with measured mean particle diameters of wafers (a - ¢).

Nanoparticles can be applied in order to fabricate superhydrophobic surfaces, as they can contribute to
surface roughness. However, one must choose an appropriate scale of roughness, and if the SNPs applied
in this project are approximately 22 nm in diameter, they are potentially too small for fabrication of
superhydrophobic surfaces. Bravo et al. [7| reported successful superhydrophobic surfaces with CAs
above 150° and SAs below 5°, by utilizing layer-by-layer assembly resulting in a body layer of mixed
50 and 20 nm SNPs in polymers with three top layers of 20 nm SNPs in order to obtain two-scale
roughness. Lastly, they coated the particle film with a PFOTS monolayer by CVD. Nimittrakoolchai
et al. |3| reports successful superhydrophobic surfaces utilizing 40 - 45 nm SNPs deposited on etched
substrates, followed by suspension of the substrates in a PFOTS solution. Wang et al. [12]| reported
successful superhydrophobic surfaces utilizing a sol-gel process, where the sol consisted of 50 - 100
nm SNPs and tridecafluorooctyl triethoxysilane. The sol solution was coated in a random fashion
onto different substrates. Lastly, Kulkarni et al. [71] reported successful superhydrophobic surfaces by
silanization of 100 - 150 nm SNPs, which was suspended on silicon dioxide substrates. These studies
either utilize larger particles for one-scale roughness or the first layer of a two-scale roughness (50 nm
[7], 50 - 100 nm [12], 100 - 150 nm [71]), or utilize similar or larger particles for the second layer of
a two-scale roughness (20 nm [7], 40 - 45 nm [3]). Thus, one could argue that particles with a mean
diameter of 22 nm are too small for one-scale roughness, as was attempted in this project. However,
Ogihara et al. [72] reported successful superhydrophobic surfaces by spray-coating alcohol suspensions
containing hydrophobic 25 nm SNPs on substrates. Thus it may be possible to continue fabricating
superhydrophobic surfaces relying on 22 nm SNPs.
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8.1 Experimental Considerations

The untreated wafers (d - f) were cleaned as described in Section 6.3 and dry-cleaned by the ozone
cleaner. However, discrete particles with diameters below 5 nm are detectable in the AFM measure-
ments of untreated wafers (d - f), see Figure 7.3. This indicates that the cleaning process applied in
this project has not been sufficient. Cleaning of the wafers was performed ultrasonically in acetone and
propan-2-ol. Ultrasonic cleaning was chosen due to even cleaning, originating from even distribution of
cavitation collapse, and it is efficient at removing hydrophobic contaminants by cavitation and shock
wave effects [60]. However, ultrasonic cleaning is efficient at removing particles larger than 300 nm,
but requires a focused beam of high local intensity in order to effectively remove particles smaller than
100 nm in diameter [60]. Thus one could argue that the small contaminant particles on wafers (d - f)
are too small to be removed by ultrasonic cavitation, and requires a higher energy to be dislodged or
dispersed, or larger effects from shock waves available in megasonic systems [60].

Furthermore, it is important do apply proper cleaning chemicals when performing ultrasonic cleaning,
where organic solvents can be utilized to dissolve organic contaminants leading to the dislodging and
dispersion of contaminants [60]. Furthermore, many organic solvents are often mild cleaning chemi-
cals compared to strong alkalines and acids, thus they do not induce unwanted substrate damage or
dissolution. In this project, acetone was utilized as cleaning chemical as it efficiently dissolves organic
compounds [60] and inorganic salts due to its polarity. However, acetone has a high vapour pressure
and utilizing it risks redeposition of contaminant species. Thus, the cleaning process must be accom-
panied by post cleaning in stronger eluant solutions (e.g. propan-2-ol) |73, 74]. Furthermore, acetone
has a very low flash point, thus acetone gas and liquid are very flammable, and it is generally advised
not to use flammable solvents during ultrasonic cleaning, especially if elevated temperatures are used
[75]. Generally, most organic solvents can be utilized as cleaning chemicals, and Baldacchini et al. |76]
ultrasonically cleaned silicon wafers in trichloroethylene, acetone, and methanol, respectively, for 15
minutes. Nimittrakoolchai et al. [3] ultrasonically cleaned glass substrates in ethanol, acetone, and
deionized water respectively.

However, the AFM measurements on untreated wafers (d - f) revealed RMS values of (d) 0.69 nm, (e)
0.76 nm, (f) 0.69 nm, see Table 7.2, while Meiners et al. [77| reported RMS values of 0.463 £ 0.029
nm on cleaned silicon dioxide wafers, and Kim et al. [4] reported RMS values of less than 0.6 nm on
cleaned silicon dioxide wafers. Meiners et al. [77] prepared substrates by ultrasonic cleaning in toluene
and propan-2-ol, respectively, for 5 minutes, followed by dry blowing in argon and ozone cleaning for
30 minutes. Kim et al. [4] do not report a cleaning method. Furthermore, the CAs of the untreated
wafers (d - f) were unmeasurable as they were below 10°. This is consistent with Zafonte and Chiu [66]
who report CAs after ultrasonic and ozone cleaning at 3 - 4°. It is evident that the cleaning process
utilized in this project has left contaminant particles on the silicon dioxide wafers, however, the RMS
values indicate that the wafers are approximately as clean as the cleaned silicon dioxide wafers used in
the literature [4, 77]|.

It can be argued that the small contaminant particles may be inorganic. Firstly, since acetone and
propan-2-ol are organic solvents, organic particles will have dissolved during ultrasonic cleaning. How-
ever, the organic particles may only be partially dissolved. Secondly, before application, every silicon
dioxide wafer was ozone cleaned after ultrasonic cleaning, which should eliminate most organic contam-
inants by oxidation of organic compounds. Furthermore, it is suggested that the contaminant particles
originates from preparation processes like dicing, where silicon dioxide particles and/or aggregates can
have been dislodged or released from the wafers, followed by redeposition onto the surface. The contam-
inant particles may also originate from the deposition of photoresist, since the spin coater have multiple
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purposes, and contaminant species from earlier applications may have deposited on the undiced silicon
dioxide wafer. Furthermore, the contaminant particles may not originate from ultrasonic cleaning as
redeposition was minimized by cleaning and rinsing in propan-2-ol, followed by blow drying by nitrogen
gas [58, 60]. The effect of contaminant particles in further fabrication processes will be discussed.
The CAs of the untreated wafers (d - f) were unmeasurable, which corresponds with the fact, that
silicon dioxide is a hydrophilic material [5]. The wafers (d - f) had small RMS values and it is not
possible to deduce whether this small roughness had any influence on the CA.

As described in Chapter 7, PFOTS was used to coat wafers (g - i), (m - o), and (s - u) using CVD,
and the coating correlates with a significant increase in CAs.

It was observed, that the untreated wafers (d - f) had CAs below 10°, while the CAs were (g) 111.53°,
(h) 106.65°, and (i) 106.22° when untreated wafers were coated with a monolayer of PFOTS, see Table
7.3. This is in agreement with the fact, that the fluorinated end of PFOTS does not participate in
hydrogen bonding with water, which induces a hydrophobic surface, ultimately increasing the CA.
Using the methods (i.e. AFM and CA measurements) employed in this project, however, does not
directly verify that there indeed is PFOTS present on the wafers, especially since PFOTS monolayers
are virtually undetectable by the AFM. As can be seen in Figures 7.3 and 7.5, there is not much change
between the AFM measurements before and after CVD, as is evident form the fact that the RMS values
of the PFOTS wafers (g - i) and the untreated wafers (d - f) are nearly identical. This is supported
by AFM images shown by Wang et al., where differences between wafers coated with PFOTS and
uncoated wafers are hard to spot [78]. There are many methods available, which would verify whether
a monolayer of PFOTS was present on the wafers, as will be elaborated on in Section 8.2.

The CAs of the PFOTS wafers (g - i) were below the ones obtained by Tada et al. [79], who found
that an organic silane, (heptadecafluorodecyl)trichlorosilane (CF4(CF,),CH,CH,SiCl;), which is quite
similar to PFOTS, induced CAs of 119.4 + 0.7° on a flat substrate. It is even possible to argue, that
the CAs measured in this project are slightly higher than they should be. The untreated wafers (d
- ) should ideally have RMS values of 0 nm, instead of (d) 0.69 nm, (e) 0.76 nm, and (f) 0.69 nm.
For the untreated wafers (d - f), this small roughness should decrease the CAs, as the surface becomes
slightly more hydrophilic if a Wenzel state is assumed. It was not possible to measure the CAs on
the untreated wafers however, and this theoretical decrease in CA was not possible to verify. On the
other hand, the small RMS values would have increased the hydrophobic effect of the PFOTS wafers
(g - 1), but the change in CA would be very small, however, since the RMS values are below 1 nm.
The aim of this project is to create superhydrophobic surfaces using SNPs and PFOTS, and unknown
contaminants should therefore be a large problem for the conclusions of this project. The small nature
of the RMS however, still makes it possible to detect a considerable difference in the CAs before and
after treatment of both SNPs and PFOTS.

With smaller CAs of the PFOTS wafers (g - i) than expected, the process through which wafers are
coated with PFOTS must be examined further. As mentioned, CVD was used to coat the wafers with
a monolayer of PFOTS. During CVD, an incubation time of 45 minutes, at room temperature, in the
presence of argon, was utilized, see Section 6.2. A study done by Bravo et al. [7], utilized a similar
CVD technique, but had an incubation time of 1 hour. Baldacchini et al. [76] used an incubation time
of 3 hours, in order to coat a rough wafer with a trichlorosilane. This could indicate that the incubation
time of 45 minutes used in this project might be too short. Other techniques, beside CVD, are also
used. Geer et al. [80] immersed the wafers in a 1 vol. % solution of PFOTS in anhydrous toluene for 5
minutes, before they rinsed the wafers twice with toluene followed by baking for 4 minutes at 120 °C.
Banga et al. [81] immersed their wafers in a 1 mM PFOTS solution in toluene for various periods of
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time and rinsed them in chloroform afterwards. The aforementioned methods are all two-step meth-
ods, that first makes the wafers rough, and then deposits the silane, including the method used in this
project. A simplified fabrication process could be a one-step method. Ogihara et al. mixes SNPs with
a solution containing a trichlorosilane, heats it and then deposits it on the substrate [72]. Kulkarni et
al. fabricated SNPs, and then coated them by immersing the particles in a solution of a trichlorosilane
in toluene. Afterwards, the coated particles were deposited on the substrates [71].

Too short incubation time could result in an incomplete formation of a full covering monolayer. Ac-
cording to Wang et al., it is possible to verify, that a monolayer is covering the entire wafer using a
combination of x-ray photoelectron spectroscopy and ion scattering spectroscopy [78]. Furthermore,
methods, including weighing by a quartz crystal microbalance (QCM) weight, could be employed in
order to determine the ideal incubation time for formation of a complete monolayer. This could be
done by studying different incubation times and relying on the fact that when a complete monolayer is
formed, no more organic silane will deposit on the substrate, thus no gain in weight will occur. Kurth
et al. [82, 83| have used a QCM weight to verify the presence of a monolayer on a gold substrate,
by weighing the substrate at different time intervals during the deposition process. Fourier transform
spectroscopy attenuated total reflection (FTIR-ATR) could also be employed, using multiple reflections
for higher sensitivity, to study if the amount of PFOTS on the wafer would increase if incubation times
longer than 45 minutes were used [84].

With CAs of (g) 111.53°, (h) 106.65°, and (i) 106.22° for the PFOTS wafers, additional roughness
is needed, in order to obtain a superhydrophobic surface with a CA above 150°. This was done by
utilizing two layers of SNPs. The effect of an increase in roughness on the untreated wafers was first
investigated. As is evident from a qualitative comparison between the CAs of untreated wafers (d -
f) in Figure 7.4 and the CAs of SNP wafers (j - 1) in Figure 7.8, there is no change in CA. This is
contrary to what is expected if either a Cassie-Baxter or a Wenzel state is assumed. If a Cassie-Baxter
state is assumed, an increase in roughness with no change in surface free energy would lead to an
increase in CA. On the other hand, if a Wenzel state is assumed, an increase in roughness with no
change in surface free energy should lead to a decrease in CA for hydrophilic surfaces. As is evident
from the AFM measurements of wafers (j - 1) and their corresponding RMS* values, the two layers of
SNPs indeed induce a large increase in roughness. As no change in CA is observed a change in surface
free energy could be the case. This could arise from different phenomena. Firstly, the SNP solution,
which had been used prior to this project, could be contaminated with agents, that changed either the
composition or energy of the surface. Secondly, the manufacturer, W.R. Grace & Co.-conn., write that
they add antimicrobial agents to their LUDOX® solutions, and these agents could be responsible for
the unexpected CAs [55].

After the roughness of the wafers was increased on SNP wafers (j - 1), PFOTS was deposited using the
same CVD procedure as for the PFOTS wafers (g - 1). This should lead to an increase in CA, as it did
between the untreated wafers and the PFOTS wafers. Again, there is consistently no visible change in
the AFM measurements or RMS* values between SNP wafers (j - 1) and the SNP-PFOTS wafers (m -
0). But it is evident from a comparison between the CAs of SNP wafers (j - 1), see Figure 7.8, and the
CAs of SNP-PFOTS wafers (m - o), see Figure 7.10, that there is a large increase in CA after coating
with PFOTS. However, the results are not consistent.

The CA of SNP-PFOTS wafers were (m) 112.09°, (n) 62.37°, and (o) 150.44°, see Figure 7.10. SNP-
PFOTS wafer (m), shows a CA corresponding to a PFOTS wafer, which were 106.22 - 111.53°, see
Figure 7.6. SNP-PFOTS wafer (n) shows a CA, which is between the one of an untreated wafer, see
Figure 7.4, and the one for a PFOTS wafer, see Figure 7.6. Finally, SNP-PFOTS wafer (o) shows a
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superhydrophobic CA, which indicates the right roughness, and that PFOTS has successfully formed
a covering monolayer.

Since the CAs of SNP wafers (j - 1) are consistent, aswell as the CAs of the PFOTS wafers (g - 1),
it can be argued that it is the deposition of PFOTS onto the SNPs that leads to the inconsistencies.
As described above, the manufacturer had doped the applied SNP solution with antimicrobial agents,
and the presence of those could very well influence the dynamics behind the formation of a PFOTS
monolayer. These factors would result in inconsistent results, as is the case in this project.

In order to compensate for the inconsistency of the CAs of SNP-PFOTS wafers (m - o), the SNPs
were irradiated in the ozone cleaner for 20 minutes after deposition on the wafers. It is probable, that
the antimicrobial agents of the SNP solution are organic, thus they can be eliminated by employing
the combination of gaseous ozone and UV radiation, ultimately oxidizing organic compounds. Firstly,
SNP-UV wafers (p - r) were irradiated in the ozone cleaner after SNP deposition, and the surfaces
were even more hydrophilic, see Figure 7.12, than those of untreated wafers (d - f), see Figure 7.4,
and SNP wafers (j - 1), see Figure 7.8. This indicates a Wenzel state, and the wafers (p - r) were too
hydrophilic for any CA measurements to be made. This change in hydrophilicity occurs in spite of the
fact that the RMS* values are consistent with the SNP wafers (j - 1) and SNP-PFOTS wafers (m - o).
Secondly, SNP-UV-PFOTS wafers (s - u) were irradiated in the ozone cleaner after SNP deposition
and before PFOTS coating, and resulted in consistent CAs with similar RMS* values, compared to the
SNP-PFOTS wafers (m - o) that had not been irradiated. The CAs of the SNP-UV-PFOTS wafers were
(s) 139.29°, (t) 130.10°, and (u) 130.33°. It is evident that the SNP-UV-PFOTS wafers had consistent
CAs, however, they are not, as intended, superhydrophobic.

One can argue, that irradiation by the ozone cleaner has reduced the inconsistency of the CAs, pos-
sibly by decomposing organic constituents in the SNP solution, including antimicrobial agents. As
the surfaces are not superhydrophobic, even though a combination of roughness and low surface free
energy has been applied, it was discussed whether potential stabilizers of the SNP solution could in-
fluence the deposition of the PFOTS monolayer, potentially disrupting the superhydrophobic effect.
However, it was obtained from W.R. Grace & Co.-conn. that every grade of the LUDOX® family is
charge stabilized in order to keep the reactive SNPs from aggregating and gelling [56]. Specifically, the
applied LUDOX® TM-40 SNP solution was stabilized by sodium hydroxide, resulting in an alkaline
solution and negatively charged SNPs [56]. The stabilization relies on the silanol groups on the surface
of the SNPs, where sodium hydroxide induces a negative charge with sodium as the counter ion, which
balances the induced charge of SNPs [56]. W.R. Grace & Co.-conn. reports that the sodium counter
ions remain in coatings with the SNPs after application and drying [56]. The sodium ions will not
be influenced by the ozone cleaning processes, and thus one could argue that these ions may cause
problems during CVD and the formation of the PFOTS monolayer. However, W.R. Grace & Co.-conn.
reports that it is a small amount of the particle surface that is modified and that the reactivity of the
SNPs primarily relies on that of the silica surface. Thus, effects from sodium ions are minimal. The
problems arising from pre-fabricated SNPs could have been avoided by self-synthesizing the particles
without any stabilizers or other unwanted components.

Another explanation as to why the SNP-UV-PFOTS wafers were not superhydrophobic, may be found
in the size of the applied SNPs. The SNPs had a mean diameter of 22 nm, and, as described earlier
in this chapter, it is popular to utilize either larger nanoparticles for one-scale roughness, or similar
or larger particles for the second layer of a two-scale roughness. Thus, the 22 nm particles may be
too small for one-scale roughness, and even though low surface free energy is utilized through coating,
the roughness was not sufficient for superhydrophobic surfaces, not including the SNP-PFOTS wafer
(o) as wafers (m - o) were inconsistent. However, by utilizing two-scale roughness with the 22 nm
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SNPs as the primary layer, and smaller particles as the secondary layer, the 22 nm SNPs may induce
superhydrophobicity, similar to what was reported by Bravo et al. [7] who utilized 20 nm and 7 nm
particles. Furthermore, according to Bravo et al. [7], in order to obtain a Cassie-Baxter, and not a
Wenzel state, two-scale roughness is essential for fabrication of ideal superhydrophobic surfaces, with
a CA above 150° and a CAH below 10°. Furthermore, it may be required that the first layer of the
two-scale roughness consists of a mixture of different sized nanoparticles in order to obtain a low CAH.
7]

Lastly, it is important to note, that no efforts were made to determine whether the wafers were entirely
covered with a relatively homogeneous coating of SNPs and PFOTS. The solution of SNPs suspended
in propan-2-ol was dispersed over the entire wafer, but the dynamics behind the evaporation of the
propan-2-ol is not known, and were not investigated. In further studies, AFM images of different areas
on each wafer could be employed to effectively determine the presence of a coating on the entire wafer.
If the coating of SNPs and PFOTS was not relatively homogeneous, the CAs might depend on the
placement of the droplet on the wafers. The RMS values, determined from all the AFM images pre-
sented in Chapter 7, were not deemed representative of all wafers due to random aggregates of particles
and AFM artifacts. Some wafers showed aggregates in the AFM images, where others did not, and so,
the determined RMS values were inconsistent. The aggregation was most likely due to the fact that
the SNPs were suspended in propan-2-ol in between the experiments. Ogihara et al. showed that SNPs
suspended in lower alchohols would aggregate more than if they were suspended in higher alcohols [72].
Propan-2-ol is an alchohol with a relatively high polarity [85], and thus, SNPs would aggregate more
when in this solution compared to higher alcohols. Efforts were made to prevent this phenomenon
from affecting the results using ultrasound for 20 minutes. It is not known, however, if 20 minutes
was enough time to dissolve all aggregates, as their existence and size on the wafers seemed, as stated
earlier, somewhat random. In future experiments, efforts should be made to minimize this effect further
so that more consistent AFM results are obtained. As the RMS values were fairly inconsistent, RMS*
values were used instead as these show a more representative value of the wafers. The RMS* values
were found using smaller areas of the same AFM image. These areas were made as large as possible to
ensure the RMS* values were statistically valid, while avoiding aggregates and AFM artifacts.

As stated in Section 3.2, the roughness parameter r should be proportional to the RMS value of a
wafer, but that is not the case in this project. As is evident from every RMS value of untreated wafers
(d - f) and PFOTS wafers (g - i), see Tables 7.2 and 7.3, and every RMS* value determined in this
project, see Tables 7.4, 7.5, 7.6, and 7.7, there is no observable proportional correlation between r
and these values of the AFM measurements. This means, that even after choosing an assumed rep-
resentative area of the AFM image, there are considerable uncertainties in the determination of both
the r» and the RMS* value. Many studies report using AFM measurements for calculation of RMS
values of their wafers, and use these in their assessments of the experiments. Therefore, AFM is clearly
an accepted method for the determination of the RMS* values [7, 3, 86]. Others, however, use field
emission scanning electron microscopy [4, 6] and transmission electron microscopy [71]. As AFM is a
popular method of determining the roughness of a substrate, the measurements made in this project
needs to be examined further, as the measurements are inconsistent with theory. Firstly, as can be
seen in Figures 7.7 (k), 7.7 (1), 7.9 (m - o), and 7.11 (q), 7.11 (r), and 7.13 (t), there are significant
drift, blurriness, and other AFM artifacts on these AFM images. These AFM artifacts can arise from
too low feedback gain, too fast scanning speeds, and thermal and sample drift. Low feedback gain and
too fast scanning speeds would result in a higher apparent RMS value, and so would thermal drift,
since it stretches the particles in the plane of the substrate. However, most AFM artifacts have been
avoided by selecting a specific area for RMS value calculation.
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The CAs in this project, were measured using ImagelJ, as stated in Chapter 6. This analysis tool,
however, has some subjective aspects to it, and one example is the shape of the droplet. The shape of the
water droplet was adjusted, and afterwards optimized using an algorithm. The primary determination
of the shape, however, is made by the authors, and therein lies a potential source of error. Small
variations in the determined shape can lead to a change of several degrees in the CA. The primary
reason as to why the authors had to manually adjust the shape of the droplet was due to the low
quality of the images. It would therefore be optimal if a higher resolution camera was utilized, such
that images of higher quality would make it possible for an algorithm to completely determine a more
accurate shape of the droplet, and thus eliminate this potential source of error.

Another consideration related to the measurement of the CAs is how the droplet was deposited on
the wafers. The equipment made it impossible to keep the volume of the droplet constant throughout
the experiments. There have been much research on how the volume of the droplet changes its CA,
and Delich et al. have concluded, that on an ideal flat surface, the volume does not matter much [87].
However, when the CAH plays a role in the experiments, it has been shown that the volume of the
droplet indeed is important [88]. If further research is to be conducted, a constant, fixed volume must
be applied. When a droplet was formed on the wafers, the needle was inside the droplet. Fluid was
supplied using a syringe with Milli-QQ water connected to a tube. When the droplet had an appropriate
size, the flow of water was stopped, but a smaller amount of liquid continued to flow, and so the syringe
had to be retracted a bit to stop this flow. Some times this could result in some fluid flowing backwards
into the tube from the droplet, and other times the reverse was the case. This can have a large effect
on the CA of the droplet, due to CAH. If any liquid was removed from the droplet, the CA, rather
than the contact area with the wafer, would decrease. If any liquid was added to the droplet, however,
the CA would increase. CAH measurements were not conducted in this report, and so it is not evident
how much of an effect this source of error has, but it has the potential to distort the results.

8.2 Improvements

As mentioned earlier, a method that verifies that the CVD process indeed resulted in a PFOTS
monolayer covering the entire wafer should have been employed in this project. FTIR-ATR would
have been an obvious choice, and the method is often used to characterise monolayers on a substrate
[84, 71, 89, 90]. Fourier transform spectroscopy (FTIR) is a form of infrared (IR) spectroscopy, that
makes it possible to measure the IR absorption of a continuous spectrum of wavenumbers almost
instantaneously with a low signal-to-noise ratio [91, 92, 93]. The name stems from the fact that the
method utilizes Fourier transformation. A specific form of FTIR is attenuated total reflection (ATR),
which utilizes a crystal with total internal reflection, that is in contact with the sample. The light hits
the sample, where some energy is absorbed by the sample, and the reflected light, which afterwards
hits the detector, can thus yield information about the monolayer [84, 94|. Ha et al. studied PFOTS in
collapsed form, on a zinc-selenide substrate and on a gold evaporated glass substrate using FTIR-ATR,
see Figure 8.1a [95].
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Figure 8.1: (a): FTIR-ATR spectra of PFOTS on a zinc-selenide substrate and on a gold evaporated glass substrate.
There are two peaks of absorption, one at 1208 and one at 1152 cm~!. These two peaks are attributed to the vibrational
stretching of the C—F bond in the CF, and CF; groups [95]. (b): FTIR-ATR spectra of PFOTS deposited on a hydrated
silica substrate at high temperatures. The peaks from 1450 to 700 cm ™" were attributed to the various C—H and C—F
bonds [96].

In Figure 8.1a, it can be clearly seen, that there are two peaks of absorption, one at 1208 and one at
1152 cm™!. These two peaks are attributed to the vibrational stretching of the C—F bond in the CF,
and CF; groups [95].

Chen et al. used FTIR-ATR to explore how PFOTS was deposited on a hydrated silica substrate at
high temperatures [96]. In Figure 8.1b, it is spectrum (b), which shows the absorption spectrum of
PFOTS on the substrate, and the peaks from 1450 to 700 cm~! were attributed to the various C—H and
C—F bonds [96]. In studies by Fernandez et al., they found the anti symmetrical vibrational stretching
of the CF; group in a CF3S0,X molecule to be in the range from 1190 to 1235 cm™! [97, 98]. As is
clear, FTIR-ATR could have easily been employed in this project to verify the presence of PFOTS on
the silicon dioxide wafers.

Another measurement method, which is widely used to characterize monolayers, is spectroscopic ellip-
sometry (SE) [99, 100]. Ellipsometry measures the change in polarization of a light wave, that is either
reflected from, or transmitted through a sample. It is then possible to gain insight into the thickness
and optical properties of a thin film such as a monolayer. [99, 100]

In this project, SE would have been useful when characterizing the PFOTS monolayer as it could be
determined if the measured thickness was consistent with the theoretical height of a PFOTS monolayer.
DePalma et al. found the height of PFOTS to be approximately 10 A using SE, which they reported
to be in accordance with theoretical values [101].

Another addition to this project would be the examination of SAs and CAH. As stated earlier in Section
3.3, much literature conclude that a droplet in the Wenzel state will have a high SA and CAH, while a
droplet in the Cassie-Baxter state will have a low SA and CAH [5, 45, 46]. Measurements of these two
parameters would have helped elucidate which state the droplets in this project were in. Furthermore,
SAs are a critical aspect of superhydrophobicity, since self-cleaning is a trait, that is highly sought
after. For a surface to be self-cleaning, like the sacred lotus leaves, it must have a low SA and CAH,
so any droplets will roll of easily, and collect any contaminants on the way as explained in Section 3.3.
The stability of a surface structure is important for any practical use of a superhydrophobic surface,

Group 4.205 48 of 59



Aalborg University January 4%, 2016

and the stability of the coatings of the wafers created in this project was not investigated. Kim et al.
made superhydrophobic surfaces that were stable for 30 days at both room temperature and up to 400
°C in atmospheric air [6]. According to Latthe et al. [102], superhydrophobic surfaces has been made,
that were stable at temperatures up to 275 °C in high humidity. Another superhydrophobic surface
was stable in toluene for 24 hours at room temperature, which is reported to indicate a stability in
most organic solvents [103]. Other studies have reported their superhydrophobic surface to be stable
in seawater even after long durations of exposure [104, 105, 106, 107, 108]. Lastly, another superhy-
drophobic surface was stable in pH values of 1 - 14, indicating that the pH value of an aqueous solution
has little effect on the hydrophobicity of a surface [109]. These studies indicate that superhydrophobic
coatings can be applied in a wide variety of environments. However, the stability of the specific coating
made in this project is yet to be tested.

In order to manufacture a superhydrophobic surface, various methods can be used. For all methods,
however, it is the combination of a low surface free energy and a rough surface that causes the
superhydrophobicity. In this project, SNPs were deposited onto a surface in order to enhance roughness
of the surface, followed by a coating of silane by CVD in order to lower the surface free energy.

For large-scale production, a one-step method may be beneficial, compared to the two-step method
used in this project, due to the increased simplicity in both process and equipment. Wang et al.
[12] used a one-step method to create a superhydrophobic surface. A sol solution containing SNPs
was prepared by co-hydrolysis and condensation of two silane precursors, tetraethyl orthosilicate and
tridecaflourooctyl triethoxysilane, in a hydrous ammonium solution. This solution can easily be coated
onto various substrates simply by dipping, spraying, or spin coating, where it will form a transparent
film. Once coated onto the surface, SNPs with a size range of 50 — 150 nm covered in silane species
will randomly form aggregates. This will ensure both a low surface free energy and a high roughness,
creating the premise of a superhydrophobic surface. Using this method on a polyester surface, a CA
and SA of 174 + 2.7° and 2.2 + 0.1°, respectively, was achieved. [12]

The production method used by Wang et al., compared to the method used in this project, is especially
advantageous in a large-scale production. The production method is quite simple, as it is a one-step
method and the coating process does not demand much in either process or equipment. The sol solution
can easily be coated onto larger surfaces and the coating time is essentially independent of the surface
area. Furthermore, the sol solution can be coated onto a wide array of solid surfaces, including textile
fabrics, electrospun nanofibre mats, filter paper, glass slides, and silicon wafers [12]. Since the solution
will form a transparent film once coated onto a surface, it is ideal for surfaces such as windows, car
windshields, or clothes in order to make them self-cleaning.

Instead of only using nanoparticles for roughness, Baldacchini et al. used a femtolaser to create a
microstructure which was efficient at trapping air beneath the water droplets, creating a Cassie-Baxter
state on the surface |[76]. The advantages of the femtolaser include the possibility to precisely modify
the surface, rather than relying on the somewhat random nature of the deposition method used in
this project. The femtolaser microtexturing would be useful for more precise experiments relating
the roughness to the hydrophobicity of a surface. However, from an industrial perspective, femtolaser
microtexturing might have some disadvantages. Baldacchini et al. uses a femtolaser with 1 kHz pulses
with a spotsize of maximum 250 pm in diameter and then translates the surface relative to the laser
spot in order to transform the entire surface [76]. Every spot on the surface receives an average of 200
pulses [76]. Thus, it would take 8 seconds to transform a 1 c¢m line of width 250 pm on the surface.
In order to create 1 cm? transformed surface, 40 lines of 1 cm length would be needed, meaning 1 cm?
would take 320 seconds to transform. From this estimation, it can be seen that the technology would
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probably not scale too well with increasing surface area.

Etching is another possibility for creating appropriate roughness without relying on complex methods.
Qian et al. [110] utilizes dislocation-selective chemical etching on aluminium, copper, and zinc surfaces
to successfully create superhydrophobic surfaces with a CA of around 150° and a CAH around 5°, see
Figure 8.3. The chemical etchant targets dislocation defects in crystalline materials, which are more
prone to being dissolved than the crystalline material itself, due to the defects possessing relatively
higher energy [110]. After the chemical etching, the surfaces were coated with a fluoroalkylsilane to
make the surface hydrophobic. This method is quite simple to employ as roughness changes with the
amount of time the surface is exposed to the dislocation etchant. The etching process should also
be easier to scale up compared to the femtolaser microtexturing. Sarkar et al. exposed aluminium
surfaces to diluted hydrochloric acid and afterwards coated them in Teflon® obtaining a CA of 164 +
3° with a CAH of 2.5 + 1.5° [111]. This method is also relatively simple compared to the femtolaser
microtexturing, as only common industrial processes are used.

Furthermore, a surface with a very high roughness can also be achieved by creating a fractal surface,
which was shown by Onda et al. [13]. For a fractal surface, the roughness parameter r, given by
Equation (3.6), is very large and can even be infinite for a mathematical ideal fractal surface. In order
to create the fractal surface, alkylketene dimer (AKD) solid films were grown with a thickness of 100
pm on a glass substrate. The glass substrate was dipped into melted AKD at 90 °C and was then
cooled to room temperature in the ambience of dry nitrogen gas. When AKD solidifies it undergoes
a fractal growth, resulting in a fractal surface. For this surface a CA as large as 174° was achieved,
whereas for a flat AKD surface a CA of only 109° was achieved. Just as with the sol-gel method used
by Wang et al., the growth of AKD solid films, creating a fractal surface, could easily by applicable
in a large-scale production and on large surfaces, as one would only need to dip the surface in melted
AKD and then let it dry in order to achieve a superhydrophobic surface. A SEM image of the fractal
surface is shown in Figure 8.2. [13]

Figure 8.2: SEM image of fractal roughness created with AKD  Figure 8.3: SEM image of an aluminum surface

solid films with a thickness of 100 pm [13]. etched with a dislocation etchant for 10 seconds.
The surface is afterwards coated with flouroalkyl-
silane to provide CAs around 150°. [110]
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9. Conclusion

This project sought out to create superhydrophobic surfaces using a combination of two layers of SNPs
and a coating of PFOTS. The two layers of SNPs were deposited in order to make a rough surface, and
PFOTS was used to lower the surface free energy of the surfaces, as the theory behind superhydrophobic
surfaces states that these are the two most important parameters.

More hydrophilic surfaces were obtained when coating with only SNPs; and more hydrophobic surfaces
were obtained when coating with only PFOTS, compared to the untreated wafers. After a process
of trial and error, surfaces that had been cleaned, exposed to UV radiation, coated with two layers
of SNPs, once again exposed to UV radiation, and lastly coated with PFOTS using CVD, had CAs
between 130 and 139°. Among the possible reasons why the surfaces had CAs below 150° could be the
lack of two-scale roughness, and appropriate size of particles. Furthermore, it was not verified whether
the entirety of the wafer surfaces was covered with PFOTS and SNPs or not.

There are several improvements that could be made to the experiments done in this project, if further
research is to be conducted. First and foremost, either QCM weighing or FTIR-ATR should be used
to determine whether there indeed was a monolayer of PFOTS formed on the wafers, that completely
covered the entire wafer surface. Secondly, SA and CAH measurements should be done as to further
determine whether the droplet is in a Wenzel or Cassie-Baxter state, and to check if the experiments
have yielded an ideal superhydrophobic surface that can be used in various applications. Thirdly,
one-step methods could be more attractive, compared to the two-step method applied in this project.
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