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Abstract

This thesis illustrates two novel routes for fabricating hierarchical micro-to-nano
structures with interesting optical and wetting properties. The co-presence of
asperities spanning the two length scales enables the fabrication of miniaturised,
tuneable surfaces exhibiting a high potential for applications in for instance,
waterproof coatings and nanophotonic devices, while exploiting the intrinsic
properties of the structuring materials.

Firstly, scalable, superhydrophobic surfaces were produced via carbon
nanotubes (CNT)-based electrohydrodynamic lithography, fabricating multiscale
polymeric cones and nanohair-like architectures with various periodicities. CNT
forests were used for manufacturing essential components for the
electrohydrodynamic setup and producing controlled micro-to-nano features on
a millimetre scale. The achieved high contact angles introduced switchable Rose-
to-Lotus wetting regimes.

Secondly, a cost-effective method was introduced as a route towards plasmonic
bandgap metamaterials via electrochemical replication of three-dimensional (3D)
DNA nanostructures as sacrificial templates. A range of sub-30nm 3D DNA
polyhedrons, immobilised onto conductive and insulating surfaces, were
replicated with gold via electrochemical deposition and sputtering. Microscopic
characterisation revealed detailed gold replicas preserving both edges and
cavities of the DNA nanostructures. Accurate tuning of both polyhedrons’
dimensions and gold plating conditions finally enabled sub-100nm structures
which show promising optical properties such as, birefringence for potential

applications in photonics, metamaterials and sensing.
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1 Introduction

1.1. Thesis Overview

The research developed in this thesis aims to explore and establish novel
methods for producing a range of micro-to-nano morphologies for a broad variety
of applications, focusing on superhydrophobic and photonic three-
dimensional (3D) nanostructured metallic surfaces. Beyond the
manufacturing of such structures, involving various elaborate techniques to
enable the pre-designed nanostructures, this research work focused on highly
controlled 3D material nano-structuring as the pivotal point, which has been
developed towards the two distinctive applications discussed in detail in this
thesis.

Initially, a viable procedure for fabricating a wide range of hierarchical structures
for superhydrophobic applications, characterised by tuneable dimensions, pitch,
aspect ratio and roughness, was developed and investigated.

Subsequently, a novel, cost-effective process for progressing toward the
alternative structuring of gold nano-scaffolds was developed, by using
specifically-arranged 3D DNA molecules as sacrificial templates, with the

ultimate, long-term goal of manufacturing unique optically-active materials.



1.2. From Macro to Nano Patterns

Natural patterns have a cumbersome part to play in the world we, as human
beings, experience every day. Nature exhibits infinite possibilities of spectacular
colours and shapes, from large galaxies to tree leaves and colourful butterflies. It
is common to observe highly organised patterns, such as the honeycomb or the
disposition of the spines in cactus. In fact, recurring schemes are also easily
perceived by the human brain (as explained by Mark P. Mattson in “Superior
pattern processing is the essence of the evolved human brain” [1]), which is
instinctively designed to recognise different sort of patterns, spanning from facial
features, through the music notes to symbols, using all of our five senses. Order
and repetition are fundamental aspects of natural features and are, therefore, of
a unique appeal.

Since the times of ancient Greeks, mankind has tried to classify nature’s patterns,
which led Plato (427-347 BC) to define five regular polyhedrons, commonly
known as Platonic solids, each associated with natural elements such as air,
water, wind and fire [2]. In the XII century, Fibonacci (Fig. 1.1.) developed the
‘Fibonacci Sequence’ which, not only is used in mathematics but also appears to
be directly related to the natural world, which is exemplified by the Phyllotaxis,

the spiral arrangement of leaves or stems around a pivotal point [3].


https://www.ncbi.nlm.nih.gov/pubmed/?term=Mattson%20MP%5BAuthor%5D&cauthor=true&cauthor_uid=25202234

Figure 1.1. Natural systems mirroring the golden spiral. a) Portrait of Leonardo Fibonacci
(1175 — 1250), who introduced the modern Hindu-Arabic numerals in his work, Liber Abaci, and
introduced the Fibonacci sequence, formed by integer number which, after the first two, are the
sum of the two preceding ones. The golden spiral, in b) can be formed by the progressive
juxtaposition of squares with increasing side, following the sequence. The numbers are also
common in various biological systems such as c) the phyllotaxis arrangement, d) the flower head
disposition, and the e) pine cone bracts.

In the years to follow, pattern studies found fertile ground in Mathematics
although, it was a biologist and botanist, Lindenmayer, who in 1968, introduced
the concept of fractals for formalising the plant cell behaviour [4]. A fractal is
defined as “a curve or geometrical figure, each part of which has the same
statistical character as the whole. They are useful in modelling structures (such
as snowflakes) in which similar patterns recur at progressively smaller scales,
and in describing partly random or chaotic phenomena such as crystal growth
and galaxy formation” [5]. Similarly, fractals are self-similar shapes, which repeat
the same pattern while expanding in space. For example, the branch of a tree
resembles the whole tree, following the fractal definition of expanding symmetry,

similarly to mountains shapes, ferns or river basins [6-8].



Patterns in nature are especially intriguing because of the properties derived from
such periodic arrays. In fact, many species of either the animal or the vegetal
world possess ordered nanofeatures, responsible for all the unique properties we
can observe such as water-repellent leaves or iridescent colours [9]. For
example, the gerridae’s or water strider’s unique ability to walk on water without
sinking (Fig.1.2.a-b) is due to a combination of factors, including the weight
distribution and the legs’ structures that are formed by ordered, nanoscaled hair,
which trap air bubbles and allow them to float [10—12]. Moreover, a whole range
of unique properties can be found in insects. For example, butterflies (Fig. 1.2.c-
e) derive the wing iridescent colours from arrays of overlaying, protruded cells,
which following the interaction with light, generate a range of changing hues when
viewed at different angles [10,12-14]. Similarly, jewel beetles exhibit the
astounding colour of the iridescent cover and wings from the conical shape of

hexagonal cells on the outer shells [14,15].

Figure 1.2. Water striders’s legs and butterflies’ wings nanoarchitectures. a) Water Strider
are known for their ability to walk on water, which is given by the b) hydrophobic nanohair-like
structures of their legs, which trap air bubbles within, and allow the Striders to float. ¢) Similarly,
butterfly wings are comprised of thousands of d) micron scales which are in turn formed by e)
nanoscaled setae, which reflect the light and letting the iridescent wings shades to arise.



In the modern era, another wide range of fascinating properties started to gain
attention following the evolving scientific and commercial demands. For instance,
research attempts at replicating the gecko’s ability to walk on vertical surfaces
have triggered a large number of studies of the fine structures of its feet [12,16—
19]. The hierarchical structure of the gecko’s feet with nanoscopic protrusions
called spatulae acts as minute suction cups, ordered in grid-like arrays and
capable of sustaining up to six times the gecko weight while sticking and walking

on walls or ceilings (Fig. 1.3).

Figure 1.3. Gecko’s feet nanostructure. a) The gecko is a type of lizard which possesses the
unique ability to walk vertically. More than 60% of gecko species have multiscale toes, b) which
are comprised of thousands and thousands of lamellar-arranged spatulaes. ¢) The final extremity
ends in minute setae, provoking the adhesion on surfaces because of the Van der Waals forces
[20,21] that bridge the surface with each one of them.

The term biomimetics has been established during the 1950s, defining the
approach to study and reproduce natural systems and elements. The research
toward this has proliferated introducing novel fields such as the bionics or robotics
[22—-24]. Thus, aiming at mimicking the natural properties and the fine intricate

structures triggered the first step in characterising and replicating the multi-level



natural patterns. This inevitably led to significant difficulties and hurdles. After all,
the evolution took more than thousands of years to achieve the natural structure,
and develop physical, chemical [25,26] and structural ways to overcome the
surrounding hostilities such as, for instance, “merging” with the environs like the
chameleon does or eluding potential predators with iridescent and eye-mimicking
wings, like moths do [26,27]. Thus, reproducing high-complexity, fine structures
and also precisely maintaining the properties found in the natural world initiated

many innovative fabrication routes [28].

Nowadays, two dominant approaches drive the manufacturing of sub-micron
architectures. The top-down approach [29-32] is widely known as the
miniaturisation process of material patches, which are traditionally cut and
modelled into sub-micrometric designs by using mechanical or chemical tools.
On the other hand, the bottom-up approach [33—-35] enables the desired material
to arrange in a pre-ordered manner, relying on the capability of the material itself
to self-assemble throughout the accurate molecular design [34]. Most common
examples of both strategies include soft lithography imprinting, photolithography,
electron beam (e-beam) lithography, moulding, 3D printing or polymers self-
assembly [36,37]. Despite the achieved results in micropatterning, these
techniques are limited by several factors which reduce the reproducibility of
structures for commercial devices [38—40]. For all the methods which require the
presence of a mould, the scaling-up to the final device desired dimensions
represents the possible bottleneck in generating large functional devices, mostly

due to the likelihood of defects from the use of larger frameworks [41,42]. For



example, optical patterning techniques such as photolithography, are limited by
the light diffraction limit, while depending upon the incident wavelength [43]. Thus,
the dimension threshold for optically patterned surfaces is limited to A/4n, where
A is the wavelength and n is the refractive index of the media.

Smaller nanoscale patterns can be achieved by both electron-beam and ion-
beam lithography [44—46], although these are limited by the secondary electron
scattering for the first technique and the high cost for producing the required
short-range ion emission beam for the latter one, restricting their uses on a large
scale. During the last decade, self-assembly methods, based on exploiting
various polymers which can arrange on the micro-to-nanoscale length have
revealed their potential when used in combination with traditional lithography
techniques [47,48]. Nevertheless, the physical segregation of the polymers,
coupled with elevated steric hindrance, have set additional limitations when the

substrate’s dimensions decrease to the nanometre scale features [48-51].

1.3. Superhydrophobic Surfaces

The concept of superhydrophobic surfaces was first introduced in the 1960s, by
observing the lotus leaf behaviour upon wetting. Although, the wettability theories
for hydrophobic surfaces were already fully developed since the 1930s, with
Wenzel and Cassie-Baxter Theories (please see Chapter 4.2), and a natural
material, such as the plant named Triticum [52], with a contact angle (CA) > 150°

firstly observed only in the 1940s. Thereafter, the proper formalisation of the



superhydrophobic state was finalised, almost 40 years later by Barthlott and
Nehius in 1997, which explained how the wetting modes arise from the
combination of surface roughness at a micro-to-nanoscale combined with a low
surface energy (Figure 1.4). Moreover, the presence of hierarchical structures
and overall surface roughness was demonstrated to induce self-cleaning
properties, arising from the presence of air bubbles trapped between the solid
asperities and the liquid droplet. A deep insight and discussion of the established
wetting regimes will be given in Chapter 4.

The importance of mimicking and moving these properties towards modern world
applications and device technologies is evidenced by the considerable efforts of
research in this field, which, in particular, have focused on developing highly
controlled, periodic micro- and nano-structures. Recently, novel formulations for
super-apolar and low surface energy coatings were developed to address the
market demand in a more immediate way, especially for anti-fouling and anti-
icing coatings [53-57].

So far, a wide range of techniques and procedures have been established and
will be discussed further in this thesis (see section 2.1), while pointing-out and

discussing the advantages and disadvantages of each.



Superhydrophobic
0> 150°

e
=)
1

e
o
1

e
-
L

981 Hydrophobic

90° <0 < 150°

<
o
I

e
F
L

Hydrophilic
10° <9 <90°

f=
)
1

=
"~
1

Superhydrophilic
0<10°

T T T T T T T T 1 T T

T L)
20 30 40 50 60 70 80 90 100 110 120 130 140 150
Material contact angle, &m0 (°)

and material surface occupied by air, 1 - f;

Fraction of contact area between water droplet
e

<
(=1
=

Figure 1.4. Material wettability (8smootn) and the proportion of air trapped within a rough
surface diagram ratio. Reproduced from [58]

1.4. 3D Photonic Band Gap and Negative Refractive Index

Metamaterials

The Oxford Dictionary defines a metamaterial as “a synthetic composite material
engineered to display properties not usually found in natural materials”, based on
the accurate manipulation of the electromagnetic wave-material interaction.
Unique and unnatural properties can arise from an electromagnetic (EM) wave
when guided and controlled into artificially-oriented (meta)materials hence,
introducing negative, near-zero or high values for parameters such as refractive
index, permittivity or permeability, to list a few [40,59—-65]. According to their
properties, metamaterials (MM) can be divided into three main groups,

electromagnetic, acoustic and mechanical although, unambiguous prerequisites



are yet to be decided [66—70]. Nowadays, MM are predominantly man-made
although, the extent of this statement is discussion matter of debate since they
are comprised of parent materials which are found in nature. The properties of
MM are totally different from the original constituents in bulk or in the naturally-
found arrangement. In particular, the optical metamaterials’ properties are related
to the permittivity (€), which determines the extent and the way a forming electric
field is affected by a material (especially a dielectric), and the magnetic
permeability (p), which measures the ability of a material to sustain an intrinsic

magnetic field, as shown in Fig. 1.5 [71-74].

M
Electric Transparent ‘
plasma EICHE]S e e

<0 e>0
u>0 p>0

<0 >0
g R =0
' Negative Magnetic

refractive plasma
index

Figure 1.5. The medium permittivity (€) and magnetic permeability (i) quadrant and related
different behaviour. The first quadrant explains the common behaviour of transparent or semi-
transparent materials such as glass or water. The second quadrant shows the interaction of
transverse-electric light with materials with € < 0, Fundamental in electric plasmonic materials.
The third quadrant is the more interesting for optical metamaterials since the coexistence of both
€ and p < 0 determines properties such as the negative refractive index, which enables the
technology behind the smart materials, “invisibility cloaks” and environment-mimicking devices.
The fourth quadrant is representative of materials interacting with a transverse-magnetic
polarised radiation, producing a magnetic plasma oscillation. Such phenomenon does not usually
occur at optically visible wavelengths.
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The term metamaterial (meta- derived from “beyond” in Greek) was coined
merely a decade ago [40,75-77], and in a few short years the field has attracted
inter-disciplinary interest and has nourished research fields such as physics,
chemistry and engineering. Despite the fact that the term metamaterials is yet to
be fully defined, such structures can be described as man-made materials, which
exhibit unusual properties due to the unique fine structure arrangement [78,79].
In fact, the metamaterials’ fundamental components, called meta-atoms, are not
comparable with the length scales of the interacting wavelengths and neither is
the distance between two proximal basic components [78,80]. It has been
demonstrated that a periodic geometrical disposition of such structured materials
is not a fundamental requirement since unnatural properties can arise from
randomised (not periodical) distributions of the building blocks [77,81,82]. These
artificial properties are also independent of the constituents’ chemistry since a
variety of materials such as gold, silver, aluminium and copper have been
demonstrated to alter their conductivity properties due to the size of meta-atoms
[77,80]. Indeed, phenomena occur when two meta-atoms are in proximity and
this neighbouring between them can be achieved by using various yet expensive,
techniques [76,83,84]. So far, MM fabrication has been focused on obtaining
high-precision, subwavelength structured 2D materials which are also highly
reproducible, flexible and robust. Nowadays, since the interest has widened to
3D metamaterials, “traditional” techniques such as nanoimprinting, electron-
beam lithography and photolithography are getting replaced or enhanced by
novel procedures for structuring proximal meta-atoms [77,80,85,86]. For

instance, by multilayer deposition, block copolymers used as sacrificial scaffolds
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or for large-scale substrates, by two-photon photopolymerization (TPP) or by
direct laser writing [75,86,87]. The combination of these techniques with
additional deposition techniques such as chemical vapour deposition (CVD)
allows the scaling-up to larger areas, despite the limitations arising from the

resolution and the materials [75,85,86,88].

1.5. 3D Nanofabrication

Since 2011, the miniaturisation and the reduction in dimensions of modern device
components have reached a steady state from the nanoscale perspective [89—
91]. Industrial processes working on such a scale refer to nanoelectronics and
the production of such parts relies on the use of nanotechnologies for proceeding
towards even smaller dimensions. Thus, novel techniques for nanofabrication are
increasingly required, primarily focusing on fast, cost-effective and eco-friendly
processes. Metals and semiconductor represent the basis of modern
manufacturing due to the electrical and thermal properties and the high-efficiency
performances [92,93].

Nowadays, fabrication processes strongly rely on a top-down approaches
[29,33,42,94,95]. Nevertheless, the unmet need for continuously smaller devices
has been shifting towards miniaturised bottom-up techniques, despite the higher
costs and the need for highly specialised operators [96]. Therefore, the science
and technology have constantly been developing, introducing innovative

pathways, with a particular focus on polymers and biological structures such as
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DNA and viruses, which after being metallised, have been demonstrated as
efficient electrical conductors [97]. On the other hand, these types of structures
are also easily bound to the substrates, and with an accurate design of the
samples surface, beautiful, intrictae and functional features can be reproduced.
For instance, DNA origami has been used by a Caltech group for precisely
positioning fluorescent nanoparticles within a grid of over 60,000 resonant
photonic crystal cavities, thus forming a replica of Van Gogh’s famous painting
‘The Starry Night’ (Fig. 1.6.) [98]. Therefore, nanophotonics represents the next
step for potential applications of the novel, versatile and tunable structures being

developed.

Figure 1.6. Starry Night reproduction from fluorescence nanocavities DNA origami.
Adapted and reproduced from [98].

Additionally, nanofabrication has addressed the increasing demand for large-
scale water-repellent surfaces, advancing the manufacturing processes with
regard to superhydrophobic coatings. As described in Section 1.3, the
manufacturing of such low surface energy areas is fundamental for novel
technology, minimising the risks of short circuits and prolonging the devices’

lifespan in case of unwanted contact with water.
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Therefore, in this thesis, the issues related to 3D nano-manufacturing were
identified, studied and further optimised to pursue two major applications
described above. In parallel, although with different techniques,
superhydrophobic and optically-active surfaces were manufactured with relatively

inexpensive, eco-friendly materials and procedures.

1.6. Aims and Objectives

Currently, the production of reproducible hierarchical surfaces with asperities
spanning the micro-to-nanoscale involves, as introduced in this chapter, a
conjunction of non-trivial procedures largely using unhealthy solvents and
expensive technologies.

The environmental impact of this research had a fundamental importance in the
materials and techniques selection, with the aspiration to establish further steps
on the path of “green” surface technology for future everyday-applications.

In line with this eco-sustainable approach, the research described in this thesis
aimed to explore and establish novel methodologies for producing a range of
micro-to-nano morphologies for a broad range of applications particularly,
focusing on superhydrophobic surfaces and photonic three-dimensional metal
nanostructures.

The first part of this thesis is focused on the production of a vast range of
superhydrophobic surfaces characterised by a range of hierarchical patterns
using highly apolar materials and Electrohydrodynamic Lithography (EHL) [99—

101] as the optimal, reasonable choice of technique for cost and simplicity. Since
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the importance of anti-fouling and water repellent materials in the modern world,
it is among the aims of this work to demonstrate the feasibility of EHL for
superhydrophobic surface manufacturing.

The second section of this thesis focuses on developing an innovative approach
for structuring 3D nanomaterials, targeting optical responses such as negative
refractive index and plasmonic effects arising from the nano-structured material.
Moreover, the work in this section aims to investigate the feasibility of optically-
active materials production route involving sacrificial sub-50nm DNA-based
templates for gold replication by plating techniques.

Below is an outline of the chapters and their contents.

The overall thesis is comprised of five chapters. Following the Introduction
(Chapter 1), Chapter 2 will provide a thorough overview of the state-of-the-art
techniques for nanofabrication and related fabrication procedures, such as, for
instance, the importance of substrates’ cleaning, DNA self-assembly and the
characterisation techniques utilised in this work.

Chapter 3 will provide a general overview of the experimental procedures used
during the PhD. The description of the materials is followed by sample
preparations, cleaning strategies, preliminary investigations and finally, the
characterisation techniques. The corresponding theoretical background for the
characterisation methods and procedures is outlined in Chapter 2.

Chapter 4 focuses on novel fabrication methods for tuneable superhydrophobic
sub-micron architectures.

The main hypothesis (H1-exp) of this part of the work is that carbon nanotubes

(CNTs), in the form of either forests or arrays, provide suitable and robust
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electrodes for electrohydrodynamic (EHD) lithography for producing controllable
and reproducible cone-like structures with asperities on the nanoscale, using
superhydrophobic polymers as substrates. Water-repellent properties are to be
tested from the produced patterned surfaces.

On the contrary, Ho-enp states that CNTs as the top electrode in the EHD process
do not enable an improved and well-controlled patterning of the polymers and
particularly, sharp nano-cones, and introducing errors in the replication process.
This chapter provides additional theoretical background specific for the
application targeted, experimental details and results of the fabrication of
superhydrophobic thin polymer films, using vertically-aligned carbon nanotubes
(VACNTSs). This study demonstrates an unconventional route to manufacture
nanohair-like surfaces as well as hierarchical cone-structure arrays with various
curvatures, patterned from vertically aligned carbon nanotube-based master
electrodes via advanced electrohydrodynamic lithography (CNT-EHL).

Prior to fabricating hierarchical nanohair-like structure and micron-sized conical
pillar from plain polymer thin films, carbon nanotube forests are shown to be
grown onto silicon substrates and etched into periodical arrays and then, used as
a top electrode for the CNT-EHL fabrication. Morphological comparison of
different stages of the pillars’ growth is finally shown to relate to variations in the
wetting properties.

Chapter 5 describes the background, synthetic strategies and experimental
results for the fabrication of plasmonic band-gap (PBG) and metamaterials using

the 3D DNA-templated gold nanomaterials.

16



The principal hypothesis (H1-opt) of this work is that self-assembled DNA
polyhedrons, in the shape of cages, can be exploited as scaffolds for reproduction
with inorganic materials which, in turn, can enable novel optical properties. Ho-
opt, on the contrary, affirms that either DNA polyhedrons are not suitable for
inorganic replication, or that the patterned surfaces do not enable unique or
unconventional optical properties.

This chapter comprises two distinctive parts: firstly, the exploitation of the novel
3D DNA designs and assembly and secondly, the replication of the novel
nanostructures via gold electrodeposition. The work itself combines both the top-
down and bottom-up approaches for optimising the consistency and repeatability
of the fabricated nanostructured architectures. It is important to note, that unlike
the ‘traditional’ biological role of the DNA as a carrier of genetic information, the
molecules were considered as building blocks exploiting a more physical-
chemical approach, fundamental in self-assembly methodologies.

The introduction part of chapter 5 provides background on the self-assembly and
synthesis of 3D DNA nanostructures and emphasises their tunability into complex
and more extensive architectures. This is followed by the description of the
experimental details for identifying and establishing the assembly parameters
such as concentration, annealing temperatures, salt strength strand length and
the required solvents. Additional experimental procedures for the immobilisation
of the 3D structures on the substrates and their replication by the homogenous
deposition of noble metals around the hollow 3D DNA framework are followed by

the description and discussion of the experimental results particularly, focusing
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on the characterisation techniques for the sub-micron morphologies and the
accomplished photonic properties.

Finally, this thesis concludes in Chapter 6, where the overview of the research
and the results are summarised, and the hypothesis presented are discussed.
Potential applications and future project directions are introduced, with an outlook
towards alternative, complementary nanofabrication pathways and potential
directions of nanoscale patterning exploiting the novel and unique approaches

developed during this work.
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2 From Conventional Fabrication
Techniques towards Novel Bottom-
Up Functional Nanoarchitectures

2.1, Nanofabrication Techniques

Micro-to-nano scale manufacturing techniques utilise both bottom-up and top-
down approaches depending on the final device assembly and functions
required, while the ultimate shapes and overall morphological characteristics are
usually pre-designed.

The top-down approach in nanofabrication widely utilises tools controlled by sets
of experimental parameters, determined by the operator, for producing nano-
scaled, functionalised materials starting from large dimension surfaces, to reduce
them to the desired shapes and dimensions [30].

Alternatively, bottom-up approaches aim to build-up complex architectures from
molecular, sometimes even atomic constituents, after careful calculation of the

self-assembly mechanisms, based on intricate materials and techniques [1].
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Representative bottom-up and top-down techniques used in both laboratory and

on a larger, commercial scale are overviewed below.

2.1.1. Top-Down Techniques

2.1.1.1. Templating and Casting

Template-aided techniques involve the replication of an initial template, shaped
according to the final features required. Used mainly for water-repellent surfaces,
scaling-up and manufacturing, templating is a cost-effective and highly-
reproducible method which allows replicating the minute details of plants and
other natural features with a facile and quick procedure. The replicas are usually
comprised of a polymeric cast-on material, which has native superhydrophobic
properties. Therefore, the resulting bio-mimicked structures result in highly
hydrophobic surfaces with asperities on the mesoscale.

For instance, a lotus-leaf is a common example of the often being replicated in
poly(dimethylsiloxane) (PDMS) via polymer casting and using a nickel mould
[102] as shown in Fig 2.1.a, as well as in poly(methyl methacrylate) (PMMA) [103]

from spin-coated films using PDMS moulds (Fig 2.1.b).
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Figure 2.1. Templating techniques. Top) SEM images of (a) Lotus leaf. (b) Nickel-mould replica
of (a). Bottom) SEM images of: (A) Lotus leaf (fresh), (B) Colocasia leaf (fresh) and (C) Colocasia
leaf (dry), (D) Lotus-leaf replica (fresh), (E) Colocasia- leaf replica (fresh) and (F) Colocasia-leaf
replica (dry) surfaces. Replicated from [99].
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Lithography is a general, well-established method for producing
superhydrophobic surfaces with improved control and accuracy to generate the
micro-to-nano surface topography. In general terms, lithography based on the
interaction between a beam and a mask to transfer a predesigned pattern onto a
light-sensitive material, the resist [93].

Historically, photolithography [30,105,106] represents one of the first methods
for fabricating microelectronics components and, nowadays, is still one of the
most commonly used technologies due to its resolution and efficiency. In the
photolithographic approach, the beam emitter is a light source, commonly a
mercury lamp or UV laser emitting ultra violet light, hitting a mask coupled with
an optical assembly to reduce the image onto the photoresist, an optically-
sensitive chemical layer. The interaction of the guided light onto the photoresist
allows the replication of a specific pattern onto the resist enabling a resolution
well below 50 nm. Considerable studies have allowed the resolution limit, given

by the Rayleigh equation (Eq. 2.1), to be further improved.

Equation 2.1. Rayleigh equation.

0.614
= N,

Where, rindicates the resolution, A the incident wavelength, and Na the numerical
aperture.

As a general trend in modern commercial manufacturing and research,
decreasing the incident wavelength while increasing the numerical aperture (Na)
was demonstrated as an effective solution to increase the resolution. Although,

the typical limit of visible light diffraction pointed out the need for alternative light
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sources, in particular focusing on excimer laser nowadays, manufacturers
commonly use a 193 nm wavelength beam [105].

Further it is important to mention the “immersion lithography” [107] as an efficient
method for reaching a 37 nm resolution, by filling the volume between the lens
and focal plane with a medium, usually water, characterised by a refractive index
higher than air.

At the state-of-the-art, photolithography is considered as an established
technique which enables the production of high-fidelity replicas with details at the
micro-to-nanoscale, typically using silicon wafers as substrates. For instance, the
hierarchical micro-and nanostructure of the mosquito eye [103,108,109] was
replicated by this lithographic method, preserving the anti-fogging properties of

the hexagonally packed structures at the mesoscale, as shown in Figure 2.2.

Figure 2.2. SEM images of the mosquito compound eyes at different magnification.
Reproduced from [110].
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Electron-beam lithography (EBL), developed in the late 60s, is also a well-
established method for patterning in the sub-micron range. Electron beam
lithography is an alternative approach that uses a scanning beam of electrons to
write sub-micrometre structures into a resist that can subsequently be transferred
to the substrate material, often by etching. The preparation of such patterns not
only requires sequential writing steps, but is also vulnerable to beam drift or
instability which may occur during the long exposure times. During the 70s,
similar to the photolithography, EBL’s higher resolution did not make up for the
amount of time required for producing the final pattern and the cost of the
manufacturing line and thus, limiting the EBL’s commercial spread to niche uses.
Nowadays however, EBL offers higher flexibility in dimensions and shapes
[13,30,111] compared to “traditional” optical lithography, while maintaining the
high precision requirements on the micron-to-nano scale. Moreover, it allows
complex patterns to be printed directly on wafers, and to eliminate diffraction
interference, typical of optical lithography, reaching below 50 nm in resolution.
Although a high-resolution technique, EBL is not fast, poses various problems
such as for instance, scattering, backscattering and secondary electrons
emissions, which ultimately affect the quality of the final object [13,30,111,112].
Generally, EBL is comprised of a beam emitter which can be, alternatively, a
thermionic, a photo or a field emitter, which produces the electron-beam focused
by deflection coils and lenses onto the substrate, held under vacuum conditions
for minimising the interferences in the electron beam.

Alternatively, colloidal lithography [105,113,114] is an additional patterning

technique which uses colloidal particles assembled in a monolayer to
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systematically replicate large areas. The high level of control can be achieved by
accurate settings of the particle dimensions and spacings involved. For instance,
polystyrene (PS) standardised nanoparticles carrying a negative charge, were
electrostatically deposited into random arrays onto positively charged surfaces
such as, p-doped silicon. Coupled with other types of lithography or etching, this
technique enables good-resolution and fast patterning. Optical characterisation
of these colloidal lithography fabricated substrates has shown the loss of
reflectance properties especially, in the near-infrared (NIR) range of the
manufactured surfaces [115,116] thus, paving the way for both antireflective and
antifogging coatings, as shown in Figure 2.3. This technique is also known as

Nanosphere Photolithography (NSP).

Figure 2.3. Nanosphere lithography. A range of packed nanosphere lithography-produced
surfaces and their corresponding relative wetting properties. Reproduced from [117].
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2.1.1.2. Plasma and Reactive lon Etching

Etching represents a valid alternative for reaching the minute dimensions and
highly ordered structures typical of highly hydrophobic surfaces, using polymeric
substrates to be patterned.

The conventional plasma process (see section 2.3.3) also known as reactive
ion etching (RIE) [118] uses gases such as CF., CiHs, SFs, Ar, and O:[119] to
functionalise the surface depending on the exposition modes and time. Whether
combined with lithography or templating techniques, plasma etching enables
large textured areas with high fidelity and reproducibility.

Plasma etching requires a vacuum chamber filled with the relevant gases, to be
excited by a radiofrequency field. The co-presence of an excited and ionised
species produces highly accelerated, directional molecules and ions, impacting
the target surface. Thus, plasma etching, due to the combination of both chemical
and physical effects, yields important advantages for the nanofabrication. RIE
and plasma etching have successfully addressed the requirements of control and
reproducibility, crucial for development of optically-active and electronic
components, further improving the fabrication outputs in comparison to the other

available etching techniques.

2.1.2. Bottom-Up Techniques

2.1.2.1. Molecular Self-Assembly

Molecular self-assembly is an important branch of science, known as

supramolecular chemistry. This technique deals with all the weak forces and non-
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covalent bonds such as, van der Waals, hydrogen bonds and dipole interactions,
which have almost no impact on an individual level however, once combined,

they result in a strong interaction driving a large number of natural process.
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Figure 2.4. Supramolecular forces. The Octopus tentacles are comprised of a large amount of
suckers, which, individually, cannot apply a large force when sticking to a surface. On the contrary,
when a whole tentacle and all the suckers are attached, the resulting force makes it almost
impossible to detach the animal. Similarity weak forces, when taken individually, can reach a
maximum of 1/10 of the strength of a covalent bond, while, when combined together, are
extremely strong.

In addition to the well-established importance of the coordination and hydrogen
bond for living beings recently, after more than two decades of research, the role
of supramolecular forces was demonstrated as a pivotal point in nanofabrication,
including the mr-1r stacking, hydrophobic, colloidal, magnetic, electrical and optical

forces [120-124].
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2.1.2.2. Electrochemical and Electroless Deposition

Electrochemical deposition (or electrodeposition) of precious metals has a
fundamental role in modern technology, especially for the production of thin
microelectronic coatings and catalytic surfaces [125,126]. The basic processes
were developed in the 19" century, and during the past three decades, the
mechanisms have been widely exploited given the range of industrial uses and
superior performance.

Nowadays, electrodeposition is considered as a cost-effective and efficient
technique to produce uniform thin films by applying a constant voltage for specific
amounts of time, usually stable for small variations at room temperature and
pressure. The operating conditions allow the strict control of the amount of charge
within the cell and consequently, the amount of deposited material, upon full
understanding of the chemical reactions involved at each stage of the plating
process. Defects and composition of the film can be monitored over time by
accumulations, observing the correlation between the potential applied and the
current passing in the system. This sort of experimental technique is known as
cyclic voltammetry (CV), while the chronoamperometry, as the name implies,

allows the monitoring of the current at a fixed potential by the time passing.

The majority of the industrial processes for noble metals, such as gold and silver,
involve cyanide (CN) baths, which are usually comprised of stable components
at various acidic pH values. Thus, three bath categories can be outlined
depending upon the acidity of the solutions [126]. The stability of the cyanide bath

is given by the equilibrium constant (pKa) for HCN from aqueous to gas form,
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which for pH > 8 (mildly basic conditions) shifts the equilibrium (Eq. 2.2) to the

right of the reaction, leaving free and stable cyanide in the bath.

Equation 2.2. Cyanide disproportion reaction.

HCNg —5 H*+CN

Gaseous cyanide is developed from the solution at a pH < 8 or at a temperature

above 26°C. Thus, health concerns arise regarding the use of these facilities as

HCN(g) is highly toxic and requires a dedicated ventilation system.

Alternatively, various baths were developed in particular, using gold sulphite and
thiosulphate to reduce the risks for the operator, however, these types of baths
do require highly controlled experimental conditions especially, in terms of
temperature and pH. Whenever substantial deviations from the outlined standard
conditions occur, by-product formation can be observed, mostly as a
disproportion product of the gold from Au(l) to metallic gold and Au(lll) as gold
sulphite is unstable at a pH < 7. Thus, modern baths include additional stabilising
agents for limiting such by-reactions which, at the occurrence, will inhibit the full
plating potential of the baths. Nowadays, sulphite baths are preferable to the
cyanide ones especially, in micro and optoelectronics applications, due to their
low toxicity and better performance in the final deposition steps producing

smoother and brighter films [127].
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Moreover, electrodeposition media are usually comprised of water-based
electrolytes and solutions, allowing coating on biomaterials such as proteins,

viruses and DNA.

Electroless deposition is a well-known procedure since the beginning of 1800’s,
though the term “electroless” was introduced for the first time by Brenner and
Riddle in 1946 for identifying the autocatalytic process of nickel and cobalt plating
and later, commercialised in 1970 by Bell Laboratories [128-131].

Electroless deposition can be defined as a spontaneous chemical reaction which
requires no external power [131] and therefore, insulating substrates can be
easily plated. In the last few decades, electroless deposition has acquired a more
prominent role, especially in the electrical and high-density semiconductor
industry continuously requiring smoother and more homogeneous coatings.

The chemical reactions occur at the electrodes and described by Eq.2.3.

Equation 2.3. Electroless deposition complete reaction.

Catalytic

MZ#*solution + Redsolution \ Miattice + OXsolution
rd

surface

Where, M is the metal to be deposited, Red, is the reducing agent and Ox is the
oxidation product.
Each species is characterised by a specific reduction potential. Hence, in order

to have all the reactions occurring at the same time at the two electrodes, it is
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necessary that the potential for the cathodic partial reaction (Eq. 2.4) to be more

positive than the partial anodic reaction (Eq. 2.5).

Equation 2.4. Electroless deposition cathodic partial reaction.

Catalytic
+ - N
solution ze <
surface

z* Mlattice

Equation 2.5. Electroless deposition anodic partial reaction.

Catalytic
Redsolution y > OXsolution + me”

surface

Electroless deposition is considered as performing well-functioning technique for
coating non-conductive or insulating substrates thus, enabling a whole new range
of otherwise unachievable substrates, such as insulating polymers or poorly

conducting biomaterials.

2.1.2.3. Chemical Vapor and Atomic Layer Deposition

Chemical vapour deposition (CVD) is a well-established deposition technique
[132,133] which utilises chemical precursors in a vapour phase, mixing them in a
reaction chamber where they deposit a layer on a substrate. The prior modelling
of the systems allows to predict possible by-products, reaction mechanisms and

the structure of the thin layer, which combined with the high control over the
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process parameters [133,134] including pressure, temperature, gas-flow and
chemistry of the precursors, enable the deposition of the expected thin films.
Noteworthy, CVD is also one of the main techniques used for carbon nanotube
(CNT) fabrication (see Chapter 3.3), which can be used in combination with
lithography to orderly pattern substrates into arrays and grids.

Furthermore, atomic layer deposition (ALD) [133,135] enables epitaxial layer
growth through chemisorption of one of the precursors onto the substrate. Once
the first layer is saturated and excess is removed, the second precursor is
introduced, following the same procedure as the first one. Therefore, the

sequence can be repeated as needed until the desired thickness is reached.

2.1.2.4. Electrohydrodynamic Lithography

Electrohydrodynamics, a field investigating the deformation of a liquid phase
upon application of an electric field, was firstly demonstrated in 1800, and since
then it has vastly developed in the last decade [136], into a cost-effective,
versatile, yet robust, technique for patterning of thin films on the micro-to-
nanoscale.

Electrohydrodynamic lithography (EHD) represents a viable technique for
patterning thin (< 200 nm) films comprised of a wide range of polymers while
liquefied above their glass transition point (Tg) yet, below their melting
temperature, with no dimensional limitation in the final pattern set by the
experimental setup and conditions. To note, in experiments described herein,
polymers are in their glassy state at room temperature. At temperatures above

their Tg the segments of the chains become free to move and polymers can be
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described as incompressible viscous fluids. The motion of an incompressible
Newtonian fluid with viscosity is subsequently, fully described by classical
hydrodynamic theory for known external pressure and an average velocity thus,

governing the underlying theoretical principle of the EHD patterning.

The importance of defect-free homogeneous films as protective layers or
components is essential for a large number of technological applications
especially, in microelectronics or as coatings. Liquid thin films may vary in
composition, from water to oil and polymers [137] although, when subjected to
various stresses such as thermal, electrical or mechanical, they show dynamic
properties (such as wave propagation) which are entirely different from those of
bulk or thick films. Liquid film surface and interfacial pressure (or tension)
overcome the other forces, when the length scales involved are below the
capillary length. The capillary length is defined as specific length scale at the

interface of two fluids, both experiencing gravitational acceleration (g) and

surface tension (y). The capillary length is given as, r, = \/y/pfg where, pris the

density of the fluid.

Therefore, when using a liquid thin film, different behaviour and properties than
the bulk will likely be observed. In particular, within the capillary regime, the
surface free energy acts as a dominant force over the thin film’s intrinsic forces,
while pressure acts as a destabilising force over the intrinsic stability of the liquid

films.
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The destabilization forces, coupled to the spectrum of capillary waves of a fluid
(defined as the waves induced by the Brownian motion, which travel along the
interface in a fluid and whose properties are defined by the surface tension)
enable a single-capillary mode characterised by a specific wavelength, which
experimentally, translates in a well-defined oscillating mode of the fluid surfaces.
In turn, such instabilities can be affected by external factors such as gravity,
temperature, or electromagnetic fields.

Thus, with accurate adjustment of the external factors, the liquid film instabilities
can be forced to build-up into specific, well-defined structures at the micro-to-
nanoscale by using a homogeneous thin (< 200 nm) polymer layer as a starting

substrate.

A basic EHD experiment is usually comprised of different stages to achieve the
desired architecture. As a first step, a homogeneous thin polymer layer with
thickness ho is spin-coated onto a silicon substrate. This assembly is then
connected by a conductive paste to an electrical conductor, which both impedes
macro-movement of the substrate and allows the generation of high-electric fields
in such a capacitor-like device. On top, another electrode, in this case comprised
a Si wafer, is placed at a specific distance determined by the spacer dimensions.
To enhance the electric field, the backside of the top electrode can be gold
coated, and to enhance the hydrophilicity of the top electrode, facing the liquefied

film, plasma cleaning can be used.
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Once the assembled system is in place, a voltage (V) is applied, together with a
temperature gradient across the micro-capacitor until reaching well above the
glass transition point (Tg) of the polymer.

Since the z-scale of the liquid film is considerably smaller than the xy-dimensions,
the temperature fluctuations primary affect the lateral capillary waves along the

lateral direction forming a capillary wave spectrum at the liquid film surface.

The liquid film can be considered an incompressible Newtonian fluid in the zero-
frequency limit, which translates into a range of properties, i.e., the shear force
per unit area is proportional to the local velocity gradient; the proportionality
constant is the viscosity. Therefore, its motion is described by the classical
hydrodynamics laws which take into account the external pressure and an
average velocity.

The liquid material transport mechanism through the interface, including the
velocity profile, is described by the Navier-Stokes (NS) equation (Eq. 2.6). The
NS equation is comprised of two parts, each describing the two significant
contributions to the fluid thermodynamics and kinetics where, u, v, and w

represent of the velocity components.

Equation 2.6. Navier-Stokes equation.
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The first term represents the product of the fluid acceleration and the convective

gradient, while the second term describes the force balance acting on the fluid

itself.
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NS equation for thin films can be simplified by making a few assumptions, as
following:
i. The high viscosity polymers have a low flow velocity. Therefore, the
quadratic terms tend to 0 and can be neglected.
i.  The dynamics of the system is slow. Thus, the velocity profile is assumed
as a (quasi) steady-state.
iii.  Since the film thickness is smaller than the capillary constant, gravity does
not influence the interfacial shape.
iv.  The film flow is approximated to a steady laminar flow with the velocity

gradient varying only along the z-direction.

Therefore, for calculating the main wavelength of the capillary spectrum, the
equation is calculated for simply one- coordinate, while neglecting all the
wavelengths with amplitude smaller than the fluid thickness.

The pressure is known as a constant parameter thus, the pressure gradient is
null, and the velocity assumes a parabolic profile which can be calculated from

known values of both solid-liquid and liquid-vapour stress.

The system is assumed to behave within the lubrication approximation [138],
where v(,_o) = 0 and therefore, for z =0 (which represents the liquid-vapour
interface) the surface forces counterbalance the liquid intrinsic stress.

Since it is assumed that no stress arises from the vapour phase, the sum of both
the elements i.e., the viscous and the surface stress are set to zero. As a result,

the surface stress is null.
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Assuming that the slip component is zero and no lateral stress is present at the
liquid surface, the mean velocity in the film is expressed by Eq. 2.7, where, h is
the initial film thickness and n is the viscosity), which describes a Poiseuille flow
for a liquid gradient. In a 1D case, the pressure gradient along the film drives the

lateral volume flow rate.

Equation 2.7. Mean velocity within the film.

R h? / op
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The interface profile is derived from the mass conservation of a small volume in

an incompressible fluid. In turn, the difference in volume observed for the element

passing through distinct points within the fluid is calculated as, aw;:me = g—i dx,

where A is a cross-section of the film. For the 1D case, A equals h, any changes
in height lead to redistribution of the fluid in a flow along the x-direction.

At the same time, the interfacial pressure within two phases determines the
dynamic phenomena at the interface itself. Although the interfacial pressure is
assumed uniform across the film thickness, the pressure does depend on the
latter parameter. Consequently, the contributions to the overall pressure are

given in Eq. 2.8.

Equation 2.8. Overall pressure contributions across film thickness.

p(h) = po + Pyaw (h) + pr(h) + pex (h)
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In Eq. 2.8, the ambient air pressure (po) is independent of the film thickness and
when it is smaller than the capillary length, pvaw, it represents the van der Waals
forces acting at a molecular level within the film with pL is the Laplace pressure,
arising from the interface curvature. Additionally, pex accounts for all the excess
surface pressure and in particular, for the electrostatic pressure (pel) arising from

an external electric field applied to the system during the EHD patterning process.

In a liquid film at a constant temperature, when a sufficiently strong electric field
is applied, the electrostatic interactions overcome the vdW contributions. In this

case, the pressure distribution is given by (Eq. 2.9), where pvaw term is neglected.

Equation 2.9. Overall pressure contribution in a liquid film for T=const.

p(h) =po +p, (M) +p (A

For a perfect dielectric, when the liquid film in a capacitor is subjected to an
external potential difference between two electrodes, not in contact, a strong
electric field, Es, is generated. Ef produces a charge displacement at the dielectric
interface, which results in an effective surface charge density. Moreover, Ef
induces the parallel alignment of the interfaces to the electric field lines, while the
free electrostatic energy is minimised. Thus, the two main forces, i.e., the
destabilising electrostatic pressure at the liquid-vapour interface and the
stabilising surface tensions, determine the stability of the liquid film and the EHD

patterning development.
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a

Figure 2.5. Experimental setup of EHD capacitor-like system. a). An electric field is applied to
a homogeneous thin polymer film (h = 100 nm) deposited on the bottom electrode of the capacitor-
like device, increasing T>Tg. b) These produce an amplification of the surface undulation at the
characteristic wavelength which, eventually, leads to ¢) hexagonally-packed pillars. Adopted from
[139].

2.2, Polymers

Polymers are widely-known macromolecules comprised of many structural units,
i.e., monomers, ordered and repeated in a specific fashion. Polymers are usually
characterised by high molecular mass, which further defines their physical
properties such as viscosity, thermal and electrical conductivity and the crystalline
form. Since polymers can be either natural or lab-synthesised, they can have
various forms, and their intrinsic organisation may lead to either branched or
linear structures, determining other properties such as melting and glass
transition points, solubility and density. Additionally, the presence of defects could
also affect these properties.

Polymer nanofabrication is used in many different fields for producing highly

sensitive, accurate devices. For instance, polymers are commonly constituting
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drug delivery systems [140], micro- and nanosensors [141], and in basic research

for polymeric matrixes [142].

2.2.1. From Block Copolymers to a DNA Scaffold: an Alternative

Fabrication Technique for Metamaterials

Block-copolymers (BCPs) are a class of polymers comprised of two or more
homounits, arranged in a specific fashion along the chain, and depending on the
number of homopolymers, two- and tri-block copolymers can be produced
[143,144]. Such units are naturally prone to self-assemble in periodically-ordered
nanostructures which can be tuned in position and dimension, depending on the
relative molecular weight and number of units. Hence, such an arrangement can
be tailored to specific domains or features, which serve as building blocks for
nanoengineered bulk materials or surfaces. BCPs have attracted interest from
those research fields that require highly ordered features or the coexistence of
two (or more) domains simultaneously, with applications predominantly for solar
cell devices, thermoplastic elastomers or fabrics [145-147]. In the last decade,
research has mostly focused on BCPs as nanocomposites, substrates for
lithography and also, as templates for metamaterials [47,148,149]. Since the
arrangement of the spacing and the domains can be tuned by tailoring properties
such as the molecular weight of each subunit or by varying the filling ratio of the
metal, complex structures like gyroid can be produced [144]. For these particular
structures, BCPs’ chain parts are the building units for the larger 3D structures.

The deposition of a thin layer or a bulk material around the templates enables the
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production of features with nano-scaled roughness and cavities, which can also
be comprised of the template itself [143,144]. Furthermore, the scaffolds can be
described as a sacrificial template [81,150,151] either when the composing
material is removed within the steps toward the production of the final structures
or when it acts as a precursor for the designed architectures. These kind of
templates are not limited by the possible shape and dimensions that can be
achieved since their fabrication is carried out with independent and well-
established synthetic strategies usually, falling within the range of elementary
click-chemistry or self-assembly procedures [33,148,152,153]. Nowadays, micro-
to-nano materials either biological or inorganic, are commonly used as sacrificial
scaffolds for metamaterials nanofabrication [150,154] mostly, due to being cost-
effective. Therefore, DNA represents a potential candidate for templating
materials towards the aim of achieving novel nano-scaled 3D features. The
versatility and tunability of the DNA molecules, allows the design of miniature yet,

accurate moulds for engineering the nanoworld [155-157].

2.2.2. “The Road so Far”: DNA Origami Building Blocks

The DNA molecule, since being first identified in 1953, has gained a prestigious
role spanning various fields from chemistry to nanotechnology. Nowadays, DNA
is widely acknowledged as one of the most powerful tools in modern nanoscience
[158-161], largely because: i) it possesses the ability to complementarily interact

between strands without almost any mismatching [162], ii) is versatile and can
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arrange in 2 and 3-dimensions [163,164] and, iii) has the ability to form intricate
patterns when binding with other molecules [165-169].

A wide range of applications, spanning from targeted drug delivery [170-172] to
nanocircuits manufacturing [165,173] are in fact achieved by using the DNA as a
blueprint for structures with various functionalities. DNA molecules, for instance,
can be arranged to obtain contiguous wires which, after metallisation, act as a
nanoscale electrical networks [112,169,174,175]. On the other hand, it is possible
to use the self-assembled 3D DNA structures or origami, as docking sites or as
a “breadboard” for favouring other chemical species reactions (Fig 2.6) [31,176—

178].

.

i

Figure 2.6. DNA nanoengineering. DNA engineering enabled the fabrication of robust, yet
versatile structures such as DNA origami, cages, and arrays. The direct assembly of the structures
eliminates purification steps in the synthesis hence, achieving high-yield and pure products. The
DNA molecules can be arranged as arrays which, after metallisation, work as nanowires and
nanocircuits [179,180]; barrel-like structures allow drugs to be linked and protected by external
enzymes [170], ensuring a targeted in situ release. Additional use of DNA origami includes
scaffolding and the formation of docking point in otherwise inaccessible surfaces.

The DNA'’s properties are derived from its structure [177,178], which is comprised
of a phosphate-deoxyribose backbone that attaches to four nucleotides (or

bases): adenine (A), guanine (G), cytosine (C) and thymine (T). In turn, these
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bases exclusively interact in pairs of A-T and C-G. The specificity of the
interactions between the DNA bases has led to the design of scaffolds
[176,181,182] and structures with pre-determined geometry and length, which
allowed accurate nanoscale features. DNA usually arranges as a double helix
formed by two complementary and antiparallel strands (double-stranded DNA)
[183] though, it can be reduced to single strands (ssDNA) [183,184] via melting
at high temperature with low salt concentration buffer [155,185-188].

DNA engineering started to attract interest in 1970, when for the first time two
sequences were attached by their interacting “sticky ends” [34], which are short
single-strand nucleotides, protruding from the main, double-stranded DNA
sequence. The real leap forward to the actual design of DNA “origami” was taken
by Nadrian “Ned” Seeman who, inspired by Escher's woodcut “Depth”,
synthesised a cube-like structure in 1991 [189]. Seeman considered the DNA
molecule from a new perspective and designed its structure within an organised
3D space thus, enabling a whole new range of versatile structure with potential
applications spanning different fields such as bioscience, nanotechnology and
medicine [169].

The production of DNA motifs by assembling pre-designed strands leads to
branched structures which are not formed in nature and therefore, consisting of
synthetic 3D features with intricate folding such as polyhedrons or DNA origami
[165]. The potential of these motifs was finally exploited by Paul W.K. Rothemund
in 2005, who developed a novel, non-expensive strategy for assembling DNA
origami [163,164], which was comprised of a 2D self-assembled DNA sequence,

folded on itself and structurally “glued” together by complementary “staples”. The
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low-cost, resiliency and potential to tune the dimensions and geometric
orientation of the DNA origami exploited DNA nanotechnology as an evolving
field with numerous applications such as drug delivery, nanoelectronics, and
photonics [178,181,190-192]. So far, DNA origami has mostly been developed
in 2D although, specifically annealed structures such as DNA cages can achieve
3D orientation and result in intricate shapes and dimensions on the nanoscale -
usually below 50 nm [171]. In particular, the real potential of DNA cages relies on
their size and further functionalisation with chemical groups or metal
nanoparticles (NPs), which can extend their uses for drug delivery systems, nano-
circuits or molecular robots [166,193,194].

From the early 2000s, simple procedures for synthesising spatially-oriented
polyhedrons were established, starting with Goodman and Tuberfield’s work
[195]. Further complexity was added by tuning the assembly with the introduction
of intermediate products, which lead to the formation of various polyhedrons such

as truncated octahedron, octahedron, dodecahedron and icosahedron [196,197].

The key role in the formation of such intricate assemblies is played by specific
DNA structures, highly organised as a fork-motifs, which, in turn, arrange in such
way to interact and attach to one another, forming a larger 3D assembly. The
wide range of possible structures, coupled with their high resilience and stability
at pH values far from neutrality, has further enabled the use of these structures
as possible templates for manufacturing devices and surfaces at the nanoscale,

using the so-called bottom-up approaches [34,157,186].
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2.2.3. Design of 3D DNA Polyhedrons

DNA is a well-known store of genetic information [198,199]. However, its role as
a scaffolding material for nano-engineering has only just started to be explored.
Arrays of polyhedrons and origami have a pivotal role in modern nanotechnology
mainly because of the high robustness and versatility enabled via their nucleotide
sequence design. When tailoring complex molecules, it is fundamental to
maximise the interaction of the desired sequences, while minimising the by-
products from undesired interactions. The free energy of the molecular assembly
(AG°) is the driving force in determining which kind of interaction will prevail. This,
coupled with an accurate design of the sequences, eliminates identical parts
within the sequence and increases the binding sites within the interacting
domains [185,186]. The obtained patterns are stabilised by hydrogen bonds
between the bases, thus, driving the self-assembly between complementary
sequences. The achieved inter-strands arrangement is the result of using specific
software for calculating the mentioned parameters, such as the minimum AG°®,
the nucleobases (nb) sequences and their interaction points. Goodman et al.
highly recommend the use of NANEV [200,201], a Windows-based software for
nanosystems design based on sticky ends sequences. The user is solely required
to input the desired connectivity rules among the selected number of strands. The
output is sequenced population, depending on the likelihood of energy
minimisation, coupled with an accurate choice of nucleobases for avoiding
repetitive parts. Alternatively, an independent platform called CaDNAno
[168,186] has also been emerging as the standard software for specifically

designing 3D DNA origami nanostructures. The software possesses user-friendly
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2D and 3D interfaces which lead to fast-processed and customised DNA features,
following similar rules to the NANEV interface. Supported by such tools,
Goodman was able to design a DNA molecule connected as a tetrahedron [171]
which has demonstrated versatile applications in nanoengineering and
nanomedicine and has been exploited for instance, in protein encapsulation
[193].

Goodman has further developed a synthetic fabrication strategy using four single-
stranded DNA (ssDNA) sequences, which had the same sequence length and
concentration. These were mixed and heated to their melting point, which is
dependent on their length and constituent nucleotides, separating the double-
stranded DNA into single-stranded sequences. The solution is then cooled down
to a temperature which allows the single strands to complementary interact and
form the final structures.

Analogous strategies usually outline the assembly of DNA molecules with the
connectivity of polyhedrons, icosahedrons and prisms
[157,171,177,186,193,195,202,203] although, a fundamental step is further
introduced as a reaction intermediate. The initial single strands assemble to
produce preliminary building blocks, defined as tiles, which arrange as three-point
star motifs with unpaired single-stranded nucleotides at their ends also known as,
sticky ends [165,169,171,196,204]. The concentration and flexibility of the tiles
can be tuned accordingly to initial sequence concentration and length. Similarly,
the final polyhedral structure, comprised of a different number of tiles interacting

by their sticky ends, also depends on the concentration of the intermediates.
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In 2004, Rothermund suggested a different approach to the DNA origami
synthesis, proposing a controlled folding of a long single strand of circular
genomic DNA from the virus M13mp18, which bends on itself while it is “glued”
together by staples [164], short single-stranded DNA sequences (16 to 25
nucleobases).

This simplified origami production eliminates the majority of the synthesis
problems especially in terms of final yield, which is >70%, with occurring
misfolding almost entirely eliminated. The annealing reaction is a straightforward
one-pot reaction, in which all the strands involved, in a solution are mixed
together at once [205]. The symmetry of the assembled features depends on the
stoichiometry of the mixed staple strands, and a variety of structures can be
achieved when parts of the sequences are repeated.

Such DNA origami assembly technique requires five key steps starting from the
design to the actual synthesis [163]:

i. Design of a geometric model of the desired structure, filled by evenly
organised parallel helixes. Each sequence is subsequently divided and
idealised as cylinders of the same size. Each row of cylinders is held
together by sequence crossing points, called crossover.

ii. Folding of a long single-stranded sequence (> 900 nb, also called the
scaffold) following the model. One strand of the helixes will be
represented by the long strand, which will create additional crossovers.

iii.  Tailoring the short strands, called “staples”, as complementary sequences
for the scaffold to be placed on the crossovers. Due to the double helix

asymmetry and the presence of staples, the crossovers are not balanced.
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iv.  Minimising the strain that arises from the presence of the staples, which
destabilise the overall structure. By doing so, the staples sequences are
computed again and changed in places.

v. Increasing the interaction between staples and scaffold, by merging two
staples together. In addition, to strengthen the structure at its weakest
point of connection (the “seam” that separates the two branches of the

scaffold), staples are bridged between the sides [163,164].

Experimentally, Rothermund used the DNA from M13mp18 bacteriophage as the
skeleton of the origami structure, as a naturally single-stranded ~7,000 nb

sequence, which nowadays is the standard scaffold in DNA origami synthesis.

Since 2006, when the first DNA origami was proposed, the arbitrary folding of
DNA has been mastered and far more complicated 3D structures have been
easily designed and produced [112,168,177,206,207]. The original procedure
has been maintained, though an overall change in perspective has occurred in
the design approach that focuses more on the final product stability than on the
“building rules”. In line with this experimental process, the production of larger
and highly composed superstructures has been enabled. In fact, since the design
of such assembly is particularly focused on the occurring intra-molecular
interactions, which are defined by the position and interaction of nick points,
crossovers and edge-to-edge stacking, multiple DNA origami can be arranged in
large networks as scaffolds and other frameworks in a more flexible and

controlled manner [206,208].
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2.2.4. Deposition of DNA Polyhedrons at Allocated Sites

As previously described, plasmonic band-gap (PBG) and meta- (MM) materials
consist of subunits characterised by the high level of periodicity in their mutual
position, affecting the incident electromagnetic waves and thus, yielding unique
optical properties, otherwise unachievable in nature [78,83,86]. However, in more
recent studies it has been demonstrated that the ordered disposition of the
subunits may not necessarily occur in every PBG and MM materials
[40,63,64,77,209].

In these studies, the subunits are comprised of DNA polyhedrons which, require
firm attachment to the chosen substrates, creating a suitable structure for further
metallisation. Due to the large area that DNA origami can occupy on a 2D
nanoscale surface, immobilisation of such structures has been solved by
procedures that include metal coordination and physisorption on a wide range of
conductive and insulating substrates.

Layer-by-layer deposition (LbL), based on alternate adsorption upon a surface of
oppositely charged polyelectrolytes, is a well-established technique that allows
both plasmidic and chromosomial DNA to be embedded in polycation layers due
to its negative charge [187,210-214]. This property enables the fabrication of
ordered multi-layered films which find their primary use in medical applications
such as gene transfer, drug delivery systems and sensors [215-217].

Over the last few decades nanomaterials-based technology has been directed
toward the generation of modified surfaces, tailored functional groups and

effective detection devices that are all based on the direct adsorption of DNA
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[218,219]. For instance, Indium Tin Oxide (ITO) film on glass has attracted a
broad interest because of its high conductivity and transparency in the visible
spectrum. Recent research [218,220] has recognised the ITO glass as a suitable
substrate for DNA loading from aqueous solutions since the surface charge of
SnO:2 and In203 nanoparticles is highly dependent on the pH of the solution.

Moreover, the growing demand for faster, smaller and more sensitive DNA based
chips for diagnostics has led to the development of cost-effective techniques for
the modification of silicon-based substrates to achieve inexpensive binding
surfaces. Plasma treatment [174] is of particular interest since it allows one to
tune the binding sites for the DNA using different gases, while the chip itself can
be easily washed-off the load and reused. Alternatively, irreversible binding
systems to anchor origami rafts and pads [31,176,221] in ordered multiarrays
were developed by combining well-established lithography techniques with
chemical modification of the surfaces to improve the DNA-surface affinity. In
particular, the introduction of a self-assembled monolayer (SAM) of (3-
Aminopropyl) triethoxysilane, or APTES [155,176,221], in predesigned and
lithographically accessible areas, allows the DNA nanostructures to dock

exclusively at the binding site, without the risk of being washed off.

50



2.3. Overview and Background of Substrate Cleaning

Methods

In a silicon-based technology world, wafer cleanliness and minimisation of
residues have a vital importance [222] in the manufacturing processes for
guaranteeing excellent quality of the final product. Since silicon is one of the most
dominant components in majority of the modern technological devices, a broad
range of well-established cleaning procedures is available, of which the most

notable are described below.

2.3.1. RCA Wafer Cleaning

Developed in the mid-50s by Werner Kern while working at the Radio Corporation
of America (RCA, therefore the denomination), this procedure involves numerous
steps of a wet chemical substrate cleaning [222]. Generally, the wafer undergoes
three stages for removing all the possible contaminants, including:
i.  Organic residues, via an aqueous solution of ammonium peroxide and
hydrogen peroxide.
ii. Oxidation layers, via treatment with hydrofluoric acid (HF).
iii.  lonic residues, via an aqueous solution of hydrochloric acid and hydrogen

peroxide.

Alternatively, treatment with piranha solution - sulfuric acid (H2SO4) and hydrogen

peroxide (H202), 3:1 - produces similar effects for organic residues, while at the
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same time, introduces OH- groups on the silicon surface, increasing the

wettability.

2.3.2. Snow-jet Cleaning

Snow jet cleaning is a well-established and straightforward technique developed
for surface cleaning and systematically studied from the early 1990s by Hoenig
and Whitlock, which produced the first data demonstrating the effectiveness of
snow cleaning for micro-to-nano particle [223,224]. Snow-jet cleaning is mainly
employed in automotive, optoelectronics, medical, basic and applied research.

Snow-jet cleaning (Figure 2.7) is a process based on the transfer of the linear
momentum and the properties as an organic solvent of dry ice and liquid COs..
The direct high-velocity impact of the liquid and solid CO2 stream with high
momentum is able to remove sub-micron and micron-sized particles on the

surface with the liquid COz2 dissolving organic residues.

Figure 2.7. Snow-jet cleaning components and schematics. a-b) Snow-jet cleaning system,
with a close-up to the gun. ¢) The action of the CO: stream begins at 1) the concentric nozzle,
where the core jet, comprised of 2) snow CO2 crystals, is ejected. While approaching the surface
and losing velocity, 3) the CO2 snowflakes start sublimating if the system is provided with an
additional N2z or air flow, the 4) compressed gas lifts the 5) organic residues, which are lately
removed by the COx.
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As the compressed fluid carbon dioxide is ejected from the nozzle, it expands to
form a snow/ gas mixture, which forms the core jet flow. The combining thermal,

mechanical and sublimation functions produce excellent cleaning results.

2.3.3. Plasma Cleaning

Plasma cleaning is a process to remove impurities from a surface through the
use of plasma which can be produced by gases such as argon, oxygen and
nitrogen.

Plasma is a partially ionised gas where electrons, ions and neutral species
coexist together, without the release of thermal energy. The plasma is formed
when a radio frequency oscillating electric field and the vacuum are generated in
the chamber where the gas flows into. The combination of these factors allows
the gas to gain kinetic energy, enough to start the ionisation of the gas, to break
chemical species and create radicals, to excite atoms or molecules and also to
transfer species kinetically from the treated surface.

The air plasma used in these experiments removes organic contaminants and
cleans surfaces such as silicon wafers with micron-scale porosity. Plasma
treatment enhances the hydrophilicity of the substrate surface, without affecting
the bulk properties of the material. It promotes the substitution of the H- terminal

groups with the OH- groups at the surface.
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2.4, Spin-Coated Polymer Films

Spin-coating is a process used to deposit a homogeneous thin, ie., sub-
micrometric, polymer layer on a substrate. The process involves the deposition
of a drop of the polymer solution onto the substrate and then the rotation at a
specific speed that it is calculated as revolution per minute (RPM) and time (Fig.
2.8) [100].

The centrifugal forces spread the polymer solution across the substrate forming
a homogeneous film. The higher the angular spinning speed, the thinner the film.
The centrifugal force, the solvent evaporation rate, the initial solution
concentration and the solution viscosity determine the thickness of the final

homogeneous thin polymer film.
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Figure 2.8. Spin-coating process schematics. The process can be summarised as follows: 1.
Deposition of polymer solution onto the substrate; 2. Acceleration and spreading of the polymer;
3. Constant rotational speed leading to homogenous spreading; 4. Evaporation of the solvent.

2.5. Characterisation Techniques

Characterising the morphology and the generated sub-micron structures is

essential when specific properties are required from the materials of interest.
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Various imaging techniques were used to observe patterns and colours of the
samples, in particular, optical microscopy (OM). Further insights were provided
by atomic force microscopy (AFM), scanning electron microscopy (SEM) and
transmission electron microscopy (TEM) which yielded accurate information of
the three-dimensional (3D) structures and properties of the materials on both the

micro and the nanoscales (Fig. 2.9).
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Figure 2.9. Comparison of the characterisation techniques and the imaging length scales
that can be achieved with the various methods.

2.5.1. Optical Microscopy

Patterns and colours are dominant and visible, following the spin coating of the
polymer films. Thin films, when deposited onto Si wafers, yield a wide range of
colours depending on their thickness and their refractive index and these colour
variations can be observed by optical microscopy (OM), providing preliminary
information on the film thickness, enabling visualisation of the smallest
differences down to the sub-100 nm scale and eventually capturing the micro
and nano-patterns generated on or from the film. The thickness of the films could
be indicatively and qualitatively determined by the observation of the interference
spectrum [139], where there is a direct correlation between the film thickness and
its colour which arises from the interference of the two beams reflected from the
polymer/air and polymer/ substrate interfaces. As the interference can be either

constructive or destructive, depending on the coherence of the reflected beam
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phases, which in turn depends on the distance between the two interfaces, even
a slight change in the film thickness gives a drastic colour change. OM is a cost-
effective and simple technique which allows observing the micro and nano (> 500
nm) structures. The main limitation of this technique is the resolution, which
depends on the numerical aperture of the instrument and the wavelength of the

incident light.

2.5.2. Atomic Force Microscopy

All the materials assembled in this work were characterised by features on the
micro-to-nanoscale thus, scanning probes microscopies (SPM) had a
fundamental role in acquiring experimental parameters such as height and
distance between the features, their cross-section and their detailed dimensions.
In particular, atomic force microscopy (AFM) was widely used due to the high
versatility of different materials and the possibility to observe simultaneously

different properties of the sample.

AFM was firstly developed in 1982 by Binning et al. and consequently,
commercialised in 1989. Nowadays it is one of the most powerful tools for
nanomanipulation and imaging. As with all the SPM techniques, AFM is based
on the interaction of a physical probe with the sample. Usually, the probe for the
AFM is a tip located at the end of a cantilever. The cantilever is held by a support
arm that can be moved by a piezoelectric actuator (Figure 2.10). Any bending of
the cantilever is monitored by a laser bouncing off the back of the cantilever and

reflecting into a detector, which feedbacks an electric signal to be processed.
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Imaging is mostly performed in two modes, contact and non-contact, which can
be carried out either in liquid or dry state.

Contact mode was the first mode developed for the early models of AFM, and it
measures directly how the cantilever is deflected when scanning the surface. In
this mode, the forces detected from the cantilever are increasingly attractive when
approaching the surface (Fig.2.11) until the cantilever moves into contact with the

surface where the forces regime becomes repulsive.

¢ Contact mode

Tapping mode

photodiode

Figure 2.10. AFM technical details. a) Atomic force microscopy functioning schematic: the tip
reacts to the sample, and the changes are recorded by a signal to a photodiode which is
transmitted by an incident laser beam onto the back of the cantilever. b) Nanowizard instrument,
used for imaging in this work. ¢) The two main modes for imaging: contact mode, where the tip
actually “touches” the surface, and non-contact mode, where the tip continuously oscillates, and
it is never touching the sample.
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Figure 2.11. AFM forces and possible cantilever approaching positions and forces acting
upon it.

Contact mode might damage the sample and the tip especially when scanning
soft materials such as biomaterials or soft polymers, typical to this work. Hence,
it is beneficial to imaging in a non-contact mode, which is based on the signal
obtained from cantilever deflection when oscillating at its resonance frequency.
As shown in Fig. 2.12., the surface is approached by the cantilever, and the
oscillation is modified and monitored. Adjustments occur since the non-contact

mode uses a feedback loop which maintains the tip-surface interaction constant.

2.5.3. Scanning Electron Microscopy

Scanning Electron Microscopy (SEM) in a powerful tool aimed for the in-depth
investigation of the topography and composition of samples, with a possible
imaging resolution that can reach sub-nanometre range. The first functioning

instrument was invented in 1937 by Manfred Von Ardenne, who assembled a
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microscope scanning with an electron beam. This kind of scanning enabled

higher magnification using various modes of detection.

SEM scans are typically performed by irradiating the sample surface with a high-
energy focused electron beam. After the beam hits the surface, secondary
electrons and high-energy backscattered electrons are emitted and then
detected. Relevant information about composition, crystallographic structure and
topography, combined with the lateral resolution data, provide 3D images of the
specimen.

The electron beam is produced by field emission from a very sharp tungsten
needle. The electrons are accelerated towards the sample throughout a series of
lenses and focused onto the sample. Scan coils scan the beam over the sample.
The size of the spot and the beam current can be adjusted along the beam path
by condenser lenses and the final objective lens, in order to modify the resolution

in 2D and 3D images.
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Figure 2.12. SEM instruments. On the left is a schematic of the SEM adopted from Encyclopedia
Britannica, and right is a photograph of a Magellan microscope.
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The interaction of the beam and a sample produces either elastic or inelastic
scattering, which results in the emission of backscattered electrons (BSEs, high
energy electrons) and secondary electrons. The bigger the atom then there is a
higher probability of a BSE emission. BSEs provide information about the
composition of the sample, while the topography is a result of the secondary
electrons, due to their low energy (> 50 eV) and the small angles they are
reflected. The emitted electrons are detected depending on their energy,
producing a signal which is amplified by a photomultiplier tube and finally

displayed on a screen.

2.5.4. Transmission Electron Microscopy

Transmission electron microscopy (TEM) is a powerful technique with high
resolution (<1 nm) which can also provide information about crystal orientation

and electronic structure.

Developed initially by Knoll and Ruska in 1931, and further refined in 1939, TEM
utilises the interaction of an accelerated electron beam with ultra-thin specimens.
TEM typically comprised of an electron beam source, electromagnetic lenses
acting as condensers, objective and projector lens.

A high voltage electron gun (that operates above 100 kV) can generate a high-
energy electron beam, which is then guided and focused onto the sample by a
series of electromagnetic lenses and apertures for reducing the scattering, as

shown in Fig. 2.13. As the beam is transmitted through the thin sample volume,
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the collected electrons are focused and magnified, forming an image which can
be observed on a screen. The contrast in TEM images depends upon the

direction of the deflected electrons which pass through the analysed volume, and

it is calculated as the difference between scattered and transmitted electrons.
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Figure 2.13. TEM instruments. From the left: schematic representation of a TEM (adopted from
Encyclopedia Britannica) and a photograph of a working instrument.

2.5.5. Contact Angle

As mentioned in Section 1.3., the contact angle (CA), 6 macroscopically and
quantitatively describes the interaction of a liquid on a solid. When a water droplet
is wetting a solid surface, for determined conditions of pressure and temperature,
the three states of matter coexist in mutual equilibrium. This can be quantified by
measuring the contact angle value which in the case of a dynamic system, could
range between a maximum value, also called advanced CA, 6.dv, and a minimum
one called receding CA, 6. Thus, measuring the exact CA provides crucial

information about the prevailing energy in the total system either in static or
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dynamic conditions. Optical and force tensiometers are usually employed for
determining the wetting parameters using various methods, e.g., the ‘pendant
drop’ method and the static and dynamic sessile drop technique (Fig. 2.14). The
latter one in particular, can be performed by using a goniometer or tensiometer,
which allows measuring the interface tension of a water droplet on a solid surface
by fitting the parameters of the droplet profile, captured by a camera, with the

theoretical model.

Sessile Drop

pendant Drop *

Figure 2.14. Contact angle measurement methods. Sessile and pendant drops.
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3 Experimental Details and Methods

In this section, we describe the materials and the procedures used for fabricating
micro-to-nano-structured materials and the treatments for increasing the already-
existent hydrophobic properties arising from the double-layered arrangement. We
further provide a theoretical background of the characterisation techniques used

to analyse the fabricated surfaces, followed by experimental details for each set-

up.

3.1. Materials Used for the EHD Patterning

3.1.1. Polymers and Solvents

Polymers are the predominant materials in the Electrohydrodynamic lithography
(See Section 2.1.2.4). In this work, a selection of three well-known polymers,
characterised by scarce hydrophilicity, was chosen for patterning, due to their
availability and physical characteristics such as density, glass transition point
(Tg), polarity and optical properties. The natural hydrophobicity of the polymers

has been enhanced by increasing the surface roughness, coupling it with an
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accurate choice of the chemical modification of the outer layer. The chosen

polymers were polystyrene (PS), poly methyl methacrylate (PMMA) and poly (9-

vinyl carbazole) (PVK) and Polychlorotrifluoroethylene (PCTFE) [225].

Table 3.1. Polymers used for EHD and related properties. The polymers indicated were used
during different phases of EHD patterning. When available, properties such as molecular weight,
density, glass transition point, melting pint, boiling point and surface energy are listed.

Density Surface
Mw (g/mol) Tg (°C) | Tm (°C)
(25°C) Energy (mN/m)
Polystyrene 1.05
~400,000 ~105 ~212 40.7
(PS) g/ml
Poly methyl
methacrylate ~100,000 1.2g/ml | ~106 ~165 411
(PMMA)
Pol 9-vinyl
Y ( Y ~1,100,000
carbazole) 1.2g/ml | ~200 n/a n/a
(PVK)
Polychlorotri-
fluoroethylene ~n/a 21 g/ml| ~103 ~210 30.2
PCTFE
[ 1 CHs i ]
Fopt A (I s [ee
o7 S N N __(I:_(F__
|
_ Jo | G o LF
L —n n
a c d

Figure 3.1. Representation of the polymers used as polymeric hosts. a) polystyrene, b) poly
methyl methacrylate, ¢) poly (9-vinyl carbazole) and d) polychlorotrifluoroethylene.
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The chosen polymers are characterised by a high solubility in organic solvent
especially, aromatic hydrocarbons, chloroform and chlorobenzene as well as
methylene chloride and tetrahydrofuran [226]. Thus, toluene was chosen as a
solvent of preference [227,228], while chloroform (CHCI3z) use was limited by its
toxicity and volatility. The purity of the solvent was determined by analysing the
solutions with UV spectrophotometry (Varian Cary® 50 UV-Vis

Spectrophotometer).

Cl

H
|

Qe
T §

Figure 3.2. Representation of the solvents used. a) Toluene and b) Chloroform chemical
structures of the compared solvents used for dissolving the polymer which will be later used as a
support surface for further modification and nanopatterning.

3.1.2. Superhydrophobic Polymers and Solvents

Superhydrophobicity can be achieved by changing either the chemistry of the
active surface or its roughness and topography. In this work, the two strategies
were combined to enhance the desired properties. After the hierarchical
structures were obtained, organometallic solutions were deposited on top of the
nanopatterned surface to create an outer nanofilm to chemically improve the
water-repellent behaviour of the final assembled system.

Bis(trimethylsilyl)amine (HMDS) and octadecyl trichlorosilane (OTS) were

purchased from Sigma-Aldrich and tridecafluoro-1,1,2,2-tetrahydrooctyl-1-
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trichlorosilane (FTS) from Gelest.Inc. (USA). According to the polymers solubility,

isooctane, toluene and dichlorobenzene were the used solvent [229].

Table 3.2. Superhydrophobic polymers and related properties. The polymers listed were used
during different phases of EHD patterning. When available, properties such as molecular weight,

density, melting point, and surface energy are listed.

. Surface Energy
Mw ( g/mol) Density To (°C)
(mN/m)
FTS 481.55 1.05 g/ml 85 n/a
oTS 387.93 1.2 g/ml 223 28.05
HMDS 161.39 1.2 g/ml 125 43.57
FF FF FF
cl
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Figure 3.3. Representation of the superhydrophobic chemicals used. Structural formulas of
the superhydrophobic compounds: a) FTS, b) OTS and ¢) HMDS.

3.2. Thin Films for the Bottom EHD Electrode Production

Various consequent steps are required for preparing homogenous substrates, as

described in the following sections.
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3.2.1. Preparation of Solutions

PS, PMMA and PVK solutions were prepared in Pyrex glass vials using toluene
as the solvent, in 3, 5, 10 and 20 % w/w ratio. Solutions were prepared at room
temperature (T,) and left equilibrating under fume cupboard for at least 24 hours
before use. The film quality and properties can change upon different
concentration, likely due to the incomplete solubility of the excess polymer.

PCTFE solutions were prepared in Pyrex glass vials using chloroform (CHCI3) as
the solvent, in 3, 5, 10 and 20 %w/w ratio. Solutions were prepared at room
temperature (T/), sonicated at 37 kHz for 15 minutes and left equilibrating in a

fume cupboard for at least 24 hours before use.

3.2.2. Cleaning of the Substrates

The substrates used in the EHD experiments were Silicon wafers (Si), n-type with
crystal orientation <100> and resistivity 1-100 Q/cm? (Silicon Materials, Germany)

and pre-cut square Indium-Tin Oxide glass, 1.5 x 1.5 cm? slides, with resistivity

70-100 Q/sq.

The Si wafers were cut into 1.5 x 1.5 cm? and cleaned by snow-jet cleaning on
the polished side. Undesired artefacts in the film can be produced by
imperfections or poorly-cleaned substrates thus, it is necessary to remove all

physical, chemical and organic residues from the surface.
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In this experimental work, for increasing the hydrophilicity of the substrates, a
compact, table-top PDC-32G from Harrick Plasma (US), has been used for both

cleaning and modifying the wettability of the substrates [230].

3.2.3. Spin-Coated Polymer Films: Technique and Parameters

Preliminary studies were carried out on polymer solutions in toluene before
introducing the metal complexes. The conditions have been optimised building
upon the known protocols for standard polymers such as PS and PMMA to
establish additional procedures for each polymer. The optimal conditions for the
PS were already known and were used as a starting point for studying the other
polymers as they all have similar viscosity and density [231]. A homogeneous
thin film (of a typical thickness of 100nm) was spin-coated using a WS-650 Mz-
23NPPB spin-coater (Laurell Technologies, USA) onto a silicon wafer. The

density and the experimental conditions are summarised in Table 2.2.

Table 3.3. Experimental conditions of spin-coating for PS, PMMA, and PVK. The listed
density values are provided by the supplier (http://www.sigmaaldrich.com/united-kingdom.html).

Density Rpm Time (sec)
Polystyrene (PS) 1.05 g/ml 3000 30
Poly methyl 1000 60
1.2 g/ml
methacrylate(PMMA) 3000 30
Poly (9-vinyl carbazole)
1.2 g/ml 2000 30
(PVK)
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3.3. Top Electrode Fabrication

3.3.1. Growth of the Vertically Aligned Carbon Nanotube Forests

CNT forests were grown on 5x5 mm? silicon wafers as substrates, which have
been sputter-coated with a catalyst layer consisting of Al2O3 buffer and iron
catalysts, using the cold-wall system of the catalytic chemical vapour deposition
(CVD) process [232]. During the growth process, initially, 500 sccm of H2 was
heated to 750° C for 5 min under a controlled system pressure of 15 mbar. CNTs
growth proceeded at 750° C with a gas flow of H2: C2H2 (460:40 sccm). Upon the
completion of the growth, the substrate was cooled to room temperature under

the flow of 500 sccm of hydrogen.

3.3.2. Fabrication of Patterned CNT Arrays

CNTs arrays were produced using electron beam lithography coupled with CVD
growth process, where initially a layer of photoresist was spin-coated on a silicon
wafer, which was further annealed at 120° C for 2 minutes. Consequently, the
resist was exposed to the electron beam with (pre)written dimensions. Finally, it
was post-baked at 140° C for 2 minutes and developed in CD26 for 30 s, and the
CNT-based pillar arrays were obtained.

These structures were further filled by depositing 10 nm alumina and 1.3 nm of
iron through a sputtering process, followed by lifting-off the resist using acetone.
The CVD process was utilised using a combination of Hz2: C2H2 (70: 30 sccm) at
750° C for 2 minutes. Eventually, CNTs arrays with desired dimensions and

pitches were grown on top of the patterned catalysts.
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3.3.3. Fabrication of the Inverted CNT Forests

Initially, a homogeneous poly (methyl methacrylate) (PMMA) film was spin-cast
on a silicon substrate, followed by placing the VACNTSs facing the PMMA layer
and annealing at 180 °C for 1 minute. The substrate was then cooled down below
the glass-transition temperature of the polymer film, and this results in the film
solidifying while embedding the upper ends of the CVD-grown CNTs forest. The
VACNTSs were subsequently peeled off the original silicon wafer, exposing well-

defined straight tips.

3.4. EHD Patterning

3.4.1. Thin Film Patterning

EHD lithography is the technique that was used for the production of micro and
nanostructures from the spin-coated thin films [100].

As shown in Fig. 3.4, the EHD experimental setup is assembled by using two
parallel electrodes, separated by a distance d and then connected to an external
voltage supply. The bottom electrode is usually comprised of the Silicon (Si) wafer
coated with a thin layer of a desired polymer while the top electrode can either be
a plain Si wafer or a patterned silicon electrode which, when coupled with the

voltage applied to the electrodes, drives the lithographic process.
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Onset of Surface End of Pattern
Instabilities Formation

Figure 3.4. Electrohydrodynamic Lithography experimental setup schematics. In I) the
nearly parallel position of electrodes and spacers is set, with a slight tilting of the top electrode.
In 1) the temperature of the systems is raised above the glass transition point (Tg), where the
polymer thin film liquefies. The potential applied, Ep, triggers the surface instabilities, which
increase with the time and finally pin to the top electrode, Ill) forming discrete pillars [233].

Initially, to establish the correct parameters, the EHD experiments were carried
out on PS films, obtaining the values of temperature, voltage and film thickness.
Since PMMA has similar properties to the PS, the parameters were not changed
during the subsequent experiments. However, these were optimised in the later
stages (Table 3.4). PVK, due to the different values of properties such as viscosity
and conductivity required a more careful selection of experimental parameters.

However, the PVK film was not successfully patterned, most likely due to the
neutral and slightly hydrophobic nature of the polymer, which creates several

domains and segregation areas in the film area while patterning (Fig 3.5).

c)

Figure 3.5. Polymeric thin films. a) PVK film on silicon wafer. Two areas are clearly visible: the
deep blue film, 150 nm thick, is the desired area for patterning, while the degrading yellow-blue
area thickness is > 20 nm, therefore unsuitable for EHD. b) PS film, spotless, of deep blue colour
which indicates 100 nm thickness; ¢) PMMA film 200 nm thick, with high presence of residues.
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Table 3.4. Experimental conditions for EHD patterning of polymers. Pure polymers films were

in solutions with 3, 5 and 10% w/w ratios.

Temperature (°C) | Voltage (V) Time (hours)
PS 170 40 24
PMMA 170 50 18-20
PVK n/a n/a n/a

The film obtained from PMMA solution (5% w/w ratio) provided the best results in
terms of smoothness and the lack of artefacts and therefore, the subsequent EHD
experiments, which are strictly dependent on the film quality and thickness, were
predominantly based on the above-established parameters.

Further optimisation of the experimental procedure was carried out during the
lithography process, to decrease the dimensions of the obtained pattern towards
the nanoscale. A few parameters such as the distance between the film and the
upper electrode could be varied since the dimension and shape of the final
patterns are directly influenced by these. The described experimental protocol
has been followed changing the necessary experimental parameters, e.g.,
reducing and increasing the inter-electrode distance while maintaining all the
other parameters. Patterning was also carried out on top of Indium-Tin-Oxide
glass (ITO) to obtain a transparent and conductive substrate, ideal for the further

characterisation.
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3.4.2. CNT-EHL Patterning

The fabricated CNT-based electrodes were coated with a silicon layer (Kurt J.
Lesker Si sputtering target 99.999% purity). To ensure the reusability of the CNT -
based electrodes, these were increased in their hydrophobicity by the deposition
of a 1,1,1,2H-perfluorodecyltrichlorosilane (FTS) self-assembled monolayer to
reduce the adhesion between the mask and the EHL patterned polymer.
Alternatively, a non-stick self-assembled monolayer was deposited from liquid
octadecyl trichlorosilane (OTS) phase. Silanisation was performed by immersion
of the substrate in the freshly prepared silane solution (0.25% OTS in
hexadecane).

Highly polished p-doped silicon (Si) wafers, with <100> crystal orientation
(Wafernet Gmbh, Eching, Germany) covered by a 100 nm thick silicon oxide layer
were used as substrates. Initially, the substrates were cleaned in a "Piranha'
solution consisting of 3:1 H2SO4 (98%): H202 (30%), followed by thorough rinsing
with deionised water and dried under N2. Thereafter, silicon wafers were cleaned
using a snow-jet gun immediately before film deposition and capacitor patterning
assembly. Transparent indium-tin oxide (ITO) covered glass slides with a
resistivity of 80 Q cm? were also used as substrates, allowing the in-situ optical
tracking of the pattern formation or replication process. Thin films of PCTFE were
spin-coated onto a silicon wafer with typical concentrations of 2-3% polymer by
weight. Facing it, a top electrode comprised of the silicon coated VACNT (as-
grown and inverted) forests and arrays was mounted at a specific distance,
leaving a thin air gap, d. The silicon wafers were electrically contacted by

evaporating a 10 nm chromium layer, followed by a 100 nm gold layer on the

73



unpolished backside. When ITO glass was used as bottom electrodes, these
were contacted by scratching the polymer film at two corners before applying the
silver paste.

The experiment was initiated by liquefying the spin-cast PCTFE (see Section
3.1.2) films by annealing above the softening/glass transition temperature of the
polymer while the voltage was applied to the electrodes and subsequently,
cooling the sample to room temperature solidifying the polymer before the voltage
was removed, terminating the patterning process. A laterally varying electric field
density was introduced to the system by mounting a topographically structured
CNTs-based master electrode onto the polymer film. Expressed by the ratio
between the intrinsic wavelength, A;, and the lateral periodicity (or lateral size of
nonperiodic structures) Am of the master electrode structure, three replication
cases can be described: (i) Ai < Am, (ii) Ai *Am, and (iii) Ai > Am. After freezing in
the samples by reducing the temperature to room temperature, the electric field
was disconnected, and the upper electrode was removed. Pattern replication was
monitored and recorded by a microscope and a connected computer throughout
the experiment. After removal of the top electrode, the quenched polymer film

was further characterised by the atomic force microscopy (AFM).

3.5. Fabrication of the Superhydrophobic Surfaces

Patterned polystyrene films have been fabricated by various techniques as
described in Section 3.3 [100]. The pattern obtained from EHD lithography forms

pillar-like features on the micro-to-nanoscale. In order to create a
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superhydrophobic hierarchical surface, a higher level of roughness is introduced
by adding PS nanospheres. Standard PS nanospheres of 100, 200, 500 nm in
diameter were spin-coated onto PS films both, the EHD- patterned and the
smooth ones.

The initial film has been modified to achieve higher roughness thus, chemical
modifications were required to further increase the superhydrophobicity of the
structures. For this purpose, organometallic silane-derived monolayers (HMDS,
OTS and FTS) have been deposited on top of the entire surface. HMDS was
directly spin-coated onto the patterned surface (2000 rpm for 1 minute) while the
OTS, as well as FTS, were added as self-assembled monolayers (SAM) [53].
The substrates were hydrated in water steam for 1 minute until the formation of
water droplets and subsequently, blow-dried with N2 flow. A 1wt % FTS solution
in 2,2,4-Trimethylpentane (or isooctane, from Sigma-Aldrich) was used as an
immersion solution where the samples were left for 10 minutes. The samples
were then removed and rinsed with dichloromethane (Sigma-Aldrich) and finally,

dried with nitrogen gas (N2).

3.6. Preparation of the DNA Templates

3.6.1. DNA Strands

There are multiple strategies for obtaining resilient and stiff structures for the
production of 3D DNA origami [189,234,235]. In this work, the 3D DNA

preparation derives from three well-established procedures [195-197].
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Based on the original work by Goodman [195], a 20 base-pair regular tetrahedron
with the side ranging from 6 to 9nm, was synthesised. The DNA tetrahedron has
six sides of the same length and four open hinges, formed by one single unpaired
base, which provides the structure with its flexibility. The final annealing requires

four different single-stranded DNA (ssDNA) sequences, as detailed in Table 3.5

Table 3.5. SsDNA strands used for producing Goodman-like 3D tetrahedron structures.

31 AGGCAGTTGAGACGAACATTCCTAAGTCTGAAATTTATCACCCGC
CATAGTAGACGTATCACC

32 CTTGCTACACGATTCAGACTTAGGAATGTTCGACATGCGAGGGTC
CAATACCGACGATTACAG

33 GGTGATAAAACGTGTAGCAAGCTGTAATCGACGGGAAGAGCATG
CCCATCCACTACTATGGCG

s4 CCTCGCATGACTCAACTGCCTGGTGATACGAGGATGGGCATGCT
CTTCCCGACGGTATTGGAC

In collaboration with Professor James Tucker group’s (University of Birmingham,
UK), the four strands were synthesised using a Synthesiser (Applied Biosystems
ABI 394, Department of Chemistry, University of Birmingham) obtaining samples
with 90% yield and 85% purity as determined by preliminary characterisation by
high-pressure liquid chromatography (HPLC).

The chemical DNA synthesis cycle is explained in Appendix 1.1 (from

http://med.stanford.edu/sgtc/resources/chemical DNA synthesis.html), as

discussed and recommended by Tucker’s group. A further purification step was
carried out using an HPLC/ Electrospray ionisation (ESI-MS) spectroscopy

integrated device, to confirm the calculated mass (Appendix 1.2).
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According to the procedure described in Goodman’s original work, an additional
set of strands was purchased from Eurofins Genomics [201] (Appendix 1.3). The
samples, provided with the documentation, were purified by High Purity Salt-
Free, a routine purification method by the supplier. The method is documented
as accurate and reproducible, using a cartridge purification method based on
reverse-phase chromatography. It enables the delivery of oligonucleotides
purified from by-products, free of salt residues and therefore, is ready to use. The
HPSF purification is guaranteed to a purity of > 70%.

Thus, the production of the strands through the synthesiser was terminated due
to the higher purity of the commercial products. The following, larger 20-nm and
30-nm structures were ordered directly from Eurofins Genomics since the base
sequence length of these was superior to the instrument maximum reliability of
100 nucleobases (Appendix 1).

According to well-established procedures [196,197,200], stiff and resilient
polyhedron structures were further synthesised following the various synthetic
strategies [196]. He et al., as reported in Table 3.6, achieved the assembly of 3D
DNA structures using three different DNA single strands: a short sequence (21
bp), a medium one (42 bp) and a long one (78 bp). Different folding pathways
lead to various structures with different dimensions although, in this work, the
tetrahedron shape, with size dimensions ranging from 16 to 25 nm, was preferred

due to the high yield, as shown in Figure 3.6 [197].
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tetrahedron
Loop: 5 base
DMA: 75 nM

dodecahedron
Loop: 3 base
DMA: 50 nM

buckyball
Loop: 3 base
DMNA: 500 ni

Figure 3.6. Self-assembly of DNA polyhedrons. The self-assembly procedure starts with three
different types of DNA single strands (L, M, and S) which forms an intermediate product called a
tile, a symmetric 3-point-star motif. The tiles assemble into polyhedra in a one-pot reaction. Image
reproduced from [236].

Table 3.6. DNA strands used for producing 3D 20-nm DNA structures. Since the same
precursors are used to achieve different polyhedron structures than polyhedrons, the number and
concentration of the strands may vary.

Long AGGCACCATCGTAGGTTTAACTTGCCAGGCACCATCGTAGGTTT
AACTTGCCAGGCACCATCGTAGGTTTAACTTGCC

Medium | 1AGCAACCTGCCTGGCAAGCCTACGATGGACACGGTAACGCC

Short | TTACCGTGTGGTTGCTAGGCG

The produced DNA tetrahedron has closed hinges, and this structural
optimisation is believed to provide increased stiffness and rigidity to the structure,
which are essential prerequisites for a stable structure, which otherwise will bend
and collapse in the dry state.

One of the main goals of this project is to show how a wide range of

nanopatterned materials can be produced. Therefore, it is fundamental to
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demonstrate the dimensional tunability of the DNA structures which have been
used as templates [196,197] and for this reason, we have also assembled larger
structures in the shape of octahedrons with typical dimensions of 20 to 40 nm.
The synthetic procedure involves the production of DNA tiles as intermediate
products, which later are annealed in a specific fashion, depending on the
concentration of the intermediate tiles, as shown in Fig. 3.7 [196]. The strands

required for obtaining such a structure are as summarised in Table 3.7.

95°C % 25°C

Figure 3.7. Self-assembly of DNA octahedron. Schematic procedure of the one-pot self-
assembly reaction of DNA octahedra from three DNA single strands (L, M, and S). In a similar
fashion to the process explained in Fig 2.8., the one-pot reaction involves the formation of an
intermediate product known as a tile which, in turn, assembles into the final octahedron. Image
adapted and reproduced from [196]

Table 3.7. DNA strands for producing 3D 30-nm DNA structures. In line with the synthetic
strategy used to assemble DNA polyhedrons, the number and concentration of the strands may
vary depending upon the desired structure.

AGGCACCATCGTAGGTTTAACTTGCCAGGCACCATCGTAGGTT
Long TAACTTGCCAGGCACCATCGTAGGTTTAACTTGCCAGGCACCA
TCGTAGGTTTAACTTGCC

Medium | TAGCAACCTGCCTGGCAAGCCTACGATGGACACGGTAACGCC

Short TTACCGTGTGGTTGCTAGGCG
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Due to a strict similarity with the described 20 nm-side DNA polyhedron, this
structure also yields high stability and yield. The stiffness is derived from the
closed hinges, which help in maintaining the structure in the dry state, essential

for further characterisation.

3.6.2. DNA Sample Preparation

According to the procedures developed by Goodman [195] and He [196,197],
robust yet flexible polyhedrons have been assembled, once again demonstrating
the potential of DNA-based structures, which allow to span from 9 to 30 nm side
length structures. Interestingly, these assembled macromolecules are extremely
resilient in dry state and at room temperature thus, without biological

requirements when treating the samples.

3.6.2.1. 9 nm Side Tetrahedron

Initially, all four single strands are mixed in a stoichiometric mixture in TM buffer
(10 mM Tris, 5 mM MgCl2). The temperature is increased to 95°C for 2 minutes
and then cooled to 4°C for 30 minutes. Subsequently, the DNA mixture is treated
with gel purification (Figure 3.8). A diluted solution of DNA polyhedrons is run on
a 6% PAGE gel (19:1 acrylamide: bisacrylamide mixture) with 1xTAE (Tris base,
Acetic acid and EDTA) buffer and stained with SYBR Gold by Fisher Scientific.

The DNA is quantified and characterised by using the UV transilluminator

(wavelength 320 nm). Electrophoresis is a consolidated technique which allows
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separating components of a solution depending on their different weight using an
applied static electric field.

The set of strands purchased from Eurofins Genomics [201] was also assembled
into polyhedrons in an analogous experimental procedure and characterised by

electrophoresis.

S1 S2 83 S4
<<e -A
<€ >

9 nm

Figure 3.8. 9-nm DNA polyhedron assembly strategy and gel electrophoresis. a) ssDNA
sequences and tetrahedron: the single strands self-assemble in the final polyhedron, in a one-pot
reaction. b) With proper control of the DNA single strands concentration and the temperature, it
is possible to form a polyhedron structure with regular sides. DNA quantification by UV
transilluminator: single strands (1-4); mixed strands (5-10); DNA tetrahedron (11).

3.6.2.2. 20 nm Size Tetrahedron

The polyhedron annealing requires three single strands DNA sequences (L, M
and S) in a 1:3:3 ratio. Differences in the stoichiometric mixtures of these
sequences could lead to bigger and more complicated structures such as
dodecahedrons and icosahedrons [196]. The main discriminating parameter in
obtaining the different structures is the concentration of the intermediate product,

the tiles, as shown in Figure 3.9.
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16-25 nm

Figure 3.9. 20-nm DNA polyhedron assembly strategy and gel electrophoresis. a) Synthesis
scheme for 3D DNA annealing with a lateral size of 16-25 nm. Seven strands are required for
obtaining a single tile with an intermediate concentration of 75 nM, which combine with each other
will anneal into the final polyhedron. b) Gel electrophoresis comparing the single strand L (1),
L+M 1:1 (2), L+M 1:3 (3), L+M+S 1:3:1 (4), L+M+S 1:3:3 (5).

The tiles are the building blocks which are assembled into a pre-designed
tetrahedron. Seven strands are required to have 50 nM of tiles concentration,
which cannot be altered, as otherwise will result in different (undesired)
polyhedrons. The annealing process, per se, is similar to the procedure explained
for polyhedrons of 9 nm side. Typically, seven strands were mixed in an
Eppendorf, which is then inserted into a thermal cycler machine (also known as
PCR). The cooling process, which allows the DNA polyhedrons annealing,
reduces the temperature from 98°C to 4°C, takes 48h, and follows a pre-
determined temperature decrease ramp.

Once the annealing is completed, the DNA structures are stored at -4°C and kept
in an amber glass container to minimise interaction with the UV light, which could
lead to denaturation of the DNA, destroying the structure. The final product is also

characterised by gel electrophoresis.
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3.6.2.3. 30 nm Side Octahedron

The production of these polyhedron requires three sequences (L, M, and S) in a
1:4:4 ratio [196] as shown in Figure 3.10. The assembly procedure is similar to
the above-described steps. The nine strands are mixed all together in a PCR
Eppendorf tube and inserted into the PCR machine. Inside the instrument, the
temperature decreases from 95°C to 25°C over a period of one hour. The final
structure annealing is driven by the formation of 50 nM intermediate tiles, which
interact with each other via the connecting sequences, generally called sticky

ends.

Figure 3.10. 30-nm DNA polyhedron assembly strategy and gel electrophoresis. a)
Synthesis scheme for 3D DNA octahedron annealing with a lateral size of 28-30 nm. Nine strands
are necessary for obtaining a proper concentration of single tiles with an intermediate
concentration of 150 nM, which will be annealed into the final polyhedron. b) Gel electrophoresis
comparing the single strand L (1), L+M 1:2 (2), L+M 1:4 (3), L+M+S 1:3:4 (4).

3.7. Substrates for the DNA Deposition

The DNA samples were immobilised onto different substrates such as silicon

wafers, mica, transmission electron microscopy (TEM) grids or Indium-Tin-Oxide
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(ITO) glass. A short description of each of the substrates used is detailed in Table

3.8 and further shown in Figure 3.11.

Table 3.8.Substrates used in the process and their corresponding properties.

Dimension (mm x mm) Resistivity (Q - cm)
Silicon wafer 10x 10 1-100
TEM grid 3.5x3.5 <1
ITO glass 10x 10 70-100
Carbon film
Metal \ ITO
gnd \ ) sisio,
e Glass slide
/

b)

Figure 3.11. Substrates representation and schematics. a) Schematics of the TEM grid: a
copper grid with a specific mesh size is typically covered by a carbon film, on top of which the
substrate is deposited, http://www.agarscientific.com/tem/carbon-support-films/carbon-films.html.
b) Schematic representation of ITO: typical composition of an Indium-Tin-oxide coating on a glass
slide.

The DNA polyhedrons attach onto the surface via physisorption thus, eliminating
the need for chemical modification [204,237,238], which otherwise requires
additional and time-consuming steps.

All samples have been spin-coated onto the substrates for various periods of time
ranging from 1 to 10 minutes and then washed with 102 mM magnesium acetate
solution. The following procedures have been used to anchor the DNA

nanostructures onto surfaces:
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Attaching the polyhedra onto a silicon wafer, which has been initially pre-
coated with a 30 nm gold layer, using sputter-coating. During these
experiments, using a polaron E5400 Sputter Coater, the chamber was
under vacuum and filled with rarefied Argon. The gold coating is required
as the DNA polyhedron in aqueous solution has a residual partial negative
charge which will equilibrate with the partial positive one from the gold

[187].

Attaching the polyhedra from buffer solution directly onto clean silicon
wafer. It has been established that similar structures attach to a smooth
surface such as silicon or mica when treated with magnesium acetate

[204].

Drop-casting the DNA solution directly on a carbon film of a TEM grid.

Firstly, treating silicon wafer with (3-Aminopropyl)triethoxysilane (APTES).
The DNA from a buffer solution was then directly deposited onto the

APTES treated surface [239].

Immobilising the DNA onto the ITO glass without washing. As reported by
Liu [218] the DNA directly attaches onto the conductive glass surface due
to the opposite charge. Washing after immobilisation has been proven to

remove both samples and the buffer.
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3.8. Plating Techniques

The production of metallised 3D nanostructured materials requires a step in which
the soft 3D DNA structures are replicated by forming a metallic layer over the
structures. Various plating procedures were attempted and carried out as

described below and finally, establishing the optimal one.

3.8.1. Gold Electrodeposition

The replication of insulating nano-scaled features through electroplating is still a
challenging step, even on conductive substrates such as ITO glass or metals.

In fact, each kind of substrate reacts differently when subjected to plating with the
same type of solution, depending on the conductivity properties of the material.
In line with the acknowledged differences, a preliminary substrates
characterisation step was carried out to determine the optimal conditions for
producing homogenous and smooth layers of only a few nanometres thickness
on the bare surface. Well-established procedures suggest using a three electrode
system through all the steps [126]. The gold solution (ECF60) was purchased
from Metalor Technologies (UK) Ltd. which is a most commonly used solution for

plating of thin films especially, for electronic coating purposes.
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Working

Electrode
Reference rf Counter
electrode Electrode

Figure 3.12. Schematics of the electroplating setup and plating processes. a) All the
experimental procedure has been carried out maintaining the three-electrodes arrangement for
minimising current oscillations. Figures b) and ¢) shows the replication of the 3D DNA structures,
which involves the deposition of 10-20nm gold layer on top and inside the structures when the
dimensions allow the gold grains to penetrate the polyhedrons.

Three different plating strategies were performed for each sample to determine
the most suitable plating conditions of the nanostructured substrates, as

described below.

a) First Procedure

According to previous studies [125,240] the plating process involves various
steps, which were repeated for both the bare substrate and the diluted sample
(50 nM) immobilised onto the substrates. Such a low concentration of the sample
is essential to avoid modifying the conductivity of the substrates after the
immobilisation, which otherwise may affect the plating process. In fact, the
presence of vast insulating areas may lead to the formation of gold nuclei on the
conductive parts of the substrates, with the following gold grains growth localised

around the insulating structures, while not inside them.
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1. A cyclic voltammetry scan (CV) allows understanding the occurring
electrochemical reactions when the increasing voltage is progressively
applied to the electrodes immersed into the solution. Each type of
substrate leads to slight changes in the voltage applied for
electrodeposition [127].

2. A corrosion test, coupled with the determination of the open-circuit
potential (OCP), defines the upper and bottom thresholds of voltage for
the reactivity of the substrates.

3. A linear sweep voltammetry (LSV) scan is run to determine the potentials
where the electrodeposition occurs.

4. Chronoamperometry scans are recorded for 10 minutes to define the best
voltage to be applied to the substrates.

5. Electroplating is carried out for a short period (<1 minute) at a constant
voltage which has been determined in step 4. As previously mentioned,
each substrate possesses specific conductivity properties and therefore,

the voltage range to be applied for plating might differ.

b) Second Procedure

According to previous experiments [241] performed in similar conditions, the
plating process can be carried out in two main steps:

1. CV scan (one to three times) which produces the nuclei for starting the

deposition, over a wide voltage range where the deposition will occur. In

this experimental procedure, the voltage has spanned from 0 to -1.1 V and

from -0.5t0 -0.9 V;
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2. Electrodeposition at a constant voltage (-0.8 V) for a specific amount of
time (10, 20, 30, 40 seconds), as it is well-established that a 1005 nm

thick layer is produced in 50 seconds, at the same conditions [241].

c) Third Procedure

Typically for electroplating processes, a constant potential or current is used,
depending on whether working in galvanostatic or potentiostatic conditions. It is
further possible to modulate the current or voltage as pulsed series [242]. The
process uses alternate potential (or current) between two values, one of which is
set to zero. This results in a series of equal pulses in terms of amplitude and
duration, separated by a constant period of zero current, where the species
involved in the process first move towards the electrode surface and then
equilibrate. This kind of electrodeposition is especially interesting as the layer
thickness and the grain dimensions can be tuned according to the amount,
separation and length of the pulse [243,244]. Experimental pulse
electrodeposition (PED) was performed in potentiostatic mode, setting the pulse
duration for 1 and 5 ms, and the no-pulse duration for 20 ms; the entire procedure
was repeated for 60 seconds to observe how the deposition time affects the grain

dimension and deposition.
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3.8.2. Electroless Deposition

The procedure involves preparing a gold thiosulfate/ascorbic acidic bath, where
the sample to be deposited is immersed into. Depending on the desired thickness
of the final layer, the bath is accordingly quenched and the sample removed. A
critical parameter in electroless deposition is the lifetime for the species involved,
which in this experimental work was expected to be 2 hours. Table 3.9 [245]

summarises the parameters for this experimental procedure.

Table 3.9. Electroless conditions for gold thiosulfate/ascorbic bath. The experimental
parameters have been used for directly plating the 3D DNA nanostructures.

NaszAu(S203)2 0.03 M
Na L-ascorbate 0.05M
Citric acid 0.4 M

pH (KOH) 6.4
Temperature 30°C
Plating rate 760 um/h

3.8.3. Sputter Deposition

The gold sputtering deposition process, based on plasma, is described in Section
2.3.3. In this experimental part, the sputtering parameters have been changed to

obtain a smooth 1 - 10 nm thick layer of gold.
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The gold target position has been calibrated and kept constant for the
experiments in order to minimise the possible interaction of the plasma “plume”
with the substrates, which may detach the sample from the surface. The
sputtered atoms have a wide energy distribution (around 100,000 KeV) and may
hit the substrate directly and cause re-sputtering as the sample is physisorbed
onto the surface. Introducing high gas pressure, which may vary from 0.2 to 0.1
mbar and increasing the gold target distance create the conditions for the least
interaction with the substrate while the mean free path of the ions remains the

same.

3.9. Characterisation Techniques

3.9.1. Optical Microscopy

All the samples have been investigated with an Olympus BH2 optical microscope

in reflective mode, using a 20 W halogen lamp.

3.9.2. AFM

All the AFM measurements were carried out using a JPK Nanowizard instrument.
Further details for particular samples will be provided in the following chapters.
Different kinds of cantilevers were tested for obtaining the best results in terms of

tip convolution and highest resolution.
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3.9.2.1. Imaging of DNA-Templated Surfaces

Imaging of 3D DNA polyhedrons with sides of 9 to 30 nm is still a challenge, due
to the very small dimensions of the samples and the probes. It is important to
avoid any electrostatic and physical interaction between the tips and surface.
Hence, soft tapping or force mapping (FM) cantilever has been used. FM tips
enabled a better resolution for detecting the nano-scaled features in a dry state
after the buffer has been washed from the substrate.

Two types of cantilevers have been used in this work, in every characterisation
step:

1. FESP cantilevers, by Veeco: 60-100 MHz drive frequency (f0), and 1-5
N/m force constant.

2. Point Probe Plus, by NanoSensors: 190 kHz drive frequency (fo), and 48
N/m force constant. This kind of cantilever was suggested in the original work

[196,197].

As suggested in previous DNA related studies [196,197,246], AFM imaging was
carried out predominantly in tapping mode, setting the appropriate set-point
values in order to minimise the interaction between the samples and the tips.
Three simultaneous independent images were recorded: height, phase and
amplitude. The comparison between the different images provides valuable

information about the topography and the presence of different materials.
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3.9.2.2. Superhydrophobic Surfaces

One of the main concerns when characterising polymeric film with AFM in contact
mode is the shear force, which may deform the sample surface. On the contrary,
intermitting contact mode eliminates almost entirely lateral forces yet, mismatch
between the amplitude and the set-point values may lead to sample damage.
After preliminary analysis of the polymeric features, the imaging has been carried
out in intermitting contact mode.

AFM measurements were performed using a Nanoscope IV Dimension 3100
(Veeco Instruments Inc.) and a JPK Nanowizard microscopes, operating in
tapping mode using two kind of cantilevers: NSG 20 cantilevers with a resonance
frequency of 260 kHz and a force constant (k) of 28 Nm-', and PPP-NCL with a
fo of 170 kHz and k = 40 N/m. Image processing and analysis were carried out
with the instrument’s software version V612r2 and V530r2 for the Nanoscope
data, and V4.2 of the data processing software for the JPK instrument. AFM
measurements yielded the geometric dimensions of the CNT-EHL and PS
structures including the aspect ratio, the pitch between the generated

morphologies, their heights and diameters.

3.9.3. SEM

Scanning electron microscopy was used to characterise the polymeric nano
features produced in the following chapters. The scanning electron microscopy
(SEM) measurements were performed using a LEO ULTRA 55 SEM including a
Schottky emitter (ZrO/W cathode) at acceleration voltages of 1-5 KV with a lateral

resolution of 2-5 nm. Low-angle backscattered electrons imaging mode was
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used to contrast the non-coated VACNTs, and those sputtered with silicon,

providing the atomic number contrast.

3.9.4. TEM

Transmission electron microscopy was used to characterise the polymeric and
DNA nano-features and the CNTs. The samples were analyzed using a FEI
Technai 12 transmission electron microscope at acceleration voltages of 80 or
120 kV. STEM images were also obtained using a Hitachi s5500 scanning
transmission electron microscope with a cold field emission source and lens
detector with 4 A resolution, allowing adjustable acceptance angle STEM

imaging.

3.9.5. Contact Angle Measurements

Contact angle and hysteresis were measured in 3 different areas per each
sample. Every sample was repeated in a minimum number of 3 and a maximum
of 5. A computer-controlled telescopic goniometer (KSV CAM 200) with a digital
image acquisition was used at this stage. A numerical fitting algorithm was
applied to determine the advancing and receding contact angles from the side-

view of drops.
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3.9.6. Optical Properties Measurements

As the last step into the manufacturing of optically-active surfaces with DNA
generated micro-to-nanofeatures aimed for in this work, the preliminary

characterisation of optical properties was further carried-out.

The detection of the optical signal is of fundamental importance when dealing
with optically active materials such as plasmonic bandgap-or metamaterials. In
this work, such signal has been recorded with a bespoken, home-built bench-top
optical set up in the Cavendish laboratory (University of Cambridge, UK).
Measurements were taken in collaboration with Dr Silvia Vignolini’'s Group

(University of Cambridge, UK).

As shown in Figure 3.13, the beam is produced by a halogen lamp (a). The light
passes through a polariser (b) and then to a condenser (c) and then, the sample
(d) is placed. Passing through the latter, the light splits beam into an array of
different wavelengths, i.e., transmitted and scattered light, which is then collected
by a 20x objective (e) and subsequently, collimated into parallel paths, which are
selected by a second linear polariser (f). Undesired specular reflection [247] is
blocked by keeping the polarisers perpendicular to each other. After the light gets
to the beam-splitter (g), the beam is divided into two different paths toward the

CCD and toward the spectrometer, where both are collected and analysed.
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The term ballistic light, typical of the medical field imaging, refers to photons that
that crosses a scattering medium, non-deviating from the direction of incident

light.

In order to probe the linear birefringence, polarising measurements were taken
by rotating the polariser (b) while and keeping the other polariser perpendicular
(f) to it. Additionally, specular light is also blocked by keeping the polarisers

perpendicular to beam-splitter (g).

When taking spectral measurements, the beam-splitter (g) is by-passed in order
to avoid the polarisation-dependent attenuation and to double the signal intensity.
After that, during the path to the spectrometer, a 50 uym fibre (h) is required to

capture only the crystal signal, while minimising the background noise.
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Figure 3.13. Schematics of the bespoken transmission setup. The components are typically
mounted on optical bench.
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4 Superhydrophobic Surfaces:
Superapolar Lotus-to-Rose
Hierarchical Nanosurfaces via
Vertical Carbon Nanotubes Driven by
Electrohydrodynamic Lithography

Novel evolving nanoscale structures have paved the way for manufacturing
materials suited for the modern world demands, spanning from self-cleaning to
anti-fogging materials. The high level of control and robustness from the macro
to the submicron scale permits the production of perfectly tuneable materials,
mostly using polymeric blends while combining various properties such as
electrical and thermal conductivity, mechanical resiliency and hydrophobicity
[11,17,53].

Concurrently, during the last decade, carbon nanotubes (CNTs) have attracted a
wide research interest due to their unique electrical and thermal properties,
coupled with robust structures, which allow the manufacturing of flexible, yet
resilient devices [248-250]. Blending CNTs in polymeric matrixes enables an
overall control over dispersion, orientation and surface chemistry of the materials

as well as the tuning of the CNTs properties [39].
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This chapter focuses on the development of a robust, cost-effective, scalable and
simple technique that allows the design and construction of well-controlled large
area superhydrophobic surface structures which can be easily switched from
lotus-leaf to rose-petal state.

In this study, we introduce the carbon nanotubes-based electrohydrodynamic
lithography (CNT-EHL), to fabricate unique multiscale structured cones and
nanohair-like architectures with tuneable periodicities and dimensions,
successfully enabling surface energy minimisation. The possibility of contact-less
lithography via the CNT-EHL morphology replication combined with the electric
field coupling to smaller self-assembled patterns within the film provides a way
for hierarchical structure control spanning many length scales along with tunable
wetting capabilities. By controlling the hierarchy of micro-to-nano cones and
spikes, these morphologies offer a range of architectures with sufficient
roughness for very low wettability, with the highest contact angle achieved of 173°
and their properties can be easily switched between lotus-leaf to rose-petal

behaviour.

4.1. A Novel Approach towards Super-Apolar Surfaces

While electrohydrodynamic patterning was previously used to pattern dielectric,
conductive and crystalline materials [101,233,251,252], in this work, for the first
time, vertically aligned CNTs are exploited to generate master electrodes, which
are further employed as top masks to produce and control the fabricated

morphologies via the EHD. A wide range of reusable CNT-based electrodes with
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various morphologies and dimensions is, therefore, fabricated, enabling a direct
patterning with tuneable dimensions from the material of choice and with no need
of functionalisation (i.e., inexpensive, no processing equipment), obtaining robust
and highly reproducible structures which exhibit hexagonal packing symmetry.
Nanohair-like structures, cones, coupled with sharp spiky micro and nanoarrays
which are typically difficult to manufacture, are successfully produced via the
CNT-EHL [39,232]. The single-step EHD process, which allows easily tuning
dimensions, pitch, aspect ratio and cone tip curvature, enables the fabrication of
micro-to-nanoscale roughness while utilising low-energy materials. A precise
tailoring and a controlled hierarchical geometry are determined by adjusting the
patterning parameters which significantly influence the surface wetting properties
and enable the mimicking the various regimes found in nature. Therefore, EHD
enables alternating systems between the “lotus-leaf” and “rose-petal”’ states,
mostly due to the controllable experimental approach, which leads to the ultimate
morphologies generated while patterned from the same initial material (Fig 4.1.).
The fabricated superhydrophobic surfaces possess either self-cleaning and
adhesive properties, which stand as promising prospects for both the
fundamental research of submicron scale superhydrophobicity and also toward
broader applications, for instance, in anti-fouling and microfluidics. CNT-EHL
therefore, opens a new path for the production of a broad spectrum of high-fidelity
superhydrophobic patterns in a straightforward and low-cost fashion, requiring no
vacuum processing or no hazardous organic compounds, with possibilities of
exploiting biodegradable and environmentally-friendly apolar polymers, rendering

this technique even more technologically appealing.
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Figure 4.1.0Optical images of natural hierarchical superhydrophobic materials. a) Optical
images of the spherical water droplets rolling-off the natural Nelumbo nucifera (lotus leaf) and the
corresponding scanning electron microscopy (SEM) image of the surface topography of the lotus-
leaf with the higher magnification of the lotus surface shown in the inset. b) SEM image of the
structure found on the rose petal and the corresponding photograph pictures of spherical water
droplets sticking to the rose-petal surface. ¢) SEM image of the microstructure found in broccoli
and the corresponding optical images of its superhydrophobic properties

4.2, Superhydrophobic Surfaces and Overview of the

Wetting Regimes

As a requirement for a living organism, water has a fundamental role at each
stage of life. Mammals, plants and insects, all have at least a water content of
60% in their bodies and without its continuous exchange with the surrounding

environment, existence would not be possible. Similarly, whenever water is in
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large excess organisms are also threatened [253,254]. In turn, water-repellent
systems are common in the natural world and the various structures that allow
such superhydrophobic behaviour have been widely studied [255,256].
Superhydrophobicity is defined as the property of “repelling water to the degree
that droplets do not flatten but roll off instead” or even bounce away [257,258].
Water-repellent surfaces are acknowledged to have a high-potential in modern
devices which require anti-splash or complete dryness of their parts, for example,
mobile phones or cameras [57]. Thus, in our work, we have been exploiting an
alternative pathway to manufacturing a range of novel superhydrophobic
surfaces properties which can be easily tuned by modulating the fabricated
surface structures.

Super-apolar (or superhydrophobic) surfaces show unusual self-cleaning
properties which find various applications in modern technologies, ranging from
coatings for windows, clothes and car windshields to the anti-corrosive covering
for aircraft and marine vessels to antifogging and anti-icing finishes [57]. The
combination of the surface topography and chemical composition at the air-liquid
interface enables the ability to let liquid droplets, in contact with the surface, to
roll off at low angles [257]. Therefore, six different models were developed to
describe the correlation between the surface roughness and the wettability
properties, that will be discussed below in more details [259-262].

The fundamental parameter characterising these wetting models or states is the
static contact angle (CA) formed by a liquid droplet on a surface [257-263]. The
surface roughness, coupling with surface energy, determines the angle, which is

also dependent on the cleanliness of the materials. The liquid may wet the
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surface forming a CA < 90°, and the substrate is considered hydrophilic; whereas,
when the CA is 90° < 6 < 180° the surface shows hydrophobic properties.
However, for extreme values such as CA below 10°, surfaces are defined as

superhydrophilic, and for CA values above 150° as superhydrophobic (Fig. 4.2).

Figure 4.2. Behaviour of a water droplet when deposited on surfaces with an increasing
hydrophobicity. a) 100 nm Polystyrene film on silicon; b) micro-to-nano patterned Silicon; c)
Fluorinated micro-to-nano patterned Silicon.

It is well-established that high energy surfaces, usually formed by polar
components, have the tendency to be hydrophilic while low energy surfaces,
formed by apolar components, tend to be hydrophobic [264—-266]. At the same
time, the surface atoms (or molecules) in both solids and liquids have a smaller
number of bonds compared to the bulk atoms. Hence, their energy is higher than
the internal ones. Thus, whenever a liquid is in contact with a solid, attraction
forces will lower the energy of the whole systems compared to the energy of two
individual surfaces [53,267]. The equilibrium of the liquid and solid will result in a
characteristic static CA, which relates to the surface energies formulated by

Young’s equation (Eq. 4.1):

103



Equation 4.1. Young’s equation.

Ysv = Vsi + YLy cosO

where y is the surface tension, 6 is the contact angle, and SV, LV, SL are the
solid-vapour, liquid-vapour and solid-liquid interfaces, respectively [261,266].
According to the Eq. 4.1, a hydrophobic material has an inherent water contact
angle above 90°, and a hydrophilic material has an inherent water contact angle
below 90°. This is because, for most materials ysv + yLv > ysi, and therefore, it is
energetically favourable for a liquid to wet a solid surface, whereas the presence
of air pockets and surface roughness, which enhances the wetting properties of
the materials, is unlikely to happen [264—266]. Also, a solid in direct contact with
air is an energetically more favourable condition in comparison to a liquid entirely
covered by another liquid and therefore, the CA depends on the local surface
energy and molecular arrangement, excluding any dependence on the liquid
contact area [262].

When the solid surface is progressively tilted, the equilibrium among the three
phases, vapour, solid and liquid, starts to change and the resulting contact angle
will be defined as dynamic CA [268]. The CA at the front of the droplet (advancing
CA, 6.qv) will differ from that at the back (receding CA, 6r.c) and the difference
between the two values represent the contact angle hysteresis (Hys), which has
a fundamental role for self-cleaning surfaces [53,267,269]. Hysteresis has also
been discussed whether being a key condition for superhydrophobicity, as the
typical high CA is mostly accompanied by a small CA hysteresis, which is related

to the surface roughness and homogeneity and a further contribution is given by
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the surface energy which also includes an “adhesive hysteresis” factor [270] (Fig.

4.3).

Figure 4.3. Contact angle hysteresis. CA hysteresis has a fundamental role in self-cleaning
surfaces, since it has a direct correlation with the adhesive properties and effectively allows the
water droplet rolling off the surfaces as well as to “stick” to the particles or contaminations and
therefore, remove the residues on the surface.

In recent years, due to the broad potential, the unique water-repelling properties
known as the ‘Lotus-Leaf effect [262,271-273], have centred research efforts
towards developing artificially engineered surfaces, able to biomimic these
properties.

Natural patterns exhibit different wettability behaviour predominantly depending
on the surface roughness, that can be divided among six main models: the
classical Wenzel, Cassie-Baxter and the transitional regime between the Wenzel
and Cassie-Baxter. In addition, the “Lotus”, “Gecko” and the “Petal” states have

been lately differentiated [12,55,108,110,259,262,269,274-276].

4.2.1. Wenzel’s Model

Wenzel's theory [262,277-279] is built upon the assumption of complete contact
between the liquid and the surface, establishing that, regardless the roughness
and the hydrophobicity of the surface in contact, the liquid completely penetrates

every asperity of the solid part. The wetting behaviour of a droplet

105



homogeneously adhering to the surface during the contact is described by the

Wenzel's equation (Eq.4.2):
Equation 4.2. Wenzel’s equation.

cosf = pcosb,

Where p is the roughness, 6o is the static CA for a smooth substrate and 6 is the
static CA for a rough surface [259,280-282]. Wenzel has described the
roughness factor as the ratio between the actual surface and the geometric

surface and the mutual dependence with the contact angle (Fig.4.4.a).

A B

Figure 4.4. Wenzel and Cassie-Baxter wetting regimes schematics. Wetting on hydrophobic
rough surfaces with a a) Wenzel drop and with a b) Cassie-Baxter drop.

4.2.2. Cassie-Baxter Model

The Cassie-Baxter’s model exploits the most energetically favourable state for a
water droplet when in contact with a composite dual-layered surface structure
[277,283—-285]. In Cassie-Baxter’s theory, the droplet can bridge across the top
of the asperities of the surface, trapping air pockets beneath the liquid and thus,
enhancing the superhydrophobicity. Furthermore, the small contact area between
the liquid and the solid phase and the resulting small contact angle hysteresis,

allow the drops to easily ‘roll off’ a surface due to the presence of air pockets [17].

106



Cassie-Baxter wetting (Fig. 4.4.b) is characterised by the drop located on the
peaks of the surface structures which does not penetrate into the deeper holes.
This air-pocket state corresponds to partial non-wetting of the surface, which is
the most favourable solution for the energy equation for very rough hydrophobic

materials:
Equation 4.3. Cassie-Baxter’s equation.

cos 8 = @,(cosb) + (1-¢,) cosOy

where, ¢_ is the fraction of surface available at the top of protrusions, and 8y is
the contact angle with the vapour in the gaps (usually taken as 180°).

Cassie-Baxter model is often called the superhydrophobic wetting, and it has
been observed by Barthlott et al. [17] on the surface of Nelumbo Nucifera,
commonly known as the ’Lotus Leaf Effect’. Superhydrophobicity has been
studied on various surfaces including, for instance, periodically structured
micropillars, biomimetic superhydrophobic structures, carbon-nanotubes based
surfaces, alumina nanowires, silicon ‘nanograss’ and fibrous textile surface

structures [263,271,273,279,286,287].

4.2.3. Cassie Impregnating and Rose-Petal Wetting State

The transitional regime between the Cassie-Baxter and Wenzel state
[262,282,288] usually exhibits high contact angle hysteresis and depends on the

dimensions and gaps between the surface roughness structures as well as the
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chemical hydrophobicity, thought the history of the whole system might change
the water repellent behaviour intensity [289].

As a transition from the “traditional” models, the Cassie-Baxter wetting
impregnating state is mostly applied to inhomogeneous surfaces with varying
roughness. For this model, it is fundamental to introduce the concept of apparent
contact angle (Figure 4.5.b) as the inhomogeneous advancing of the wetting
front, which depends on the surface roughness. In turn, the triple-phase line is
pinned to a range of values which differ from the observed macroscopic CA, as

shown in Figure 4.5.a-b [290-292].

apparent CA

Figure 4.5. Apparent contact angle schematics. Example of a) a water droplet on a rough
surface and b) the difference between the macro- and the microscopic CA, which leads to the

definition of apparent CA.

In particular, the Cassie-Baxter wetting impregnating model is acknowledged for
specific solid/ liquid couples which show lower values of the apparent contact
angle compared to the expected ones following the Wenzel and Cassie-Baxter
models. This is due to the three-dimensional heterogeneity of the surface.

The impregnating state [270,284], depicted in Figure 4.6 can be determined using

the following equation (Eq 4.4):
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Equation 4.4. Cassie impregnating wetting state equation.
cosf =1—f, + f;cosO

where, f _is the solid fraction underneath the liquid drop. However, for this Cassie

impregnating state to be viable, it must satisfy (Eq. 4.5):

Equation 4.5. Cassie impregnating state’s condition.

1—f
r—fs

cosf =

where, ris the radius of the surfaces topographies. A classic example in nature
of a Cassie impregnating regime is the Rose’s petal, also known as the ‘Rose
Petal Effect’ [262,288]. The water film is able to impregnate the surface by
seeping into the larger crevices, but not the smaller ones. Therefore, the water
drop, depending on its size, can attach to the surface due to the very high

adhesive forces.

AW e

Figure 4.6. Schematic representation of the Cassie-Impregnating wetting state.

4.2.4. Combined Rose-Petal and Lotus-Leaf Wetting Regimes

An additional possibility exists when a liquid droplet may not bridge the gap on a

rough surface completely. Unlike Wenzel's model, where a liquid film must be
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present before the droplet is deposited on the surface, the combined wetting
model requires an initially dry rough surface [260,269,293—-295]. Without a liquid
film, the drop might spread below the flat surface, as occurs on surfaces such as
sol-gels and soils, where internal spreading can occur rapidly, resulting in a
combined Wenzel's and the Cassie-Baxter model, which gives the effective

macroscopic water contact angle for Cassie-Baxter wetting [285] (Eq. 4.6):

Equation 4.6. Combined Wenzel and the Cassie-Baxter model’s equation.

cosOcg = fcosO+f—1

where fis solid fraction of the surface structures.
The roughness of the fraction of the surface in contact with the liquid, r, also
controls the surface wetting properties, and a more specific definition of the air-

pocket state can be given by (Eq. 4.7):

Equation 4.7. Air-pocket state’s equation.

cosfcg =rsfcosO +f—1

Ishino et al. have theoretically studied the cross-over between Wenzel and
Cassie-Baxter wetting [293] for pillar arrays and suggested that the penetration
versus air-pocket state wetting depends strongly on the roughness rr and the solid
fraction f. The roughness of liquid/ solid contact was further calculated according
to the threshold value of slope and the top hemispheric model taking into the
consideration the roughness of both micro and nanostructures [296]. The contact
angle of rough surfaces (i.e., cone structures and CNT-like surfaces) with /lotus-

leaf effects can be extracted from the modified Cassie-Baxter equation (Eq. 4.8):
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Equation 4.8. Lotus-leaf model equation.
cos 6, = pfscosf —f,

where, & is the apparent contact angle of the micro- and nano-structured
surfaces, fs is the fraction of the areas occupied by the solid-water interface and
fv is the fraction that corresponds to the vapour gaps, € is Young’s contact angle
and p is the roughness factor, which can be simplistically calculated from triadic

curve for fractal geometry [297] (Eq. 4.9):
Equation 4.9. Roughness factor.
p=(Rlr) b2

where R and r are respectively, the upper and the lower dimensional limit of the
fabricated and studied features.

For a hexagonal array of cones, the area fraction of the solid surface that is in

contact with the liquid is given byfszﬁ(r/R)z.

More recently, the existence of additional wetting modes has been fully
established [57,261,291], recognising super water-repellent modes such as the
renowned ‘Lotus-Leaf’ state, which is characterised by the combination of a
strong water adhesion and super-hydrophobicity. Hence, the distinction among
wetting regimes of a surface has been focused on the level of organisation of the
roughness and if achieved, the hierarchical levels within.

The Lotus-leaf wetting regime was proposed by Barthlott and Neinhius in 1997,

following observations of the self-cleaning and superhydrophobic behaviour of
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the Nelumbo Nucifera [298]. The combination of the hierarchical surface structure
and low surface energy enables a wetting mode which minimises the adhesion
with the leaf itself while capturing and removing the “dirt” in the water that is
repelled. In fact, the “dirt” is usually comprised of more hydrophilic materials than
the wax-based surface [298,299] and moreover, these particles are larger than
the minute leaf mesostructure. Thus, since the interfacial area between the liquid
and solid phase is minimised, trapping the air within the nanogaps, the “dirt”

particles are captured by the water droplet while rolling off (Fig 4.7).

Water droplet

] Dit
‘-h\-..

particles

o

Figure 4.7 Lotus-leaf wetting regime and self-cleaning properties. a) Digital image of a Lotus-
leaf surface at the micro- and nanoscale, reproduced from William Thielicke’s website More
pictures and bionics. b) Lotus-leaf self-cleaning effect schematics.

4.3. Carbon Nanotubes

Carbon nanotubes (CNTs) were first observed in the early 1950’s although, their
full potential was fully realised by lijima [300] as late as in 1991 when the
crystalline structure of hollow CNTs was observed for the first time. It was a
unique carbon (C) structure with a sp? C hybridisation, shaped as nano-metric

tubular hollow fibre yet, 100 times stronger than steel and dramatically lighter,
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with thermal and electrical conductivity properties comparable to the well-known

conductors such as, copper or aluminium [248].
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Figure 4.8.Carbon nanotubes. a-b) Carbon nanotubes (CNTs) can be synthesised as single-
walled (SWCNTs) or as multi-walled (MWCNTs), which are comprised of several layers of
SWCNTSs. c-d) Three relative mutual orientation of the carbon atoms, depending on the axis upon
which the CNTs have been rolled up, are named as armchair, zigzag, and chiral and determine
wide differences in the mechanical properties of the CNTs [301].

Carbon nanotubes can be generated as single-wall CNTs (SWNTs), comprised
of a single graphite sheet seamlessly rolled on itself in a 1 nm diameter tube or,
as multi-wall CNTs (MWNTSs), with diameters varying from 2.5 to 70 nm,
depending on the number of concentric graphite sheets comprising the MWNTs
(Fig 4.8.a-b). CNTs can be produced with different length and diameter, and are
always characterised by an extremely high aspect ratio since the length can

easily achieve several microns (Fig 4.8.c-d) [250]. Carbon nanotubes are also
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known to be highly hydrophobic and therefore, insoluble in water or polar
solvents. However, when subjected to chemical or electrical treatments, CNTs’

properties can be switched to the hydrophilicity.

Importantly, carbon nanotubes have been used for producing superhydrophobic
surfaces, mostly using top-down techniques such as soft lithography. For
instance, Sun et al. [302] widely studied the changes in the wetting behaviour of
vinyltrimethoxysilane (VTMS) and (2-(perfluorooctyl) ethyl)trimethoxysilane
(FETMS) before and after treatment with arrays of CVD-grown CNTs, depicted in

Fig. 4.9.

Figure 4.9. Carbon Nanotubes in arrays. Reprinted with permission from [302]. Copyright 2003
American Chemical Society.
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4.4, Roadmap of the Study

The manufacturing of hierarchical superhydrophobic structures is comprised of

the following stages as described in Fig 4.10.

The production of both top and bottom electrodes represents a preliminary step,
prior to the water-repellent surface production process.

While the bottom electrodes carry the liquid film to be patterned, the top electrode
can be comprised of various structures. All the features were characterised by

Scanning Electron Microscopy (SEM) imaging.

In a later stage, a capacitor-like device comprised of both top and bottom
electrode separated by a distance, d using standard polystyrene beads as
spacers was assembled. After being placed in an oven for controlling the overall
temperature, a voltage (V) was applied to the assembled device. The various
features of the top electrode have driven the film build-up into micro-to-nano
structures. The surface topography was characterised by AFM and the wettability

properties were observed with a goniometer.
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Nanofabrication

Top Electrode Bottom Electrode

Spin Coating

CNTs-based Bare Si

Polymer Thin Film

CNTs Forest CNTs CVD/ e-
via CVD Beam Lithography

PMMA
evaporation

Complete replication Complete replication Partial replication via Complete replication
via EHD lithography via EHD lithography EHD lithography via EHD lithography

Figure 4.10. Carbon-Nanotubes (CNTs) EHD lithography flow-chart overviewing the
roadmap of this study.
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4.5. Fabrication of the Top Electrode for CNT-EHL

The CNT-EHL method requires assembling a miniaturised capacitor-like device,
which is comprised of two parallel electrodes. The bottom electrode is comprised
of silicon wafer topped with a thin nanofilm spin-casted from the polymer to be
patterned, while the topographically structured top electrode carries a pattern of
interest to be replicated.

A range of master electrodes were fabricated based on vertical CNTs including
vertically aligned carbon nanotube (VACNT) forests both as-grown and inverted
(as seen in Figure 4.11), as well as a range of VACNT-based micro- and

nanostructures (Fig. 4.13).

Figure 4.11. CNT electrodes SEM images. a-b) As-grown CNTs forest at different
maghnifications, b) inverted CNTs forest after being flipped over.

The overall procedure for the fabrication of the CNT-based master electrodes for
the EHL is illustrated in Figure 4.15 (also, see Section 3.3.3). Vertically oriented
CNT forests were either grown via chemical vapour deposition (CVD) to achieve
substrates of nanotube arrays with well-defined and stable large area (Figure

4.14.a-b, top) or were flipped over to generate better defined, straighter CNT tips
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(Figure 4.14.b, bottom). Various VACNT site-densities can be obtained via CVD
process, allowing to control the nanogaps in the final masks used for the CNT-
EHL, as shown in Figure 4.12. Throughout carefully monitored CVD process, a
range of site densities of the VACNTs between 7% and 30% were accomplished
and have been quantified by liquid-induced compaction method. Isopropanol was
added to the samples and been allowed to dry leading to the collapse of the CNT
forests. The percentage of the aggregated CNTs was then calculated by the
fraction of the number of pixels of the aggregated forest areas divided by that of

the entire image.

Figure 4.12. Top view SEM images of coagulated CNTs forests following the liquid-induced
densification by isopropanol. a-c) CNTs with various densities (10'9-10'2 cm-2) and coverage
of 7%, 15% and 30%, respectively.

Furthermore, VACNT-based morphologies were also designed and fabricated by
prewriting the location and dimensions of CNT growth areas, generating patterns
of arrays of pillars with various pre-designed height, diameters and pitches (e.g.,
arrays with ranges of 1-5 ym diameter and with a 1.5-5.5 pym pitch between the

individual pillars (Fig. 4.13).
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Figure 4.13. VACNT-based morphologies as top electrodes. Growth from the careful
combination of e-beam lithography and CVD, electrodes were orderly patterned into arrays of
pillars of various dimensions and pitch.

The bare VACNT arrays were transformed into master electrodes by sputter-
coating the arrays with a 10 nm thin silicon layer, which uniformity was confirmed
by high-resolution scanning electron microscopy of the uncovered CNTs masks
(Figure 4.13.) and the low-angle backscattered SEM images of the Si-coated

VACNT electrodes.

Additionally, a simple silanisation process (see Chapter 3.1.2) enabled rendering
the oxidised Si surface increasingly apolar [303], leading to the consequent
reduction in adhesion of the CNT-EHL patterned material to the silicon surface.
Therefore, the fabricated CNT-based master electrodes can be used numerous
times for CNT-EHL process without undergoing any deformation or damage.

The coated VACNT arrays were then used as master top electrodes in the EHL

assembly (Fig 4.14).
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Figure 4.14. Fabrication of novel vertically aligned CNTs-based electrodes for the EHL
patterning. Schematic representation and the corresponding SEM images of a) CNTs arrays
fabricated using the chemical vapour deposition process (CVD) and electron beam (e-beam)
lithography combined with CVD growth process and b) subsequently coated with a thin silicon
layer to produce a range of top electrodes for EHL. Either as-grown (top) or inverted (bottom)
arrays can be generated. ¢) Small-diameter VACNT forests patterned into predesigned pillar
structures with various dimensions, and pitches are further utilised and coated with silicon d)
generating a broad range of masks for the CNT-EHL.

The careful control of parameters such as the inter-electrode spacing (d), the
applied electric field (Ef), the initial film thickness (ho), the patterning and
termination times (w and =) allowed to fine-tune the desired hierarchical
morphologies from the polymer of choice. Since accomplishing the
superhydrophobicity of the manufactured surfaces requires a combination of both
physical structure and chemical properties, we have exploited

Poly(chlorotrifluoroethylene) (PCTFE) with a static contact angle (é) of water
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drop on a smooth film of 119 + 3° for the EHL patterning to obtain the lowest

possible surface energy properties from the final morphologies [99].

The inter-electrode distance, d and tilting angle in EHD lithography concur in
providing favourable conditions for initialling the polymer bridges which lead to
the final patterning. The position of the standard PS nanospheres (3000 Series
Nanosphere™ Size Standards by Fisher Scientific) used as separators were
investigated by AFM imaging, which also allowed cross-section calculation. As
expected, the mean radius of the 200 nm standard nanospheres measured 201
+ 4 nm, against the provided information of 202 + 3 nm. Figure 4.15 illustrates a
possible surface disposition of the nanospheres after drying, showing a single

monolayer, which separates the top and bottom electrode.
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Figure 4.15. PS standard nanospheres as spacers. a) PS nanospheres deposited onto
polymers layer on Silicon wafer before capacitor assembly, and b) the related cross-section.

The processes involved in CNT-EHL patterning are shown in Figure 4.16. A
topographically structured top electrode (comprised of either CNTs arrays or
CNTs forest) induces high lateral electric field variations in the capacitor-like

device. In addition, (see Eq. 4.10) since the electrostatic pressure, p,,, is inversely
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proportional to the square of the capacitor gap, d, the downward protruding
structures of the top mask generate locations with the highest electrostatic
pressure. In turn, the evolving wave pattern instabilities in the thin polymer film
are coupled to the heterogeneous electric field and driven upwards, eventually
spanning the capacitor gap. Once the correct sample parameters are identified,
high-fidelity pattern replication over the entire electrode area is obtained during
the patterning process, as also previously successfully demonstrated for the
elctrohydrodynamic patterning method [39, 100-101]. The top mask, once
fabricated, can be used numerous times for patterning (following cleaning with a
snow-jet and sonication), reproducibly generating morphologies of interest, given
that the identical excremental settings i.e., initial film thickness, electric fields

strength, inter-electrode spacing and patterning time are used.

In Eq. 4.10., €0 and ¢, are, respectively, the medium permittivity in a vacuum and
of the polymer, Vis the voltage applied, d is the inter-electrode distance, and h is

the polymer film thickness.
Equation 4.10. Electrostatic pressure.
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The CNT-EHL pattern replication kinetics, shown in Figure 4.16.a-c, consists of
three integral, yet well-separated, parts [304,305].
Thus, the overall process includes (a) the amplification of a capillary surface

instability triggered by applying an external voltage, which with time causes (b)
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the formation of liquid bridges between the two electrodes and eventually, (c) this
seamless sequence of capillary instability results in the coalescence of the initial
capillary plugs bridging the substrates and the protruding parts of the top

electrode, forming positive replicas of the imposed master pattern (Fig. 4.16.c).
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Figure 4.16. CNT-EHL based method. Placing the CNT-based top electrode above the a) initially
homogeneous thin PCTFE film with thickness, ho, b) liquefying it above the glass transition
temperature (Tg) and subsequently, ¢) applying a voltage, V, into the capacitor-like device with
the controllable inter-electrode distance, d, triggers the amplification of a surface instability with
the intrinsic film undulation wavelength, Ai. This instability, with time, leads to the formation of
liquid bridges between the two electrodes. The kinetics of pattern formation allows the termination
of the patterning process in each stage of either the b) cones or c) pillars with locations
predetermined by the top electrodes, at which the electrostatic pressure is the highest. The profile
of the generated pattern depends on the ratio of Ai and the lateral periodicity of the master top
plate, Am. The sharp tips of the VCNTs-based electrode enable to obtain the spiky replicas as well
as ‘sharp’ cones. d) A photograph of a representative experimental CNT-EHL rig consists of an
assembled miniaturised capacitor device with the patterned film on the bottom electrode and the
CNT-based top master electrode connected to an external voltage supply. e) Electric field
distribution during EHL pattern formation [251]. f) Schematic of the geometrical parameters of the
cone/spike-like structure upon wetting and a representative optical image of a water drop on the
CNT-EHL patterned surface (inset).

Since the confinement of the redistributing fluid polymer morphologies is
organized accordingly to the ratio of the electrode spacing and the initial height

of the polymer film in the capacitor gap, i.e., the filling ratio, f; (f; = ho/d) the pattern
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selection during the early stage of the EHL process is a sinusoidal surface
undulation and f determines the further stages of pattern formation (Fig 4.16.a-
c). Well-established is the role of the effective surface. Thus, S is defined as the
surface area ratio of the topography, i.e., fraction of the template surface that
protrudes downward the polymer film. The patterning process might proceed in
various ways, mainly depending on two parameters, the intrinsic film undulation

wavelength, A; and the lateral periodicity of the master top plate, An. The
Ai/A ratio describes the three EHL replication possible case-scenarios: (i)
m

periodicity mismatch-small wavelength regime (Ai << Am), where the initial
structure formation is followed by lateral coarsening of material yielding partial
positive replication; (ii) periodicity match-similar wavelength regime (Ai =Am and
S = f), where positive replica of the templates is obtained and (iii) periodicity
mismatch-large wavelength regime (Ai>> Am), where the pattern develops certain
number of defects, and every protrusion of the electrode does not faithfully

generate a liquid column.

4.6. CNT-EHL Pattern Replication for Superhydrophobic

Surfaces

The CNT-EHL patterning process can be controlled and fine-tuned by both
tailoring the design of the top electrodes and carefully choosing the experimental

parameters as well as by the ability of terminating the lithographic process at any
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chosen pattern formation steps, which allows to “freeze” each individual stage of
the replication kinetics of CNT-EHL and thus, the obtained structures.

The produced geometries can be summarised as straight nano-hairs (SNH), curly
nano-hair (CNH), single-level spikes with rounded edges (S1L), two-levelled
spiky cones (S2L), two-tiered hierarchical spiky cones (S2L2) and hexagonal
pillars (HP) surfaces generated with various CNT-based top electrodes that will
be explained in the following sections. 3-5 patterned surfaces were fabricated for
each of the above morphologies, exhibiting high-fidelity replicas with consistent

reproducibility.

When the non-patterned as-grown VACNTs-based electrodes were used, it
resulted in the replication of dense nano-needles with typically a top surface
consisting of curly nano-roughness over large substrate areas. The removal of
the non-aligned nanotubes by flipping over the as-grown VACNTSs yielded better
defined, straighter, nanohair-like PCTFE structures. Imposing the VACNT-based
columns with different pitch spacing between the pillars and diameters, thus
yielding a range of morphologies, depending on the degree of master electrode
periodicity match/mismatch in the presence of the laterally varying electric field,
the filling ratio of the PCTFE and the corresponding patterning termination

times (z) [139].

To establish the precise # during patterning of the PCTFE into the desired

morphologies, the evolving pattern formation of the sandwiched polymer was
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observed via in-situ imaging with an inverted optical microscope through a
transparent ITO glass electrode [233].

The electric field formed within the micro-capacitor between the two electrodes
causes a displacement of charges at the polymer-air interface, which results in
energetically unfavourable build-up and consequently, aligns the final

morphology along the field lines to lower the overall electrostatic energy.

Typically, a top electrode formed by protruding pillars comprised of densely
packed VACNT-based nanostructures generates higher electrostatic pressures
at the centres of each “pillar’ giving rise to spike-like, pointing cones (Figure
4.16.b). Additionally, the lateral field components, which arise during intermediate
stages of the EHL process, induce the growing undulations to arrange in a cone-
like fashion, before pinning to the top electrode and reorganise into pillars (Fig.

4.16.c).

4.6.1. Straight (SNH) and Curly Nano-Hair (CNH) Surfaces

As previously mentioned, the CNT-based electrodes can be employed as master
electrodes in two variations, depending on the desired final pattern.

On one hand, the as-grown CNTs-based master electrode, which yields curly
nano-hair (CNH) like roughness, the patterning of the PCTFE film evolves as
shallow peaks and valleys, generating a superhydrophobic surface which
exhibited the rose-petal effect with a contact angle of 167+2° and characterised
by strong adhesive forces, with a typical contact angle hysteresis of 15+2°. On

the other hand, using the inverted CNT forest-based top electrodes, that yield
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well-defined, sharp CNTs brush-like structures (SNH), the EHD process leads to
dense straight nano-hair like morphologies, establishing hierarchical nanoscale
structure (intra an inter CNTs) thus, mimicking the lotus-leaf behaviour with a

contact angle of 165+3°and a hysteresis of 8+2°.

The patterned fluorine-terminated polymer yielded in SNH-like structures, which
exhibited considerably increased water repelling properties. In particular, this is
due to combining both chemical and physical modifications and effects,
accounting for both the PCTFE low surface energy and the pinning effect of the
large surface contact area between liquid droplet and the nanohair-like surface.
Interestingly, on the mesoscopic scale, the PCTFE patterned film appears
predominantly smooth. Additionally, both the topography and roughness also
drive the wettability properties of a surface (see section 4.2.3), as the air pockets
trapped between the water droplet and the surface asperities may produce the
conditions for increased water repellent behaviour.

Since in this work, while a densely packed porous network of CNTs-roughness
characterised by minute variations in heights, such as CNH, is in contact with a
water droplet, a thin layer of liquid results in a spreading on top of the surface,
with an increased solid fraction penetrated by the liquid and therefore, yielding
the high solid—water adhesion with a typical high contact angle hysteresis. On the
contrary, closely packed needle-like structures, such as the generated SNH
nano-architectures, restrain the droplet spread, leading to a smaller contact angle

hysteresis and roll-off, super-apolar surfaces closely resembling the Lotus state.
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Summarising, while the curly-like nano-roughness with shallow peaks and valleys
(CNH) exhibits rose-petal-like behaviour creating a thin water layer upon wetting,

the sharp needle-like surface (SNH) with a measured contact angle of 167 + 2°
and the contact angle hysteresis of 13.0 + 2.0°, inhibits liquid from remaining on

the surface behaving like a lotus-leaf surface.
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Figure 4.17. CNT-EHL replicated patterns from SNH and CNH top electrodes. Atomic force
microscopy height and three-dimensional images and the corresponding cross-sections of a) of
straight nano-hairs (SNH), b) curly nano-hair (CNH) surfaces.

a

4.6.2. Hexagonal Pillars (HPs)

Subsequently, a similar master electrode, generating patterns of arrays of pillars
with various pre-designed height, diameters and pitches (e.g., arrays with ranges
of 1-5 ym diameter with a 1.5-5.5 pm pitch between the individual pillars) was
used maintain the previous initial experimental parameters, such as the air gap
and the polymers film thickness, however, the CNT-EHL replication was
terminated at stage (iii) of the formation kinetics. This yielded well-defined pillars
with hexagonal packing symmetry which have fully spanned the capacitor gap,
as shown in Figure 4.16.c, which were replicated from the imposed CNT-based

electrodes (Figure 4.18).
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The HPs show a “traditional” Wenzel wetting regime, a high hydrophobic

behaviour with 155 + 3° as CA and 18 £ 7° as hysteresis.

Figure 4.18. Hexagonal nanopillars @) Three-dimensional height AFM image and b) the
corresponding cross-section.

4.6.3. Single-Level Spikes with Rounded Edges (S1L)

Single-level spikes with rounded edges (S1L) were obtained by using a top
electrode structured in arrays of pillars with 1um diameter, a 2 ym pitch and a
100 £ 10 nm PCTFE film on Si wafer as the support as the bottom electrode.

It is observed that, in the case of the similar wavelength regime where, A =Am, a
high-fidelity replica of the top electrode was obtained terminating the patterning
process at stage (ii). As a result, arrays of periodic cone-like PCTFE structures
are obtained, characterised by a typical centre-to-centre distance of 3.0 + 0.4 um,
a base diameter of 2.5 + 0.3 um and a peak diameter of 0.30 + 0.07 um (Fig.

4.13.0).
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For the spiky cone-like (S1L) structures, shown in Fig. 4.19, generated via CNT-
EHL, the measured contact angles of 169.0+ 5.0° is higher than for the forest-like
(SNH/CNH) nano rough surfaces, with a contact angle hysteresis of 8.0 £ 2.0°
resulting in low adhesive forces between the liquid and the surface, which allows
the water droplet to roll-off the substrate easily. The S1L surface is comprised of
hexagonally packed cones with nano-scaled, slightly rounded triangular peaks
which exhibit CA hysteresis < 10° thus, resulting in a non-wetting (behaviour)
between the spikes due to the air pockets formed between the solid-liquid
phases. Furthermore, the air trapped in-between the spikes yields a

heterogeneous surface comprised of both air and solid.

1000
b

500

Figure 4.19. Single-level spikes with rounded edges (S1L). a) 3D image of the obtained
topography and b) related cross-section. Three colours visible in the cross-section of this S1L
surfaces roughness, represent the replication of three samples, exhibiting highly similar structures
fabricated with occasional, local artefacts in geometry.

4.6.4. Two-Levelled Spiky Cones (S2L) and Two-tiered Hierarchical
Spiky Cones (S2L2)

In Figure 4.14.d, a grid pattern alternating sharp 1.0 + 0.2 um height cones and

intermediate 3007 nm height cones were replicated from an initial 93 nm

130



thickness film (=45 mins, d = 230 nm, 1/f= 2.5, 1/S = 1.5) by superimposing an
appropriate pitch/distance top electrode. Insufficient polymer material was
available to reproduce the CNT-based top electrode topography precisely. This
is indicated by a mismatch in the plate spacing to film thickness (ho/d) ratio and
the value for the lateral periodicity (Am) of the master electrode.

Eventually, the process was terminated just before the polymer pillars entirely
span the inter-electrode gap, resulting in sharp spiky cone structures with the top

diameter of 270 + 4 nm.

On the contrary, the hierarchical microstructure of tapered cones S2L (Figure
4.20.a-b) yielded highly apolar surfaces (CA = 168+1°) along with the sticky
properties, retrieved by hysteresis values of 751£2°, mimicking the rose-petal
effect.

On the other hand, the similarly comprised hierarchical dual structure of tapered
cones shown in Figure 4.20.a-b yielded highly apolar surfaces (CA = 168+1°)
along with the adhesive properties (hysteresis of 13+2°), mimicking the rose-petal

effect.

As described in section 4.5, an upper electrode patterned with CNTs features
produces a periodically modulated surface with localised charge dispositions and
gives rise to an electric field contribution which is proportional to the CNTs
curvature, yielding local enhancement of the electric field. Since pei is proportional
to E* and inversely proportional to the inter-electrode distances (see Eq. 4.10),

the instabilities evolve towards their final forms focusing in the direction of the
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highest electric field (Fig. 4.16.e), inducing structures with sharper ends.
Therefore, the termination of the pattern formation at this stage yields cone-like

micrometric features with nano-scaled spiky asperities.

Similarly, maintaining the initial parameters of the experiments such as, the film
thickness, d, 1/f, and 1/S and superimposing the relevant electrode with the
CNTs arrays, two-tiered hierarchical spiky cones (S2L2) arrays were accurately
replicated (Figure 4.20.c-d). The S2L2 final dimensions were of 300 nm top radius

of the cone and 1500 nm in height.

Figure 4.20. CNT-EHL replicated patterns with a-b) two-levelled spiky cones (S2L), c-d) two-
tiered hierarchical spiky cones (S2L2) with the corresponding cross-sections. High-fidelity
reproducibility is evidenced by the three colours of the cross-sections of three samples for each
morphology.
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4.7. Hydrophobic Properties of the CNT-EHL Fabricated

Architectures

Chemical modifications of a surface are known to enhance surface
hydrophobicity. As described in Section 4.2 , Young’s Equation for flat surfaces

is given by Eq 4.1:
Equation 4.1.
Ysv = VsL + YLy cosO

where, y is a surface energy, @is a contact angle (CA), while the subscripts refer
to the states solid (S), liquid (L) and vapour (V).

Taking into an account the surfaces roughness, for surfaces with CA larger than
90°, it is energetically more favourable for the liquid drop to wet a smaller area in
order to reduce the total interface energy, ysv < ssL. In particular, above a critical
roughness value, a cone structure with the contact area for a known vertical force
is given by A « [sing cos? (8- ¢)] ! where ¢ is the fraction of the area of the solid
surface that is wetted by liquid. Thus, it is energetically more favourable for the
water drop to contact only a very small fraction of the surface asperities and move

up the cone structure.

Therefore, since the cone-like sharp tips enable the minimum solid-liquid contact
with maximum vertical force per contact area, as demonstrated in Figure 4.16.¢e,
conical structures are favourable geometries to obtain superhydrophobic

surfaces. Coupled with the highly hydrophobic chemical properties of the
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patterned polymer, these physical structures lay the platform for optimal surface
topography, which in turn gives rise to the super-hydrophobicity. Furthermore,
these sharp and rounded cone surfaces closely resemble structures of natural
systems both in their morphologies and dimensions, as can be clearly seen from
the SEM images of Figure 4.1.

The contact angle of rough surfaces (i.e., cone structures and CNT-like surfaces)
with rose-petal and lotus-leaf effects can be extracted from the modified Cassie-

Baxter equation:

Equation 4.11. Modified Cassie-Baxter equation for rough surfaces

cos 6. = pfscosO — f,

where, & is the apparent contact angle of the micro- and nanostructured
surfaces, fs is the fraction of the areas occupied by the solid-water interface and
fv is the fraction that corresponds to the vapour gaps, @ is Young’s contact angle
and p is the roughness factor, calculated from triadic curve for fractal geometry

[29]:

Equation 4.9. Roughness factor.

p=(RIr)>>2
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For a three-dimensional space, the factor D = 2.2618, where

Or
R and r are the upper and the lower limits of the surface
topographies [29, 30]. As shown in Figure 4.21, for a cone-like

structure, the area fraction of the solid surface that is in contact

with the liquid is given by fs zﬁg[r/R)z, which can be further

extended to the hexagonal array of cones. For the surface Figure 4.21. Cone

geometry in

. . . contact with a

morphologies S1L, S2L and S2L2, shown in Sections 4.6.3 single water
droplet.

and 4.6.4, and only considering the top of the nano-hair like
surface roughness, the contact angle can be extracted from

the Egs. 4.11. and 4.9.

Based on the surface geometry considerations depicted in Figure 4.21, the
Cassie-Baxter equation can be reformulated exploiting the evident dependence
on the structure’s hexagonally packed cone geometry, typically generated during

the EHL process (Egs. 4.12, 4.13):

Equation 4.12. f, factor for hexagonally packed cones geometry.

TZ

h2 + r2

f, = (2V3H? — th?)

Equation 4.13. fs factor for hexagonally packed cones geometry.
wh3r
hZ + 12 mh3r
wh3r  2v/3H?r2 __mh?r wh3r + 2v/3H?r2 — wh2r
h2+1r? " h?2+4+7r?2 h?2+4+7r?

f9=
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mh3 h

mh?(h — 1) + 2vV3H?r (h—r)+£(ﬁ)2

Therefore, the Cassie-Baxter equation can be rearranged as follows:

Equation 4.14. Cassie-Baxter equation for hexagonally packed cones geometry (part I).

h h
cosO, = cosf — |1 — =
-+ BR () -+ 2R ()
2v/3 (H\?
_ h w1
-+ 2By Cose_ﬁfz—@(ﬂ)z-l_
T T \h
h 2v/3 (H\*
— 2 (x) -1
=% 254 cosf =3 7sz/(§h?q :
rtr ol Pt (m)

Equation 4.15. Cassie-Baxter equation for hexagonally packed cones geometry (part Il).

(eoso - R -

&+ 2B e )

cosf, =

Resulting in Eq. 4.16:
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Equation 4.16. Cassie-Baxter equation for hexagonally packed cones geometry (part Ill).

_(@eoso-EEE) -1

cosf, =
Ay 2B Ry g

The effects of structure morphologies and dimensions, fabricated via the CNT-
EHL, on the water contact angle and hysteresis, can be observed by their
wettability properties, as summarised Table 4.1, comparing experimentally

measured and theoretically calculated values.

Table 4.1 provides details of the analysed features such as the measured values
for R and r as the maximum and minimum value of the radius, H as the height,
while the measured CA (°) and hysteresis (Hys®) values, with their associated

standard deviations, are compared with the expected value &°.

Table 4.1. Geometrical effects of the CNT-EHL generated surfaces on the contact angle and
hysteresis (Hys). The experimental results in comparison to the theoretical predictions as a
function of varying surface roughness.

R/ Std STD | Wetting | Expecte
rinm | Hinm | 4° Hys/®

nm a° Hys | regime d &
PCTFE ' _ 1 . | 100 | 119 1 - - i -
Film
HP 1750 - 250 155 | 3 28 7 Wenzel 156
SNH 1.3 1 1250 | 165 | 3 1 Lotus 167
S1L 2500 | 300 | 1500 | 169 @ 5 2 Lotus 174
S2L2 3000 | 300 | 1400 | 173 1 3 Lotus 174
CNH 3.5 1.3 | 1150 H 167 | 2 83 2 Petal 169
S2L 1000 | 300 | 1200 | 168 1 75 2 Petal 170
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The direct comparison of the wetting behaviour of the produced structured
surfaces and the flat surfaces from the same material shows the enhanced super-
apolar properties. Figure 4.22 shows the experimental contact angles and
hysteresis of the fabricated surfaces as well as the variation of these as a function
of the morphological parameters. All the CNT-EHL patterned structures show
super-apolar properties as demonstrated from the CA values, which considerably
exceed 160°, especially in the case of the cylindrical pillars (Figure 4.22.c) and
the S2L2 geometries, both exhibiting the most superhydrophobic properties with
contact angle as high as 173°.

Nevertheless, whilst SNH, S1L and S2L2 structures exhibit roll-off
superhydrophobicity mimicking the Lotus-leaf like behaviour, the CNH and S2L
structures (Fig. 4.22.b and c), water is likely to be penetrating a few nanometers
into the voids and therefore, facilitates strong adhesive forces combined with the
superhydrophobicity thus, mimicking the Rose-petal effect (Fig. 4.22.a and c).
Whereas for the hierarchical S2L structures both levels of roughness contribute
to the pinning effect, with the larger spikes completely in contact with the liquid
and the smaller cones contributing to the second order of roughness with the air
trapped within, in the case of the S2L2 surface, where similar morphology is
observed, the effect of the second order roughness of the small spikes is
considerably lower than the primary cones and therefore, their effect is negligible.
According to the Cassie-Impregnating wetting regime, the liquid wets the larger-
scale structure and penetrates the smaller nanoscale valleys, and therefore, the
adhesive force between the water drop and the surface is very high, supporting

the droplet even when the surface is tilted at an angle or turned upside down (Fig.

138



4.22.a). In addition, the critical role of defects and artefacts on the mesoscale
(micro-to-nano) have been widely acknowledged since they have demonstrated
to yield the high localised surface energy, possibly penetrating into the static drop
and increasing the adhesion forces resulting in adhesive surfaces on the macro
scale [306,307]. The opening angle of the cone structures has also been shown

to influence the transition from the slippery to sticky behaviour [307].
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Figure 4.22. Wetting properties of the CNT-EHL fabricated surfaces. a) Optical image
sequences on the (i) flat, (ii) 90° tilted and (iii) 180° tilted CNH surface. b) Images of the water
drop are advancing and receding on the S2L surface indicating its superhydrophobic contact
angle of 168°, the shape of the suspending water drop of 5uL and its complete receding without
rupture while withdrawing the water droplet with Gaav=6recx 6. €) Different wetting states of all the
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experimental samples showing the measured contact angles (right) and the measured hysteresis
(left) with SNH, S1L and S2L2 exhibiting roll-off (lotus-leaf) behaviour and CNH and S2L
demonstrating sticky (rose-petal) properties not observed in the case of hexagonal pillars in
comparison to the reference sample of the flat PCTFE thin film. d) Variation of the measured
contact angle (blue diamonds) and the corresponding hysteresis (grey triangles) with the
geometric parameters is in agreement within their error margins and are well described by the
theoretical prediction (line) of the Egs. 4. 12- 4.16. The theoretical data follow the same trend but
are offset towards slightly higher values. Inset: Variation of the contact angle as a function of the
structures’ height. Over a height variation of 350 nm, the contact angle changed by only 22%
compared to a variation as a function of /R by a factor of 7.

From Figure 4.22.d, it is evident that the contact angles as a function of the
geometric parameters of the surface roughness of the CNT-EHL patterned
surfaces have linear dependence, indicating that the larger the fractional contact
area, the smaller the apparent contact angle (Fig. 4.22.d). As qualitatively
extracted from Figure 4.21, the marked conical height has only a minor influence
on the contact angle. This is quantitatively shown in the inset of Figure 4.22.d,
where & changed by only 22% of height variation, despite a relative variation of
the water penetration by a factor of 7, indicating a considerably smaller influence
of the height on the superhydrophobicity in comparison to the surface roughness

factor.

In conclusion, our results highlight the importance of the ratio of the surface
roughness factor and heterogeneity parameters, Rs for tuning the
superhydrophobic properties. Typically, the ratio of the roughness factor, as well
as the fractional area of contact, can be calculated by averaging the surface
roughness over a given area which is smaller than the liquid droplet. The contact
angle hysteresis is influenced by the value of the surface roughness which can
modify the ability of the interface to pin the triple line, therefore, decreasing the

R;s relative to the liquid drop size eventually rendering the contact angle hysteresis
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of a negligible value. For the hexagonally packed cone structures, the
dependence of the surface roughness in Figure 4.22.c-d implies that the triple-
phase contact length has a linear dependence on the contact angle hysteresis.
For rough superhydrophobic surfaces [306], it has recently been demonstrated
the importance of using the triple line length, ax over the drop’s diameter. For

cone structures with hexagonal symmetry:

Equation 4.17. Triple line length for cone structures with hexagonal symmetry.

Rh
1-4 1 h 1—r
wtf=2r T-Fl :2T<E—E+1>:2T( R +1)
H

Plotting the dependence of the cones’ surface roughness in Figure 4.23 reveals
that the triple-phase contact length has a linear dependence on the contact angle

hysteresis.
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Figure 4.23. Triple-line length versus the contact angle hysteresis dependence for cone
structures
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4.8. Conclusions

In summary, we have demonstrated an innovative, controllable and facile yet
scalable method to fabricate a broad range of super apolar surface morphologies
with a single or multi-level hierarchy. Vertically aligned carbon nanotube forests
were exploited in an unconventional way to produce a range of robust lithographic
electrodes, further exploited in conjunction with electrohydrodynamic patterning.
A range of configurations was produced by verifying the top electrode design and
the experimental parameters during the CNT-EHL patterning process yielding
various hierarchical architectures, mimicking the lotus-leaf and rose-petal like
surface morphologies and properties. The generated hierarchical structures
enable enhancing the hydrophobicity via different length scales of roughness.
When the water can penetrate the larger-scale texture, but cannot enter into the
smaller structures, the patterned surface effectively mimics the ‘lotus-leaf effect.
However, when the larger micro- and nanostructures are impregnated by water,
this gives rise to high solid—water adhesion and therefore high contact angle
hysteresis. The tunable wetting properties can be easily switched between the
various states including, the sticky or roll-off superhydrophobicity and super-
hydrophilic surfaces can also be fabricated on demand from a simple switch
between alternative polymers and morphologies. Furthermore, thin EHL
patterned films can be easily floated off the supporting substrates and transferred
onto different support surfaces and therefore, can be used as advanced
superhydrophobic coatings which conformably adhere to underlying substrates

with any dimension and morphology. The versatility of the CNT-EHL technique
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renders it easily extendable for a broad range of more complex, adjustable
geometrical microstructures enabling direct biomimetics of nature’s unique
wettability. In this perspective, CNT-EHL is a promising prospect for the robust,
straightforward, and low-cost fabrication of sub-micrometre patterned substrates
to facilitate a plethora of low energy surfaces for coatings, fabrics and microfluidic

device technologies with high mechanical durability and optical transparency.
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5 Three-Dimensional DNA-based
Nanoarchitectures for Optically
Responsive Surfaces

5.1. Introduction

During the last decade, metamaterials have been attracting increasing interest
due to their unique electromagnetic properties, which could rarely be found in
natural materials [78,241]. For instance, negative and near-zero refractive index
(NIMs) and plasmonic bandgap (PGB) materials introduce a whole new, usually
impossible to find in nature, range of properties arising from the interaction of the
light with their constituents, called meta-atoms. Nowadays, extensive research is
focussed on assembling optically-responsive platforms such as cloaking devices
[308,309], plasmonic filters [310-312] and super-lenses [74,313-315], as
potentially powerful tools for detection and sensing. With an increasing demand
from the medical, technological and military fields, the production of robust and
cost-effective devices has focused on the manufacturing of scalable, controlled

surfaces with high performance and optical properties such as NIMs and PGBs.
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In this study, we present an innovative route for the fabrication of tunable 3D
DNA-based optically-active nanoarchitectures, introducing a novel perspective of
employing biological materials as templates.

The results of the experimental procedures investigated for producing the DNA-
templated (sub-micron) metallic features, provide relevant data for determining
the feasibility of such techniques with biological samples. In this regard, the DNA
employed in this work was not derived from any tissue, bacteria or living being,
but was designed and artificially synthesised.

This approach is potentially scalable for patterning areas on a micron scale,

whilst the sub-100 nm features are precisely dictated by the DNA templates.

5.2. Tuneable 3D DNA-based Nanoarchitectures for

Optically Responsive Surfaces: Overview and Roadmap

This chapter proposes a novel, alternative and cost-effective route for
manufacturing optically-responsive materials via gold replication of the 3D DNA
nanostructures. As previously detailed in Section 2.2., in 2005, the assembly of
DNA origami by Rothermund [163] set a turning point in the approach to new
biological materials enabling, in the years to follow, accurate designs of a broad
range of DNA-based morphologies. A few years later, self-organised block
copolymers were assembled into gyroid geometries [144] and then replicated
with noble metals enabling tuneable optical responses by tailoring the intrinsic

structure of such objects.
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In this work, the two approaches were combined into a novel strategy for
manufacturing scalable, optically-responsive features on a sub-50 nm length
scales. Independently assembled 3D-DNA polyhedrons were used as scaffolds
for producing free-standing self-assembled gold replicated architectures while
preserving the sub-50 nm details of the original structures.

Historically, gold plating involved the use of toxic cyanide baths as an electrolytic
solution for transporting metal ions to the surface to be plated (see Section
2.1.2.2). However, since the modern micro- and nano-electronics industry has
increased the demand for high-quality gold-plated components for integrated
devices, novel techniques have been evolving aiming at minimising the hazards
arising from the traditional plating processes. Using baths based methods has
nearly eliminated the presence of cyanide especially in gaseous form, with the
further electroless techniques permitting to coat even insulating surfaces via the

click-chemistry processes.

In the flow diagram in Figure 5.1 all the experimental procedures for achieving
nanopatterned metal surfaces are detailed. The production of gold
nanostructured materials is a complex process which involves numerous steps
[196,197,200,234], described in Section 3.6, will be explained in detail in this
chapter.

The first steps involve the production of the DNA polyhedrons followed by the
characterisation steps according to the well-established procedures, developed

by Goodman et al. [200] and He et al. [196,197].
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In this thesis, optimisation steps were carried out (see Section 3.6). Plating
techniques were also attempted and optimised for depositing a suitable < 20 nm
gold layer covering the DNA features, which have been deposited onto solid
substrates. Characterisation steps were also optimised. Optical properties
deviating from the natural behaviour of the materials were measured as
preliminary results, in collaboration with the Vignolini’'s group (Department of

Chemistry, University of Cambridge, UK).

DNA-based optically-active
materials

v

. + Via synthesiser
DNA strands synthesis eyt Ordered from industrial supplier

" lcharacterisation: HPLC, MS, HPSF

—

DNA polyhedrons

annealing Via thermal gradient in PCR

Characterisation: gel electrophoresis

DNA deposition A{on: Silicon wafer, TEM grid, ITO
Characterisation: AFM (TEM)

. _ Via Electroless,  Sputter, Electro-
Gold plating Deposition

Characterisation: AFM

Characterisation: customised optical

templated optically bystem

patterned surfaces

Nanostructured DNA- 4

Figure 5.1. Process diagram flow for the fabrication of tuneable 3D DNA-based
nanoarchitectures for optically responsive surfaces.
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5.3. DNA Polyhedrons as Robust Scaffolds

The preliminary step for the fabrication of nanostructured surfaces using the DNA
polyhedrons as sacrificial templates for patterning involves the independent
production of DNA nano-architectures. According to well-established procedures
[195-197,316] listed in Section 3.6.2, fully-annealed DNA polyhedrons with
various shapes and dimensions ranging between 9 and 30 nm were synthesised
with final yields between 70 and 90%.

Since the design and assembly procedure of DNA polyhedron structures is not
within the goals of this thesis, well-established procedures [195-197] were used,
including the characterisation steps, which utilise gel electrophoresis and AFM
(or TEM) imaging for revealing the post-annealing yield and structures. While
dynamic light scattering measurements were not possible in our case, given the
low concentrations and volume of the solutions, DNA polyhedra were analysed
and quantified by UV transilluminator and electrophoresis (Fig. 3.9b: DNA
quantification by UV transilluminator showing single strands (1-4), mixed strands
(5-10) and DNA tetrahedron (11)), which allows separating components of a
solution depending on different weight using an applied static electric field. It was
found from these analyses that the single strands self-assemble into the final
polyhedron, in a one-pot reaction and at in a controlled environment and

temperature, form a polyhedron structure with regular sides.

As illustrated in Chapter 3.5, gel electrophoresis was run for each sample,

comparing them with the single strand (ssDNAs) run for establishing the amount

148



of residual, un-annealed ssDNAs in the final batches. Further quantification was
not possible, as the sample amounts did not suffice for analytical techniques such
as dynamic light scattering (DLS), which requires high volumes and

concentrations compared to the produced batches.

Although dimerisation is possible, the electrostatic stacking between the bases
comprising the DNA molecules does not affect the stability or the shape of the

polyhedron, and therefore, it has not been taken into account.

For the deposition, of the DNA origami structures, the samples were immobilised
onto three kinds of substrates including, mica, polished silicon wafer, ITO and
carbon films on a TEM grid, each characterised by different conductivity and
transparency (see Section 3.7 for full details). Preliminary AFM images of the
three polyhedrons immobilised onto the various substrates were taken as control
for later comparison, i.e., after the coating processes. While the DNA structures
showed high affinity with all the surfaces, the intrinsic roughness of the latter ones
increased the difficulty of measuring using AFM imaging compared to very
smooth, freshly cleaved mica. It was concluded that all the chosen supporting
substrates are suitable for DNA structure immobilisation and the following

replication processes.
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Figure 5.2. AFM images of the substrates. a) Silicon wafer, average roughness of 534+20 pm,
b) ITO, average roughness of 586142 pm, and c) carbon film on TEM grid, average roughness of
293156 pm.

The 9-nm DNA structures of various shapes are seen in negatively stained TEM
images (Fig. 5.3) which reveal the presence of a mixture of triangular and square-
like shapes of the sub-10 nm features. Negative staining enables contrasting and
visualising the DNA (appearing as white nano-shapes) by staining the
background while leaving the actual specimen untouched, and thus visible. The
co-presence of several distinctive geometries, which can be retrieved from the
various possible orientations of a polyhedron-like structure in the 3D space are
shown in the inset of Fig.5.3. In particular, in the inset of Fig. 5.3.a, a triangular
shape is highlighted in the middle of the picture while at the same time, square-
like locally assembled structures are observed in Fig 5.3b. Scanning,
transmission electron microscopy image in the inset of Figure 5.3b demonstrates
the resolved DNA-based nanostructures with a characteristic 10nm scale. It is
worth noting, that since these DNA structures are on sub-10nm scale, high
resolution imaging is very difficult and furthermore, the high current density

required for such images appeared to damage the assembled morphologies.
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Figure 5.3. 9-nm DNA features TEM images. The various 3D orientations of the polyhedrons
are mirrored by the disposition of the fabricated DNA polyhedrons when immobilised on
supporting surfaces. a-b) TEM images of 10 nm polyhedrons on TEM grids from aqueous
solution. Different areas highlight the various morphologies achieved after drying. b, inset)
Scanning transmission electron microscopy image of polyhedral nanostructures assembled on a
grid.

The overall disposition of the polyhedrons on a sub-micron area, as seen in Fig.

5.3., varies upon the deposition time and likely, the amount of residual salt from
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the Mg?* washing solution, which can act as an aggregating agent due to the
carried positive charge, which counteracts the negatively charged DNA. Hence,
the average density of the DNA nanostructures on the surface cannot be
calculated, since the immobilisation process is yet to be optimised.

The AFM imaging in the Goodman’s original work [200] was carried out in a liquid
state, i.e., environmental AFM, using an ultra-sharp AFM tip (typical radius of 2-
3 nm), which produced high resolution of both shape and edge lengths, with the
height of the polyhedron measured as 10.5 nm [193].

In this work, we have aimed to reproduce high-quality AFM images (512 x 512
pixels) in tapping mode, using commercial tips with a tip radius < 8 nm using a
Nanowizard Il instrument.

AFM imaging in tapping mode, as described in Chapter 2, is a non-destructive
technique, based on the interaction of a probe (or tip) with sample surfaces,
allowing high resolution down the 1 nm scale. It is important to notice the
difference between the two kinds of AFM tips used in our and previous works
which is based on the concept known as tip convolution, which is also known to
affect the quality of the produced AFM image and can be corrected by calculating
the deconvolution, according to the previously established models [317-323]. As
shown in Fig 5.4, both the vertical (z-plan) and the lateral (xy-plan) imaging can
be affected by a wide range of undesirable inaccuracies during the scanning,
usually leading to artefacts and a reduction in the achieved resolution.
Nevertheless, the vertical resolution is typically high and strongly dependent on
the shape and sharpness of the tip (Figure 5.4). With the tip radius being rip, the

convolution error ranges from 2 - 0.9 nip depending on the height of the examined
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sample [322]. The convolution error of lateral resolution must also take into
account the aspect ratio, A, of the sample, defined as the ratio between the height
and width of the analysed features, A = H/w. Additionally, the size of the scan
can largely influence the image resolution, with it being calculated as the number
of nanometres per pixel (nm/pxl), it determines the amount of points collected for
each scanned line (Fig. 5.4). Therefore, the deconvolution of the tip is an
essential step for the reconstruction of the real topography of a surface. The
deconvolution of the tip plays a substantial role in sample imaging and is mostly
based on the correct estimation of the probe geometry. This can be either
provided by the supplier or obtained via an electron microscopy characterisation

of the tip.
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Figure 5.4. AFM tip convolution schematics. a,c) The tip shape and radius have a fundamental
role in determining the convolution of the image. b) The resolution, expressed as the ratio
between the measured and the real width, is relative to the sample/tip radius ratio, also depending
on the sample height. Reproduced from Winzer, 2012 [317].

Over the years, few possible solutions have been developed to overcome the
convolution effects arising from the cantilevers. One method was the
manufacturing of a new set of single-walled carbon nanotube (SWCNT)-based

tips. These ultra-sharp probes exhibited high-performance, however, were of
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higher cost and in certain cases also required well-trained operators, due to their

frailness and specific handling requirements.

In this study, the tips with the radius < 8 nm were used for producing the AFM
images were purchased from the Windsor Scientific (UK). Since the feature side
(Rp) is expected to measure approximately 10 nm [171,193], it is assumed that
R, — 1ip K R, while the aspect ratio of the structures, A, is ideally 1 [317,321-
324]. Therefore, after absorbing the assembled DNA polyhedrons using standard
methods on mica with Mg?* as counterions and setting the experimental
conditions for high-resolution AFM imaging, the vertical side of the polyhedron is
expected to be 3.2+1 nm [196,317].

According to the several previous studies [317,319], DNA polyhedrons tend to
collapse on themselves during the deposition and drying steps, leading to a
dramatic decrease in the samples’ vertical dimensions. Such structure ‘failure’
has been widely documented [188,195,196] as an effect of the drying process,
where the liquid medium is removed, withdrawing the “support” in the vertical
dimension.

Coupled with this effect, at the same time, the mechanical force of a few nN
applied during the scanning produces a compression of the biological material
[317]. The cross-section analysis of the images allowed measuring the lateral
dimension of the samples, yielding the dimensions of 102 nm. The measured
values are slightly bigger than the original structure dimensions shown in
literature (9+1.5 nm) [195] although, are within the expected experimental error

range especially if taking into an account our choice of a commercial tip with rip

154



< 8 nm which introduces an additional error in the xy-plane (Figure 5.4)
[317,318,320]. The polyhedron dimensions were additionally confirmed by TEM
and AFM characterisation, which also indicated a tendency to aggregation after
drying. As shown in Fig 5.5.b-c., the triangular shape of each side of the
polyhedrons is usually preserved, however, after the solvent is washed away, the

polyhedrons slightly deform, arranging in square-like features.

<
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Figure 5.5. 9nm polyhedron AFM profiles. a) 3D AFM map of 1 x 1 ym2. The white peaks
represent the 9-nm polyhedra on mica, which, upon collapsing, results in an average of 3.5 nm
height. b) Image-related cross-section.

When investigating the 20-nm DNA polyhedrons, similar effects related to the

AFM tip convolution were taken into the account as well as the role of the Mg?*-
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based salt. TEM imaging was not carried out for the larger 20-nm and 30-nm
nanostructures.

The deformation effect is due to the combination of the washing procedure, which
eliminates the Mg?* salt from the structures’ cavity, and the polyhedrons open-
hinges (each corner of the structure is formed by an hairpin-like structure in the
DNA sequence, see Section 3.6.2), which affect the rigidity of the 3D DNA
structures. As previously described, the Mg?* salt has a fundamental role in
stabilising the polyhedrons in solution, besides acting as an anchoring site for the

DNA onto the substrates.

According to the previous models [318-320,322], the structure dimensions
reduce the error associated with both the vertical and lateral AFM scans, under
the same experimental condition. Due to the fundamental differences in the
annealing process reported in Section 3.6.2, the side of the 3D structure
[202,316] ranges between 16 and 20 nm, in contrast to the 9 nm- feature for which
the triangular side shape is mostly preserved during the drying. In this case, the
presence of the tiles (star-like intermediates in the synthesis which are positioned
at each vertex of the assembled tetrahedron) provides additional stability to both

the hinges and the edges.
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Nevertheless, the structure is still expected to collapse due to the DNA

dehydration [197] and which was found to measure of 4£1 nm in height.

Two significant structure populations were revealed by the AFM imaging (Fig
5.6.a-b). The brightest, uneven features exhibited dimensions and shapes which
would be suggesting impurities from the rinsing solution (2 mM Mg(OAc)z2), as a
result of the sample immobilisation procedure, i.e., salt crystallisation. Large
areas (Figure 5.6b) are covered by less bright triangular features, corresponding
in size to the expected polyhedrons (approximately 3 nm).

Since the points of adhesion with mica change upon the geometric orientation of
the nanostructures (in a 3D space) (Fig 5.6), two key dispositions were identified

including, (i) triangular-like and (ii) square-like morphologies.
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Figure 5.6. AFM height image of 20 nm DNA on mica. Due to their robustness, the yield is >
90%. a-c-e) The large area scan shows the presence of bright white points, which are assumed
as an aggregation of the structures and residual salts (a). The height of selected features is
highlighted in the cross-section (c), while the 3D image allows observing the whole system
disposition in a 1x1 ym2. b-d-f) The AFM image shows the presence of 20-nm features as the
less bright triangular-like shapes (b), with height profile (d) showing close values to the ones
reported in the literature [197]. The 3D image allows observing the whole system disposition in a
350x350 nm2,

Roughness data of the sample afterimmobilisation was compared with the freshly
cleaved mica values, indicating an average peak-to-valley difference of 3.63 nm.

Additional cross-section analysis of a single polyhedron highlights the height
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profile of the observed features and set it to 41 nm, closely correlated with the

previously reported values [202].

Finally, AFM height images were taken for 30 nm DNA structures, according to
the described assumptions taken in the previous sections for tip convolutions and
the Mg?* role in the system.

These features, similarly to the 20-nm polyhedrons, are comprised of basic,
identical tiles branching in four directions, which are connected by their sticky
ends, easily forming the polyhedrons as the smallest stable structure. As reported
by He et al. [196], the dehydrated and collapsed DNA polyhedrons are expected
to measure 2911 nm in lateral dimensions with a height of 2.5 nm while showing
the edges for pointed out-of-plane vertex orientation (Fig 5.7). In our work, the
produced structures, previously immobilised on mica with well-established
protocol by using Mg?* as counterion, are variously oriented on the surface. In
each case scenario, the structures exhibit a side of 3746 nm and a height of 5+2

nm.

159



Figure 5.7. AFM images of 30 nm DNA structure on mica. a) AFM heightimages of the possible
geometric orientation in a 3D space of an ideal polyhedron with typical dimensions of
approximately 30 nm. b) AFM images of DNA assembled polyhedrons on mica, using Mg?* as a
counterion for immobilisation. Polyhedrons are observed in correspondence of the white spots,
where the brightest point points at the top vertex. The four polyhedrons likely lie on the side. c)
High-resolution image of a 30-nm polyhedron, outlined by its vertexes, on the top-left corner of
the image.

5.4. DNA Polyhedrons Surface Distribution

As illustrated by the TEM and AFM analysis, the precise DNA polyhedra surface
organisation at this stage of research cannot be determined, although the effects
of a local organisation are observed.

Figures 5.3 and 5.5 show areas of high aggregation for the 9-nm DNA
polyhedrons in a dry state, where the medium has been entirely removed and the
structures have collapsed. However, further areas show no presence at all of the

DNA features. This aggregation phenomenon can be ascribed as a direct
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consequence of the Mg?*-based salt presence, which, due to the strong positive
dipole, attracts the negative dipole carried by DNA features [34,196,325,326].
Furthermore, the quick-drying process of the DNA samples may also concur in
immobilising the structures in specific local arrangements driven by energy

minimisation and dipole-dipole interactions.

Different local organisations are seen in the AFM images in Figure 5.6, where the
20 nm polyhedrons are (more) discretely distributed over the surface, and fewer
aggregation points are localised. This arrangement is likely due to the larger
dimensions of the structures which lead to weaker directional interactions and in
turn, to a weaker attraction to the salt grains.

Similarly, preliminary images of the large 30 nm features (Fig. 5.7) do not show
any localised organisation and appear as discrete, well-separated particles,

although not enough data was collected to confirm this behaviour.

At this stage of research, the surface distribution of the DNA structures has not
been taken into account, since the sought optical properties were demonstrated
as uncorrelated to specific spatial arrangements of the meta-atoms, as recalled
in Chapter 1.4. In fact, surface plasmon polaritons and negative-refractive index
(SPP and NIM) can arise from randomly organised media [327-329] and since
the goal of this work is to demonstrate the feasibility of the described procedure
for possible applications for metamaterials, no adjustment in the DNA features
surface arrangement has been undertaken. Viable alternatives for immobilising

the structures were taken into consideration, though, at this stage, were less
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prioritised due to focusing on the production of a preliminary optically-responsive
surfaces, since optical properties can also directly arise from the observed

distributions.

5.5. Preliminary Studies of 3D DNA Polyhedron as
Replication Moulds with the Corresponding Advantages

and Disadvantages and Further Required Optimisation

In this section, electroless plating and gold sputtering results are discussed,
highlighting the advantages and disadvantages, while demonstrating the

unfeasibility of such techniques for bio- and soft-material replication.

The 3D DNA polyhedrons, characterised by their shapes and dimensions after
drying, were further used as replication templates with various coating
techniques. Due to the stiffness and the physical properties of the structures, it is
assumed that the plating process does not affect the polyhedrons in both dried
and wet conditions. To complete the replication of the nanostructures both the
sides and the cavity of the polyhedrons are aimed to be reproduced with a noble

metal.
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Initially, we pursued the direct replication of the assembled 9 nm-features. Since
the DNA conductivity properties are still under debate [330-332], we assumed
that their reported slow electron transfer rates (i.e., electrical conductivity) would
not suffice to attempt electroplating processes, which are typically performed on
highly conductive substrates. In line with this hypothesis, electroless deposition
(see Section 3.8.2), a spontaneous chemical reaction reducing the gold in
solution (Au®*) to metallic gold (Au), was chosen as an initial technique for
replicating the DNA polyhedrons. The electroless deposition enables the
patterning of non-conductive substrates and therefore, could be suitable for the
direct plating of the DNA-based material. However, the limited amount of solution
(< 30 ml) coupled with the polyhedrons low concentration (< 1 nM) set
unfavourable experimental conditions for the complete coating of the structures.
Additionally, the dimensions of the Au® grains obtained by ascorbic acid [333,334]
although in the sub-25 nm scale length, were not highly compatible with the 9 nm
side of the small polyhedrons to further coat the structural part of the cavity. AFM
characterisation of the samples was hampered by the presence of high
concentration of salt which has crystallised after several washing steps.
Additionally, the dimensional polydispersity of the gold grains was unsuitable for
fabricating a homogenous sub-25 nm thick coating, as shown in Figure 5.8, which
also highlights the presence of > 40 nm particles.

Following several attempts, it was concluded that the electroless deposition is an
unsuitable tool for the 10 nm polyhedrons replication, and therefore, other
deposition techniques such as electroplating and plasma sputtering were further

performed on the 20 and 30 nm-polyhedrons samples.
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Figure 5.8. Electroless coated surfaces. Large particles, with the unsuitable dimensions of the
DNA features to be plated, can be clearly observed in the shown area.

In addition, plasma sputtering (Chapter 2.3.3), a coating process where particles
are emitted from a target, set at a specific distance from the sample, was also
tested as a replication method for 3D DNA morphologies. Due to the high energy
of the ejected gold particles, this technique is usually considered highly unsuitable
for treating biological samples. After careful considerations of the experimental
conditions including, in particular, the gold emitting height and the Argon
atmosphere pressure, controlled deposition of homogeneous gold films was
obtained, producing gold nanolayer with dimensions comparable with the 3D

DNA polyhedron side, as plotted in Figure 5.9, in the calibration curve.
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Figure 5.9. Average thickness of gold nano-layers sputtered on top of a silicon wafer vs
time.

Since the homogeneity of the sputtered film is consistently reproduced with
deposition time = 60 s, which corresponds to a layer thickness of 12 nm, the 10
nm DNA structures were not coated, as shown in Figure 5.10.

Since plasma sputtering is a physical process, the emitted particles travel in a
straight direction before finally depositing onto the substrate, thus, while a uniform
layer is easily deposited, the emitted particles can not reach the central cavity of

the polyhedrons.
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Figure 5.10 AFM image of gold sputter deposition for 60 s.

Gold sputtering as a deposition technique enables the fabrication of a thin layer
on simple templates such as, grids or lamellae [335]. In turn, this kind of patterned
film can be lifted-off and detached from the substrates, making it applicable for
potential application in integrated nanoelectronics and biosensing devices

[336,337].

In contrast, the use of intricate structures characterised by cavities such as, DNA
polyhedra has been confirmed unsuitable for complete replication on all the sides,
since the emitted particles cannot reach the hollow spaces and asperities of the

features.
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5.6. Determination of Suitable Substrates and Operating
Conditions for 3D DNA Polyhedrons Replication via

Electroplating Deposition

So far, the fabrication of robust micro-to-nano metal arrays has widely utilised
plating processes for producing stable coatings on a wide range of substrates. In
fact, electroplating is frequently used in the fabrication of nano- and bio-devices,
due to the capability of modifying the nature and mechanical properties of the
electrodeposit by changing the electrolytic bath composition and tailoring
deposition parameters (temperature, convection, deposition technique). In this
work, the replication of the 3D DNA nanostructures represents a challenging step,
mostly due to the sub-30 nm dimensions of the polyhedrons and their

organisation on a surface upon drying.

It needs to be recalled that the polyhedrons are immobilised onto the substrates
by non-covalent bonds, and thus, a partial loss of sample is to be expected,
although, it has not been quantified accurately.

Experimentally, as shown in Fig 5.11.a., the three-electrode setup for the
electrodeposition is comprised of the substrate to coat as the working electrode
(WE), an Ag/AgCl 1 M KCI (0.222 V vs. SHE) reference electrode (RE) and a Pt
wire as counterlectrode (CE). The role of each electrode in the set-up is explained

in detail in Section 3.8, along with the chosen configuration.
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The relative position of the electrodes plays an essential role in the yield of the
electrochemical process since the inter-electrode distance modifies the amount
of deposited material (Fig 5.11). More specifically, the physical distance between
the WE and the RE should be minimised to reduce the ohmic drop ascribed to
the inherent resistance of the aqueous electrolyte employed, whilst the CE should
be kept as distant as possible to avoid redepositing of by-products formed at the

CE surface.

In this work, the ideally parallel orientation of the WE (Fig 5.11.a) with respect to
the gold solution, was achieved by use of a meniscus configuration, to ensure
that the applied current flux solely comes in contact with the area of the carbon
film modified with the DNA polyhedrons. In particular, this configuration was
attempted when using TEM grids as substrates, in order to minimise the
interactions with the uncoated copper side of the grid and the plating solution.
Experimentally, the WE position was modified by partial immersion of the grid,
perpendicularly oriented, therefore enabling further coating and by-reactions at
the copper interface, which were further minimised by careful consideration of the
experimental parameters.

Initially, while attempting to maintain a parallel geometry, the grid was pasted with
conductive glue to a copper sheet, as a conductive support and orientated parallel
to the liquid surface (Fig 5.11.b-d) although, the deposition was eventually
ineffective due to the unstable position of the WE. The copper sheet was replaced

by conductive metal tweezers which enabled the stable positioning of the grid,
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preventing any contacts with the solution and the support itself which would

interfere with the overall electroplating process.

1

\_—/

Figure 5.11. Electrochemical setup and details. a) Three-electrodes setup for
electrodeposition, comprised of a working electrode (WE) where the sample to be coated is
placed, reference electrode (RE), in our case a silver/ silver chloride electrode (E = +0.197 V) and
a Platinum wire as counterlectrode (CE). b-d) Two of the working electrodes support are used. c)
A copper wire glued to a TEM grid upon which the sample was immobilised, held in parallel
position to the solution, forming a meniscus to ensure the direct deposition onto the grid. In b) an
inverted tweezer allowed to hold the grid and eventually all the substrate partially immersed in the
solution. e) An image of an assembled experimental setup ready for the electrodeposition
process.

The cyanide-free bath, on the contrary of the traditional ones, eliminates the
health hazards from the formation of HCN() which forms after disproportion of
the Au(CN)zfor T > 26° C. In this work, the use of a commercial solution, ECF60
(Metalor Technologies Ltd, UK) formulated for fine patterning on semiconductors,
enables coatings on conductive surfaces with insulating features, resembling the

nature of the samples to be electrochemically modified.
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5.6.1. Preliminary Tests for Substrates and Solution Stability

Preliminary tests were necessary to determine the activity and stability windows

for both the plating solution and the substrates.

Preliminary studies of the plating solution are shown along with the Pourbaix
diagram [338] (Fig. 5.12.a-b), which indicate the different oxidation status of a
gold aqueous solution at varying pH and applied voltage (E), also defined as a

potential/ pH diagram.

In this work, the oxidation state of the gold is strictly dependent on the potential
applied, the pH and also, on the temperature of the solution. Additionally, this
latter factor has a cumbersome role in preserving the DNA structures during the
plating, which otherwise may affect their stability and thus, the 3D arrangement.

The diagram proposed in Figure 5.12.a refers to 25°C bath conditions.

From the Pourbaix diagram, it emerges that metallic gold (Au) is majorly present
for E < 0.2 V at every pH value, while upon applying a potential difference it can
reach various oxidation states and therefore, originate different species.

On the one hand, beyond the upper limit of the stability window of the
electroplating setup, as shown in Fig 5.12, Au20s is formed (E = 1 V), although
voltage values above -0.2 V also result in corrosion of the copper grid originating
CuOx. On the other hand, below the minimum threshold of the stability windows,
for E <-1V, solvent breakdown occurs as water disproportion, releasing gaseous

Ha.
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Figure 5.12. Electrochemical window for ECF60 and related Poubaix diagram. a) Pourbaix
diagram is highlighting the different species originating from the gold various oxidation states,
upon changes in the voltage applied and the pH of the solution. b) Voltammogram of ECF60,
upon determination of the OCP, at approximately -0.2 V. The stability area, in the green box, has
the OCP as a maximum threshold, while the minimum value is determined by the solvent

breakdown.

The stability limits of the substrates in the solution were established by corrosion
test, determining the open-circuit potential (OCP test). Potential limits were set

between -1 and -0.2 V for the carbon film TEM grid (Fig 5.12.b) and between -

N V)

0.75 and 0 V for the ITO glass slide, which were similarly analysed.
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The by-reactions occurring while plating silicon (Si) wafers, coupled with the
harsh bath conditions required, concurred in considering silicon substrates
unsuitable for biological sample treatments thus, leading to perform the Au

electroplating directly onto polyhedron-modified TEM grids and ITO glass.

After OCP determination, the linear scanning voltammetry (LSV) (see Section
3.8.1) recorded within the sample stability window (Fig. 5.12.a.) allowed to gather
insight on the Au deposition process. A reaction kinetics-controlled region (from
-0.2 to -0.75 V) was followed by a mass transport-controlled region (from -0.8 to
-1 V), featuring a cathodic peak characteristic of diffusion-controlled
electroplating processes. As the electroplating process is used to obtain sub-30
nm Au layers, the Au growth rate should be slow enough to enable careful control
over the deposition process. This level of control is generally achieved in the
kinetics-controlled region, where the applied over-potential with respect to the
OCP value is small and therefore, acts as the Au deposition driving force. At high
overpotentials, which is defined as a mass transport-controlled region, the
deposition rate would be very fast, promoting bulk Au deposition.

Consequently, the electrodeposition potential was set at -0.7 V, where the
reactions occurring at the WE are mostly kinetics-controlled, as shown in the LSV

diagram (see Section 3.8.1) in Figure 5.13.
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Figure 5.13. LSV diagram derived from OCP determination. The cathodic peak, typical of
diffusion-controlled processes, is followed by a kinetic-controlled region, which lasts until -0.2 V.

Therefore, a set of bare substrates were electrochemically coated for testing the
reliability and reproducibility of the methods, for both E =-0.7 Vand E =-0.8 V,

in order to justify these assumptions.

As recalled, when plating at E = -0.8 V, the electrochemically-driven Au3*
reduction occurs at the WE with a high deposition rate, leading to the formation
of a large number of initial nuclei which ultimately grow to overlap and form a full
layer.

As shown in Fig. 5.14, the deposition time () has also a fundamental influence
on the thickness and shape of the plated gold nanolayers. For instance, lamellar-
like structures can be identified on a substrate coated for over 60 s (Fig 5.14.c-
d), while, for t = 40 s, nano-islands are formed (Fig 5.14.a-b). Both structures,
due to the elevated amount of formed nuclei, had an elevated roughness with an
average peak-to-valley distance of approximately 20 nm thus, resulting in an

unsuitable coating for the DNA polyhedrons. For t < 40 s, the deposition was
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highly irregular and sporadic all over the substrate, with fewer nuclei than the t =

40 s sample, localised at the surface defects of the substrate.

Figure 5.14. Gold formation on substrates after electroplating. a-b) Nanoisland formation
after a 60 seconds deposition at -0.8 V. Since E is close to the cathodic peak, and the occurring
reactions are diffusion-controlled, the great amount of material deposited does not allow a
homogeneous film to form. Similar assumptions in ¢-d), where the gold deposits as lamellaes.

On the contrary, the deposition carried out at E = -0.7 V, for t = 20, highlighted
the formation of a 7.5t2 nm layer, evenly distributed. The dimensions of the
resulting grains are comparable with the DNA nanostructures, therefore, setting

the ideal conditions for the replication of the polyhedron nanopatterns.

Consequently, the determination of the gold deposition conditions on ITO has

followed similar to the above-described assumptions. The ITO thin film has

174



usually an electrochemical window from -0.5 V to 1.5 V (vs. SHE), although the
analysis performed on our sample showed an extended window to -0.55 V (vs.
SHE). The electroplating potential was then set to 0.2 V (vs. SHE) and the
produced layer roughness results with a maximum peak-to-valley distance of
31£0.5 nm for a 20 s deposition, while the thickness modulated by the deposition

time (Fig. 5.15), with a maximum of 40 s.

Figure 5.15. Gold plating on ITO. a) AFM image of gold coated ITO. In b) the picture shows an
extensively coated ITO glass, much above the desired thickness. Sub-10 nm structures are nearly
transparent and therefore, difficult to observe.

Once the electroplating parameters were established, further tests were carried
out for demonstrating the method’s feasibility when coating insulating features
immobilised onto the surface. At this instance, 100 nm polystyrene nanoparticles
(PS-NPs) were coated while maintaining the experimental conditions determined
above.

The PS-NPs diameter was monitored before and after the plating. PS-NPs are
inert at the varying applied voltages (see Figure 5.16) on both TEM grids and ITO
glass, and no changes in the shape of the spheres were observed.

ImagedJ software was used as a tool for analysing the diameter of the particles
before and after the plating, showing a homogeneous increase of 9£3 nm, for t =

20s,and 11+ 2nmfort=40s.
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Figure 5.16. Gold plating control. Comparison between PS nanospheres a) before and b) after
gold electroplating, for a deposition time of 20 seconds. The particles diameter was measured
before and after the plating treatment, and an overall increase of approximately 9 nm was
calculated.

5.6.2. Replication of 3D DNA with Gold Electroplating

The 3D DNA polyhedrons were replicated upon immobilisation on the substrates,
which were previously electrochemically characterised. A close gold replica of the
DNA polyhedrons, reproducing both edges and cavities with no loss in the
structural details, was produced. Thus, illustrating a proof-of-concept of a novel
procedure, which enables DNA molecules to be exploited as templates for
fabricating a range of 3D nanostructures.

The accurate dimensional tuneability of the structures, as demonstrated in
synthesising various polyhedrons with varying side length, allows manufacturing
tailored templates, which can be further reproduced with various noble metals

targeting a range of applications.
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The previous sections provided detailed insights into various plating techniques,
eventually narrowing these to the electrochemical deposition as the most suitable
one, due to its high performances and compatibility with the biological samples.

The dimensions of the gold grains, usually ranging from 2 to 5 nm [126,127,339],
are comparable with the polyhedrons dimensions and enable the replication of a
sub-10 nm thick gold film while preserving the structures during the process.
Upon completion of the replication process, the resulting features can be up to 4
to 5 times larger than the moulds, dimensions which can be tuned depending on

the deposition time.

The first 3D structures replicated were the 10-nm and the 20-nm polyhedrons.
Their position on the surfaces and their shapes were prior characterised in dry
conditions (Fig 5.4-5.6).

According to the general growing mechanisms [340,341], it is assumed that the
plating process, in the first place, occurs on the conductive substrate and later
proceeds toward the edges of the deposited, insulating DNA features (see Figure
5.17). The position of these latter structures was recorded showing a range of
geometrical structures, which are considered as the DNA polyhedra
[171,196,197,200]. Thus, it is expected to observe similar shapes, whose
dimensions will increase with the plating time. The growing process is shown

schematically in Figure 5.17.
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Figure 5.17. Cross-section schematics of the layer-based growth mechanism.

As, the plating of the 9-nm features resulted in a homogeneous layer, where the
gold grains and the polyhedra were essentially indistinguishable, as shown in

Figure 5.18.

Figure 5.18. Gold-plated layer on 9-nm polyhedrons. The gold grains forming an irregular layer
are visibly indistinguishable from the DNA features.

The AFM images of the gold replicated features (Fig 5.19) show the deposited
gold layer, initially still comprised of single gold grains, visible in the early stages
of the gold replication, indicating the nucleation sites for the further nanolayers.
As determined by the preliminary plating of the bare substrates, the deposition
occurred homogeneously on the conductive surface although, the presence of
insulating DNA polyhedrons affects the coating, creating grove-like features, as

shown in Fig 5.17.c-d.

178



Experimentally, the low conductivity of the DNA structures produces insulating
points on the conductive substrates, where the plating first occurs. Therefore, as,
expected, gold deposition on the polyhedrons occurs at a later stage of the

electrodeposition, with an almost complete coating of the substrates.

The structure details of the polyhedrons can be recognised by the presence of
the hole-like features (Fig 5.19 and 5.20), which indicate the pyramid shapes of
the polyhedrons patterned surface. These areas are the replicas of variously
oriented polyhedrons, which result in measured structure sides of 5515 nm.
Surface roughness measurements determined the average peak-to-valley

distance to be 15t4 nm, with an overall roughness of 9+4 nm, as expected after

the gold deposition.

Figure 5.19. Gold-coated 20 nm samples on substrates. a) 1 x 1 um? AFM images show the
deposition on 3D DNA sample on TEM grid. b-¢c) Zoom—in of the areas shown in a) where holes-
like shapes determine the presence of upward oriented DNA polyhedrons used as a plating
template.

From the preliminary characterisation of the bare substrates, the deposited layer

thickness for t = 20 s is approximately 7 nm thus, the increase in the height of the
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structure is due to the preliminary coating of the conductive substrate, which

forms an initial layer with thickness consistent with the expected value.

Thus, limiting the applicability of DNA templates directly replicated from the TEM
grid substrate. To note, the direct deposition on TEM grids was very useful due
to their conductivity as well as the direct TEM imaging of the nanostructures in
the transmission and scanning modes. To further overcome this limitation,
however, preliminary gold replication was carried out on the DNA polyhedrons

and in particular, on the 30-nm DNA features, immobilised on the ITO glass.

Figure 5.20. Gold-coated 20 nm samples on substrates a-b) AFM images of gold patterned
areas where the triangular replicas can be observed.

Since the presence of the triangular-like structures is interpreted as evidence of
accurate completion of the DNA features replication, the procedure was also
applied to the synthesised polyhedrons immobilised on the ITO glass. Here, the
initial roughness of the surface is compensated by the homogeneous
conductivity, which enables coating of sheer, transparent gold layers. A set of

preliminary deposition studies on 30-nm DNA polyhedrons and 20-nm
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polyhedrons, upon immobilisation on ITO, showed a uniform coating on the
surface although, clear images of the octahedron gold replicas were of an
insufficient resolution at this stages and further studies are required to optimise
this procedure.

Table 5.1 summarises the results of roughness measurements taken for each

system, before and after the plating, on a number of various substrate.

Table 5.1. Roughness measurements were taken for each polyhedron before and after
plating at -0.7 V.

Roughness 9-nm 20-nm 30-nm
measurements | polyhedron polyhedron polyhedron
(nm) grid ITO grid ITO grid ITO
Before plating 3.2¢1 n/a 3.1£0.5 | 4.3£0.5 5112 7.3£0.8
After plating 1.320.5 | n/a 9.2+3.9 |10.5£3.2 | 15.842.1 | 17.1+2

5.7. Preliminary Characterisation of the Optical Properties

of the 3D Gold Replicated DNA Polyhedrons

Following the successful fabrication of the 3D gold plated nano-polyhedrons,
preliminary results of optical properties were collected in collaboration with Dr

Vignolini’s group (University of Cambridge, UK).
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Since this section aims to show a set of preliminary data as a proof-of-concept
for future investigation of similar systems, this set of results focuses on the optical

properties arising from the gold surfaces templated by the 20-nm polyhedrons.

As observed in the previous sections, the assembled nanostructures show the
tendency to self-assemble into localised areas which were chosen as analytical
sites for the transmission and birefringence spectral investigation.

Preliminary results for the effect of polarised light on the 20-nm DNA-templated
gold-plated surface in a chosen micron-scaled area are shown in Fig. 5.21.
Cross-polarised images are obtained by using a cross-polarised analyser or
similarly, using a second polariser perpendicularly positioned to the first. Thus,
the original plane-polarised light is eliminated while the perpendicular one is
transmitted. In fact, as shown in Fig. 5.21, from the same analysed area, the
transmitted light drastically changes depending on the transmitted light

interacting with the sample itself.

Figure 5.21. Effect of polarised light on nanostructured gold surfaces. a) Cross-polarisation
20x in transmission and b) cross polarisation 20x, in transmission, of the same location when the
polarisers are rotated 45 degrees.
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A preliminary spectrum of the analysed area was also taken for better
understanding of the properties arising from the interaction of the sample with
varying polarised light, between 350 and 800 nm as wavelength (A) range. The
spectrum arising from the analysed area (Fig 5.22 - red line), compared with the
control spectrum obtained by the gold-plated bare ITO (Fig 5.22 - blue line),
showed that the red background (for A between 600 and 700 nm) has a prominent
signal stretching into the IR. Therefore, this was interpreted as a plasmonic effect
and was further investigated, despite the disturbance arising from the red

background.

251

1.5

intensity (au)

HM’V f

1 1 1 1 1 1 I 1

0 J
350 400 450 500 550 600 650 700 750 800
wavelength (nm)

Figure 5.22. Preliminary transmission spectra. The spectrum of the area anaysed in Fig 5.21
(red line) is depicted against the control spectrum from the gold-plated bare ITO (blue line).
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5.7.1. Optical Transmission Measurements

Further investigations were carried out on specific sites, restricting the analysed
area to singular spots, as shown in Fig. 5.23.
In this bespoken setup, the optical fibre captures spectra from the centre of the

image, where the region of interest (ROI) is located (Fig 5.23, black circle).

Figure 5.23. Areas investigated by transmission polarised light.

Spectra in Figure 5.24 are related to the ballistic light (see Section 3.9.6) filtered
by a polariser at the same angle. While a strong birefringence can be seen
centred around 490 nm (left arrow in Figure 5.24), the red background area
(circled are with an arrow on the right-hand side of Figure 5.24) should be less
polarisation sensitive, indicating that we potentially have polarisation dependent
attenuation in the light path. Future investigation will focus on reducing this effect.
The ITO slide was used as a reference sample while keeping the polarisers
parallel to measure the total incident light. Measurements were taken between

cross polarizers, rotating the sample.
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Figure 5.24. Transmissivity spectra of ballistic light filtered by a polariser at the same
angle. The red left arrow indicates a clear birefringence at approximately 485 nm, while the red
background (600-700 nm) area is less sensitive to polarisation.

Figure 5.25.a-b shows the normalised transmission intensities in the wavelengths
range of 400-800 nm, as a function of different angles with the angle of 0°
indicating the position where the sample is parallel to the polarization of the

incoming light (which is the same in both reflection and transmission).

Furthermore, a periodicity of about 100° is evident in the peak intensity seen in
Figure 5.26, whilst no periodicity is observed for the other peak’s features in terms
of width and spectral position. The position of the transmission peak is 485 nm

for all the spectra (Fig. 5.26).
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Figure 5.25. Normalised transmission intensities as a function of the sample angle and the
light beam. a-b) Taken for the 400-800 nm wavelength window, measurements were obtained
between cross polarisers, rotating the sample.
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Figure 5.26. Normalised transmission at 485 nm for tilting sample angle from 0 to 180°. A
100° periodicity in intensity is observed.

5.7.2. Optical Reflection Measurements

Similarly, the 20-nm DNA-templated gold surfaces were investigated in the
reflection mode. The total incident light was measured with a reference setup with
parallel-aligned polarisers, using a gold-plated ITO slide. The measurements

were obtained rotating the sample.
As observed in the transmission investigation, reflection measurement showed a

100° periodicity, which is present both for the peak and the minimum, in terms of

intensities.
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Figure 5.27. Reflection spectra. The angle in the legend is the one of the rotation stage where
the sample is placed

Noteworthy, the position of the peak and the minimum do not show any shifting,
being found, respectively at 450 nm and 495 nm.
Finally, the transmission and reflection spectra were compared, showing both the

maximum (50°) and minimum (100°) positions (Figure 5.29).
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Figure 5.28. Reflection peak and minimum. The peak is located at 450 nm and the minimum
at 495 nm.

5.8. Conclusions

In conclusion, in this study, we have successfully demonstrated a novel, cost-
effective and robust method for replicating sub-50 nm 3D DNA structures via gold

electroplating. Furthermore, preliminary optical responses were collected from
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such patterned areas showing interesting properties arising from the organised
micro- and nanostructures.

Initially, the sub-50 nm 3D DNA polyhedrons were fabricated and characterised
in dry state on solid supports, and subsequently, were used as sacrificial
templates for manufacturing gold nanopatterns via controlled electrochemical
deposition, enabling highly detailed replicas. Interesting optical properties are
revealed by the interaction of polarised light with the replicated polyhedrons, with
a strong birefringence peak arising at 485 nm in transmission, and later confirmed

by the reflection data.

Reflection and Transmission at 50°
—

o o 'Eé

—

Intensity (normalized)

©O o o o

8
G
4
4

400 500 600 700 800
Wavelength (nm)
Rgﬂection and Transmission at 100°

o

—
(6]
'0"56“ o

o

&
o

Intensity (normalized)

O
o .
o

500 600 700 800
Wavelength (nm)

Figure 5.29. Comparison of the reflection and transmission at 60 and 100 degrees with the
two spectra normalised to their values at 800 nm.
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The results obtained for the 20-nm DNA polyhedron’s replica provide preliminary
yet, fundamental, information about the properties of free-standing three-
dimensional gold nanostructures, delivering a proof-of-concept that new
fundamental methods can be used to further develop tuneable three-dimensional
nanostructures. Further into-depth studies are required to develop robust,
reproducible and tuneable DNA nanostructures that will be able to act as
templates for the fabrication, through molecular recognition, of sub-100 nm
porous metal (or metal-oxide) 3D-nanoarchitectures. Theoretical modelling and
simulations, optimisation of assembly conditions, reproducibility and tuneability,
spectroscopic characterisation and extensive testing of evolving optical
properties are all subjects for further research and studies.

Establishment of all the above listed parameters will in turn, enable this unique
and successful procedure to further, lay the foundations for an innovative
approach to nanomaterials manufacturing, using cost-effective materials and
techniques. The scalability of the protocol toward large areas patterning whilst
preserving the sub-50 nm length scale details of the original DNA polyhedrons
templates may represent a step forward in bio-nanomanufacturing. Furthermore,
the tunability of the polyhedron ‘scaffolds’ enables an endless pool of structures
to be replicated which in turn, can allow modulating the optical properties. Finally,
to summarise, potential applications of the nanoscaled gold 3D replicas can
broadly range from, for instance, sensing devices through the ultra-sensitive
diagnostic platforms to military devices for environmental surveying and

camouflaging.

191



6. Conclusions and Future Outlook

The work presented in this thesis shows two of the many possible ways to
develop nanopatterns that are technologically appealing. Due to the increasing
demand for miniaturised devices, research has exploited alternative pathways for
decreasing cost and time of sub-micron fabrication. In line with this perspective,
this work has focused on producing tuneable nanofeatures, using cost-effective

materials through non-toxic techniques.

The first and second chapters introduce the main topics of the thesis and the
overall aims and objectives, providing theoretical background on nanofabrication
techniques and their uses, while a general introduction of photonic, plasmonic
band-gap, meta-materials and superhydrophobicity provides fundamental
information on hierarchical water-repellent surfaces and optically-active

structures and their manufacturing.

The third chapter describes the experimental approaches and technical
advancement for producing hierarchical patterns, with features on the micro-to-
nanoscale. Early stage optimisation of the systems, deprived of any discussion,

are listed in this section.
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The subsequent chapters are dedicated to the two major research studies carried
out and the corresponding experimental work, presenting the scientific outcomes

and potential future applications.

The fourth chapter outlines the route taken to develop dimensionally-tuneable
lotus-to-rose  superhydrophobic surfaces with hierarchical micro-to-nano
patterning via EHL method.

In this chapter, the hypothesis H1.exp was successfully verified by manufacturing
a range of patterned carbon nanotubes (CNTs)-based top electrode for
electrohydrodynamic (EHD) lithography on polymeric substrates. Careful
determination of the EHD various stages and experimental parameters enabled
the controlled replication of the top electrodes asperities introduced by the CNTs.
Moreover, set aside the “traditional” complete patterning with polymers columns
pinning to the master electrode, controlled partial replication was successfully
achieved, enabling the fabrication of spiky-cones of various pitch and
dimensions. The wetting properties of the produced surfaces were tested and

confirmed obeying to rose-petal and lotus-leaf regimes.

An accurate insight into the various wetting regimes and the nature of carbon
nanotubes (CNTs) as driving elements of EHD patterning provides additional
background information to the overall procedure.

CNTs were grown by chemical vapour deposition as a forest and in
predetermined arrays and then, covered by a silicon layer to preserve them for
continuous, long-term use as top electrodes in the EHD process. The patterning

was carried out on polychlorotrifluoroethylene (PCTFE), which due to its
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hydrophobic properties and polymeric nature provided the ideal substrates for
manufacturing super apolar surfaces with various morphologies. The results of
the wettability properties, obtained by dynamic sessile drop, highlight the
influence of the morphology on the hydrophobic behaviour, mostly dictated by the
distance between the pattern units, enabling Lofus and Rose-like wetting states.
Therefore, CNT-EHL represents a versatile technique easily applicable to a wide
range of polymeric substrates enabling complex yet, tunable geometries, directly
mimicking nature’s unique micro-to-nano structures. The scaling-up of such low
energy surfaces, which have a vast role in modern coatings, fabrics and
technology devices is thus facilitated by the CNT-EHD as a robust and
straightforward technique with high potential for future applications for
mechanical resilient and optically transparent sub-micrometre patterned

surfaces.

The fifth chapter presents an alternative pathway for manufacturing optically-
active photonics-like materials by exploiting the role of DNA origami as a
sacrificial template for scaffolding a metal backbone.

Herein, the principal hypothesis (H1-oprr) was successfully confirmed by the
positive replication of self-assembled DNA polyhedrons via gold electroplating.
Preliminary studies and characterisation of optical properties showed interesting

results in terms of birefringence.

The unconventional use of DNA as a building block represents an innovative
strategy for achieving controlled structures in the sub-100 nm scale by allowing

accurate tuning of the template dimensions. Discussion of the experimental
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details further introduces the manufacturing strategies which were exploited for
the final gold nanostructures, stressing the importance of the correct DNA
assembly into 3D polyhedrons, followed by careful choice of substrates and
deposition techniques for immobilising these nano-architectures on a surface.
Particular attention is given to the combination of techniques used for achieving
structural scaffolds using DNA polyhedrons as templates for replication via gold
plating. Accurate characterisation via atomic force microscopy (AFM) and
transmission electron microscopy (TEM) allows visualising the minute sample
structures while confirming their dimensions and mutual disposition after drying.
The 3D polyhedrons, upon immobilisation on conductive surfaces such as
indium-tin-oxide (ITO) glass or TEM grids, represent ideal replication moulds for
gold electrodeposition. It is demonstrated that the scarce conductivity of the DNA
polyhedrons does not affect the gold plating, which proceeds homogeneously,
coating both the substrates and the 3D moulds at an equal deposition rate. The
surface analysis via AFM imaging revealed the presence of polyhedron-like gold
features, suggesting that the structures were preserved during the plating
process and thus, enabling an innovative and robust procedure for producing
nanopatterned surfaces with a scaling-up potential. The optical properties of the
structures were later studied using the spectrometry analysis, showing interesting
birefringence at 490 nm. Therefore, a novel nanopatterning strategy has been
demonstrated in this study, using biomaterials such as, 2D and 3D DNA origami,
organised viruses, and proteins, which will potentially broaden the spectrum of
tools for manufacturing structures with novel photonic properties, plasmonic

bandgap and negative refractive index. Noteworthy, this procedure might be
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further expanded to plating with different metals such as, copper or silver,
enabling robustly patterned surfaces with potential applications in sensing

devices.

6.1. Future Applications

The remarkable advantages of the patterning procedures introduced in this work
are also characterised by their cost-effective processes. The techniques used for
the manufacturing the unique nanostructures are mostly comprised of bench-top
instruments, either customised or purchased.

With regard to the EHD lithography, in general, an oven and a low-voltage power
supply are suffice as the experimental setup, while conventional spin coating
deposition is necessary for producing the top-facing capacitor plate. In this case,
the production of CNTs arrays requires additional expensive procedures, which
are compensated by the great control gained during the patterning, while
achieving highly reliable and robust micro-to-nano structures. In line with the cost-
effective manufacturing perspective, the fabrication of optically-active materials
only requires a standard galvanostat during the plating process, while the DNA
origami units can either be produced by a bench-top synthesiser or purchased as
designed. Therefore, both versatile procedures will potentially enable increasing
accuracy in the sub-micron fabrication techniques, while diminishing the costs of
production. In particular, self-assembled high-yield DNA structures will provide

ideal building blocks for large-areas patterning, and it is reasonable to suggest
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their use in combination with traditional lithography, or even EHL, in the

production of robust hierarchical surfaces.

The combination of the two techniques will enable highly controlled, robust
micro-to-nano structures generated with the EHL method from polymers, without
lower dimensional limits [100] upon which the DNA units could be immobilised in
order to add additional tuneable sub-50 nm asperities [120,163,186,234]. The
replication of the assembled hierarchical features via plating techniques such as
electro and electroless deposition, sputtering, and chemical vapour deposition
will enable large, controlled and robust patterned surfaces, feasible for potential
application in photonics and sensing devices.

Furthermore, building upon the previously established work, which demonstrated
that an accurate combination of soft-lithography, DNA origami and cages enables
anchoring of these on specific sites i.e., arrays, nanocavities, grids [178,181,335]
in turn, yielding the fabrication of ordered nano-materials, the plating techniques
can further enable a wide range of inorganic materials, to replicate these
nanostructures into organised metal nanopatterns. Further modelling and
theoretical simulations have also indicated potential, broad range of sub-50 nm
morphologies as suitable substrates for novel optical responses in terms of

plasmonic band-gap and negative-refractive index.

EHD lithography has been widely exploited for applications in integrated and

diagnostic devices. Further projects, which we are currently working on (not

shown here), have also demonstrated the EHL as a viable tool for manufacturing
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high surface area components for multi-layered solar cells and organic light-
emitting devices [227,228,342]. Our preliminary results indicate that
chromophores were successfully blended into the polymeric matrix and patterned
using the EHD method into sub-micron pillar-like structures. The presence of the
chromophore metal centre inside the polymers enhances the overall conductivity
compared to the pure polymer, while the patterning increases the active surface
area at approximately 20-40%. Therefore, further electrical and optical
characterisation of the nanofeatures will determine their potential roles for
applications in optoelectronics devices, reducing the production costs and

enhancing the use of eco-sustainable materials.

In conclusion, this thesis illustrates novel versatile and robust routes for achieving
sub-micron and nanoscale features by a simple combination of well-established
techniques and starting, ‘raw’ materials, while paving the way for a future
assembly of a whole new range of hierarchical, functionalised micro-to-nano

patterned surfaces.
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‘Appendix 1.3

9 nm polyhedron

No. Oligo Name

1 STRAND1

2 STRAND2

3 STRAND3

4 STRAND4

Sequence (5'-> 3)

AGG CAG TTG AGA CGA
ACATTC CTAAGT CTG
ARATTT ATC ACC CGC
CAT AGT AGA CGT ATC
ACC (83)

CTTGCTACACGATTC
AGA CTT AGG AAT GTT
CGA CAT GCG AGG GTC
CAATAC CGACGATTA
CAG (63)

GGT GAT AMAACG TGT
AGC AAG CTG TAATCG
ACG GGAAGAGCATGC
CCATCCACT ACTATG
GCG (63)

CCT CGC ATG ACT CAA
CTG CCT GGT GAT ACG
AGG ATG GGC ATG CTC
TICCCGACG GTATTG
GAC (63)
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20 nm polyhedron

Certificate of Analysis and Identity Shoet prneay. Issac Whie

Miss Chiara Busa Oligocode D83629CB
School of Engineering ;

University of Birmingham Edlted 2hduncelio
Edgbaston, Order no. EPS878025
Birmingham

B15 2TT

Oligo name  Strand S

TTA--CCG--TGT--GGT--TGC--TAG--GCG-——

3f
2 x residues of A
21 Bases standard scale 4 % residues of C
8 % residues of G
7 % residues of T
x x 0 x residues of special
Synthesis Trityl OFF 0 x residues of K = G+T
> 0 x residues of M = A+C
e = 0 x residues of R = R+G
Purification Desalted - G25 0 x residues of S = C+G
0 % residues of W = R+T
0 x residues of ¥ = C+T
i 0 % residues of B = C+G+T
SpeCIaI bases 0 x residues of D = A+G+T
0 x residues of H = A+C+T
0 x residues of V = A+C+G
0 x residues of N = R+4C+G+T
Physical data
Refs:- . :
Melting temp.  63.6C Molecular weight 6484Da ::::jmi’;:;ﬂ':ﬂfd“&mmmm““‘m'
The vial contains:- 89 OD units 2650 u.gram 0.414 u.mole

Dilution data  \nhen diluted to1ml, the concentration = 414 p.mole/ul

Dilute to 4138 ul, to get a final concentration of 100 pmole/ul



Certificate of Analysis and Identity Siodprieiiy mmciile

Miss Chiara Busa Oligo code D83626CR
School of Engineering :

University of Birmingham Edited 26 dune 2015
Eth?asLon, Order no. EPS878025
pirmingnaim

B152TT

Oligo name  Strand M

5I
TAG--CAA--CCT--GCC--TGG--CAA--GCC--TAC--GAT--GGA-~
CAC--GGT--AAC--GCC---
3I
11 x residues of A
42 Bases standard scale 14 x residues of C
11 % residues of G
6 x residues of T
2 : 0 % residues of special
Synthe313 Trltyl OFF 0 x residues of K = G+T
0 x residues of M = A+C
i . 0 x residues of R = A+G
Purification Desalted - G25 0 x residues of S = C+G
0 % residues of W = A+T
0 x residues of Y = C+T
H 0 x residues of B = C+G+T
SPECI3| bases 0 % residues of D = A+G+T
0 x residues of H = R+C+T
0 % residues of V = R+C+G
0 % residues of N = A+C+G+T
Physical data
Refs:- ) )
Melting temp.  89.3C  Molecular weight  12878Da Eﬂﬁiiﬁ?;imféi'l%“ﬁf.?ﬂ”‘nﬂ"_ﬁﬂ"‘“““"'
The vial contains:- 126 OD units 3563 u.gram 0.282 u.mole

Dilution data  \nhen diluted to1ml, the concentration = 282  p.mole/ul

Dilute to 2817 ul, to get a final concentration of 100 pmole/ul



Certificate of Analysis and Identity S prteay: Isaac Whie

Miss Chiara Busa Oligo code  D83625CB
School of Engineering :

University of Birmingham Edited ~Juneaiis
Edgbaston, Order no. EPS878025
Birmingham

Bi5 27T

Oligo name  Strand L

AGG--CAC--CAT--CGT--AGG--TTT--AAC--TTG--CCA--GGC-~-
ACC--ATC--GTA--GGT--TTA--ACT--TGC--CAG--GCA--CCA--

TCG--TAG--GTT--TAA--CTT--GCC---

3!
18 x residues of A
78 Bases standard scale 21 x residues of C
18 % residues of G
21 % residues of T
£ . 0 x residues of special
Synthesis Trlty! OFF 0 x residues of K = G+T
0 % residues of M = A+C
. . 0 % residues of R = A+G
Purification Desalted - G25 0 x residues of S = C+G
0 x residues of W = a+T
0 x residues of Y = C+T
i 0 % residues of B = C+G+T
Spemal bases 0 x residues of D = A+G+T
0 x residues of H = A+C+T
0 x residues of V = RA+C+G
0 x residues of N = A+C+G+T

Physical data

Refs:-

Melting temp.  95.9C Molecular weight  23962Da ::g:mf;gfﬁfﬁ;ﬂﬂnﬂﬁmmmm'

The vial contains:- 165 OD units 4740 u.gram 0.203 u.mole

Dilution data  \\en, diluted to1ml, the concentration = 203 p.mole/ul

Dilute to 2028 ul, to get a final concentration of 100 pmole/ul



30 nm polyhedron

No.  Oligo Name

1 long

2 medium

3 medium

4 medium

5  medium

6 short
7  short
8 shot

9 short

Sequence (5'-> 3)

agg cac cat cgt agg ttt aac

tig cca ggc acc atc gta got
tta act tgc cag gea cca teg

tag gtt taa ctt cgc agg cac
cat cgt agg ttt aac teg cc

(104)
Tageaacelgeelggeaagectac
gatggacacggtaacgec (42)

. Tagcaacctgectggeaagectac
galggacacggtaacgec (42)

Tagcaacclgectggeaagecetac
gatggacacggtaacgee (42)

Tagcaacctgectggeaagectac
galggacacggtaacgcee (42)

Ttacegtgtggttgelaggeg (21)

Ttaceglgtogtigelaggeg (21)

 Tiaceglgogtiglaggog (21)

Ttaccgtgiggtigetaggeg (21)
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Tunable superapolar Lotus-to-Rose hierarchical
nanosurfaces via vertical carbon nanotubes driven
electrohydrodynamic lithography+

Chiara Busa,® Jonathan James Stanley Rickard,®® Eugene Chun,® Yaw Chong,®
Viroshan Navaratnam?® and Pola Goldberg Oppenheimer*®

The development of a robust, cost-effective, scalable and simple technique that enables the design and
construction of well-controlled large area superhydrophobic surface structures which can be easily tuned
from lotus-leaf to rose-petal state is essential to enable progress in realising the full applied potential of
such surfaces. In this study, we introduce the tuneable carbon nanotubes-based electrohydrodynamic
lithography (CNT-EHL) to fabricate unique multiscale structured cones and nanohair-like architectures
with various periodicities and dimensions, successfully enabling surface energy minimization. The possi-
bility of contact-less lithography via the CNT-EHL morphology replication combined with the electric
field coupling to smaller self-assembled patterns within the film, provides a way for hierarchical structure
control spanning many length scales along with tuneable wetting capabilities. By controlling the hierarchy
of micro- to nano cones and spikes, these morphologies provide a range of architectures with sufficient
roughness for very low wettability, with the highest contact angle achieved of 173° and their properties
can be easily switched between lotus-leaf to rose-petal behaviour.

Super-apolar surfaces which exhibit unique self-cleaning pro-
perties are very promising for a broad range of applications
ranging from coatings for windows, cloths and car wind-
shields, to the anti-corrosive covering for aircraft> and marine
vessels to antifogging and anti-icing finishes.? Due to the excit-
ing breadth of potential, considerable efforts have been
focussed into developing artificially engineered surfaces to bio-
mimic the extreme water repelling properties, notably known
as the ‘Lotus-Leaf’ effect. The classical Wenzel and Casie-
Baxter models describe the correlation between the surface
roughness and the wettability properties.*> While the Wenzel
regime explains the intrinsic wetting tendency of a liquid to
adhere to the surface after contact, the Casie-Baxter mode
refers to the state at which it is energetically more favourable
for the water drop to bridge across the top of a composite
dual-layered surface structure with air trapped within the aspe-
rities. The transitional regime between the Casie-Baxter and
Wenzel state usually exhibits high contact angle hysteresis and
depends on the dimensions and gaps between the surface
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roughness structures as well as the chemical hydrophobicity.
However more recently, it has been acknowledged that it is
important to consider wetting modes beyond the classical and
the broadly described Wenzel/Casie-Baxter states recognising
existence of not only the ‘Lotus-Leaf’ effect but also of a strong
adhesion combined with super-hydrophobicity known as
‘Rose-Petal’ state®” and thus, distinguishing wetting regimes of
a surface with a single level of roughness and the hierarchical
ones (Fig. 1b).

The existence of such a spectrum of the wetting states can
be understood through the competition of forces acting on the
solid-liquid in terms of surface energy, which is inversely pro-
portional to the contact angle adhesion of water molecules to
the rough surface as well as impregnation of the hierarchical
structures by water or air. For instance, small liquid-solid
adhesion typically results in high contact angle and low
contact angle hysteresis, facilitating super repellent surfaces.
On the other hand, when strong adhesion coexists between
molecules of liquid at the same time as low surface energy,
surfaces tend to be both superhydrophobic and at the same
time sticky. The adhesion hysteresis yields an asymmetry
between the wetting and dewetting processes, with higher
energy required for the latter. Natural super-hydrophobic
systems such as the Lotus leaf consists of micron sized papillae
spaced apart from each other by a micron scale distance and
nano hair like mats on each micro-papillae, yielding the highly
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Fig. 1 Superhydrophobicity in nature. (a) Optical images of the spherical water drops rolling-off the natural Nelumbo nucifera (lotus leaf) and the
corresponding scanning electron microscopy (SEM) image of the surface topography of the lotus-leaf with the higher magnification of the lotus
surface shown in the inset. (b) SEM image of the structure found on the rose petal and the corresponding photograph images of spherical water dro-
plets sticking to the rose-petal surface. SEM image of the microstructure found in broccoli and the corresponding optical images of its superhydro-

phobic properties.

apolar surface with very low contact angle hysteresis (Fig. 1a).
The hierarchical texture of the natural systems allows
enhanced water repellence (Fig. 1) for both static and dynamic
conditions. Biological adhesive systems such as for instance
Gecko’s pads excel in terms of adhesive strength on virtually
any surface due to the millions of densely assembled high
aspect ratio adhesive setae, which are arranged in a grid-like
pattern on the ventral surface of each scansor, branching out
into hundreds of nanometer-sized spatular tips, allowing them
to deform and adhere to nearly any surface. The red rose
petals maintain spherical droplets on their surface which do
not roll off even if the petal is turned upside down (Fig. 1b)
thus, exhibiting both superhydrophobicity along with high
adhesive force with the water. While technologically valuable,
both high-density hierarchical fibrillar adhesives and precisely
orchestred periodic micro-to-nano super apolar structures are
difficult to manufacture in a straightforward manner from a
material of choice and no scalable low-cost approach yet exist
to create the required tuneable geometries.

The vast majority of previous routes to generate synthetic
superhydrophobic morphologies using low surface energy
materials with high or low adhesion are based on conventional
patterning methods.> ' These are not cost-effective, and are
time consuming, often cumbersome and necessitate an accu-
rate combination of multistep processes, thus limiting the
scalability of the resulting architectures. For instance, while
photolithography®'! is an established method for generating
structures optically, it is not a straightforward route to create
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micro and nanoscale roughness simultaneously due to the
sequential photoresist development and film etching pro-
cesses involved, rendering it essentially a two-dimensional
technique, where many steps must be iterated to create a three
dimensional structure, it is also limited by the diffraction
limit. Alternative approaches such as electron-beam lithogra-
phy'? require many sequential steps, are costly and highly sus-
ceptible to beam-drift occurring due to the long exposure
times. Replication fidelity using the majority of the techniques
employed to fabricate the sought after hierarchical superhydro-
phobic architectures on substrates with desired chemical and
physical properties, is predominantly low and often results in
a stochastic mixture of non-periodic and non-optimal packing
of the final submicron structures, unlike the ones found in
nature, (Fig. la-c) and frequently accomplished via using
hazardous organic compounds and corrosive gases.'*'* This
in turn, results in inconsistent and partial wetting states on
meso and macro scales. Fabrication of multitier morphologies
with tuneable wetting exploiting biologically inspired routes,
self-assembly processes, templating block-copolymer based
approaches and various imprinting techniques are typically
limited by poor mechanical stability, mold-pattern distortions,
cost, difficulties to manufacture bicontinuous morphologies in
all three spatial dimensions and the principal uncontrollability
and irreproducibility.'> ™'

Here we demonstrate an unconventional route to reproduci-
bly manufacture scalable nano to micro nanohair-like surfaces
as well as hierarchical cone-structure arrays with various
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curvatures, patterned from vertically aligned carbon nanotube-
based master electrodes via advanced electrohydrodynamic
lithography (CNT-EHL). While electrohydrodynamic patterning
was previously used to pattern dielectric, conductive and crys-
talline materials,>*>® this is the first time that vertically
aligned CNTs are exploited to generate the master electrodes
which are further employed as top masks to generate and
control the fabricated morphologies via the EHL. This innova-
tive approach allows fabricating a range of reusable CNT-based
electrodes with various morphologies and dimensions,
enabling direct and tuneable patterning from the material of
choice and with no need of functionalisation (i.e., inexpensive,
no processing equipment) of robust and highly-reproducible
structures which exhibit hexagonal packing symmetry.
Importantly, the CNTs generated master electrodes, once
coated with a metallic nanloayer, are of a high structural integ-
rity and durability and can be used to consistently produce
structures of interest from low-cost materials and therefore,
enabling high-reproducibility, cost-efficiency and scalability of
the generated nanosurfaces. Moreover, the versatile CNTs-
based masks can be easily tailored and tuned in structural
dimensions and nano-gaps by simply varying their growth den-
sities. Nanohair-like structures, cones and sharp spiky micro
and nano arrays, which are typically difficult to manufacture,
are successfully fabricated via the CNT-EHL in a single step
which can be easily tuned in dimensions, pitch, aspect ratio
and the cone tip curvature. Utilising low-energy materials, the
CNT-EHL fabricated micro to-nanoscale roughness allows
precisely tailoring and controlling hierarchical geometries by
adjusting the patterning parameters and thus, significantly
influencing the surface wetting properties and mimicking the
various regimes found in nature. This method enables tuning
and alternating between the lotus-leaf and rose-petal behaviour
due to the controllable experimental approach and the ulti-
mate morphologies generated while patterned from the same
initial material. The generated superhydrophobic surfaces
with self-cleaning or adhesive properties are promising pro-
spects for both the fundamental research of submicron scale
superhydrophobicity and broader applications including, in
anti-fouling and microfluidics. CNT-EHL therefore, opens a
new avenue for the generation of a broad spectrum of high-
fidelity superhydrophobic patterns in a straightforward and
low-cost fashion, requiring no vacuum processing, no
hazardous organic compounds with possibilities of exploiting
biodegradable or environmentally-friendly apolar polymers,
rendering this technique even more technologically appealing.

Results and discussion

CNT-EHL method, elucidated below, requires assembling a
miniaturised capacitor-like device comprised of a bottom
electrode topped with a thin nanofilm, spun-cast from the
polymer to be patterned and the topographically structured
top electrode with a pattern of interest to be replicated. The
details of device assembly and characterization are given in
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the Experimental section. The physical principles underlying
the destabilization of thin films by electrohydrodynamic litho-
graphy are well-established.”**” The detailed experimental
configuration is schematically shown in Fig. 3. We have fabri-
cated a range of master electrodes based on the vertical CNTs
including, vertically aligned carbon nanotube (VACNT) forests
both as-grown and inverted (Fig. 2a and b) as well as a range
of VACNT-based micro and nano structures (Fig. 2c¢ and d).
The overall procedure for the fabrication of the CNT-based
master electrodes for the EHL is illustrated in Fig. 2. Vertically
oriented CNT forests were grown via chemical vapour depo-
sition (CVD) process to yield well-defined stable large area sub-
strates of nanotube arrays (Fig. 2a and b, top) or were flipped
over to generate better defined, straighter CNT tips (Fig. 2b,
bottom). Various VACNT site-densities in the range of 7-30%
coverage grown via CVD process can be obtained, allowing
control of the nano-gaps in the final masks (see ESI, S17).
Furthermore, VACNT-based morphologies were also designed
and fabricated by prewriting the location and dimensions of
CNT growth areas, generating patterns of arrays of pillars with
various pre-designed height, diameters and pitches (e.g,
arrays with ranges of 1-5 pm diameter with a 1.5-5.5 pm pitch
between the individual pillars) (Fig. 2c).

To transform the bare VACNT arrays into master electrodes,
we sputter-coated the arrays with a 10 nm thin silicon layer
(Fig. 2b and d). The corresponding high resolution scanning
electron microscopy of the uncovered CNTs masks (Fig. 2a
and c) and the low-angle backscattered SEM images of the Si
coated VACNT electrodes (Fig. 2b) demonstrate uniformly
covered VACNTs with a thin layer of silicon. Further, a simple
silanization process enabled rendering the oxidized Si surface
appolar (i.e., low surface energy),”® and thus, led to the
reduction in adhesion of the CNT-EHL patterned material to
the silicon surface. Therefore, the fabricated CNT based
master electrodes can be used numerous times for CNT-EHL
process without undergoing any deformation or damage.

The coated VACNT arrays were then used as master top
electrodes in the EHL assembly. Controlling the inter-electrode
spacing (d), applied electric field (E¢), initial film thickness
(ho), patterning and termination times (z, and z¢) allowed fine-
tuning the desired hierarchical morphologies from the
polymer of choice. Since accomplishing the super-hydro-
phobicity of the manufactured surfaces requires a combination
of both physical structure and the chemical properties, we
have exploited poly(chlorotrifluoroethylene) (PCTFE) with
a static contact angle, 6, of a water drop on a smooth film of
119 + 3° for the EHL patterning to obtain the lowest possible
surface energy properties from the final morphologies.

An overview of the CNT-EHL method is illustrated in Fig. 3.
A topographically structured top electrode opposing the
initially homogeneous film (Fig. 3a-d) induces high lateral
electric field variations in the capacitor-like device. Since the
electrostatic pressure, p, is inversely proportional to the
square of the capacitor gap, d, the downward protruding sharp
structures of the top mask generate locations with the highest
electrostatic pressure and thus, the evolving wave pattern
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Fig. 2 Fabrication of novel vertically aligned CNTs-based electrodes for the EHL patterning. Schematic representation and the corresponding SEM
images of (a) CNTs arrays fabricated using the chemical vapour deposition process (CVD) and electron beam (e-beam) lithography combined with
CVD growth process and (b) subsequently coated with a thin silicon layer to produce a range of top electrodes for EHL. Either as-grown (top) or
inverted (bottom) arrays can be generated. (c) Small-diameter VACNT forests patterned into predesigned pillar structures with various dimensions
and pitches are further utilized and coated with silicon (d) generating abroad range of masks for the CNT-EHL.

instabilities in the thin polymer film are coupled to the hetero-
geneous electric field and driven upwards, eventually spanning
the capacitor gap.

eospV2
2

) epd —h

(ep—1)
The CNT-EHL pattern replication kinetics consists of three
integral parts*>*’ including, (i) the amplification of a capillary
surface instability triggered by applying an external voltage,
which with time causes (ii) the formation of liquid bridges
between the two electrodes (Fig. 3b and d) and eventually, (iii)
this seamless sequence of capillary instability results in the
coalescence of the initial capillary plugs bridging the sub-
strates and the protruding parts of the top electrode, forming
positive replicas of the imposed master pattern (Fig. 3c and d).
Since the confinement of the redistributing fluid polymer mor-
phologies is organized according to the ratio of the electrode
spacing and the initial height of the polymer film in the
capacitor gap, ie., the filling ratio, f (f = ho/d), the pattern
selection during the early stage of the EHL process is a sinusoi-

dal surface undulation and f determines the further stages of
pattern formation. S is the surface area ratio of the topography,

(1)
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i.e., fraction of the template surface that protrudes towards the
polymer film. Given that the profile of the generated pattern
depends on the ratio of the intrinsic film undulation wave-
length, 4; and the lateral periodicity of the master top plate,
An, three EHL replication scenarios are possible: (1) period-
icity mismatch-small wavelength regime (4; < Ap,), where the
initial structure formation is followed by lateral coarsening of
material yielding partial positive replication; (2) periodicity
match-similar wavelength regime (4; ~ A, and S =~ f), where
positive replica of the templates is obtained and (3) periodicity
mismatch-large wavelength regime (4; > A,,), where the
pattern develops certain number of defects and every protru-
sion of the electrode does not faithfully generate a liquid
column.

Therefore, firstly by tailoring the-designing of the top elec-
trodes and carefully choosing the experimental parameters it
is possible to control and fine-tune the patterning process.
Secondly, given the ability of terminating the lithographic
process at each of the pattern formation steps, it is possible to
capture the individual stages of the replication kinetics of
CNT-EHL and thus, the obtained structures.

To establish the precise termination times during pattern-
ing of the PCTFE into the desired morphologies, the evolving
pattern formation of the sandwiched polymer was observed via

This journal is © The Royal Society of Chemistry 2017
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Fig. 3 CNT-EHL based method. Placing the CNT-based top electrode above the (a) initially homogeneous thin PCTFE film with thickness, hq,
(b) liquefying it above the glass transition temperature (Tg) and subsequently, (c) applying a voltage, V, into the capacitor-like device with the controlla-
ble inter-electrode distance, d, triggers the amplification of a surface instability with the intrinsic film undulation wavelength, 4. This instability, with
time leads to the formation of liquid bridges between the two electrodes. The kinetics of pattern formation allows the termination of the patterning
process in each stage of either the (b) cones or (c) pillars with locations predetermined by the top electrodes, at which the electrostatic pressure is
the highest. The sharp tips of the VCNTs-based electrode enable to obtain the spiky replicas as well as ‘sharp’ cones. (d) A photograph of a represen-
tative experimental CNT-EHL rig consists of an assembled miniaturised capacitor device with the patterned film on the bottom electrode and the
CNT-based top master electrode connected to an external voltage supply. The profile of the generated pattern depends on the ratio of 4 and the
lateral periodicity of the master top plate, An,. (€) Electric field distribution during EHL pattern formation.?® (f) Schematic of the geometrical para-
meters of the cone/spike like structure upon wetting and a representative optical image of a water drop on the CNT-EHL patterned surface (inset).

the in situ imaging with an inverted optical microscope
through a transparent ITO glass electrode.>® The electric field
generated inside the micro-capacitor device causes the energe-
tically unfavourable build-up of displacement charges at the
dielectric polymer-air interface and aligns the final mor-
phology along the field lines to lower the overall electrostatic
energy. Lateral field components, which arise during inter-
mediate stages of the EHL process lead to a cone like arrange-
ment of the growing undulations, prior to pinning to the top
electrode and reorganising into pillars (Fig. 3c). A top electrode
of protruding pillars comprised of densely packed VACNT-
based nanostructures generates higher electrostatic pressures
at the centres of each “pillar” giving rise to spike-like, pointing
cones (Fig. 3e).

In Fig. 4 atomic force microscopy (AFM) images and the
corresponding height cross section profiles of structured sur-
faces obtained after the application of voltage to the capacitor
device using various fabricated Si-VACNT top electrodes exhi-
biting a range of features are shown. When the non-patterned
as-grown VACNTs-based electrodes were used, it resulted in the
replication of dense nano-needles with a typical a top-surface
consisting of curly nano-roughness over large substrate areas
(Fig. 4a). The removal of the nonaligned nanotubes by flipping

This journal is © The Royal Society of Chemistry 2017

over the as-grown VACNTs (Fig. 2b, bottom) yielded better
defined, straighter, nanohair-like PCTFE structures (Fig. 4b),
otherwise impossible to obtain using the conventional top
electrohydrodynamic electrodes.””>* Imposing the VACNT-
based columns with different pitches between the pillars and
diameters yielded a range of morphologies, depending on the
degree of master electrode periodicity match/mismatch in the
presence of the laterally varying electric field, the filling ratio
of the PCTFE and the corresponding patterning termination
times (Fig. 4(c-f)).>’

In the similar wavelength regime where, 4; ~ A, a high-
fidelity replica of the imposed top template was obtained ter-
minating the process at stage (ii) of the CNT-EHL patterning,
resulting in periodic cone-like PCTFE structures with a typical
centre-to-centre distance of 3 pm, base diameter of 2.5 pm and
the peak diameter of 0.3 pm (Fig. 4c). Using similar master
electrode and initial parameters yet, terminating the CNT-EHL
replication at stage (iii) of the formation kinetics, yielded well
defined pillars with hexagonal packing symmetry (Fig. 4f),
which have fully spanned the capacitor gap. In Fig. 4d a grid
pattern of sharp 1 pm height cones with additional intermedi-
ate 300 nm height cones was replicated from an initial 93 nm
thickness film (z = 45 min, d = 230 nm, 1/f = 2.5, 1/S = 1.5).
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Fig. 4 CNT-EHL replicated patterns. Atomic force microscopy height and three-dimensional images and the corresponding cross-sections of (a)
curly nano-hair (CNH) surfaces, (b) of straight nano-hairs (SNH), (c) single-level spikes with rounded edges (S1L), (d) two-levelled spiky cones (S2L),
(e) two-tiered heretical spiky cones (S2L2) and (f) hexagonal pillars (HP) replicated from the various imposed CNT-based electrodes.

Insufficient polymer material was available to reproduce the and the value for the lateral periodicity of the master electrode.
CNT-based top electrode topography precisely. This is indi- Terminating the process just before the plugs entirely span the
cated by mismatch in the plate spacing to film-thickness ratio inter-electrode gap resulted in sharp spiky cone (top diameter
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of 270 nm) structures. An upper electrode patterned with fea-
tures of CNTs generates a periodically modulated electrode
with a charged surface giving rise to an electric field contri-
bution which is proportional to the CNTs curvature yielding
local enhancement of the electric field. Since pe « E¢, which
is also much stronger for smaller inter-electrode distances, the
instabilities which still evolve towards their final forms are
focused in the direction of the highest electric field (Fig. 3e)
and the peaks of the forming structures become sharper thus,
terminating the pattern formation at this stage yields spiky
cones.

Using the as-grown CNTs-based master electrode yielded
curly nano-hair (CNH) like roughness, with shallow but sharp
peaks and valleys from the patterned PCTFE film, generating a
superhydrophobic surface which exhibited the rose-petal effect
with a contact angle of 167 + 2° and strong adhesive forces,
with a typical contact angle hysteresis of 83 + 2° (Fig. 4a and
5a). On the other hand, the inverted CNT forest based top elec-
trodes yielded well-defined, dense straight nano-hair (SNH)
like morphology establishing hierarchical nanoscale structure
(intra and inter CNTs) mimicking the lotus-leaf behaviour
(Fig. 4b and 5b) with a contact angle of 165 + 3° and a hyster-
esis of 8 + 2°.

SNH fluorine terminated hydrophobic polymer exhibits
considerably increased water repellent properties due to the
large surface contact area between liquid droplet and the
nanohair-like surface. Interestingly though, on the mesoscopic
scale the PCTFE patterned film appears mostly smooth. In a
densely packed porous network of CNH-roughness with
minute variations in heights, upon wetting with a water drop a
thin layer of liquid is left behind and the solid fraction in
contact with liquid is increased with the network being pene-
trated by water, yielding the high solid-water adhesion and
therefore, high contact angle hysteresis. On the other hand,
closely packed needle like SNH nanostructure restrains the
droplet spread, leading to a smaller contact angle hysteresis
and roll-off super-hydrophobicity. However, the surface rough-
ness must still be maintained, too dense a structure will slowly
close the porous network, thus decreasing the water repel-
lence. Since the surface roughness of the VACNT forests can be
controlled, (see ESI, S17) it is possible to also tune the degree
of the apolar properties for the CNT-EHL replicated structures.
While the curly-like nano-roughness with shallow peaks and
valleys exhibits rose-petal like behaviour creating a thin water
layer upon wetting, the sharp needle-like surface with
measured contact angle of 165° and the contact angle hyster-
esis of 8°, inhibits liquid from remaining on the surface behav-
ing like a lotus-leaf surface.

For the structures shown in Fig. 4c, generated via CNT-EHL,
we measured higher contact angles of 169° + 5° than for the
forest like nanorough surfaces and contact angle hysteresis of
8° + 2° resulting in low adhesive forces between the liquid and
the surface, allowing the water drop to roll-off the substrate
easily. This surface is comprised of hexagonally packed cones
with nanoscale, slightly rounded triangular peaks which
exhibit contact angle hysteresis <10°, resulting in a non-
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wetting of the microstructures’ spaces between the spikes. The
air trapped in-between the spikes yields a heterogeneous
surface comprised of both air and solid. The hierarchical dual
structure of tapered cones in Fig. 4d yielded highly apolar sur-
faces (CA = 168 + 1°) along with the sticky properties (hyster-
esis of 75 + 2°), mimicking the rose-petal effect.

The physical principles underlying the wetting theory are
well understood.”” Here, we briefly summarize the principles
of the wetting and superhydrophobicity on flat and rough sur-
faces (see ‘ESI’, S27 for the more detailed background on the
wetting theory). For flat surfaces, the Young’s Equation is
given by:

Ysv = ¥sL + yLv €os 6 (2)

where, y is a surface energy and 0 is a contact angle (CA). For
wetting on rough surfaces where the contact angle is larger
than 90°, it is energetically more favourable for the liquid drop
to wet a smaller area to reduce the total interface energy, ysy <
7s1. In particular, above a critical roughness value, a cone struc-
ture with the contact area for a known vertical force is given
by: A o [sin ¢ cos*(0 — )] where, ¢ is the fraction of the pro-
jected area of the solid surface that is wetted by liquid, it is
energetically more favourable for the water drop to contact
only a very small fraction of the surface asperities and move
up the cone structure. Therefore, sharp coned CNT-EHL gener-
ated structures are favourable geometries to obtain superhy-
drophobic surfaces since their sharp tips enable the minimum
solid-liquid contact with maximum vertical force per contact
area as demonstrated in Fig. 4e, where a structured surface
yields a contact angle of 173 + 1° and a hysteresis of 5 + 2°.
These physical structures in combination with chemical pro-
perties of the cone-structured polymers lay the platform for
optimal surface topography, which in turn gives rise to the
super-hydrophobicity. Furthermore, these sharp and rounded
cone surfaces closely resemble in their morphologies and
dimensions found in the structures of natural systems, as can
be clearly seen from the SEM images of Fig. 1a-c.

The contact angle of rough surfaces (i.e., cone structures
and CNT-like surfaces) with rose-petal and lotus-leaf effects can
be extracted from the modified Cassie-Baxter equation:

cos 0, = pfscos 0 — f, (3a)

where, 6, is the apparent contact angle of the micro- and nano
structured surfaces, f; is the fraction of the areas occupied by
the solid-water interface and f, is the fraction that correspond
to the vapour gaps, 0 is the Young’s contact angle and p is the
roughness factor, calculated from triadic curve for fractal
geometry”’

p= R/ (3b)

For a three-dimensional space D ~ 2.2618 and R and r are
the upper and the lower limits of the surface topographies.”**°
Based on the surface geometry considerations described in
Fig. 3f, the Casie-Baxter equation can be reformulated (see
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Fig. 5 Wetting properties of the CNT-EHL fabricated surfaces. (a) Optical image sequences on the (i) flat, (i) 90° tilted and
(iii) 180° tilted CNH surface. (b) Sequence images of the water drop advancing and receding on the S2L2 surface indicating its
superhydrophobic contact angle of 173°, shape of the suspending water drops and the complete receding without rupture while
withdrawing the water droplet with Oaqy & 6rec ~ 6,. This behaviour corresponds to a Cassie-Baxter wetting state. (c) Different wetting
states of all the experimental samples showing the measured contact angles (right) and the measured hysteresis (left) with SNH, SiL
and S2L2 exhibiting roll-off (lotus-leaf) behaviour and CNH and S2L demonstrating sticky (rose-petal) properties not observed in the case
of hexagonal pillars in comparison to the reference sample of the flat PCTFE thin film. (d) Variation of the measured contact angle (blue
diamonds) and the corresponding hysteresis (grey triangles) with the geometric parameters is in agreement within their error margins
and are well described by the theoretical prediction (line). The theoretical data follow the same trend, but are offset towards slightly higher
values. Inset: Variation of the contact angle as a function of the structures’ height. Over a height variation of 350 nm, the contact angle
changed by only 22% compared to a variation as function of r/R by a factor of 7.
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ESI, S31) exhibiting the evident dependence on the hexagon-
ally packed cone geometry:

@oer 2O
(2o B2

For a hexagonal array of cones (Fig. 4c—e), the area fraction
of the solid surface that is in contact with the liquid is given
by477

cosf, =

fom /R (5)

For the surface morphologies shown in Fig. 4a and b, and
only considering the top of the nano-hair like surfaces rough-
ness, the theoretical contact angle can be extracted from the
eqn (3a), (3b) and (5). Fig. 5 shows the experimental contact
angles and hysteresis on the fabricated surfaces as well as the
function of morphological geometric parameters. The effects
of structure morphologies and dimensions, fabricated via the
CNT-EHL, on the water contact angle and hysteresis, both
experimentally measured and theoretically calculated, are sum-
marised in Table 1.

It can be clearly seen that the wetting behaviour is consider-
ably enhanced by the surface structure and dimensions in
comparison to the flat surfaces of the same material. Super
apolar behaviour is demonstrated from all the CNT-EHL pat-
terned structures with contact angles exceeding 160° except
the cylindrical pillars geometry (Fig. 5¢) and the S2L2 exhibit-
ing the most superhydrophobic properties with a contact angle
as high as 173°. Nevertheless, while SNH, S1L and S2L2 struc-
tures exhibit roll-off superhydrophobicity mimicking the lotus-
leaf like behaviour (Fig. 5b and c) in the case of CNH and S2L
structures, water appears to penetrate a few nanometres into
the voids and therefore, facilitates strong adhesive forces com-
bined with the superhydrophobicity, mimicking the rose-petal
effect (Fig. 5a and c).

Whereas for the hierarchical S2L structures both levels of
roughness contribute to the pinning effect, with complete
wetting on the larger spikes and the smaller cones which con-
tribute to the second order of roughness with the air trapped
within, in the case of the S2L2 surface, where similar mor-
phology is observed, the second order roughness of the small
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spikes is considerably lower than the primary cones and there-
fore, their effect is negligible.*! According to Cassie-impregnat-
ing wetting regime, the liquid wets the larger-scale structure
and penetrates the smaller nanoscale valleys and therefore the
adhesive force between the water drop and the surface is very
high supporting the droplet even when the surface is tilted at
an angle or turned upside down (Fig. 5a). In addition defects
and artifacts on the mesoscale (micro-to nano) have been
shown to yield either the high localised surface energy, poss-
ibly penetrating into the static drop increasing the adhesion
forces resulting in sticky surfaces on the macroscale.'*** The
degree of opening angle of the cone structures has been also
shown to influence the transition from the slippery to sticky
behaviour.'**?

It is evident from Fig. 5d that the contact angles as a func-
tion of the geometric parameters of the surface roughness of
the CNT-EHL patterned surfaces have a linear dependence,
indicating that the larger the fractional contact area, the
smaller the apparent contact angle (Fig. 5d). As qualitatively
extracted from Fig. 5a and b the marked structural height has
only a minor influence on the contact angle. This is quantitat-
ively shown in the inset of Fig. 5d, where 6, changed by only
22% over height variation, despite a relative variation of the
water penetration by a factor of 7 indicating a considerably
smaller influence of the height on the superhydrophobicity in
comparison to the surface roughness factor.

Finally, our results highlight the importance of the ratio of
the surface roughness factor and heterogeneity parameters, Rq
for tuning the superhydrophobic properties. Typically, the
ratio of the roughness factor as well as the fractional area of
contact can be calculated by averaging the surface roughness
over a given area which is smaller than the liquid droplet. The
contact angle hysteresis is influenced by the value of the
surface roughness which itself affects the ability of the inter-
face to pin the triple line and therefore, decreasing the R; rela-
tive to the liquid drop size eventually rendering the contact
angle hysteresis of a negligible value. For the hexagonally
packed cone structures, the dependence of the surface rough-
ness in Fig. 5(c and d) implies that the triple-phase contact
length has a linear dependence on the contact angle hysteresis
(see ESI, S47).

In summary, we have demonstrated an innovative, control-
lable and facile yet scalable method to fabricate a broad range
of super apolar surface morphologies with a single or multi-

Table 1 Geometrical effects of the CNT-EHL generated surfaces on the contact angle and hysteresis (Hys). The experimental results in comparison

to the theoretical predictions as function of varying surface roughness

Surface R/mm r/nm H/nm 0,/° STDV 0, Hys/° STDV Hys Property Calculated 6,/°
PCTFE film — — 100 119 1 — — — —

HP 1750 — 250 155 3 28 7 Wenzel 156

SNH 1.3 1 1250 165 3 8 1 Lotus 167

S1L 2500 300 1500 169 5 8 2 Lotus 174

S2L2 3000 300 1400 173 1 5 3 Lotus 174

CNH 3.5 1.3 1150 167 2 83 2 Petal 169

S2L 1000 300 1200 168 1 75 2 Petal 170

This journal is © The Royal Society of Chemistry 2017
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level hierarchy. Vertically aligned carbon nanotube forests were
exploited in an unconventional way to produce a range of
robust lithographic electrodes, further exploited in conjunc-
tion with electrohydrodynamic patterning. A range of configur-
ations was produced by verifying the top electrode design and
the experimental parameters during the CNT-EHL patterning
process yielding various hierarchical architectures, mimicking
the lotus-leaf and rose-petal like surface morphologies and pro-
perties. The generated hierarchical structures enable enhan-
cing the hydrophobicity via different length scales of rough-
ness. When the water can penetrate the larger-scale texture,
but cannot enter into the smaller structures, the patterned
surface effectively mimics the ‘lotus-leaf’ effect. However, when
the larger micro- and nanostructures are impregnated by water
this gives rise to high solid-water adhesion and therefore high
contact angle hysteresis. The tuneable wetting properties can
be easily switched between the various behaviours including
the sticky or roll-off superhydrophobicity and super-hydro-
philic surfaces can also be fabricated upon demand from a
simple switch to alternative polymers and morphologies.
Furthermore, thin EHL patterned films can be easily floated
off the supporting substrates and transferred on different
support surfaces and therefore, can be used as advanced
superhydrophobic coatings which conformably adhere to
underlying substrates with any dimension and morphology.
The versatility of the CNT-EHL technique renders it easily
extendable for a broad range of more intricate, adjustable geo-
metrical microstructures enabling direct biomimetics of
nature’s unique wettability. Vertically aligned carbon nanotube
forests patterned into predesigned structures can be also uti-
lized for additional applications including for instance,
straightforward and cost-effective substrates for high-through-
put multiplex detection. Moreover, because vertically oriented
CNTs exhibit functionalities such as electrical conductivity
and unique adsorption properties, these can be further har-
nessed in their development as novel chemical and bio-
sensing platforms. In this tuneable mode, CNT-EHL is a
promising prospect for the robust, straightforward, and low-
cost fabrication of sub-micrometer patterned substrates to
facilitate a plethora of low energy surfaces for coatings, fabrics
and microfluidic device technologies with high mechanical
durability and optical transparency.

Experimental
Growth of the vertically aligned carbon nanotube forests

CNT forests were grown on the 5 x 5 mm?” silicon wafers, using
the cold-wall system of the catalytic chemical vapour depo-
sition (CVD) process.>® Substrates were sputter-coated with a
catalyst layer consisting of Al,O; buffer and iron catalysts.
During the growth process, initially 500 scem of H, was heated
to 750 °C at 5 min under controlled system pressure of
15 mbar. CNTs growth proceeded at 750 °C with a gas flow of
H, : C,H, (460 : 40 sccm). Upon the completion of the growth,
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the substrate was cooled to room temperature under the flow
of 500 sccm of hydrogen.

Fabrication of patterned CNT arrays

CNTs arrays were generated using an electron beam litho-
graphy combined with CVD growth process, where initially, a
layer of photoresist was spin-coated on a silicon wafer which
was further annealed at 120 °C for 2 minutes. Consequently,
the resist was exposed under the electron beam with (pre)-
written dimensions. Finally, it was post-baked at 140 °C for
2 minutes and developed in CD26 for 30 s, and the CNT-based
pillar arrays were obtained. These structures were further filled
by depositing 10 nm alumina and 1.3 nm of iron through a
sputtering process, followed by lifting-off the resist with
acetone. CVD process was utilised using a combination of
H,: C,H, (70:30 sccm) at 750 °C for 2 minutes. CNTs arrays
with desired dimensions and pitches were eventually grown on
top of the patterned catalysts.

Fabrication of the inverted CNT forests

Initially, a homogeneous poly(methyl methacrylate) film was
spin-cast on a silicon substrate, followed by placing the
VACNTs facing the PMMA layer and annealing at 180 °C for
1 minute. The substrate was then cooled down ¢ below the
glass-transition temperature of the polymer film, resulting in a
solidification of the film while embedding the upper ends of
the CVD-grown CNTs forest. The VACNTs were subsequently
peeled off the original silicon wafer, exposing well-defined
straight tips.

CNT-EHL patterning

The fabricated CNT-based electrodes were coated with a
silicon layer (Kurt J. Lesker Si sputtering target 99.999%
purity). To ensure the reusability of the CNT-based electrodes,
these were rendered hydrophobic by the deposition of a
1,1,1,2H-perfluorodecyltrichlorosilane self-assembled mono-
layer to reduce the adhesion between the mask and the EHL
patterned polymer. Alternatively, a non-stick self-assembled
monolayer was deposited from liquid octadecyltrichlorosilane
phase. Silanization was performed by immersion of the sub-
strate in the freshly prepared silane solution (0.25% OTS in
hexadecane).

Highly polished p-doped silicon (Si) wafers, with <100>
crystal orientation (Wafernet Gmbh, Eching, Germany) covered
by 100 nm thick silicon oxide layer were used as substrates.
Initially, the substrates were cleaned in a ‘Piranha’ solution
consisting of 3:1 H,SO, (98%):H,0, (30%), followed by
thorough rinsing with deionised water and dried under N,.
Thereafter, silicon wafers were cleaned using a snow-jet gun
immediately before film deposition and capacitor patterning
assembly. Transparent indium-tin oxide (ITO) covered glass
slides with a resistivity of 80 cm™> were also used as substrates,
allowing the in situ optical tracking of the pattern formation or
replication process. Thin films of PCTFE (Young’s modulus
2.7 x 10° Pa, & = 2.6, Ty = 103 °C, density = 1 g mL™" at 25 °C,
intrinsic viscosity, [n] = 0.70) were spin-coated onto a silicon
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wafer with typical concentrations of 2-3% polymer by weight.
Facing it, a top electrode comprised of the silicon coated
VACNT (as-grown and inverted) forests and arrays, was
mounted at a specific distance, leaving a thin air gap, d. The
silicon wafers were electrically contacted by evaporating a
10 nm chromium layer, followed by a 100 nm gold layer on the
unpolished backside. When ITO glass was used as bottom
electrodes, these were contacted by scratching the polymer
film at two corners before applying the silver paste.

The experiment was initiated by liquefying the spin-cast
PCTFE films by annealing above the softening/glass transition
temperature (typically to around 130 °C) of the polymer while
the voltage (between 40-70 V) was applied to the electrodes
and subsequently, cooling sample to RT solidified the polymer
before the voltage was removed, terminating the patterning
process (typically 20 h). A laterally varying electric field density
was introduced to the system by mounting a topographically
structured CNT-based master electrode onto the polymer film.
Expressed by the ratio between the intrinsic wavelength 4; and
the lateral periodicity (or lateral size of nonperiodic structures)
An of the master structure, three replication cases are
described: (i) 4 < Ay (ii) 4 & A and (iii) 4; > Ap,. After freez-
ing-in the samples by reducing the temperature to room temp-
erature, the electric field was disconnected and the upper elec-
trode was removed. Pattern replication was monitored and
recorded by a microscope and a connected computer through-
out the experiment. After removal of the top electrode, the
quenched polymer film was further characterized by the
atomic force microscopy.

Characterisation

AFM measurements were performed using a Nanoscope IV
Dimension 3100 (Veeco Instruments Inc.) microscope operated
in tapping mode using the NSG 20 cantilevers with a reson-
ance frequency of 260 kHz and a stiffness of 28 N m™". Image
processing and analysis was carried out with the instrument’s
software version V612r2 and V530r2. AFM measurements
yielded the geometric dimensions of the CNT-EHL structure
including, the aspect ratio, the pitch between the generated
morphologies, their heights and diameters. Contact angle and
hysteresis were measured at 3-5 different areas on each
sample using a computer controlled telescopic goniometer
(KSV CAM 200) with digital image acquisition. A numerical
fitting algorithm was applied to determine the advancing and
receding contact angles from the side-view of drops. Static
contact angles are measured on drops with a volume between
5 pl < V <20 pl. The drop pictures were fitted using the contact
angle goniometer software. For static contact angles, the
Young-Laplace fitting algorithm was used and a base-line tilt
was allowed. Dynamic contact angles were measured by con-
tinuously increasing or decreasing the size of a drop on a
surface. The increasing and decreasing speed was between
0.5 pl s7' < Sgrop < 2 pl s™'. The images of the advancing and
receding drops were analysed using Image] (Drop_Analysis
Package). The scanning electron microscopy (SEM) measure-
ments were performed using a LEO ULTRA 55 SEM including
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a Schottky emitter (ZrO/W cathode) at acceleration voltages of
1-5 kV with a lateral resolution of 2-5 nm. Low-angle backscat-
tered electron imaging mode was used to contrast the non-
coated VACNTs and those sputtered with silicon, providing the
atomic number contrast.
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