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Abstract

Surface modification is crucial in material science, significantly impacting indus-
trial applications. Superhydrophobic surfaces (SHS) offer essential properties such
as anticontamination, antisticking, and self -cleaning, making them highly desirable
for various industrial and biological uses. Despite these advantages, SHS face chal
lenges in durability and optical transparency. This thesis addresses these limita-
tions by developing a novel design utilizing multilevel fabrication through maskless
lit hography. Herein, a new approach is presented that not only enhances superhy-
drophobicity but also provides durability and transparency. The transparent design
achieved a contact angle (CA) of 155° without any additional superhydrophobic
coating. Furthermor e, when coated with NbN, the design demonstrated significant
mechanical durability in abrasion tests, with only a minimal decrease in CA of ap-
proximately 3°. These findings surpass previous works by combining high CA with
mechanical robustness and transparency. Additionally, the study investigated the
influence of structural design on Superhydrophobic (SHB) properties, focusing on
a three-layer configuration. Preliminary experiments revealed that this design ef-
fectively directed droplet movement to the center. The finding highlighting the po-
tential of multilevel structures in controlling droplet dynamics and enhancing SHB
properties. These results pave the way for future research in developing advancec
SHS for practical applications, such as selfcleaning surfaces and advanced micro-
fluidics.

Keywords Fabrication, Superhydrophobic, Multilevel , Maskless Lithography,
Mechanical durability, Transparency, Abrasion testing, Hard material coating,
Atomic Layer Deposing (ALD), Sputtering, Processdevelopment and optimization
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1 Introduction

The ability to control the wettability of solid surfaces is crucial for many ap-
plications [1]. Wettability can be directly measured by the contact angle (CA)
of a water droplet on the surface, providing an explicit expression of this
property [2] . A surface becomes hydrophobic when a water droplet placed on
it results in a contact angle (CA) greater than 90 degreeq3] . Superhydropho-
bic surfaces (SHS) are defined by exceptionally highwater contact angles,
typically greater than 150°, with sliding angles (SA) less than 10 and contact
angle hysteresis (CAH) less than 10 [2-5]. These surfaces offer significant
properties such as antisticking, anticontamination, and self -cleaning [3, 5].
Such characteristics are highly desirable for various industrial and biological
applications, including antibiofouling paints for boats, snow -repellent coat-
ings for antennas and windows, self-cleaning windshields for vehicles, metal
refining processes, stain-resistant textiles, and antisoiling architectural coat-
ings [2] . Additionally, these properties are sought after in display technolo-
gies, optics, architecture, medicine, aviation, and transportation [3, 4].

Multilevel structures found in nature exhibit a range of fascinating proper-
ties. This structures offersvaluable insights and design principles for creating
artificial, nature -inspired multiscale structures with diverse properties [6].
For example, the lotus leaf exhibits superhydrophobic (SHB) propertie s due
to its micro/nano -scale structure coated with a low surface energy layef2, 4,
6]. By replicating similar surface designs, engineers can achieve equivalent
properties. Fabrication of multilevel surface structures can be achieved
through either bottom -up or top-down processes[4, 7, 8]. Bottom-up meth-
ods include self-assembly, chemial deposition, electroplating, and plasma
treatment [7]. Top-down processesinclude optical and laser lithography, an-
isotropic etching, Atomic Layer Deposition (ALD), and polymer growth [4].
Whil e typical SHS consist of micropillar arrays, recent advancements have
introduced multilevel structures that consist of multilevel a microstructure

[9].

This thesis explores the fabrication of multilevel superhydrophobic surfaces
(SHS) using maskless lithography with SU-8, a widely used negative photo-
resist known for creating high aspect ratio microstructures. The primary ob-

jectives were to achieve both superhydrophobicity and transparency through
process optimization. The optimized design successfully achieved transpar-
ency and an advancel contact angle (ACA) of 155 without additional hydro-

phobic coating. Furthermore, when coated with NbN, the design demon-
strated remarkable durability, withstanding both sand and cleanroom (CR)

wipe abrasion tests, with only a minimal decrease in CA of apgroximately 3°.
These findings highlight the potential of novel designs to achieve both



durability and transparency, showcasing the advancements made in SHS fab-
rication.

Another objective was to investigate the influence of structural design on SHB
properties, including configurations such as a three-layer structure. Prelimi-
nary experiments with this design effectively directed droplet movement to-
wards the center of the chip, underlining the potential of multilevel structures
in controlling droplet dynamics and enhancing SHB properties. This research
illustrates the promising application of SU -8 in creating robust, transparent,
and superhydrophobic surfaces through innovative structural designs.

This thesis provides an overview of the fundamentals of supetydrophobic
surfaces and wettability characterization in Chapter 2, which includes discus-
sions on wetting theory, models, and multilevel structures. Chapter 3 delves
into the fabrication techniques for superhydrophobic surfaces, covering the
basics of lithography, recent developments, and methods for creating multi-
level structures. Chapter 4 details the materials and methods used in the re-
search, including the design of surface structures, microfabrication pro-
cesses, and various characterization techniques.Chapter 5 presents the re-
sults and discussion, addressing fabrication outcomes, adhesion issues, opti-
mization of fabrication parameters, characterization of multilevel micro-
structures, and performance under abrasion tests. Finally, Chapter 6 offers a
concise conclusion and suggestions for future research.



2 Wetting Theory and Superhydrophobic Surfaces

This chapter underlines theoretical concepts concerning superhydrophilicity ,
including wettability which can be directly measured by the contact angle
(CA), Sliding Angle (SA), Advancing, and Receding Contact angles (ACA,
RCA) and Contact angle hysteresis(CAH). Additionally, Wenzel and Cassie-
Baxter models of heterogeneous surfaceswill be discussed in detail.

2.1 Wetting theory and models

A material's wettability is influenced by its topography, surface chemistry,

and the properties of the liquid. Wettability plays a crucial role in various nat-

ural and industrial processes, including wicking, protein adsorption, and con-
densation[5].Sur f aces 6 wet t abirhinetlythe GAfarrgedi cal | 'y d
when a needle liquid spreads on it. This angle, as illustrated in Figure 1, is

geometrically defined at the intersection of the liquid, gas, and solid phases.

A surface is generally classified asSHB if it exhibits a water CA greater than

150° and a sliding angle (SA) less than 10°[2-5, 7-11] The reading of CA is

critical to characterize the wettability b

r I r AT-© 1)
where e is t he gdefindsthe surfacertemdior or interfadal

energies of gs. = solid-liquid, gsv=solid-vapor & g.v = liquid -vapor interfaces,
respectively [5] .
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Figurel.Cont act angl e atiomd(a) Musttating & lisjuid elrpplet
on a flat, smooth solid surface. (b) a clear derivation of Young's equation on
a flat, smooth solid substrate [4].

Youngos ,aevhiah avasfirst mtroduc edin 1805 gave a basic and most

fundamental understanding of static CA for an ideal smooth surface and

chemically homogeneous However, there are not an absolute and ideal sur-

face, thus; this equation would be invalid to examine real surfaces. To over-

come this, Robert Wenzel I n 1936 modi fied



surface roughness. The Wenzel model is commonly used to quantitatively an-
alyze the wetting properties of a liquid droplet on a rough solid surface (See
Figure 2a). Wenzel defines the surface roughness by (r) by the difference be-
tween the actual surface and geometric surface the following equation[4] :

i )

The roughness factor (r) is greater than one because roughness causes the

actual surface area to be larger than the geometric surface area measured on

the surface plane.On the other hand, for an ideal smooth surface, both areas

are equalto one. Incorporating the roughness factor (r), the relationship be-

t ween Young's equi | ivandithe Wenzebaoritaatangleang!l e (¢
( w) is given by Equation (3) [4] :

Al 1 AT-6 (3)

In rough surfaces, where the roughness factor (r) is greater than 1, substitut-
ing this value into equation (3) reveals that surface roughness significantly
influences both the wetting and non-wetting properties of the solid surface.
A s moot h Wwithdnintirsic CA< 90 becomes more wettable with
increased roughness, whereas a surface with a intrinsic CA > 90 becomes
more non-wettable when roughness is introduced [4, 9]. Consequently, the
wettability can greatly be influence via surface topography.

Overall, the Wenzel model addresses more complex conditions and provides
a new method for characterizing wettability . Both the Young and Wenzel
models assume thermodynamic equilibrium and do not account for local en-

ergy barriers or air pockets. While the Young equation assumes an ideal
smooth surface, the Wenzel model considers surface roughness but is still
limited by these assumptions. The energy barrier often prevents the drop

from entering every cavity, causing the system to enter a metastable state ra-
ther than a completely Wenzel state[4] .
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Figure 2. Wetting models of rough heterogeneous surfaces; (a) liquid droplets
on microstructured surfaces in the homogeneous (Wenzel) regime, and (b) a
liquid droplet on a microstructured surface in the heterogeneous (Cassie-
Baxter) regime [4].

When the surface topography of a solid is complex (e.g, in a metastable state,
porous, or composed of different chemical compositions), the Wenzel model
becomes insufficient. In 1944, the CassieBaxter (CB) model was introduced
to address these complexities by considering surface chemistry. This model
provid es a more comprehensive understanding of wetting theory by incorpo-
rating surface coefficients, trapped air in microporous structures (known as

plastron), and droplet size (seeFigure 2b) [4, 5, 9].

Cassie divided the surface tension into specific components(Asv and A sv).
To appropriately weight these components, the area fraction (a ) was intro-
duced. This can be gnerally formulated as shown in Equations (4) and (5)

[5]:

Q Q E Q phr BQryp we B Qi (4

Ai-6 B 0AI-O (5)
Thus, the CB equation can be obtained. It suggests that the wetting and non

wetting properties of solid surfaces result from the combined effect of surface
roughness and chemical composition.

When analyzing a basic scenario where a composite surface consists of two
di fferent materi al s) wa reandfcarraspanding coa- |
tact anghdsy ( a1t ha&d. By applying the CB equation, the

areas



apparent contact angle of this heterogeneous interface can be determined as
follows [4] :

A0 "Qoé+ QAT-O (6)

In the ideal Cassie-Baxter model, where the droplet sits on a perfecty flat
liquid -solid and liquid -vapor interface, the relationship can be expressed by
the following equation [5]:

AT-6 Mp AT-O p (7

Here €cassieBaxteristhe CAobser ved on the rough surface,
the surface in contact wit@Aottheematdriallqui d, an
when it is smooth [5] .

Gua and Yang (2017) emphasize a third model of wettability, which combines
the Wenzel and Cassie states. In this model, the side walls of the structure are
partially penetrated while air remains trapped (see Figure 3). This mixed
model, where the tops of the pillars may exhibit Wenzel roughness, can be
described mathematically by Equation (8) [4] :

Ail-6 1 DQwé+ "Q p (8)

Figure 3. A schematic illustration of a mixed model, where the droplet partially
fills the surface cavities while trapping air still exits [9].

Moreover, Ebert and Bhushan devdoped a model to calculate the droop of a
dropl et (0) bet we earrays in theirgtudy (seelFigureatf mi cr o



By knowing the height (H), diameter (D), pitch (P), and radius of the droplet

(R), 1t is possible [12bh determine the droop
Section A-A
// .. 57 o
/H /
4//\6’;//(4/;777

Figure 4. Graphic illustration of a small water droplet suspended on a SHS
with a uniform array of cylindrical pillars. The droplet's maximum droop oc-
curs at the center of the square formed by four pillars [12].

According to their findings, the droop is expected to fully penetrate the air
gaps when:

[

0 9)

At this point, the Cassie-Baxter state transitions to the Wenzel state. It is pos-
sible to calculate the pitch value above which a transition to the Wenzel state
will occur for a given height and diameter (see Figure 4). A droplet that has
transitioned to the Wenzel state will have a higher CAH and a lower CA due
to the loss of air pockets and the increased liquid-solid interface, respectively
[12].

Similarly, Wu et al. have clarified the concept and calculation of the solid frac-
tion (g is given by the square of the feature size (a) divided by the square of
the sum of the feature size (a) and the spacing (b) and the following equation
[13]:

N — (10)

This expression is given in Equation 10, and its visualization is provided in
Figure 5. Understanding this concept is crucial for designing surfaces with de-
sired wettability characteristics.
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Figure 5. Visual illustrations of the solid fraction. Reproduced from [13].

2.2 Characterization of wettability

A common method for characterizing surface wettability is by measuring the
static contact angle (CA) using goniometry. However, surfaces often have de-
fects and heterogeneities, making static CA measurements alone insufficient
for characterizing wettability. Therefore, a dynamic CA was introduced by
employing the advancing contact angle (ACA) and Receding contact angle
(RCA). This method further investigates wettability by focusing on the inter-
action between the droplet and the surface. This is achieved by determining
the ACA and RCA values. The difference between these values represents the
Contact angle hysteresis(CAH) as shown inequation (1] [4, 9, 14-16]:

660 — — (19

CAH offers a more comprehensive understanding of how surfaces influence

contact lines. As shown in Figure 6c, increasing the droplet volume results in

the advancing CA. Tahv)eoccarsiwhannhe basegineadr gl e ( €
vances from the threshold val vu®odcds) Si mil a
whenthebasel ine recedes from the threshold va
[4, 9, 14-186].
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Figure 6. Measurement of CA and CAH using the sessile-drop goniometry
method. (a) Diagram of a goniometer setup, including a light source, sample
stage, dispensing system, camera, and computer. (b) Static CA determina-
tion using a software-operated fitting procedure. (c) Measurement of advanc-
ing (ACA) and receding contact angles (RCA) by adjusting the droplet vol-
ume. (d) Measurement of ACA and RCA using the tilting-plate method [9].

Sliding Angle (SA) also known as rolling-off angle, is an important character-
istic for evaluating the wettability of solid surfaces, particularly for liquid -re-
pellent surfaces. This concept indicates the mobility of liquid droplets depos-
ited on the surfaces. The SA can be measured using the same instruments as
CA measurements via the sessiledrop goniometry method, with the addition

of a tilting plate. During this process, the sample is fixed horizontally on the
plate, which is then tilted slowly until the droplet starts to slide or roll. The
tilt angle at this point is considered the SA (as shown in Figure 6d). The SA is
the angle at which the gravitational force component acting parallel to the
surface overcomes the adhesive forces holding a droplet in place. This gravi-
tational force component is given by the product of the droplet's mass, grav-
itational acceleration, and the sine of the tilt angle (& "@ "Q¢ ). When this
force exceeds the surface's adhesive forces, the droplet begins to slidd-or
evaluating liquid repellency, a smaller SA is essential since it means weaker
solid-liquid adhesion and more droplet mobility [9].

While measuring SA is straightforward, it is sensitive to operational details
such as droplet volume, dropping speed, resting time, and tilting speed.
Larger droplet volumes often reduce the SA; hence droplet volume is a fre-
guently addressed factor in literature. Nevertheless, other variables are not
as commonly recorded, which can make quantitative comparisons between
studies difficult or even unreliable [9].



2.3 Superhydrophobic Surfaces (SHS)

Over the past several decades, researchers have shown great interest in SHS,
leading to a significant increase in published papers on the topic. Initially,
SHS were inspired by nature, with examples including the lotus leaf, the nee-
dle-shaped setae of water striders, and the opal structures of butterfly wings
[4]. Extensive research has been conducted on the morphology of natural
nano-pillars, such as those found on lotus leaves[17]. Interest in the unique
wettability of these surfaces, particularly superhydrophobicity, has grown
due to their numerous applications, including self -cleaning, oil/water sepa-
ration, drag reduction, anti -freezing, antifouling, and corrosion protection,
as well as contamination prevention [3, 5, 18]. Superhydrophobic surfaces are
characterized by their extremely low CAH, minimal adhesion, and high mo-
bility of water droplets, typically exhibiting water CAs greater than 150 ° and
SA smaller than 1. These surfaes, often in the Cassié Baxter wetting state,
are among the most effective waterrepellent surfaces due to their unique
properties.[2-5, 7-11, 14, 1719]. In essence, SHS are described by their ability
to repel water due to their micro - and nanoscale structural morphology.

Lotus leaves arewell-known natural superhydrophobic surfaces It exhibits a
CA of approximately 161 + 2.7° with a CAH of just 2°. Figure 7 shows images
of a lotus leaf and its microstructure, reveal a dual-scale roughness:one at
about 10 micrometers (coarse structure) and another around 100 nanometers
(fine structure). These multilevel micro- and nano-structures contribute sig-
nificantly to the leaf's hydrophobic nature [4, 9]. The leaf secretes an epicu-
ticular wax (which has a contact angle of 110) not inherently SHB. However,
the combination of this wax and the leaf's rough structure results in its SHB
properties [20] . This phenomenon, where water droplets roll off the leaf, car-
rying away contaminants, is known as the "lotus effect,” leading to the leaf's
self-cleaning capability and minimal contamination. Finally, a major break-
through in the study of superhydrophobicity was made in 2002 when Jiang
et al. demonstrated that the lotus leaf possesses a micro/nanemultilevel
structure using field -emission-SEM (FE-SEM) [21].

10



Figure 7. Suerhydrophobic surfaces found in nature; (a) Lotg leaf with self-
cleaning property. (b) Microscale papillae on the epidermis of the lotus leaf

[9].
2.4 Multilevel structure

Multileve | structured surfaces possess roughness on both the micre and na-
noscale, essential for achieving the Lotus effect and mimicking natural sur-
faces. Jung and Bhushan illustrated this concept in Figure 5 [22], which
shows the wetting behaviors of flat, nanostructured, microstructured, and
multilevel ly structured surfaces. Conversely, Huovinen et al. showed that mi-
cro-microstructures exhibited greater mechanical durability in wear tests
compared to micro-nanostructured surfaces [23] . Multilevel structures have
the least contact area between the droplet and the surface, resulting in the
highest CA and lowest CAH. The multiscale roughness promotes stable air
pocket formation, protecting against destabilizing factors at both scales [12].
In contrast, flat and microstructured surfaces have the largest contact area
with the droplet, while nanostructured surfaces have less contact. Thus, mul-
tilevel structured surfaces minimize contact area, which is crucial for SHS.

Nanostructure Microstucture Multilevel structure
Figure 8. Graphic illustration showing four types of surface structures and
their wetting behaviors: Flat, nanostructured, microstructure, and multilevel
structured. Modified from [22].
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3 Fabrication of Superhydrophobic Surfaces

There are two main approaches for fabricating SHS: top-down and bottom -

up. The top-down approach includes lithography, template -based tech-
nigues, etching, anodization, and laser processing. On the other hand, the

bottom -up approach comprises self-assembly, Chemical deposition, electro-

plating, electro deposition, hydrothermal processing, sol-gel processespar-

ticle deposition and electrospinning (see Figure 9)[2-5]. Each method has its
advantages and disadvantages; however, this thesis utilizes a hybrid method
combining top -down and bottom-up approaches

Fabrication
of SHS

Figure 9. Fabrication methods of superhydrophobic surfaces.

3.1 Lithography basics

The photolithographic approach is done when a light is passed through a
mask with specific pattern onto substrates (typically silicon) coated with pho-

toresist. Subsequent developmentand etching steps produce the desired pat-
terned surfaces.Photolithography techniques are classified based on the light
source utilized, including X -ray, UV, laser, and ebeam lithography [2, 24-
26]. To optimize the fabricate SHS, an additional surface treatment step is

12



required to make the surfaces SHB. Structures created through photolithog-
raphy are often used for surface modeling due to their ease of characterization
[2]. In applications or manufacturing, materials need to fulfill various de-
mands, presenting many urgent problems to be overcome. Modern lithogra-
phy provides a costeffective, high-throughput method for creating micro -
and nanopatterned structures. This approach serves as a suitable alternative
to conventional optical lithography techniques, offering new solu tions for
high-precision patterning [27].

Nanoimprint li thography (NIL) is a pattern replication technique that uses
heat and pressure to transfer a pattern. A hard master mold is pressed onto a
thermoplastic polymer layer that is heated above its glass transition temper-
ature. Once the polymer cools and the mager is removed, a negative replica
of the template remains [28] . NIL can produce extremely small features, po-
tentially down to just a few nanometers, depending on the design of the mas-
ter [2].

3.1.1 Maskless lithography

Conventional optical lithography can be expensive and laborious, making it
insufficient for fast prototyping due to the requirement of a fixed design in a
photomask [29] . To overcome these limitations, maskless lithography offers
a high-speed direct write approach that does not require a physical photo-
mask. It allows precise control over surface structures by adjusting parame-
ters such as scanning speed, pulse number, and laser fluence. Additionally,
this method can achieve complex multiple-wettability integration without re-
quiring fluorination [4]. This technique projects designs directly onto a re-
sist-coated substrateusing a laser modulated by a digital micromirror device.
Maskless lithography systems typically employ fiber-coupled diode lasers,
which are composed of several laser diodes connected together into fibers to
form a bundle [30] . These systems allow for fast design modifications, mak-
ing them ideal for inexpensive, rapid prototyping and iterative modification.
The ability to switch rapidly between different laser sources (e.g., 375 nm and
405 nm) fur ther enhances their flexibility and efficiency [30].

Moreover, maskless lithography employs techniques such as rasterscan to

create patterns. This method enables fast design modifications and eficient

pattern creation, making it suitable for applications requiring high precision

and flexibility. The system can typically
[30].

3.1.2 Negative resist (SU -8) for microstructure fabrication
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SU-8 is a widely used negative photoresist, particularly preferred for fabri-
cating high aspect ratio microstructures. SU-8 is an epoxy-based negative
photoresist offering good chemical resistance and mechanical stability, suit-
able for fabricating micro and nanostructures. It is commonly applied in mi-
crofluidics, MEMS (Micro -Electro-Mechanical Systems), micro-optics [30],
and surface fabrication for SHB applications. Initially developed and pa-
tented by IBM in 1989, SU-8 has emerged as a top material for the fabrication
of extremely intricate 3D microstructures since its release. Its popularity
stems from its superior mechanical, chemical, and optical qualities, which
enable the deposition and patterning of extremely thick layers at high resolu-
tions. SU-8 is composed of Bisphenol A Novolak epoxy resin dissolved in an
organic solvent (cyclopentanone, GBL, or PGMEA) and a photoinitiator (tri-
arylsulfonium hexafluoroantimonate salt) up to 10% by weight. As shown in
Figure 10, the SU-8 resin is a highly branched epoxy derivative made of glyc-
idyl ether monomers [31].

Figure 10. Chemical structure of SU-8 resist, named after eight epoxy groups
located at the molecule's edges [31, 32].

Negative resists are a type of resist where the exposed parts become insoluble.
The diffracted light contributes to cr osslinking reactions, resulting in a slight
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negative slope (known as a retrograde profile), as shown inFigure 11[33].

SU-8 patterning is typically performed using either UV light, X -rays, laser
beams, electron beams, or proton beams[32]. The photoinitiator causes

chemical processes tlat cause the SU8 monomers to cross-link when expo-

sure done. The triarylsulfonium hexafluoroantimonate salt decomposes,

forming hexafluoroantimonic acid, which activates SU -8 molecules by proto-

nating the epoxides and opening them [34] . Acting as a catalyst, the acid is
not consumed but can open multiple epoxy rings. These protonated epoxides
then undergo cross-linking reactions with neutral epoxides under heat, cre-

ating a highly polymerized matrix [31].

% % % % <= |V -irradiation orlaser.exposure

+=Photomask
\[ ‘l’\' \[ J’\’ Developed pattern
/ / Development % %

\

Figure 11. Profile of negative resist with unexposed parts developed away,
and exposed part cross-linked result in a negative profile, modified from [33].

Owing of the SU-8 monomers' low molecular weight approx. 7000 + 1000
Da, the resin is very soluble in the solvent, which makes it possible to create
formulations that are extremely concentrated. As a result, very thick layersd
up to 500 pm for single spin coating and up to 3 mm for multi -spin coatingd
can be deposited[32] . Additionally, SU -8's low molecular weight provides it
with excellent contrast, which makes it easier to fabricate delicate microstruc-
tures. Due to its high epoxy content, SU-8 has a strong adhesion to a variety
of substrates and is very sensitive to UV light. Its excellent optical transpar-
ency facilitates the fabrication of microstructures with very high resolutions
(<1 um) and exposure depths up to 2 mm[31].

The extensive crosslinking matrix of SU -8 provides exceptional chemical

stability, making it resistant to harsh solvents and acids such as acetone and
nitric acid. Its high biocompatibility makes SU -8 suitable for various
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biological and biomedical applications [35] . Additionally, the extensive cross-

linking offers remarkable thermal stability, with a glass transition tempera-

ture (Tg) of about 200°C and a decamposition temperature (T 4) of approxi-

mately 380°C, enabling its use in high-temperature applications [31]. Fur-

thermor e, SU-8 delivers high aspect ratio and suspended microstructure due

to its solid Young®os -limeddnaterialswhi¢chEangeo f f ul | vy
between 4 and 5 GPH32].

Photolithography of SU-8 consists of several sequential steps: substrate prep-
aration, photoresist deposition, soft baking, exposure, post-exposure baking,
development, and an optional hard baking step. Each step impacts the final
properties of the SU-8 microstructures. Therefore, careful optimization of
every processing parameter is crucial to achieve microstructures with high
structural stability and precise dimensional accuracy [31]. SU-8 resists are
capable of producing low-defect coatings across a wide range of film thick-
nesses. Understanding the relationship between film thickness and spin
speed is essential forselecting the appropriate spin conditions to achieve the
desired film thickness [36] .

The spin coating process consists 6 three steps: dispensing, spreading, and

coating as illustrated in Figure 12. First, the wafer is secured on a vacuum

actuated chuck to hold it in place during spinning. Then, the photoresist is

dispensed in the center of the substrate. Dispensing the correct amount d

photoresist is crucial, as too much can cause planarization defects and flat-

ness errors, while too little can result in insufficient coating of the substrate

[31]. Typically, the standard resi[38t. thickne

LN

Resist dispensing Acceleration Final spinning 5000 rpm
(a few milliliters) (resist expelled) (partial drying via evaporation)

Figure 12. Process of spin coating [33].

Overall, SU-8 is a versatile photoresist with both high and low aspect ratio
capabilities, utilized in many applications (see Figure 13). Thus, SU-8 is con-
sidered one of the most important materials in polymer microfabrication. It

has excellent mechanical and chemical properties and is transparent to light
with wavelengths above 400 nm. Consequently, SU8 photoresist was
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carefully chosen for this thesis work. The following chapters will detail the
experimental procedures and results, showing the role of SU-8 in achieving
the desired outcomes for this research.

700 m.J bidir skde circular pillars

Figure1l3. The | eft 1|1 mage di8yijarsawtisthes@aleste m t hi c k
pillar having a relatively strTherghtt si dews
i mage shows structur eBdayer[80.a 300 em t hick S

3.1.3 Positive resist for microstructure fabrication

Positive resists are employed in the fabrication of SHS, providing the ad-
vantage of creating a positive pattern slope. These resists become soluble in
the exposed areas, resulting in a slight positive slope, as shown inFigure 14
[33]. Rontu et al. demonstrated the use of positive resists such as AZ5214E,
to fabricate SHS by creating patterned, doubly re-entrant silicon oxide micro-
structures [5]. This technique utilizes the precision of positive resists to en-
sure high structural stability and accurate dimensional control, which are
crucial for maintaining the SHB properties of the surfaces.

17



4=mm UV -irradiation orlaser-exposure

4\/\/\/

4—Phot0mask

\[\l/\l \l\l’\l Developed pattern

N

Figure 14. Profile of positive resist with exposed sections developed away,
resulting in a positive slope, modified from [33].

3.2 Fabrication of single -level structures

The simplest form of creating SHS is by fabricating single-level microarrays.
This is considered one of the most straightforward structures for SHS fabri-
cation. It involves creating micro/nano arrays of pillars, which easily achieve
the Cassie state due to the air gap (plastron) in the pillars. The past decade
has seen remarkable advancements in the study SHS, with researchers ex-
ploring new materials and fabrication methods to achieve superior perfor-
mance. A notable example is the work by Martines et al., who used ebeam
lithography to create nanopillars and nanopits on silicon wafers with a con-
stant center-to-center pitch of 300 nm (see Figure 15) [26] . The diameter and
height of the structures varied among samples. Hydrophobic surfaces were
achieved by slanizing the hydrophilic surfaces with octadecyltrichlorosilane
(OTS) [26] . All patterned surfaces exhibited increased hydrophobicity com-
pared to a flat control surface. Nanopits displayed Wenzel state behavior,
while nanopillars exhibited both Wenzel and Cassiei Baxter states, depend-
ing on the aspect ratio (h/d). Highe r aspect ratios at a given spacing signifi-
cantly stabilized the Cassid Baxter state. Another crucial finding of this work
is the importance of aspect ratio (h/d) and the design of structure in the fab-
rication of SHS.
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Figure 15. SEM images of various single-level micro and nanopillars or pits
on silicon wafers before and after hydrophobization, showing profiles and hy-

drophobicity improvements. [26].

3.3 Fabrication of multilevel structure

In recent years, there have been significant advancements in the fabrication
of SHS using various lithographic techniques, including nanoimprint lithog-
raphy (NIL). Jo et al. created SHS with a ZnO nanein-micro multilevel struc-
ture using UV nanoimprint lit hography (NIL) and hydrothermal synthesis
[37]. They formed a circular cone-shaped micropattern from a resin contain-
ing ZnO nanoparticles using UV NIL, then grew ZnO nanorods on the pattern
via a low-temperature hydrothermal process. The resulting surfaces had a CA
> 155° for dilodomethane droplets and low CAH. This method can be applied
to various substrates, including Si wafers, glass, and PET film, on a large scale
[4]. Using similar methods, other structures can also be fabricated. For ex-
ample, Choi et al. created superhydrophobic surfaces with overhang struc-
tures through reverse NIL [38] . The CAs achieved on these surfaces were 164°
for water, 151° for diodomethane, and 114° for hexadecane.

Zhao and Law fabricate a SHB silicon wafer surface using photolithography
and coated by fluorosilane (FOTS) layer to enhance superhydrophbicity [39] .
The result highlights the anisotropic wetting behavior, where liquids show
greater mobility and lower contact angles in the parallel direction, due to the
solid strip aiding the advancement of the contact line. This grooved texture,
which mimics natural self -cleaning surfaces, suggests a robust, pradtal ap-
proach for applications requiring super -repellency, such as in consumer elec-
tronics and solar panels[39] .

Wang et al. developed a technique to create microcone structures on copper
substrates using a picosecond laser, followedby forming nanoscale surface

19



features through electroplating (see Figure 16) [40] . This paper presents a
novel combined process for creating SHB metal surfaces using picosecond
laser ablation, electropolishing, and electrodeposition. This hybrid method
produces multilevel micro-nano re-entrant structures. The result demon-
strating advantage hybrid method compared to single-process methods. Key
findings include the impact of laser scanning intervals and times on micro -
structure density and height, the efficiency of a two-step electrodeposition
process, andthe improved superamphiphobicity at both room and low tem-
peratures, with evidence of enhanced Cassie state stability and directional
droplet movement against gravity [40] .
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Figure 16. Hybrid method combining top-down and bottom-up approaches to
fabricate SHS. Step 1: Laser ablation creates microstructures. Step 2: Elec-
tropolishing smoothens the microstructures. Step 3: Electrodeposition forms
nanoscale structures to enhance SHB properties [40].

Another method employed by Kehagias et al. involves using electron beam
deposition to coat layers of Cr and Au, followed by Ni electroplating to create
a pillar array [42]. This study introduces a straightforward method to fabri-
cate and massproduce re-entrant mushroomlike microstructures using pho-
tolithography and nick el up-plating. The study demonstrates that nanoim-
print lithography, using a flexible polydimethylsiloxane (PDMS) stamp. The
authors claimed that processeffectively replicates these re-entrant structures
[42] . Similarly, Rontu et al. presents a scalable method for fabricating doubly
re-entrant silicon oxide microstructures without critically timed etching, en-
hancing the Cassie state stability. The process successfully repels extremely
low surface tension liquids, such as perfluorohexane[5].

Alameda et al. developed a method for creating layered structures by combin-
ing NIL with photolithography [43]. This method excellent for fabricating
precise multilevel structures. The process allows for reproducible production
of complex 3D structures, demonstrating applications such as SHS and
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controlled anisotropic wetting. Furthermore, Lin et al. developed two-photon
polymerization to create precise 3D microstructures, like fractal Sierpinski
tetrahedrons and multilevel pyramids, which enhance superhydrophobicity
[44] . These structures maintain their properties on flexible substrates even
after extensive bending, offering a robust and efficient method for fabricating
durable superhydrophobic surfaces.

Researchers recent focus is on creating multilevel structures by forming
nano/microscale features on a microsurface using a hybrid approach that
combines bottom -up and top-down methods. Indeed, this technique is antic-
ipated to enhance surface roughness and increase the CA by altering surface
energy. Furthermore, the hybrid method combines various processes, for in-
stance, Sun et al. developed a techrgue that uses lithography and anisotropic
etching to create pillar arrays on silicon wafers and deposits carbon nano-
tubes (CNT) on the surface through CVD [41]. The finding of the study
showed that the orientation of the micro arrays influence surface wettability,
ranging from very hydrophilic to SHB, by v arying micropillar spacing. The
results underline the importance of design of the structure and aspect ratio.

Kang et al. developed mechanically durable multilevel SHS. By their design
experiments and finite element analysis, they determined an optimal design
(See Figure 17). Kang et al. emphasized the significance of pillarshaped
structures in SHS for increasing surface roughness, but noted their suscepti-
bility to shear loads, with stress concentrated at the base of the pillars. To
mitigate this, they proposed a multilevel "Partition Wall" design incorporat-
ing division walls beneath micropil lars, reducing maximum stress by 52.8%
and effectively relieving stress concentration. Their sensitivity analysis
showed minimal variation in maximum stress distribution with changes in
partition wall thickness. Ultimately, the optimal structure achieved a 71% re-
duction in maximum stress compared to conventional micropillar designs,
with a narrower stress distribution even with variations in the partition wall
structure. [45].
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Left image: reference sample, right image: Kang's optimal honeycomb design
[45].

Figure 17.Kango6s opti mal design of

Their fabrication process involves a two-step lithography process for their op-
timal structure design. They first created a prototype surface using Projection

mi crostereol it hogenagplitated it dhia BETfimaiadV-t h
imprint lithography, ensuring high precision in replicating the optimal shape
(SeeFigure 18).
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Figure 18. Schematic illustration of pattern replication on PET film using UV-
imprint lithography. First, a reverse-phase mold is created with PDMS. The
mold is then placed in contact with a PET film (red layer) coated with photo-
curable PUA resin. The assembly is heated to 70°C for 2 hours, then exposed
to UV irradiation for 3 minutes at 150 mJ/cm?. Finally, the mold is peeled off,
leaving a replica pattern on the PET film [45].

Kang et al. [45] studied the wettability of imprinted films with and without
CF4 plasma treatment, finding that the hexagonal structure, with the lowest
solid contact area fraction, achieved the highest contact angle (158.7° after
CF4 treatment), while the triangular structure had the lowest. CFs4 plasma
treatment increased the CA in hexagonal structures but decreased it in trian-
gular ones, highlighting the influence of surface energy and solid contact area
on wettability [45]. Figure 19shows both the reference and Kang et al.'s opti-
mal design (honeycomb) under SEM after 10,000 cycles of a silicon rubber
abrasion test.

22



Figure 19. SEM images show the structure after 10,000 pin-on-disc cycles.
Upper images depict reference structures; lower images show optimal struc-
tures. Left side displays surfaces before wear, and right side shows surfaces
after wear [45].

Figure 19 shows the durability tests for the optimized hexagonal partition
wall structure . This structure maintained an approximately 5° decrease in CA
after 10,000 pin -on-disc cycles whereas the reference structure's contact an-
gle decreased by 11.6°, demonstratig superior abrasion resistance and struc-
tural integrity of the optimized design [45]. This study is highly relevant to
this thesis, as it provides a conceptual design for SHS which will be the basis
of one of the directions of thesis.
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4 Materials and Methods

This chapter covers the maerials used, experimental setups, fabrication pro-
cedures, and overall methodology of the thesis. It includes the design layouts,
fabrication methods, and tools such as the optical microscope and profilome-
ter. Additionally, it details the characterization methods, including goniome-
ter measurements for wetting characterization, ellipsometry for thickness
measurement of hard coatings, and imaging using Scanning Electron Micros-
copy (SEM) before and after the abrasion test.

4.1 Methodology

Defining the methodology is a fundamental part of the initial stage of the
work. Once the methodology is laid out (see Figure 20), conducting experi-
ments becomes explicit and resulks can be recorded quantitatively and accu-
rately. For this thesis, after defining the design concept, the sample goes
through multiple steps including fabrication, coating, and characterization as
shown in Figure 20.

Figure 20. Methodology of the thesis, starting with fabrication step followed
by subsequent steps such as wettability characterization, Hard and SHB
coating, SEM imaging, and abrasion test.
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The methodology for this thesis involved a series of welldefined steps, each
crucial for achieving the desired SHS. The initial fabrication process used ad-
vanced maskless lithography to create precise microstructures on he silicon
wafer (Section 4.4). Following fabrication, the samples were coated, starting
with an SHB coating for reference samples, while other samples proceeded
directly to hard coatings such as ALD or sputtering followed by SHB coating
(Section 4.5 and 4.6). All characterization methods, including optical micros-
copy, profilometry, ellipsometery, wettability, and SEM, were employed to
ensure the accuracy of the fabricated structures Eection 4.7). Wetting char-
acterization was performed using a goniometer to measure CA and SA $ec-
tion 4.7.4), providing insights into the surface's hydrophobicity. Both refer-
ence and test samples underwent SEM imaging before and after the abrasion
test to evaluate structural strength and potential damage. The abrasion test
involved a standardized back-and-forth motion with a cleanroom (CR) wipe
to simulate wear conditions, as well as a sand abrasion test to assess the me-
chanical durability of the microstructure ( Section 4.8). This comprehensive
methodology ensured meticulous execution and documentation of each step,
leading to reliable and reproducible results.

4.2 Design of surface structure

The structure designs for this thesis work are created using KLayout design
software, which is widely used in photolithography and semiconductor fabri-
cation. KLayout can design, view, and edit GDSii files for lithography tools
and is an open-source tool founded by Matthias Kéfferlein [46] . The software
enables the creation of new layers and cells, manipulation of polygons and
structures, and advanced editing such as corner rounding and alignment. It
efficiently handles large files for precise visualization and supports overlaying
multiple layout files, simplifying complex design management.

Multiple designs, including simple two -layer pillars, three-layer pillars (or-
dered pillars and cup pillars), h exagonal pillars, and hexagonal stubs, were
created using KLayout, as shown inFigure 21. These designs are crucial for
achieving the desired SHSIn this research. KLayout efficiently managed large
and complex designs, such as the Hexa200&60 structure with intricate hex-
agonal patterns. Despite the large file size of over 3 GB, including aligmrment
marks, KLayout operated smoothly, allowing easy modifications and seam-
less implementation of changes. This demonstrates its robustness and relia-
bility for high -precision lithography design.
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Figure 21. Multiple SHS structure designs created using KLayout. (a) Entire
wafer layout, including chips, thickness pads, and alignment marks. (b) a sin-
gle chip containing arrays of unit cells of Hexa200&60. (c) design layout of
cup pillars with multiple chip sizes. (d) Unit cell of three-layer pillars (ordered
pillars).
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Figure 21shows the layout of different designs used in this thesis.Figure 21(a)
displays the entire 100 mm wafer layout, including 16 chips with dimensions
of 1x1 cm?, thickness pads for measuring the thickness of different layers, and
alignment marks for precisely aligning the first and second layers using pro-
filometry ( Section 4.4). Figure 21(b) shows a single chip of theHexa200&60
design, which contains an array of unit cells in a honeycomb pattern with a
diameter of 60 um inside a hexagonal structure with a diameter of 200 pm.
The name Hexa200&60 reflects these dimensions, with 200 indicating the
large hexagonal structure and 60 the smaller hexagonal structure within it.
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All the se features are in the first layer, while the second layer contains the
stubs, with dimension information presented in Table 2. Moreover, Figure
21(c) and (d) depict three-layer pillars, either cup pillars as shown in Figure
21(c) or ordered pillars as shown inFigure 21(d). The colors indicate the lay-
ers of the pillars (1st: red, 2nd: purple, 3rd: green). Table 1, categorized and
virtualize via SEM the designs of different test samplesof this thesis.

Table 1. Names and visualizations via SEM of different design

2-layer pillars 3-layer pillars 7 (Order pillars)

3-layer pillars i (Cup pillars)

Hexa& Stubs Hexa200&60

P

A

Table 1 presents various design factors for studying different aspects of SHS.
The simplest SHS fabrication involves designing arrays of pillars in one or
two layers with different heights. Two -layer pillars were initially designed as
ordered pillars with varying heights (dimensions in Table 2). The cup pillars
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design features a threelayer configuration oriented in a cup shape.
Hexa&Pillars and Hexa&Stubs designs, inspired by Kang et al. [45], differ
mainly in the height of the second layer. The Hexa200&60 design is an im-
proved concept based on tests conducted on previous designs.

Table 2. Dimension information for each design

Sample Layer | Intended |Intended Distance betweer
width height (um) |pillars/stubs (um)
(um)
2-layer pillars iiE 5 5 10
2nd 5 10
3-layer pillars : st 5 5 10
- Order pillars
& 2nd 5 10
- Cup pillars 3rd 5 15
Hexa&Pillars st 10 10 47.3
2nd 5 5
Hexa&Stubs st 6 10 9.7
2nd 5 2
Hexa200&60 Ist 7&6 10 9.7
2nd 5 2

While the intended widths are mostly fixed at 5 pum, some structures have
designs with 10 um widths, and notably, the Hexa200&60 design features
small ridges with widths of 6 um for the small hexagons and 7 um for the large
hexagons. Alongside this conceptial design, another transparent variant has
been fabricated on a glass wafer with slightly different layer heights. Although
the intended parameters were meant to replicate Hexa200&60 as shown in
Table 1, the exact achieved parameters will be presented in(Section 4.4.2).

4.3 Tools and chemicals
Fabricating multilevel SHS required a combination of various techniques.

The tools used in this thesis are listed in Table 3, and the chemicals are de-
tailed in Table 4.
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Table 3 Tools used in this thesis research.

Tool Manufacturer Use
Priming oven YES HMDS priming
Oven ULE 500 Memmert Wafer baking

Spinner SUSS MicroTec | Photresist spinning
Lithography
GmbH
Maskless Aligner | Heidelberg Resist patterning
MLA150
Wet bench Stangl| Resist development and Removal

Spin rinse dryers

SITEK Process
Solutions Inc

Wafer dryer

RIE Plasmalab | Oxford Instru- | Plasma etching and fluoropoly-
80+ ments mer coating

Sputter Plas- | Oxford Instru- | Deposition of chromium for con-
malab ments ductive layer before SEM
Sputter  coater | Bal-Tec Deposition of gold for conductive
SCD 050 layer before SEM

Optical  micro- | Olympus Wafer inspection microscope
scope MX63L

200mm

Profilometer Bruker Step height measurement
Dektak

SEM Supra 40 Zeiss Sample imaging

Optical goniome-

Biolin Scientific

Contact angle measurement

try - Theta in-

strument

sliding angle go- | Custom-built Sliding angle measurement
niometer

ALD TFS-500 Beneq Hafnium(IV) oxide deposition
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RF sputtering Angstrom Engi- | Niobium nitride deposition

neering
Spectroscopic El- | Semilab Measuring the thickness of athin
lipsometer  SE- film
2000

Table 4 Chemicals used in this thesis research

Chemical Manufacturer Use
AZ5214E MicroChemicals Positive resist to fabricate
alignment marks

AZ351B MicroChemicals AZ resist developer

SU-8 Micro resist Tech- | Fabrication of Superhydropho-
nology bic structures

mr-Dev 600 Micro resist Tech- | SU-8 developer
nology

1H,1H,2H,2H- Sigma-Aldrich - SHB coating

Perfluorododecyl- | CAS Number:

trichlorosilane 78560-45-9

IPA Honeywell Wafer cleaning

Acetone Honeywell Resist removal

4.4 Microf abrication process es

All structures were fabricated using the Heidelberg MLA150 Maskless Aligner
(MLA). This direct write lithography tool projects designs from KLayout onto

a resist-coated substrate using a 375 nm or405 nm laser modulated by a dig-
ital micromirror device . Both 375 nm and 405 nm laser sources are inte-
grated, allowing users to choose the appropriate laser for exposure jobs.The
MLA150 uses a rasterscan technique to create the pattern, with the substrate
fixed by vacuum on an XY stage and driven by a fixed optical engine at a
steady speed during exposurg30] . This method provides safety features, var-
ious calibration methods, real-time triggering , and rapid switching speeds,

enabling the creation o[R9.structures

4.4.1 Fabrication of al ignment marks
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To fabricate multilevel structures using top -down lithography, precise layer
alignment is crucial. AZ5414E positive resist was chosen for its versatility,
thermal stability, and resistance to reactive ion etching (RIE). This resist sup-
portsf i | m t hicknesses from 1. O-lineandiZine0
wavelengths (310- 420 nm) [47, 48] . making it suitable for complex pattern-
ing applications.

The following procedures were used throughout this research to obtain align-
ment marks for any experiment requiring more than two layers, except for

the transparent Hexa200&60. The lithography steps for AZ5214E follow the

positive tone Procedure 1 This procedure summarizes the process flow and
procedures chronologically.

Procedure 1. Alignment patterning
Alignment marks with AZ5214E

1. Priming with HMDS, 25 mins @ 17C°C, (seeFigure 22a).
2. Spin coating of AZ5214E, 4000 rpm for 30 s (approx. 1 um), (seeFigure
22b)

3. Soft baking on a hotplate, 90°C for 3 mins

4. laser exposure @05 nm) with 350 (mJ/cm 2) dose intensity, defocus =
zero.

5. Post-Exposure Bake in oven, 120C for 30 min s

6. Development in 1:5 AZ351B:DIW for 1 min (seeFigure 22c).

7. Etch silicon in RIE via SFe for 3 mins

8. Strip AZ5214E in ultrasonic acetone for 10 mins, then wash in acetone,

IPA for 1 min each
9. Rinsing with DIW and drying in spin dryer (seeFigure 22d).

The fabrication of alignment marks using AZ5214E is shown in Figure 26 as
a schematic process flow.

(a) (c)
(b) (d)
+ +

Figure 22. Process flow for fabrication of alignment marks using AZ5214E

4.4.2 Fabrication of multi level superhydrophobic surfaces
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The SU-8 5 negative resist, known for its high aspect ratio and structural in-
tegrity, was used in this thesisto fabricate multilevel SHS. SU-8 5 is advanta-
geous for producing thick, high-resolution patterns essential for creating
multilevel superhydrophobic structures. The term 'SU-8' will be used to refer
to this specific photoresist throughout the thesis. Procedure 2 were used
throughout this research to obtain multilayer and hierarchal SHS. The lithog-

raphy steps for SU-8 follow the negative tone Procedure 2. This procedure
summarizes the process flow and procedures chronologically

Procedure 2. Multilevel patterning
Fabrication of multilevel and hierarchal SHS
1. Bake the wafer @ 200°C, for 30 mins
2. Spin coating of SU-8
3. Pre-Exposure bake = RTe 65°C (6 mins) @ 95°C (7 mins), ¢ back to
RT

4. MLA exposure (375 nm) with dose intensity = 350 T 470 (mJ/cm 2) ||
defocus =-4 to -10.

. Post-Exposure bake = RTae 95°C (9 mins), ¢ back to RT
6. Development in mr-Dev 600 from 1 to 8 mins

o1

The fabrication of multilevel SHS (Order pillars or Cup pillars) using SU-8 is
shown in Figure 23 as a schematic process flowFirst, the silicon wafer was
hot baking in an oven at 120°C for 30 minutes (see Figure 23a). Second SU-
8 was deposited on top of the wafer (seeFigure 23b). Third, after exposure,
the post-exposure bake (seeFigure 23c). Without developing, the process is
repeated for the 2nd and 3rd layers. Then, the wafer is developed (sed-igure
230).

@) t€)

+ + + +
(b)
+ + (f)
+ +
(c)
+ +
) e
+ + + +

Figure 23. Process flow for fabrication of multilevel SHS using SU-8
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The fabrication of multilevel SHS (Hexa200&60 and Transparent
Hexa200&60) using SU-8 is similar to the previous process, though with mi-
nor changes as displayed inFigure 24. Alignment precision is crucial for both
these structures since they aremultilevel , meaning the second layer must be
perfectly aligned to achieve the final designed structure. While the
Hexa200&60 follows almost the same procedure (Procedure 2), the trans-
parent Hexa200&60 is fabricated on a glass wafer. With this in mind, the wa-
fer will not have the alignment marks as the other processes do. Instead, the
alignment marks will be included in the first layer, and once post -exposure
baked, the first layer including the alignment marks will be crosslinked and
somewhat visible for MLA optics. Finally, both these processes also have one
development step for both layers.

i
. Hexa200&60 i Il. Transparent Hexa200&60
@ i @
+ + i
I
I
(b) ' (b)
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+ + i
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Figure 24. Process flow for fabrication of multilevel SHS using SU-8

The spin curve for SU-8 (Figure 25) provides essential information for deter-
mining the appropriate spin conditions to achieve the desired film thickness,
critical for producing consistent and reliable coatings.
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Figure 25. Film thickness vs. spin speed curve[36] .

4.5 Hard coating

In order to improve the mechanical durabil ity, a hard coating was applied.
This was achieved using Atomic Layer Deposition (ALD) and sputtering tech-
nigues (SeeFigure 26). These methods were chosen fottheir ability to create
thin, uniform, and robust coatings on the surface.

Hexa200&60

P
%
0
<

JFSLISSL S L L

HfO, =125nm NbN =90 nm

Figure 26. Hard coating for Hexa200&60 samples

4.5.1 Atomic layer deposition (ALD)
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Atomic Layer Deposition (ALD) was conducted using the Beneq TFS500 sys-
tem for hard coating of HfO 2. The samples were placed inside a flat, single
wafer reactor with a 5 mm height aluminum holder. This reactor provided
single-side deposition. The process $eps and parameters are shown inTable
5. This process was chosen for its ability to produce uniform, high-quality
coatings, thereby enhancing the mechanical durability of the samples. The
precise control over the deposition conditions ensured that the HfO 2 layer
met the required specifications, contributing to the overall performance and
reliability of the multilevel SHS structures.

Table 5. ALD process steps and parameters

Step Parameter

0. Preparation Pumping down of the system: Achieving low
pressure to create a vacuum environment

1. Stabilization Heating up the reactor: Ensuring uniform tem-
perature distribution

2. Deposition Process temperature: 120°C (tolerance: 11817
parameters 122°C). Temperature stabilization time: 10 minutes

3. Chemical Chemicals used: TDMAH (CAS number 19782-
precursors 68-4) for Hafnium; H 20 for Oxygen.

H 20 at liquid source 1:  20°C
TDMAH at hot source 2: 50°C

4. ALD process TDMAH pulse: 1s

Purge after TDMAH: 6s

Carrier gas flow at TDMAH line: 200 sccm
H20 pulse: 0.25s

Purge after water: 6s

Carrier gas flowatH 20 line: 200 sccm
Number of cycles: 1000

GPC (Alcycle): 1.25

Reflective Index:  2.0012

5. Carrier gas Carrier gas used: N2

6. Reactor pres- Reactor pressure during the process: around 1.3
sure mbar

7. Venting Ensuring the reactor is returned to atmospheric

pressure safely
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4.5.2 Sputtering

The RF sputtering was conducted using the multirole PVD system Model
09340 from Angstrom Engineering. This PVD system features 3-inch sputter
heads and two power sources: RF with automatic matching and pulsedDC.
The process parameters for sputtering NbN are detailed in Table 6. This setup
ensures precise control over the deposition conditions, enabling the for-
mation of uniform and high -quality NbN thin films.

Table 6. NbN sputter process steps parameters

Step Parameter

0. Startup Sample rotation with 10 RPM, deposition chamber
pressure of 9 x 107 Torr

1. Ignite plasma Argon gas flow with 20 SCCM (standard cubic centi-
meters per minute), delay time of 10 s

2. Target output NbN target output to 15% with 1%/min, soak time of
increase 30s

3. Ramp power NbN target output to 40% with 0.3%/min, soak time
of 30 s

4. Calibration Deposition rate of 0.3As™ 1 (tooling factor = 144.3)

5. Deposition with the calibrated deposition rate, time depends on

the thickness of the layer

6. Target output Ti target output to 0% with 0.3%/min
decrease

4.6 Superhydrophobic (SHB) coating

SHB coating was employed to enhance superhydrophobicity by applying a
low-surface-energy film to the surface. Fluoropolymer coating is considered
a very stable option for providing low -surface-energy. The hydrophobic coat-
ing was applied to samples using aPECVD process with an Oxford Plasmalab
80 Plus. The process was conducted at a pressure of 250 mTorr, with a power
of 50W, and a CHFs flow rate of 100 sccm for 10 minutes.

An additional test was conducted to compare the efficacy of fluoropolymer

and silane coatings in achieving superhydrophobicity. The process of apply-
ing a silane SHB coating involves an initial oxygen plasma treatment for 1
minute in an RIE Plasmalab 80Plus, which activates the surface by creating
reactive hydroxyl groups (-OH). The next step exposes the samples to
1H,1H,2H,2H-Perfluorododecyltrichlorosilane (Sigma -Aldrich) vapor for 90

minutes at 85°C. According to Lessel et al., these silanes react with the
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hydroxyl groups on the surface, forming strong covalent bonds and creating
a seltfassembled monolayer (SAM)49] .

4.7 Characteriz ation

Once the fabrication process is completed, various characterization methods
are employed to ensure the quality and performance of the samples. These
methods will be discussed in detail in the following subchapters.

4.7.1 Optical microscope

Since the featuresare in the microscale, it is essential to utilize an optical mi-
croscope to examine the critical features. Optical microscope shows imaging
of the top-view of the samples while measuring the distance and feature size,
as well as the spacing between them. Tl microscope used is an Olympus
MX63L 200mm wafer inspection microscope.

4.7.2 Profilometry

While the optical microscope is an excellent method for pre-examining the
sample, other critical parameters, such aslayer thickness, also need to be ex-
amined. Profilom etry is an important tool for measuring each layer's thick-
ness The film thicknesses of the fabricated layers were measured with a pro-
filometer (Bruker DektakXT) to ensure that the samples werewithin the cor-
rect range.

4.7.3 Ellipsometry

The thickness of the hard-coated layer was measured using a spectroscopic
ellipsometer SE-2000 (Semilab). Ellipsometry is a precise, non-destructive
optical technique used to determine the film's thickness by analyzing the
change in light polarization upon ref lection from the film surface [33]. This
method ensures accurate and consistent measurements of the hard coatings,
crucial for t he durability and performance of superhydrophobic surfaces.

4.7.4 Wettability Characterization

Contact angles of all surfaces, including the silicon wafer,SU-8, and glass wa-
fer SHS surface films, were measured by optical goniometry using a Theta
instrument from Biolin Scientific, employing the sessile droplet method. In

addition to the static CA, the advancing contact angle (ACA) was measured
by increasing the droplet volume from 1 to 7.9 ul. Conversely, the receding
contact angle (RCA) was assessed by decreasing the volume from.9 to 1 pl,
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with a pumping rate of 0. 4 pl/s. Accurate measurement was not feasible for
angles less than 5°. As highlighted in the literature review, the CAH was de-
termined by subtracting the RCA from the ACA. Finally, the sliding angle
method was employed to further study the wettability.

Moreover, the SA were assessed using a custorbuilt goniometer with water
dropl ets of Thé&valaes df both5CA and SA were evaluated at
three distinct locations on the samples, and the presented values represent
the average + standard deviation.

4.7.5 Electron Scanning Microscope (SEM)

As highlighted in the methodology in Figure 20, SEM was used to capture
images and study the samples' morphology before and after the abrasion test.
The specific SEM used in this research was the EBL Zeiss Supra 40. Conduc-
tive coatings such as Cr or Au were applied to the samples before SEM imag-
ing. For Cr deposition, the Plasmalab 400, an Oxford Instruments tool, was
used. The process was conducted at a pressure of 3.5 mTorr, with a power of
220 W, 232 V, and a Cr deposition rate of 1.56 nm/s, aiming for an average
thickness of 15.6 nm. The deposition time in the recipe was 20 seconds. As a
backup plan, Au sputtering was also employed when the Plasmalab 400 was
under maintenance, using the BAL-TEC SCD 005 device. The working dis-
tance was set at 70 mm with a current voltage of 4 mA, a deposition rate of
6.5 nm/min, and a coating thickness of 10 nm achieved in 45 seconds of pro-
cess time.

4.8 Abrasion test

To examine the structure mechanical durability two different abrasion test
were conducted andFigure 27 shows the mechanism of these test.
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(a) Sand abrasion test (b) Cleanroom wipe abrasion test

Sand container

Back and forth

CR wipe

4
[ r/
/
°

Figure 27. Abrasion test setup; (a) sand abrasion test, reproduced from [50],
(b) cleanroom wipe abrasion test.

Hexa200&60 samples underwent both sand abrasion tests and cleanroom
(CR) wipe abrasion tests separately, and were compared to reference samples
without hard coating. These tests were designed to evaluate the durability and
robustness of the hard coatings under different abrasion conditions. The sand
abrasion test simulated harsh mechanical wear by dropping 5 grams of sand
from a height of 10 centimetres onto the sample. In contrast, the CR wipe test
represented milder wear and involved 20 back-and-forth mot ions. Specific
parameters for each test, such as duration and applied force, were standard-
ized to ensure consistent results.
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5 Results and Discussion

This chapter provides an overview of the fabrication outcomes and character-
ization of the samples (see Section5.1and 5.2). It also details the results of
the abrasion tests(see Section5.3) and the subsequent characteization post-
abrasion.

5.1 Maskless laser lithography processes

This chapter presents the outcomes of the maskless laser lithography process
used for fabricating multilevel microstructures. It covers process optimiza-
tion, adhesion issues, and a detailed andysis of the process parameters and
resulting pattern quality. Key findings, such as the impact of dose and defocus
adjustments, are discussed

5.1.1 Parameter optimization of maskless lithography

Optimizing process parameters is fundamental in designing any fabrication
process. Multiple optimization steps were undertaken to determine the opti-
mal parameters. Specifically, the process optimization using MLA involved a
matrix of dose/defocus series. By varying the dose intensity and defocus
value, precise alignment and feature definition in the lithography process
were achieved. Defocus adjusts the focus on the substrate; for instance, a neg-
ative defocus moves the focus toward the surface of the resistSetting the de-
focus to-10 shifts the focus approximately 6 microns toward the resist surface
[51]. These adjustments are crucial for ensuring the depth and sharpness of
patterned features. Optimizing dose intensity and defocus settings allows for
better control over the exposure and development processes, resulting in
higher quality and more accurate microstructures.

To begin with the fabrication of alignment marks using AZ5214E, a matrix of
dose/defocus tests was conducted to determire the optimal parameters. The
dose intensity ranged from 140 to 440 mJ/cm?, with an incremental increase
of 20 mJ/cm2. Conversely, the defocus was set between-2 and +2. Initial re-
sults showed complete adhesion loss,though subsequent adjustments im-
proved adhesion (seeFigure 28). Adhesion refers to the molecular attraction
between contacting surfaces, causing different molecular specie to cling or
bind to the applied surface or substrate [52] .
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Figure 28. Optimization of lithography parameters: left image shows com-
plete adhesion loss, while the right image illustrates improved adhesion for
AZ5414E.

The outcome of these tests identified two crucial process stepdor fabricating
structure via AZ5214E positive resist: first, priming the wafer with HMDS
((H3C)si Sii NHT Sii (CH3)s) at 170°C for 25 minutes; second, utilizing the
405 nm laser source, which proved to be the most suitable for AZ5214E pos-
itive resist. A dose of 350 mJ/cm? with a defocus of zero was determined to
be the most suitable setting for the subsequent processes.Priming with
HMDS significantly improves the adhesion of the photoresist by making the
wafer surface more hydrophobic. This process involves a dehydration bake to
remove adsorbed water, followed byexposure to HMDS vapor in a hot prim-
ing oven. The treatment replaces hydrophilic OH groups on the wafer surface
with hydrophobic methyl groups, enhancing compatibility with the photore-
sist and reducing the risk of delamination during subsequent processing
steps[53].

Figure 29 shows the design layout and the actual fabricated design after RIE
etching and AZ5214E stripping. The design is relatively simple, featuring two
crosses on each side: one large for visibilityto the bare eye and one small for
the MLA tool to measure alignment. Additional arrows indicate the orienta-
tion of the key, as shown in Figure 29. The alignment mark s, embedded in
the silicon wafer after RIE etching and resist stripping. This ensures the uni-
formity of the multilevel multi -layer structures to be fabricated thereafter.
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(a) -7 (b

Figure 29. Alignment marks, (a) the design and the layout of the alignment
marks, (b) the alignment marks under optical microscope with 2.5x magnifi-
cation after whole fabrication process.

Similarly, the process optimization for SU-8 involved a matrix of dose/defo-
cus tests with a broader range of parametes and a larger matrix. The dose
intensity varied between 330 and 450 mJ/cm?, with an incremental increase
of 20 mJ/cmz2. Conversely, the defocus was set between-10 and +8. Figure
30 showsthe test matrix of 70 chips on a silicon wafer spin-coated with SU-
8, following the process flow outlined in Procedure 2. This procedure empha-
sizes the importance of hot baking the wafer before applying SU-8 to enhance
adhesion. Hot baking ensures the removal of any residual moisture and pro-
motes better interaction between the wafer surface and the photoresist, lead-
ing to more reliable and consistent patterning outcomes.
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Figure 30. Figure 30. Optimization of lithography parameters using SU-8.
Comparison between (a) complete adhesion loss and (b) improved adhesion
with the optimal parameters of the dose/defocus test series. Right-side im-
ages are under an optical microscope with 50x magnification.

By analyzing the optical images and profilometer results for the dose/defocus
series, it was clear that the optimal parameters using SU-8 in the MLA150
were identified. A dose of 370 mJ/cm? with a defocus of -10 was determined
to be the most suitable setting for the subsequent processes. Even at 100x
magnification, the smallest features of 5 um were clear and wellresolved.
Figure 30 illustrates the difference between complete adhesion loss and the
improved adhesion achieved with the optimized parameters obtained from
the dose/defocus series.

Once the process flow and parameters were optimized forSU-8 on silicon
wafers, the next challenge was to optimize these parameters for the Trans-
parent Hexa200&60 structure, which utilizes SU-8 on top of a glass wafer.
Following Procedure 2 as the process flow led to complete adhesion loss even
before starting the exposure. Several attempts were made to improve adhe-
sion, such as coating the glass wafer with HMDS or delydrating the glass wa-
fer in an oven. However, these attempts resulted in either shrinking the SU-
8 or creating holes in the resist layer during the pre-exposure bake step, as
shown in Figure 31 (a and b). This indicated that a different approach or
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additional optimization steps were necessary to achieve reliable adhesion and
successful patterning on glass substrates.

G ——— ———

e

Figure 31. Optimization of Lithography Parameters for Transparent
Hexa200&60 on Glass Wafers Using SU-8. (a and b) show adhesion issues
in the initial fabrication attempts. (c) demonstrates improved adhesion in the
fabricated multilevel structure.

To address the adhesion issue, a plasma treatment using oxygen as the gas
source for 5 minutes was critical in improving t he adhesion of SU-8 on the
glass wafer. An additional step involved dehydrating the surface of the glass
wafer at 200°C on a hotplate for 10 minutes. These modifications, when com-
bined with Procedure 2, significantly improved the adhesion between the
glass wafer andSU-8. The enhanced adhesion results are illustrated in Figure
31(c). This optimization was essential to ensure reliable patterning and suc-
cessful fabrication of the Transparent Hexa200&60 structure.

Once the optimal dose intensity and defocus were determined, it became cru-
cial to further refine the process parameters for multilevel microstructure
fabrication. Since multilevel microstructures will be fabricated for each sam-
ple, the dose intensity was %t between 370 and 470 mJ/cm?, and the defocus
was adjusted between-10 and-4. The defocus adjustment allows fine-tuning
of the exposure focus, significantly enhancing the depth and height of the
structures. This ensures the precise fabrication of the desred microstruc-
tures. The process parameters used for fabricating different samples, includ-
ing the thickness measurements obtained from profilometry, are presented
in Table 7. Additionally, Table 7 highlights the aspect ratios for each sample,
providing a comprehensive overview of the fabrication process and its out-
comes. By fine-tuning these parameters, consistent and reliable results in the
fabrication of multilevel structures using SU-8 were achieved
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Table 7. Fabrication process parameters and layer thickness profile for mul-
tilevel structure using SU-8

Sample Layer | Spin- ]Dose |Defocus Devel- | Thick- Aspect
ning |(mJ/cm?) opment | ness ratio
Coat time (um)
(RP (mins)
M)
2-layer Pillars| 1% 3000 370 -10 3
2 3:1
2nd 1300 370 -10 9
3-layer Pil- Plan- | 4000 370 -4 2.7
lars: ner _
- Order pillars . 2.211
& 1° 2000 | 370 -6 7 3.6
-Cuppillars fona | 5000 [ 420 | -8 79 | 161
34 | 2000 | 470 -10 12.9
Hexa&Pillars 15t 1300 | 450 - 10 9
2 1:1
2nd | 3000 | 370 -8 9
Hexa200&60 18t 1200 | 470 -10 10
3 5:1
2 | 5500 | 370 -4 2
Transparent 1%t 2000 | 430 -8 6
Hexa200&60 1 2:1
2nd | 5500 | 380 -4 3

5.1.2 Fabrication of Transparent Hexa200&60

One of the objectives of this thesis was to fabricate transparent SHS using
high-durability SU -8 resist. The fabrication process for this sample is detailed
in Section 4.4.2), with the fabrication procedure shown in Figure 24. The re-
sults of process optimization were discussed in the previous chapter(Section
5.1.) and the process parameters outlined in Table 7. By following these pro-
cedures, it was possible to achieve transparent SHS fabricated on a glass wa-
fer using SU-8, as shown inFigure 32.
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Figure 32. Transparent Hexa200&60: (a-b) displaying the fabricated structure
on a 100 mm glass substrate placed on paper to illustrate transparency; (c)
shape of a water droplet sitting on top of the structure, captured via contact
angle goniometer.

The fabricated structure was visually transparent from both a viewing angle
and under normal light incidence, as demonstrated in Figure 32. This suc-
cessful fabrication highlights the effectiveness of the optimized process flow
and parameters. The SU8 resist used in this work not only maintained high
durability under mechanical stress but also achieved transparency, an essen-
tial characteristic for various applications. The transparent Hexa200&60
structure exhibited an ACA of 155° with a minimal CAH of 8° even without
additional SHS coating. These results underline the robustness and versatil-
ity of the SU-8 resist, making it suitable for advanced applications requiring
durable, transparent, and SHS. This work paves the way for further research
and optimization in fabricating high -performance multilevel structures with
tailored properties for specific applications.

5.1.3 Preliminary experiment for Cup pillars

The aim of designing three-layer pillars in a cup shape was to test the mo-
mentum of the droplet. Specifically, the experiment aimed to determine the
motion and state (Cassie or Wenzel) of the droplet when it falls from the go-
niometer needle. It sought to observe whether the droplet remains in the
Wenzel state, sitting anywhere on the chip and penetrating the air pocket, or
moves to the center if the surface is SHB and reaches the Cassie state. The
results showed that the droplet indeed moved to the center (where the first
layer of the pillars is located) upon falling from the needle and settled there
due to the SHB properties of the surface and gravitational forces. The design
simulated the cup configuration by starting with a first layer height of 4 um,
surrounded by a second layer of8 um, and a third layer with a height of 13
pm. This configuration forces the droplet to travel to the center of the chip
due to gravitational forces, as observed inFigure 33.
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Figure 33. Preliminary experiment for Cup pillars: (a-e) consecutive photos
of a water droplet falling onto the edge of the Cup pillar chip, moving towards
the center, and settling there due to the SHB properties and gravitational
forces. The chip's dimensions are 4 cm?

While not many design configurations were tested, multiple attempts aimed
to optimize the Cup pillar dimensions. Figure 34a shows the layout of the lat-
est design that yielded the above-mentioned results. Essentially, the concept
of the design was similar but with different dimensions for each layer. To sim-
plify, it is labeled as Chip 1, 2, 3, and 4 (seeFigure 34a). Chip 1 had dimen-
sions of 1 cm? for the first layer and 2 and 3 cm? for the subsequent layers.
Likewise, for other chips: Chip 2 (1st layer: 1 cm?, 2nd layer: 2.5 cm?, 3rd
layer: 4 cm?), Chip 3 (2.4 cm?, 3 cm?, 5 cm?), and Chip 4 (2 cm?, 4.5 cm?, 5
cmz? for the 1st, 2nd, and 3rd layers). Figure 34 (a and b) show SEM images
of the transition between each layer, though in some chips there was the issue
of bending or pulling the pillars together in the 3rd layer.
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F|gure 34. Preliminary experiment for Cup pillars, (a) the layout of the Iatest
cup pillars design, (b-e) SEM images showing the pillars and the effect of
bending in the third layer in some chips.

This issue has been reported by MartinezDuarte et al., attributed to the high
aspect ratio of SU-8 structures. In accordance with the present results, previ-
ous studies have demonstrated that these structures, although not very
closely spaced, are tall and narrow. During the drying process, the stiction
forces generated in these narrow gaps are significant enough to cause St3
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patterns to bend and adhere to each other[31], as depicted inFigure 34 (c, d,
and e). To overcome this issue, multiple studies have suggested alternative
methods such as freezedrying [54], and supercritical drying [55, 56] for high -
aspectratio structures with gaps below a few micrometers. Martin ez-Duarte
et al. [31] add that in a supercritical liquid, the surface tension becomes neg-
ligible, and the capillary f orce causing pattern stiction is nonexistent.

Despite the bending of third -layer pillars in some chips, the results indicate
that the droplet indeed moved towards the center, confirming the effective-
ness of the cupshaped design in directing the droplet's movement (see Fig-
ure 33). The results obtained from this test were repeated six times, consist-
ently yielding the same outcomes. This preliminary experiment highlight s the
potential of multi -layered structures in controlling droplet dynamics, provid-
ing valuable insights for further optimization of SHS. By effectively managing
the droplet's motion, the cup pillar design demonstrates a significant ad-
vancement in achieving controlled wettability and enhancing superhydro-
phobic properties. This experiment sets the stage for future research to refine
these designs and explore their applications in various fields such as micro-
fluidics and self-cleaning surfaces.

5.2 Characterization of multilevel microstructures

The initial fabrication characterizations involve the use of an optical micro-
scope and a profilometer. The optical microscope ensures that the designed
layout is fabricated precisely and without misalignment between each layer
(seeFigure 35). The profilometer provides a comprehensive view of the thick-
ness of each layer, ensuring the accuracy of the layer dimensions (seEigure
37). Together, these initial characterization methods offer visual inspection
and quality assurance of the samples, ensuring that the fabrication process
meets the intended final design outcome. By confirming the alignment and
thickness of the layers, these techniques validate the integrity and reliability
of the fabricated structures, which is crucial for the successful development
of multilevel SHS.
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Figure 35. viual and dimension inspection of the samples after fabrication
using an optical microscope; (a) Order pillars, (b) Cup pillars, (c) Hexa&Pil-
lars, (d) Hexa200&60.

Not all samples achieved the accurate dimensions due to misalignment is-
sues, as shown inFigure 36. It is worth noting that even a slight misalignment
can cause deformation of the intended design. A misalignment of just 3 um
can fail the sample, requiring the entire process to be repeated.Therefore,
during the repeated fabrication process, ensuring uniform layer thickness
during the spin coating of SU-8 is crucial. Additionally, it is worth mentioning
that ensuring precise alignment before exposure in MLA lithography is criti-
cal to achieving the desired outcomes. These adjustments will help mitigate
alignment issues, improving the reliability and success rate of the fabrication
process.

Figure 36. Misalignment issues in multilevel SHS fabrication
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In the same manner, measuring the height of each fabricaed layer is equally
important for achieving optimal multilevel SHS microstructures. As stated in
(Section 4.4.2), fabricating multilevel structures using SU -8 requires a single
development procedure. This means that Procedure 2 will be repeated for
each layer, followed by a single development step that washes away the non
crosslinked SU-8 resist, resulting in the desired multilevel structure. The
measuring pads locaed in the four corners of the layout allow for profilome-
ter measurements of each layer, as shown inFigure 37. Ensuring accurate
layer height is crucial for maintaining the integrity and functionality of the
multilevel design, providing reliable and reproducible results in SHS fabrica-
tion.
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Figure 37. Profilometry measurement for Cup Pillar sample. The colors and
color pads indicate the layers of the pillars (1st: red, 2nd: purple, 3rd: green).
The wafer had planner layer [P] of SU-8 to improve the adhesion of the pillars.
The target thicknesses for each layer are as follows: planar layer [p]: 3 um,
1st layer: 4 um, 2nd layer: 8 um, 3rd layer: 13 pm.

Obtaining the profilometry measurements for each sample allows for the cal-
culation of the aspect ratio, which defines the ratio of the height of the first
layer to the height of the subsequent layers. Defining this in microstruc ture
fabrication is crucial for SHS development. High aspect ratios enhance hy-
drophobicity by creating pronounced surface roughness, which traps air
pockets (plastron) and increases CA while decreasingCAH. Consequently,
this leads to better SHB properties, as described by the CassieBaxter model.
Additionally, higher aspect ratios contribute to the durability and stability of
the structures under mechanical stress, making them more effective in appli-
cations such as selfcleaning surfaces, antricing, and drag reduction. Obser-
vations indicate that proper aspect ratio management ensures that SHS
maintain their properties across various environmental conditions, resulting
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in robust and high -performance surfaces. Therefore, optimizing the aspect
ratio is essential for developing effective SHS.

Upon successfully fabricating the samples, they were diced into multiple
chips, (SeeAppendix A, Figure 51). Examining different chips from the wafer
was conducted based on the methodology outlined inFigure 20. Two chips
were dedicated to studying the sample morphology and crosssectional im-
ages using SEM. Once coated with a conductive layer of either Cr or Au via
sputtering, the samples were prepared for SEM analysis. This step ensured
that the samples were adequately conductive, facilitating high-resolution im-
aging to assess the surface and structural properties, as well as the crossec-
tional images of the fabricated multilevel SHS.

Starting with the cross-sectional images, the SEM images inFigure 38 reveal

the multilevel microstructure in remarkable detail. Figure 38 (a) displays a

dual-layer structure (Hexa200&60) with clearly defined heights for each

| ayer: the stubs in the second | ayer (HL1)
the hexagonal structureint he first | ayer (H2) is arounc
an aspect ratio of approximately 2.5:1. This precise delineation between lay-

ers highlights the successful fabrication of the designedmultilevel structure.

e - 1
Figure 38. Cross-sectional images under SEM; (a): Hexa200&60 with aspect
ratio of 2.5:1, (b): Hexa&Pillars with aspect ratio of 1.2:1.

On the other hand, Figure 38 (b) (Hexa&Pillars) microstructure, with the first

layer (H1) having a height of 8 T m and the
T m, i ndi aspdctiratigof approximately 1.2:1 These values are nota-

bly more precise than those obtained from profilometry. It is important to

note that the simple design of the measurement pad could be the reason for

the £1 um reading error. Each measurement pad is exposed in the dedicated

layer, but they lack an overlapping area. An overlapping area would provide

a more accurate reading, similar to the SEM crosssection measuements

since they will be exposed each time, simulating the exacimultilevel structure

with a decent surface area to measure the height in profilometry.
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Furthermore, these cross-sectional views demonstrate the capability to fab-
ricate complex, multilevel microstructures with distinct, consistent layer
heights, which are crucial for the intended superhydrophobic surface appli-
cations. The clarity and accuracy of these images validate the effectiveness of
the process parameters and methodologies used in thisresearch.

To comprehensively study the surface morphology of the thesis samples, SEM
imaging was employed for various fabricated structures, including 2 -layer
pillars, 3-layer pillars, Hexa&Pillars, and Hexa200&60 (see Figure 39). The
SEM analysis provided detailed insights into the topographical features and
structural integrity of each sample. Figure 39a shows the Zlayer pillars,
though this design includes 3-layer pillars. The SEM images revealed the pre-
cision in layer stacking and uniformity of the pillars, which is crucial for their
intended applications. The Hexa&Pillars structure (Figure 39b) demon-
strates a well-defined hexagonal base with uniformly distributed pillars, in-
dicating the successful replication of the designed pattern. Similarly, the
Hexa200&60 samples (Figure 39c) exhibited distinct multilevel features with
clear differentiation between the large and small hexagonal elements, along
with the secondary layer of stubs. These highresolution SEM images con-
firmed the successful fabrication of the complex microstructures, validating
the optimized lithography and etching processes employed in this study.
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Figure 39. Top view SEM images with the stage tilted at an angle of 15-30°
for different samples: (a) Cup Pillar, (b) Hexa&Pillars, (c) Hexa200&60 show-

ing the large and small hexagons, (d) Hexa200&60 showing the small hexa-
gon with the stub in the second layer.

Moreover, Hexa&Pillars (Figure 39b) was the initial version of the fabricated
samples featuring a microarray of hexagonal structures. Each hexagon had a
diameter of 100 um, a ridge width of 10 um, and a height of 8 um in the first
layer. The second layer contained six pillars, each with aheight of 9.5 um and
a diameter of 5 um (seeFigure 39b). In contrast, Figure 39c illustrates an
improved version of this design (Hexa200&60). This design features a unit
cell of seven smaller hexagonal microstructures, each with a diameter of 60
pm and a ridge width of 6 pm in the first layer. Additionally, this unit cell of
seven hexagonal structures is enclosed within a larger hexagonal structure
with a diameter of 200 um and a ridge width of 7 um. The second layer con-
sists of a microarray of stubs on top of this complex hexagonal structure. The
smaller hexagonal structure contains 12 stubs, while the larger one has 42
stubs, each with a diameter of 5 um, all spaced 97 um apart from each other.

5.2.1 Contact angle measurement s of multilevel microstructures
As an initial wettability test, CA measurements were employed to examine

the samples' wetting characteristics before SHB coating and to compare them
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with the theoretical values obtained in section 4.1.5. Figure 40 shows the ACA
and the CAH of the different samples: Hexa&Pillars and the improved version
Hexa200&60. Hexa&Pillars, the initial version of the fabricated samples (see
Figure 39b), had an ACA of #3° and a CAH of 7° before SHB coating (see
Figure 40). In contrast, Hexa200&60 (shown in Figure 39c) exhibited an
ACA of 18° and a CAH of 2° (seeFigure 40). Each sample had its contact
angles measured at three different locations, and the reported values repre-
sent the mean + standard deviation.
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Figure 40. Wettability characterization shows decent contact angles (ACA
and CAH) even before SHB coating, particularly for the improved design con-
cept Hexa200&60 (Hexa&Stubs). The bars indicated to standard deviation.

Figure 40 clearly demonstrates that Hexa200&60 is not only an improved
version of the initial design but also has a higher ACA with almost the same
CAH, even without SHB coating. Based on the values oltained from these
characterization methods, it is possible to calculate the theoretical Cassie
Baxter CA for the Hexa200&60 sample. By measuring the sample dimensions
using optical microscopy and SEM, the samples were found to match the de-
sign simulations. The solid fraction was determined based on the areas of the
large and small hexagons, respectively. The area of the large hexagon was ap-
proximately 103923 umz?, and the total area of the seven smaller hexagons
inside it was approximately 6531 umz. This yielded a solid fraction of approx-
imately 0.063. Using the Cassie-Baxter equation (Equation 7) with a Young's
contact angle of 110°, the calculated theoretical CassieBaxter CA was approx-
imately 165°, indicating a SHS. The precise calculation of the solid frection
and CA underlines the effectiveness of the multilevel microstructure in en-
hancing superhydrophobicity.
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This design achieved significantly higher CA compared to the study by Kang
et al. [45] . While Kang et al.'s optimized design reached an average CA of 140°
without SHS coating, the initial design of Hexa&Pillars in this thesis obtained
a CA of 83°, which is 3° higher. Furthermore, the improved Hexa200&60
(Hexa&Stubs) design achieved an average CA of4B°, surpassing Kang et al.'s
results by 9°. These findings underline the effectiveness of the design modi-
fications implemented in this study, highlighting the potential for further en-
hancing SHB properties through meticulous structural and material optimi-
zations. By focusing on both the microstructural design and the application
of advanced coatings, this research demonstrates a substantial improvement
in wettability characteristics over previously reported results.

5.2.2 Enhanced superhydrophobicity via SHB coating

SHB coating was applied to all samples to reduce surface energy and enhance
their superhydrophobicity, as detailed in (Section 4.6). Two low surface en-
ergy coatings were used to improve the samples' superhydrophobicity: fluor-
opolymer. Except for one Hexa200&60 sample coated with silane, all sam-
ples were treated with fluoropolymer, as shown in Figure 41. The 3-layer Or-
der pillars along the x-axis exhibited the highest ACA at 165° and a CAH of
4°, outperforming the same sample along the y-axis, which had an ACA of
159° and a CAH of4°. This indicates the effectiveness of the micropillar de-
sign in creating surface roughness akin to natural SHS.
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Figure 41. Wettability characterization of all samples after SHB coating. All
samples exhibit SHB properties (CA > 150°). The bars indicate standard de-
viation.

The Hexa200&60 sample with silane coating achieved an ACA of 16&° and
the lowest CAH of 2°, compared to its counterpart with fluoropolymer
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coating, which had an ACA of 1&° and a CAH of 7°. Although literature sug-
gests similar surface energies for fluoropolymer (22 mN/m) [57] and silane
(22.5 mN/m) [58], the wettability results demonstrated a higher ACA for the
silane-coated Hexa200&60 sample, indicating its lower surface energy. This
design achieved significantly higher CA compared to the study byKang et al
[45]. While Kang et al.'s honeycomb design reached an average CA of 154°
after the same fluoropolymer coating, the initial design of Hexa&Pillars, as
well as the Hexa200&60 in this thesis, obtained a CA of 164°, which is 10°
higher than theirs. This highlights the superior performa nce of the
Hexa200&60 design in enhancing SHB properties.

Furthermore, Figure 41 illustrates the wettability characteristics of other
samples. The Cup pillars, a 3layer microarray in a cup shape, showed an ACA
of 161° and a CAH of6°, lower than the Order pillars. The in itial Hexa&Pillars
design exhibited an ACA of 161° and a CAH of 11°. The shapes of water drop-
lets corresponding to the samples inFigure 41are found in (Appendix B, Fig-
ure 52). These results underline the significance of design and coating choice
in achieving optimal SHB properties.

Similarly, the SA for all samples were examined, with results displayed in Fig-
ure 42 for two droplet sizes: 10 pL and 25 pL. All samples except Cup pillars
exhibit SHB properties (SA < 10°). The Order pillars, especially when exam-
ined along the x-axis (both directions: to the right and to the left), achieved
the lowest SA. In contrast, the Cup pillars, which follow the same design con-
cept (3-layer pillars), exhibited the highest SA, reaching nearly 12° with a
standard deviation of +2°. Conversely, the Hexa sample series maintained
stable SA values around 5° +1°. These findings emphasize the influence of
structural design on SA, with certain configurations, like the Order pillars,
significantly enhancing water repellency compared to others like the Cup pil-
lars. Additionally, although the Hexa series had only two layers of microstruc-
tures, they achieved remarkable results. This comparative analysis under-
lines the importance of multilevel microstructural designs to achieve the de-
sired SHB properties.
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Figure 42. Sliding angles for all samples after SHB coating. The layout design
of the Order pillars along the x/y axes is illustrated in the top left corner of the
figure, indicating the layers of the pillars (1st: red, 2nd: purple, 3rd: green).
All samples except Cup pillars exhibit SHB properties (SA < 10°). the bars
represent standard deviation.

In the three-layer pillar design of Order pillars, droplet characterization in
the x-axis configuration benefits from the three -layer structure, yielding
slightly higher CA and SA values. Conversely, the yaxis orientation presents
slightly lower CA and SA values, as intended by the design (see CA and SA
values for Order pillar in Figure 41 and Figure 42). This analysis underlines
the significance of orientation and structural design in optimizing superhy-
drophobic properties. The observed variations in CA and SA across different
orientations highlight the intricate interplay between surface morphology
and wettability characteristics. Such insights are crucial for the precise engi-
neering of surfaces to achieve desired superhydrophobic behaviors.

In analyzing the SA of the surfaces, it is important to note that the study by
Kang et al.[45] did not report on the SA of their samples. Although ACA and
RCA are generally sufficient for evaluating SHB properties, the inclusion of
SA measurements in this thesis provides additional insights into the dynamic
wetting behavior of the surfaces. This comprehensive approach highlights
differences in performance that were not captured in Kang et al.'s study. By
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incorporating SA measurements, this research offers a more complete under-
standing of the SHB properties and their practical implications, ensuring a
thorough evaluation of surface performance.

5.3 Abrasion test

SHS have limitations, particularly when exposed to abrasion, contamination,
and damage[59], as illustrated in Figure 43. As demonstrated in the previous
section, water droplets slide off SHS easily due to their low SA < 10°, CA >
150°, and minimal hysteresis. However, any abrasion to the SHS results in a
higher CAH, causing droplets to adhere to the surface. This increased CAH
compromises the surface'sSHB properties, leading to a loss of water repel-
lency. Furthermore, when SHS damages the static CA do not significantly re-
duce, though the RCA do decrease, leadtg to a large hysteresis which nega-
tively impacts the rolling behavior of water droplets due to a larger contact
area[59] (seeFigure 43). Under these circumstances, it is necessary to meas-
ure the dynamic CA with its hysteresis.

<, ¢ J

Figure 43. Custom-built sliding agle goniometer showing abraded
Hexa200&60 sample. This image illustrates the limitations of SHS after abra-
sion.

5.3.1 Result of sand abrasion test
Mechanical durability is one of the primary limitations of SHS. This challenge
can be addressed by applying a hard coating to the SHS in the nanometer

range using one of the deposition methods. In this thesis, two types of hard
coatings were applied (see ®ction 4.5). These hard coatings are intended to
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protect the SHB structures from mechanical abrasion, ensuring that the su-
perhydrophobic properties are maintained . The results of sand abrasion tests
on wettability are shown in Figure 44.
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Figure 44. Wettability characterization after sand abrasion test: (a) Contact
angles (ACA and CAH) show a significant decrease for reference samples of
Hexa200&60#1 and #2 compared to the same samples coated with HfO2 and
NbN. (b) Sliding angles for both 10 ul and 25 pl droplets indicate that while
the reference samples fall outside the SHB definition, the coated samples
maintain significantly better SA values. The bars indicate standard deviation.
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Two variants of Hexa200&60 were chosen for the abrasion test, with the pri-
mary difference being their aspect ratios. Hexa200&60#1 had an aspect ratio
of 2:1, while Hexa200&60#2 had an aspect ratio of 5:1 (see crosssection SEM
images in Appendix C, Figure 53). To enhance the mechanical durability of
these samples, two types of hard coatings were applied: HfQ via ALD and
NbN via sputtering (see Section 4.5). The sand abrasion parameters were
fixed, with the weight of the sand set at 5 g and the height from which it was
dropped set at 10 cm. This standardized abrasion test allowed for a consistent
comparison of the durability and performance of the different coatings under
mechanical stress.

The wettability values for r eference samples from both Hexa200&60#1 and
Hexa200&60#2 without hard coatings did not meet the SHS criteria, as in-
dicated by their CA and SA values (sed-igure 44). The SEM images provide
a detailed insight into the surface morphology of these samples postabrasion
(seeFigure 45).
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Flgure 45 Reference samples after sand abraS|on test (10 cm 5 0); Ieft
Hexa200&60#1, right: Hexa200&60#2. SEM images show the damage to the
multilevel structure of these reference samples, indicating significant abra-
sion impact.

The sand abrasion test caused significant damage to both reference samples,
as illustrated in Figure 45. Not only were the stubs broken and bumped, but
the complex hexagonal microstructure was also heavily damaged and par-
tially erased. Consequently, the advancing ACA decreased notably, and the
droplet exhibited complete Wenzel state behavior in the SA goniometer, as
shown in Figure 44b. While the stubs contribute to superhydrophobicity, the
complex hexagonal microstructure provides mechanical durability to the sur-
face.With both components of the multilevel structure severely damaged, the
samples no longer met the criteria for SHS.

Furthermore, examining Hexa200&60#1 with either HfO 2 or NbN hard coat-
ings, the samples exhibited ACAs of 156° and 161°, and CAHs of 10° antf,
respectively. Similarly, the sliding angle improved significantly from a com-
plete Wenzel state to 46° with 10 pL droplets and 35° with 25 pL droplets for
Hexa200&60#1 with HfO 2. For Hexa200&60#1 with NbN, the sliding angles
were 41° with 10 pL droplets and 20° with 25 pL droplets. Compared to the
reference samples, these coated samples demonstrated higher ACAs and
lower CAHs, as well as significantly reducedSA. The SEM images provide de-
tailed insights into the surface morphology of these samples postabrasion
(seeFigure 46).
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Figure 46. Hard coated samples after sand abrasion test (10 cm, 5 g); left:
Hexa200&60#1 coated with HfO2 using ALD, right: Hexa200&60#1 coated
with NbN using sputtering. SEM images show minimal impact to the multi-
level structure, indicating the effectiveness of hard coating in protecting
against abrasion.

For Hexa200&60#1 samples with either HfO 2 or NbN hard coatings, the SEM
images show minimal impact from the sand abrasion test (10 cm, 5 g).Figure
46 illustrates that the complex hexagonal microstructure sustained barely
any damage, especially for the sample coated with NbN. However, some stubs
were broken or had fallen off. As mentioned eatrlier, the stubs are the primary
contributors to superhydrophobicity, while the complex hexagonal micro-
structure provi des mechanical durability to the surface. Comparing these two
samples in both wettability tests and SEM imaging, the sample coated with
NbN exhibited higher durability and better wettability than the sample
coated with HfO 2, with a hardness range of 20-40 GPa and an elastic modulus
range of 250-350 GPa, compared to HfOz, which has a hardness range of 8
12 GPa and an elastic modulus of approximately 163165 GPa[60] . Clearly,
the hardness of NbN is two to four times higher than that of HfO 2, even
though the latter was coated with a greater thickness (125 nm compared to
90 nm for NbN). These results emphasize the importance of applying hard
coatings to maintain the SHB properties of surfaces under mechanical stress.

Finally, a comparison between Hexa200&60#1 (aspect ratio = 2.5:1) and
Hexa200&60#2 (aspect ratio = 5:1), both coated with NbN using sputtering,
reveals significant findings. The graph in Figure 44a shows that
Hexa200&60#1, coated with NbN, has an ACA of 161° and a CAH of 7°. In
contrast, Hexa200&60#2, coated with the same NbN, exhibits an ACA of 159°
and a CAH of 9°. Similarly, the SA for Hexa200&60#1, as shown in Figure
44D, is approximately 41° with 10 pL and 20° with 25 uL droplets. On the
other hand, Hexa200&60#2 has an SA of around 35° with 10 pL and 30° with
25 uL droplets. These findings highlight the imp ortance of aspect ratio in de-
signing multilevel structures. The SEM images provide detailed insights into
the surface morphology of these samples postabrasion (seeFigure 47). This
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comparison underscores the critical role of aspect ratio in achieving desired
SHB properties and mechanical durability in SHS designs.
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Figure 47. Hard coated samples after sand abrasion test (10 cm, 5 g); left:
Hexa200&60#1 (aspect ratio = 2.5:1) coated with NbN using sputtering,
right: Hexa200&60#2 (aspect ratio = 5:1) coated with NbN using sputtering.
SEM images show minimal impact to the multilevel structure, with the NbN-
coated sample exhibiting even less damage compared to the HfO2-coated
sample, indicating the superior effectiveness of NbN hard coating in protect-
ing against abrasion.

Both samples in Figure 47 showed minimal impact from the sand abrasion
test (10 cm, 5 g). The complex hexagonal microstructure, especially when
coated with NbN, sustained hardly any damage. However, in
Hexa200&60#1, some stubs were broken or had fallen off, as shown on the
left side of Figure 47. In contrast, Hexa200&60#2 exhibited minimal damage
to the stubs, although some were still affected or bumped. This intriguing
finding may reflect diff erences in aspect ratio and solid fraction. Considering
these results, it is possible to achieve lowSA while maintaining a high ACA
even under abrasive conditions or potentially more severe abrasion tests.
These observationsemphasizethe importance of structural design and mate-
rial properties in enhancing the durability and performance of SHS.

5.3.2 Result of wipe abrasion test

Hexa200&60#1 and #2 underwent cleanroom (CR) wipe abrasion tests and
were compared to reference samples without hard coating. These ¢&sts were
designed to evaluate the durability and robustness of the hard coatings under
milder wear conditions. The CR wipe test involved a standardized backand-
forth motion of the CR wipe 20 times on top of the samples, as illustrated in
Figure 27 in Section 4.8. The standardized nature of the test ensures con-
sistent and reliable results. The outcomes of these tests concerning wettabil-
ity are shown in Figure 48.
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Figure 48. Wettability characterization after wipe abrasion test: (a) Contact
angles (ACA and CAH) show a significant decrease for reference samples of
Hexa200&60#1 and #2 compared to the same samples coated with HfO2 and
NbN. (b) Sliding angles for both 10 pl and 25 pl droplets indicate that while
the reference samples fall outside the SHS definition, the coated samples
maintain SA values within the SHS criteria. Bars indicate standard deviation.

These findings, as shown inFigure 48, were unexpected, especially for both
Hexa200&60#1 and #2 samples coated with NbN. The highest ACA value was
observed for Hexa200&60#1 coated with NbN, with an ACA of 144° and a
CAH of 12°. The second highest was for Hexa200&60#2 coated with NbN,
which had an ACA of 18° and a CAH of8°. Despite these values falling below
the typical definition of SHS in terms of ACA and hysteresis, both samples
still met the SHS definition in terms of S A. These results suggest that the CR
wipe abrasion test primarily damages the stubs, which are the main contrib-
utors to superhydrophobicity. Detailed insights into the surface morphology
of these samples postabrasion are provided by the SEM images inFigure 49.
This highlights the significance of structural integrity in maintaining SHB
properties under milder abrasion conditions.
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Flgure 49. Hard- coated samples after CR wipe abraS|on test (20x back and-
forth motion); left: Hexa200&60#1 (aspect ratio = 2.5:1), right:
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Hexa200&60#2 (aspect ratio = 5:1), both coated with NbN using sputtering.
SEM images show minimal impact on the multilevel structure, though some
stubs were damaged, resulting in reduced CA and SA values.

Figure 49 illustrates the wettability findings for both Hexa200&60#1 and #2.
As can be seen, the CR wipe abrasion test caused stress damage to the stubs,
reducing the ACA below the SHS threshold. Whilethe complex hexagonal mi-
crostructure in both samples coated with NbN using sputtering sustained
hardly any damage, the stubs in Hexa200&60#1 and #2 were tilted, broken,
or had fallen off, as shown on the left side of Figure 49. Notably,
Hexa200&60#1 had a higher ACA due to its aspect ratio, even though
Hexa200&60#2 exhibited less tilting or damage to the stubs due to its lower
aspect ratio. These findings suggest thatit is possible to extrapolate the opti-
mal aspect ratio and hard coating thickness to achieve multilevel structures
while maintaining the mechanical durability of the stubs.

By comparing the results of both the sand abrasion and CR wipe abrasion
tests to Kang et al.'s study [45], it is evident that the Hexa200&60 design
demonstrated superior performance. The CA of Hexa200&60 decreased by
only 3° (from 164° to 161°) after the sand abrasion test, whereas the honey-
comb design of Kang et ab exhibited a drastic decrease in CA from 154° to
134° with the same fluoropolymer coating. This indicates a significant loss of
superhydrophobicity in the honeycomb design under abrasion.

However, in the CR wipe abrasion test, the CA of Hexa200&60 decreased
from 164° to 144°, representing a reduction of 20°. These findings suggest
that the CR wipe abrasion test poses a greater challenge to the superhydro-
phobicity of the He xa200&60 surface compared to the sand abrasion test.
The results of the CR wipe abrasion test indicate that the primary issue lies in
the interface rather than the material itself. The small contact area means that
any back-and-forth momentum targeting the stubs can cause adhesion issues
due to insufficient support forces. These results reflect those of Kang et al.
[45], who also found that the stress was focused on the lower part of the pil-
lars, which was the detachment point for stubs in the CR wipe test.
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6 Conclusion

This thesis aims to contribute to the field of SHS through the development
and characterization of novel multilevel lithographic designs. The research
demonstrated the significant influence of structural design on SHS proper-

ties, particularly with the innovative Hexa200 &60 structures. By utilizing

maskless lithography with SU-8 resist, advancements in material and design
optimization were achieved, resulting in samples that met the SHS criteria
(CA > 150°, SA < 10°, CAH < 10°). Notably, the optimized Hexa200&60 de-
sign maintained its SHB properties with only a minimal decrease in CA of
approximately 3° under mechanical stress, while also demonstrating trans-
parency. This highlights the suitability of SU -8 for applications requiring

both durability and transparency.

The study also explored the potential of complex three-layer configurations,

such as Order pillars and Cup pillars, in enhancing SHS performance. The
Cup pillars' design effectively directed droplet movement towards the center

of the chip, demonstrating the benefits of multi -layered structures in control-

ling droplet dynamics. The methodologies and principles developed in this

thesis can be broadly applied to fabricate various SHS, particularly for appli-

cations requiring high durability and transparency, such as self-cleaning sur-
faces, advanced microfluidics, and optical devices. This work contributes to
the fundamental understanding of SHS and opens pathways for future inno-

vations in material science and engineering.

The observation made in the previous chapter sypports the hypothesis of an
improved aspect ratio of 3:1 of Hexa200&60 . This proposed value balances
the aspect ratio, providing enough height to enhance superhydrophobicity
while maintaining sufficient base width for mechanical stability. An aspect
ratio of 3:1 is likely to offer better support than the 2:1 ratio and more robust-
ness than the 5:1 ratio. Reflecting on the findings, Hexa200&60#1 (aspect
ratio = 2:1) led to tilting stubs due to insufficient support, indicating that the
height might be too high relative to the base. Conversely, Hexa200&60#2
(aspect ratio = 5:1) caused the stubs to bump, indicating that the structure
might be too slender and prone to damage under mechanical stress.

Moreover, reducing the spacing between stubs can increasdhe overall me-
chanical stability by distributing mechanical stress more evenly. A rule of
thumb could be to set the distance between each stub to half the height of the
stubs, increasing their density and providing additional support. Further
studies focusing on aspect ratio are therefore suggested by creating samples
with an aspect ratio of 3:1 and adjusting the spacing between stubs.
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Following a similar methodology to this thesis (see Section 4.1), a new test
could be conducted with a sample named Hexa200&60#3 (aspect ratio =
3:1). Once the fabricated sample is successful, adjusting the hard coating
thickness to 150 nm of NbN using either sputterin g or ALD is recommended.
This sample should then undergo both mechanical (sand and CR wipe abra-
sion) and wettability tests to observe any improvements in performance. By
analyzing the new results and comparing t
against the original samples (Hexa200&60#1 and #2), further insights can
be gained. By refining these design aspects, it is anticipated that the
Hexa200&60 structures can achieve even greater durability and maintain
their superhydrophobic properties under various abrasion conditions.

Although the SU-8 has demonstrated its mechanical durability throughout
this work, fabricating the same structure on silicon would be worthwhile to
test and compare the results to this work. This can be achieved by using a
positive resist followed by etching through the silicon wafer to create the stub
and hexagonal structures (seeFigure 50). This approach would replace the
SU-8 with silicon, which is i nherently more robust.

Il Thin positive resist A25214€ [l 50, Ml Thick positive resist either AZ 4562 or AZ IPS-6090

Figure 50. Process flow of fabricating Hexa200&60 on silicon wafer through
positive resist and anisotropic etching

Figure 50 illustrates the proposed process flow. Once alignment marks fabri-

cated (Figure 50 a) following Procedure 1 Subsequently, an oxide layer is
grown either via CVD or thermal oxidation ( Figure 50 b). The wafer is then
spin-coated with AZ5214E to pattern the stubs. After development, the wafer
undergoes DRIE etching to create the stubs Figure 50 d). Next, the resist is
stripped in an ultrasonic acetone bath, followed by rinsing in IPA and DI -
water baths. The following step is critical since the wafer surface already con-
tains the stub structure; thus, a thicker positive resist like AZ 4562 or AZ IPS-
6090 is deposited to achieve a uniform surface after spin coating (Figure 50
e). It is important to note that before each lithography exposure, th e wafer
undergoes a soft bake at 90C. Similar to the previous steps, after lithogra-

phy, the oxide mask is etched, followed by etching through silicon to define
the hexagonal structure (Figure 50 f). By implementing these steps and con-
siderations, the transition from SU -8 to silicon for fabricating high -aspect

ratio structures can be effectively achieved, leveraging the benefits of silicon
in terms of durability, thermal stability, and integration capability.
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